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Although each manufacturer supplies a slightly different array size and pixel
size, nominal sizes for a 768 X 480 array are given in Table 3-3. With interline
transfer devices, approximately one-half of the pixel width is devoted to the
shielded vertical transfer register. That is, the detector active width is one-half
of the pixel width. Thus the active area of the pixel is rectangular in interline
transfer devices. This asymmetry does not appear to affect image quality in
consumer video products significantly.

Table 3-3
NOMINAL PIXEL SIZE for a 768 x 480 ARRAY
Sizes vary by manufacturer. Detector sizes are smaller.

CAMERA NOMH:IS;AZIE PIXEL
FORMAT H x V)

1 inch 16.7 um X 20 pm
2/3 inch 11.4 yum X 13.8 um
1/2 inch 8.33 um X 10 um
1/3 inch 6.25 um X 7.5 pm
1/4 inch 4,17 um X 5 um

The decrease in optical format is related to cost. The price of CCD arrays
is mainly determined by the cost of processing semiconductor wafers. As the
chip size decreases, more devices can be put on a single wafer and this lowers
the price of each individual device. The trend of going to smaller devices will
probably continue as long as the optical and electrical performance of the
imagers does not change. However, smaller pixels reduce the charge well size.
For a fixed flux level and lens f-number, the smaller arrays have reduced
sensitivity.

Smaller chips make for smaller cameras. However, to maintain resolution,
pixels can only be made so small. Here, the tradeoff is among pixel size, optical
focal length, and overall chip size. Further unless the lens f-number is reduced
as the chip size is reduced, the system will move from being detector-limited to
optically-limited (discussed in Section 10.4., Optical-Detector Subsystem). As
this happens, the system MTF will change and smaller detectors will provide a
less sharp image.
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4
ARRAY PERFORMANCE

The most common array performance measures are read noise, charge well
capacity, and responsivity. From these the minimum signal, maximum signal,
signal-to-noise ratio, and dynamic range can be calculated. Full characterization
includes quantifying the various noise sources, charge transfer efficiency,
spectral quantum efficiency, linearity, and pixel nonuniformity. These additional
metrics are necessary for the most critical scientific applications.

Because the array is the basic building block of the camera, camera
terminology is often used for array specifications. Additional performance
measures exist at the system level. These include the noise equivalent irradiance
(NEI) and noise equivalent differential reflectance (NEAp) and are discussed in
Chapter 6, Camera Performance.

The magnitude of each noise component must be quantified and its effect on
system performance must be understood. Noise sources may be a function of the
detector temperature. Predicted system performance may deviate significantly
from actual performance if significant 1/f noise or other noise is present. There
are a myriad of factors involved in system optimization. It is essential to
understand what limits the system performance so that intelligent improvements
can be made.

Janesick' uses three methods to characterize CCD performance: (1) photon
transfer, (2) x-ray transfer, and (3) photon standard. The photon transfer
technique (described in this chapter) appears to be the most valuable in
calibrating, characterizing, and optimizing arrays for general video and industrial
applications. Additional information, necessary for characterizing scientific
arrays, is obtained from the x-ray transfer and photon standard methods.

Soft x-ray photons produce a known number of electron-hole pairs in a
localized area of the CCD. Because the number and location of electron hole-
pairs are known precisely, it is easy to determine the charge transfer efficiency.
With the photon standard technique, the CCD array views a source with a
known spectral distribution. Using calibrated spectral filters or a
monochrometer, the spectral quantum efficiency is determined.

102
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The symbols used in this book are summarized in the Symbol List (page
xviii) which appears after the Table of Contents.

4.1. SIGNAL

Device specifications depend, in part, upon the application. Arrays for
general video applications may have responsivity expressed in units of V/lux.
For scientific applications, the units may be in V/(J-cm?) or, if a digital output
is available, DN/(J-cm?) where DN refers to a digital number. For example, in
an 8-bit system the digital numbers range from zero to 255. These units are
incomplete descriptors unless the device spectral response and source spectral
characteristics are furnished.

The maximum output occurs when the charge wells are filled. The exposure
that produces this value is the saturation equivalent exposure (SEE). With this
definition, it is assumed that the dark current produces an insignificant number
of electrons so that only photoelectrons fill the well.

Sensitivity suggests something about the lowest signal that can be detected.
It is usually defined as the input signal that produces a signal-to-noise ratio of
one. This exposure is the noise equivalent exposure (NEE). The minimum signal
is typically given as equivalent electrons rms. It is only one of many
performance parameters used to describe system noise performance.

Figure 4-1 illustrates a signal transfer diagram. The shutter represents the
integration time, t,r. The detector converts the incident photons, nygrecrog, into
electrons at a rate determined by the quantum efficiency. A voltage is created
when the electrons are transferred to the sense node capacitance. The signal
after the source follower amplifier is

Gq -
Vsignar = ne“zf" -1

where n, is the total number of electrons in the charge packet. It includes both
photoelectrons and dark current electrons. The output gain conversion, Gq/C,
is typically 0.1 zV/e to 10 zV/e". The source follower amplifier gain, G, is near
unity and, therefore, it is sometimes omitted from radiometric equations.
Amplifiers, external to the CCD device, amplify the signal to a useful voltage.
These amplifiers are said to be off-sensor or off-chip.
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Shutter
(Integration Sense Node
Time) (Charge Off-Chip
Detector Conversion) Amplifier
AAAD Ry M — G G, ADC
nDEl‘ECTOR e VSIGNAL l
V camera Digital

(Analog Output)  Output

Figure 4-1. Representative signal transfer diagram. Many systems do not
have a shutter, but it represents ty;. The output may be specified as the
number of electrons, output voltage of the source follower amplifier, or
output of the off-chip amplifier. Some devices provide a digital output.
VgienaL, Veamera. and DN can be measured whereas n, is calculated.

4.1.1. SPECTRAL RESPONSE

For an ideal material, when the photon energy is greater than the
semiconductor band gap energy, each photon produces one electron-hole pair
{quantum efficiency is one). However, the absorption coefficient in silicon is
wavelength dependent (Figure 4-2). Long wavelength photons are absorbed
deeper into the substrate than short wavelengths. Very long wavelength photons
may pass through the CCD and not be absorbed. Beyond 1.1 um, the absorption
is essentially zero because the photon energy is less than the band gap energy.
For a doping concentration of 107cm?, the depth at which 90% of the incident
photons are absorbed is given in Table 4-1. Because of reflections, the photon
incidance is higher. The values in Table 4-1 apply only to those photons that
enter the material.
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Figure 4-2. Silicon absorption coefficient as a function of wavelength
and doping concentration at 25°C. Detectors typically have doping
concentrations less than 10"7/cm?®. (From Reference 2).

Any photon absorbed within the depletion will yield a quantum efficiency
near unity. However, the depletion region size is finite and long wavelength
photons will be absorbed within the bulk material. An electron generated in the
substrate will experience a three-dimensional random walk until it recombines
or reaches the edge of a depletion region where the electric field exists. If the
diffusion length is zero, all electrons created within the bulk material will
recombine immediately and the quantum efficiency approaches zero for these
photons. As the diffusion length approaches infinity, the electrons eventually
reach a charge well and are stored. Here, the quantum efficiency approaches
one.
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Table 4-1
REPRESENTATIVE 90% ABSORPTION DEPTH
Wavelength (um) Depth (um)
0.40 0.19
0.45 1.0
0.50 2.3
0.55 33
0.60 5.0
0.65 7.6
0.70 8.5
0.75 16
0.80 23
0.85 46
0.90 62
0.95 150
1.00 470
1.05 1500
1.10 7600

Doping controls the diffusion length and the quantum efficiency is
somewhere between these two extremes (Figure 4-3). The quantum efficiency
is dependent upon the gate voltage (low voltages produce small depletion
regions) and the material thickness (long wavelength photons will pass through
thin substrates). Diffusion creates a responsivity that overlaps pixels (Figure 4-
4). The maximum signal and other performance parameters defined in this
chapter are for large area illumination. That is, a large number of detectors are
illuminated and the average output is used. As the image size decreases,
diffusion effects becomes more apparent. Diffusion effects are described by an
MTF (discussed in Section 10.3.1., Diffusion MTF).
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Figure 4-3. Theoretical internal quantum efficiency for silicon
photosensors 250 pm thick. The long wavelength quantum efficiency
depends upon the thickness of the substrate and the diffusion length.

Most arrays have a relatively large diffusion length so that the quantum
efficiency tends to be near the infinite diffusion length curve. (From

Reference 3).
Iﬂ— Pixel —bld— Pixel —»'4—— Pixel —»I
Gate

/ Electrode

X X X X

Figure 4-4. Idealized relative spatial response to long wavelength
photons.

Relative
Response

For front illuminated devices with photogates, the spectral responsivity
deviates from the ideal spectral response due to the polysilicon gate electrodes
(see Figure 3-2, page 48). The transmittance of polysilicon starts to decrease
below 0.6 um and becomes opaque at 0.4 pum (Figure 4-5). The transmittance
depends upon the gate thickness and material.* The gate structure is a thin film
and therefore interference effects will cause variation in quantum efficiency that
is wavelength dependent. Interference effects can be minimized through choice
of material and film thickness. Because different manufacturing techniques are
used for each array type, the spectral response varies with manufacturer. If a
manufacturer uses different processes, then the spectral response will vary
within his product line.
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Figure 4-5. Typical response curves provided by different
manufacturers. Above 0.8 um, the quantum efficiency drops because the
electron-hole pairs, generated deep in the array, may recombine before
reaching a storage site. Below 0.6 um, the polysilicon overcoat starts to
become opaque. The variation in spectral response may not be a concern
for many applications. Organic phosphors convert UV photons into
visible photons and thereby extend the device’s spectral response. The
ripples in the responsivity are caused by interference effects.
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Photodiodes, as used in most interline transfer devices, do not have
polysilicon gates. Therefore these devices tend to have a response that
approaches the ideal silicon spectral response. That is, there are no interference
effects and the blue region response is restored. With virtual phase devices, one
polysilicon electrode is replaced by a shallow highly doped layer. Because there
is no electrode over this layer, higher quantum efficiency occurs in the blue
region (see Figure 3-11, page 57). CIDs consist of two overlapping MOS
capacitors sharing the same row and column electrode. Because the electrode
only covers a part of the pixel, the area-averaged spectral response is higher the
CCDs (see Figure 3-38, page 89).

Devices with vertical antibloom drains have reduced red response. The
buried drain is in close proximity to where long photon absorption occurs. Any
electron that enters the drain is instantly removed.

Even with no polysilicon overcoat, UV photons are absorbed at the surface.
These electrons recombine before they reach a storage site. Hence the quantum
efficiency is very low in the UV. The UV response can be enhanced with a UV
fluorescent phosphor. These phosphors are deposited directly onto the array and
they emit light at approximately 0.54 to 058 pm when excited by 0.12 to 0.45
pm light. Phosphors radiate in all directions and only the light fluorescing
toward the array is absorbed. Lumogen, which is one of many available organic
phosphors, has an effective quantum efficiency of about 15%. It does not
degrade the quantum efficiency in the visible region because it is transparent at
these wavelengths. The coating does not change the spectral response of the
detector elements. Rather, it converts out-of-band photons into in-band photons.
Therefore, the detector with the coating appears to have a spectral response from
0.12to 1.1 pm.

Illuminating the array from the back side avoids the polysilicon problem and
increases the quantum efficiency below 0.6 um (Figure 4-6). Photons entering
the back side are absorbed in the silicon and diffuse to the depletion region.
However, short wavelength photons are absorbed near the surface and these
electron-hole pairs recombine before reaching a storage site in a thick wafer (see
Table 4-1). Therefore, the wafer is thinned to about 10 pm to maintain good
spectral responsivity (Figure 4-7). In back-side thinned devices, the incident
photon flux does not have to penetrate the polysilicon gate sandwich structure
and interference effects are much easier to control. With a proper anti-reflection
coating, a quantum efficiency of approximately 85% is possible. However,
silicon has an index of refraction that varies with wavelength making it
somewhat difficult to manufacture an anti-reflection coating that is effective
across the entire spectrum. Coatings that optimize the response in the near IR
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have reduced effectiveness in the visible (Figure 4-8). Lumogen reduces the
effectiveness of the anti-reflection coating. New anti-reflection coatings
overcome this problem and some offer UV response without the use of
lumogen.®

80
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Figure 4-6. Representative spectral response of front illuminated and
back illuminated CCD arrays. The spectral response depends upon the
process used to manufacture each device.
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Figure 4-7. (2) Front illuminated and (b) back illuminated arrays. Owing to
their extremely complex and fragile design, back illuminated devices are
usually limited to scientific applications that require high quantum efficiency.
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Figure 4-8. Effect of different anti-reflection coatings on back
illuminated CCDs. (From Reference 5).

As the wavelength increases, the silicon becomes more transparent. With
thin back illuminated devices, the rear surface and silicon oxide layer create an
optical etalon. This creates constructive and destructive interference that appear
to modulate the spectral responsivity.” At 0.8 um, the modulation occurs
approximately every 5 nm. This is bothersome in spectroscopic applications. For
other applications, the wave band is sufficiently wide to cover several etalon
fringe cycles and this averages out the effect.

CCD arrays for general and industrial applications are within a sealed
environment for protection. Light must pass though a window (may be glass or
quartz) to reach the array. In addition to reflection losses at all wavelengths, the
glass transmittance decreases for wavelengths below 0.4 pum. For scientific
applications requiring high sensitivity, the glass can be coated with a broad band
anti-reflection coating. For UV applications, a quartz UV transmitting window
can be used.

4.1.2. RESPONSIVITY

The spectral quantum efficiency is important to the scientific and military
communities. When the array is placed into a general video or industrial camera,
it is convenient to specify the output as a function of incident flux density or
energy density averaged over the spectral response of the array.
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Assume that the array is at a distance of R, from an ideal source whose area
is Ag. This radiometric setup is similar to that described in Section 2.5., Camera
Formula, page 33, except no lens is present. For convenience, radiant quantities
are used rather than photon flux. Assuming a L.ambertian source,

A
AgAp L M (A
n, - 1 =2 [ d )Re(l)tm. di , (4-2)
9 Rl 4 T

where R.()\) is the spectral response expressed in units of A/W. Note that the
detector incidance is E,(\) = M, (A\)A¢/R,%. Then

A'2
A, T E(M) )
n,, - —q-‘l [ R (Mt di . “4-3)
A'l

T

The array output voltage (after the source follow amplifier) is (G q n,)/C:

A

G AA M (}) )
Vsiorar = C > ZD f ﬂ R(A)tpy dA (4-4)
Rl Ay
or
A
G, [EM \ 4-5)
Vsigrar = E‘ Ap R,(A)tpr dA .

A

It is desirable to express the responsivity in the form

)'2

1 ASAD ME(A.) 4-6

VSIGNAL_ AVEZ; R12 [“—‘n tnvrdl . (4-6)
1

The value R,y is an average response that has units of V/(J-cm?) and the
quantity in the brackets has units of J/cm?.
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Combining the two equations provides

A

[ M3 R(2)dA
G Ay |4 }
RAVE = —C—AD A chm2 @7
[ Ma)dx

Note that R, and R,y are the for array package. R, or R,y; is the detector
responsivity multiplied by the window transmittance. Usually the manufacturer
includes the window transmittance in the quoted responsivity.

Experimentally, the most popular approach to measure R,y is to vary the
exposure (e.g., the integration time). The value R,y is the slope of the
output/input transformation (Figure 4-9). The bracketed term in Equation 4-6 is
the input. By placing a calibrated radiometer next to the array (at distance R,
from the source), the incidance, E., can be measured, Multiplying by the
integration time provides J/cm?. These equations are valid over the region that
the array output/input transformation is linear. The incidance can also be
changed by moving the source (varying R)).

Slope
Responsivity
Saturation
} |
2 27 |
S £95| Dark |
o S P Current |
R |
—__No Dark l
Current |
SEE
Exposure ——»

Figure 4-9. The average responsivity is the slope of the output-input
transformation. The maximum input or the saturation equivalent exposure
(SEE) is the input that fills the charge wells. SEE is used to define the
dynamic range. Dark current limits the available signal strength. Cooling can
reduce the dark current to a negligible level.
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It is imperative that the source color temperature remains constant,
Assuming an incandescent bulb is used, reducing the bulb voltage will reduce
the output but this changes the color temperature. Changing the source
temperature changes the integrals and this leads to incompatible results (see
Section 2.7., Normalization Issues, page 39). The incidance can only be varied
by inserting neutral density filters.

The value R, is an average type responsiv ity that depends upon the source
characteristics and the spectral quantum efficiency. While the source can be
standardized (e.g., CIE illuminant A or illuminant D), the spectral quantum
efficiency varies by device (see Figure 4-5, page 108). Therefore extreme care
must be exercised when comparing devices solely by the average responsivity.

Both M,(A\) and R,(\) are functions of wavelength. If a very small
wavelength increment is selected, M,(\) and R,(\) may be considered as
constants. Equation 4-7 can be approximated as

G MQA)IRMAIAL ¢
R~ —A —¢ o <" 7" 74 R(L). (4-8)
AE P M)A c? o)

The responsivity (with units of A/W) is related to the quantum efficiency R, by
R, = (g\he) R,. If the wavelength is measured in micrometers, then R, =
(M1.24)R,. At a specific wavelength

Ggq A v

Roena(A,) = el TCD'AD R(2,) Jem?
(4-9)
G
= EADRe(}Lo)
or

G %, . v )

Ryenu(,) - < EADR‘I(AO) Jom 4-10)

Here, the detector area is measured in square centimeters. Typically R, (A,) is
evaluated at that wavelength which provides the peak quantum efficiency:
R (Ap). The symbol 7 is often used for the quantum efficiency.
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If the device has a digital output, the number of counts (integer value) is

2 N
V =
CAMERA
VMAX

DN - imt (4-11)

where N is the number of bits provided by the analog-to-digital converter and
int represents the integer value of the bracketed term. The value N is usually 8
for general video applications but may be as high as 16 for scientific cameras.
The value V4 is the maximum output that corresponds to a full well, Ny :

Gq
Viax = Gl“‘é‘ Ny (4-12)
The responsivity at the peak wavelength is approximated by
N A
Ryp~|—2— —2a R, | 2N (4-13)

AVE |\ Npg, 124 P00 Jjem?

This assumes that the analog-to-digital converter input dynamic range exactly
matches V,,x. This may not be the case in real systems. If an antibloom drain
is present, then the responsivity is defined up to the knee point (see Figure 3-35,
page 87) and Equation 4-11 is modified accordingly.

When using arrays for general video, the output is normalized to photometric
units (see Section 2.3.1., Units, page 25). It is convenient to express the array
average response as

0.75 um
1 4-14
Vsionar = Renoromermic | 083 1 f M (L) V(Q)dry, (4-14)
D 038

where Rpyoromerric has units of V/lux and the bracketed term has units of lux.
Combining Equations 4-4 and 4-14 yields

)"2

G 454p

e [LO RO 1y di
A

R LI Yo @15
PHOTOMETRIC 075 pm x|
1
683 — f M, () V(A) dA
AD 0.38

3798



116 CCD ARRAYS, CAMERAS, and DISPLAYS

Because Mp(A)/Ap = E.(A), for a Lambertian source,

A'2
G
= 4o [E) RO tyy di
R - ! r (4-16)
PHOTOMETRIC 0.75 um [
683 f E,(}) V(A) dA
0.38

Rpyoromerric depends on the integration time and is either 1/60 or 1/30s
depending on the architecture for EIA 170 or NTSC video standards (see Section
3.3.4., Interline Transfer, page 63). Experimentally, the photometric illuminance
is measured with a calibrated sensor. The input intensity levels are changed
either by moving the source (changing R,) or by inserting neutral density filters
between the source and the array.

The responsivity depends on the spectral response and the spectral content
of the illumination. The apparent variation in output with different light sources
was discussed in Section 2.7., Normalization Issues, page 39. Selecting an array
based on the responsivity is appropriate if the anticipated scene illumination has
the same color temperature as the calibration temperature. That is, if the
photometric responsivity is measured with a CIE illuminant A and the scene
color temperature is near 2856 K, then selecting an array with the highest
photometric responsivity is appropriate. Otheiwise, the average photometric
responsivity is used for informational purposes only.

Five numerical examples follow. Additional examples can be found in
Chapter 6.

1S

Example 4-1
MAXIMUM OUTPUT

A device provides a output gain conversion of 6 uV/e'. The well size is
70,000 electrons. What is the maximum output?

The maximum output is the OGC multiplied by the well capacity or 420mV.
If the dark current creates 5,000 electrons, then the maximum signal voltage is
reduced to (70,000 —5,000)(0.006mV)= 390 mV. This signal may be amplified
by an off-chip amplifier.
N2
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Example 4-2
DIGITAL RESPONSIVITY

A device with a well capacity of 50,000 electrons has its output digitized
with a 12-bit analog-to-digital converter (ADC). What is the digital step-size
(digital responsivity)?

The step size is the well capacity divided by the number of digital steps.
50,000/2'2 = 12.2 electrons/DN. Equation 4-2 (page 112) provides the number
of electrons as a function of input exposure. The relationship between the ADC
maximum value and charge well capacity assumes an exact match between V
and the ADC input range. If these do not match, an additional amplifier must
be inserted just before the ADC.

Example 4-3
RESPONSIVITY

A 2/3-inch format interline transfer device provides an output gain
conversion of 6 pV/e". If the quantum efficiency is 0.8 at 0.6 um, what is the
responsivity in units of V/uJ-cm??

From Table 3-3 (page 99), a 2/3-inch format pixel is approximately 11.4 um
% 13.8 um. If the interline transfer device has a 50% fill factor, then A, =7.87
x 107 cm?®. The constant hc is 1.99 x 10 J-m/photon. Using Equation 4-9,

Ry, (00 - (6 x10)[ 082107 115 87 10-7) (0.8) - 11.4 x 10°
’ 1.99 x 1028 @17
|4 V m 2 [ electrons
() () o (lctons
J-cm™? e” (J-m)/photon phatons
or Rganal(h) = 11.4 V/pJ-cm™
2
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=

Example 4-4
PHOTOMETRIC OUTPUT

An array designed for video applications has a sensitivity of 250 uV/lux
when measured with CIE illuminant A. What is the expected output if the input
is 1000 lux?

If the color temperature does not change and only the intensity changes, then
the output is (250 xV)(1000) = 250 mV. However, if the color temperature
changes, the output changes in a nonlinear manner. Similarly, two sources may
produce the same illuminance but Vggy, may be quite different. The color
temperature must always be specified when Ry grometric 1S quoted.

Implicit in this calculation is that the integration time remains constant.
Because photometric units are used for general video applications, it is
reasonable to assume that t is either 1/60 or 1/30s for EIA 170 compatibility.
&3

[ <8

Example 4-5
PHOTOMETRIC CONVERSION

An array designed for video applications has a sensitivity of 20 V/uJ-cm™.
What is the estimated photometric response? The relative spectral response of
RgonaM) is illustrated in Figure 4-10.

Substituting Equation 4-9 into Equation 4-16 provides

"2
JEXCAY S———ch Y
R iR 3, vV 418
PHOTOMETRIC INT “\SIGNAL-MAX 0.75 am lux
683 [ E()V(2)da

0.38

Two different spectral responsivities are considered: one as shown in Figure 4-
10 and the other has an additional infrared blocking filter that cuts off at 0.7 um.
Numerical integration provides the value of the bracketed term (Table 4-2). As
the color temperature increases, the bracketed value may either increase or
decrease depending upon the spectral response. With RgguaLmax = 2000 V/I-m?
(note change in units), tyyr = 1/60's, Rpyoromerric i given in Table 4-3.
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Figure 4-10. Relative spectral responsivity of Rggnar(N).

Table 4-2
EQUATION 4-18 BRACKETED TERM
COLOR NO INFRARED | WITH INFRARED
TEMPERATURE FILTER FILTER
2856K 0.00473 0.00319
6500K 0.00391 0.00353
Table 4-3
PHOTOMETRIC RESPONSIVITY (V/lux)
COLOR NO INFRARED | WITH INFRARED
TEMPERATURE FILTER FILTER
2856K 0.158 0.106
6500K 0.130 0.117

4.1.3. MINIMUM SIGNAL

The noise equivalent exposure (NEE) is an excellent diagnostic tool for
production testing to verify noise performance. NEE is a poor array-to-array
comparison parameter and should be used cautiously when comparing arrays
with different architectures. This is so because it depends on array spectral
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responsivity and noise. The NEE is the exposure that produces a signal-to-noise
ratio of one. If the measured rms noise on the analog output is Vygsg, then the
NEE is calculated from the radiometric calibration:

v
NEE - —Mose Iy, (4-19)
AVE cm*

When equated to electrons, NEE is simply the noise value in rms electrons. The
absolute minimum noise level is the noise floor and this value is used most often
for the NEE. Noise sources are discussed in Section 4.2., Noise. Although noise
is a rms value, the notation rms is often omitted. When divided by the average
quantum efficiency, the noise equivalent signal (NES) is obtained:

NEE

NES = photons. 4-20)

q-AVE

4.1.4. MAXIMUM SIGNAL

The maximum signal is that input signal that saturates the charge well and
is called the saturation equivalent exposure (SEE). It is

sgg - wx S @-21)
RAVE cm?

The well size varies with architecture, number of phases, and pixel size. The
well size is approximately proportional to pixel area (Table 4-4). Small pixels
have small wells. If an antibloom drain is present, the maximum level is taken
as the white clip level (see Figure 3-35, page 87). The maximum value of Vy,x
is

Gg

Viax= G, < (NweLL ~ Ppare) - (4-22)

For back-of-the-envelope calculations, the dark current is considered negligible
(i.e., the device is cooled or MPP is implemented). Then np,px = O.
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Table 4-4
NOMINAL WELL CAPACITY for
TEXAS INSTRUMENTS FRAME TRANSFER DEVICES
(Varies by manufacturer and device type)

ronr | WELL caraciy
2/3 inch 200,000

1/2 inch 80,000

1/3 inch 30,000

4.1.5. DYNAMIC RANGE

Dynamic range defined as the maximum signal (peak) divided by the rms
noise. If an antibloom drain is present, the knee value is used as the maximum
(See Figure 3-35, page 87). Expressed as a ratio, the dynamic range is

V
DR rpay = SEE | _huax (4-23)
NEE Y voise
and when expressed in decibels,
SEE
DR = 20log| ===| dB. (4-24)
ARRAY g(NEE)
When equated to electrons,
DR,y - —were ™ Moamx 4-25)
("sys>

where <ngy> is the system noise measured in electrons rms. The effects of
<ngys> on dynamic range is further discussed in Section 4.3., Array Signal-to-
Noise Ratio. Often, only the noise floor is considered in <ngys>. The noise is
dependent upon amplifier design and is not related to charge well capacity.
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While larger arrays have larger well capacities, this does not necessary mean
that the dynamic range increases by the same amount. As the pixel rate
increases, the amplifier bandwidth increases. Simultaneously, the amplifier noise
increases and the dynamic range decreases.

Sometimes the manufacturer will specify dynamic range by the peak signal
divided by the peak-to-peak noise. This peak-to-peak value includes any noise
spikes and, as such, may be more useful in determining the lowest detectable
signal in some applications. If the noise is purely Gaussian, the peak-to-peak is
assumed to be four to six times the rms value. This multiplicative factor is
author dependent.

If the system noise is less than the ADC'’s least significant bit (LSB), then
the quantization noise limits the system dynamic range. The rms quantization
noise, <npc>, is Vi g/+/12 where V| g is the voltage step corresponding to the
least significant bit. The dynamic range is 2V /12. For a 12-bit ADC, the
dynamic range is 14,189:1 or 83 dB. An 8-bit system cannot have a dynamic
range greater than 887:1 or 59 dB.

Example 4-6
ARRAY PARAMETERS

An array has a dynamic range of 3000:1, average responsivity of 2
V/(uJ/cm?), and a saturation equivalent exposure of 150 nJ/cm?®. These values
apply only at A,. What are the remaining design parameters?

Maximum output:
The maximum output is R,yz SEE =300mV.

Noise level:
The noise floor rms value is equal to the maximum output divided by the
dynamic range or 100 pV rms.

Analog-to-digital Converter:
For a digital output, the ADC must have 12 bits (2'2 = 4096 levels) to span
the array’s full dynamic range. The responsivity in DN is 2%/SEE = 27.3
DN/(nJ/cm?) at A,.

2]
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4.2. NOISE

Many books and articles’ ! have been written on noise sources. The level of
detail used in noise modeling depends on the application. Shot noise is due to
the discrete nature of electrons. It occurs when photoelectrons are created and
when dark current electrons are present. Additional noise is added when reading
the charge (reset noise) and introduced by the amplifier (1/f noise and white
noise). If the output is digitized, the inclusion of quantization noise may be
necessary. Switching transients that are coupled though the clock signals also
appear as noise. It can minimized by good circuit design.

Figure 4-1 (page 104) illustrated the signal transfer diagram. The noise
transfer diagram is somewhat different (Figure 4-11). With different transfer
functions, both the optical and electronic subsystems must be considered to
maximize the system signal-to-noise ratio.

Photon Noise
Dark Current Noise

Fixed Pattern Noise Reset 11 Noise i#t Noise Quanti.zation
Photo Response Nonuniformity ~ Noise Amplifier Noise Amplifier Noise Noise
Sense Node On-Chip Oﬂ-thp
Detector Capacitor Amplifier Amplifier
+ +9 +

+ + |
+ neq | + + G + ADC +O
_._..O_> Ve 22 _—>O G —-O—b 1 ——C—O—— (- |-
L

o]

Figure 4-11. The various subsystems are considered as ideal elements with
the noise introduced at appropriate locations.

Although the origins of the noise sources are different, they all appear as
variations in the image intensity. Figure 4-12a illustrates the ideal output of the
on-chip amplifier before correlated double sampling. The array is viewing a
uniform source and the output of each pixel is identical. Photon shot noise
produces a temporal variation in the output signal that is proportional to the
square root of the signal level in electrons. Each pixel output will have a slightly
different value (Figure 4-12b}.
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(b) Al
X | | T = - = }Pholon
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N— i .
Iy X }Reset Noise
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T
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]
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Figure 4-12. Noise sources affect the output differently. (a) though (f)
represent the output after the on-chip amplifier. (g) is the output after the
sample-and-hold circuitry. The array is viewing a uniform source that
produces identical outputs (amplitude = A) for each pixel. (a) ideal output,
(b) photon shot noise, (c), dark current shot noise, (d) reset noise, (€)
amplifier noise, (f) amplifier 1/f noise, and (g) quantization noise. These
values change from frame-to-frame. Pattern noise is not shown but is a
variation that does not change significantly each frame. All these processes
occur simultaneously.
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Under ideal conditions, each pixel would have the same dark current
and this value is subtracted from all pixels leaving the desired signal (see
Section 3.6., Dark Current, page 79). However, dark current also exhibits
fluctuations. Even after subtracting the average value, these fluctuations
remain and create fixed pattern noise (Figure 4-12c). The output capacitor
is reset after each charge is read. Errors in the reset voltage appear as output
signal fluctuations (Figure 4-12d). The amplifier adds white noise (Figure
4-12e) and 1/f noise (Figure 4-12f). Amplifier noise affects both the active
video and reset levels. The analog-to-digital converter introduces
quantization noise (Figure 4-12g). Quantization noise is apparent after image
reconstruction. Only photon shot noise and amplifier noise affect the amplitude
of the signal. With the other noise sources listed, the signal amplitude, A,
remains constant. However, the value of the output fluctuates with all the noise
sources. Because this value is presented on the display, the processes appear as
displayed noise. These noise patterns change from pixel-to-pixel and on the same
pixel from frame-to-frame.

Pattern noise refers to any spatial pattern that does not change significantly
from frame-to-frame. Dark current varies from pixel-to-pixel and this variation
is called fixed pattern noise (FPN). FPN is due to differences in detector size,
doping density, and foreign matter getting trapped during fabrication.
Photoresponse nonuniformity (PRNU) is the variation in pixel responsivity and
is seen when the device is illuminated. This noise is due to differences in
detector size, spectral response, and thickness in coatings. These "noises" are
not noise in the usual sense. PRNU occurs when each pixel has a different
average value. This variation appears as spatial noise to the observer. Frame
averaging will reduce all the noise sources except FPN and PRNU. Although
FPN and PRNU are different, they are sometimes collectively called scene
noise, pixel noise, pixel nonuniformity, or simply pattern noise.

It is customary to specify all noise sources in units of equivalent electrons
at the detector output. Amplifier noise is reduced by the amplifier gain. When
quoting noise levels, it is understood that the noise magnitude is the rms of the
random process producing the noise. Noise powers are considered additive.
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Equivalently, the noise sources are RSSed (root sum of the squares) or added
in quadrature:

{Psw) -
(4-26)

2 z P z z z
\/ (nSHOT > + ("m rmw> + ("mm) + <"0N- (‘HIP) + ("orr-cmp> + <nADC>

where (n?) is the noise variance for source i and +/{n%) = (n;) is the standard
deviation measured in rms units.

For system analysis, it may be sufficient to consider only the on-chip
amplifier noise. The array manufacturer usually provides this value and may call
it readout noise, mux noise, noise equivalent electrons, or the noise floor. The
value varies by device and manufacturer. Reset noise can be reduced to a
negligible level with CDS (discussed in Section 4.4., Correlated Double
Sampling). CDS can also reduce the source follower 1/f noise. The off-chip
amplifier is usually a low noise amplifier such that its noise is small compared
to the on-chip amplifier noise. Although always present, quantization noise is
reduced by selecting the appropriated sized analog-to-digital converter (e.g.,
selecting an ADC with many quantization levels). The simplified noise model
is

<nSYS> ~ \/<"suorz> +<n12"L00R> +<"12’ATIERN> . 4-27)

The noise model does not include effects such as banding and streaking
which are forms of pattern noise found in linear and TDI arrays. Banding can
occur with arrays that have multiple outputs serviced by different nonlinear
amplifiers (see Figure 3-14, page 61). Streaking occurs when the average
responsivity changes from column to column in TDI devices.'* These effects are
incorporated in the three-dimensional noise model (discussed in Section 12.2.,
Three-dimensional Noise Model) and are used to predict the performance of
military systems. Only a complete signal-to-noise ratio analysis can determine
which noise source dominates (discussed in Section 4.3., Array Signal-to-noise
Ratio).
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4.2.1. SHOT NOISE

Both photoelectrons and dark current contribute to shot noise. Using Poisson
statistics, the variance is equal to the mean:

<n§H0T> - <n§ E> * (nfMRK> = Mpe * Nparx - (4-28)

The number of photoelectrons was given by Equation 4-2, page 112, and the
number of dark current electrons was given by Equation 3-6, page 80. These
values should be modified by the CTE:

(n;HOT> = (n;e> + <n12),mx> = (CTE)ane + (CTE)NnDARK . (4-29)

Because the CTE is high (CTEN = 1), it is usually omitted from most equations.
However, CTE should be included for very large arrays. With TDI, the number
of photoelectrons and dark current electrons increases with the number of TDI
elements, Nqp:

2 -
("5H0T> = NiptMpe * Noppapg - (4-30)

While the dark current average value can be subtracted from the output to
provide only the signal due to photoelectrons, the dark current shot noise cannot.
Cooling the array can reduce the dark current to a negligible value and thereby
reduce dark current shot noise to a negligible level (see Section 3.6., Dark
Current, page 79).

4.2.2. RESET NOISE

The noise associated with resetting the sense node capacitor is often called
kTC noise. This is due to thermal noise generated by the resistance, R, within
the resetting FET. The Johnson noise current variance is

n

@ - Lo (4-31)
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Because the resistance is in parallel with the sense node capacitor, the noise
equivalent bandwidth is Af = RC/4. Then

@) - #rC. 4-32)

When expressed as equivalent electrons, the rms noise is

VETC o s . (4-33)
q

(Preser) =

The value {nggeer) represents the uncertainty in the amount of charge remaining
on the capacitor following reset.

For a 0.01 pF capacitor at room temperature, kTC noise is about 40
electrons rms and a 0.2 pf capacitor produces about 126 e” rms. Reducing the
capacitance reduces the noise. This has an added benefit that the device output
gain conversion, Gq/C, increases. kTC noise may be significantly reduced with
correlated double sampling. While cooling reduces this noise source, cooling is
used primarily to reduce dark current. That is, cooling reduces dark current
noise exponentially whereas reset noise is reduced only by +/T.

4.2.3. ON-CHIP AMPLIFIER NOISE

Amplifier noise consists of two components: 1/f noise and white noise. If
funee is the frequency at which the 1/f noise equals the white noise, then the
amplifier noise density is

fzavsa rms volts _
VON-CHIP = VAMP-NOISE (1 + —f‘ _\/I}_— - “ 34)
Z

The 1/f noise can be minimized through correlated double sampling.
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When discussing individual noise sources, noise is usually normalized to unit
bandwidth. When modified by electronic subsystems, the total system noise
power is

U?S}'s B fs(fmf)lH:ys(-ﬁlec)lz dfelec volts , (4-35)
0

where S(f,..) is the total noise power spectral density from all sources. The
subscript elec is used to emphasize that this is electrical frequency (Hz).
H,,(f,..) is the frequency response of the system electronics. The variable
H(f,,.) is used by electronic circuitry designers and its magnitude is identical to
the MTF. The noise equivalent bandwidth is that bandwidth with unity value that
provides the same total noise power. Assuming the noise is white over the
spectral region of interest [S(f,,..) = S,], Af,.. is

f S(felec) |Hsys (f;:lec)lz dfelec (4-36)
0

S

o

Afelec =

The bandwidth Af, applies only to those noise sources that are white and
cannot be applied to 1/f noise. Although common usage has resulted in calling
Af,.. the noise bandwidth, it is understood that it is a power equivalency.

If to ock 1S the time between pixels, the bandwidth for an ideal sampled-data
system is

Af, - 1 _ ferock . (4-37)
“lee 2 teyock 2

When equated to electrons,

C - .
<"0N-CH1P) = E_c; Von-ctitp-amp-vorse | Boec €775 - (4-38)

As the clock frequency increases (for faster readout), <ngy.cyp> increases.
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4.2.4. OFF-CHIP AMPLIFIER NOISE

The off-chip amplifier noise is identical in form to the on-chip amplifier
noise (Equation 4-34). The 1/f knee value may be different for the two
amplifiers. If finge is small, the equivalent number of noise electrons is

—C -
{"orr-care) = GG, g Vorr-crip-amp-vorse \ Meee €7 rms . (4-39)
1

4.2.5. QUANTIZATION NOISE

The analog-to-digital converter produces discrete output levels. A range of
analog inputs can produce the same output. This uncertainty, or error, produces
an effective noise given by

VLSB
v, - =2 Vrms, (4-40)

NOISE \/ﬁ

where V| is the voltage associated with the least significant bit. For an ADC
with N bits, V; ¢ = Vyax/2". When expressed in equivalent electrons,

C LSB _
<nADC> = _(—;—(E‘/_l—?_— e rms . (4-41)

When the ADC is matched to the amplifier output, Vy,,x corresponds to the full
well. Then

(Rapc) = i“?ﬂi . (4-42)
2N /12

Ideally, (n,pc) is less than the noise floor. This is achieved by selecting a high
resolution ADC (large N).
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Example 4-7
TOTAL NOISE

An array has a noise floor of 20 electrons rms, well capacity of 50,000
electrons, and an 8-bit analog-to-digital converter. Neglecting shot noise and

pattern noise, what is the total noise?

The LSB represents 50,000/2% = 195 electrons. The quantization noise is
195/4/12 or 56.3 electrons rms. The total noise is

(Msys) = \/<n:'LO0R> + (”:Dc> +202+ 5637 «59.7 e“rms . (443

The array dynamic is range 2500:1 and the ADC only has 256 levels. Here, the
ADC noise dominates the array noise. If a 12-bit ADC is used (4096 levels), the
LSB represents 12.2 electrons and {n,pc) = 3.5 electrons rms. The total noise
in electrons is

(nszs) = (nFzoom) + (apc) = V207 + 3522 =203 ¢"rms. (449

4.2.6. PATTERN NOISE

Fixed pattern noise (FPN) refers to the pixel-to-pixel variation'*'¢ that occurs
when the array is in the dark. It is primarily due to dark current differences.
Significant FPN can be caused by synchronous timing effects at high data rates.
It is a signal-independent noise and is additive to the other noise powers. PRNU
is due to differences in responsivity (when light is applied). It is a signal-
dependent noise and is a multiplicative factor of the photoelectron number.

PRNU be cither be specified as a peak-to-peak value or a rms value
referenced to an average value. This average value may either be full well or
one-half full well value. That is, the array is uniformly illuminated and a
histogram of responses is created. The PRNU can either be the rms of the
histogram divided by the average value or the peak-to-peak value divided by the
average value. This definition varies by manufacturer so that the test conditions
must be understood when comparing arrays. For this text, the rms value is used.
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Because dark current becomes negligible by efficiently cooling the array,
PRNU is the dominate pattern component for most arrays. As a multiplicative
noise, PRNU is traditionally expressed as a fraction of the total number of
charge carriers. This approach assumes that the detectors are operating in a
linear region with the only difference being responsivity differences. If U is the
fixed pattern ratio or nonuniformity, then

<n.PAHERN> ~ <nPRNU> - Un, . (4-43)

As with shot noise, CTE" should be added to the equation. Because CTEN = 1
for modest sized arrays, it is omitted from most equations. CTE should be
included for very large arrays. TDI devices, through their inherent averaging,
reduces PRNU by 1/Np. PRNU is usually supplied by the manufacturer. Off-
chip gain/level correction algorithms can minimize FPN and PRNU. For system
analysis, the corrected pattern noise value is used.

In principle, FPN and the noise floor can he reduced so that the system is
photon shot noise limited. This provides the theoretical limit:

<nSYS>M1N - ‘/’a : (4-46)

However, all systems have some pattern noise. The plot of SNR versus
nonuniformity suggests a desired maximum level of acceptable nonuniformity."”
In Figure 4-13, the noise floor is considered negligible:

("sys) - n, + (Un;);'_ . (4-47)

The total noise value {ngys) increases when PRNU is excessive. Typically an
array is selected that has small PRNU. This value can be further reduced by off-
chip electronics. The final value should be sufficiently small so that it does not
contribute to the overall noise. Because cost increases as the PRNU decreases,
the optimum PRNU occurs at the knee of the curve. This occurs when the
photon shot noise is approximately equal to PRNU or U = 1/4/n,.. For worst
case analysis, the charge well capacity should be used for n,,.
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Figure 4-13. System noise as a function of PRNU for two signal levels.
The noise floor is considered negligible. The noise floor will increase
(ngys) and the location of the knee. Shot noise is independent of PRNU
(horizontal dashed lines). The value 1/4/n, is 0.4% and 0.3% when n,,
1s 50,000 and 100,000, respectively. These values represent the "knee”
in the curve.

4.2.7. PHOTON TRANSFER

Although various noise sources exist, for many applications it is sufficient
to consider photon shot noise, noise floor, and PRNU. Here, the total array
noise is

(nsys> - J<n5H0T2> * <n12"L00R> + <nl?;RNU> (4-48)
or
(1sis) = \nye*(thscom) + (Un,ef - (4-49)

Either the rms noise or noise variance can be plotted as a function of signal
level. The graphs are called the photon transfer curve and the mean-variance
curve, respectively. Both graphs convey the same information. They provide'®"
array noise and saturation level from which the dynamic range can be calculated.
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For very low photon fluxes, the noise floor dominates. As the incident flux
increases, the photon shot noise dominates. Finally, for very high flux levels,
the noise may be dominated by PRNU. As the signal approaches well saturation,
the noise plateaus and then drops abruptly at saturation (Figure 4-14). As the
charge well reaches saturation, electrons are more likely to spill into adjoining
wells (blooming) and, if present, into the overflow drain. As a result, the
number of noise electrons starts to decrease. Figure 4-15 illustrates the rms
noise as a function of photoelectrons when the dynamic range is 60 dB. Here
dynamic range is defined as Nyg/ <Npoor > . With large signals and small
PRNU, the total noise is dominated by photon shot noise. When PRNU is large,
the array noise is dominated by U at high signal levels.

Dark current shot noise only affects those applications where the signal-to-
noise ratio is low (Figure 4-16). At high illumination levels, either photon shot
noise or pattern noise dominate. Because many scientific applications operate in
a low signal environment, cooling will improve performance. General video and
industrial cameras tend to operate in high signal environments and cooling will
have little effect on performance. A full SNR analysis is required before
selecting a cooled camera.
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Figure 4-14. Photon transfer curve. At low input signals, the device
noise is dominated by the noise floor. As the signal increases, the noise
increases due to photon shot noise and pattern noise. As the well reaches
saturation, there is a drop in noise electrons due to spill over and well
capacity limitation.
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(b}
Figure 4-15. Photon transfer curves for (a) U =2.5% and (b) U =
0.25%. The charge well capacity is 100,000 electrons and the noise
floor is 100 " rms to produce a dynamic range of 60dB. The noise floor,
photon shot noise, and PRNU have slopes of 0, 0.5, and 1, respectively.
Dark noise is considered negligible. The drop at saturation is not shown
(see Figure 4-14).
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Figure 4-16. Dark current shot noise effects. The noise floor is 10
electrons rms and PRNU is zero. (a) Dark current shot noise is 20e” rms
and (b) dark current shot noise is 2 e rms. For large signals, photon shot
noise dominates the array noise. The drop at saturation is not shown
(Figure 4-14).
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Figure 4-17 illustrates the mean-variance technique. In the shot noise limited
region,

Ggq
Vsigrar = “E‘"PE (4-50)
and
2 GgY (4-51)
Viorse = c | T
Then the output gain conversion is
V2
Gq _ Vwoise (4-52)
c VSIGNAL

or the OGC is equal to the noise variance divided by the mean value. It is
simply the slope of the shot noise in Figure 4-17.

1E+08 1
11
g 1E+06 total noise
o noise floor
< 1E+04
> .
w shot noise
) 1E+02 -
o PRNU
< 1E+00 4 i + + .
10 100 1000 10000 100000 1000000

PHOTOELECTRONS

Figure 4-17a. Mean-variance plot which corresponds to Figure 4-15a.
The slopes for noise floor, photon shot noise, and PRNU are 0, 1, and
2, respectively.

3820



138 CCD ARRAYS, CAMERAS, and DISPLAYS

1E+06 -
3 total noise
4
< 1E+04 4
(4
§ dark current
w 1E+02 /
g 40t noise noise floor
Z  1E+00 . . , , :
10 100 1000 10000 100000 1000000
PHOTOELECTRONS

Figure 4-17b. Mean-variance plots which corresponds to Figure 4-16a.

The slopes for noise floor, photon shot noise, and PRNU are 0, 1, and
2, respectively.

If both signal and noise are measured after the on-chip amplifier, the
measured photogenerated signal is Vggna, = G qn,/C and the noise is

Ggqg -
Vyoise = el ("sm) . (4-53)
When Vyoi5e = 1, the signal is C/Gq. The shot noise intercept on the photon
transfer curve is 1/0GC (Figure 4-18). The OGC has units of pV/electrons.
Similarly, if the values are collected after the ADC, when the shot noise is one,

the shot noise signal provides the output gain conversion in units of
DN/electrons.
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Figure 4-18. Photon transfer curve. The noise floor is 250 € and the
OGC is 5 uV/e. When the photon shot noise is one, the signal is
1/0GC. The drop at saturation is not shown (Figure 4-14).
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4.3. ARRAY SIGNAL-TO-NOISE RATIO

The array signal-to-noise ratio is

n
SNR - = : (4-54)

2 2 2
‘\/ <nSHOT> * <"FL00R> * <" PATTERN>

With negligible dark current shot noise,

n
SNR - e : (4-55)

Ve * (1r2008) * (Ut )?

The charge transfer efficiency factor, CTE", should be added to n,. in both the
numerator and denominator. For buried channel devices (the most popular)
CTEN is near one and is typically is omitted. Equation 4-55 suggests that the
maximum SNR occurs when np; is a maximum. This occurs when the charge
wells are filled. However, as the charge wells fill, electrons can get close to the
surface even for buried channel devices. Thus as np; approaches Ny ., CTE
can decrease. The best performance is a compromise between high SNR and
high CTE. High CTE is generally only a concern with large devices.

The SNR plots are similar to the photon transfer curves. At low flux levels,
the SNR increases with the signal (noise floor is constant). At moderate levels,
photon shot noise limits the SNR and at high levels, the SNR approaches 1/U.
In Figure 4-19, the SNR is expressed as a power ratio (in dB) which is 20
log(SNR). While the array may have a finite PRNU, it can be minimized off-
chip through an appropriate algorithm.

When photon shot noise dominates, the SNR depends only on the photon
flux level (SNR = +/n,). In Figure 4-19, dynamic range is defined as
NweL/ <0 oor > . The instantaneous dynamic range, which includes all noise
sources, is the SNR. The theoretical maximum SNR is +/Nyg . The SNR is
equal to the dynamic range only when the system is noise floor limited. This
occurs only for low signal values and small wells (less than about 10,000
electrons). For large well capacity arrays, the actual SNR can never reach the
value suggested by the dynamic range. Dynamic range is used to select an
appropriate analog-to-digital converter resolution (number of bits). This assures
that low contrast targets can be seen.
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The array signal-to-noise ratio was derived for a large target that covers
many pixels. The noise rides on the signal. The camera SNR, which includes
all the noise sources, is provided in Section 6.2.1., Camera SNR. In Chapter 12,
Minimum Resolvable Contrast, the average noise associated with the target and
the background is considered.
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Figure 4-19. SNR as a function of noise for (a) U =2.5% and (b) U =
0.25%. PRNU, photon shot noise, and the noise floor have slopes of 0,
10, and 20, respectively. Dark current shot noise is considered

negligible.
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4.4. CORRELATED DOUBLE SAMPLING

After a charge packet is read, the floating diffusion capacitor is reset before
the next charge packet arrives. The uncertainty in the amount of charge
remaining on the capacitor following reset appears as a voltage fluctuation (see
Section 4.2.2., Reset Noise, page 127).

Correlated double sampling (CDS) assumes that the same voltage fluctuation
is present on both the video and reset levels. That is, the reset and video signals
are correlated in that both have the same fluctuation. The CDS circuitry may be
integrated into the array package and this makes processing easier for the end
user. For this reason it is included in this chapter.

CDS may be performed®? in the analog domain by a clamping circuit with
a delay-line processor or by the circuit illustrated in Figure 4-20. When done in
the digital domain, a high speed ADC is required that operates much faster than
the pixel clock. Limitations of the ADC may restrict the use of CDS in some
applications. The digitized video and reset pulses are subtracted and then clocked
out at the pixel clock rate.

The operation of the circuit is understood by examining the timing signals
(Figure 4-21). When the valid reset pulse is high, the reset switch closes and the
signal (reset voltage) is stored on capacitor Cp. When the valid video pulse is
high, the valid video switch closes and the signal (video voltage) is stored on
capacitor C,. The reset voltage is subtracted from the video voltage in a
summing amplifier to leave the CDS corrected signal. CDS also reduces
amplifier 1/f noise.

Valid
Video

o

‘D '_;?et } +
I

e

Figure 4-20. Correlated double sampling circuitry. The switches close
according to the timing shown in Figure 4-21. (After Reference 20).
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Figure 4-21. Correlated double sampling. (a) Amplifier output signal
before CDS, (b) timing to measure video and reset levels, and (c) the
difference between the video and reset levels after CDS. The dashed
lines indicate the variation in the reset level. The signal level has been
inverted compared to Figure 4-12 (page 124).

4.5. FRAME RATES

For a fixed output clock rate, the time to read an array increases as the array
size increases. Very large arrays cannot be read in real time. Let the active
array size be m X n pixels. Let there be an additional Nyg,p pixels before the
sense node. Suppose the clock operates at f ocx pixels/s. The minimum time to
clock out the array is

f o |mn Nean (4-56)
ARRAY
ferock
and the theoretical frame rate (Figure 4-22) is
1
F pray = “-57)
LorRAY
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The maximum frame rate is limited by Nggap. The actual frame rate may be less
due to electron mobility, on-chip amplifier bandwidth, or clock rate limitations.
For some CCDs and all CIDs and CMOS devices, subarrays (also called
windows) can be read out. As the subarray size decreases, the frame rate
increases, With increased frame rates, the integration time decreases and then
more illumination is required to maintain a specific signal-to-noise ratio.

50 1

RELATIVE FRAME RATE
S
o

o

20 40 60 80 100
RELATIVE IMAGE SIZE

o

Figure 4-22. Frame rate a function of array size.

4.6. DEFECTS

Large arrays sometimes contain defects. Table 4-5 provides representative
definitions. These definitions vary by manufacturer. Arrays with a few defects
are more expensive than arrays with a large number. Depending upon the
application, the location of the defects may be important. For example, the
center ("sweet spot”) must be fully operational with increasing defects allowed
as the periphery is approached.

Defects are regions of reduced sensitivity. They can also be regions of
increased dark current. For scientific application such as spectroscopy, the
variation in dark current can affect results - particularly if long integration times
are used. These pixels may be labeled as "hot" or "warm." Hot and warm
detectors do not follow the same cooling curve as "normal” detectors.*
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Table 4-5
ARRAY DEFECTS

DEFECTS REPRESENTATIVE DEFINITION

A pixel whose output deviates by more than 6%
Point defect compared to adjacent pixels when illuminated to
70% saturation.

Pixels with extremely high output voltages.
Hot point defects | Typically a pixel whose dark current is 10 times
higher than the average dark current.

Pixels with low output voltage and/or poor
responsivity. Typically a pixel whose output is one-
half of the others when the background nearly fills
the wells.

Dead pixels

A trap interferes with the charge transfer process
Pixel traps and results in either a partial or whole bad column
(either all white or all dark).

Many (typically 10 or more) point defects in a

Column defect single column. May be caused by pixel traps.

Cluster defect A cluster (grouping) of pixels with point defects.
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5
CAMERAS

Solid state camera terminology is a mix of photographic, sensor, image
processing, and television terminology. As solid state cameras enter emerging
technologies, camera manufacturers adopt the marketplace terminology and add
it to their specifications.

Many specifications include the known problems associated with vacuum
image tubes such as image burn-in, distortion. or microphonics. These effects
are not present in solid state devices. References to these vacuum tube
disadvantages probably will disappear in the future as these tubes disappear.

Video standards were originally developed for televisions applications. The
purpose of a standard is to ensure that devices offered by different
manufacturers will operate together. The standards apply only to the
transmission of video signals. It is the camera manufacturer’s responsibility to
create an output signal that is compatible with the standards. Similarly, it is the
display manufacturer’s responsibility to ensure that the display can recreate an
adequate image.

Some agencies involved with standards include the Institute of Electrical and
Electronic Engineers (IEEE), Electronics Industry Association (EIA), EIA-Japan
(EIAJ), Joint Electron Devices Engineering Council (JEDEC), Society of
Motion Picture and Television Engineers (SMPTE), International Electro-
technical Commission (IEC), Technical Center of the European Broadcast Union
(EBU), Advanced Television Systems Committee (ATSC), Comite Consultatif
International des Radiocommunications (CCIR) (now ITU-R), and International
Telecommunications Union-Radiocommunications(ITU-R). Major manufacturers
such as Panasonic, Sony, and JVC influence the standards.

There is no industry wide definition of low light level imaging. To some, it
is simply a solid state camera that can provide a usable image when the lighting
conditions are about 1 lux. Lower illumination values may be possible by
cooling the device. To others it refers to an intensified camera. Intensified
cameras are sometimes called low light level television (LLLTV) systems.

Because solid state devices are designed for specific applications, the array
and camera use the same terminology: progressive scan chips are used in

146
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progressive scan cameras, TDI arrays are used in TDI cameras, etc. Through
appropriate clocking, progressive scan cameras can also provide composite video
and be used with consumer displays. Scientific cameras can have both analog
and digital outputs. The corresponding sections in Chapter 3, Solid State Arrays,
should be read with the specific cameras listed here.

In this chapter, camera designs are separated into consumer/broadcast and
industrial/scientific applications. The major features of each design are listed in
the appropriate sections. However, as technology matures, the distinctions blur.
That is, the same camera may be used for a variety of applications. New
cameras offer variable frame rates and data rates that can be selected by the
user. Therefore, the reader must review all sections before selecting a specific
design. Chapter 6, Camera Performance, discusses minimum signal, maximum
signal, dynamic range, and signal-to-noise ratio.

Both monochrome and color cameras are quite complex as evidenced by the
1478-page Television Engineering Handbook, K. B. Benson, ed., McGraw-Hill,
New York (1986). This chapter is an overview of solid state camera operation.
It highlights those features and specifications that are most often reported in
camera data sheets. Together with the preceding chapters, it provides the
necessary information to compare and analyze camera systems.

Selecting the right camera to meet specific requirements may be difficult.
For consumer video, cost is very important. For broadcast systems, image
quality and color are important. Scientific cameras offer low noise and high
resolution. Issues not addressed include environmental conditions such as
temperature, humidity, altitude, shock, vibration, the "-ilities” (e.g., reliability,
maintainability, etc.) and physical attributes (e.g., weight and size).

The symbols used in this book are summarized in the Symbol List (page
xviii) which appears after the Table of Contents.

5.1. CAMERA OPERATION

Figure 5-1 illustrates a generic solid state camera. The lens assembly images
the light onto the detector array. General purpose consumer cameras typically
have an infrared blocking filter to limit the camera’s spectral response to the
visible spectral band. Depending upon the application (military, industrial, or
scientific), the camera may or may not have this filter, Color cameras have a
spectral response limited to the visible region. Cameras may provide digital
image processing and these cameras have an internal ADC. Analog cameras will
not have an internal ADC. However, they still spatially sample the scene.
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Figure 5-1. Generic functional block diagram. Not all components exist
in every camera. The gamma correction circuitry is appropriate when the
video is to be viewed on a CRT-based display. Analog cameras will not
have an internal ADC.

A single chip color camera typically has an unequal number of red, green,
and blue detectors resulting in different sampling frequencies for the different
colors (discussed in Section 8.3.2., Detector Array Nyquist Frequency). Because
the detectors are at discrete locations, target edges and the associated ambiguities
are different for each color. A black-to-white edge will appear to have colors at
the transition and monochrome periodic imagery may appear to have color.
Aliasing is extremely annoying in color systems. A birefringent filter placed
between the lens and the array reduces aliasing (discussed in Section 10.3.4.,
Optical Anti-Alias Filter). Any method to reduce aliasing generally reduces the
overall MTF.

While aliasing is never considered desirable, it is accepted in scientific and
military monochrome applications where the MTF must be maintained. Aliasing
is reduced to an acceptable level in consumer color sensors. For specific
applications such as medical imaging, it may be considered unacceptable. In
medical imagery, an aliased signal may be misinterpreted as a medical
abnormality requiring medication, hospitalization, or surgery.
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Correlated double sampling reduces reset noise and minimizes 1/f noise.
CDS circuitry may be integrated into the array package and this makes
processing easier for the end user.

Image processing or image reconstruction reformats the data into signals and
timing that are consistent with transmission and display requirements. The
advantage of a digital camera is that the output can be directly fed into an image
processor, machine vision system, or digital data capture system. If using an
analog output camera for machine vision, the video signal must pass through an
external analog-to-digital converter. These multiple conversions may modify the
imagery (discussed in Section 8.4., Aliasing in Frame Grabbers and Displays).
Thus, staying within the digital domain ensures maximum image fidelity.

To present a linear transformation from a scene to an observer, a gamma
correction (discussed in Section 5.3.3., Gamma Compensation) algorithm
provides compensation for the monitor’s nonlinear response. The concern with
gamma should be limited to applications where cathode ray tube (CRT) based
displays are used. As the display industry moves from CRTs to flat panel
displays, gamma correction is not required. However, gamma provides some
image enhancement and therefore will probably be used with flat-panel displays.
Gamma correction is generally not preferred for machine vision or scientific
applications.

The digital-to-analog converter (DAC) and sample-and-hold circuitry
converts the digital data into an analog stair-step signal. The post-reconstruction
filter removes the stair-step appearance and creates a smooth analog signal.
After the post-reconstruction filter, the spatial scene sampling by the detectors
is barely noticeable.

5.2. VIDEO FORMATS

In 1941, the Federal Trade Commission (FCC) adopted the 525-line, 30-Hz
frame standard for broadcast television that was proposed by the NTSC
(National Television Systems Committee). The standard still exists today with
only minor modifications. Although originally a monochrome standard, it has
been modified for color transmission. Amazingly, color video fits within the
video electronic bandwidth originally set aside for black-and-white television.
NTSC initially selected a 60-Hz field rate. It was later changed to 59.94 Hz for
color systems to avoid interactions (beat frequencies) between the audio and
color subcarrier frequencies. The monochrome standard is often called EIA 170
(originally called RS 170) and the color format is simply known as NTSC
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(originally called EIA 170A or RS 170A). The timing for these two standards is
nearly the same,’

Worldwide, three color broadcast standards exist: NTSC, PAL, and
SECAM. NTSC is used in the United States, CCanada, Central America, some
of South America, and Japan. The phase alteration line (PAL) system was
standardized in most European countries in 1967 and is also found in China.
Many of the PAL standards were written by the CCIR. As a result, PAL is
sometimes called CCIR. In 1967, France introduced SECAM (Sequentiel colour
avec mémoire). SECAM is used in France, Russia, and the former Soviet bloc
nations. Reference 2 provides a complete worldwide listing. These standards are
incompatible for a variety of reasons.

Video transmission bandwidth restrictions and the perception of good
imagery on a display dictated the standard formats. That is, camera design is
based upon the perception of displayed information. The interlace and scan times
were selected to minimize electronic bandwidth and still provide a cosmetically
pleasing image to the viewer with no flicker effects. Two fields are interwoven
on the display. The eye’s persistence time combined with the CRT phosphor
persistence blends the two separate images into a perceived full image.

In the NTSC and EIA 170 standards, a frame is composed of 525 scan lines
separated into two sequential fields (even and odd). Because time is required for
vertical retrace, only 485 lines are displayed. There are 242.5 active lines per
field. Because field 1 ends in a half-line, it is called the odd field. Figure 5-2
illustrates how the information is presented on a display. For commercial
television, the aspect ratio (horizontal to vertical extent) is 4:3.

When a camera is designed to be compatible with a transmission standard,
the manufacturer uses the broadcast terminology as part of the camera
specifications. Similarly, consumer display manufacturers use the same
terminology.
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Figure 5-2. Presentation of EIA 170 video on a display. Standard timing
is defined for video transmission only. Solid state arrays may not read
out data in this precise order. The camera image processing algorithm
formats the data into a serial stream that is consistent with the video
standard.

5.2.1. VIDEO TIMING

Table 5-1 provides the relevant parameters for the monochrome and color
video standards. The standards specify the line frequency and blanking period.
The scanning frequency is the frame rate multiplied by the number of lines. The
total line time is calculated from the line frequency (e.g., 1/15,750 = 63.492 us)
and the active line time is the total line time minus the horizontal blanking
period. The blanking period has a tolerance of about +0.25% so that the active
time line also varies slightly. Table 5-1 provides the minimum active time line
where the maximum blanking period has been selected.
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Table 5-1
STANDARD VIDEO TIMING
FRAME LINES ACTIVE SCANNING TOTAL MINIMUM
FORMAT RATE PER LINES FREQUENCY LINE ACTIVE LINE
(Hz) FRAME (kHz) TIME (is) TIME (us)
EIA 170 30 525 485 15.750 63.492 52.092
NTSC 29.97 525 485 15.7343 63.555 52.456
PAL 25 625 575 15.625 64.0 51.7
SECAM 25 625 575 15.625 64.0 51.7

For the monochrome video transmission (See Section 5.2.2., Broadcast/Non-
broadcast Design), the picture element was originally defined® as the smallest
area being delineated by an electrical signal. Note that this is the definition of
a resel (analog element) and it is referenced to an imaginary pixel. The impulse
response to an ideal band-limited system is

sin(2nf. 1)
2nft

AD) - (5-1)

3

where f_ is the video bandwidth cutoff frequency. The pixel length is defined as
the minimum distance between two impulses such that the two are still
discernible. This occurs when the maximum of one falls on the first minimum
(zero) of the next. The separation of these two vertical lines in time is At =
1/2f,. This is the smallest possible dimension in a linear system. For the video
standard, the number of resels ("pixels") per line is

activeline time

N - A 2f.(active line time) . (5-2)
t

The nominal* video bandwidths of NTSC, PAL, and SECAM are 4.2, 5.5,
and 6 MHz, respectively. Table 5-2 lists the nominal number of horizontal
elements per line. The quoted resolution (number of horizontal pixels) varies in
the literature and depends upon the precise bandwidth and active line time
selected by the author. Multiplying the pixel number by the number of active
lines yields the elements per frame.
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Table 5-2
NOMINAL NUMBER OF VIDEO RESELS ("PIXELS")
Based upon electrical transmission bandwidth only

NOMINAL ACTIVE NUMBER of NUMBER ELEMENTS
FORMAT | BANDWIDTH | LINETIME | HORIZONTAL | of ACTIVE | - o'’
(MHz) (us) ELEMENTS LINES
EIA 170 4.2 52.09 437 485 212,000
NTSC 4.2 52.45 440 485 213,000
PAL 55 51.7 569 575 327,000

SECAM 6.0 517 620 575 356,500

The full bandwidth is somewhat wider than the nominal value but high
frequency components may be attenuated. For example, NTSC has a full
bandwidth of approximately 4.5 MHz. The total bandwidth allocated for sound,
chrominance, and luminance is 6, 8, and 8MHz for NTSC, PAL, and SECAM,
respectively. Using the allocated bandwidth, the maximum number of horizontal
pixels is 625 for NTSC and 827 for PAL and SECAM.

Current camera design philosophy matches the number of detectors to the
number of pixels supported by the video bandwidth. Based upon electrical
bandwidth considerations, it appears that the number of horizontal detectors
should range from 440 to 625 for NTSC, 560 to 827 for PAL, and 620 to 827
for SECAM compatible cameras.

The actual number of detector elements depends upon the manufacturer’s
philosophy. Image processing algorithm complexity is minimized when the
spatial sampling frequency is equal in the horizontal and vertical directions. The
4.3 aspect ratio suggests that there should be 4/3 times more detectors in the
horizontal direction compared to the vertical direction. If the number of elements
in the vertical direction is simply equal to the number of active scan lines, then
the number of horizontal detectors should be about 646 for NTSC, and 766 for
PAL and SECAM.

The number of pixels per line is often chosen so that the horizontal clock
rate is an integer multiple of the color subcarrier. For NTSC, 768 pixels equate
to four times the NTSC color subcarrier (see Section 3.11.3., Number of
Detectors, page 97).
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This larger number provides more sampling for each color and reduces color
aliasing. For single chip color cameras, resolution is more difficult to define.
The primaries or their complements spatiallv sample the scene unequally
(discussed in Section 8.3.2., Detector Array Nyquist Frequency). If the chip
contains 768 detectors horizontally, then the number of green, red, and blue
detectors is typically 384, 192, and 192, respectively. Because the eye is most
sensitive to luminance values and the green component represents luminance,
then the green resolution may be taken as the camera resolution. Most chips
contain more green detectors and therefore the resolution is more than just one-
third of an equivalent monochrome system. Through data interpolation, any
number of output data points can be created. This number should not be
confused with the camera spatial resolution. Single chip color cameras cannot
provide the resolution listed in Table 5-2.

To reduce cost, a camera may contain fewer detector elements. Here, the
full bandwidth of the video standard is not exploited. The imagery of these
cameras will be poorer compared to those cameras that fully use the available
bandwidth. Recall that the standard only specifies the timing requirements and
a maximum bandwidth. The timing ensures that the camera output can be
displayed on a standard display.

For the complete system, the horizontal resolution may be limited by the
detector array, bandwidth of the video standard, or by the display. Display
resolution is discussed in Section 7.5., Resolution. It is common for the display
to limit the overall system resolution.

For NTSC and EIA 170 compatible arrays, it is common to have about 480
detectors in the vertical direction. The image formatting algorithm inserts blank
lines (all black) to meet video standards (485 lines). Because many displays
operate in an overscan mode, the blank (black) lines are not noticed.

Resolution is often expressed in TV lines. This visual psychophysical
measure was developed to specify the resolution of monitors. Because of phasing
effects, the number of individual horizontal lines that can be perceived, on the
average, is less than the number of scan lines. The ratio of the average number
to the total number is the Kell factor’ and is assumed to be 0.7. Thus, the
vertical resolution is 340 lines for NTSC and 402 lines for PAL and SECAM.
This vertical resolution applies to the monitor capability and not the camera.
However, the camera output must be displayed on a monitor so that the Kell
factor is sometimes included in camera specifications.
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For higher vertical resolution, more lines are required. EIA 343A (originally
RS 343A) was created® for high resolution closed circuit television cameras
(CCTYV). Although the standard encompasses equipment that operates from 675
to 1023 lines, the recommended values are 675, 729, 875, 945, and 1023 lines
per frame (Table 5-3). The military primarily uses 875 lines/frame but it
requires "standards conversion" boxes that can record and present imagery on
EIA 170 compatible equipment. EIA 343A is still a monochrome standard.

Table 5-3
RECOMMENDED EIA 343A VIDEO FORMATS

umesrrave | ASTVE | meoumey | ANE | g
(kHz) TIME us

675 624 20.25 49.38 42.38

729 674 21.87 45.72 38.72

875 809 26.25 38.09 31.09

945 874 28.35 35.27 28.27

1023 946 30.69 32.58 25.58

5.2.2. BROADCAST/NON-BROADCAST DESIGN

The EIA 170 standard was developed for the broadcasting of video signals
over limited bandwidth channels. The FCC dictated that the bandwidth cannot
exceed 6 MHz. To avoid flicker on the television receiver, a 2:1 interlace
concept was adopted. The NTSC standard was constrained to the same
bandwidth limitation.

For compatibility, all broadcast cameras and television receivers are
designed to the timing and bandwidth of the broadcast standard. Using a wider
bandwidth receiver does not improve image quality or resolution because it is
limited by the 6 MHz bandwidth. An inexpensive receiver may have reduced
bandwidth (as do many VHS recorders) and this reduces image quality.
However, to function, this "lower quality" receiver still must operate under the
timing requirements of the video standard.

Table 5-2 (page 153) listed the number of video resels supported by the

video standard. If the camera has more pixels, then the received image
resolution will be limited by the standard’s bandwidth. If the camera has fewer
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pixels, then the camera’s resolution limits image quality. By using image
compression, high definition television cameras can effectively transmit more
resels than that suggested in Table 5-2. The number of transmitted resels
remains the same (constrained by bandwidth). It is through coding (e.g., image
compression) that the resels contain more information.

Because EIA 170 and NTSC are so pervasive, nearly all cameras are built
to these video standards. This permits saving imagery on off-the-shelf video
recorders and displaying it on just about any monitor. However, for non-
broadcast operation, it is not necessary to adhere to the 6 Mhz bandwidth
limitation. The only requirement is that the timing be identical to the standard
timing. A high resolution monitor (wide bandwidth) can display the imagery
from a camera that has more pixels and a wide bandwidth recorder can store
that imagery.

Departure from the standard video timing requires special monitors and
special recorders. Already digital recorder and digital monitors exist. Computer
monitors now operate in the progressive scan mode. To avoid flicker, the frame
rate exceeds 70 Hz. The frame rate is determined by the video drive electronics
and is not generally user-selectable.

To see an image on a monitor, the camera’s timing must be consistent with
the monitor requirements. Because the video standards are popular, most
cameras adhere to the appropriate timing. With progressive-scan cameras, the
camera’s internal electronics must reformat the data into an interlace mode. If
the camera’s output is fed directly into a computer, timing is no longer a
concern. If digital data are transferred, only a sync signal is necessary to
indicate the start of the data. If analog data are transferred, then the frame
capture board should have a resolution that is greater than the camera’s. That
is, there should be more datels than pixels,

5.2.3. COMPONENT/COMPOSITE SIGNALS

The term composite is used to denote a video signal that encodes luminance,
color, and timing information onto a single channel. It can be transmitted on a
single wire such as cable television. NTSC, PAL, and SECAM are composite
video signals. The signal must be decoded to create an image.

Component analog video (CAV) carries each patt on a separate wire. RGB,

or their complementary values are carried on three separate cables. It is common
for the G to be a composite line and carry the sync signals. Component videos
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do not require encoding and therefore there is less chance that there will be
color or luminance cross coupling. This implies that component imagery will
produce a higher quality image.

As equipment is miniaturized (e.g., hand-held video recorders) and
resolution increased (e.g., HDTV), there seems to a proliferation of
recommended standards.” Most standards deal with color encoding (chrominance
encoding). The luminance channel is identical with the green channel and is
labeled Y. The other signals are color and the exact composition depends upon
the standard. SECAM uses the primaries whereas the other formats use the
complements. The chrominance values are related through matrices but the
signals are not compatible due to different line frequencies and sync signals.
Because the eye is most sensitive to luminance, the luminance channel has the
widest bandwidth and the chrominance channels have smaller bandwidths.

Matrixing can convert the RGB into any color coordinate system. With the
ease of digital implementation, multiple outputs are available from many
cameras. That is, a camera may offer RGB, NTSC, and Y/C outputs to provide
flexibility to the user.

5.2.4. IRE UNITS

The Institute of Radio Engineers (IRE) assigned 140 IRE units to the peak-
to-peak composite signal (Figure 5-3). This provides 100 IRE units for the
active image signal and 40 IRE units for blanking. They assumed that the video
is one volt peak-to-peak when terminated by 75%. Thus, each IRE unit is equal
to 1/140 = 7.14 mV.

To avoid seeing the retrace, NTSC introduces a small setup. With most
systems, the video is usually clamped at the blanking level and the video signal
with setup does not contain a reference black signal. That is, the video does not
contain a signal to indicate the black level. This voltage only occurs when there
is a black object within the field-of-view. The blanking level (retrace) is
sometimes called "blacker-than-black" because it is 7.5 IRE units below the
black level. With the signal standardized to 1 V peak-to-peak, the setup reduces
the active video to 0.66 v.
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Max Signal Level
" (Pure White)
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100 IRE
7.5 IRE “Set-up”
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Blanking T Pure
Level Black

40 IRE
1 T Sync Pulse
Sync Tip

Figure 5-3. Definition of IRE units. The active video represents a gray
scale divided into 10 equal steps. NTSC assigns 7.5 IRE units to setup.

By convention, the blanking level is assigned a value of O v so that the
active video is positive while the sync pulse is negative. The peak-to-peak
amplitude remains at 1 V. As new standards are introduced,’ the voltage levels
associated with IRE units change (Table 5-4). The composite signal with setup
(NTSC) can introduce ambiguity in signal level because there is no fixed black
reference. Without setup, radiometrically correct imagery is ensured and black-
to-white measurements can be performed with higher accuracy. SMPTE and
EBU have recommended the non-NTSC format for color component video.

When a video signal is expressed as a percentage, it is numerically equal to

the IRE units. 80% video is the same at 80 IRE units. For example, 80% video
is (0.8)(0.714) = 571 mV with the NTSC standard.
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Table 5-4
VIDEO STANDARDS
VOLTS IRE UNITS
FORMAT
SS{DC Setup Peak Syp ch Blanking | Setup | Peak
tip tip
NTSC -0.286 | 0.0536 | 0.714 -40 0 7.5 100
Composite
without -0.286 - 0.714 -40 0 - 100
setup
Non-
NTSC -0.300 - 0.700 -40 0 - 100

5.2.5. DIGITAL TELEVISION

Digital image processing is already present in most transmitters and
receivers. It seems natural to transmit digitally. The major advantage is that
digital signals are relatively immune to noise. Either a bit is present or it is not.
A digital voltage signal, which may have been reduced in value and had noise
added, can be restored to its full value with no noise in the receiver. An all-
digital system avoids the multiple analog-to-digital and digital-to-analog
conversions that degrade image quality.

Digital signal "transmission” was first introduced into tape recorders.
Because a bit is either present or not, multiple generation copies retain high
image quality. In comparison, analog recorders, such as VHS, provide very
poor quality after just a few generations. The first digital recorder used a format
called D-1 and it became known as the CCIR 601 component digital standard.
Digital recording formats® now include D-1, D-2, D-3, D4, and D-5.

The nominal 4.2-MHz bandwidth required by NTSC is not a continuous
spectrum but consists of many bands due to the interaction of the line frequency
(59.94 Hz) and scan frequency (15.7343 KHz). It is this discrete nature that
allows the interleaving of chrominance, luminance, and audio within the
allocated bandwidth. A comb filter, present in the receiver, separates the signals
to minimize the cross talk that appears as aliased color. The composite video
signal can be equated to a signal whose sampling frequency is 3.58 MHz for
NTSC and 4.43 MHz for PAL. SECAM has different effective sampling rates
for each color difference: 4.25 MHz and 4.41 MHz. These are the subcarrier
frequencies.’
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The most popular sampling frequency is four times the subcarrier frequency
and is simply called 4f, sampling. It is equal to 14.3 MHz for NTSC and 14.7
MHz for PAL. This allows the post-reconstruction filter to have a more gradual
cutoff with less ripple. This filter is easier to design and is less expensive.
Because the data exist at discrete frequencies, strict adherence to the Nyquist
criterion (discussed in Chapter 8, Sampling Theory) is not required.

In component video there is no subcarrier. A sampling frequency of 13.5
MHz has been selected to accommodate both 525 and 625 line formats. The
luminance channel is sampled at 13.5MHz and the two color difference channels
are sampled at 6.75 MHz each. Recall that there is less detail in the color
channels so they are sampled at a lower rate. If 13.5 MHz is four times the
frequency of some imaginary subcarrier, then 6.75 MHz is twice that same
imaginary frequency. This is known as 4:2:2 digital component television. If the
three signals are multiplexed into a serial stream, the new sample rate is 27 MHz
(13.5 + 6.75 + 6.75 = 27). In the multiplexed form, component signals can be
transmitted on a single cable.

An image, whose amplitude is digitized into 8 bits, can provide a
cosmetically acceptable image for consumer camcorders. However, nonlinear
circuitry is required to minimize the visibility of quantization contours at low
signal levels. Otherwise, more bits are necessary. Photo quality imagery requires
12 or more bits. For composite signals, the sync pulse must also be digitized.
The actual number of bits available to the imagery is conservatively less. CCIR
601 assigns 16 DN to the black level and 235 DN to the white level. The
remaining values (1 to 15 and 236 to 254 DN) allow room for overshoots and
control of the white and black levels. The values 0 and 255 DN are used for
SynCs.

5.2.6. HDTV/ATS

The current accepted meaning of high definition television (HDTV) is a
television system providing approximately twice the horizontal and vertical
resolution of present NTSC, PAL, and SECAM systems. While the term HDTV
implies a receiver, the industry is equally concerned about transmission
standards. The video format must be standardized before building cameras and
receivers. The acronym HDTYV is slowly being replaced with the advanced
television system or ATS.

HDTYV is envisioned as a system that provides high resolution on large
displays and projection screens. Its resolution will not be fully appreciated in the
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typical living room where the sofa is nine feet from the television (discussed in
Section 7.1., The Observer). The Japan Broadcasting Corporation (NHK)
provided the first HDTV demonstration in 1981. The aspect ratio was initially
5:3 but this was later changed to 16:9 to match the various aspect ratios used in
motion pictures.

The goal is to have worldwide compatibility so that HDTV receivers can
display NTSC, PAL, and SECAM transmitted imagery. With today’s
multimedia approach, any new standard must be compatible with a variety of
imaging systems ranging from 35-mm film to the various motion picture
formats. The desire is to create composite imagery'®!" and special effects from
a mixture of film clips, motion pictures, and 35-mm-film photos. Compatible
frame rates allow the broadcasting of motion pictures and the filming of
television.

As various companies entered the HDTV arena, they proposed different
transmission formats!>, To standardize the format, the Grand Alliance was
created in May 1993. The seven members are: AT&T, David Sarnoff Research
Center, General Instrument Corporation, MIT, North American Philips,
Thomson Consumer Electronics, and Zenith Electronics. The Grand Alliance
collaborates with a variety of agencies involved with standards (see list on page
146).

In April 1994, the Grand Alliance approved two different resolutions for
HDTV (Table 5-5). Both formats have square pixels. The selected line rate
should simplify conversion from NTSC and PAL into HDTV. The lines per
frame of 1125 is 15/7 times 525 and 9/5 times 625. Similarly, 787.5 is 3/2
times 525 but is approximately 100/79 times 625 lines. Thus, with the lower line
rate, it is more difficult to convert PAL into HDTV.

Doubling the resolution, increasing the aspect ratio, and separating color
from luminance requires an increased bandwidth of eight-fold over current
television requirements. With a nominal bandwidth of 4.2 MHz, the required
HDTYV bandwidth is approximately 33.6 MHz. A 10-bit system will have a data
rate of 336 Mbit/s. At this data rate, transmission losses in conventional wire
cable limit the maximum transmission distance to, perhaps, 1 km. This demands
image compression.
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Table 5-5
GRAND ALLIANCE RECOMMENDED FORMATS
(Recommended in April 1994)

RES()ILUTION LINES FRAME SCAN

P:ilc):?vi/lllirrllzsx Flfill\zri E R(QI)E TECHNIQUE
24 Progressive

1920 x 1080 1125 30 Progressive
60 Interlaced
24 Progressive

1280 x 720 787.5 30 Progressive
60 Progressive

The FCC has allocated only a 6-MHz bandwidth for commercial television
channels. Thus, image compression somewhere between 50:1 and 75:1 is
required. The Grand Alliance recommends using MPEG-2 image compression.
Although current cameras are analog devices,” the Grand Alliance
recommended digital transmission.

In December 1996, the FCC adopted a standard proposed by the Advanced
Television Systems Committee. This versatile standard defines four basic digital
formats (Table 5-6). The higher resolution formats will probably be used to
broadcast movies while news and commercials will be broadcasted at the lower
resolution formats. While the standard allows both interlaced and progressive
scan formats, only one will probably survive. It also mandates compressed
digital transmission. The conversion from analog to digital television is a
complex process.'* Broadcasting should begin November 1, 1998. The status of
HDTV/ATS cameras, standards, and receivers will appear in many journals over
the next few years.
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PICTURE FORMATS SU??%?SI‘SD by ATSC STANDARD
e || e
active lines
24 16:9 Progressive
1920 x 1080 30 16:9 Progressive
60 16:9 Interlaced
24 16:9 Progressive
1280 x 720 30 16:9 Progressive
60 16:9 Progressive
24 16:9 or 4:3 Progressive
30 16:9 or 4:3 Progressive
704 X 480
60 16:9 or 4:3 Progressive
60 16:9 or 4:3 Interlaced
24 4:3 Progressive
30 4:3 Progressive
640 x 480
60 4:3 Progressive
60 4:3 Interlaced

5.3. CONSUMER/BROADCAST CAMERAS

Figure 5-4 illustrates a typical color camera functional block diagram. The
array output is processed to achieve the standard video signals. This section
describes the knee, color correction, gamma, and aperture correction.
Monochrome cameras tend to be used for scientific and industrial applications
and are described in Section 5.4., Industrial/Scientific Cameras.
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Figure 5-4. Typical color camera functional block diagram. Sync signals
and other control logic are not shown. The subsystem location and
design vary by manufacturer. Consumer cameras typically have a
composite output that is created by the encoder. Scientific and industrial
cameras may have a component output which is the signal before the
encoder. To increase versatility, many cameras can provide either
NTSC, RGB, or complementary color output. The RGB output provides
easy interfacing with a computer monitor.

5.3.1. THE KNEE

The antibloom drain (see Section 3.8., Antibloom Drain, page 85) creates
a knee in the linear response to brightness. The knee slope and location can be
any value (Figure 5-5). While scientific cameras operate in a linear fashion,
there is no requirement to do so with consumer cameras. Consumer camera
manufacturers will provide a mapping that they think will provide a cosmetically
pleasing image. The knee also simplifies requirements in that an 8-bit ADC can
provide aesthetically pleasing imagery over a wide input dynamic range.

Scientific and industrial applications often require a linear input-output
system. For example, linearity is required for radiometric analysis. Interestingly,
as some manufacturers add more knee control. others are actively designing
algorithms to "de-knee" the signal before image processing.
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Figure 5-5. The knee extends the dynamic range by compressing high
intensity signals. By decreasing the knee slope, the camera can handle
a larger scene dynamic range.

5.3.2. COLOR CORRECTION

Figure 5-4 illustrated a typical color camera block diagram. The "color”
signals may have originated from a single CFA (see Section 3.11.2., Color
Filter Arrays, page 94) or three separate arrays as illustrated in Figure 5-6.
Because of high cost, three-chip cameras were used almost exclusively for high
quality broadcast applications. Now, three-chip color cameras are entering the
scientific market. Consumer camera designs, driven by cost, tend to use only
one chip. Although this is changing.

The color correction circuitry is an algorithm that can be represented as a
matrix

R2 kll kll le Rl
Gy| - |y K s |[ Gl -3
B

1
2 k31 k32 k33 Bl

When used to improve color reproducibility (i.e., matching the camera spectral
response to the CIE standard observer), the process is called masking.*:'®¢ When
manipulating signals into the NTSC standard, it is called matrixing.
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Figure 5-6. A high quality color camera has three separate arrays. One
for each primary color or its complement. Light is spectrally separated
by coatings on the beam splitters and additional filters. The three-chip
camera is listed as CCD %3 or 3CCD in sales brochures. Each color
samples the scene equally and this minimizes color moiré patterns when
compared to a CFA. Although beam splitters are shown, most 3CCD
cameras use prisms for compactness.

Matrixing can be used to alter the spectral response and intensities of the
primaries to compensate for changes in scene color temperature. Intensity
changes are achieved simply by multiplying a primary by a constant. Spectral
changes are approximated by adding various ratios of the primaries together. For
example, if an object is viewed at twilight, the matrix can be adjusted so that the
object appears to be in full sun light (neglecting shadows). A scene illuminated
with a 2600-K source may appear somewhat yellow compared to a scene
illuminated with a 6500-K source. This occurs because a 2600-K source has less
blue than a 6500-K source. With white balance (matrixing) a white object can
appear to be illuminated by different blackbodies - usually ranging from 3200
to 5600K.

Gamma correction is introduced into each of the three color channels. By

convention, the analog signals are represented by Eg, Eg, and Eg. After gamma
correction, they are represented by Eg’, Ep’, and Ey'.
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With CFAs, detectors sensitive to the same color are separated resulting in
a low fill factor. The optical anti-alias filter blurs the image and effectively
increases the optical area of the detector. The birefringent filter is placed
between the lens assembly and the detector array. Birefringent crystals break a
beam into two components: the ordinary and the extraordinary. This makes the
detector appear larger optically. While this changes the MTF (discussed in
Section 10.3.4., Optical Anti-Alias Filter), the sensitivity does not change. The
light that is lost to adjoining areas is replaced by light refracted to the detector.

With unequal sampling, monochrome edges may appear colored and small
objects may change color. Sophisticated image processing is required to
overcome the unequal sampling of the colors and to format the output into the
NTSC standard. The algorithm selected depends upon the CFA architecture (see
Figure 3-44, page 61). Algorithms may manipulate the ratios of blue-to-green
and red-to-green,”” separate the signal into high and low frequency
components,'® use a pixel shift processor,'”” or add two alternating rows
together’®?! to minimize color artifacts. The decoding algorithm is unique for
each CFA configuration. Clearly, each CFA design requires a new decoding
algorithm. Algorithm design is probably more of an art than a science because
the acceptability of color aliasing is not known until after the camera is built.

=

Example 5-1
SINGLE COLOR CHIP ALGORITHM

Figure 5-7 illustrates a typical CFA* where rows are added to minimize
aliasing. The NTSC odd field consists of CCD rows 1 + 2, 3 + 4, etc., and the
NTSC even field consists of 2 + 3, 4 + 5, etc. Tables 5-7 and 5-8 provide the
outputs.

Table 5-7
SUMMING TWO ROWS
CCD ROW OUTPUT LINE
1+2 1 (odd field)
3+4 3 (odd field)
2+3 2 (even field)
445 4 (even field)
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CCD NTSC NTSC
Row Odd Field Even Field
Row Row
1 Cy | Ye|Cy|Ye
1
2 G |Mg| G | Mg :l
2
3 Cy|Ye|Cy|Ye
|
4 Mg| G [Mg| G ] 4
5 I CyiYelCylYe,|
e L2

Figure 5-7. Typical CFA (From Reference 21).

Table 5-8
OUTPUT VALUES
v PIXEL 1 PIXEL 2 PIXEL 3 PIXEL 4
LINE

1 Cy+G Ye + Mg Cy+G Ye + Mg
=2G+B =2R+G+B =2G+B =2R+G+B

3 Cy + Mg Ye+ G Cy + Mg Ye+ G

=R+ G+2B =R +2G =R +G +2B =R+2G

2 Cy+G Mg + Ye Cy+G Mg + Ye
=2G+B =2R+G+B =2G+B =2R+G+B

4 Mg + Cy Ye + G Mg + Cy Ye+ G

=R+G+2B =R +2G =R +G +2B =R +2G

The NTSC signal requires equal R, G, and B information on each line and
this requires line interpolation. For example, pixel 3 on the first line does not
contain any red data. Red must be interpolated from adjoining pixels. The
algorithm selected depends upon the mathematics and the human eye response.
The selection depends upon the resultant imagery. That is, the interpolation
tends to be empirical.
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5.3.3. GAMMA COMPENSATION

A consumer video camera may be purposely made nonlinear to match a
monitor response. Gamma correction optimizes the displayed image when using
CRT-based monitors. The input predistortion (created at the camera) can only
be effective over a strictly defined range. The overall system is linear only when
the correct display unit is used. Gamma correction is nonlinear and should be
inserted after any required image processing. As flat panel displays replace
CRT-based displays, the concern with gamma correction should disappear.

The luminous output of a cathode ray tube is related to its grid voltage by
a power law

Lpispray = K(Vapp)' - (5-4)

If the camera has the inverse gamma (Figure 5-8), then the radiometric fidelity
is preserved at the display.

1

y
DISPLAY ~ K (VGRID) - K\Vsceng) = K VSCENE :
Vvideo
v Gamma Q’rjglog Vv Loisplay
CCD . Scene . 1aeo Displa Grid
| _1EI play CRT
Array ectronics Cor:e;;:tlon Electronics y -
Observer
- J N\ J
Yo Y
Camera Display

Figure 5-8. Gamma correction should only be used when the imagery is
directly presented on a CRT-based display.

Although gamma correction circuitry is placed in the camera and it is
numerically equal to the inverse of assumed CRT gamma, popular parlance
simply calls it gamma. From now on, gamma will mean the inverse of the CRT
gamma value. Gamma compresses small signals and some black detail is lost.
In certain high contrast scenes, such as scenes with direct sunlight and shaded
areas, the darker parts will lack contrast. It also changes the noise characteristics
depending upon the scene level.
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Figure 5-9 illustrates a machine vision system or a system where the
imagery is evaluated by a computer. Gamma correction should be inserted
before any image processing. Although standards recommend a gamma
correction value, manufacturers modify these values to create what they perceive
to be a cosmetically pleasing image. The output of an imaging processing work
station is shown on a computer monitor. Although a machine vision system does
not require a monitor, it adds convenience. A gamma correction, internal to the
computer, assures that the correct image is shown on the computer monitor.

CCD Array Image Display CRT ey
1
and |- ADC Y Processing[ | ¥ I Electronics [ Y i

Electronics
N AN VAN J
Y Y '
Camera Image Processing System Display Drivers and Display

Figure 5-9. Image processing is simplified when gamma has been
removed. The camera gamma should be one if the image is to be
digitized and displayed on a computer monitor. Although not required
for machine vision applications, the monitor offers convenience.

Although CRT displays have a range of gammas, NTSC, PAL, and SECAM
"standardized" the display gamma to 2.2. 2.8, and 2.8, respectively. However,
all three systems use 0.45 as the inverse. For NTSC, the monitor luminance is
proportional to the detector output and target intensity (2.2)(0.45) = 1. With
PAL and SECAM, the luminance still has” a residual gamma of 1.27. This
provides some contrast enhancement.

The gamma slope becomes very large for low values of input brightness. It
has therefore become accepted practice to limit the operation of the gamma
compensator to an arbitrary level. SMPTE Standard 240M was developed® for
high definition televisions but now is applied to many systems It has since been
replaced by ITU 709.
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Normalized to one, 240M states

Vipgo = 11115V gopy) 4 - 01115 when 0.0228 <V pr< 1 5.6

V

vipeo = 4Vscene when V.

SCENE

<0.0228 ,

where Vcpng is the voltage before the gamma corrector and Vypg, is the voltage
after. The toe break intensity occurs at Vgepng = 0.0228 and the toe slope is 4
(when Lgcgne < 0.0228). For gamma correction to be accurate, the black
reference level must be known. If gamma is inserted after the 7.5% setup, some
ambiguity exists in the black level resulting in some intensity distortion. While
gamma correction may contain errors, the human eye is very accommodating.
The consumer can also adjust the receiver contrast to optimize the image in
accordance with his personal preferences. However, this luxury is not available
for scientific applications.

Gamma compensation is often performed digitally using a look-up table.
Figure 5-10 illustrates the desired output-input transformation recommended by
SMPTE 240M. Alternate look-up tables are possible.” In fact, some camera
manufacturers®' developed an alternate gamma function 7o enhance gray level in
a high light intensity region and to obtain high S/N ratio in low light intensity
regions simultaneously. Changing the gamma to minimize the compression of
dark areas is also called black stretching. Cameras may have a continuous
variable gamma from 0.4 to 1 or may be preselected to 0.45 or 1. The user
selects the appropriate value. However, the user rarely knows the CRT gamma.
He will simply adjust the camera until he creates an aesthetically pleasing image.
This setting will vary from individual to individual.

60
50
40
30
20
10

Traditional

OUTPUT (DN)

SMPTE 240M

0 2 4 6 8 10
INPUT (DN)

Figure 5-10. Gamma output-input transformation recommended by
SMPTE 240M. Expansion of the first 10 levels of an 8-bit ADC system.
Data only exist at integer values. Compression of blacks is obvious.
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5.3.4. APERTURE CORRECTION

Image sharpness is related to the modulation transfer function (discussed in
Chapter 9, Linear System Theory, and Chapter 10, System MTF). By increasing
the MTF at high spatial frequencies, the image usually appears "sharper.”

For analysis purposes, a camera is separated into a series of subsystems:
optics, detector, electronics, etc. MTF degradation in any one subsystem will
soften imagery. The degradation can be partially compensated with electronic
boost filters (discussed in Section 10.6.5., Boost). Historically, each subsystem
was called an "aperture." Therefore boost provides "aperture correction." This
should not be confused with the optical system where the optical diameter is the
entrance aperture.

Boost filters also amplify noise so that the signal-to-noise ratio remains
constant. For systems that are contrast limited, boost appears to improve image
quality. However, for noisy images, the advantages of boost are less obvious.
As a result, these filters are used only in high contrast situations (typical of
consumer applications) and are not used in scientific applications where low
signal-to-noise situations are often encountered.

5.4. INDUSTRIAL/SCIENTIFIC CAMERAS

The operation of industrial and scientific cameras is straightforward. They
are built around the solid state device capabilities. The array output is amplified
and then either processed into a standard video format or left in digital format.
Although these may be color cameras, the majority are monochrome.

Progressive scan simply means the noninterlaced or sequential line-by-line
scanning of the image (see Section 3.3.5., Progressive Scan, page 68). Moving
objects can be captured with a strobe light or a fast shutter. Only a progressive
scan camera will give the full resolution when the illumination time is short.
These cameras can capture imagery asynchronously. That is, the camera timing
is initiated from an external sync pulse that is coincident with the strobe flash
which may signify that the object is in the center of the field-of-view. Although
the image is captured in a progressive scan manner, the camera output is
processed into a standard video output so that it can be displayed on commercial
monitors. For critical applications, a digital output is available.
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TDI offers another method to capture objects moving at a constant velocity.
The operation of TDI arrays (see Section 3.3.6, Time Delay and Integration,
page 70) exactly describes how a TDI camera will operate. The TDI camera
output may not be in a standard format and may need a dedicated computer or
image processing work station. Reference 25 describes a TDI system used for
remote sensing. Here, the aircraft or satellite provides the motion and the
objects on the ground are stationary.

Consumer cameras are specified by the minimum detectable signal and
dynamic range. In addition to these metrics, scientific and industrial cameras are
specified by MTF and the signal-to-noise ratio. Scientific cameras often have a
large dynamic range and may have 10-, 12-, 14-, or 16-bit analog-to-digital
converters. Key to the operation is that the ADC is linear.

Example 5-2
TDI CAMERA

Bottles move on a conveyor belt at the rate of 1200 ft/min. An image
processing system must detect defects without any human intervention. The
bottle must be scrapped if a defect is larger than 0.1 inches. The camera sits 48
inches from the conveyor belt. If the detectors are 20 um square, what focal
length lens should be used? What is the camera line rate? If the bottle is 10
inches tall, what should the array size be?

Image processing software accuracy increases as the number of pixels on the
target increases. While one pixel on the target may be sufficient for special
cases, signal-to-noise ratio considerations and phasing effects typically require
that the object cover at least three pixels. Thus, the image of the defect must be
at least 60 pm.
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The optical magnification is

My, -2 Y &um o (57)
y, (0.1inch)(25,400 pmfinch)

where R, is the distance from the lens to the object and R, is the lens to array
distance. The focal length is

ﬂ-R&- 2 1
1
% R, + R,

= 1.1 inches. (5-8)

The image is moving at (1200 ft/min)(1 min/60 s)(304,800 pm/ft)(0.0236) =
143,865 pm/s. Because the detectors are 20 um, the line rate is 7193 lines/s.
This creates a detector dwell time of 1/7193 = 140 us. That is, the edge of the
defect has moved across the detector element in 140 us. The pixel clock must
operate at 7193 Hz and the integration time is 140 ps.

The image of the bottle is (10 inches)(25400 pm/inch)(0.0236) = 5994 pm.
With 20 pm square detectors, the array must contain 300 detectors in the vertical
direction. The number of TDI elements depends upon the detector noise level,
light level, and detector integration time. The signal-to-noise ratio increases by

VN1
=

5.4.1. ANALOG-to-DIGITAL CONVERTERS

An analog-to-digital converter is an essential component of all digital
cameras. For consumer applications, an 8-bit converter is used. Sometimes
seemingly slight deviations from perfection in an ADC can modify image
fidelity® when examined by a trained photointerpreter or by an automatic target
detection algorithm. While a nonlinear ADC may not be visually obvious with
a single readout, it may become obvious if the array has multiple outputs with
each output having its own ADC. Here, any object which spans the two areas
with different ADCs will have a discontinuity in intensity.

ADC linearity is specified by differential nonlinearity (DNL) and integral
nonlinearity (INL) (Figure 5-11). The differential nonlinearity is a test of
missing codes or misplaced codes. Two adjacent codes should be exactly one
LSB apart. Any positive or negative deviation from this is the DNL. If the DNL
exceeds one LSB, there is 2 missing code. Many nonlinearity specifications

3857



CAMERAS 175

simply state "no missing codes." This means that the DNL is less than one LSB.
However, 1.01 LSB DNL (fail specification) and 0.99 LSB DNL (pass
specification) probably look the same visually. Poor DNL can affect the
cosmetic quality of images.

Integral nonlinearity is the deviation of the transfer function from an ideal
straight line. Most ADCs are specified with endpoint INL. That is, INL is
specified in terms of the deviation from a straight line between the end points.
Good INL is important for radiometric applications.

PE—"

ideal
issing code
DNL=1.25LSB

actual output
- DLN=0.5LSB

2; 50 75 100
ANALOG INPUT (percent of full scale)
(a)

DIGITAL OUTPUT (DN)
O NWHENNNXR

(=]

INL

> =

best fit

actual output
ideal

DIGITAL OUTPUT (DN)
CaAaNVENON®

25 50 75 100

ANALOG INPUT (percent of full scale)
(b)

o

Figure 5-11. ADC nonlinearity for 3-bit ADC. (a) Differential
nonlinearity and (b) integral nonlinearity. Missing codes can be caused
by the accumulation of DNLs. Accumulation can also cause INL.
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ADCs exist in most cameras. With commercially available cameras, the
manufacturer has selected the ADC. To ensure that the ADC is linear, the user
must experimentally characterize the performance in a manner consistent with
his application.?” This is rather difficult if the camera output is an analog signal.
The analog output represents a smoothed output of the ADC. The smoothing can
hide ADC nonlinearities.

The same problem may exist within a frame capture board. The user must
test the board for any nonlinearities. Because the frame capture board usually
resides within a computer, testing is relatively easy.

5.4.2. INTENSIFIED SOLID STATE CAMERAS

Although low light level televisions can be used for many applications, they
tend to be used for military and scientific applications. The term image
intensifier refers to a series of special imaging tubes?® that have been designed
to amplify the number of photons internally. These tubes increase the number
of incident photons by several orders of magnitude. The more popular second
generation (Genll) and third generation (Genlll) intensifier tubes use a
microchannel plate (MCP) for intensification. Third generation is similar in
design to second generation with the primary difference being higher quantum
efficiency.

When photons hit the photocathode, electrons are liberated and thereby
create an electron image. The electrons are focused onto the MCP and about
80% enter the MCP. The MCP consists of thousands of parallel channels (glass
hollow tubes) that are about 10 um in diameter. Electrons entering the channel
collide with the coated walls and produce secondary electrons. These electrons
are accelerated through the channel by a high potential gradient. Repeated
collisions provide an electron gain up to several thousand. Emerging electrons
strike the phosphor screen and a visible intensified image is created. The
intensifier is an analog device and an observer can view the resultant image on
the phosphor screen.

The intensifier output can be optically linked” to a solid state array with
either a relay lens or a fiberoptic bundle (Figure 5-12). When coupled to a
CCD, it is called an ICCD. The intensified camera spectral response is
determined solely by the intensifier photocathode responsivity. Although Figure
5-13 illustrates Genll and Genlll spectral responsivities, a variety of
photocathodes are available.® The window material controls the short
wavelength cutoff whereas the photocathode determines the long wavelength
cutoff.
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Figure 5-12. CCDs can be coupled to an image intensifier using either
fiberoptic bundle or relay lens. The tapered fiberoptic bundle (shown
here) tends to be the largest component of the ICCD.
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Figure 5-13. Nominal spectral response of militarized (fielded) Genll
and GenlIII image intensifier tubes. GenllII provides a better match to the
night sky illumination (see Figure 2-13, page 39). The responsivity
depends upon the window and photocathode material. GenlI tubes use a
multialkali photocathode whereas GenlII tubes use GaAs photocathodes.

SENSITIVITY (mA/W)
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Although many phosphors are available for the intensifier output, a phosphor
should be selected whose peak emission is at the peak of the solid state array
spectral responsivity. A color camera is not a good choice because it has lower
quantum efficiency due to the color-separating spectral filters. Furthermore,
single chip color cameras have unequal sampling densities and this can lead to
a loss in resolution.

The intensified camera can provide high quality, real-time video when the
illumination is greater than 10> lux (corresponding to starlight or brighter). For
comparison, standard cameras (non-intensified) are sensitive down to about 1
lux. Thus, intensified cameras offer high quality imagery over an additional
three orders of magnitude in illumination. A three-order magnitude increase in
sensitivity implies that the MCP gain should be about a thousand. However, it
must be an order of magnitude larger to overcome the transmission loss in the
fiber optic bundle or relay lens. For very low illumination levels, it may be
necessary to increase the integration time and then real-time video is no longer
possible.

By simply changing the voltage on the image intensifier, the gain can be
varied. Thus, operation over a wide range of luminance levels ranging from
starlight to daylight is possible. Gating is probably the biggest advantage of the
intensified camera. Electronic shutter action is produced by pulsing the MCP
voltage. Gating allows the detection of low level signals in the presence of
interfering light sources of much greater energy by temporal discrimination.
Gate times as short as 5 ns FWHM (full width at half maximum) are possible.
This allows the detection of laser diagnostic pulses against very intense
continuous sources. Because full frame transfer or frame transfer CCDs are used
for ICCD applications, the inherent gating capability of the intensifier is used
as a shutter during transfer time. This eliminates image smear.

Because the detector size is typically smaller than the intensifier’s resolution,
the intensifier’s image must be minified. Fiber-optic bundles reduce camera size
and weight (lenses are relatively heavy). But fiberoptic coupling is complex
because it requires critical alignment of the fibers to the individual detectors.
The fiber area and pitch, ideally, should match the detector size and pitch for
maximum sensitivity and resolution. However, to alleviate critical alignment
issues, the fiber diameter is typically one-hall the pixel pitch. This reduces
sensitivity somewhat.

The lens-coupled system avoids the alignment problems associated with

fibers and does not introduce moiré patterns. It offers more flexibility because
an image intensifier with an output lens can be connected to an existing solid
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state camera. The lens coupling represents a cost-effective way to add gating
capability to an existing camera. However, a lens-coupled system provide a
much lower throughput (2 X to 10X lower) than a fiber coupled system.

There are four spatial samplers in the intensified camera: (1) sampling by
the discrete channels in the MCP, (2) the fiberoptic output window within the
intensifier, (3) the input to the fiberoptic minifier, and (4) the detector array. At
these interfaces, the image is re-sampled. Depending upon the location
(alignment) of the fiberoptic minifier, moiré patterns can develop and the MTF
can degrade. In addition, manufacturing defects in the fiberoptic can appear® as
a "chicken wire" effect.

The intensifier tube typically limits the intensified camera resolution.
Increasing the array resolution may have little effect on the system resolution.
The array is typically rectangular whereas the intensifier is round and the array
cannot sense the entire amplified scene. Most commercially available intensified
cameras are based on the standard military 18-mm image intensifier. Larger
tubes (25 mm and 40 mm) are available but are more expensive and increase
coupling complexity.

Intensifiers are electron tubes. Tubes can bloom so that scenes with bright
lights are difficult to image. For example, it is difficult to image shadows in a
parking lot when bright street lights are in the field-of-view. Intensifiers are
subject to the same precautions that should be observed when using most
photosensitive coated pickup tubes. Prolonged exposure to point sources of
bright light may result in permanent image retention.

The intensifier specifications alone do not accurately portray how the system
will work. Only a detailed analysis will predict performance. Resolution of the
array will not describe system resolution if the image intensifier provides the
limiting resolution. While the array photoresponse may be quite uniform, the
overall nonuniformity is limited by the image intensifier. Standard military
image intensifier photocathodes have nonuniformities approaching +30%. Only
carefully selected intensifiers with low nonuniformity are used as part of the
intensified system.
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CAMERA PERFORMANCE

Camera performance metrics are conceptually the same as array metrics (see
Chapter 4, Array Performance, page 102). The camera is limited by the array
noise floor, dark current, and charge well capacity. The camera’s fixed pattern
noise (FPN) and photoresponse nonuniformity (PRNU) may be better than the
array pattern noise when correction algorithms are present. Frame averaging and
binning can reduce the random noise floor and thereby appear to increase the
camera’s dynamic range.

The signal is modified by the spatial response of the optics and detector
whereas the noise originates in the detector and electronics. Noise characteristics
may be different from signal characteristics. System design requires optimizing
the signal-to-noise ratio.

This chapter covers maximum signal, minimum signal, dynamic range, and
the signal-to-noise ratio. It assumes that the image size is large compared to the
detector’s area. Point source detection calculations are more difficult and can be
found in References 1 and 2. Camera metrics, depend in part, on the application
(see Section 5.2.2., Broadcast/Non-broadcast Design, page 155).

Historically, performance metrics were created for broadcast systems. These
metrics may be applied to scientific, machine vision, and military systems.
Some of these metrics are not appropriate for specific applications and therefore
may be considered as superfluous information.

Image intensifier and array characteristics both affect the intensified camera
signal-to-noise ratio. ICCDs have a dynamic range that varies with the image
intensifier gain. This permits fabrication of general purpose ICCDs that operate
in lighting conditions that range from starlight to full sunlight.

The symbols used in this book are summarized in the Symbol List (page
xviii) which appears after the Table of Contents.

182
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6.1. NOMENCLATURE

Figure 6-1 illustrates a functional block diagram of an analog camera. It is
functionally identical to Figure 4-1 (page 104). Although the off-chip electronics
is shown to have only one amplifier in Figure 4-1, it may consist of several
amplifiers. One of the amplifiers may have a variable gain that allows the user
to increase the signal under low light level conditions. This gain is turned off
(i.e., G, = 1) when the maximum illumination is measured. The value of G, is
superfluous because its only purpose is to provide a standard video voltage.

E -SCENE Array

Charge
Conversion

Npg G G

1 | 2
l Fixed [ |Variable ‘1
P Eq-FACEPLATE

VS IGNAL VCAMEHA

Figure 6-1. Camera function block diagram. The gain G, may be
automatic (AGC) or manually controlled.

The input can be measured at two different places. With the first
measurement, the lens focuses reflected scene illumination, prE, gcpng, ONto the
array where pr is the target reflectivity. Tables 2-5 and 2-6 (page 28) provide
typical values of E, sceng. Here, the camera’s output depends upon the lens f-
number and transmittance (or equivalently the T-number). In the second
measurement, the faceplate illumination is used. For radiometric inputs, the
scene irradiance or faceplate irradiance is used. In Equation 4-2 (page 112), the
source was represented by M, and it is identical to p{E,scpne. Because the
manufacturer has no control over the user’s selection of lenses, the faceplate
illumination is often specified.

Array parameters are based upon the photon flux irradiating the detector,
E, racerLate and the measured output Vgguar. The number of photons reaching
the detector is
E At (6-1)

Rperecror = L4-raceprate 2p b >

which is identical to Equation 2-12 (page 34).
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The array quantum efficiency is

npg(R) ‘

R(X) - — (6-2)
perecror(*)
The array signal-to-noise is
n
SNR pray = — (6-3)
(Msrs)
and the array dynamic range is
Vaenar  Nweir = Mparx
DR, piy - v - , . (6-4)
NOISE ‘\"srs>

The array outputs, n,; and <ngys>, are derived theoretically or are calculated
from the measured values Vggnar OF Veamera: Often only <ng o > is used for
<ngys> to calculate DR,grpay. This provides the highest possible dynamic
range. If the camera does not introduce any additional noise, modify the noise
bandwidth, or minimize the maximum output, the camera SNR and DRcayera
will be identical to the array values.

For Lambertian targets,

E _ Pr By scene
v-FACEPLATE 2
AF° (1 +Mypncs)

(6-5)

> Toprics Tame -

On a clear day (T v = 1), a white target (o = 1) which is far way (Mgprics =
0) provides

E . PrE, scene
v-FACEPLATE
4F*

(6-6)

oprics  ux.
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For back-illuminated targets (such as those used for calibration), the flux
emanating from the target is pE,gcpne. The measurement of faceplate
illumination is usually performed with a calibrated lens. The value p;E, gcene 1S
measured with a calibrated radiometer or photometer, Vaupra i measured, and
then by using Equation 6-6 or 6-7 E, pacpprate 1S calculated.

With four possible inputs (scene irradiance, scene illuminance, faceplate
irradiance, and faceplate illuminance) and three outputs (number of electrons,
Vionar, and Veavera) there potentially exists 12 input-output performance
parameters. Each metric is appropriate for a specific application. This chapter
will consider only the most widely used metrics. The derivation of the others is
straightforward. For image intensified systems, the scene or faceplate values are
used as the input to the image intensifier.

The maximum and minimum signals depend on the spectral output of the
source and the spectral response of the detector. The source color temperature
is not always listed but is a critical parameter for comparing systems. Although
the CIE illuminant A is used most often, the user should not assume that this
was the source used by the camera manufacturer. Manipulation of the source
(CIE illuminant A, B, C, D, or another unspecified source) and optical filter
characteristics can change the maximum and minimum signal values.

Based on signal detection theory, the minimum illumination would imply that
the signal-to-noise ratio is one. However, the definition of minimum illumination
is manufacturer dependent. Its value may be (a) when the video signal is, say,
30 IRE units, (b) when the SNR is one, or (c) when an observer just perceives
a test pattern. Because of its incredible temporal and spatial integration
capability, the human visual system can perceive SNRs as low as 0.05. This is
further discussed in Section 12.1.1., Perceived Signal-to-Noise Ratio. Therefore,
comparing cameras based on "minimum" illumination should be approached with
care.

6.2. CAMERA METRICS

Both the signal and noise are usually measured. By using a measured value,
all noise sources are included: shot noise, noise floor, reset noise, pattern noise,
quantization noise, amplifier white noise, and amplifier 1/f noise. The minimum
signal is then calculated using the variable amplifier gain, G,, and signal-to-noise
ratio.
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6.2.1. CAMERA SNR

For many applications, the object is far away so that Myprcs approaches
zero. When measured at the camera output, the SNR is

G,G,Gq A, 2
2
(; ‘4_;2 _[ R M) p ) My_copyeR) tpyr Topprcs(A)dA

SNR g cprp= ! , (6-7)

J f S(f‘kc) IHS I’S(ff!ec ) I2 dfelec
0

where the subscript scene is used to indicate the input is the reflected scene flux.
Noise is inserted by the detector and by the amplifiers (see Figure 4-11, page
123). The electronics MTF, Hgy(f,..), modifies the noise spectra. The noise
power spectral density, S(f,,..), includes all the noise sources: shot noise, noise
floor, reset noise, pattern noise, quantization noise, amplifier white noise, and
amplifier 1/f noise. The subscript elec emphasizes that electrical frequency
applies to the amplifiers and subsequent electronic filters. The MTFs are
described in Chapter 10, System MTF.

Equation 6-8 is the generalized SNR equation. When equated to electrons,

A

A 2

—4;2 ! R8P M) My scpie® tivr TopmesMdh (6 g,
1

SN. RSCENE =

(”sysi'

For a small spectral band

A
;F_Dz Rq(l JP A ,) Mq-SCENE()‘ a) tiwr Topmcs(h o) Al (6-9)

SNRscpyy ~ <n 3
SYS,
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The SNR is proportional to the detector area and integration time. Figure 6-2
provides the relative SNR as a function of these parameters. Binning is identical
to increasing the detector area. The output of four binned detectors is the same
as one detector four times larger. For fixed area, increasing the integration time
increases the SNR. For fixed integration time, binning increases the SNR.
Shorter integration times permit higher frame rates (See Section 4.5., Frame
Rates, page 142). Shorter integration times also decrease the SNR,

BIN SIZE

. . —10x10
increasing SNR — 8x8

— X6
—_— 4x4
—_ 3x3

2x2

100 ¢

EFFECTIVE
DETECTOR AREA
-

Q

1 10 100
INTEGRATION TIME

Figure 6-2. Relative SNR as a function of bin size (detector area) and
integration time. Only shot noise is considered.

6.2.2. CAMERA DYNAMIC RANGE

Dynamic range is the maximum signal divided by the noise. It depends on
integration time, binning, and frame integration. In addition, the spectral content
of the source and the array spectral responsivity affect the camera output
voltage. Thus, the camera dynamic range can be quite variable depending on test
conditions.

Although the theoretical maximum signal just fills the charge wells, the
manufacturer may limit the maximum output voltage to a lower stored-charge
value. Because the dynamic range is often expressed in decibels,

Vaax 6-10
DR prra-as = 20 log( ] ( )

Noise
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and the noise voltage is

DRe, sera-d8
- Zcamera-ds (6-11)
NOISE = " MAX 1 ( 0 ) *

Many camera manufacturers list the dynamic range as the signal-to-noise
ratio, This value should not be confused with the actual SNR (see Section 4.3.,
Array Signal-to-noise Ratio, page 139). With most cameras, the noise level is
approximately equivalent to the array read noise. The electronics may increase
the camera noise, and image processing techniques may reduce it somewhat.
Usually the dynamic range is calculated from the measured signal and noise.
Because the read noise is amplifier white noise, it is appropriate to include the
bandwidth as part of the measurements. For standard video compatible cameras,
the bandwidth is equal to the video format bandwidth (see Section 5.2.1., Video
Timing, page 151).

Example 6-1
DIGITAL DYNAMIC RANGE

A device with a well capacity of 50,000 electrons has a noise floor of 60
electrons rms. What size analog-to-digital converter should be used?

Adding noise powers, the total camera noise is related to the array noise and
ADC noise by

(Hsys) = \/<"12?Loox> + <"jbc> . (6-12)

If an ADC is selected so that an LSB is equal to the array noise level, the ADC
increases the camera noise by 4%. The array dynamic range is 50,000/60 = 833
but the smallest available ADC has 10 bits or 1024 levels. This ADC devotes
1.23 bits to array noise. But if the LSB was one-quarter of the array noise level,
the camera noise would increase by only 1%. The ADC dynamic range must be
greater than 3332:1. The smallest ADC that covers this range contains 12 bits.

=0
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6.2.3. MAXIMUM SIGNAL

If specifying scene illumination, a f-number must be selected. Historically,
film-based cameras are compared when the lens f-number is 5.6. Figure 6-3
illustrates the relative change in the maximum signal as the f-number is varied.
For consumer video and industrial cameras, the integration is selected to match
the video standard (t; = 1/30 for EIA 170). Automatic irises and variable
integration times can increase the maximum level.

The photon level that saturates the charge wells is the camera’s maximum
input signal and Vyg . = G; G q Nywg /C where G, = 1. However, there is no
requirement that the camera manufacturer set the maximum output voltage equal
to Vyg. If the array has an antibloom drain, the maximum output may be
limited to the white clip level (see Figure 3-35, page 87).

-
L&)

RELATIVE OUTPUT

J
|

4.5 § 5.5 6 6.5 7

»

f-number

Figure 6-3. Relative maximum output normalized to /5.6.

6.2.4. MINIMUM SIGNAL

The minimum input signal suggests something about the lowest detectable
signal. When using scene illumination, the minimum signal is often specified
with different optics than the optics specified for the maximum signal (Figure
6-4). Faster optics is a reasonable choice because these lenses are used in low
illumination conditions.
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Figure 6-4. Relative minimum output normalized to f/1.4. A camera can
appear to have very high sensitivity if a very low f-number lens is used.

The minimum signal provided with gain "on" (G, greater than one) is
usually calculated due to the difficulty of performing accurate low level
radiometric and photometric measurements. These values may be provided at
30%, 50%, or 80% video levels. That is, the illumination given produces an
output video that gives 30, 50, or 80 IRE units, respectively (see Section 5.2.4.,
IRE Units, page 157). Although a higher gain amplifier could provide 100%
video, the user can optimize the image by adjusting the gain and level of the
display. That is, the display’s internal amplifiers can be used for additional gain.
In this context, the camera system consists of the camera and display.

If G, is expressed in decibels,

G,.ap
G, - 10( 20 ) . (6-13)
The scene illumination that creates a 30% video signal is

0.3-M,_scpyp(MAX)
G, ’

(6-14)

M, o pne(30%video) -

v

where M, scene(MAX) is the scene illumination that produced the maximum
output. For 50% and 80% video, the factor becomes 0.5 and 0.8, respectively.
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The input signal that produces a signal-to-noise ratio of one is

(ﬁ DRCAMERA~¢LB) (6'15)
M, scengSNR=1) = M, gcpy(Max)-10 o .

For faceplate illumination, M, gcene 1S replaced with E, picpprats. Actual
performance may deviate from the calculated values. The gain used in the
equations is typically a nominal value. Usually more gain is available than that
specified in the data specifications.

The examples in Chapter 4 (pages 116-118, 122, and 131) should be
reviewed prior to reading the following examples.

=

Example 6-2
MINIMUM SIGNAL ESTIMATION

A camera provides maximum output when the faceplate illumination is 0.65
lux. The dynamic range is 55 dB. What is the equivalent noise signal?

Using Equation 6-15, the noise signal is 1.16 x 10? lux. A signal-to-noise
of one provides an extremely noisy image. While a human observer can detect
some objects when the SNR is one, a machine vision system cannot.

=1

Example 6-3
VIDEO SIGNAL ESTIMATION

The camera described in Example 6-2 provides a gain of 20 dB. What is the
SNR at 30% and 80% video?

Using Equations 6-14 and 6-15, at 30% video the faceplate illumination is
0.0195 lux and at 80% video, the faceplate illumination is 0.052 lux. The SNR
is 17 and 45, respectively. With a SNR of 17, the image will appear slightly
noisy but probably would be considered acceptable to most observers. However,
if no additional gain is used, the image will appear very dark on the display.
Here, the display gain must be increased to make the image viewable.
Depending upon the task, a machine vision system may need a higher SNR.
While computer programs are usually insensitive to absolute signal values, the
frame grabber’s ADC may not provide enough levels for adequate image
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processing. For example, if the ADC is an 8-bit system, 30% video only
provides digital numbers ranging from 0 to 77.

==

Example 6-4
NOISE EQUIVALENT INPUT

In Example 6-2, the minimum signal was specified in photometric units. In
the more general radiometric case, the input that provides SNR = 1 is the noise
equivalent input (NEI). That is, pyMgscene is found from Equation 6-9 when
SNR_ sceng is one. Over a small spectral band,

2
NEI ~ 4F (Mss) _photons (6-16)
Aptar M AA Toppes s-m?-pm

When the SNR is unity, the number of photons is small and photon noise is
negligible (see Figure 4-16b, page 136). If the detector is cooled, dark current
is minimized. With PRNU and FPN correction, the minimum NEI is

4 F? hotons
NEI ~ — o (roon) R (B )]
ptmr M OPTICS s-m°-pm

If TDI is used, then N;p, is multiplied in the denominator. With binning or
super pixeling, the number of pixels combined is multiplied in the denominator.

=

Example 6-5
NOISE EQUIVALENT REFLECTANCE

The NEI assumes that the target is against a black background. For real
scenes, both the target and background create signals. The target is only visible
when a sufficient reflectance difference exists. For detecting objects at long
ranges, the atmospheric transmittance loss must be included. The signal
difference between the target and its background is
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(p T pB) Mq(}') tINT A

e D T mrncs ) Tympg(A)dA . (6-18)

;'2
An, - f R,(})
Al

Both the target and background are illuminated by the same source, The
signals from both depend on the spectral reflectances that are taken as constants
over the spectral region of interest. Using the same simplifying assumptions as
before, solving for pr - pg and calling this value the noise equivalent reflectance
difference (NEAp) provides

4F?
A MO AT T (Msrs) >
dbnr M q( o) oprics 4 atu

NE Ap ~ (6-19)

where T,y is the total atmospheric transmittance and it depends on range. The
value T,py is usually expressed as T ry = €xp(-a,tuR). Then

2,0 ameR
NE Ap ~ 4F“¢ ™ (nsrs>" NEI £SAmR  (6-20)
ADtMan(lo)Altopncs M@Q)

q O

Thus, NEAp depends on the source illumination, system noise, and the
atmospheric conditions. As the range increases, the target reflectance must
increase to keep the SNR at one. The maximum range occurs when the NEAp
is one. At this maximum range,

NEI = Mq()" o) e“’AmRmx . (6-21)

The variable M (M\)[o1(N) - pg(N)] is a complicated function that depends on the
cloud cover, atmospheric conditions, sun elevation angle, surface properties of
the target, and the angle of the target with respect to the line-of-sight and sun
angle.
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These back-of-the-envelope approximations are still not complete. They
assume that the total received energy is from the target only. In fact, over long
path lengths, path radiance contributes to the energy detected. Path radiance,
specified by visibility, reduces contrast. The additional light reflected by the
atmospheric particulates introduce photon noise that is independent of the signal
from the target. It is quantified by the sky-to-background ratio (discussed in
Section 12.6.1, Contrast Transmittance).

Example 6-6
MINIMUM PHOTOMETRIC SIGNAL ESTIMATION

A CCD array has a noise floor of 150 electrons rms. If placed into a
camera, what is the estimated minimum faceplate detectable signal?

The minimum signal occurs when the signal-to-noise ratio is one. That is,
n, = (NpLoor)- Several simplifying assumptions are required to obtain a back-of-
the-envelope expression for the minimum signal. If the CIE illuminant Dy, is
used, the spectral photon sterance is approximately constant over the spectral
region, AN. If the quantum efficiency is constant,

Reroo hotons
E A) ~ (Prcor)  _p : (6-22)
q—FACEPum( ) n AD AL L, mio um

Because the energy of one photon is he/A, the faceplate spectral power is

~ gnFLOORLE _}Y_ . (6-23)

wr A pm
The faceplate illumination is
0.7 pm
683 B
EV—FACEPMTE R V()')Ep_ FACEPMTE()")d)' lux (6 24)
D 04pm
or
(Proor) h € 683 °F V(A
Ey racepiate = Fwox) - @) dr  lux. (6-25)
nAit,, A, o4 A
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From Figure 4-5 (page 108) n = 0.3. For EIA 170 compatibility, t,y = 1/30 s,
and the spectral bandwidth is AN = (0.7 — 0.4) pm = 0.3 um. The photometric
integral is approximately 0.2. The constant, hc, is approximately 2 X 10" J-um.
Then
-12
E 1.36 x 10

v-FACEPLATE ~ lux
AD

(6-26)

Assume a 50% fill factor interline transfer array is available. From Table 3-3
(page 99), a Y2-inch format detector will have an active size of approximately
4.17 pm X 10 pm (A, = 41.7 X 102 m?). Then the estimated minimum signal
is 3.3 X 107 lux.

Consider a target that is pure white, (or = 1) on a black background (pg =
0). At low light levels, a /1.4 lens is often used. Let Toprics = 0.9 and Tppy =
1.0. Using Equation 6-6 (page 184) provides E, gcpne = 0.291ux. This target will
have a signal-to-noise ratio of one and therefore be very difficult to see. Real
targets and backgrounds have reflectivities between 0 and 1. When including the
signal-to-noise ratio, E, ¢ceng = 0.29 (SNR)/(p1 - pp)- Let the required SNR be
20, pr = 0.6, and pg = 0.4, then E, gcpne = 291ux. From Table 2-5 (page 28),
this target can be seen during twilight.

While the assumptions are not unreasonable, the statement that the target can
be seen during twilight is an extrapolation. The spectral output of the Dyggy
source is substantially different than twilight with color temperature of
approximately 2000 K. Changing the spectral input increases the minimum
illumination. Note that these calculations were based solely upon SNR
considerations. The camera must have sufficient gain so that these signals can
be displayed.

6.3. INTENSIFIED CCD CAMERA

The construction of the ICCD was described in Section 5.4.2., Intensified
Solid State Cameras, page 176. As illustrated in Figure 6-3, the photocathode
creates photoelectrons that are amplified by the MCP. The amplified electrons
are converted back into photons by the phosphor screen. These photons are
relayed to the CCD by either a fiberoptic bundle or a relay lens. The CCD
creates the photoelectrons that are measured. Each conversion has a quantum
efficiency less than unity and each optical element yields a finite transmittance
loss.
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Phosphor Screen

Photo Micro _ .
Cathode  Channel Plate \ Fiber-Optic cCD
Taper
o
/ o /\f\_’
A - — - AN - Ve ——

T ’\/‘\ e

Figure 6-5. Multiple photon-electron conversions occur in an ICCD.

While the image intensifier amplifies the irnage, the SNR may be reduced
due to quantum losses and additive noise. For moderate light levels, the ICCD
offers no advantage in SNR performance over the standard CCD camera. Its key
attribute is the ability to gate the scene temporally.

6.3.1. ICCD SIGNAL

The ICCD uses a lens to image the target onto the intensifier faceplate. The
photon flux reaching the photocathode is

M q( A) AcarnopEe

4F*(1+ omrcs)2

T

P (6-27)

CATHODE = OPTICS™ WINDOW *

Using the same approximations as given in the preceding section, the number

of signal electrons generated by the photocathode is
 McarnopeM (A )AL A
RearnopE ~ AF? vt 4 oprICS

(6-28)

PIXEL °

where Apyg is the projected area of a CCD pixel onto the photocathode.
Geometrically, it is the CCD detector area multiplied by the magnification of the
fiberoptic bundle. However, Ay depends on fiberoptic bundle characteristics
and microchannel pore size. It may be somewhere between 50% of the CCD
detector geometric projected area to several times larger.® As such, it represents
the largest uncertainty in signal-to-noise ratio calculations. The value A, is the
center wavelength of the photocathode spectral responsivity and AN is the
photocathode’s spectral bandwidth.
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After the microchannel plate, the number of electrons is

Pycr = Guce Pearrone - (6-29)
These electrons are then converted to photons by the phosphor screen
Pscreen = M scrEeN™mcP - (6-30)

The photons travel to the CCD via a fiberoptic bundle whose effective
transmittance is Ty. This is a composite value that includes the fiberoptic
transmittance and a coupling loss.

(6-31)

- T

M pyoron-ccp fo*SCREEN

The number of electrons sensed in the CCD is proportional to its quantum
efficiency

Rpe = M cep™proTON-cCD (6-32)

or
Mq()” o) A )" tINT APIXEL
4F?

(6-33)

n

ccp ~ MNcepM screenM catope L fo Gcr

For a lens-coupled system, Tg, is replaced by an effective relay lens
transmittance.* Each has its own merits. Transmission losses in a fiberoptic
bundle increase proportionally to the square of the minification ratio. This leads
to a practical minification of about 2:1. Light is lost because the screen is a
Lambertian source whereas the fiberoptic can only accept light over a narrow
cone (acceptance angle). But lenses are large and bulky and may provide a
throughput as low as 2%. Relay lenses also suffer from vignetting. Here, the
"relayed" intensity decreases as the image moves from the center to the
periphery of the image intensifier tube.

Because the lens coupling is less efficient than the fiberoptic coupling, the

number of electrons produced is lower. The fiberoptic coupled system, with its
higher effective transmittance and better sensitivity, can detect lower signals.

6.3.2. ICCD NOISE

The photocathode produces both photon noise and dark noise:

<":C~SHOT> = <n2‘ATHODE> + <"§cﬁDARK> . (6-34)
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The MCP amplifies these signals and adds excess noise so that

<n§lCP> - kMCPG:JCP<"12’c-sHor> ) (6-35)

where kycp is typically taken as 1.8 but varies with bias voltage.>® The value
kucp is also reported as an SNR degradation. The noise power is transformed
into photons by the phosphor screen

<n§CREEN> - “?iCREEN(”fJCP) . (6-36)

It is attenuated by the fiberoptic bundle

("écp-morozv) = 7}20 <n.§CREEN> . (6-37)

This value is converted to electrons by the CCD and the CCD noise is added

2 2 2 2 2 2 .
<"CCD> =N ccn<"ccn-mom~> + <"ccu-mm(> + <HFwOR> + <n PRNU) . (6-38)
The total noise is

("gcn> = "12CCD szo ni‘CREENk GilcP("IEC—SHOT> + <"gcp-snor>

(6-39)
2 2
+ <"FLO0R> + <"PRNU> .
6.3.3. ICCD SNR
The resultant signal-to-noise ratio is
SNR-
M ccpM screen T Cuck carmone (6-40)

J "IZCCD 1; 'lzscusnkG ::a("ﬁc-mm) * <":‘CD-SHOT> + <"12rwo.¢> + ("ertw> .

Several limiting cases are of interest. When the gain is very high, the intensifier
noise overwhelms the CCD noise:

SNR - " caTHODE _
\/kK"éAmoms) + <n}2’C-DARK> ]

The SNR is independent of gain and CCD characteristics. Under high gain
conditions, an expensive, high quantum efficiency or thinned back illuminated
CCD is not necessary.

(6-41)
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Cooling the photocathode reduces the dark current:

SNR - RcatHODE
k

_|n carnopeM, q(}' HAL
4Fk

(6-42)

T

OPTICS A

th T PIXEL

High gain is used for photon counting applications. SNR, in this case, is limited
by the photocathode quantum efficiency, the excess noise factor, and the optical
system.

Under moderate gain situations where the CCD noise is greater than the
intensifier noise,

T Gyeph
SNR - Ve screen o™ scp carrone

2 2 2
\/ <"CCD—SHOT> + <nFLOOR> * <"PRNU>

Comparing this with Equation 6-8 (page 186), the ICCD will have lower SNR
than a comparable standard camera. The advantage of the ICCD under these
conditions is the ability to gate the incoming photon flux temporally.

(6-43)

Example 6-7
IMAGE INTENSIFIER NOISE

Is there a relationship between the image intensifier noise equivalent input
and the ICCD noise?

The noise in an image intensifier is due to random emissions (dark current
noise) at the photocathode. When referred to the input (SNR = 1), it is called
the equivalent background illumination (EBI). Using the same methodology as
in Example 6-4, the EBI for an area Ay, is

4.k F*(n
EBI - M (A ) Aty Appp, = vk F* (e pane)
N carnone L oprics

photons . (6-44)
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The ICCD will have the same equivalent background input under high gain
situations. Cooling the image intensifier reduces the EBI and it may be
negligible in gated applications. Under low gain situations, the CCD noise
dominates.

=1

Example 6-8
CCD versus ICCD

Under moderate gain situations, what is the relative SNR of the ICCD to the
CCD?

The ratio of SNRs is

SNRICCD T G

'SWTCCD = Mscreen{ % ucp " pPHOTOCATHODE - (6-45)

The P20 phosphor screen has a peak emission at 0.56 pm with a conversion

efficiency of 0.063. An S20 bialkali photocathode’s efficiency is 0.2 at 0.53 um.

The value of T, is about 0.25. Combined, these factors give 0.00315. The MCP

gain must be greater than 1/0.00315 = 317 for the SNR,¢, to be greater than

the SNR .

2!
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7
CRT-BASED DISPLAYS

Displays are used for consumer television receivers, computer monitors,
scientific applications, and military applications. A display may be called a
monitor, visual display unit (VDU), video display terminal (VDT), or simply a
television receiver.

The major performance requirements are listed in Table 7-1. This table is
not meant to be all inclusive. It just indicates that different users have different
requirements. As displays are built for each user, they are specified in units
familiar to that user. For example, consumer displays will not have the MTF or
spot size listed. These parameters are provided for militarized displays.

Table 7-1
DISPLAY REQUIREMENTS
APPLICATION REQUIREMENTS
Consumer TV "Good" image quality

Alphanumeric character legibility

Computer "Good" graphical capability
Scientific and High MTF
military Unity gamma

Television receivers have been available for over 50 years and the
technology has matured. They are considered adequate and little improvement
in cathode ray tube (CRT) technology is expected. Advances in television
displays currently focus on high definition television, flat panel displays, the
legibility of alphanumeric characters, and computer graphics capability. As a
result, display specifications are a mix of CRT terminology, video transmission
standards, alphanumeric character legibility, and graphics terminology.

System resolution depends on the camera response and limitations imposed
by the video standard, display characteristics, and observer acuity. High
resolution displays do not offer any "extra" resolution from a system point of
view if display is not the limiting factor. Rather, high resolution displays just
ensure that all the information available is displayed. In many applications,

201
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system resolution is limited by the human eye. If the observer is too far from
the screen, not all of the image detail can be discerned.

In almost all cases, the output device sets the system dynamic range. Often,
the display is the limiting factor in terms of image quality and resolution. No
matter how good the camera is, if the display resolution is poor, then the overall
system resolution is poor.

Flat panel displays are an emerging technology with liquid crystal displays
(LCDs) prevalent in notebook (laptop) computers. LCDs require only a fraction
of the power required by cathode ray tubes and therefore lend themselves to
battery operated systems. However, CRTs will probably dominate the display
market due to low cost, high resolution, wide color gamut, high luminance, and
long life.

The commercially important flat panels are the light emitting diode (LED)
displays, AC plasma display panels (AC PDP). DC plasma display panels (DC
PDP), AC thin film electroluminescent (ACTFEL) display, DC thin film
electroluminescent (DCTFEL) displays, vacuum fluorescent displays (VFD), and
the liquid crystal displays (LCD).

LCD arrays can either be active matrix (AMLCD) or passive arrays. The
active matrix contains switching devices on each disel to maintain high
brightness and high contrast control. The liquid crystals may be either twisted-
nematic (TN) or supertwisted-nematic (STN). The details of these displays can
be found in References 1 through 6. Although this chapter discusses CRTs,
many concepts apply to all displays.

Emerging technology, new designs, and characterization methods can be
found in the Society of Motion Picture and Television Engineers Journal and the
Proceedings of the Society of Information Display symposia. The Society of
Information Display offers numerous tutorials, complete with published notes,
at their symposia.

In accordance with industry convention, the display sizes and viewing
distances are expressed in inches. The majority of this book uses the metric
system. The symbols used in this book are summarized in the Symbol List (page
xviii) which appears after the Table of Contents.
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7.1. THE OBSERVER

The observer is the starting point for display design. Design is based on both
perceptual and physical attributes (Table 7-2). For most applications, the design
is driven by perceptual parameters. These parameters are partially related to the
physical parameters. For example, sharpness is related to MTF. But the precise
relationship has not been quantified. While the physical parameters are important
to all applications, they tend to be quantified only for scientific and military
displays. Tables 7-1 and 7-2 illustrate different ways of specifying the same
requirement: the need for a high quality display.

Maximum image detail is only perceived when the observer is at an optimum
viewing distance. If the observer is too far away, the detail is beyond the eye’s
limiting resolution. It the observer moves closer to the display than the
optimum, the image does not become clearer because there is no further detail
to see. Display size and resolution requirements are based on an assumed
viewing distance.

Table 7-2
PERCEPTIBLE AND PHYSICAL PARAMETERS
PERCEPTUAL PHYSICAL
PARAMETERS PARAMETERS
Luminance
Resolution
Uniformity
Brightness Addressability
Contrast Gamma
Sharpness Color saturation
Color rendition Color accuracy
Flicker Color convergence (CRT)
Distortion (CRT)
Refresh rate
MTF

For monochrome systems, the optimum viewing distance occurs when the
raster pattern is barely perceptible. At closer distances, the raster pattern
becomes visible and interferes with image interpretation. That is, it is considered
annoying by most. For color CRTs, the observer must be far enough away so
that the individual dots of the three primaries are imperceptible. Otherwise, the
individual color spots become visible and the impression of full color is lost.
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For design purposes, perceptibility occurs when targets are larger than 1 arc
minute. This corresponds to the normal visual acuity of 20/20. This design
criterion is quite good. An observer can adjust his distance accordingly. An
observer with poorer acuity (e.g., 20/40) will simply move closer to the screen
whereas someone with better acuity will probably move further away. Most
systems are observer-limited in that the observer cannot see all the detail
because he is typically too far from the display.

Figure 7-1 illustrates the optimum viewing distance as a function of display
diagonal size for monochrome displays. Television receivers and many computer
monitors are specified by the diagonal dimension. Each active line (raster line)
subtends 1 arc minute (0.291 mrad). At closer distances, the individual raster
lines may become visible. The viewing ratio is the viewing distance divided by
the display height. The typical viewing ratio for computer monitors is three.

Television viewers sit about seven times the picture height or 4.2 times the
diagonal picture dimension. Knowing the dimensions of a typical living room
(sofa on one side, television on the other) suggests that consumer televisions
should have a diagonal picture size of 21 to 25 inches. These were the most
popular television receiver picture sizes. Sizes have changed reflecting changing
television viewing habits.

25"

-
o
o
o

10-:

12" 14n

NUMBER OF
DISPLAYED LINES

100

0 20 40 60 80 100 120 140
VIEWING DISTANCE (inches)

Figure 7-1. Viewing distance as a function of CRT diagonal picture size
and number of displayed lines per picture height for monochrome
displays. Most CRTs have a 4:3 aspect ratio so that the vertical extent
is 60% of the diagonal.
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A major design consideration is the elimination of flicker. EIA 170 and
NTSC use a 2:1 interface technique which is updated at 30 Hz. For computer
monitors which display progressive scan imagery, the frame rate (refresh rate)
must be greater than 70 Hz to avoid flicker. Flicker and other design features
are not covered here but can be found in numerous books.**

7.2. CRT OVERVIEW

Figure 7-2 illustrates a typical color cathode ray tube display. Although a
color display is illustrated, the block diagram applies to all CRT displays. The
input video signal is decoded into its components and then digitized. While
digital electronics may be used to process the signal, the CRT is an analog
device. Similarly, displays accepting digital inputs must convert the signal into
an analog voltage to drive the CRT. Numerous transformations occur to create
a visible image. The display matrix and display gain controls allow linear
mapping from input image to visible image.’

Original
Image
or Data )
- — — — Digital _ _Voltage _ _ __ _ |, _FElectron_ _| S
image Image Beam Image

Visible
/ image

R’ Di R'o
F=1n: . isplay ;
Decoder | G Dispiay Gain |GD, EIGG?LOH L -
B Matrix Controls B -

Figure 7-2. Although a color display is illustrated, the block diagram
applies to all CRT displays. The digital-to-analog converter (DAC)
provides the analog voltages that modulate the electron beam.

The display matrix provides the mapping between the standard video color
components and the actual colors emitted by the phosphors on the screen. This
color correction circuitry is an algorithm that can be represented as a matrix

R, ky kyp k|| Ry
Gy| =k Ky kyl| Gy, (7-1)

B2 k3l k32 k33 B1
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With the NTSC format, the electron beams paint an image on the CRT
phosphor in the scan format shown in Figure 5-2, page 151. The color of the
visible image depends on the specific phosphors used. Electron beam density
variations, which represent scene intensity differences, create the visible image.

Monochrome displays have a single electron gun and a single phosphor. A
color CRT must produce three images (three primary colors) to give a full range
of color. To do so requires three electron guns and three phosphors. The three
electron beams scan the CRT screen in the same way as a monochrome beam,
but arrive at the screen at slightly different angles. The beams strike three
different phosphors dots. When the dots (subdiscls) are beyond the eye’s iimiting
resolution, the eye blends them to create the illusion of a full color spectrum.

The output brightness of a CRT depends on the grid voltage and follows a
power law relationship. The slope of this curve, on a log-log scale, is the
display gamma (y):

L (7-2)

DISPLAY ~ k(V

Grip)'
Gamma can range® from one to five. For design purposes, NTSC standardized
gamma at 2.2. PAL and SECAM standardized gamma at 2.8.

To provide a linear relationship in the complete camera-display system, the
inverse gamma is inserted in consumer carneras as an image processing
algorithm (see Section 5.3.3., Gamma Compensation, page 169). For scientific
applications and computer monitors, the displays will have an internal gamma
correction circuit. Here, the user simply supplies the signal with no gamma
compensation (e.g., 1/4 = 1). For color displays, each color will have its own
gamma look-up table. This operation is performed in the display matrix.

Digital displays provide excellent alphanumeric and graphic imagery. There
is no distortion and the disels are accurately located because there is no jitter in
timing signals compared to what might be expected with EIA 170. "Digital”
seems to imply high resolution but the displaved resolution is limited by the
electron beam spot size. Although called "digital," the CRT is an analog device.
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7.2.1. MONOCHROME DISPLAYS

In many industrial and scientific applications, monochrome cameras are
used. The military uses monochrome monitors extensively to display imagery
from non-visible scenes (e.g., thermal and radar imagery). Monochrome
displays are found in cockpits and medical imaging instruments. For television
receivers, these are simply called black-and-white TVs. Depending on the
phosphor used, monochrome displays can provide nearly any color desired.
Certain colors (e.g., orange) tend to reduce eye strain. Others (e.g., blue) tend
not to disrupt scoptic vision adaption. Although computers have color monitors,
word processing is often performed in a monochrome format.

Black-and-white scenes can be imaged on a color monitor by assigning a
color palette (false color or pseudo color) to various intensity levels. This does
not increase resolution but draws the observer’s attention to selected features.
The eye can easily differentiate color differences but may have trouble
distinguishing small intensity differences.

7.2.2. COLOR DISPLAYS

A color monitor has three electron beams that scan the CRT faceplate. Near
the faceplate is a metal mask that has a regular pattern of holes (Figure 7-3).
With the dot arrangement, it is called as shadow mask. With slots, it is called
an aperture grille. The three guns are focussed onto the same hole and the
emerging beams strike the CRT faceplate at different locations. At each location
there is a different phosphor. One fluoresces in the blue, one in the red, and one
in the green region of the spectrum. The arrangement is such that the beam
corresponding to the desired color will strike only the phosphor dot producing
that color. The electron guns emit only electrons and have no color associated
with them. Color is only created when the beam hits the phosphor even though
the guns are called red, green, and blue guns.

Hexagonal structure masks (the dots) are inherently more rigid than slots.
However, slots are easier to manufacture and therefore are usually found in
television receivers. The slots have a larger area and therefore aperture-grilie
CRTs tend to be brighter than shadow-mask CRTs. With this brightness it is
said that the colors are richer. The distance between dots is less and more
difficult to perceive. Shadow-mask CRTs tend to provide sharper images.
Because computer monitors are viewed at a close distance, the dots are used
most often. The selection of slots over dots depends upon the application.
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Figure 7-3. Color CRT mask patterns. (a) Dotted, (b) stripes, and (c)
slotted. Most consumer television receivers use slots whereas computer
displays use dots. The mask design varies with manufacturer.

Dots and stripes cannot be easily compared because the distance between
adjacent spots is different and depends upon orientation and the way measured.
Because there is /3/2 difference, a 0.24-mm aperture-grille pitch is roughly
equal to a 0.28-mm shadow mask.

Figure 7-4 illustrates one possible arrangement of color dots. The dot pitch
is the center-to-center spacing between adjacent like-colored dots. The three dots
create a triad. Because each electron beam passes through the same hole, the
mask pitch is the same as the triad pitch. Table 7-3 relates the triad dot pitch to
the more common definitions of CRT resolution.

Table 7-3
RESOLUTION OF COLOR DISPLAYS
RESOLUTION TRIAD DOT PITCH
Ultra-high < 10.27 mm
High 0.27 - 0.32 mm
Medium 0.32 - 0.48 mm
Low > .48 mm
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Figure 7-4. Arrangement of phosphor dots on a CRT. There is one

shadow-mask hole for each triad. In 1997, most computer monitors had
a triad pitch of 0.28 mm. The triad is outlined.
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By varying the ratio of red, green, and blue, a variety of effective color
temperatures can be achieved. The video signal is simply a voltage with no color
temperature associated with it. The display electronics can be adjusted so that
a white target appears as if illuminated by a source with color temperature range
somewhere between 3200 K and 10,000K. Most displays are preset to either
6500K or 9300K. As the color temperature increases, whites appear to change
from a yellow tinge to a blue tinge. The perceived color depends on the adapting
illumination (e.g., room lights). Setting the color temperature to 9300K provides
aesthetically pleasing imagery and this setting is unrelated to the actual scene
colors (see Section 5.3.2., Color Correction, page 165).

Usually there is no relationship between the color temperature and contrast
of a scene and what is seen on a display. This is not the fault of the camera and
display manufacturers; they strive for compatibility. The observer, who usually
has no knowledge of the original scene, will adjust the display for maximum
visibility and aesthetics.
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For consumer television and consumer computer graphics applications,
adequate color imagery is obtained when each primary has 8 bits of intensity
(256 shades of gray). The combination creates 24 bits or 16 million colors.
Here, each intensity level of each primary is considered a color. It does not
indicate that the eye can distinguish all 16 million - only that 16 million
combinations are possible. Finer intensity increments may be used in
commercial graphics displays. These systems may operate at 10 bits or 12 bits
per primary color and provide 2* or 2* "colors," respectively.

7.2.3. HDTV

As the name implies, high definition television (HDTV) provides more
resolution than conventional television receivers. The HDTV display has a 16:9
aspect ratio compared to the NTSC 4:3 aspect ratio. It is designed to be viewed
at three times the picture height. While the horizontal visual angle subtended by
NTSC systems is about 11 degrees, the HDTV subtends about 33 degrees. This
larger format gives the feeling of teleprescence - that you are there! The
operation of a CRT-based HDTYV is the same as any other CRT.

7.3. SPOT SIZE

Display spot size is a complex function of design parameters, phosphor
choice, and operating conditions. It is reasonable to assume that the spot
intensity profile is Gaussian distributed and is radially symmetric with radius r:

9 spoT.

S 7-3
L(r) - Ae 2( ). 7-3)

As illustrated in Figure 7-5, the spot diameter is defined as the full width at
half-maximum (FWHM) and is:

S - FWHM - /8InQ2) 0 gpp = 2.350 gpir - 7-4)
Then
2
-41n(2) (< 7-5)
L@) - Ae (5 . (
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The advantage of assuming a Gaussian spot is that many resolution measures are
easily compared and the display MTF is easily specified (discussed in Section
10.7., CRT-based Displays).
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Figure 7-5. The spot diameter is the full width at one-half maximum
intensity. The profile has been normalized to ogpqr-

While the shrinking raster method is listed as a resolution test method, its
primary value is in determining the FWHM spot size. With the shrinking raster
method, every line is activated (Figure 7-6). If the lines are far apart, the
valleys between the lines are visible and the raster pattern is obvious. The lines
are slowly brought together until a flat field is encountered. That is, the entire
screen appears to have a uniform intensity. The resolution is the number of
displayed lines divided by the picture height of the shrunk raster:

X lines
R, - X . (7-6)
FF Y o¢om
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-

Shrunk Raster

Raster = X Lines

Figure 7-6. Shrinking raster resolution test method. The raster is shrunk
until the discrete lines can no longer be discerned.

As the lines coalesce, the MTF drops. Under nominal viewing conditions,
experienced observers can no longer perceive the raster when the luminance
variation (ripple) is less than 5%. The line spacing has been standardized® to
2050 (Figure 7-7). Given a shrunk raster resolution of R lines/cm, the line
spacing in the shrunk raster is 1/Rgz cm. Then ogpor = 1/2Rgzcm and the spot
size is

S = FWHM = LB—Sr ; 7-7
FF

While a flat field condition is desirable, the line spacing may be larger. The
shrinking raster methodology is applicable for CRTs only and cannot be used for
flat panel displays because the "raster” is fixed in those displays.

Sometimes the spot profile tends to be flat-topped. A Gaussian
approximation is adequate if the standard deviation, ogor, is calculated from the
full width at the 5% intensity level':

FW @ 5% level = FW @ 5% level

c ==
7 spoT 8In(20) 4.9

(7-8)
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Figure 7-7. When the line spacing is 2040y, the spots appear to merge
and this produces a flat field. The peak-to-peak ripple is 3% and the
MTF associated with the residual raster pattern is 0.014. The output is
the sum of all the discrete line intensities.

The beam cannot be truly Gaussian because the Gaussian distribution is
continuous from -co to + . Amplifiers may reasonably reproduce the Gaussian
beam profile within the -305pgr to +30pgr limits or a smaller portion. No simple
relationship exists between electronic bandwidth and spot size. That is, monitor
performance cannot be determined simply by the electronic bandwidth. The
bandwidth number quoted depends on the manufacturer’s philosophy on rise
time issues. Monitors with the same electronic bandwidth may have different
resolutions.

7.4. DISELS

Monitor disels are not related to the camera disels. Each is generated by the
respective designs. Cameras with a standard video output may not have the
resolution suggested by the video standard. For example, a camera containing
an array of 320 x 240 pixels may have its output formatted into EIA 170 timing.
This standard suggests that it can support approximately 437 X 485 pixels (see
Table 5-2, page 153). The signal may be digitized by a frame grabber that
creates 1000 X 485 datels. The displayed image still represents 320 x 240
pixels. See Section 5.2.2., Broadcast/Non-broadcast Design (page 155), for a
discussion of pixels, datels, and disels.
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A disel is the smallest imaginary area that can exist on a display (see Section
1.5., Pixels, Datels, Disels, and Resels, page 14). In the display literature,
"pixel" is used. If necessary, the reader should mentally insert pixel wherever
disel is written. The disel size indicates how many individual pieces of
information the system can carry. It does not indicate the extent to which the
detail will be resolved. The distance between adjoining disels is related to
resolution. As the distance decreases, disels overlap and the resolution becomes
poorer. This is further discussed in Section 7.6.. Addressability.

The vertical disel size is defined by the raster pitch. It is simply the display
height divided by the number of active scan lines. This is dictated by the video
standard. With an optimum system, the electron beam diameter and video
bandwidth are matched in the horizontal direction. For television receivers, the
number of monitor disels is matched to the video standard. These values were
given in Table 5-2, page 153.

The definition of a disel for color systems is more complicated. The
representation shown in Figure 7-3 (page 208) implies that the electron beam
passes through one hole only. Due to alignment difficulties between the mask
and phosphor dots and because the phosphor may have imperfections, CRTs
have electron beams that encompass several mask holes. The beam width at the
5% intensity level typically illuminates about 2.5 holes. Encompassing a non-
integral number of holes minimizes aliasing and color moiré patterns.!’ The
shadow mask samples the continuous electron beam to create a sampled output
(Figure 7-8). The phasing effects created by the shadow mask are obvious.

Figure 7-9 illustrates the relationship between the shadow-mask pitch and the
beam profile. Assume the shadow-mask pitch is 0.28 mm. If the 5% diameter
covers 2.5 holes, then, using Equation 7-9, ogpor = (0.28)(2.5)/4.9 =0.143 mm.
The spot size (Equation 7-4) is S = (2.35)(0.143) = 0.336 mm. In Figure 7-9,
the spots are contiguous and each is considered a disel.
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Figure 7-8. Representative image of a single spot on a color CRT. The
"green” electron beam is shown, The red and blue beams (not shown)
arrive at slightly different angles and provide different intensity profiles.
The "sum" appears white when the dot size is less than the eye’s
resolution limit.
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Figure 7-9. Five percent intensity level illuminating 2.5 shadow-mask
holes. The spot size (FWHM) is equal to the disel size. If the shadow-
mask pitch is X mm, then the beam 5% diameter is 2.5X mm, ogor =

0.51X mm, and the disel is 1.2X mm.

The disel format is the arrangement of disels into horizontal and vertical
rows. Table 7-4 lists the common formats found in computer color monitors.
The format represents the CRT controller’s ability to place the electron beam in
a particular location. The CRT is an analog device even though the format is
listed as discrete values. These monitors are said to be digitally addressed. The
disel format is (erroneously) called the resolution. The relationship between

«+— Disel —»

resolution and format is discussed in Section 7.6., Addressability.

Disel density is usually specified in units of dots per inch. Table 7-5
provides the approximate relationship between "resolution” and disel density.
Confusion exists because dots also refer to the individual phosphor sites. In this
context, a "dot" is a disel. The horizontal disel density is the number of

horizontal disels (Table 7-4) divided by the horizontal display size.

3899



CRT-BASED DISPLAYS 217

Table 7-4
FORMAT OF COLOR DISPLAYS

TYPE

FORMAT

CGA (color graphics card adapter)

340 x 200 disels

EGA (extended graphics adapter) 64g48< 35;)02(1)nd
VGA (video graphics array) 640 x 480
SVGA (super video graphics array) 800 x 600
XGA (extended graphics array) 1024 % 768

Typical of multi-sync displays

High resolution

>1024 x 1024

Table 7-5
TYPICAL DISEL DENSITY
"RESOLUTION" | DISEL DENSITY
(dp1)
Ultra-high > 120
High 71-120
Medium 50-70
Low < 50

Figure 7-10 illustrates the "resolution" of three displays. For a fixed format,
as the display size increases, the disel size also increases to yield a decreasing
disel density. Plotted also is the human eye’s resolution capability of 1 arc
minute per line expressed at a viewing distance three times the display height.
The 1280 x 960 display provides about the highest perceivable resolution. A
higher disel density will be beyond the eye’s resolution limit and therefore
ineffective. While consumer receivers are viewed at 4.2 times the display height,
computer monitors are viewed at a closer distance. Figure 7-10 illustrates that
the observer is an integral component of perceived resolution. When monitors
are designed, a nominal viewing distance is assumed.
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The user is typically interested in performance and not in specific design
specifications. For example, the dot pitch is typically superfluous information
to the user. Disel size and the display modulation transfer function (discussed
in Section 10.7., CRT-based Displays) are usually more important.

observer "resolution"”

> ultra-high
Eo M s e
7]
28 nigh
o
- 2 .
E ﬁ 2 medium
. 1 “low

20 4 4 ' . -

10 12 14 16 18 20 22

DIAGONAL SCREEN SIZE (inches)

Figure 7-10. "Resolution” of three displays: (1) 640 X 480, (2) 1024 x
768, and (3) 1280 x 960. The observer’s resolution is plotted for a
viewing ratio of three. The 1280 x 960 display is near the observer’s
ability to see the disels.

7.5. RESOLUTION

Resolution suggests something about the highest spatial frequency that can
be seen. As an electron beam moves across the screen, its intensity can be
modulated. The maximum rate at which the beam can be modulated from full
off to full on defines the maximum number of (monitor) disels that can be
written in a row. The beam moves down vertically to the next line and again
travels left to right. The distance the beam moves down is the vertical extent of
a disel. While this can be any distance, it is usually selected so that the
individual raster lines cannot be seen. Resolution and addressability specify
monitor performance. They are combined into the resolution/addressability ratio
(RAR). The RAR provides guidance to monitor design.

Resolution metrics are intertwined with television standards such that they
are often presented together. Nearly all televisions are built to the same basic
design so that by specifying EIA 170 or NTSC, the television receiver bandwidth
and spot size is implied. In this sense, a video standard has a "resolution.”
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Resolution is independent of display size. Displays can be built to any size
and the viewing distance affects the perceived resolution. For example, if a
screen is designed for viewing at 45 inches, then it may have a 10-inch diagonal
(see Figure 7-1, page 204). If viewing will be at 90 inches, the entire display
can simply be made larger (20-inch diagonal). The larger display has larger
raster lines. But the video electronic bandwidth is the same and the resolution
remains constant. When viewed at 45 inches, the larger display will appear to
have poorer image quality. During design, the selected display size is based
upon an assumed viewing distance.

7.5.1. VERTICAL RESOLUTION

The vertical resolution is limited by the number of raster lines. For example,
NTSC compatible monitors display 485 lines. However, to see precisely this
number, the test pattern must be perfectly aligned with the raster pattern.
Because the test pattern may be randomly placed, the pattern at Nyquist
frequency can have a zero output if 180° out-of-phase (discussed in Section
8.3.3., Image Distortion). To account for random phases, the Kell factor'? is
applied to the vertical resolution to provide an average value. A value of 0.7 is
widely used:

R -~ (activescanlines ) (Kell factor) . (7-9)

VERTICAL

Timing considerations force the vertical resolution to be proportional to the
number of vertical lines in the video signal. Therefore, NTSC displays have an
average vertical resolution of (0.7)(485) = 340 lines. PAL and SECAM displays
offer an average of (0.7)(575) = 402 lines of resolution.

7.5.2. THEORETICAL HORIZONTAL RESOLUTION

While the number of horizontal disels was given in Table 5-2, page 153 (see
also Section 5.2.2., Broadcast/Non-broadcast Design, page 155), the theoretical
horizontal resolution is usually normalized to the picture height. If the video
electronics has a bandwidth of fypro, then the theoretical number is

(2fypEo) (activeline time)  TyL (7-10)
aspect ratio PH

Rpy
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The units are television lines/picture height or TVL/PH. Unfortunately,
careless usage results in using only "lines." Note that there are two TV lines per
cycle. While the video bandwidth can be any value, for consumer applications,
it is matched to the video standard. For NTSC television receivers, the nominal
horizontal resolution is (2)(4.2 MHz)(52.45 us)/(4/3) = 330 TVL/PH. PAL and
SECAM values are approximately 426 and 465 TVL/PH, respectively. These
values change slightly depending on the active line time and bandwidth selected.

Displays designed for scientific applications often operate with standard
video format but have a much wider video bandwidth. These monitors can
display more horizontal TV lines per picture height (TVL/PH) than that
suggested by, say, the NTSC video transmission bandwidth. The horizontal
bandwidth can be any value and therefore the theoretical horizontal resolution
can be any value.

7.5.3. TV LIMITING RESOLUTION

Whereas the flat field condition exists when two adjacent lines cannot be
resolved, the TV limiting resolution is a measure of when alternate vertical bars
are just visible (on-off-on-off). The standard resolution test target is a wedge
pattern with spatial frequency increasing toward the apex of the wedge. It is
equivalent to a variable square wave pattern.

The measurement is a perceptual one and the results vary across the
observer population. The industry selected’ the limiting resolution as a bar
spacing of 1.18oypor. This result is consistent with the flat field condition. The
flat field condition was determined for two (Gaussian beams whereas square
waves are used for the TV limiting resolution test. Suppose the Gaussian beams
in Figure 7-7 (page 213) were separated by an imaginary "black” beam. Then
the beams would be separated by just ospgr but the intensity distribution would
be identical to Figure 7-7. The black beam does not contribute to the visible
image. For TV limiting resolution, the "on" lines are separated by (2)(1.18
ospor). Because bar targets are used, the resultant image is not a precise
Gaussian beam and a larger line separation is required (1.18ogpor Versus ogpor)
for the TV limiting resolution.

The flat field condition and high TV limiting resolution are conflicting
requirements. For high TV limiting (horizontal) resolution, ospor must be small.
But raster pattern visibility (more precisely, invisibility) suggests that ogpor
should be large. This is further discussed in Section 7.6., Addressability.

3903



CRT-BASED DISPLAYS 221

Example 7-1
SPOT SIZE versus TV LIMITING RESOLUTION

Consider a 14-inch diagonal monitor used to display an image encoded in the
EIA 170 format. Assume the raster line spacing is 2ogpor. What is the horizontal
resolution?

The vertical extent of the 4:3 aspect ratio monitor is 8.4", With 485 lines,
each line is separated by 0.0173". The value ogpqr is 0.0173/2 = 0.00865" and
the spot size (FWHM) is 0.0204".

EIA 170 contains approximately 440 elements in the horizontal direction.
The display width is 11.2 inches and each element width is 11.2/440 = 0.0254".
But TV limiting resolution suggests that a bar width of (1.18)(0.0865) = 0.102"
can be perceived. Because the element width due to the video bandwidth is
narrower than the TV limiting resolution, resolution is limited by the spot size,
That is, resolution is not limited by the EIA 170 bandwidth.

7.5.4. MTF

TV limiting resolution occurs when the bar spacing is 1.18cgpor. Because a
cycle consists of two TV lines, the square wave fundamental frequency is
1/(2.350507) and the MTF is 0.028. Conversely, the display resolution is
selected as that spatial frequency that provides an MTF of 0.028. The MTF
equation is found in Section 10.6., CRT-based Displays. Any spatial frequency
could be used to specify resolution and the slightly different values are cited in
the literature. For commercial applications, the resolution is often specified by
the spatial frequency where the MTF is 10%.

But square waves are the most popular test patterns. A specification could
be: The CTF must be greater than 10% when viewing 320 line pairs. This is
equivalent to 640 disels in an on-off-on-off configuration). Note that by using
square wave targets, the system response is the contrast transfer function and not
the MTF (discussed in Section 9.5., Contrast Transfer Function). Careless usage
results in calling the system response to square waves, the MTF. This makes it
extremely difficult to compare specifications or to calculate performance from
published specifications.
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When designing a simulation system, the distance to the display and display
size are selected first. These are based on physical constraints of the overall
system design. The simulation industry generally accepts resolution as that
spatial frequency (line pair) which provides a CTF of 10% at this viewing ratio.
Because the number of lines depends on what is seen visually, the simulation
industry uses units of optical line pairs (OLP). This translates into arc-minutes
per line pair.

7.6. ADDRESSABILITY

Addressability is a characteristic of the display controller and represents the
ability to select and activate a unique area on the screen. It defines how
precisely an electron beam can be positioned on the CRT screen. Addressability
is given as the number of discrete lines per picture height or disels per unit
length. With this definition, the inverse of addressability is the center-to-center
spacing between adjacent disels. Addressability is the image format discussed in
Section 7.4., Disels (page 213), and provided in Table 7-4 (page 217).

Addressability and resolution are independent of each other. If the resolution
is low, successive lines will overwrite preceding lines. If addressability is low,
adjacent raster lines will not merge and they will appear as stripes. This was
illustrated in Figure 7-7 (page 213) where the line spacing is inverse of the
addressability and resolution is the inverse of oo Figure 7-7 illustrates good
addressability (because lines can be placed close together) but poor resolution
(because lines cannot detected when the modulation is low).

There are two opposing design requirements. The first design requirement
is that the raster pattern be imperceptible to the observer. This is called the
adjacent disel requirement. If the display meets this requirement, the picture will
appear uniform and solid. It provides the flat field condition. Alphanumeric
characters will appear well constructed and highly legible. The second design
requirement is the alternating disel requirement. Here, individual lines (one disel
on and one disel off) should be highly visible.

Increased addressability favors the adjacent disel requirement. Placing large
spots close together will eliminate the visibility of the raster. But this also
reduces the visibility of alternating disels. Similarly an increase in resolution
favors the alternating requirement but may make the raster pattern visible.
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The resolution/addressability ratio” (RAR) is the ratio of FWHM spot size
to disel spacing, P:
RAR - S =mﬂ’, (7-11)
P P
where P is the disel pitch. For example, if a display is 27.5 cm high and it
displays (addresses) 1024 lines, then P is 27.5cm/1024 lines = 0.27 mm/line.
Assuming a 0.28-mm-wide spot then RAR is 0.28/0.27 = 1.04.

As shown in Figure 7-7 (page 213), the summation of periodically spaced
spots creates a modulated output. Modulation is defined as (Vyax - Vvmd/(Vmax
+ Vyn) where Vyux and Vy,y are the maximum and minimum values in the
output. Figure 7-11 illustrates the adjacent disel (on-on-on-on) and alternating
disel (on-off-on-off) modulation as a function of the RAR. A RAR of 1.0 is
considered desirable. In Figure 7-7, the RAR is 1.18.

Before the RAR was defined, display design was based on the
experimentally determined flat field condition. The flat condition occurs when
P = 20401 Or RAR = 1.18. Here, the adjacent disel modulation is near zero -
the lines are not visible. The TV limiting resolution describes the alternating
disel situation. Now, P = 1.1805qr, RAR = 2, and the alternating disel
modulation is near zero (e.g., the lines are not discernible).

1 4

Z g8l
o alternating
l:t 0.6 ¢+ disels
- |
3 041 adjacent
o) disels
= 021
0 + + 1
0 0.5 1 1.5 2 25

Figure 7-11. Modulation based on Gaussian beam profiles for the
adjacent disel and alternating disels. A RAR of one is considered
desirable. The modulation of the alternating disel is associated with the
display’s Nyquist frequency. The modulation of the adjacent disel is
associated with the display’s sampling frequency. These are imaginary
frequencies because the CRT is an analog device. They represent the
ability to place a spot at the desired location on the CRT faceplate.
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Note that the modulation transfer function is traditionally defined for
sinusoidal inputs. The residual ripple is not truly sinusoidal and therefore the
modulation is not exactly what would be expected if the input was sinusoidal.
That is, the modulation shown in Figure 7-11 is not a true MTF. The measured
display response may provide different values than those shown in Figure 7-11.

The alternating disel modulation represents one Gaussian beam on and one
off. This is different from one bar on and one bar off. Resolution tests are
performed with square waves. For an analog system, the contrast transfer
function is 4/x times greater than the MTF (discussed in Section 9.5., Contrast
Transfer Function).

If the horizontal format supports 640 disels (see Table 7-4, page 217), then
320 cycles should be perceived. But the modulation is not specified at this
resolution. For high quality monitors, the 320 cycles are easily visible (RAR <
1). With average monitors, the 320 cycles are visible but with reduced
modulation (RAR = 1). On a poorly designed monitor, the cycles will be barely
perceived (RAR > 1).

While any disel format can be specified, the RAR determines if the disels
are visible. For the configuration shown in Figure 7-9, (page 216), if the
shadow mask pitch is 0.28 mm, then the disels will be separated by 0.336 mm
when the RAR is one. If using a 13-inch diagonal display, the width is 264 mm
and 786 horizontal disels are viewable when the RAR = 1. More disels can be
displayed, but with reduced modulation (Table 7-6 and Figure 7-12). Thus the
disel format, by itself, does not fully characterize the display capability. For
optimized displays, it is reasonable to assume that the RAR is about one.

Table 7-6
ALTERNATING DISEL MODULATION
13-inch diagonal display and 0.28-mm shadow-mask pitch
5% intensity level illuminating 2.5 shadow-mask holes

DISELS RAR MODULATION
800 1.02 0.75
900 1.15 0.61
1000 1.27 0.47
1100 1.40 0.35
1200 1.53 0.25
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Figure 7-12. 13-inch diagonal display alternating disel (Gaussian beam)
modulation. The shadow-mask pitch is 0.28 mm. The 5% intensity level
illuminates 2.5 shadow-mask holes.

ANSI/HFS 100-1988 requires that the adjacent disel modulation be less than
20%. This deviates significantly from the flat field condition (adjacent disel
modulation is 0.014). ISO 9241 recommends that the alternating disel
modulation be greater than 0.4 for monochrome and greater than 0.7 for color
systems. For monochrome systems, the RAR will vary from 0.8 to 1.31. For
color systems the RAR varies from 0.8 to 1.04. These standards were developed
to assure legibility of alphanumeric characters.

If the RAR is too high, then the output of two adjacent "on" lines is much
greater then the output of two separated lines due to the summing effect (Figure
7-13). For the flat field condition (Figure 7-7, page 213), the RAR is 1.18 and
the summed lines are 27 % brighter than an individual line. If the RAR is very
large, the intensity of several adjacent lines "on" can be significantly brighter
than a single line "on". Thus, there is also a tradeoff in intensity with RAR.

Multi-sync monitors automatically adjust the internal line rate to the video
line rate. These monitors can display any format from 525 lines up to 1225
lines. Because the displayed image size remains constant, the vertical line
spacing changes. At the 1225 line format, the raster lines are close together and
form a uniform (flat) field. At the lower line rates, the individual raster lines are
separated and may be perceived. Because the same video amplifiers are used for
all line rates, the horizontal resolution is independent of the line rate.
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That is, the RAR in the horizontal direction stays constant whereas the RAR in
the vertical direction changes with the number of lines. If the vertical RAR is
one at 1225 lines, then it must be 525/125 = 0.43 at 525 lines.

14 ¢
1.3
1.2
11 ¢

1%
097t

0.8 + +
0.8 0.9 1 1.1 1.2 1.3 1.4

RAR

SUMMED OUTPUT

Figure 7-13. Summed output of contiguous lines "on". Ideally, the
intensity should remain constant whether one or multiple lines are "on".

Example 7-2
DISPLAY RESOLUTION

A multi-sync monitor has a horizontal resolution of 800 TV lines per picture
height. If the display diagonal is 14", what is the spot size? Are the raster lines
visible?

For a 4:3 aspect ratio display, the CRT vertical extent is 284 mm. The
estimated spot size is 284/800 = 0.355 mm and ogpor is S/2.35 = 0.335/2.35
=(0.15 mm. If the number of displayed lines is N g, the RAR is

SNUNE - 0.355N - NUNE . (7_12)

RAR -
284  HNE 800

H MONITOR

With 485 displayed lines (EIA 170), the RAR is 0.61. From Figure 7-11 the
raster pattern (adjacent disels) is quite visible. For EIA 343A with 809 active
lines, the RAR is at the desired value of one. At 946 active lines, the RAR
increases to 1.18. Here the alternating disel modulation starts to drop and the
vertical resolution starts to decrease.

2]
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7.7. SHADES OF GRAY

An often used, but widely misunderstood, concept is "shades of gray."
While displays may be specified in shades of gray where each step is square root
of 2, human vision cannot. The misunderstanding originated with the thought
that the eye requires a /2 increment to just detect an increment in luminance.
Studies of visual perception clearly indicate that just noticeable increments in
luminance vary with background luminance level, size and shape of the target,
the ambient luminance, and a variety of other variables. To use a single number
to characterize the human eye is too simplistic. The /2 approach is merely
another way to indicate display dynamic range. No other inference should be
made about the definition.

7.8. CHARACTER RECOGNITION

Computer monitors are designed to for maximum legibility of alphanumeric
characters and enhanced graphical capability. Readable characters can be formed
in any block of disels from 5 X 7 to 9 X 16 and still be aesthetically pleasing.
More complex symbols such as Japanese characters may require 16 X 16 disels.

The ability to see detail is related to the RAR. Figure 7-14 illustrates three
letters and the resultant intensity traces. The RAR must be near one so that a
reasonable contrast ratio exists between "on" and "off" disels. With reasonable
contrast, the inner detail of the character is seen and the character is legible.
Similarly, with a reasonable contrast ratio, adjacent letters will appear as
separate letters. With characters, the alternating disel pattern is called one stroke
separated by a space.

Figure 7-15 illustrates how reduced modulation affects character legibility.
For easy interpretation, the system contains a shadow mask but only white and
black can be seen. The image is magnified so that the individual phosphor dots
can be seen. The sampled nature of the Gaussian electron beam is evident. As
the beam width increases, the modulation decreases and the RAR increases. The
characters become blurry as the RAR increases.

3910



228 CCD ARRAYS, CAMERAS, and DISPLAYS

i
Slit Cxxjé ;
Photometer §8CX 5
=
0 ©
Scan O OCDO 8
Path
§ Slit Photometer -
g Scan Path Luminance
1NN
5
-
Location \ \

(Within) (Between)

Figure 7-14. The RAR must be near one so that the inner details of
characters are visible and the double width appears solid. Similarly with
RAR near one, two adjacent characters appear separate. Each dot
represents a disel. Lower RARs will make the characters appear very
sharp. However, the raster pattern will become visible and the characters
will not appear solid.

7.9. CONTRAST

Selection of one minute of arc as a measure of human visual acuity provided
back-of-the-envelope calculations for selecting disel size, display size, and
viewing distance. However, the eye’s response varies according to the displayed
contrast.

The air-glass interface and the phosphor reflect ambient light. This reduces
contrast between disels and reduces the display ‘s color gamut. As a result, most
displays are measured in a darkened room where the reflected light is less than
1% of the projected light. Typically the contrast is measured with a
checkerboard pattern consisting of 16 alternating rectangles. The average value
of the eight white rectangles and the average value of the eight black rectangles
are used to calculate the contrast ratio.
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3212010

sssdese

Figure 7-15. Complex symbols are more legible when the display
modulation is high. Each dot represents a hole in the shadow mask. Top:
modulation = 0.5 at the Nyquist frequency. Bottom: modulation = 0.1
at the Nyquist frequency. When viewed at 10 feet, the individual dots
are no longer perceptible. At this distance, the top characters appear
sharp (RAR = 1.25) and the bottom ones appear fuzzy (RAR = 1.8). By
courtesy of the Mitre Corporation.
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The perceived contrast ratio is

+ Ly preny Teflectivity (7-13)

y

LWHITE
Lprack + Lapnienr reflectivity

Contrast ratio -

where Lyyrg and Ly 4cx represent the luminances from the white and black
rectangles, respectively. The reflections are the same regardless if a disel is on
or off. About 4 percent of the ambient light (Lugrnr) is reflected at the air-
glass interface. The CRT phosphor is an excellent Lambertian reflector with a
typical reflectivity of 70%. "Black" displays minimize these reflections and
thereby increase the perceived contrast.

Unfortunately, specifications that are based on no ambient lighting can only
be achieved in a totally darkened room. Safety considerations require some
lighting in all rooms so that the specification can never be achieved in practice.

The contrast ratio for typical displays is about 20:1 under normal ambient
lighting conditions. This decreases as the ambient light increases. The eye
operates in the reverse way. As the ambient lighting increases, more contrast is
necessary to see target-background differences. Thus, as the displayed contrast
decreases in bright light, the eye requires more contrast. This explains why
television imagery is so difficult to see in sunlight and why it appears so bright
in a darkened room.
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8
SAMPLING THEORY

Sampling is an inherent feature of all electronic imaging systems. The scene
is spatially sampled in both directions due to the discrete locations of the
detector elements. This sampling creates ambiguity in target edges and produces
moiré patterns when viewing periodic targets. Aliasing becomes obvious when
(a) the image size approaches the detector size and (b) the detectors are in a
periodic lattice (the normal situation). Spatial aliasing is rarely seen in
photographs or motion pictures because the grains are randomly dispersed in the
photographic emulsion.

If the detector size and spacings are different in the horizontal and vertical
directions, sampling effects will be different in the two directions. This leads to
moiré patterns that are a function of the target orientation with respect to the
array axis. Although sampling is two-dimensional, for simplicity sampling
effects will be presented in one-dimension.

The highest frequency that can be faithfully reconstructed is one-half the
sampling rate. Any input signal above the Nyquist frequency, fy (which is
defined as one-half the sampling frequency, f;), will be aliased down to a lower
frequency. That is, an undersampled signal will appear as a lower frequency
after reconstruction (Figure 8-1).

input  aliased signal

0 T 2T aT aT 5T

Figure 8-1. An undersampled sinusoid will appear as a lower frequency
after reconstruction. The sampling frequency is f; = 1/T. When T is the
measured in mrad, mm, or time, the sampling frequency is expressed in
cycles/mrad, cycles/mm, or Hz, respectively.

231
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After aliasing, the original signal can never be recovered. It would appear
that aliasing is an extremely serious problem. However, the extent of the
problem depends upon the final interpreter of the data.

Signals can be undersampled or oversampled. Undersampling is a term used
to denote that the input frequency is greater than the Nyquist frequency. It does
not imply that the sampling rate is inadequate for any specific application.
Similarly, oversampling does not imply that there is excessive sampling. It
simply means that there are more samples available than that required by the
Nyquist criterion.

After aliasing, the original signal can never be recovered. Undersampling
creates moiré patterns (Figure 8-2). Diagonal lines appear to have jagged edges
or "jaggies." Periodic structures are rare in nature and aliasing is seldom
reported when viewing natural scenery although aliasing is always present. It
may become apparent when viewing periodic targets such as test patterns, picket
fences, plowed fields, railroad tracks, and Venetian blinds. Distortion effects can
only be analyzed on a case-by-case basis. Because the aliasing occurs at the
detector, the signal must be band-limited by the optical system to prevent it.

We have become accustomed to the aliasing in commercial televisions.
Periodic horizontal lines are distorted due to the raster. Cloth patterns such as
herringbones and stripes produce moiré patterns. Cross-color effects occur in
color imagery. Many video tape recordings are undersampled to keep the price
modest and yet the imagery is considered acceptable when observed at normal
viewing distances.

Figure 8-2. A raster scan system creates moiré patterns when viewing
wedges or star bursts.
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Aliasing is reduced to an acceptable level in consumer color sensors. For
specific applications such as medical inaging, it may be considered
unacceptable. In medical imagery, an aliased signal may be misinterpreted as a
medical abnormality that requires medication, hospitalization, or surgery.

While aliasing is never considered desirable, it is accepted in scientific and
military monochrome applications where the MTF must be maintained. High
MTF is related to image sharpness. Aliasing becomes bothersome when the
scene geometric properties must be maintained as with mapping. It affects the
performance of most image processing algorithms.

Sampling theory states that the frequency can be unambiguously recovered
for all input frequencies below Nyquist frequency. It was developed for band-
limited electrical circuits. The extension to imaging systems is straightforward.
However, the eye is primarily sensitive to intensity variations.

Sampling theory is traditionally presented from a modulation transfer
function viewpoint. MTF theory is presented in Chapter 9 and the subsystem
MTFs are discussed in Chapter 10. Linear system theory is used for system
analysis because of the wealth of mathematical tools available. Approximations
are used to account for sampling effects. While these approximations are
adequate to describe the MTFs, they do not indicate how imagery may be
distorted.

Sampled data systems are nonlinear and do not have unique MTFs.'® The
"MTEF" depends on the phase relationships of the scene with the sampling
lattice. Superposition does not hold and any MTF derived for the sampler
cannot, in principle, be used to predict results for general scenery. To account
for the nonlinear sampling process, a sample-scene MTF is added (discussed in
Section 10.10., Sampling Effects). As the sampling rate increases, the MTF
becomes better defined. As the sampling rate approaches infinity, the system
becomes an analog system and the MTF is well defined. Equivalently, as the
detector size and detector pitch decrease, signal fidelity increases. Reference 7
provides an in-depth discussion on sampling effects. This chapter highlights
those results.

The symbols used in this book are summarized in the Symbol List (page
xviii) and it appears after the Table of Contents.
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8.1. SAMPLING THEOREM

The sampling theorem, as introduced by Shannon,® was applied to
information theory. He stated that if a time-varying function, v(t), contains no
frequencies higher than fy.x (Hz), it is completely determined by giving its
ordinates at a series of points spaced 1/2fy,x sec apart. The original function
can be reconstructed by using an ideal low-pass filter. To just satisfy Shannon’s
theorem, the sampling frequency, f;, must be 2fy,x. Shannon’s work is an
extension of others’ and the sampling theorem is often called the Whittaker-
Shannon theorem.

Three conditions must be met to satisfy the sampling theorem. The signal
must be band-limited, the signal must be sampled at an adequate rate, and a low-
pass reconstruction filter must be present. When any of these conditions are not
present, the reconstructed analog data will not appear exactly as the originals.

In a sampled-data system, the sampling frequency interacts with the signal
to create sum and difference frequencies. Any input frequency, f,, will appear
as nfg + f, after sampling (n = -0 to + o). Figure 8-3 illustrates a band-limited
system with frequency components replicated by the sampling process. The base
band (-fy to f,) is replicated at nf;. To avoid distortion, the lowest possible
sampling frequency is that value where the base band adjoins the first side band
(Figure 8-3c). This leads to the sampling theorem that a band-limited system
must be sampled at twice the highest frequency (f; = 2fy) to avoid distortion in
the reconstructed image. The sampling theorem applies to any periodic input
frequency. The units can be either spatial frequency or electrical frequency.

After digitization, the data reside in data arrays (e.g., computer memory
location) with nonspecific units. The user assigns units to the arrays during
image reconstruction. That is, the data are read out of the memory in a manner
consistent with display requirements. Because monitors are analog devices, the
data are transformed into an analog signal using a sample-and-hold circuit. This
creates a "blocky" image and can be removed by a reconstruction filter
(discussed in Section 10.6.4., Post-Reconstruction Filter). If the original signal
was oversampled and if the post-reconstruction filter limits frequencies to fy,
then the reconstructed image can be identical to the original image.
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Figure 8-3. Sampling replicates frequencies at nfg + f. (a) Original band-
limited signal, (b) frequency spectrum after sampling, and (c) when fg =
2f,, the bands just adjoin.
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8.2. ALIASING

As the sampling frequency decreases, the first side band starts to overlap the
base band. It is the summation of these power spectra that create the distorted
image (Figure 8-4). The overlaid region creates distortion in the reconstructed
image. This is aliasing. Once aliasing has occurred, it cannot be removed.
Within an overlapping band, there is an ambiguity in frequency. It is impossible
to tell whether the reconstructed frequency resulted from an input frequency of
f, or nf5 + £..

All frequency components above fy are folded back into the base band so
that the base band contains

Opuse-panp = E O(nfy+f) where nfo+f<f, . (8-1)

N=—00

To avoid aliasing in the electronic domain, the signal may be passed though
a low-pass filter (anti-aliasing filter). These filters cannot remove the aliasing
that has taken place at the detector. They can only prevent further aliasing that
might occur in the downstream analog-to-digital converter. Figure 8-5 illustrates
the cutoff features of an ideal filter. The ideal filter passes all frequencies below
fy and attenuates all frequencies above fy. The ideal filter is, of course,
unrealizable.' It also can produce undesirable effects such as ringing.

output spectrum

POWER SPECTRUM

fy fs fg+1y 2fg 2fs+ 1y
RELATIVE FREQUENCY

Figure 8-4. Aliasing alters both the signal and noise base band spectra.
In a real system, the signal and noise are not necessarily band-limited
and some aliasing occurs.
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Figure 8-5. An undersampled system must be band-limited to avoid
aliasing. The ideal anti-aliasing filter passes all the signals below fy and
no signal above fy. Whether aliasing is considered undesirable depends
on the application.

In solid state cameras, the sampling frequency is determined by the detector
pitch. That is, the scene is optically sampled by the detectors. If the scene
contains frequencies greater then the array Nyquist frequency, aliasing will
occur. Optical band-limiting can be achieved by using small diameter optics,
defocusing, blurring the image, or by inserting a birefringent crystal between the
lens and array. The birefringent crystal changes the effective sampling rate and
is found in almost all single chip color cameras (discussed in Section 10.3.4.,
Optical Anti-Alias Filter). Unfortunately, these approaches also degrade the
MTF (reduce image sharpness) in the base band and typically are considered
undesirable for scientific applications. For medical applications, where aliased
imagery may be misinterpreted as an abnormality, reduced aliasing usually
outweighs any MTF degradation.

According to the sampling theorem, any sampled frequency, f, where f <
fy, can be uniquely recovered. However, the square wave is the most popular
test target and it is characterized by its fundamental frequency f,. When
expanded into a Fourier series, the square wave consists of an infinite number
of frequencies (discussed in Section 9.5., Contrast Transfer Function). Although
the square wave fundamental may be oversampled, the higher harmonics will
not. The appearance of the square wave after reconstruction depends on the
relative values of the optical, detector, and electronic MTFs.

Although no universal method exists for quantifying aliasing, it is reasonable
to assume that it is proportional to the MTF that exists above fy. In Figure 8-6
a significant MTF exists above the Nyquist frequency. Whether this aliasing is
objectionable, depends on the camera application.
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If a system is Nyquist frequency limited, then the Nyquist frequency is used
as a measure of resolution. Because no frequency can exist above the Nyquist
frequency, many researchers represent the MTF as zero above the Nyquist
frequency (Figure 8-7). This representation may be too restrictive for modeling
purposes.

1, Nyquist
frequency
08¢
0.6 1

MTF

0.4 %
aliased
027 <-|'— signal
0 -
0 0.25 0.5 0.75 1

NORMALIZED SPATIAL FREQUENCY

Figure 8-6. Signals above Nyquist frequency are aliased down to the
base band. The area bounded by the MTF above fy may be considered
as an "aliasing" metric."
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Figure 8-7. MTF representation of an undersampled system as a function
of f/fy. This restrictive representation erroneously suggests that there is
no response above fy.

.
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8.3. The DETECTOR as a SAMPLER

Figure 8-1 (page 231) illustrated a signal sampled at discrete points. It
typifies extremely small detectors and flash analog-to-digital converters.
Detectors have a finite size and integrate the signal spatially. This spatial
integration reduces the modulation and is the detector MTF.

Sections 8-1 and 8-2 described sampling in generic terms. The variable f was
used to denote frequency. There are four different frequency domains that can
exist with an electro-optical imaging system (discussed in Section 10.1.,
Frequency Domains). Imagery at the detector plane is described by image-space
spatial frequency. The horizontal and vertical variables are represented by u, and
v;, respectively. They have units of cycles/mm.

8.3.1. DETECTOR MTF

Figure 8-8 illustrates the spatial integration afforded by a staring array. In
Figure 8-8a, the detector width is one-half of the center-to-center spacing
(detector pitch). That is, only 50% of the input sinusoid is detected. The
detector averages the signal over the range indicated and the heavy lines are the
detector outputs. The output MTF is (Vyax - Vin)/(Vamax + Vi) Where Vyax
and Vy are the maximum and minimum voltages, respectively. As the detector
size increases, it integrates over a larger region and the MTF decreases
(compare Figure 8-8a with 8-8b). As the phase changes between the detector
location and the peak of the sinusoid, the output voltages change. This creates
a variable MTF caused by sampling.

The detector MTF cannot exist by itself. Rather, the detector MTF must also
have the optical MTF to make a complete imaging system. In the horizontal
direction, the MTF of a single rectangular detector is
sin(ndyu,)

MTF pprpcror(®y) = (8-2)

3

ndHul.

where d,, is the physical extent of the photosensitive surface.
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Figure 8-8. A detector spatially integrates the signal. Figure 8-1 (page
231) represents the output of extremely small detectors. (a) Detector
width is one-half of the center-to-center spacing and (b) detector width
is equal to the center-to-center spacing. (a) Typifies an interline transfer
CCD array in the horizontal direction (see Figure 3-16, page 64) and (b)
is representative of frame transfer arrays. The heavy lines are the
detector output voltages. As the phase changes, the output also changes.

Figure 8-9 illustrates the detector MTF in one dimension. The MTF is
equal to zero when u; = k/dy. The first zero (k=1) is considered the detector
cutoff, u;,. Any input spatial frequency above detector cutoff will be aliased
down to a lower frequency. It is customary to plot the MTF only up to the first
zero (Figure 8-10). The optical system cutoff limits the absolute highest spatial
frequency that can be faithfully imaged. The detector cutoff may be either higher
(optics-limited system) or lower (detector-limited system). Most CCD-based
imaging systems are detector-limited (discussed in Section 10.4., Optics-Detector
Subsystem).
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MTF

0 0.5 1 1.5 2 2:5 3
NORMALIZED SPATIAL FREQUENCY

Figure 8-9. Detector MTF as a function of normalized spatial frequency
u,/u;p. Detector cutoff is u, = 1/d.
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Figure 8-10. Typical detector MTF representation as a function of
normalized spatial frequency u/uy,. This representation erroneously
suggests that the detector does not respond to frequencies greater than
ulD-
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8.3.2. DETECTOR ARRAY NYQUIST FREQUENCY

A staring array acts a sampler whose sampling rate is 1/d.c (cycles/mm)
where d is the detector center-to-center spacing (detector pitch). The pitch in
the horizontal and vertical directions, dccy and dgcy, respectively, may be
different. Detector arrays are specified by the fill factor which is the detector
area divided by the cell area. It is dydy/dccpdecv. Staring arrays can faithfully
reproduce horizontal signals up to uy = 1/(2dgcy). Although the individual
detectors can reproduce higher spatial frequencies, the horizontal scene spectrum
is sampled at ug = 1/d¢cy (Figure 8-11).

Microlenses increase the effective detector size but do not affect the Nyquist
frequency. By increasing the detector area, the detector cutoff decreases. With
microlenses, the array in Figure 8-11b can optically appear as the array in
Figure 8-11a.

Staring arrays are inherently undersampled when compared to the detector
spatial frequency cutoff. Any scene spatial frequency above u;y or v,y will
appear as a lower spatial frequency in the reconstructed image. To avoid
aliasing, the scene frequencies must be optically band-limited similar to that
shown in Figure 8-5 (page 237).

Most single chip color filter arrays have an unequal number of red, green,
and blue detectors. A typical array designed for NTSC operation will have 768
detectors in the horizontal direction with 384 detectors sensitive to green, 192
sensitive to red, and 192 sensitive to the blue region of the spectrum. Suppose
the arrangement is G-B-G-R-G-B-G-R. The "green" detectors will have a center-
to-center spacing as shown in Figure 8-11b.

The spacing of the "blue" and "red" detectors is twice the "green" detector
spacing. This produces a "blue" and "red" array Nyquist frequency that is one-
half of the "green" array Nyquist frequency (Figure 8-12). Other detector
layouts will create different array Nyquist frequencies. The "color” Nyquist
frequencies can be different in the horizontal and vertical directions. These
unequal array Nyquist frequencies create color aliasing in single chip cameras
that is wavelength specific. Black-and-white scenes can appear as green, red, or
blue imagery.'? A birefringent crystal, inserted between the lens and the array,
changes the effective sampling rate and minimizes color aliasing (discussed in
Section 10.3.4., Optical Anti-Alias Filter).
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Figure 8-11. Two arrays with different horizontal center-to-center
spacings. The detector size, dy;, is the same for both. (a) dy/decy = 1.
This typifies frame transfer devices. (b) dy/dccy = 0.5. This is
representative of interline transfer CCD arrays. The detector MTF is
plotted as a function of u;/u;p.
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Aliasing in the vertical direction can be reduced by summing alternate
detector outputs (field integration) in a two-field camera system (see Figure 3-
19, page 67). Here, the effective detector height is 2dy and the cutoff is 1/2dy
(Figure 8-13). This eliminates aliasing but also reduces the vertical MTF and,
therefore, reduces image sharpness in the vertical direction. Horizontal sampling
still produces aliasing.

-h

0.8 1 .g. :N
> 3 '
L 064 z2: g%
= 33, 18
= 0.4- oo T .
ERsE g E !
02t & ! O

o ' 2 ol

0 01 0.2 0.3 0.4 0.5

NORMALIZED SPATIAL FREQUENCY

Figure 8-12. Horizontal detector MTF normalized to u/u. Unequally
spaced red, green, and blue sensitive detectors creates different array
Nyquist frequencies. This creates different amounts of aliasing and
black-and-white scenes may break into color. The spacing between the
"red" and "blue" detectors is twice the "green" detector spacing.

Nyquist Sampling
frequency ) frequency
' without '

summing .

08¢t
0.6 ¢

0.4 1 with alternate
024 row summing

VERTICAL MTF

0 0.25 0.5 0.:15 1
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Figure 8-13. Alternate detector summing can reduce aliasing in the

vertical direction. Vertical MTF with and without summing normalized
to u,/u;p.
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8.3.3. IMAGE DISTORTION

The square wave (bar pattern) is the most popular test target. It is
characterized by its fundamental frequency only. The expansion of a square
wave into a Fourier series clearly shows that it consists of an infinite number of
sinusoidal frequencies. Although the square wave fundamental frequency may
be oversampled, the higher harmonics may not. During digitization, the higher
order frequencies will be aliased down to lower frequencies and the square wave
will change its appearance. There will be intensity variations from bar-to-bar and
the bar width will not remain constant.

Sampling replicates frequencies. When two frequencies are close together,
they create a beat frequency that is equal to the difference. The fundamental and
its replication create a beat frequency of fypar = (f5- f,) - f,. The beat frequency
period lasts for N input frequency cycles:

No_ Jo (8-3)
2y - 1)

Figure 8-14 illustrates N as a function of f,/fy. As f,/fy approaches one, the beat
frequency becomes obvious. Lomheim et. al.”* created these beat frequencies
when viewing multiple bar patterns with a CCD camera.

An ideal reconstruction filter will eliminate the beat frequency. However,
ideal filters do not exist. Real filters will reduce the MTF and soften edges.
Here a square wave may appear as a sinusoid. Thus, there is a tradeoff between
edge sharpness and aliasing.

n 107 .
_u.l_l .
O 8+% .
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Figure 8-14. Number of input frequency cycles required to see one
complete beat frequency cycle as a function of f/fy.
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Figures 8-15 through 8-18 illustrate an ideal staring array output when the
optical MTF is unity for all spatial frequencies and therefore represents a worst
case scenario. That is, all higher harmonics that would have been attenuated by
the optical system are available for aliasing by the detector. For these figures,
dy/dccn is one. The individual detectors sample the square wave in the same
manner as illustrated in Figure 8-8b (page 240). Section 10.4., Optics-Detector
Subsystem describes how the optical MTF modifies the imagery.

If u/uy= 0.952, the beat frequency is equal to 9.9 cycles of the input
frequency (Figure 8-15). Although a square wave consists of an infinite number
of frequencies, it is characterized by its fundamental, u,. The target must contain
at least 10 cycles to see the entire beat pattern. A 4-bar pattern may either be
replicated or nearly disappear depending on the phase.

Standard characterization targets, however, consist of several bars.
Therefore the beat pattern may not be seen when viewing a 3-bar or 4-bar
target. The image of the bar pattern would have to be moved +'% d (detector
extent) to change the output from a maximum value (in-phase) to a minimum
value (out-of-phase). This can be proven by selecting just four adjoining bars in
Figure 8-15.

BAMOOMOD TR sinln

Ll e

A | | 1 | L

I—out of—pha;o—l I— in phase —-I

Figure 8-15. Beat frequency produced by an ideal staring system when
u,/Uy= 0.952. The value N = 9.9 and dy/d.~; = 1. The light line is the
input and the heavy line is the detector output. The beat frequency
envelope is shown.

When u,/uyy is less than about 0.6 (Figure 8-16), the beat frequency is not
obvious. Now the output nearly replicates the input but there is some slight
variation in pulse width and amplitude. In the region where uju;, is
approximately between 0.6 and 0.9, adjacent bar amplitudes are always less than
the input amplitude (Figure 8-17).
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When u,/uy is less than about 0.6, a 4-bar pattern will always be seen
(select any four adjoining bars in Figure 8-16). When u,/u;y < 0.6, phasing
effects are minimal and a phase adjustment of +'d in image space will not
affect an observer’s ability to resolve a 4-bar target. In the region where f/fy
is approximately between 0.6 and 0.9, 4-bar targets will never look correct
(Figure 8-17). One or two bars may be either much wider than the others or one
or two bars may be of lower intensity than the others. This phasing effect is a
measurement concern and is not normally included in modeling.

Input frequencies of u, = u,/k, where k is an integer, are faithfully
reproduced (i.e., no beat frequencies). When k = 1, as the target moves from
in-phase to out-of-phase, the output will vary from a maximum to zero.
Selection of u,/k targets avoids the beat frequency problem but significantly
limits the number of spatial frequencies selected.

Figure 8-16. Ideal staring system output when u,/u, = 0.522. The value
N =0.54 and d,;/dcyy = 1. The light line is the input and the heavy line
is the detector output. The output nearly replicates the input when u /uy
< 0.6.

T It

p—

Figure 8-17. Ideal staring system output when u /u;, = 0.811. The value
N = 2.14. The light line is the input and the heavy line is the detector
output. The output never looks quite right when u,/u;y is between 0.6
and 0.9.
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Signals with frequencies above Nyquist frequency will be aliased down to
lower frequencies. This would be evident if an infinitely long periodic target was
viewed. However, when u, is less than about 1.15 uy, it is possible to select a
phase such that four adjoining bars appear to be faithfully reproduced (Figure
8-18). These targets can be resolved although the underlying fundamental
frequency has been aliased to a lower frequency .

\’_'l—r" [ ]

AMuut i UL

Figure 8-18. Ideal staring system output when u,/u;y = 1.094. The value
N = 5.8. The light line is the input and the heavy line is the detector
output. By selecting the appropriate phase, the output appears to
replicate an input 4-bar pattern.

Systems can defect signals with spatial frequencies above cutoff but cannot
faithfully reproduce them. For example, patterns above the Nyquist frequency
are aliased to a frequency below Nyquist and a 4-bar pattern may appear as a
distorted 3-bar pattern.

The phasing effects shown in Figures 8-15 through 8-18 "disappear” when
the target is moving. Here, each frame provides a different image. For each
target whose spatial frequency is above Nyquist frequency, one, two, or three
bars are visible depending on the relative phase. As the pattern moves, a
different set of bars is visible. The eye blends these individual patterns so that
you perceive four bars. This prompted some resecarchers' to develop a dynamic
test in which the 4-bar target moves.
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Example 8-1
SYSTEM CUTOFF

A staring array consists of detectors that are 10 pm X 10 pm in size, The
detector pitch is 15 pum. The focal length is 15 cm. The aperture diameter is 3
cm and the average wavelength is 0.5 pm. What is the system cutoff?

System cutoff is the smaller of the optical cutoff, detector cutoff, or Nyquist
frequency. In image space, the optical cutoff is u;. = D /(Afl}) = 400 cycles/mm.
The detector cutoff is u,c = 1/dy; = 100 cycles/mm. The detector pitch provides
sampling every 15 pm for an effective sampling rate at 66.7 cycles/mm. Because
the Nyquist frequency is one-half the sampling frequency, the system cutoff is
33.3cycles/mm.

Because object space is related to image space by the lens focal length, the
optical cutoff is 30 cycles/mrad, detector cutoff is 15cycles/mrad, sampling is
10 cycles/mrad, and the Nyquist frequency is 5 cycles/mrad.

Because the MTF remains zero for all frequencies higher than the optical
cutoff, any scene frequency above u, will appear as a uniform blob with no
modulation. Spatial frequencies higher than the detector cutoff or the Nyquist
frequency (but less than u,.) will be aliased down to lower frequencies.

<1

8.4. ALIASING in FRAME GRABBERS and DISPLAYS

For many applications, the camera output is an analog signal that is then
re-sampled by a frame grabber (frame capture device). If the frame grabber’s
sampling rate is sufficiently high and the analog signal is band-limited, the
reconstructed signal will replicate the analog signal in frequency, amplitude, and
pulse width.

In principle, the clock rate of an analog-to-digital converter can be set at any
rate. However, to conserve on memory requirements and minimize clock rates,
some frame grabbers tend to just satisfy the Nyquist frequency of a standard
video signal. That is, if the video bandwidth is fgy, then the frame grabber
sampling clock operates at 2f,, (see Table 5-2, page 153, for fzy, values). A
frame grabber, with its flash converter, can distort the signal as shown in Figure
8-19. The variation in edge locations affects all image processing algorithms.
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The variations in pulse width can only be seen on a monitor because the frame
grabber data reside in a computer memory. Note that output pulse widths are
equally spaced. They just do not match up with the input signal.

| il U. J LU

Figure 8-19. Frame grabber output after sample-and-hold circuitry when
u,/uy = 0.952. The light line is the input and the heavy line is the
output. Here, u,, is the Nyquist frequency created by the frame grabber
clock rate. The output is representative of what is seen on a monitor.

Some frame grabbers have an internal anti-alias filter. This filter ensures that
the frame grabber does not produce any additional aliasing. The filter cutoff is
linked to the frame grabber clock and is not related to the camera output. Once
aliasing has occurred in the camera, the frame grabber anti-alias filter cannot
remove it. If the filter does not exist, the frame grabber may create additional
aliasing,'

Aliasing is rarely discussed with displays, but under certain conditions can
occur. Many displays employ digital techniques to match the electronic signal
to the CRT characteristics. Ideally, the internal analog-to-digital converter
should have a low-pass filter to eliminate possible aliasing. Although good
engineering design recommends that the low-pass filter be included, cost
considerations may eliminate it. With standard video formats, the bandwidth is
limited by the video format and there is no need for the low-pass filter. If a
nonstandard bandwidth is used such as that required by a high resolution CCD
camera, these monitors may exhibit some aliasing. This becomes noticeable as
the array size increases. For example, a high quality monitor can display 1000
X 1000 pixels. If the array consists of 4000 x 4000 elements, the display may
alias the image as depicted in Figure 8-1 (page 231). There is often a loss of
resolution when changing to a lower resolution format.
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9
LINEAR SYSTEM THEORY

Linear system theory was developed for clectronic circuitry and has been
extended to optical, electro-optical, and mechanical systems. It forms an
indispensable part of system analysis. For modeling purposes, electronic imaging
systems are characterized as linear spatial-temporal systems that are shift-
invariant with respect to both time and two spatial dimensions. Although space
is three-dimensional, an imaging system displays only two dimensions.

Electrical filters are different from spatial filters in two ways. They are
single-sided in time and must satisfy the causality requirement that no change in
the output may occur before the application of an input. Optical filters are
double-sided in space. Electrical signals may be either positive or negative,
whereas optical intensities are always positive. As a result, optical designers and
circuit designers often use different terminology.

With a linear-shift-invariant (LSI) system, signal processing is linear. A shift
of the input causes a corresponding shift in the output. For electronic circuits,
the shift is in time, whereas for optical systems, the shift is in space. In
additional, the input-to-output mapping is single-valued. For optical systems, one
addition condition exists: the radiation must be incoherent if the system is to be
described in terms of radiance.

A sampled-data system may be considered "globally" shift invariant on a
macro-scale. For example, with an electronic imaging system, as a target moves
from the top of the field-of-view to the bottom, the image also moves from the
top to the bottom. On a micro-scale, moving a point source across a single
detector does not change the detector output. That is, the system is not shift-
invariant on a micro-scale. Similarly, with electronic circuits, large time shifts
of the input produce corresponding large time shifts in output. A shift during a
sample time, does not change the output. Here also, the system is not shift-
invariant on a micro-scale.

Single-valued mapping only occurs with non-noisy and non-quantized
systems. No system is truly noiseless but can be approximated as one when the
signal has sufficient amplitude. With digital systems, the output is quantized.
The smallest output is the least significant bit and the analog-to-digital converter
generally limits the largest signal. If the signal level is large compared to the

252
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least significant bit, then the system can be treated as quasi-linear over a
restricted region.

In spite of the disclaimers mentioned, systems are treated as quasi-linear
and quasi-shift-invariant over a restricted operating region to take advantage of
the wealth of mathematical tools available. An LSI system merely modifies the
amplitude and phase of the input. These are specified by the modulation transfer
function and phase transfer function.

The symbols used in this book are summarized in the Symbol List (page
xviii) which appears after the Table of Contents.

9.1. LINEAR SYSTEM THEORY

A linear system provides single mapping from an input to an output.
Superposition allows the addition of individual inputs to create an unique output.
Let h{ } be a linear operator that maps one function, f(t), into another function,

g(t):
h{f(1)) - g(2) . ©-D)

Let the response to two inputs, f;(t) and f;(t), be g,(t) and g,(t):
hf®) - &® and  H{LD) - g0 . 6-2)

For a linear system, the response to a sum of inputs is equal to the sum of
responses to each input acting separately. For any arbitrary scale factors, the
superposition principle states

h{alfl )+ a,fz(t)} - algl(t) + azgz(t) . (9-3)

When passing the signal through another linear system, the new operator
provides:

h,(g(®) = h{h {fO}) - (5-4)
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9.1.1. TIME-VARYING SIGNALS

An electrical signal can be thought of as the sum of an infinite array of
impulses (Dirac delta functions) located inside the signal boundaries. Thus, the
signal can be decomposed into a series of weighted Dirac delta functions (Figure

9-1):

v = Y v, e -thar, (9-5)

P

where 8(t —t’) is the Dirac delta or impulse function at t =t and vy(t’) is the
signal evaluated at t’.

object

Dirac deilta

Figure 9-1. A time-varying signal can be decomposed into a series of
closely spaced impulses with amplitude equal to the signal at that value.
They are shown widely separated for clarity and should not be confused

with sampling.

If vi\(t) is applied to a linear circuit, using h{ } will provide the output

Vourld) = f: h{v, @8 -tHAr'} . (9-6)

g =—

Comparing Equation 9-5 to Equation 9-3, for cach t’, vj\(t’) replaced a; and &(t
— t') replaced fi(t). That is, the input has been separated into a series of

functions a,f,(t) + a,f,(t) + --.
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As At’ =0, this becomes the convolution integral

Vour®) = [ vy @Y R{B(-1)} d ©-7)

and is symbolically represented by

Vour® = Vi) * h(t) , (9-8)

where * indicates the convolution operator (other texts may use * or ®). The
system impulse response is h{8(t)}. In Figure 9-2, each impulse response is
given for each t’. The individual impulse responses are added to produce the
output. This addition 1s the definition of superposition.

- sum of all point spread functions

individual point spread function

Figure 9-2. The linear operator, h{ }, transforms each input Dirac delta
into an output impulse response. The sum of the impulse responses
creates the output. Although shown separated for clarity, the impulse
responses have infinitesimal separations.

The convolution theorem of Fourier analysis states that the Fourier transform
of the convolution of two functions equals the product of the transform of the
two functions. That is, multiple convolutions are equivalent to multiplication in
the frequency domain. Using frequency domain analysis is convenient because
multiplications are easier to perform and easier to visualize than convolutions.
Then

Vol ) = Viy () H() - (9-9)
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The variable f denotes electrical frequency (Hz). Upper case variables represent
the Fourier transform of the signal (lower cas¢ variables). Let the input be an
impulse. The Fourier transform of an impulse response is

Vo) - 1. (9-10)
That is, all frequencies are present. Because the input to the system contains all

frequencies, the output must be a function of the system only. Any variation in
phase or amplitude must be due to the system itself. The output is

Vourd ) = H) . (9-11)

9.1.2. SPATIALLY VARYING SIGNALS

The one-dimensional electronic signal decomposition can be easily extended
to two-dimensional imagery. An object can be thought of as the sum of an
infinite array of impulses located inside the target boundaries. Thus, an object
can be decomposed into a two-dimensional array of weighted Dirac delta
functions, 6(x — x’), 6(y —y’):

o(xy) = E E o(x'y)8(x-x)8(y -yyAx' Ay’ . (9-12)

xl-—cn y’f-—oo

An optical system with operator h{ } produces an image

i) - Y hoGy)s -8 - y)AX Ay} . (O-13)

xl-—on y/-—w
For small increments, this becomes the convolution integral

icy) - [ [ oty h8G - x50y -y} dx'ady’. (9-14)

-0 ~00
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It is symbolically represented by
i(x,y) = o(x,y) **h(x.y) , (9-15)

where * * represents the two-dimensional convolution. The function h(x,y) is
the optical system’s response to an input impulse. The resulting image is the
point spread function (PSF). For an ideal circular aperture, the central portion
of the PSF is the Airy disk from which the Rayleigh criterion and other
resolution metrics are derived. In one dimension h(x) is the line spread function,
LSF. The LSF is the resultant image produced by the imaging system when
viewing an ideal line. There is no equivalent interpretation for h(t) for electrical
circuits. The function h(t) is simply the impulse response.

The transform of the convolution becomes a multiplication in the frequency
domain

I(u,v) = O(u,v) Hu,v) . (9-16)

If all frequencies are present in the image (i.e., an impulse), O(u,v) = 1, then
I(u,v) = H(u,v). The relationship between spatial frequency (u,v) and electrical
frequency (f) is further discussed in Section 10.1., Frequency Domains.

9.2. ELECTRONIC IMAGING SYSTEM

The electronic imaging system response consists of both the optical response
and the electronic response: h(x,y,t). Time and spatial coordinates are treated
separately. For example, optical elements do not generally change with time and
therefore are characterized only by spatial coordinates. Similarly, electronic
circuitry exhibits only temporal responses. The detector provides the interface
between the spatial and temporal components, and its response depends on both
temporal and spatial quantities. The conversion of two-dimensional optical
information to a one-dimensional electrical response assumes a linear
photodetection process. Implicit in the detector response is the conversion from
input photon flux to output voltage.

The optical transfer function (OTF) plays a key role in the theoretical
evaluation and optimization of an optical system. The modulation transfer
function (MTF) is the magnitude and the phase transfer function (PTF) is the
phase of the complex-valued OTF. In many applications, the OTF is real-valued
and positive so that the OTF and MTF are equal. When focus errors or
aberrations are present, the OTF may become negative or even complex valued.
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Electronic circuitry also can be described by an MTF and PTF. The
combination of the optical MTF and the electronic MTF creates the electronic
imaging system MTF. The MTF is the primary parameter used for system
design, analysis, and specifications. When coupled with the three-dimensional
noise parameters, the MTF and PTF uniquely define system performance
(discussed in Chapter 12, Minimum Resolvable Contrast).

Symbolically

OTF(u,v) = Hgpypp, (4,v) = MTF(u,v) e/P7FE) 9-17)

and

Hy, pomomcst) = MTF(f)e/FTFO) (9-18)

With appropriate scaling, the electronic frequencies can be converted into spatial
frequencies. This is symbolically represented by f—u. The electronic circuitry
is assumed to modify the horizontal signal only (although this depends on the
system design). The combination of spatial and electronic responses is some-
times called the system OTF:

OTF sysrppUV) = MTF(u,) MTF(f-)e/ T FIFG0) - (9-19)

For mathematical convenience, the horizontal and vertical responses are
considered separable (usually coincident with the detector array axes). The
electrical response is considered to affect only the horizontal response

Hyoren®@ = Hgpypya ) Hy gerronicsU = #) (9-20)

and

Hysrend™) = Hgpyr (V) - ®-21)

A system is composed of many components that respond to either spatial or
temporal signals. For independent MTFs,
N M

MTFgyom(uv) = T] I MTF () MTF(f-u) . (9-22)

i-1j-1
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While individual lens elements each have their own MTF, the MTF of the lens
system is not usually the product of the individual MTFs. This occurs because
one lens may minimize the aberrations created by another.

9.3. MTF and PTF INTERPRETATION

The system MTF and PTF alter the image as it passes through the circuitry.
For linear-shift-invariant systems, the PTF simply indicates a spatial or temporal
shift with respect to an arbitrarily selected origin. An image where the MTF is
drastically altered is still recognizable, whereas large PTF nonlinearities can
destroy recognizability. Modest PTF nonlinearity may not be noticed visually
except those applications where target geometric properties must be preserved
(i.e., mapping or photogrammetry). Generally, PTF nonlinearity increases as the
spatial frequency increases. Because the MTF is small at high frequencies, the
nonlinear-phase-shift effect is diminished.

The MTEF is the ratio of output modulation to input modulation normalized
to unity at zero frequency. While the modulation changes with system gain, the
MTF does not. The input can be as small as desired (assuming a noiseless
system with high gain) or it can be as large as desired because the system is
assumed not to saturate.

Modulation is the variation of a sinusoidal signal about its average value
(Figure 9-3). It can be considered as the AC amplitude divided by the DC level.
The modulation is:

Voo -y
MODULATION - M - - M4x ~ "ww _ AC (9-23)
max * Vi DC

where Vy,x and Vy, are the maximum and minimum signal levels,
respectively. The modulation transfer function is the output modulation produced
by the system divided by the input modulation as a function of frequency:

MIF() - _’%ﬂy_@ , (9-24)
INPUT(f)

The concept is presented in Figure 9-4. Three input and output signals are
plotted in Figures 9-4a and 9-4b, respectively, and the resultant MTF is shown
in Figure 9-4c. As a ratio, the MTF is a relative measure with values ranging
from zero to one.
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The MTF is a measure of how well a system will faithfully reproduce the
input. The highest frequency that can be faithfully reproduced is the system
cutoff frequency. If the input frequency is above the cutoff, the output will be
proportional to the signal’s average value with no modulation.

INTENSITY

Figure 9-3. Definition of target modulation. The value d, is the extent
of one cycle.

UURL R

INPUT (IMAGE) OUTPUT (IMAGE)
(@ (b)

SPATIAL FREQUENCY
(c)

Figure 9-4. Modulation transfer function. (a) Input signal for three
different spatial frequencies, (b) output for the three frequencies, and (c)
the MTF is the ratio of output-to-input modulation.
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9.4. SUPERPOSITION APPLIED to OPTICAL SYSTEMS

If the system MTF is known, the image for any arbitrary object can be
computed. First, the object is dissected into its constituent spatial frequencies
(i.e., the Fourier transform of the object is obtained). Next, each of these
frequencies is multiplied by the system MTF at that frequency. Then, the
inverse Fourier transform provides the image.

To illustrate the superposition principle and MTF approach, we will show
how an ideal optical system modifies an image. An ideal optical system is, by
definition, a linear-phase-shift system. The most popular test target consists of
a series of bars: typically three or four bars although more may be used. For
illustrative purposes, the periodic bars are assumed of infinite extent. A one-
dimensional square wave, when expanded into a Fourier series about the origin,
contains only odd harmonics:

o

1 2 1 . (2nnx
ox) = —+ =) —sin n=13,5, -, (9-25)
) 2 thn ( d )

where d, is the period of the square wave. The fundamental frequency u, is 1/d,.
Note that the peak-to-peak amplitude of the fundamental is 4/ times the square
wave amplitude. In the frequency domain, the square wave provides discrete
spatial frequencies of u, = 1/d,, 3/d,, 5/d,, -, with amplitudes 2/=, 2/3x,
2/5w, -, respectively.

Let a circular optical system image the square wave. The MTF for a
circular, clear aperture, diffraction-limited lens is

MTF (u,) 2 af L & 1 4 Y when u.<u
u) = Zlcos™t| 4 |-— |1-|—+ <u.
OPTICS\™i . u,‘c uic u,‘c i ic

(9-26)

= 0 elsewhere .

The optical cutoff in image space is u,c = D/(\ fl), where D, is the aperture
diameter, \ is the average wavelength, and fl is the focal length.
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By superposition, the diffraction-limited optical MTF and square wave
Fourier series amplitudes are multiplied together at each spatial frequency:

Ku,) = MTF jppoo(u,) O(u,) . (9-27)
Taking the inverse Fourier transform provides the resultant image. Equivalently,

. 1
i(x) - 5 + MTF oppycs (4,)

2 sin(2n uox)]
i (9-28)
+ MTF pp05(3 uo)[_;_ sin(6mu, x)} pee

T

If u, is greater than u;-/3, only the fundamental of the square wave will be
faithfully reproduced by the optical system. Here, the square wave will appear
as a sine wave. Note that the optical MTF will reduce the image amplitude. As
u, decreases, the image will look more like a square wave (Figure 9-5). Because
the optics does not pass any frequencies above u;c, the resultant wave form is
a truncation of the original series modified by the optical MTF. This results in
some slight ringing. This ringing is a residual effect of the Gibbs phenomenon.
Note that with imaging systems, the intensity is always positive. As the input
frequency approaches u,- (Figure 9-5d), the modulation is barely present in the
image. However, the average scene intensity approaches 0.5. That is, the scene
detail can no longer be perceived at or above u.. The scene did not disappear.

|

(@) | (b)

INTENSITY
INTENSITY

INTENSITY
INTENSITY

(c) (d)
Figure 9-5. A square wave modified by a circular aperture as a function
of x/d,. As the square-wave fundamental frequency increases, the edges
become rounded. It will appear as a sinusoid when u, = u,c/3. (a) u, =
u,c/40, (b) u, = u, /10, (c) u, = u,/3, and (d) u, = 9u,/10.
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9.5. CONTRAST TRANSFER FUNCTION

The system response to a square-wave target is the contrast transfer function
(CTF) or square-wave response (SWR). The CTF is a convenient measure
because of the availability of square-wave targets. It is not a transfer function
in the same sense that the MTF is and, as such, subsystem CTFs cannot be
cascaded. Figure 9-6 illustrates the relationship between square-wave and
sinusoidal amplitudes. The CTF is typically higher than the MTF at all spatial
frequencies.

A square wave can be expressed either as an infinite sine (Equation 9-25) or
cosine series. The only difference is the arbitrarily selected origin. Coltman'
selected the cosine expansion. The output amplitude of the square wave, whose
fundamental frequency is f,, is an infinite sum of the input cosine amplitudes
modified by the system’s MTF:

MTF(3u,)  MTF(Su,) \ (9-29)

CTF(u,) - 4 MTF(u,) -
T 3 5

or

, MTF[(2k+1)u,)
2k+1

(9-30)

CTF(u) - 4
T

Y -1
k-0

By adding and subtracting terms, the MTF at frequency u, can be expressed as
an infinite sum of CTFs.

) ) _f
/"\-| JﬁFCTF
Y N v 3

L y \

Figure 9-6. AC components of the CTF and MTF. The CTF is usually
equal to or greater than the MTF.
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Again, assuming a linear-shift-invariant system, the MTF is'?:

CTFQ3u,) CTF(5u,)

MTF(u,) - %ICTF(uO) +

3 5

(9-31)

CTF(Tu,)  CTF(llu,)

+ + + irregular termsi
7 11
or
= CTF(ku

MTFu) - Z|Y B — (k) , (9-32)

4 k=0 k

where k takes on odd values only: 1, 3, 5, .... and By is -1 or 1 according to:

L (9-33)

B, = (-1)"(-1) Jorr=m.

The value r is the number of different prime factors in k. The value m is the

total number of primes into which k can be factored. The value B, =0 forr <
m.

Theoretically, to obtain the MTF at frequency u,, an infinite number of
square-wave responses must be measured. However, the number required is
limited by the spatial cutoff frequency, uyrp—o, Where the MTF approaches zero
and remains zero thereafter. For bar targets with spatial frequency above
Yalyre-o, the MTF is equal to w/4 times the measured CTF. That is, above ¥4
Uprr=g, ONly One target is necessary to compute’ the MTF.

For low spatial frequencies, the output nearly replicates the input (Figure 9-
7a). For frequencies near ¥a cutoff, the output starts to appear sinusoidal (Figure
9-7b). Above Vs cutoff (Figure 9-7¢), the MTF amplitude is /4 times the CTF

amplitude.
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ana i |
U L

(a) (b) ()

A
R
(<

Figure 9-7. Input and output wave forms for a linear system. (a) Very
low frequency signals are faithfully reproduced, (b) mid-spatial
frequencies tend to look like sinusoids, and (c) input square waves with
spatial frequencies above Vs uyrr- appear as sinusoidal outputs.

The relationship between the CTF and MTF was developed for analog
optical systems and is appropriate for wet-film photographic cameras and image
intensifiers. It can also be applied in the scan direction for analog scanning
devices (vidicons and displays).

For sampled data systems, where aliasing can occur, the relationship should
be used cautiously. CTF measurements are appropriate tests for system
performance verification. Conversion to the MTF that can have significant
mathematical complexity when aliasing is present.

Sampling is present in all solid state imaging systems due to the discrete
location of the detectors. Phasing effects between the detector and the location
of the target introduce problems at nearly all spatial frequencies. The interaction
between the bar frequency and the system sampling frequency produces sum and
difference frequencies that produce variations in amplitude and bar width (see
Section 8.3.3., Image Distortion, page 245).
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The CTF is well behaved (in the sense that the bar width remains constant)
when the bar spatial frequency is proportional to the system Nyquist frequency,

iN (9-43)

where k is an integer. These spatial frequencies provide the in-phase CTF. The
CTF can be used to assess system performance at the spatial frequencies
selected. It is usually specified only at the Nyquist frequency (k =1).
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SYSTEM MTF

The equations describing array (Chapter 4) and camera (Chapter 6)
performance assume that the image is very large and it illuminates many
detector elements. That is, the object contained only very low spatial frequencies
and that the system MTF is essentially unity over these spatial frequencies.

The optics and detector MTFs modify the signal spatial frequencies. These
frequencies may also be affected by electronic filter MTFs although these
electronic filter functions are typically designed to pass the entire image
frequency spectrum without attenuation.

But noise originates at the detector and within the electronic circuitry. It is
modified by the electronic MTFs only. Detector array noise is fixed but analog
amplifier noise increases as the electronic bandwidth increases. The camera SNR
is maximized when the electronic bandwidth passes the signal with minimal
degradation. Wider bandwidth electronics will increase the noise but not the
signal and thereby reduce the SNR.

For mathematical convenience, a specific target feature can be associated
with a fictitious spatial frequency (Figure 10-1). The SNR for this feature is

SNR(u,) = MTF () —2_ (10-1)
(Psvs)

where {ngys) includes shot, reset, amplifier, quantization, and fixed pattern noise
sources (see Section 4.2., Noise, page 123). The total amplifier noise depends
upon the electronic bandwidth and that depends on the electronic frequency
response associated with the readout signal chain.

A solid state camera consists of optics, an array of pixels, and a signal chain

with electronic frequency response characteristics. The complete imaging system
includes the display:

MTF gy = MTF s MTF porcrorMTF gy cnumwMTF prspray - (10-2)

267
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The observer processes this information to create a perceived MTF:

MTF pppcpvep = MTF gy MTF o (10-3)

MTF,ys is the human visual system MTF which includes both the eye optical
MTF and neural processing. When MTFpzpcpvep is coupled to system noise,
system responsivity, and the eye integration capabilities, it is possible to predict
the minimum resolvable contrast (described in Chapter 12, Minimum Resolvable
Contrast). MRC is used by the military to predict target detection and
recognition ranges for a given probability of success.

Target

Detail \‘

[——
|
|

|*E"’|
-

|- 2 dy ——»|

Figure 10-1. Fictitious spatial frequency associated with a target feature.
If the image detail size is d; mm at the detector plane, then the fictitious
horizontal frequency is u, = 1/(2d;) cycles/mm.

Because solid state arrays are undersampled, the highest frequency that can
be reproduced is the array Nyquist frequency, uy. As a result, it is common
practice to evaluate Equation 10-1 at u, = u,. This dictates the smallest target
feature that can be faithfully reproduced. The value wu, should be added to all
MTF curves (see Section 8.3.2., Detector Arrav Nyquist Frequency, page 242).

The MTFs presented in this chapter apply to all staring arrays. Only the
optics and detector array are sensitive to the scene spectral and spatial content.
The remaining subsystem MTF components only modify the electrical signals.
These signal chain MTFs apply to all imaging systems independent of the system
spectral response.

Optical spatial frequency is two-dimensional with the frequency ranging from
—oo to +oo. Although not truly separable, for convenience, the horizontal
MTF, MTF(u), and vertical MTF, MTF(v), are analyzed separately. Electrical
filters are causal, one-dimensional, and are considered to operate in the direction
of the readout clocking only. Thus, the horizontal and vertical MTFs may be
different.
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The symbols used in this book are summarized in the Symbol List (page
xviii) which appears after the Table of Contents.

10.1. FREQUENCY DOMAINS

There are four different locations where spatial frequency domain analysis
is appropriate. They are object space (before the camera optics), image space
(after the camera optics), display, and observer (at the eye) spatial frequencies.
Simple equations relate the spatial frequencies in all these domains.

Figure 10-2 illustrates the spatial frequency associated with a bar target. Bar
patterns are the most common test targets and are characterized by their
fundamental spatial frequency. Using the small angle approximation, the angle
subtended by one cycle (one bar and one space) is d,/R,, where d, is the spatial
extent of one cycle and R, is the distance from the imaging system entrance
aperture to the target. When using a collimator to project the targets at
apparently long ranges, the collimator focal length replaces R,. Targets placed
in the collimator’s focal plane can be described in object space.

Figure 10-2. Correspondence of spatial frequencies in object and image
space. Although the MTF is defined for sinusoidal signals, the bar target
is the most popular test target (shown here). Bar targets are
characterized by their fundamental frequency.
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The horizonta! object-space spatial frequency, u,, is the inverse of the
horizontal target angular subtense and is usually expressed in cycles/mrad:

1 [ R, ] cycles (10-4)

u = —_—
®*  1000| 4, mrad

A similar equation exists for the vertical object-space spatial frequency. The
object-space domain is used by the military for describing system performance.

Optical designers typically quote spatial frequencies in image space to
specify the resolving capability of lens systems. Photographic cameras and CCD
cameras are typically specified with spatial frequencies in image space which is
the object-space spatial frequency divided by the system focal length:

u, - Bop line-pairs or cycles ’ (10-5)
A mm mm

where u; is the inverse of one cycle in the focal plane of the lens system.
Although used interchangeably, line-pairs suggest square wave targets and cycles
suggest sinusoidal targets. To maintain dimensionality, if u, is measured in
cycles/mrad then the focal length must be measured in meters to obtain
cycles/mm.

Analog electronic filters are one-dimensional and modify a serial data
stream. The electrical frequency is related to the horizontal field-of-view
(HFOV) and the time it takes to read out one line. For analog filters
immediately following the detector array, where the readout time is tyng,

Mui Hz . (10-6)
'y LINE

fe-

For staring arrays with Ny horizontal detectors,
_ (Ng-Ddcey +dy "

tH ~LINE

£ Hz . (10-7)
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While digital filters operate on a data array, the effective sampling rate is related
to the timing of the readout clock:

fes=

L (10-8)
Terock
After the digital-to-analog converter, the serial stream data rate and therefore
the filter design is linked to the video standard. The active line time, ty;pgo1Ne,
(Table 10-1) and array size provide the link between image space and video
frequencies:

HFOV -l |

. Hz. (10-9)
t

1=

VIDEO-LINE

Video standards were discussed in Section 5.2.1., Video Timing (page 151). For
staring arrays,

_ Ny -Ddegy + dy u

v . He. (10-10)
tWDEO—UNE
Table 10-1
STANDARD VIDEO TIMING
TOTAL MINIMUM ACTIVE
FORMAT LINE TIME LINE TIME (us)
(us) tvipEO-LINE
EIA 170 63.492 52.092
NTSC 63.555 52.456
PAL 64.0 51.7
SECAM 64.0 51.7
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The field-of-view and monitor size link image spatial frequency to the
horizontal and vertical display spatial frequencies:

u, - HFOV -f1 u, cycles (10-11)
Wonrror mm
and
- VFOV - fl v, cycles ' (10-12)
H mm

MONITOR

Both the monitor width, Wyonror, and height, Hyonror, are usually measured
in millimeters. When the monitor aspect ratio is the same as the FOV ratio (the
usual case),

HFOV _ VFOV (10-13)
WM ONITOR HMONIT OR

The spatial frequency presented to the observer depends on the observer’s
viewing distance and the image size on the display (Figure 10-3). Observer
response is assumed to be rotationally symmetric so that the horizontal and
vertical responses are the same. The usual units' are cycles/deg:

1 cycles
2 tan-! 1 1 deg (10-14)
2 Du,

Uy, =

Here, the arc tangent is expressed in degrees. Because image detail is important,
the small angle approximation provides

u,, - 001745Du, <YL (10-15)
deg

Table 10-2 summarizes the various spatial frequencies.
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A Observer

Figure 10-3. Correspondence of spatial frequencies for the display and

for the eye.
Table 10-2
TRANSFORM PAIR UNITS
SUBSYSTEM
RESPONSE SIGNAL VARIABLES FREQUENCY VARIABLES

Optics, detector

x denotes distance (mm)
y denotes distance {mm)

u; expressed as cycles/mm
v; expressed as cycles/mm

Optics, detector

6, denotes angle (mrad)
6, denotes angle (mrad)

u,, expressed as cycles/mrad
v, expressed as cycles/mrad

Analog electronics

t denotes time (sec)

f. expressed as cycles/s (Hz)

Video electronics

t denotes time (sec)

f, expressed as cycles/s (Hz)

Display

x denotes distance (mm)
y denotes distance (mm)

u, expressed as cycles/mm
v, expressed as cycles/mm

Observer

6, denotes angle (deg)
6, denotes angle (deg)

u.,. expressed as cycles/deg
Veye €Xpressed as cycles/deg
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10.2. OPTICS MTF

Optical systems consist of several lenses or mirror elements with varying
focal lengths and varying indices of refraction. Multiple elements are used to
minimize lens aberrations. While individual elcment MTFs are used for design
and fabrication, these individual MTFs cannot be cascaded to obtain the optical
system MTF. For modeling purposes, the optical system is treated as a single
lens that has the same effective focal length and aberrations as the lens system.

The optical anti-aliasing filter, which is used to blur the image on a single
chip color filter array, is also part of the lens system. Its performance is best
described by the way it affects the detector MTF. Therefore, its description is
included in the detector section.

Optical spatial frequency is two-dimensional with the frequency ranging from
—oo to +co, The diffraction-limited MTF for a circular aperture was first
introduced in Section 9.4., Superposition Applied to Optical Systems (page 261).
For an aberration free and radially symmetric optical system, MTF gy is the
same in the horizontal and vertical directions. In the horizontal direction,

MTF jorpos(u) = — when u,<u

Y
2| [ u u, u,
cos’!—4|-—L |1 [+
m Uic)] U Uic

- 0 elsewhere .

€ (10-16)

The image-space optics cutoff is u, = Dy/(M fI) = 1/(FN), where D, is the
aperture diameter and fl is the effective focal length. The f-number, F, is equal
to f1/D,.

Figure 10-4 illustrates MTFpp,cs as a function of u/u;c. Because the cutoff
frequency is wavelength dependent, Equation 10-16 and Figure 10-4 are only
valid for noncoherent monochromatic light. The extension to polychromatic light
is lens specific. Most lens systems are color corrected (achromatized) and
therefore there is no simple way to apply this simple formula to predict the
MTEF. As an approximation to the polychromatic MTF, the average wavelength
is used to calculate the cutoff frequency:

A R t M (10-17)
ave 2
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For example, if the system spectral response ranges from 0.4 to 0.7 um, then

For most systems operating in the visible spectral region, the optical system
may be considered near diffraction limited and in focus. Approximations for
aberrated and defocused optical systems are in Reference 2. The MTFs for
optical systems with rectangular apertures® or telescopes with a central
obscuration (Cassegrainian optics) are also available.*

MTF

0 0.25 0.5 0.75 1
NORMALIZED SPATIAL FREQUENCY

Figure 10-4. MTFgpr s for a circular aperture normalized to u,/u,c.

10.3. DETECTORS

The two-dimensional spatial response of a rectangular detector is

MTF pprpcrop(#p V) = |sinc(dy u)||sinc(d,v,)| , (10-18)

where sinc(x) = sin(#x)/(wXx) and dy and dy are the photosensitive detector sizes
in the horizontal and vertical directions, respectively. Note that arrays are often
specified by the pixel size. With 100% fill factor arrays, the pixel size is equal
to the detector size. With finite fill factor arrays, the photosensitive detector
dimensions are less than the pixel dimensions. A microlens or an anti-alias filter
may optically modify the effective size (discussed in Section 10.3.4., Optical
Anti-Alias Filter).

Although the detector MTF is valid for all spatial frequencies from — oo to
+oo, it is typically plotted up to the first zero (called the detector cutoff) which
occurs at uy, = 1/dy (Figure 10-5). Because dy may be different than d,, the
horizontal and vertical MTF can be different.
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A phase shift occurs when u; > 1/d and v, > 1/dy. Figure 10-5 illustrates
the MTF without regard to the array Nyquist frequency. The analyst must add
the array Nyquist frequency to the curve (see Section 8.3.2, Detector Array
Nyquist Frequency, page 242). The MTF of virtual phase detectors is a complex
expression.’

MTF

-

0 0.25 0.5 0.75 1
NORMALIZED SPATIAL FREQUENCY

Figure 10-5. Horizontal detector MTF as a function of normalized
spatial frequency dyu;. The MTF is usually plotted up to the first zero
(dyu; = 1). For staring arrays, the array Nyquist frequency must be
added: uy = 1/(2d¢ey).

10.3.1. DIFFUSION MTF

As the wavelength increases, photon absorption occurs at increasing depths
in the detector material (see Section 4.1.1., Spectral Response, page 104). A
photoelectron generated deep within the substrate will experience a three-
dimensional random walk until it recombines or reaches the edge of a depletion
region where the pixel electric field exists. A photoelectron generated under one
well may eventually land in an adjoining well. This blurs the image and its
effect is described by an MTF. Beyond 0.8 um, diffusion (random walk) affects
the detector MTF and the response is expressed by MTFperecrorM T Fprrusion-
Imagery produced by near-IR sources will appear slightly blurry compared to
imagery produced by a visible source.
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The diffusion MTF® for a front-illuminated device is

exp(-a zclp)

1 +a,,J(u)

pirrusio #;) = ~ Lt J
1- exp(~a ,psLlp)

l1+a,..L

MTF

(10-19)

ABS " DIFF

where «,ps is the spectral absorption coefficient. Figure 4-2 (page 105)
illustrated the absorption coefficient in bulk p-type silicon. The factor Ly, is the
depletion width and L(u;) is the frequency-dependent component of the diffusion
length (Lpye) given by

L
L(u,) - DIFE : (10-20)

\/1 + @nLpgpu)

The diffusion length typically ranges between 50 pum and 200 pm. The depletion
width is approximately equal to the gate width. For short wavelengths (A < 0.6
pm), o,ps is large and lateral diffusion is negligible. Here, MTFygeysion
approaches unity. For the near IR (A > 0.8 um), the diffusion MTF may
dominate the detector MTF (Figure 10-6). By symmetry, MTFprysion(Uy) =
MTFpgrusion(Vi) and L{u) = L(v;).

& 0.6 um
= 0.8
cz> 0.6 0.8 um
@ 0.4
= 1.06 um
w 0.2
(m]
0 + ¢ ' + 1
0 10 20 30 40 50

SPATIAL FREQUENCY (cy/mm)

Figure 10-6. MTFpsrusion s 2 function of wavelength. The value L =
10 um and Ly = 100 pm. As the diffusion length increases, the MTF
decreases. For comparison, a 20-um detector will have a cutoff at 50
cycles/mm.
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To account for the effects of lateral diffusion, Schumann and Lomheim’
introduced a trapezoidal response approximation. This MTF only applies in the
direction perpendicular to charge transport:

MTF pepysion(;) ~ sinc(deey;) sinc((decy- Bl ,  (10-21)

where 3 is the region over which the detector responsivity is flat (Figure 10-7).
At the boundary between pixels, the trapezoidal response is 0.5 indicating equal
probability of an electron going to either pixel.
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Figure 10-7. Trapezoidal approximation for long-wavelength photon
absorption. Most of the charge goes to the charge well nearest to the
photon absorption site.
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10.3.2. CHARGE TRANSFER EFFICIENCY

CCD performance is characterized by the transfer efficiency and number of
transfers (see Section 3.4., Charge Transfer Efficiency, page 74). Assuming
vertical transfer, an MTF? that accounts for the incomplete transfer of electrons
is

MTF (v,) - exp

Ve

SV [1 —cos( ”"m , (1022

where Nig.ns is the total number of charge transfers from a detector to the
output amplifier and e is the charge transfer efficiency for each transfer. It is the
number of detectors multiplied by the number of CCD phases. When Nqp 4ns(€ -
1) is small, then MTF(u,y) = 1 - 2Nppans(1 - €).

This MTF depends upon the number of charge transfers. If the image is
located next to the readout, the number of transfers is small. But if the image
is at the extreme end of the array, the charge must be transferred across the
entire array and through the serial readout register. For an average response,
Nirans Should be one-half the maximum number of transfers. This is
mathematically equivalent to (MTFg)%.

Transfers may be either in the vertical direction (column readout) or in the
horizontal direction (row readout). Horizontal readout affects MTF(u) and
vertical readout affects MTF(v,). MTF . only applies to the transfer readout
direction. Figure 10-8 illustrates MTF;; at Nyquist frequency for several values
of transfer efficiency. For consumer devices, CTE > 0.9999 and Nipuns >
1500. For scientific applications, CTE > 0.999999 and N, ys can exceed 5000.

=

Example 10-1
Number of Transfers

What is the maximum number of transfers that exist in an array that contains
1000 x 1000 detector elements?

For a charge packet that is furthest from the sense node, the charge must be
transferred down one column (1000 pixels) and across 1000 pixels for a total of
2000 pixels. The number of transfers is 4000, 6000, and 8000 for two-phase,
three-phase, and four-phase devices, respectively.

&1
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Figure 10-8. MTF_; at Nyquist frequency for several values of transfer
efficiency. As the number of transfers increases, the efficiency must also
increase to ensure that the MTF is not adversely affected.

10.3.3. TDI

TDI operation was described in Section 3.3.6., Time Delay and Integration,
page 70. It is essential that the clock rate match the image velocity so that the
photogenerated charge packet is always in sync with the image. Any mismatch
will blur the image. Image rotation with respect to the array axes affects both
the horizontal (TDI direction) and vertical (readout direction) MTFs
simultaneously. For simplicity they are treated as approximately separable -
MTF(u,v,) = MTF(u)MTE(V).

If the TDI direction is horizontal, velocity errors degrade’ the detector MTF
by

MTF (u)) - sin(n 'le derror ;) _ Sin"t(NTDIdERROR u;) . (10-23)
N, sm(n drror ui) smc(dERROR ui)

where Nqp,; is the number of TDI elements. The value dggreg is the difference
between the expected image location and the actual location at the first pixel
(Figure 10-9). After N, elements, the image is displaced Nqpdggror from the
desired location. MTF,, is simply the MTF of an averaging filter for Ny,
samples displaced dgzpor One relative to the next. As an averaging filter, the
effective sampling rate is 1/dgppog-
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Figure 10-9. Definition of dggror. With a velocity mismatch, the target
falls further and further away from the desired location (on the center of
the detector). After four TDI elements, the target is displaced from the
detector center by 4dggror-

This is a one-dimensional MTF that apples in the TDI direction only. In
image space

depror = |AV|tpy mm (10-24)

where AV is the relative velocity error between the image motion and the charge
packet "motion" or "velocity." The charge packet "velocity" is deey/tiyy Where
t,nr is the integration time for each pixel.

Figure 10-10 portrays the MTF for two different relative velocity errors for
32 and 96 TDI stages. As the number of TDI stages increases, dggror Must
decrease to maintain the MTF. Equivalently, the accuracy of knowing the target
velocity must increase as Nypp, increases. Because the image is constantly
moving, a slight image smear occurs'® because the photogenerated charge is
created at discrete times (e.g., at intervals of to gcx). This linear motion MTF
(discussed in Section 10.5.1., Linear Motion) is often small and therefore is
usually neglected.
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Figure 10-10. MTF degradation due to mismatch between the image
velocity and the charge packet "velocity." The value dgggor/dccn €quals
0.005 and 0.01. The spatial frequency axis is normalized to d.qyu; and
the MTF scale is expanded from 0.6 to 1.0. The solid lines represent
Nipr = 32 and the dashed lines are for Ny, = 96.

TDI is also sensitive to image rotation. If the image motion subtends an
angle & with respect to the TDI rows (TDI direction), the image moves vertically
Nipideeytan(f) across the array. The MTF degradation in the vertical direction
is

sin[n Nop; Aoy tan(0) vi]
Ny sin[n deey tan(e)v,.]

MTF(v) - (10-25)

b

where MTF,(v) is simply the MTF of an averaging filter for Ny, samples
displaced dcytan(6) one relative to the next. Figure 10-11 illustrates the vertical
MTF degradation due to image rotation for 32 and 96 stages. The spatial
frequency is normalized to dcyv; Where decy is the horizontal detector pitch.

TDI offers the advantage that the signal-to-noise ratio increases by the
square root of the number of TDI stages. This suggests that many TDI detectors
should be used. The disadvantage is that the scan velocity must be tightly
controlled as the number of TDI stages increases.
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Figure 10-11. Vertical MTF degradation in the readout direction due to
image rotation of 0.5 and 1 deg with respect to the array axis. The
spatial frequency axis is normalized to d¢cyv;. The solid lines represent
N1pr = 32 and the dashed lines are for Ny, = 96.

10.3.4. OPTICAL ANTI-ALIAS FILTER

In color filter arrays, like-colored sensitive detector center-to-center spacings
may be much larger than the detector pitch. This potentially increases aliasing
(see Section 8.3.2., Detector Array Nyquist Frequency, page 242). The optical
anti-alias filter blurs the image and effectively increases the optical area!' of the
detector. The filter, which consists of one or more birefringent crystals, is
placed between the lens assembly and the detector array. Birefringent crystals
break a beam into two components: the ordinary and the extraordinary. As
illustrated in Figure 10-12, the detector collects light from a larger beam. Rays
that would have missed the detector are refracted onto the detector. This makes
the detector appear optically larger. While this changes the system MTF, the
system sensitivity does not change. The light that is lost to adjoining areas is
replaced by light refracted onto the detector.

The filter design depends upon the CFA design. If detectors sensitive to like
colors are next to each other, the filter may not be required. If the detectors
alternate, then an appropriately designed filter will make the detectors appear
twice as large. Similarly, if the detectors are spaced three apart, then the filter
will make the detector appear three times greater. This larger value (the
effective detector size) is used in Equation 10-18 (page 275).
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Figure 10-12. The birefringent filter increases the effective optical area
of the detector. (a) No filter and (b) filter. Rays that would fall between
detectors are refracted onto the detector.

Multiple crystals are used to change the effective detector size both vertically
and horizontally. Because the spacing depends upon the CFA design, there is no
unique anti-alias filter design. Clearly, if the detectors are unequaily spaced, the
Nyquist frequency for each color is different. Similarly, with different effective
sizes, the MTFs are also different for each color. Complex algorithms are
required to avoid color aliasing (see Example 5-1, page 167) and to equalize the
MTFs. The anti-alias filter is essential for CFAs to reduce color moiré patterns
and can be used in any camera to reduce aliasing.

Figure 10-13 illustrates how the detector MTF is modified by the
birefringent crystal when the detector pitch is twice as large as the element size.
While the filter reduces aliasing, it also reduces the overall system MTF. For
scientific applications, this reduction may be too severe.
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Figure 10-13. MTFpgreeror modifications due to the anti-alias filter as
a function of dyu;. The detector pitch is twice the detector element size.
(a) No filter, (b) a filter that doubles the detector optical size, and (c) a
filter that quadruples the effective detector size. The filter does not affect
the array Nyquist frequency.
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10.4. OPTICS-DETECTOR SUBSYSTEM

For many solid state cameras, the system MTF is dominated by the optics
and detector MTFs. Here, the electronic MTFs maximize the signal. They are
approximately unity over the spatial frequencies of interest. With electronic
zoom, the effects of the display and observer MTFs can be minimized.
Therefore, it is worthwhile to treat the optics and detector MTFs as a subsystem
assembly and to examine this subsystem MTF.

When viewing a point source, diffraction-limited optics produces a
diffraction pattern that consists of a bull’s-eye pattern with concentric rings. The
center is the Airy disk and its diameter is

d

A
ey 2.44—5 - 244AF . (10-26)

L

Assume that the detector array has square detectors with 100% fill factor (dy =
dy = decy = dgen = d). When d, gy is larger than the detector size, the system
is said to be optics-limited. Here, changes in the optics MTF (i.e., D, or fI)
significantly affect MTFgygrem. If dyry < d, the system is detector-limited and
changes in the detector size affect MTFgygrem at uy. Figure 10-14 illustrates
MTF gpriesMTFperecror at Nyquist frequency as a function of d/FA. It is the ratio
of the optical cutoff to the detector cutoff: u,/u;p = d/FA.

optics detector
0.7 7 limited, limited detector
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Figure 10-14. MTF gpricsM TF perecror at Nyquist frequency as a function
of d/FA. The fill factor is 100% (d = d,, = dy = d¢ey= deey)- The
vertical line indicates where the Airy disk diameter is equal to the
detector size. The best MTF that can be achieved occurs when
MTFgprics is negligible compared to MTFperecror. Equivalently,
MTFopricsMTFperecror = MTFpgrecror = .637.
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The MTF at Nyquist frequency is often used as a measure of performance.
As the MTF increases, image quality should increase. Unavoidably, as the MTF
increases, aliasing also increases' and image quality suffers. To avoid aliasing,
the MTF at the Nyquist frequency must be zero. This requires an infinite f-
number lens or an optical anti-alias filter (discussed in the previous section).

Smaller chips make smaller cameras (we live in a world were smaller is
presumed more desirable). However, to maintain the MTF the f-number must
decrease. For visible systems (A = 0.5 um), the transition from the optics-
limited to detector-limited case occurs when F =d/1.22. If d = 10 pm, then F
must be greater than 8.2 to enter the optics-limited condition (Figure 10-15).

For a small format chip, modest f-numbers provide an optics-limited camera
system. For low illumination level imagery, the user will probably switch to a
low f-number lens. If the camera enters the detector-limited region, pixelation
becomes evident and image quality suffers. Large format chips are detector-
limited for the more common f-number lenses. The transition from detector-
limited to optics-limited was arbitrarily selected as d = d,ky. The transition is
actually gradual.

format

T 257
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5 15 ¢ T
a — 112"
& K —3
& s5i optics-limited — 1"
>-
= 0 —
< +

0 5 10 15 20

f-number

Figure 10-15. Airy disk diameter as a function of f-number when A =
0.5 pm. The nominal pixel sizes for the various video formats are from
Table 3-3 (page 99).

With wet-film cameras, in most cases, more scene detail can be discerned
by enlarging the print. This occurs because the silver granules in the film are
very small compared to the Airy disk. That is, the camera system is almost
always optics-limited. Enlarging the image provides more detail. With solid state
cameras, this is not true. Electronic zoom (which is analogous to print
enlargement) provides more detail only up to the point where individual pixels
can be seen. There is no more detail available.
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The output voltage (for square detectors) is given by the simple camera
formula:

1
v -
CAMERA 4 (

2 Az
J [ R My, (Wi . (10-27)
Al

Decreasing the focal length, increases the MTF at uy. It also increases the
camera output (improves sensitivity). But decreasing the focal length increases
the scene spatial frequencies relative to the detector response. That is, the
system’s response moves from being detector-limited to being optics-limited.
Thus, a tradeoff exists between sensitivity and image quality (as defined by the
MTE).

While parametric analyses are convenient, absolute values are lost. The
MTF at Nyquist frequency is important. However, it is even more important to
know the relationship between the scene spatial content and the actual value of
the Nyquist frequency. In object space, as the focal length decreases, the
absolute value of the Nyquist frequency also decreases. It is instructive to see
the effects of d/FA on computer-generated imagery. Details of the simulation are
provided in Reference 13. Figure 10-16 illustrates the original scene.

Figure 10-16. Image created by the System Image Analyzer software.!
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When d/FN = 0.5, MTF(uy) = 0 and the optics have low-pass filtered the
scene. Here, no aliasing can occur. Figure 10-17a provides the MTFs and
Figure 10-17b illustrates the resultant imagery which includes a Butterworth
post-reconstruction filter where N = 10 (discussed in Section 10.6.4., Post-
Reconstruction Filter). While the low-pass filtering action of the optics removed
all aliasing, it also significantly attenuated the in-band frequency amplitudes.
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Figure 10-17. (a) MTFoprics and MTFperecror When d/FA = 0.5 and (b)
reconstructed image including a Butterworth filter where N = 10. The
optics has significantly blurred the image and no aliasing exists. Created
by the System Image Analyzer software."
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Figures 10-18 and 10-19 illustrate the cases where d/FA = 2.44 and 10,
respectively. Note that the MTFs illustrated in Figures 10-18a and 10-19a do not
include the reconstruction filter whereas the imagery includes a 10%-order
Butterworth reconstruction filter.
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Figure 10-18. (a) MTF gprics and MTF pprpcror When d/FA = 2.44 and (b)
reconstructed image including a Butterworth filter where N = 10.

3973



SYSTEM MTF 291

Careful examination of Figure 10-19b will reveal that the edges are sharper
compared to Figure 10-18b but aliasing has increased. However, the effect is not
dramatic when using a high order Butterworth reconstruction filter. At Nyquist
frequency, MTFgpricsM TFperecror increased from 0.472 to 0.592. In terms of
imagery, whether d/FA = 10 is better than d/FA = 2.44 depends on the scene
spectral content and the reconstruction filter used. The amount of aliased signal

is scene-dependent and the amount of aliasing accepted depends on personal
preference.
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Figure 10-19. (@) MTFgppcs and MTFerecror When d/FA = 10 and (b)
reconstructed image including a Butterworth filter where N = 10.
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10.5. MOTION

Motion blurs imagery. When motion is fast compared to the detector
integration time, details become blurred in a reproduced image. In real-time
imagery, edges may appear fuzzy to the observer even though any one frame
may provide a sharp image. The eye integration time blends many frames. The
effects of motion during the entire integration and human interpretation process
must be considered.

Linear motion includes both target movement (relative to the imaging
system) and motion of the imaging system (stationary target). High frequency
random motion is simply called jitter. Typically, an imaging system is subjected
to linear and random motion simultaneously:

MTF,yomon = MTF i MTF ivnon - (10-28)

In a laboratory, the system and test targets may be mounted on a vibration-
isolated stabilized table. Here, no motion is expected so that MTFyqron = 1.

10.5.1. LINEAR MOTION

The OTF degradation due to horizontal linear motion is:
OTF jypar(¥) = sinc(a,u) , (10-29)

where a; is the distance the target edge moved across the image plane. It is
equal to vyAt where vy is the relative image velocity between the sensor and the
target. For scientific and machine vision applications, the exposure time is equal
to the detector integration time. But observer’s eye blends many frames of data
and the eye integration time should be used. Although the exact eye integration
time is debatable, the values most often cited are between 0.1 and 0.2s.

Figure 10-20 illustrates the OTF due to linear motion as a fraction of the
detector size, d. Recall that the MTF is the magnitude of the OTF. Linear
motion only affects the MTF in the direction of the motion. As a rule-of-thumb,
when the linear motion causes an image shift less than about 20% of the detector
size, it has minimal effect on system performance.

As the motion increases, a phase reversal occurs which is represented by a
negative OTF. Here, periodic black bars appear white and periodic white bars
appear black. Figure 10-21 illustrates a test pattern smeared by linear motion.
At cutoff (where the system MTF approaches the first zero), the bar pattern
cannot be resolved. Phase reversal occurs above cutoff.
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Figure 10-20. OTF g as a function of normalized spatial frequency
du;. The curves represent values of a,/d. In the laboratory a; is usually
zero. The negative OTF represents phase reversal. The MTF is always
positive.

First zero

§

ORIGINAL IMAGE LINEAR MOTION

Figure 10-21. Linear motion smears imagery. Because the motion is

horizontal,

the vertical resolution is maintained. When the bar target

frequency is equal to the first zero of OTF jgar, the bars all blend
together. Higher spatial frequency bars illustrate phase reversal: There
appear to be two black bars on a gray background. (From Reference 15:
by courtesy of G. L. Conrad).
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10.5.2. RANDOM MOTION (JITTER)

With high frequency motion, it is assumed that the image has moved often
during the integration time so that the central limit theorem is valid. The central
limit theorem says that many random movements can be described by a Gaussian
distribution. The Gaussian MTF is

2nlo?, u} -
MTF gypon(ty) = €77 (10-30)

where oy, is the rms random displacement in millimeter. Figure 10-22 illustrates
the random motion MTF, As a rule-of-thumb, when the rms value of the
random motion is less than about 10% of d (detector size), system performance
is not significantly affected. Jitter is considered equal in all directions and is
included in both the horizontal and vertical system MTFs. High frequency
motion blurs imagery (Figure 10-23).
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Figure 10-22. MTF degradation due to high frequency random
(Gaussian) movement as a function of oyu;. In the laboratory, oy is
usually zero.
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(@ (b)

Figure 10-23. Random motion blurs imagery. (a) Original image, (b)
two-dimensional random motion. Generated'* by SIA.

10.6. ELECTRONIC FILTERS

When filter response is provided as a function of electrical frequency, it is
denoted by H(f,) or H(f,). When the electrical frequency is expressed in object
space or image space units, the filter impulse response is labeled as an MTF.
Boost filters may be used to enhance the signal at selected spatial frequencies.
Both analog and digital filters can be used.

10.6.1. ANTI-ALIAS ANALOG FILTER

Ideally, H(f,) is a filter with MTF of unity up to the array Nyquist frequency
and then drops to zero. This filter maximizes the SNR by attenuating out-of-
band amplifier noise and passing the signal without attenuation. The ideal filter
is unrealizable but can be approximated by N™-order Butterworth filters:

1
HLOWPASS(fe) R ———

1+( £ )W (10-31)
e3dB

where f.p is the frequency at which the power is one-half or the amplitude is
0.707. As N —= oo, H, gwpass(f.) approaches the ideal filter response with the
cutoff frequency of f.,; (Figure 10-24).
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When {53 is approximately equivalent to the array Nyquist frequency, the
sampling theorem can be satisfied. However, square waves (bar targets) will
appear as sinusoids. Thus, f;; must be much higher to preserve the square-
Wave response.
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Figure 10-24. Butterworth filters for N = 1, 5, 10, and 50. The value
feSdB = 0.5.

10.6.2. DIGITAL FILTERS

There are many available image processing algorithms. Only a few of these
can be described mathematically in closed-form and only these can be included
in an end-to-end system performance model. The performance of the remaining
algorithms can be inferred only by viewing the system output for a few
representative inputs. Because the system is not spatially invariant, predicting
system performance when viewing any other target is pure conjecture.

The sampling process replicates the frequency spectrum at nf,g (see Section
8.1., Sampling Theorem, page 234). Similarly, digital filter response is
symmetrical about the Nyquist frequency and repeats at multiples of the
sampling frequency. The highest frequency of interest is the Nyquist frequency.

Digital filters process data that reside in a memory. The units assigned to the
filter match the units assigned to the data arrays. With one-to-one mapping of
pixels to datels, the filter sampling frequency is the same as the array sampling
frequency. With this mapping, each filter coefficient processes one pixel value.
Digital filters can be two-dimensional.
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There are two general classes of digital filters'®: infinite impulse response
(IIR) and finite impulse response (FIR). Both have advantages and
disadvantages. The FIR has a linear phase shift whereas the IIR does not. IIR
filters tend to have excellent amplitude response whereas FIR filters tend to have
more ripple. FIR filters are typically symmetrical in that the weightings are
symmetrical about the center sample. They are also the easiest to implement in
hardware or software.

Figure 10-25 illustrates two FIR filters. The digital filter design software
provides the coefficients, A;. The central data point is replaced by the digital
filter coefficients as they operate on the neighboring data points. The filter is
then moved one data point and the process is repeated until the entire data set
has been operated on. Edge effects exist with any digital filter. The filter
illustrated in Figure 10-25a requires seven inputs before a valid output can be
achieved. At the very beginning of the data set, there are insufficient data points
to have a valid output at data point 1, 2, or 3. The user must be aware of edge
effects at both the beginning and the end of his data record. In effect, this states
that edges cannot be filtered.

The following MTF equations are only valid where there are no edge
effects. For FIR filters where the multiplicative factors (weightings) are
symmetrical about the center, the filter is mathematically represented by a cosine
series (sometimes called a cosine filter). With its frequency response transposed
to electrical frequency, an FIR filter with an odd number of samples (also called
taps) provides

2
-

< 2nkf, (10-32)
Hyppnedf) = | 2 Akcos[ ] .
k-O ES
For an even number of samples,
N
: 2 (k-1)f, (10-33)
Hppme ) = |4, Akcos[___m_ .
k=1 eS
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Figure 10-25. Symmetrical digital filters. (a) 7-tap (odd number) filter
and (b) 4-tap (even number) filter.

The sum of the coefficients should equal unity so that the Hpgy 1gr(f, = 0) is one:

Y4, -1, (10-34)

Although the above equations provide the filter response in closed form, the
response of a real filter is limited by the ability to implement the coefficients.
The smallest increment is the LSB.
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With an averaging filter,” all the multipliers shown in Figure 10-25 ars
equal. When N, datels are averaged, the equivalent MTF is

. ( fe]
sin| N, pm—
Hyplf) - | ——Ts) (10-35)

. t.
N Ze
AVEsm[n 7 ]

es

The first zero of this function occurs at f.¢/Nye.

Averaging samples together is called binning or super pixeling. It provides
the same MTF as if the detector elements were proportionally larger. That is,
averaging two samples together provides the same MTF as a single detector
element that is twice as large. Cameras that operate in either the
pseudo-interlace or the progressive scan modes will have a different vertical
MTF for each mode. In the pseudo-interlace mode, two pixels are averaged
together. If d;; = d¢cy, then

sinc[N \VE Jf‘]
MTF perpcrorMTF ppyeg = Sinc{dyf,) —\ 7S]
Sl_m( £ ] (10-36)

eS

= sinc(NA,,Eder) .

where the effective detector width is N,yedy.

10.6.3. SAMPLE-AND-HOLD

After the digital-to-analog converter (DAC), the analog signal changes only
at discrete times. The sample-and-hold circuitry within the DAC extends the data
into a continuous analog signal. The MTF of a zero-order sample-and-hold when
transposed into image space is:

i,
MTF, . - sinc(;i] , (10-37)
is

where ug = 1/dccy. Figure 10-26 illustrates the sample-and-hold MTF as a
function of normalized spatial frequency.
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Figure 10-26. Zero-order sample-and-hold MTF normalized to dqcyu;.
The sample-and-hold acts as a low-pass filter.

10.6.4. POST-RECONSTRUCTION FILTER

After the digital-to-analog conversion, the image still appears blocky due to
the discrete nature of the conversion. The ideal post-reconstruction filter
removes all the higher order frequencies (Figure 10-27) such that only the
original smooth signal remains. The output is delayed but this is not noticeable
on most imagery.

sample and hold output

post-reconstruction filter output

”’

»
-

Figure 10-27. The post-reconstruction filter removes the blocky (stair-
step) effect created by the sample-and-hold circuitry within the DAC.
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Ideally, H(f,) is a filter with MTF of unity up to the array Nyquist frequency
and then drops to zero. The ideal filter is unrealizable but can be approximated
by N*-order Butterworth filters:

1
HLOWPASS(fv) e ——

[f ]2“" (10-38)
1+

v3dB

where f,, is the frequency at which the power is one-half or the amplitude is
0.707. As N—= oo, H, owpass(f.) approaches the ideal filter response with the
cutoff frequency of f,,5. Real filters will have some roll-off and f,,,; should be
sufficiently large so that it does not affect the in-band MTF. The post-
reconstruction filter can be of the same functional form as the anti-alias filter
(see Section 10.6.1., page 295) but serves a different purpose. It removes the
spurious frequencies created by the sampling process.

For analog video output, A low-pass filter is used as a post-reconstruction
filter. This filter affects only the horizontal signal. While the video bandwidth
has been standardized (NTSC, PAL, and SECAM are 4.2, 5.5, and 6 MHz,
respectively), the filter design has not. Thus, different cameras may have
different post-reconstruction filters and therefore different horizontal MTFs even
though they are built to the same video standard. No reconstruction filter is used
in the vertical direction. Here, the display and human visual response provide
the reconstruction. As a result of different detector sizes (dy and d,) and
horizontal analog filters, the MTFs in the vertical and horizontal directions can
be quite different.

Example 10-2
POST-RECONSTRUCTION FILTER

What is the required spatial frequency cutoff for an ideal post-reconstruction

filter if the desired output is EIA 170 and there are 640 horizontal detectors in
the array?
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For EIA 170, t;ng is 52.09 us. The Nyquist frequency in the video domain
is
640

— 2 - 6.14 Mhz (10-39)
52.09x10°¢

1

Sow >

The bandwidth necessary to transmit the detector data must exceed 6.14 MHz
to avoid roll-off effects. This is a greater bandwidth than allowed by the EIA

170 standard. However, the camera output only has to conform to EIA 170
timing so that the information can be displayed on a conventional monitor.

=l

10.6.5. BOOST

MTF degradation caused by the various subsystems can be partially
compensated with electronic boost filters. Boost filters also amplify noise so that
the signal-to-noise ratio may degrade. For systems that are contrast-limited,
boost may improve image quality. However, for noisy images, the advantages
of boost are less obvious. As a result, these filters are used only in high contrast
situations (typical of consumer applications) and are not used in scientific
applications where low signal-to-noise situations are often encountered.
Historically, each subsystem was called an "aperture." Therefore, boost
provided "aperture correction.” This should not be confused with the optics
MTF where the optical diameter is the entrance aperture. "Aperture correction”
has been used in video for years.

The boost amplifier can either be an analog or a digital circuit with peaking
that compensates for any specified MTF roll-off. The MTF of a boost filter, by
definition, exceeds one over a limited spatial frequency range. When used with
all the other subsystem MTFs, the resultant MTFgygp is typically less than one
for all spatial frequencies. Excessive boost can cause ringing at sharp edges. The
boost algorithm should enhance signal amplitudes with frequencies below the
Nyquist because reconstruction usually limits the response to the Nyquist
frequency.
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A variety of boost circuits are available.”” One example is the tuned circuit
with response

1
H BOOST(f v) = s

1 -[ 5, ]2 2 + [ fv ]2 (10-40)
fBOOST QfBOOST

where Q is the quality factor and equal to boost amplitude when f, = fyo057-

Although illustrated in the video domain, boost can be placed in any part of
the circuit where a serial stream of data exists. By appropriate selection of
coefficients, digital filters can also provide boost. MTFyoosr can also
approximate the inverse of MTFgy¢rem (Without boost). The combination of
MTFgoost and MTFgygrey can provide unity MTF over spatial frequencies of
interest. This suggests that the reproduced image will precisely match the scene
in every spatial detail.

10.7. CRT-BASED DISPLAY

For most electronic imaging systems, the display medium acts as a
reconstruction filter. Displays do not completely attenuate the replicated
frequency amplitudes created by the sampling process. The HVS further reduces
the sampling remnants so that the perceived image appears continuous with
minimal sampling artifacts. Therefore, displays cannot be analyzed in isolation
but must be considered as part of the display/observer system.

The display MTF is a composite that includes both the internal amplifier and
the CRT responses. Implicit in the MTF is the conversion from input voltage to
output display brightness. Although not explicitly stated, the equation implies
radial symmetry and the MTFs are the same in both the vertical and horizontal
directions. That is, the MTF is considered separable and MTFz{(u,,v,) =
MTFE g (Ug)MTFpr(vy) and MTFqgr(vy) = MTFegr(uy). While this may not be
precisely true, the assumption is adequate for most calculations.

The amplifier bandwidth is not a number that is often useful to the user. We
must assume that the manufacturer selected an adequate bandwidth to provide
the display resolution. For example, a 1600 X 1200-disel display must have a
wider bandwidth than a 1280 x 1024-dise] display by a factor of approximately
1600/1280=1.25. MTF . includes both the electronics MTF and spot diameter.
For an infinitesimal input, the spot diameter is affected by the video bandwidth.
That is, the minimum spot diameter is the equivalent point spread function.
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It is reasonable to assume that the resultant spot is Gaussian (see Section
7.3., Spot Size, page 210). Then,

on( S 4 ¥ -
where ogpor is the standard deviation of the Gaussian beam profile and S is the
spot diameter at FWHM. These parameters must have units of millimeters
because the frequency has units of cycles/mm. The spot diameter is

S = y8InQ) oo = 2.350 550, - (10-42)

If the spot size is not specified, then ogpor can be estimated from the TV
limiting resolution. With the TV limiting resolution test, an observer views a
wedge pattern and selects that spatial frequency at which the converging bar
pattern can no longer be seen. The display industry has standardized the bar
spacing to 2.350spor-

If N1 /PH is the TV limiting resolution and Ny lines are displayed on a
monitor, then Hyonmor = 2.3505p0rN1v. When transposed to image space,
27 (L ) (10-43)
235Npy, -
MTF p(u) ~ e ( v ) .
For staring arrays with Ny, displayed vertical lines,

Ny~ Ddegy+dy |2
235N,

P 10-44
MTF pi(u;) - e ( ( )

Figure 10-28 illustrates MTFpgrecror and MTFp g 4y. The display spot size
is independent of the detector size and the display resolution is independent of
the number of detector elements. Matching the display resolution (number of
pixels) to the number of detector elements does not uniquely specify the display
MTF as suggested by Equation 10-44. For example, suppose an array contained
1000 elements horizontally. A monitor that can resolve 1000 pixels may not
provide good imagery if the resolution/addressability ratio (RAR) is large.
Equation 10-44 is only valid when RAR = 1. The RAR was described in Section
7.6., Addressability (page 222).

Many consumer CCD cameras match the number of vertical detectors to the
number of active video lines. With consumer televisions, Ny, = 0.7N,. Thus,
the video standard uniquely defines the CRT MTF. For 100 % fill factor arrays,

decy ¥ (10-45)

ol
MTF o (u) ~e 19577
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At Nyquist frequency, MTFcgr = 0.161. That is, the "standard" design
effectively reduces sampling effects by attenuating the amplitudes above uy,.
However, the in-band amplitudes are unavoidably attenuated also.

0.8 -
0.6 +

MTF

04 ¢

0.2 ;

0 0.2 0.4 0.6 0.8 1
NORMALIZED SPATIAL FREQUENCY

Figure 10-28. MTFpgp 4y as a function of d..yv; for four different TV
limiting resolutions when Ny, = 480. The display MTF limits most
systems. The Nyquist frequency (not shown) is at d¢eyv; = 0.5.

Example 10-3
DISPLAY MTF

What should the display resolution be to maximize the system MTF?

Equations 10-43 or 10-44 are used to calculate image MTF when the input
is a sinusoid. The Nyquist frequency is used most often when specifying system
response. For EIA 170, N, = 485. Inserting dyu; = 0.5 into Equation 10-45
provides
225 MY

D)
MTFop(u,y) = € (2'35 Nrv (10-46)

For a 100% fill factor array, the detector MTF is 0.63 at u,,. Figure 10-29
illustrates the detector and display MTF at Nyquist frequency. The display
resolution must increase to 1400 TVL/PH for display MTF to be 0.90 at the
Nyquist frequency. This suggests that most imaging systems are display
resolution limited. This result is based upon the assumption that the beam profile
is Gaussian. A different shaped beam (i.e., flat-topped), will provide a different
relationship between TV limiting resolution and MTF.
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Figure 10-29. MTFpgrecrorRMTFpispLay @t Nyquist frequency as a
function of TV liming resolution. The detectors are contiguous so that
the center-to-center spacing is equal to the detector element size. The
value Ny = 485. All other MTFs are assumed to be unity at uy.

2]
10.8. HUMAN VISUAL RESPONSE
The observer processes imagery to create a perceived MTF:
MTF pppepvep = MTF gy MTF g . (10-47)

The HVS MTF should only be used to understand the relationship between the
imaging system MTF and the eye response. It is not used to describe sensor
performance. When MTFppcpvep i combined with system noise, system
responsivity, and the eye integration capabilities, it is possible to predict the
minimum resolvable contrast (described in Chapter 12, Minimum Resolvable
Contrast). The eye’s contrast sensitivity is also included in all image quality
metrics (discussed in Chapter 11, Image Quality).

The sine wave response is used as an approximation to the eye-brain MTF.
It is sometimes called the human visual system MTF or HVS-MTF. The sine
wave response depends on diffraction by the pupil, aberrations of the lens, finite
size of the photoreceptors, ocular tremor, and neural interconnections within the
retina and brain. Diffraction and aberrations vary with ambient luminance,
monitor brightness, and chromatic composition of the light. Because the retina
is composed of rods and cones of varying densities, the location and size of the
object with respect to the fovea significantly affect the sine wave response.
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The sine wave response ignores spatial noise, background luminance,
angular orientation and exposure time. Each of these parameters significantly
affects the interpretation of image visibility. The MTF in the purest sense is
noise independent but the human eye’s response is very sensitive to spatial and
temporal noise. Therefore, the sine wave response is only an approximation to
the true response. Furthermore, the overall population exhibits large variations
in response. Any MTF approximation used for the HVS therefore is only a
crude approximation and probably represents the largest uncertainty in the
overall MTF analysis approach. Factors that affect observer performance include
monitor viewing ratio (usually selected to reduce raster effects), target size, and
observation time. Visual psychophysical data can be found in Farrell and
Booth’s'® and Biberman’s" books.

The usual measurement is to determine the minimum modulation required
to just perceive a sinusoidal target. The modulation is

LMAX B LMIN (10-48)

M, - ,
Lyux * Lygy

where Ly,x and Ly are the maximum and minimum luminances, respectively.
The eye’s detection capability depends upon the visual angle subtended by the
target size at the observer. As shown in Figure 10-30, in the absence of noise,
the eye’s modulation threshold (minimum perceivable modulation) is
characteristically J-shaped. It is labeled as M, in the visual psychophysical
literature. The eye is most sensitive to spatial frequencies® that range between
3 and 5 cycles/deg at typical ambient lighting levels.

0.1 1

0.01 ¢

MODULATION
THRESHOLD

0.001 — -
0.1 1 10 100

SPATIAL FREQUENCY (cy/deg)

Figure 10-30. A representative modulation threshold function.
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The increase in threshold at low frequencies is due to the eye’s inhibitory
signal processing component. The contrast sensitivity is the inverse of the
modulation threshold curve. When normalized to one, the contrast sensitivity or
sine wave response is called the HVS MTF. By convention, the MTF is defined
to be one at zero spatial frequency and to be a monotonically decreasing
function. The way to include the inhibitory response as an MTF component is
not clear.

Nevertheless, various researchers modeled the normalized contrast sensitivity
and labeled it as the HVS MTF (Figure 10-31). Nill*! recommended

) i-r_)
MTF,(f,.) = 2.71{0.19 + 0.81 [&_H e (fw _ (10-49)
PEAK
Schulze* recommended
MTFHVS(f ) - 271 (e—0.113s_fe).e _ e—0.325f‘y) ) (10_50)
eye

Campbell and Robson’s high luminance data®™ can be approximated by

)2 (10-51)

-14 logm( Joye
PEAX

MTF i (f,,,) = 10
deJong and Bakker®* used

(10-52)

/ f 173
MTF - sin?| | 2o |,
\

Neglecting the low frequency inhibitory response, Kornfeld and Lawson®
suggested that

/.
MTF yy(f0e) = e (18 (10-33)
eye

where I' is a light-level-dependent eye response factor that was presented in
tabular form? by Ratches et al. A third order polynomial fit provides

T - 1.444-0.344 log(B) +0.0395 log? (B) +0.00197 log*(B) , (10-54)

where B is the monitor brightness in foot-Lamberts.
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Figure 10-31. Various mathematical equations that approximate the HVS
MTF.

Considering the large variation in observer responses, these curves have a
similar shape when f,,, > fpgac. The original U.S. Army Night Vision
Laboratory’s static performance model® and FLIR92% use the Kornfeld-Lawson
eye model. These models were validated by the U.S. Army when detecting tank-
sized targets at modest ranges. This translates into modest spatial frequencies.
The Kornfeld-Lawson model appears to follow all other models (to within a
multiplicative factor) for mid-range spatial frequencies. This multiplicative factor
becomes a normalization issue for the MRC (discussed in Chapter 12, Minimum
Resolvable Contrast).

Insufficient data exist to say with certainty which eye model is best.
Because of this uncertainty, all analyses, no matter which eye model is used,
must only be used for comparative performance purposes.

Two scenarios are possible: (1) the observer is allowed to move his head and
(2) the head is fixed in space. Because the eye’s detection capability depends
upon the angular subtense of the target, head movement may provide different
results than if the head is fixed. In laboratory testing, the distance to the monitor
is not usually specified nor limited in any way. To maximize detection capability
(stay on the minimum of the contrast threshold curve), an observer
subconsciously moves toward the monitor to perceive small targets and further
away to see larger targets.

By allowing the observer to adjust the viewing distance, several interrelated

detection criteria are optimized that inciude striving for apparent edge sharpness
and maximizing perceived signal-to-noise ratio. This apparently results in an
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equal detection capability for all spatial frequencies such that the eye’s contrast
sensitivity approaches a constant. This results in a nearly constant MTF that is
called the "non-limiting eye MTF" or MTFys = 1. Equation 10-53 is used in
those situations where the head is fixed, such as when a pilot is strapped into a
cockpit seat.

10.9. INTENSIFIED CCD

The intensified CCD (ICCD) is more difficult to analyze. The MTF of an
image intensifier tube (IIT) varies with tube type,”® manufacturing precision,”
and materials used. Figure 10-32 illustrates a possible range of MTFs. The MTF
should be obtained from the manufacturer before proceeding with system
analysis. It can be approximated by a simple Gaussian expression:

-2n2otu? 10-55
MTFyrensirer(#) = € o ( )

MTF theory will provide an optimistic result of fiber optic coupled ICCDs. It
does not include the CCD mismatch or the chicken wire effects. The MTF
associated with lens coupling is probably more accurate. The MTF of an ICCD
is MTFrensipier Muitiplied by the appropriate MTFs presented in this chapter.

MTF

0 5 10 15 20 25 30 35
SPATIAL FREQUENCY (cy/mm)

Figure 10-32. Range of MTFs for Genll image intensifier (From
Reference 29).
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10.10. SAMPLING EFFECTS

For a sampled-data system, a wide range of MTF values is possible®®* for
any given spatial frequency (see Section 8.3.3., Image Distortion, page 245). To
account for this variation, a sample-scene MTF may be included. The detector
spatial frequency response is represented by MTFzrecroRM TFpyasg. This MTE
provides an average performance response that may be used to calculate the
system response general imagery.

In general, the "MTF" is*

MTF ., (u) ~ cos{i"_ e] , (10-56)
Uiy

where 6 is the phase angle between the target and the sampling lattice. For
example, when u; = uy, the MTF is a maximum when 6 = 0O (in-phase) and a
zero when 6 = /2 (out-of-phase).

To approximate a median value for phasing, 6 is set to =/4. Here,
approximately one-half of the time the MTF will be higher and one-half of the
time the MTF will be lower. The median sampling MTF is

n Y -
MTF pp ) =~ cos{E ” ] 3 (10-57)
is

At Nyquist frequency, MTFy,s is 0.707. This is the Kell factor so often
reported when specifying the resolution of monitors. An MTF averaged over all
phases is represented by

u,
MTF | epae(8;) ~ sinc[—'] . (10-58)
Us

Figure 10-33 illustrates the difference between the two equations. Because these
are approximations, they may be considered roughly equal over the range of
interest (zero to the Nyquist frequency). MTF,,, can be applied to both the
vertical and horizontal MTFs.
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Sampling effects are phase-dependent and, as a result, have no unique MTF.
For system modeling purposes, average MTFs were assigned for some more
common image processing algorithms. Because average MTFs are used, only
an average system performance can be predicted. Performance can vary
dramatically depending upon the target phase with respect to the sampling
lattice. For laboratory measurements, it is common practice to "peak-up” the
target (in-phase relationship) and then MTF,.,q¢ = 1. This is done to get
repeatable results.

1
W Nyquist
08t '
w 0.6 ) median
E .
0.4t '
| average
0.2t !
0 + - )
0 0.25 0.5 0.75 1

NORMALIZED SPATIAL FREQUENCY

Figure 10-33. Average and median scene-sample phase MTFs
normalized to u/ug. The MTF is defined only up to the Nyquist
frequency.

Frequencies above u,y are aliased down to lower frequencies. Signal aliasing
is ignored in most analyses and has been ignored here. A complete end-to-end
analysis should include both aliased noise and aliased signal®. These aliased
components limit*” the extent to which a sampled image can be sharpened.
Image reconstruction may include data removal (decimation) or data expansion
(interpolation). The effective sampling frequency and aliasing can appear to
change using different image processing algorithms,**
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11
IMAGE QUALITY

Our perception of good image quality is based upon the real-world
experiences of seeing all colors, all intensities, and textures. An imaging system
has a limited field-of-view, limited temporal and spatial resolutions, and presents
a two-dimensional view of a three-dimensional world. In the real-world our eyes
scan the entire scene. Not all of the available information is captured by an
imaging system. Furthermore, an imaging system introduces noise and the loss
of image quality due to noise can only be estimated. Cameras sensitive to
wavelengths less than 0.4 um and greater than 0.7 um provide imagery that we
cannot directly perceive. The quality of the ultraviolet or infrared imagery can
only be estimated because we do not know how it really appears.

Image quality is a subjective impression ranging from poor to excellent. It
is a somewhat learned ability. It is a perceptual one, accomplished by the brain,
affected by and incorporating inputs from other sensory systems, emotions,
learning, and memory. The relationships are many and are still not well
understood. Perceptual quality of the same scene varies between individuals and
temporally for the same individual. Large variations exist in an observer’s
judgment as to the correct rank ordering of image quality from poor to best and
therefore image quality cannot be placed on an absolute scale. Visual
psychophysical investigations have not measured all the properties relevant to
imaging systems.

Many formulas exist for predicting image quality. Each is appropriate under
a particular set of viewing conditions. These expressions are typically obtained
from empirical data in which multiple observers view many images with a
known amount of degradation. The observers rank the imagery from worst to
best and then an equation is derived which relates the ranking scale to the
amount of degradation.

If the only metric for image quality was resolution, then we would attempt
to maximize resolution in our system design. Many tests have provided insight
into image quality metrics. In general, images with higher MTFs and less noise
are judged as having better image quality. There is no single ideal MTF shape
that provides best image quality. For example, Kusaka' showed that the MTF
that produced the most aesthetically pleasing images depended on the scene
content.

315
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The metrics suggested by Granger and Cupery, Shade, and Barten offer®*
additional insight on how to optimize an imaging system. Granger and Cupery
developed the Subjective Quality Factor (SQF): an empirically derived
relationship using individuals’ responses when viewing many photographs. Shade
used photographs and included high quality TV images. Barten’s approach is
more comprehensive in that it includes a variety of display parameters. It now
includes’ contrast, luminance, viewing ratio, number of scan lines, and noise.

While Barten has incorporated the sampling effects of flat panel displays,’
no model includes the sampling (and associated aliasing) that takes place at the
detector. Until this aliasing is quantified, no metric will predict image quality
faor sampled data systems. Only an end-to-end system approach can infer overall
image quality.

There are potentially two different system design requirements: (1) good
image quality and (2) performing a specific task. Sometimes these are
equivalent, other times they are not. All image quality metrics incorporate some
form of the system MTF. The underlying assumption is that the image spectrum
is limited by the system MTF. Equivalently, it is assumed that the scene
contains all spatial frequencies and that the displayed image is limited by system
MTF - a reasonable assumption for general imagery. While good image quality
is always desired, a military system is designed to detect and recognize specific
targets (discussed in Chapter 12, Minimum Resolvable Contrast). Optimized
military systems will have high MTF at the (assumed) target frequencies and
other spatial frequencies are considered less important. Computer monitors are
usually designed for alphanumeric legibility.

Often, the display is the limiting factor in terms of image quality and
resolution. No matter how good the electronic imaging system is, if the display
resolution is poor, then the overall system resolution is poor. If the system is
optics-limited, then a high resolution display does not offer any "extra" system
resolution. A high resolution display just ensures that all the information
available is displayed. System resolution may be limited by the HVS. If the
observer is too far from the screen, not all of the image detail can be discerned.

The HVS appears to operate as a tuned spatial-temporal filter where the
tuning varies according to the task at hand. Because the HVS approximates an
optimum filter, no system performance improvement is expected by precisely
matching the image spectrum to the HVS preferred spectrum. Rather, if the
displayed spectrum is within the limits of the eye spectrum, the HVS will
automatically tune to the image. Clearly, the overall system magnification should
be set such that the frequency of the maximum interest coincides with the peak
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frequency of the HVS’s contrast sensitivity. Although this implies a specific
frequency, the range of optimization is broad.

A large number of metrics are related to image quality. Most are based on
monochrome imagery such as resolution, MTF, and minimum resolvable
contrast. CRT resolution was presented in Section 7.5., Resolution (page 218).
Color reproduction and tonal transfer issues, which are very important to color
cameras, are not covered here,

The symbols used in this book are summarized in the Symbol List (page
xviii) which appears after the Table of Contents.

11.1. RESOLUTION METRICS

An overwhelming majority of image quality discussions center on resolution.
Resolution has been in use so long that it is thought to be fundamental and that
it uniquely determines system performance. There are four different types of
resolution: (1) temporal, which is the ability to separate events in time; (2) gray
scale, which is determined by the analog-to-digital converter design, noise floor;
or the monitor capability, (3) spectral; and (4) spatial. An imaging system
operating at 30 Hz frame rate has a temporal resolution of 1/30 sec. Gray-scale
resolution is a measure of the dynamic range. The spectral resolution is simply
the spectral band pass (e.g., UV, visible, or near infrared) of the system. This
section covers spatial resolution.

Resolution provides valuable information regarding the finest spatial detail
that can be discerned. A large variety of resolution measures exist® and the
various definitions may not be interchangeable. An electronic imaging system
is composed of many subsystems and each has its own metric for resolution
(Table 11-1). These can also be divided into analog (Table 11-2) and sampled-
data resolution metrics (Table 11-3).

A single measure of spatial resolution cannot be satisfactorily used to
compare all sensor systems. Spatial resolution does not provide information
about total imaging capability or contrast sensitivity. The minimum resolvable
contrast simultaneously provides contrast sensitivity information and resolution
information for monochrome systems. Resolution does not include the effects of
system noise and is not related to sensitivity.
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Table 11-1
SUBSYSTEM MEASURES of RESOLUTION

SUBSYSTEM RESOLUTION METRIC

Rayleigh criterion
Optics Airy disk diameter
Blur diameter

Detector-angular-subtense
Instantaneous-field-of-view

Detectors Effective-instantaneous-field-of-view
Detector pitch
Pixel-angular-subtense
Electronics Bandwidth
Electronic imaging system Limiting resolution
{MTF approach) Nyquist frequency
Displays TV limiting resolution
Table 11-2

RESOLUTION MEASURES for ANALOG SYSTEMS

RESOLUTION DESCRIPTION

Ability to distinguish two

Rayleigh criterion . .
ylelgh crit adjacent point sources

Diffraction-limited diameter

Airy disk produced by a point source

Actual minimum diameter

Blur diameter produced by a point source

Limiting Spatial frequency at which MTF= 0.02 to
Resolution 0.10
TV limiting Number of resolved lines per picture
resolution height

The smallest test target
Ground resolved distance (1 cycle) that a photointerpreter can
distinguish

An estimate of the limiting feature size

Ground resolution .
seen by a photointerpreter

Smallest region that contains unique

Resel . .
information
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Table 11-3
RESOLUTION MEASURES for SAMPLED DATA SYSTEMS
RESOLUTION DESCRIPTION
Detector angular subtense Angle subtended by one detector element
Instantaneous field-of-view Angular region over which the detector senses radiation
Nyquist frequency One-half of the sampling frequency
Detector pitch Center-to-center spacing
Effective-instantaneous-field- One-half of the reciprocal of the object-space spatial
of-view frequency at which the MTF is 0.5
Pixels, datels, and disels Number of detector elcm:;: t:r number of digital data

When resolution is defined as the inverse of the system cutoff in angular
space (typical for military applications), the back-of-the-envelope approximation
provides the range at which the target can be "detected":

Range s w s (11“1)
resolution

This is the maximum range at which a periodic target can be faithfully
reproduced.

Analog measures of spatial resolution may be determined by: (1) the width
of a point source image, (2) the minimum detectable separation of two point
sources, (3) the spatial frequency at which the MTF drops to a defined level, or
(4) the smallest detail resolved by an observer. These measures assume that the
system output image is a replica of the input scene (a linear-shift-invariant
system).

As imaging systems are incorporated into new disciplines, resolution must
be specified in terms used by those industries. For example, photointerpreters
use the ground resolved distance (GRD) when evaluating reconnaissance imagery
captured on film. But as solid state imaging systems replace the wet film
process, the GRD, by default, becomes an imaging system resolution measure.

When viewing aerial imagery that contains a test pattern (such as the U.S.
Air Force 1951 standard 3-bar target), an image analyst determines the smallest
discernible cycle on the ground. This cycle width (bar plus space) is the GRD.
It includes the system MTF and possible degradation by the atmosphere and is
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a function of altitude. The GRD is related®® to the 10-point Imagery
Interpretability Rating Scale (IIRS). The National Imagery Interpretability Rating
Scale (NIIRS) has replaced the IIRS. !

The smallest elements that can be created by a digital subsystem are the
pixel, datel, and disel. These are created by the detector array, ADC, and the
display media, respectively. The resel is the smallest element that can be created
by an analog system. The optics, analog electronics, and video standard (or
transmission link) each have their own resel. System resolution is a convolution
of all "-els.”

Complex systems cannot be characterized by a single number (for example,
an "-el"). Nevertheless, this chapter discusses various measures because they
have been in existence so long. They were developed to describe the resolution
of specific subsystems and do not provide an end-to-end performance metric.
Nor do they include aliasing. Aliasing effects are discussed in Reference 15.

11.2. OPTICAL RESOLUTION METRICS

Table 11-4 provides various optical resolutions. As analog metrics, these are
various definitions of a resel. Diffraction measures include the Rayleigh criterion
and the Airy disk diameter. The Airy disk is the bright center of the diffraction
pattern produced by an ideal optical system. In the focal plane of the lens, the
Airy disk diameter is

d

A
e = 24—l - 2440F . (11-2)

0

The Rayleigh criterion is a measure of the ability to distinguish two closely
spaced objects when the objects are point sources. Optical aberrations and focus
limitations increase the diffraction-limited spot diameter to the blur diameter,
Optical designers use ray tracing programs to calculate the blur diameter. The
blur diameter size is dependent on how it is specified (i.e., the fraction of
encircled energy'®). den Dekker and van den Bos provide'’ an in-depth review
of optical resolution metrics.

Considerable literature'® has been written on the image forming capability
of lens systems. Image quality metrics include aberrations, Strehl ratio, and blur
or spot diagrams. These metrics, in one form or another, compare the actual
blur diagram to diffraction-limited spot size. As the blur diameter increases,
image quality decreases and edges become fuzzy. The ability to see this
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degradation requires a high resolution sensor. Both the human eye and
photographic film visually have this resolution. However, with electronic
imaging systems, the detectors are often too large to see the degradation because
the detectors are often larger than the blur diameter.

Table 11-4
OPTICAL RESOLUTION METRICS (in image space)
RESOLUTION DESCRIPTION DEFINITI.ON
(usual units)
. . Ability to distinguish two Xres = 1.22 A F
Rayleigh criterion adjacent point sources (Calculated: mm)
Airy disk Diffraction-limited diameter Xpes = 2.44 A F
4 produced by a point source (Calculated: mm)
. Actual minimum diameter Calculated from ray tracing
Blur diameter .
produced by a point source (mm)

11.3. DETECTOR RESOLUTION

Considering the Airy disk, the wavelength dependence suggests that the
resolution increases as the wavelength decreases (smaller is better). However,
this is only true when the detector size is much smaller than the Airy disk size.
For most electronic imaging systems the reverse is true. The detector is the
same size or larger than the disk diameter (see Section 10.4., Optics-Detector
Subsystem, page 286). This means that the Airy disk is not adequately sampled
and therefore the resolution afforded by the optics cannot be exploited. Systems
designed for star detection are usually optics-limited (optical resel larger than a
pixel), whereas for general imagery the systems are usually detector-limited
(pixel larger than the optical resel)

Detector arrays are often specified by the number of pixels and detector
pitch. These are not meaningful until an optical system is placed in front of the
array. Table 11-5 provides the most common resolution metrics expressed in
object-space units. The detector-angular-subtense (DAS) is often used by the
military to describe the resolution of systems when the detector is the limiting
subsystem. If the detector’s element horizontal and vertical dimensions are
different, then the DAS in the two directions is different. Note that the PAS is
different than the DAS (see Section 1.5., Pixels, Datels, Disels, and Resels,
page 14). Only with 100% fill factor arrays are they the same. Spatial sampling
rates are determined by the pitch in image space or the PAS in object space.
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Table 11-5

DETECTOR ELEMENT RESOLUTION MEASURES (in object space)

RESOLUTION

DESCRIPTION

DEFINITION
(usual units)

Detector-angular-
subtense

Angle subtended by one detector
element

d/fl
(Calculated: mrad)

Instantaneous-field-of-
view

Angular region over which the
detector senses radiation

Measured width at 50%
amplitude (mrad)

Pixel-angular-subtense

Angle subtended by one pixel

dec/fl
(Calculated: mrad)

field-of-view

Effective-instantaneocus-

One-half of the reciproca! of the
object-space spatial frequency at
which the MTF is 0.5

Measured or calculated
(mrad)

Ground sampled
distance

Projection of detector pitch onto
the ground

decR/A
(calculated: inches)

Nyquist frequency

One-half of the angle subtended
by detector pitch

dec/2f1
(calculated: mrad)

If resolution is defined by the DAS, then a vanishingly small detector is
desired. Simultaneously, the f-number must approach zero so the system is not
optics-limited (see Figure 10-15, page 287). Although any detector size, optical
aperture, and focal length can be chosen to select the resolution limit, the same
parameters affect the sensitivity (see Equation 10-27, page 288). With practical
optical systems, the minimum f-number is about 1.0 with a theoretical limit of
0.5. Resolution and sensitivity factors are coupled into a single figure of merit:
the minimum resolvable contrast (discussed in Chapter 12, Minimum Resolvable
Contrast).

The instantaneous-field-of-view (IFOV) is the linear angle from which a
single detector element senses radiation. It is a summary measure that includes
both the optical and detector responses. The IFOV is typically a measured
quantity. Here, a point source transverses the detector element and the detector
output is graphed as a function of angle. The [FOV is the full-width, one-half
maximum amplitude of the resultant signal. For detector-limited systems (large
d/FN), the IFOV is approximately equal to the DAS. Equivalently, if the optical
blur diameter is small compared to the DAS, then they are approximately equal.
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The detector horizontal cutoff is u,, = fl/d,; = 1/DAS in object space. With
detector arrays, signal fidelity is limited to the Nyquist frequency. Here, the
effective-instantaneous-field-of-view (EIFOV) offers an alternate measure of
resolution (Figure 11-1). The value uggy is the spatial frequency at which the
MTF is 0.5. Calling 1/DAS the cutoff provides a misleading representation.
Recall that the detector can respond to frequencies above 1/DAS (see Figure 8-
9, page 241).

0.8 Nyquist
frequency
w 0.6 .
e T T L '
= 04 : '
0.2 .
0 + + + = + +
0 0.1 0.2 0.3 0.4 0.5

Ugrov
NORMALIZED SPATIAL FREQUENCY

Figure 11-1. Definition of effective-instantaneous-field-of-view for an
undersampled system. The spatial frequency has been normalized to the
Nyquist frequency, fy. EIFOV = 1/(2 ugggy)-

11.4. ELECTRICAL RESOLUTION METRIC

For high data rate systems such as line-scanners, the electronic bandwidth
may limit system response. For electronic circuits, resolution is implied by its
bandwidth. The minimum pulse width is approximately

1
© miNntquM SBW ' (11-3)

where Tynmvum 1S measured in seconds and BW is measured in Hertz. The 3-dB
point (half-power frequency) is often called the bandwidth. With this minimum
value the output signal looks like the input. Other expressions (€.8., Tynmum =
1/BW) simply imply there is a measurable output without any inference about
signal fidelity.
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11.5. MTF-BASED RESOLUTION

Usually systems are designed to have high MTF, and Figure 10-14 (page
286) illustrated the MTF at Nyquist frequency. However, the value of Nyquist
frequency is a measure of resolution; 100% fill factor staring arrays have the
highest Nyquist frequency.

11.5.1. LIMITING RESOLUTION

Other measures also exist such as the limiting resolution. This is the spatial
frequency at which the MTF is, say, 5%. Figure 11-2 illustrates two systems
that have the same limiting resolution. Which system is selected depends on the
specific application. System A is better at high spatial frequencies, and system
B is better at low spatial frequencies. Equivalently, if the scene contains mostly
low frequencies (large objects), then system B should be used. If edge detection
is important (high spatial frequencies), then system A should be considered. This
clearly indicates the difficulty encountered when using resolution exclusively as
a measure of system performance.

Spatial Frequency

Figure 11-2. The MTFs of two different imaging systems with the same
limiting resolution, upgg.
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11.5.2. MTF/TM RESOLUTION

Early resolution measures were based on wet-film camera characteristics.
The intersection of the system MTF and film threshold modulation (TM)
provided a measure of camera system performance (Figure 11-3), TM is the
minimum modulation required at a given spatial frequency to discern a
difference. The value uggg is the limiting spatial frequency or intersection
frequency.

RELATIVE RESPONSE

SPATIAL FREQUENCY

Figure 11-3. The spatial frequency of the intersection of the film
threshold modulation and MTFgygrey is @ measure of resolution.

Conceptually, for spatial frequencies above uggg, the film requires more
modulation than that provided by the system. Below uggs the film can easily
discern the scene modulation. Because many measures were in support of aerial
imagery, the intersection was also called the aerial image modulation (AIM).
With the advent of electronic imaging systems, the film TM was replaced with
the HVS’s threshold modulation (discussed in Section 11.7., MTFA).

11.5.3. SHADE’S EQUIVALENT RESOLUTION

Shade® equated apparent image sharpness of a television picture to an
equivalent pass band:

N, - [[MTF(OH} df . (11-4)

O%E
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As reported by Lloyd," Sendall modified Shade’s equivalent resolution such
that

1 ]
2N > ' (11-5)
2 [ [MTF;ys(u) | du

0

The value Rg, cannot be directly measured and is a mathematical construct that
expresses overall performance. As Rg, decreases, the resolution "improves"
(smaller is better). As an approximation, the system resolution, Rgqsys, may be
estimated from the component equivalent resolutions, R;, by

2 2 2 11-6
Rogosis = (R + Ry +...+ R . (11-6)

Shade’s approach using the square of the MTF emphasized those spatial
frequencies at which the MTF is relatively high. It appears to be a good measure
for classical systems in which the MTF is decreasing (such as a Gaussian
distribution). The equivalent resolution approach assumes that the system is
completely analog and it ignores sampling effects. Therefore, Rg, becomes a
resel. It probably should not be used (nor should any other image quality metric)
to compare systems with significantly different MTFs. Nor should it be used
with systems that can create significant aliasing.

As a summary metric, Rgogys provides a better indication of system
performance than just a single metric such as the DAS. Rgqsys probably should
be used in Equation 11-1 (page 319) to obtain a more realistic measure of range
performance. The value Rg, cannot be evaluated in closed form for all
subsystems such as boost, defocused optics, or Chebyshev filters. For these
subsystems, Equation 11-6 must be evaluated numerically. If a subsystem MTF
is essentially unity over the spatial frequency region of interest, then that
subsystem Rg, can be ignored (e.g., Rgq = 0). Table 11-6 provides the
equivalent resolution for several common MTFs.
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Table 11-6
ONE-DIMENSIONAL EQUIVALENT RESOLUTIONS
SUBSYSTEM MTEF Rgq
E{COS-I(J—“_]—_“L 1-(-"—‘]2] 1.845\F
Optics T Bie ) By bie
Rectangular sinc(d ) d
detector
1 1 whenN -1
S e3d8
f 2N
N"-order 1+[ e ] 1
low-pass filter Fesan 2 when N =
CRT-b&SCd e -21:z “‘;POT": 2\/15_0- sPoT
display

If the electronics provides adequate bandwidth, it is instructive to see the
relationship between the Airy disk diameter and the detector size. Using the
same parameters as Figure 10-14 (page 286), x = d/(F\), for a system with
resolution limited by the optics/detector combination,

J (1.845)2 o1 (11-7)

R _ -
EQ-SYS x
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The equation is graphed in Figure 11-4. As x increases, Rgqosys approaches d.
For small values of x, the system becomes optics-limited and the equivalent
resolution increases. When x = 2.44, Rgqsys == 1.25d and when x = 4, Rgq.gys
= 1.10d. Matching the Airy disk to the detector size creates an equivalent
resolution 25% larger than the actual detector size.

optics detector

27 limited limited
=3
JkE d
< 2
P R R
5(3
aa
o

0 + $ +

0 1 2 3 4 5

Figure 11-4. Equivalent resolution normalized to d as a function of
d/FA. The vertical line indicates where the Airy disk diameter is equal
to the detector size. The best resolution occurs when d/FA approaches
infinity. Here the optics MTF approaches unity.

11.6. SYSTEM RESOLUTION EXAMPLES

Example 11-1
PIXELS and DATELS

An imaging system consists of 512 X 512 detector elements. Assume that the
fill factor is 100% and the camera’s analog output is digitized at either 1024
samples/line or 2048 samples/line. What is the resolution?

The external analog-to-digital converter creates either two or four datels for
each pixel. In both cases, the pixel size remains the same. Increasing the
sampling rate does not change the system’s resolution but improves the
repeatability of all measurements by reducing phasing effects that might occur
in the analog-to-digital converter. Any image processing algorithm that operates
on this higher number must consider the sensor resolution.
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Cameras with a standard video output may not have the resolution suggested
by the video standard. For example, a camera containing an array of 320 x 240
pixels may have its output formatted into EIA 170 timing. The signal may be
digitized by a frame grabber that creates 640 x 480 datels. The image size is
still 320 x 240 pixels.

Example 11-2
DISELS and PIXELS

A staring array consists of 512 X 512 detectors. Using 4 X electronic zoom
it is presented on a digital monitor that displays 1024 x 1024 disels. What is the
system resolution?

Each pixel is mapped onto four datels that are then mapped one-to-one onto
disels. Here, the imaging system determines the system resolution, not the
number of datels or disels. High quality monitors only ensure that the image
quality is not degraded. Electronic zoom cannot increase resolution. But
decimation or minifying may reduce resolution. Because image processing is
performed on datels, the image analyst must be made aware of the system
resolution.

Example 11-3
SYSTEM EQUIVALENT RESOLUTION

A CCD camera has an analog output digitized by a frame grabber. What is
the apparent system resolution for image processing and what is the resolution
displayed on a CRT-based monitor?

This CCD camera contains 480 horizontal detectors. Each detector is 15 um
on 15 um centers (100% fill factor). The optical aperture is 1 inch and the focal
length is 5.6 inches (F = 5.6). The analog electronics is wideband and it does
not significantly affect the resolution. Camera output is in the standard EIA 170
format with a bandwidth of 4.2 MHz and ty;pgo.ong = 52.45 ps. The frame
grabber provides 640 horizontal samples and a standard consumer CRT-based
monitor is used.
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Assuming A,z = 0.5 um, Rg, for the optics is 1.845\,g/D, = 0.0363 mrad.
The DAS is d/fl or 0.105 mrad. Here, d/(FX\) = aD/A\ = 5.33. That is, the
optical/detector subsystem is detector-limited. The HFOV is

Nydy  480(15x10 *m)

HFOV = = 50.6 mrad . (11'8)

(5.6in) (25.4 x103 2 )
in
With an active line time of 52.45 us, the video bandwidth in object space is

t. -6
F g = 20 gy S2A5x10 4 5 106 - 435 2 (11-9)
HFoV 50.6 x 107 mrad

Assuming a sharp cutoff, Ry, = 1/2f;53 = 0.115 mrad. The system equivalent
resolution is

R - /0.03632 +0.1052 + 0.115> =~ 0.160 mrad . (11-10)

EQ-SYS

Here, the EIA 170 bandwidth significantly affects the resolution. Neglecting
phasing effects, each frame grabber datel represents approximately
(0.159)(480)/640 = 0.119 mrad. These are overlapping resolution elements
where the center-to-center spacing is (0.105)(480)/640 = 0.0787 mrad.

The CRT equivalent resolution is

d
Rgo = 2/m 0, - 2/n (ﬁfg—}l] - 0227 mrad . (1-1D

The display significantly degrades the resolution. But this is necessary to
suppress the raster and sampling artifacts. Each disel represents overlapping
resolution elements with apparent size

REQ—SYS

- 1/0.159% + 0.227* - 0.277 mrad . (11-12)

Numerical integration of Equation 11-5 provides Rpogsys = 0.263. For this
example, Equations 11-5 and 11-6 provided similar results.
&0
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11.7. MTFA

The area bounded by the system MTF and the HVS’s modulation threshold
(M)) is called the modulation transfer function area (MTFA) (Figure 11-5a). As
the MTFA increases, the perceived image quality appears to increase. The
spatial frequency at which the MTF and M, intersect is a measure of the overall
resolution. However, the resolution is not unigue because M, depends on the
display viewing distance. The HVS’s inhibitory response (see Figure 10-31,
page 309) is omitted from the MTFA approach. Mathematically,

5o
MTFA - [[MTF(f) - M(f)]df . (11-13)
0

where f, is the limiting spatial frequency or intersection frequency. The value
M, is also called the aerial image modulation and demand modulation function.
It is the minimum modulation required at a given spatial frequency to discern
a difference.

According to Snyder,”” the MTFA appears to correspond well with
performance in military detection tasks where the targets are embedded in noise.
The noise elevates the HVS’s modulation threshold so that the MTFA decreases
with increasing noise (Figure 11-5b).

For low noise, general imagery, the HVS’s contrast sensitivity has little
effect on the MTFA. The integrand in Equation 11-13 can be replaced with just
the system MTF. Here, the high spatial frequencies are weighted too heavily
compared to the low spatial frequencies and Shade’s approach appears better.

From an analyst’s viewpoint, the convolution theorem states that MTFs
should be multiplied. The contrast sensitivity is proportional to the HVS MTF.
Therefore, the system MTF should be multiplied by the contrast sensitivity or
divided by the inverse (modulation threshold). However, the intersection
frequency can be used as a measure of limiting resolution of the system. It can
be used, for example, to calculate the GRD.
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Figure 11-5. MTFA. The area between system MTF and M, up to the
intersection is a measure of image quality. The spatial frequency at the
intersection is a measure of limiting resolution. The area and limiting
resolution depend on the noise level within the imagery. (a) Low noise
and (b) elevated noise.

11.8. SUBJECTIVE QUALITY FACTOR

According to Granger and Cupery,? the spatial frequency range important to
image quality is in the region from just below the peak to three times the peak
sensitivity of the eye. The Campbell-Robson high luminance data, and the HVS
models of Nill, Schultz, and deJong and Bakker support Granger and Cupery’s
approach whereas the Kornfeld-Lawson HVS model does not (see Section 10.8.,
Human Visual Response, page 306). Recall that the Kornfeld-Lawson model is
considered only applicable for spatial frequencies greater than fip,.
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In logarithmic units, the normalized subjective quality factor (SQF) is:

log(12)

SQF - K [ MTFy(f,,) dllog(f,)1 . (11-14)
log(3)

where K is a normalization constant. In the SQF approach, only those
frequencies that are very important to the eye are included. The spatial
frequency presented to the eye depends on the image size on the display, the
distance to the display, and electronic zoom. Table 11-7 provides Granger and
Cupery’s interpretation of the SQF. These results are based on many observers
viewing noiseless photographs with known MTF degradation.

The SQF is an adequate image quality metric for low noise imagery when
the illumination is fixed at a moderate level. As with the MTFA and Shade’s
equivalent pass band, the SQF is intended for general imagery only. It cannot
be used for specific applications such as the legibility of alphanumeric
characters.

Table 11-7

SUBJECTIVE QUALITY FACTOR
SQF SUBJECTIVE IMAGE QUALITY
0.92 Excellent
0.80 Good
0.75 Acceptable
0.50 Unsatisfactory
0.25 Unusable
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11.9. SQUARE-ROOT INTEGRAL

Barten*” introduced the square-root integral (SQRI) as a measure of image
quality. The SQRI is

S
1

_ L Yoe  (11-15)
SQRI o) fmfh JMTF(7,) CSFo(f,) o

The multiplication overcomes the theoretical objection raised with the MTFA
where the CSF was subtracted from the MTF. MTFgy includes all the
subsystem MTFs up to and including the display. Barten modeled the contrast
sensitivity function as

CSF(f,,) - % - af, e |1+ce (11-16)

where
\-0.2
540 (1 .97 J
a - AVE
12 g (11-17a)
1+ —2-
w(l + f—'y’]
3
0.15
b - 0.3(1 LY ) , (11-17b)
AVE
and
c - 006, (11-17¢)
where f,,. has units of cycles/degree, L,yg is the average luminance in candelas

per square meter, and w is the angular display size as seen by the observer. The
factor 1/In(2) allows SQRI to be expressed in just-noticeable-difference (JND)
units. Both average luminance level and display size affect the CSF. This CSF
is a good approximation over five orders of magnitude of luminance levels and
for angular display sizes ranging from 0.5° to 60°,
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This model includes the effects of various display parameters such as
viewing ratio, luminance, resolution, contrast, addressability, and noise. Display
viewing ratio and average luminance are incorporated in the HVS’s CSF (via w
and L,y in the CSF equation). Display resolution (display MTF) is included in
MTFgys.

Contrast loss due to reflected ambient lighting effectively reduces the display
MTEF. If AL is the additional luminance due to reflected ambient. light, then the
modulation depth is reduced by the factor:

AVE
oL _ (11-18)
N pispLay LA + AL

This factor is the same for all spatial frequencies of interest and the perceived
effect on image quality is incorporated into the SQRI by multiplying MTFys by

N/ NDISPLAY-

The display parameters dictate the limits of integration. The value fyy is that
spatial frequency that provides one-half cycle across the display and fy;,x is the
maximum spatial frequency of the display and this is related to display
addressability (see Section 7.6., Addressability, page 222). For example, if the
number of active lines is N, cryg, then

) (Kell factor) N ,cre D (11-19)
IAX 2 FoV *

The small angle approximation was used to calculate field-of-view, Dgqy,
subtended by the observer. It is the display height, Hyonmor, divided by the
viewing distance, D.

Noise increases the contrast sensitivity function. Because the SQRI must
decrease with noise, Barten added noise as an additional factor to the HVS
MTE:

MTFf-naige(f‘gye) = WTF:}TUCM) + (km"“Mn)Z ) (1 1_20)
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The value M, can be calculated from the noise power spectral density presented
to the eye.’ Barten predicted the quality of imagery when both static (pattern
noise) and dynamic (temporally varying) noise are present. He considered both
one-dimensional and two-dimensional noise sources. His approach encompasses
actual sensor operation where different noise components may exist in the
horizontal and vertical directions. As such, he considered some of the three-
dimensional noise components used for military applications (discussed in
Section 12.2., Three-Dimensional Noise Model).
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12
MINIMUM RESOLVABLE CONTRAST

Most image quality metrics were developed for high contrast imagery. Here,
image quality is closely linked with the MTF. High MTF cameras provide better
image quality and therefore provide better resolution under optimum conditions.
While most resolution metrics are applicable to high contrast targets, the relative
rating of systems may change for low contrast scenes. A high MTF system with
excessive noise will not permit detection of low contrast targets.

The military is interested in detecting and recognizing targets at the greatest
possible range. This is achieved by increasing the system gain until noise is
apparent and the imagery is "snowy." Because the distinction between target and
background is measured by contrast, the signal threshold is expressed as the
minimum resolvable contrast (MRC). MRC applies to monochrome systems
only. It is a measure of an observer’s ability to detect a 3-bar target embedded
in noise. The Johnson criterion relates real targets to equivalent bar chart
targets. Thus, the link between real targets and the MRC is the spatial frequency
of the equivalent 3-bar target.

By providing an angular resolution, it is simple to determine the range: R =
(target size)/(resolution). Therefore, for MRC calculations, object-space spatial
frequency is used. The MTFs provided in Chapter 10 were specified in the
image-space spatial frequency domain. The conversion is uy, = flu, and v, = fl
v;, where fl is the effective optical focal length.

In the 1950s, Shade' modeled the resolution of photographic film and TV
sensors as a function of light level. His approach is the framework of all models
used today. In the 1970s, Rosell and Willsor? applied Shade’s results to thermal
imaging systems and low light level televisions. Since then, most modeling
efforts have concentrated on infrared imaging systems. However, the same
modeling equations apply to all imaging systems. Different forms exist to
accommodate the terminology associated with different technologies (scanning
versus staring, visible versus thermal imaging systems, etc.).

MRC was originally developed for vidicons and low light level televisions.
The approach taken here extends the thermal imaging system performance model

(popularly called FLIR92) methodology? to visible systems. FLIR92 calculates
the minimum resolvable temperature (MRT) where the target-background

338
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radiance difference is characterized by a differential temperature. FLIR92
methodology and the three-dimensional noise model* are reformatted for solid
state cameras. The 3-D noise model was developed to describe the various noise
sources present in thermal imaging systems. These same noises exist in lesser
amounts within solid state cameras.

The MRC approach uses terminology that characterizes human perceptual
capability. The observer does not see the same contrast at the display as that
presented by the target to the camera. Both the displayed contrast and brightness
can be adjusted on the display so the observed contrast may be significantly
different from what is present at the entrance aperture of the imaging system.
Observer threshold is expressed as the perceived signal-to-noise ratio rather than
the perceived contrast.

Within the real world, there is a probability associated with every parameter.
The target contrast is not one number but a range of values that follow a diurnal
cycle. The atmospheric transmittance is not fixed but can change in minutes.
There appear to be an overwhelming set of combinations and permutations.
Therefore, only a few representative target contrasts and a few representative
atmospheric conditions are selected and the performance range is calculated for
these conditions.

The Nyquist frequency limits the highest frequency that can be reproduced.
The specific manner that the Nyquist frequency is included in the model greatly
affects range performance. This is a result of the assumptions used and is not
necessarily representative of actual system performance. While no model is
perfect, models are still excellent for comparative analyses.

The symbols used in this book are summarized in the Symbol List (page
xviii) which appears after the Table of Contents.

12.1. THE OBSERVER

The original Night Vision Laboratory static performance model® and FLIR92
use the Kornfeld-Lawson eye model (see Section 10.8., Human Visual Response,
page 306). These models were validated by the U.S. Army when detecting tank-
sized targets at modest ranges. Insufficient data exist to say with certainty which
of the eye models available is best. Because of this and other model
uncertainties, range predictions cannot be placed on an absolute scale. All
analyses, no matter which eye model is used, must be used only for comparative
performance purposes.
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12.1.1. PERCEIVED SIGNAL-TO-NOISE RATIO

The human visual system "filters" enhance the displayed SNR. The
perceived signal-to-noise ratio, referred back to the array output, is

MTFg An,, 1
(Psys) (eye spatial filter) (eye temporalfilter)

SNR, - k (12-1)

MTFgys includes the camera, electronics, display, and HVS MTFs (see Chapter
10, System MTF, page 267). All calculations are performed with object-space
units (e.g., cycles/mrad). The value An, is the difference in the number of
photoelectrons generated by the target and its immediate background. The value
k depends on the optical aperture diameter, focal length, detector spectral
quantum efficiency, etc.

This approach differs from the camera signal-to-noise ratio presented in
Section 6.1.2. (page 186). There, the target was considered very large so the
system MTF did not affect the signal strength. The rationale for using the MTF
here, is that observer metrics (i.e., MRC) are based on the visibility of high
frequency bar targets.

Although the HVS’s modulation threshold is reported as a J-shaped curve
(see Figure 10-30, page 307), the actual shape depends on the noise power
spectral density.5® If the noise is restricted to certain spatial frequencies, then
the detection of targets of comparable spatial frequencies becomes more
difficult. The observer’s ability to see a specific spatial frequency target depends
on the noise content in the neighborhood of that spatial frequency (Figure 12-1).
Low spatial frequency noise components will interfere with detecting low
frequency targets (large objects). Mid-spatial frequency noise increases the
modulation threshold curve at mid-frequencies and so on. These noise factors
are included in the MRC model via the three-dimensional noise model. As such,
they are not included in the HVS MTF.

For nearly all imaging systems, square waves (bar targets) are used for
system characterization. Using the CTFgy (See Section 9.5., Contrast Transfer
Function, page 263), the perceived signal-to-noise ratio is

CTT"_.‘.YSAnp¢

,  (12-2)
(ngys)(eye spatial filter)(eye temporal filter)

SNR, - k'

where k'’ is a constant that includes k and the conversion from MTF to CTF.
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Figure 12-1. Effects of spectral noise on the HVS’s modulation
threshold. The MRC should approximately follow the shape of the
modulation threshold curve.

Selecting a threshold value that is required to just perceive a target and
inverting Equation 12-2 provide a minimum detectable target to background
difference:

(n srs) (eyespatialfilter)(eye temporalfilter)

k' CTF gy

Anypmum = SNRpy

(12-3)

The system noise may consist of many components and the HVS may
integrate each component differently. The function §; is the "filter" that
interprets noise source (n,):

- SNR,, \/<n12> By +.t <n3,>[3m (12-4)

k' CTF

Anynmum

or

An

2
e, gL g a2

n
™ K/ CTF gy (n)

MINIMUM
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A test bar target is approximated by a square wave of infinite extent. If the
system is band-limited, then only the fundamental of the square wave has
sufficient amplitude to contribute to the response (valid for high frequencies).
The fundamental’s amplitude is 4/ times the square wave amplitude. The HVS
is sensitive to the average value of the first harmonic and the average value of
a half-cycle sine wave is 2/7. Therefore, the conversion from a square wave
(CTFsys) to a sinusoid (MTFsys) requires a factor of 8/7* when viewed by an
observer:

2
R L VI B2+ +@Bi- (12-6)

An -8
MINIMUM TH g" L MTFsrs\ <n12>

Following FLIR92 terminology,*{n,} is the shot noise. The other noise terms
represent all other noise sources. The three-dimensional noise model quantifies
each {n?2).

In Section 6.2.1., Camera SNR (page 186), a target SNR was calculated.
The background light level was assumed to be zero so that the photon shot noise
was associated with the target only. For target detection, the target exists on a
positive background. Both the target and the background regions provide photons
that the camera converts to photoelectrons. Let n, ; and n, , be the number of
photoelectrons associated with the target and background, respectively. There
is shot noise associated with both. The "average" shot noise variance is

<"12> - <n.s2'Hor> ~ "pe_T~2+—-——npe_B . (12-7)

A variety of definitions exist for contrast. The contrast, as defined in the
original MRC derivation, is the target luminance minus the background
luminance divided by the background luminance. Because both the target and
background are assumed to be illuminated by the same source (sun, moon, etc.),
the contrast depends on reflectances:

_|Lr-Lg| _ |Pr- sl _ (12-8)

’ Ly Pg
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Historically, the target was always considered darker than the background.
However, the target can be brighter than the background and there does not
appear to be any difference between the detectability of objects that are of
negative or positive contrast.

Substituting Equations 12-7 and 12-8 into Equation 12-6 and calling the
minimum detectable contrast the MRC, provides

2 2
MRC - SNRp, & —1 MRC +2 pl+.._+ﬂp . (12-9)
8 kMIF,\ 2n,, (o) "

Nsyo

Because MRC appears on both sides of the equation, it can be solved either
iteratively or as a quadratic equation. The MRC is a family of curves dependent
on the background level (Figure 12-2). MRC approaches a maximum value of
unity as the system MTF approaches zero. Thus, MRC is linked to MTF but the
resolution (i.e., the spatial frequency where the contrast approaches one)
depends on the background.

S /)

MRC

0.4 4
increasing
0.2¢ light level
0. " ‘ . .
0 0.2 0.4 0.6 0.8 1

RELATIVE SPATIAL FREQUENCY

Figure 12-2. MRC is a family of curves that depends on the background
light level.
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12.1.2. PERCEIVED RESOLUTION

Perceived resolution depends on the size of the target, ambient lighting, and
target-to-background contrast. These issues were not considered when discussing
display resolution because they are relatively constant.

For signals embedded in noise, the situation is different. The HVS is then
very sensitive to the signal-to-noise ratio. Slight variations affect target visibility.
As illustrated in Figure 12-3, the signal increases faster than the accompanying
photon shot noise. Given a threshold of perceptibility, as the SNR increases,
more detail can be seen because more signals rise above the threshold. Thus,
camera "resolution” depends on background light level. This "resolution" is
strictly due to the HVS’s response and is not related to hardware performance.
In contrast, hardware resolution is typically specified as that spatial frequency
where the hardware MTF is, say, 10% and is measured under relatively high
signal-to-noise ratio conditions.

increasing
signal

threshold

PERCEIVED SNR

[ =

0.2 04 06 0.8 1
NORMALIZED SPATIAL FREQUENCY

Figure 12-3. As the target signal increases, the SNR increases. For a
fixed threshold, increasing the signal appears to increase the resolution.

Figure 12-4 illustrates the perceived resolution as a function of light level.
The apparent resolution increases with light level. Because the SNR is
proportional to contrast, the "resolution” is also a function of contrast. High
contrast targets produce higher resolution. Again, this is strictly due to the
HVS’s response and is not related to hardware limitations.

4027



MRC 345

100 1

10 +

RELATIVE RESOLUTION
(1lp/mm)

1 -+ 4
1 10 100

RELATIVE INTENSITY

Figure 12-4. Perceived resolution as a function of light level.

12.1.3. THE HVS "FILTER"

The HVS system is probably the most difficult system to model. Although
many models exist, the two most often employed are the matched filter and the
synchronous integrator model. With the matched filter, the HVS acts like a
tuned circuit. Here, the perceived SNR is affected only by spatial frequencies
that are near the target’s spatial frequency. All other spatial frequencies are
ignored. This is not a filter in the usual sense because the signal and noise are
"filtered” by it. Rather, visual psychophysical data suggest that the HVS acts as
if it were a filter that can be described mathematically by a filter function. With
the synchronous integrator model, the HVS integrates over an angular region
defined by the target edges.

Scott and D’Agostino state® The most frequently encountered
methods...describe the eye/brain spatial integration using either a matched filter
or a synchronous integrator model ... they yield virtually identical ... predictions
... Any potential difference ... will be lost in the inherent error of the ....
measurements. For these reasons, and because ... a synchronous integrator is
somewhat simpler ...., FLIR92 has been written as a synchronous integrator
model. Russell and Willson® used the synchronous integrator model for television
systems and their approach is presented in this chapter.
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12.2. THREE-DIMENSIONAL NOISE MODEL

The three-dimensional noise model* provides the basic framework for
analyzing various noise sources. It was developed to describe the noise in
thermal imaging systems. However, the methodology also applies to solid state
cameras.

The noise is divided into a set of eight components that relate temporal and
spatial noise to a three-dimensional coordinate system (Figure 12-5). This
approach allows full characterization of all noise sources including random
noise, pattern noise, streaks, rain, 1/f noise, and any other artifact. Analyzing
the noise in this manner has the advantage of simplifying the understanding of
complex phenomena by breaking it down into a manageable set of components.
The method simplifies the incorporation of complex noise factors into model
formulations.

T
N
H ”’ ~
y ’
’ ’
2
1
v
’
m P
’
e
n

Figure 12-5. Three-dimensional noise model coordinate system
illustrating data set Nyyy.

The T-dimension is the temporal dimension representing the video framing
sequence. The other two dimensions (horizontal and vertical) provide spatial
information. For a staring array, n and m indicate detector element locations in
the horizontal and vertical directions, respectively.

Table 12-1 describes the three-dimensional noise components. The subscripts
describe the noise "direction." The value oryy represents the rms noise of the
three-dimensional data set m X n XN, The value oyy is the rms noise after
averaging in the T-direction. Its data set contains m X n elements. And so on.
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Table 12-1
THREE-DIMENSIONAL NOISE DESCRIPTORS
3-D NOISE
COMPONENT DESCRIPTION
OTvH Random 3-D noise
- Spatial noise that does not change from frame-to-
Ve frame
- Variations in column averages that change from
™ frame-to-frame (rain)
- Variations in row averages that change from
™ frame-to-frame (streaking)
- Variations in row averages that are fixed in time
v (horizontal lines or bands)
- Variations in column averages that are fixed in
H time (vertical lines)
O Frame-to-frame intensity variations (flicker)

Depending on the system design and operation, any one of these noise
components can dominate. The origins of these components are significantly
different and the existence and manifestation depend on the specific design of the
imaging system. Not all of the noise components may be present in every

imaging system.

Assuming the noise components are independent, the total system noise is

2 (12-10)

2 2 2 2 3 7
Osys VOt Oqu+Opt+ Oyt Oyt Op+ 0y
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Independence was a fundamental assumption during the development of the
three-dimensional noise model. For nearly all systems, o; is considered
negligible compared to o1y, and therefore is omitted from the data set. The
value oryy consists of the shot noise and the noise floor. Pattern noise is
incorporated though oyy, oy, and gy. Currently, only oy, is predicted and the
remaining noise components must be determined from measurements or
estimates. Figures 12-6 through 12-8, generated by the System Image Analyzer,'
illustrate the effect of these noise sources. Figure 12-6 is the basic image. In
Figure 12-7, FPN, PRNU, and random noise appear similar in a single frame.
Random noise changes from frame-to-frame whereas pattern noise does not.
Figure 12-8 illustrates how o, or oy affect the visibility of horizontal bars.
Scanning systems often exhibit this type of noise. Pixels will always have
different responsivities. When the row-average responsivities are different in
TDI sensors, banding occurs.!

Figure 12-6. Ideal image with agys = 0. Generated by System Image
Analyzer software,"
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Figure 12-8. Image with dominant horizontal banding (high oy or o).
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While the three-dimensional noise model was created to describe noise
sources in thermal imaging systems, many of the same noises exist in all
imaging systems. The FLIR92 default values should apply to all imaging
systems built to similar designs.

With all systems, the most prevalent noise source is assumed to be temporal
noise (oryy). For staring arrays, the next most important noise source is oyy.
Table 12-2 lists the FLIR92 recommended® values for PtSi staring arrays
operating in the 3 to 5 um range. Other systems using different detectors may
perform differently. These values were obtained empirically.

For scanning systems, temporal row noise (o7y) and fixed row noise (oy) are
the important contributors. Table 12-3 lists the FLIR92 default values
appropriate for scanning systems with HgCdTe detectors operating in the 8 to
12 um region. These values apply to all linear arrays (vertically oriented) with
horizontal scanning.

Table 12-2
DEFAULT VALUES for STARING SYSTEMS
RELATIVE NOISE | DEFAULT VALUE
oyu/ OTvH 0.40
Ov/O1yn 0
oy/ Oty 0
Ot/ Orvn 0
Oyl Oryn 0
Table 12-3
DEFAULT VALUES for SCANNING SYSTEMS
RELATIVE NOISE | DEFAULT VALUES
Oyu/ vy 0
orv/o1yn 0.25
oy/Opyy 0.25
Ou/ Iy 0
On/Oryy 0
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12.3. THE MRC MODEL

The MRC is a measure of an observer’s ability to detect a signal embedded
in noise. The MRC model is a so-called static model in that the target is
stationary and no search is required (or at least the observer knows where to
look). The observer has an unlimited amount of time for target discrimination.
As with most models, the system is assumed to be linear-shift-invariant.

This section applies the FLIR92 methodology to solid state camera
performance. The fundamental difference between the MRC and MRT is the
method by which the target is characterized. In the infrared spectral region, the
target-to- background differential signal is specified by a temperature difference.
In the visible spectral region, the differential signal is specified by the contrast.
The MRT derivation can be found in the literature 3124

Following FLIR92 methodology, the horizontal and vertical MRCs are

2 1 MRC + 2
MRC - SNR,, — K (12-11)
lttos) ™8 kMIFfu)\ 2n, , 1 (top)

and

2 1 lAlRC-+2
MRC - SNR,, =~ K . (12-12)
AVos) Hg MTFV V.p) 2 n. v Vap)

The functions Ky(u,) and K,(v,,) are summary noise factors that combine the
three-dimensional noise model components with the HVS’s spatial and temporal
integration capabilities. The variable MTFy(u,) is the product of all the
horizontal MTFs and MTF,(v,,) is the product of all the vertical MTFs (see
Chapter 10, System MTF, page 267). In the original development of the MRC
model, only the HVS spatial and temporal integration factors were considered.
Later models included the HVS MTF.
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The summary noise factors are

2 2 2 1
o a o
Ky u,,)=|ErEyEy+ QVH EVEH*'_'z_m_ETEH*' 2H Ey Paz
G rve O v O ve
and
o2 o o %
VH v v
Kfvop) =|ErEEy+ ——EEy+ ——EEy+——Ey| . (12-14)
9 ve O rvh O ve

For staring systems, the default (see Table 12-2) MRCs become

MRC (u,,) -

_Tf SNRry MRC +2 EE, Er+i (12-15)
8 kMTF (u,)\ 2n, 5 10

and

2 SNR )
MRC,(v,,) - BT | IR ’-.|EVE,,(E,+.4_)_ (12-16)
(Vo) 2np'_ 2 10

For scanning systems (applies to linear arrays) the default (see Table 12-3)
MRCs are

2 SNR MRC +2
MRCy(u,) - = L JE.E,E, (12-17)
wha) = g kMTF,,(uo,,)\[ 2n,, VTVF

and

2 SNR +
MRCv,)~ - ™ __ | MRC+2 J EV(E 7EH+1ET+1) . (12-18)
8 kMTIFv,,) 2"p¢-3 4 4
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The values Er, Ey, and E, respectively, represent the temporal, horizontal
spatial and vertical spatial integration afforded by the HVS interpreter. The
model assumes that the HVS temporally integrates perfectly and continuously
over the HVS integration time. The noise is considered uncorrelated from frame-
to-frame so that it adds in quadrature. When the information update rate, F, is
high enough, and if there is signal correlation between adjacent frames:

(12-19)

A 5:1 aspect ratio 3-bar target (Togpecr = 5) is used to measure the MRC,
whereas a 7:1 aspect ratio 4-bar target is typically used for MRT measurements.
The bars are oriented vertically for horizontal measurements and horizontally for
vertical measurements. Thus, the equations used depend on the bar orientation.
A vertical and horizontal MRC exists for each bar orientation. Table 12-4 lists
the nomenclature. Before the two-dimensional MRC approach, only E;, was
used for horizontal MRC measurements. Similarly, only E,, was used for
vertical MRC measurements. The additional components, E, ,; and E,, , are used
in the two-dimensional MRC (discussed in Section 12.5., Two-dimensional
MRC).

Table 12-4
MRC EQUATION NOMENCLATURE
MODEL
MEASUREMENT | BAR ORIENTATION NOMENCLATURE

Horizontal MRC: E, 4

Horizontal MRC Vertical Vertical MRC: E,

Horizontal MRC: E,

Vertical MRC Horizontal Vertical MRC: Ey.y

The noise filters and noise power spectrum were described in Section 6.2.1.,
Camera SNR (page 186). The noise spectrum is modified by the electronic filters
that occur after the insertion of noise. Because noise is assumed to originate in
the detector, MTF gprics, MTFyomions atd MTFEreeror are not part of the noise
filters. As appropriate, the remaining MTFs provided in Chapter 10, System
MTF (page 267), are components of the noise filters. For equation brevity, the
horizontal and vertical noise filters are listed as Hyp,u(u,,) and Hypv(v),
respectively. As appropriate, f,, f,, and u, are expressed in equivalent object-
space units (u,,). Because electrical signals are typically read out in a serial data
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stream (consistent with video standard timing), the noise appears in the
horizontal direction only. The variable v, is the transposed variable v, and also
the vertical digital filter response if present.

For horizontal MRC, the bars are oriented vertically and the bar aspect

ratio, Tagpecr, appears in the vertical summary noise factors. For a bar target
with fundamental spatial frequency u,, the summary noise factors are

decy 1 : u
Ey 4u,) = _“;I%IS(”O;,NHNF_H(“OIJ)'Z sincz[z—;”] du, (12-20)
0

and

decy | 2 . 2| TasprcTVos (12-21)
EV—H(uo) = T{lHNF—V(vob)l sinc ——2-u— dvab .

o

For the vertical MRC, the bar aspect ratio is in the horizontal summary
noise factor:

decy | T
Eyoft,) = 258 [ S0,y ) Hyp 1, )P sinc? _ié'!EC_T"_”J au, (12:22)
fl 0 2ua
and
d ® v
E, Ju,) = .(;lwf|H,\,F_V(vo,,)|2 sinc? 2—””] dv,, . (12-23)
0 uo

In the early literature, only the horizontal MRC was calculated and only
random temporal noise was modeled. With no other noise sources,

2 SNR MRC +2
MRC (u,,) =~ ™ __ . JE,E E., (12:24)
#ta) g kMTF )\ 2nm,., ¥ 27

where E;, E,, and E, are given by Equations 12-19, 12-20, and 12-21,
respectively.
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If MTFs are near unity and the noise is white [S(u,,) = 1] over the spatial
frequencies of interest, then

d u
Ey = Ey.f,) =~ (12-25)
ASPECT
and
d
E, - E, j(u) ~ ;;“’ u, . (12-26)
Then

Mrc)-= SV TMRC=2 [ [ decndeer,2  (1227)
8 kMTF)\ 2n, 5 N Fet,\ T, pcr

The original SNR formulation'® contained an (a/A)'” factor where "a” is the
target area at the image plane and "A" is the effective area of the photosensitive
device. The MRC is the inverse of the SNR and therefore should contain
(A/a)'”. This is identical to the last square-root term in Equation 12-27. "A" is
the photosensitive area that contributes to noise. With vidicons, the "A"
represented the entire image surface. With solid state arrays, it is the effective
pixel size, dccpdeev/f12. The target size is (1/u X (Taspecr/U,). Equation 12-27
reduces to the basic MRC equation used by most researchers'”'® prior to the
introduction of the three-dimensional noise model.

12.4. SNRy and t,

The FLIR92 documentation'® states: SNRy;; and the eye integration time, t,,
are most often the model parameters used to "tune” an MRTD prediction to a
set of measurements. These values are treated as constants that are adjusted so
that the predicted values match laboratory data.

The 1975 NVL model documentation® states: ... unfortunately, universal
values for these constants do not exist. The values recommended at this time are

SNRy, = 2.25 and t, = 0.2.

FLIR92 documentation continues'® The luminances associated with about a
0.1 second eye integration time agrees well with the display experiments
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conducted in 1988 ... (darkened room and optimal viewing) ... In higher
ambient light levels conditions, such as may be encountered with fielded systems,
greater display luminances can be expected and thus a faster eye integration
time may be appropriate... NVESD recommends setting SNRy, equal to 2.5 ...
Though psychophysical data show that SNR, is a function of target frequency,
a value of 2.5 represents a reasonable average

The value t, is somewhat nebulous and its value depends on the specific task
at hand and ambient light level. FLIR92 recommends changing t, according to
the available light level (Figure 12-9).

4 N\
3
<
=
= 2
5
1
0 -t : 4
5 4 3 2 A 0 1 2 3

LOG BRIGHTNESS

Figure 12-9. HVS integration values as a function of light level. FLIR92
documentation recommends using t, = 0.1 s for laboratory MRT
predictions. The same technique can be appiied to MRC.

While many arguments exist for selecting the "correct” values, SNRyy, and
t, are simply constants. Both SNR,,; and t, have a range of acceptable values.
No matter what value is selected for t,, consistency throughout the model must
be maintained. The value t, is also used in the linear motion MTF (see Section
10.5.1., Linear Motion, page 292).

A word of clarification is necessary here. SNRyy is approximately the signal-
to-noise value that the HVS perceives the image to be at threshold. It includes,
in part, both temporal and spatial integration effects. It is not the signal-to-noise
ratio of the video signal nor the SNR of the luminance on the display.
Depending on the noise characteristics and the target characteristics, the HVS
can detect?' signals with video SNR as low as (0.05. Figure 12-10 provides an
example of the HVS spatial integration capability.
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(a) ®)

(©) (d)

Figure 12-10. Variations in the signal-to-noise ratio, (a) SNR =2, (b)
SNR =1, (c) SNR = 0.75, and (d) SNR = 0.5. The imagery was
computer generated with the SNRs lisied. The tonal transfer
characteristics of the laser printer (to create the hard copy) and halftone
(to print the image) may have affected the final SNR. The actual SNRs
in this printed copy have not been measured. These images should be
considered as representative of the ability to perceive low SNR imagery.
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The ability to perceive targets embedded in noise depends on the target
spatial extent with respect to the noise spatial frequencies. Large bars are easier
to perceive compared to small targets that "disappear” into the noise. Figure 12-
10 only illustrates the HVS’s spatial integration capabilities. With live video, the
random noise is changing from frame to frame and the HVS’s temporal
integration provides an additional enhancement of Fyt,. For EIA 170 timing, this
is about a factor of three to six.

12.5. TWO-DIMENSIONAL MRC

Although FLIR92 is called two-dimensional, it is a two-directional model.
That is, the threshold is predicted along two orthogonal axes, taken as the
vertical and horizontal directions. With unequal MTFs, the predicted MRC will
be different in the two directions. The two directional values are brought
together with a two-dimensional spatial frequency that approximates the response
of an equivalent radially symmetric system.

As with the MRTs, the two-dimensional MRC is created by taking the
geometric average of the horizontal and vertical MRC frequencies at each
contrast value (Figure 12-11):

(12-28)

In this manner, the two-dimensional MRC is forced to approach asymptotically
the mean values of the vertical and horizontal cutoff frequencies. The two-
dimensional MRC is a mathematical construct that is used for range performance
predictions. It cannot be measured because f,;, does not exist.

0.8 - vertical 2D horizontal
O 06
o
= 04
0.2 -
0
vy fpp U

RELATIVE FREQUENCY

Figure 12-11. The two-dimensional MRC is mathematically created from
the horizontal and vertical MRCs. It is really a two-directional MRC.
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12.6. RANGE PREDICTIONS

Performance modeling assumes that the target is a single spatial frequency.
This is an approximation because real targets consist of a complex superposition
of spatial frequencies. Targets are actually a continuum of spatial frequencies
from zero on up. The system MTF limits the target spatial frequencies that can
be displayed. This section provides an overview of the range prediction
methodology. A detailed discussion of system range performance is available.”

The Johnson criterion provides the link between the target angular subtense
and the spatial frequency scale on the MRC graph. The target’s inherent
contrast, C,, is modified by the atmospheric conditions (attenuation and path
radiance). When the target contrast is reduced to the MRC curve, the
performance range is obtained. Depending on the Johnson criterion selected, this
becomes the detection, recognition, or identification range.

12.6.1. CONTRAST TRANSMITTANCE

Intuitively, it seems that any phenomena that prevent us from visually
perceiving an object will affect all imagery the same way. During a hazy day,
light scattered into the HVS (path radiance) reduces the visual contrast. Here,
objects that are far away appear as a neutral white and we are unable to
distinguish any features. While the HVS acts in this manner, imaging systems
do not. Imaging systems simply respond to radiance differences.

However, real systems have automatic gain circuitry that may be activated
by the path radiance signal. If so, the effect is to reduce system gain. Path
radiance will partially fill the charge wells.

For most applications, the target and background are illuminated by the same
source (sun, moon, etc.). The apparent contrast, Cg, is the inherent contrast
modified by the atmosphere. Dropping the wavelength notation for equation
brevity,

c - AL_ e_o‘M[pT“PB]Lscsm: -c 1 (12:29)
(o] - R ] ? -
L gmoam P sLscene + Lapn 1+ ———L"—m—e"‘"‘k
P s Lscene

where Lgcgne is the ambient illumination that irradiates the target and
background.
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It is the sky, sun, or moon modified by the intervening atmospheric
transmittance. The value g, is the atmospheric scattering cross section and
exp(-o,rmR) is the atmospheric transmittance. The path radiance, L.y, is due
to light scattered into the line-of-sight and the total amount received is an
integral over the path length.? When only scattering is present (a reasonable
approximation for the visible spectral band), L,y = [1 -exp(-0,rmR)]Lsgy. The
value Ly depends on the viewing direction and the location of the sun. The
value pglsceng is the background luminance. For convenience, the Lggy/pglecene
is called the sky-to-ground ratio (SGR):

1

Cp-C .
© %14 SGRe™ R - 1)

(12-30)

The SGR is approximately 0.2/p for a clear day (Lggy/Lgceng = 0.2) and 1/pg
for an overcast day (Lgy/Lscene = 1). When the SGR is one, the received
contrast is simply the inherent contrast reduced by the atmospheric
transmittance:

Cp = Cpe ¥ (12-31)

Meteorological range is defined quantitatively by the Koschmieder formula®*:

R .1 ln(_l_), (12-32)

VIS
O 4 Cry

where C,y, is the modulation threshold at which 50% of the observers would see
the target. The use of the scattering cross section in this definition rather than
the extinction coefficient implies that absorption of particles at visual
wavelengths is small enough to ignore. This view is probably justified except in
cases of polluted air. Koschmieder set Cy to 0.02 and evaluated o,y at A =
0.555 pm.Then

3912

3012 p 12-33)

, - R (
Transmittance - T,p,, - € CauR mo

4043



MRC 361

Table 12-5 lists g,1y as a function of standard weather conditions. However,
oarm decreases with increasing wavelength. For visibilities less than 6 km, o,y
can be approximated by

(R
For much greater visibilities,
O ar®) ~ (225)(%)”“””. O a239)
Table 12-5
INTERNATIONAL VISIBILITY CODE
DESIGNATION | VISIBILITY | . OE%IT(:TIEE?ZW
Dense fog 0-50 m > 78.2km
Thick fog 50-200 m 19.6-78.2 km’!
Moderate fog 200 - 500 m 7.82-19.6km’
Light fog 500-1 km 3.92-7.82km?
Thin fog 1-2 km 1.96-3.92km’!
Haze 2-4 km 0.978-1.96 km!
Light haze 4-10 km 0.391-0.978 km’!
Clear 10-20 km 0.196-0.391 km'
Very clear 20-50 km 0.0782-0.196km™
Exceptionally clear > 50 km < 0.0782 km
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12.6.2. JOHNSON CRITERIA

The Johnson* methodology has become known as the equivalent bar pattern
approach. Observers viewed military targets through image intensifiers and were
asked to detect, decide the orientation, recognize, and identify the targets. Air
Force tri-bar charts with bars the same contrast as the scaled models were also
viewed and the maximum resolvable bar pattern frequency was determined. The
number of bars per critical object dimension was increased until the bars could
just be individually resolved. In this way, detectability was correlated with the
sensor’s threshold bar pattern resolution (Table 12-6). These results became the
foundation for the discrimination methodology used today. Critical dimension
refers to the target dimension that must be discerned for detection, recognition,
or identification. In the early literature, the minimum dimension was called the
critical dimension.

Table 12-6
JOHNSON’S RESULTS
(From Reference 25)

CYCLES ACROSS
DISCI}JIE/I&:: TION MEANING CRITICAL TARGET
DIMENSION
Detection An object is present 1.0 4 0.025
(object versus noise).
The object is approximately
symmetrical or unsymmetrical
Orientation and its orientation may be 1.4 +0.35
discerned (side view versus
front view).
The class to which the object
Recognition belongs (e.g., tank, truck, 4.0 + 0.80
man).
The object is discerned with
. . sufficient clarity to specify the
. .50
Identification type (e.g., T-52 tank, friendly 6411
jeep).

Although Johnson used 6.4 cycles across the critical target dimension for
identification, studies with thermal imaging systems at the Night Vision
Laboratory suggested that eight cycles were more appropriate for identification.
Orientation is a less popular discrimination level. Because today’s standards are
based on Johnson’s work, they are labeled as the Johnson criteria though they
are not the precise values recommended by him.
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The original Johnson methodology was validated using common module
thermal imaging systems. Those systems typically had a 2:1 difference in
horizontal to vertical resolution. The vertical resolution was limited by the
detector pitch Nyquist frequency. For validation purposes, military vehicles were
used and the critical dimension tended to be in the vertical direction although the
predictions were based on horizontal performance. Converting to a two-
dimension model requires removing the directional bias imposed by the one-
dimensional model. This is achieved by reducing all values by 25%, or
equivalently, multiplying”® all discrimination values by 0.75. This adjustment
then provides the same range performance predictions whether predicted by the
one-dimensional or two-dimensional model. Table 12-7 provides the commonly
used discrimination levels. By convention, each 50% probability is labeled as
Ny, (e.g., in one-dimension, Ny, is 1, 4, or 8 cycles for detection, recognition,
or identification, respectively).

Table 12-7
COMMON DISCRIMINATION LEVELS
TASK DESCRIPTION One-dimension Two-dimension
Ny Ny
The blob has a reasonable
Detection probability of being an object 1.0 0.75
being sought.
Classical Object discerned with sufficient
assica clarity that its specific class can be 4.0 3.0
recognition . .
differentiated.
Object discerned with sufficient
Identification clarity to specify the type within 8.0 6.0
the class.

12.6.3. TARGET TRANSFER PROBABILITY FUNCTION

The results of threshold experiments, such as Johnson’s, provide an
approximate measure of the 50% probability of discrimination level. Results of
several field tests?®® provided the cumulative probability of discrimination or
target transfer probability function (TTPF) (Table 12-8). The TTPF can be used
for all discrimination tasks by simply multiplying the 50% probability of
performing the task by the TTPF multiplier. For example, from Tables 12-7
and 12-8, the probability of 95% recognition is 2Ng, = 2(4) = 8 cycles across
the target’s critical dimension.
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Table 12-8
DISCRIMINATION CUMULATIVE PROBABILITY
PROBABILITY of
DISCRIMINATION MULTIPLIER
1.00 3.0
0.95 2.0
0.80 1.5
0.50 1.0
0.30 0.75
0.10 0.50
0.02 0.25
0 0
An empirical fit?’ to the data provides
P(N) = __A.GO__ , (12-36)
1+ |—
Ny,
where
E-27+07 (i) . (12:37)
50

Figure 12-12 illustrates the full TTPF for the three levels of discrimination
as identified by Johnson. Because of the variability in the population, some
people can only detect the target, others will recognize it, and still a smaller
portion will identify the target. This leads to the wide variations seen in field test
results.
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Target transfer probability function for detection,
recognition, and identification. (a) one-dimensional and (b) two-
dimensional. The curves overlap so that when only a small portion of the
population can identify the target, a larger portion will recognize the
target and an even larger portion will detect the target.

The MRC abscissa is converted into a range scale using a target
discrimination value. With the two-dimensional model, the critical dimension,
h,, is the square root of the target area, Aqapger. FOr rectangular targets, h, =
(HW)" where H and W are the target’s height and width, respectively.

The number of equivalent cycles across the target is

(12-38)
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Consider a target that is 2 X 8 m and six cycles are required across the critical
dimension. Then the conversion from spatial frequency to range is

v2-8 4 -
R - szp = ‘6‘}20 ’ (12-39)

where six cycles represent 95% probability of recognition for the two-
dimensional model. The intersection of the MRC curve and the target apparent
contrast, C, (using Equation 12-31, page 360), versus range curve is the range
at which the target can be discerned according to the discrimination level
selected (Figure 12-13).

1 TF
O 0.1 1
14
= 0.01 ¢
0.001 N . —
0 2 4 6 8
SPATIAL FREQUENCY (cy/mrad)
(a)
1, recognition MRC
range
01+ . apparent target
g contrast
= 0.01 1
0.001 + " + " 4 —
0 1 2 3 4 5 6
RANGE (km)
(b)

Figure 12-13. Graphical method to obtain the recognition range. (a)
Two-dimensional MRC and (b) conversion of spatial frequency into
range., The values Ny, =3, h,=4m, and Cyo= 0.5. The value C; is a
straight line when plotted in semi-logarithmic coordinates. The visibility
is 6.2 km. The two-dimensional 50% probability recognition range is
approximately 2.5 km.
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The target transfer prebability function is used to predict the probability of
range performance. Here, a range is selected and C,; is calculated. This value
intersects the MRC curve at what is called the critical frequency. Multiplying
the angular subtense by the critical frequency provides the number of cycles
across the target. Referring to the TTPF (see Figure 12-12), the probability is
determined for that particular range. Then a new range is selected and the
process is repeated until the entire probability function is determined (Figure 12-
14).

apparent target

ELIEA 17 contrast
CR - Cog RVIS
0.1 ﬁ
Q
o
=
0.01 ¢
# w | 0.001
f20
b - AW SPATIAL FREQUENCY
(4

Nt
RANGE NUMBER QF CYCLES

Figure 12-14. Methodology to determine range performance probability.
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12.6.5. SAMPLING EFFECTS

In Chapter 8, Sampling Theory, page 231, it was stated that the highest
frequency that could be faithfully reproduced is the Nyquist frequency. Solid
state cameras are undersampled systems and are limited to a spatial frequency
dictated by the detector center-to-center spacing. In the development of the MRC
equation, sampling effects were ignored.

Because no frequency can exist above the Nyquist frequency, many
researchers represent the MTF as zero above the Nyquist frequency. This forces
the MRC to approach one at the Nyquist frequency (Figure 12-15). When the
probability of detection is calculated using the target transfer probability
function, the Nyquist limit reduces the range (Figure 12-16).

This range reduction is an artifact of the model. It is real when trying to
discriminate sinusoids or bar targets. Real targets, however, are composed of
many spatial frequencies ranging from zero and on up. Target features that have
spatial frequencies above Nyquist will be distorted. No data exist on the
detection or recognition of distorted imagery and it is, therefore, unwise at this
juncture to extend the MRC model past the Nyquist frequency. The analyst must
recognize that the Nyquist frequency limit may have an overly severe impact on
target discrimination range. The specific manner in which the Nyquist frequency
is included in the model has a dramatic effect on range performance. This is a
result of the assumptions used and is not necessarily representative of actual
system performance,

’ Nyquist limit
0.8 :!
g 06
2 04
0.2}
0 / + 4
0 0.25 0.5 0.75 1

RELATIVE SPATIAL FREQUENCY

Figure 12-15. Representative MRC for a staring array sensor. At
Nyquist frequency, the MRC is assumed to be one. The abrupt increase
at Nyquist frequency is used by some researchers.
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=
m
3
8 Nyquist \\
o 0.2 limit \.\\
0 + + ' —S~=y
0 0.5 1 1.5 2

RELATIVE RANGE (km)

Figure 12-16. Probability of detection versus range for a staring array.
The shapes of the curves depend on the MRC, contrast, atmospheric
transmittance, and N, Because the MTF is forced to zero at the
Nyquist frequency, the range hits a brick wall at Nyquist frequency.
This is an artifact created by the model assumptions. Targets can be seen
at longer ranges but aliasing will distort edges.
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APPENDIX

A.1. EFFECTIVE FOCAL LENGTH

Most optical systems are composed of many individual lenses and mirrors.
Each element may have a different refractive index and shape to minimize the
system aberrations. The optical design can be considered as a single thick
element (Figure A-1). For modeling purposes, it is treated as a single thin
element with an effective focal length (Figure 2-6, page 23). The clear aperture
is not necessarily the diameter of an optical element. The clear aperture limits
the amount of scene radiation reaching the detector and is determined by the
optical design.

f (
Aperture

¥

L e - - -

]
:u-"ﬂ-}“—-"--'
P---------r-F----

m

Figure A-1. The optical system can be considered as a single thick lens.
P, and P, are the principal surfaces. The effective focal length is
measured from the second principal surface. The clear aperture limits
the amount of scene radiation reaching the detector. Although shown as
planes, the principal surfaces are typically spherical.

A.2. {-NUMBER

The radiometric equations were derived from plane geometry and paraxial
ray approximations. When using solid angles, the image incidance is
proportional to sin?(U’) where U’ is the maximum angle subtended by the lens.
For paraxial rays, the principal surface is considered a plane. This
representation is shown in most textbooks.
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372 CCD ARRAYS, CAMERAS, and DISPLAYS

Lens design theory' assumes that the principal surface is spherical - every
point on the surface is exactly a focal-length distance away (Figure A-2). This
"sine corrected” lens has zero spherical aberration. Thus, sin’(U’) is equal to
1/(4F%. The numerical aperture is another measure of the energy collected by
the optical system. When the image is in air (refractive index of unity) the
numerical aperture is

NA - sinU' - 2_1P . (A1)

Since the largest angle is w/2, the smallest theoretical value for F is '4. This
theoretical limit on F is not obvious from the radiometric equation.

P P2

Figure A-2. Principal planes are typically spherical. Sin(U’) = D/2fl =
1/2F (in air).

Not all optical systems have spherical principal planes. Often we assume the
principal plane is flat. For hand-drawn optical layouts, the lenses are
approximated by thin lenses and paraxial rays are used (large f-numbers). Here,
sin(f) = 6 and Equation A-1 reduces to F = fl/D. Then sin¥(U’) is 1/(4F*+ 1).
Whether 1/(4F2+ 1) or 1/4F* is used in the radiometric equations depends upon
the f-number definition. If the analyst calculates the f-number from the effective
lens diameter and focal length, then 1/(4F°+ 1) should be used. If the optical
designer provides the f-number, then the analyst must consult with him to ensure
that the appropriate factor is used. For large f-numbers, the factors are
approximately equal.

A.3. REFERENCE

1. W. I. Smith, Modern Optical Engineering, second edition, pp. 142-145, McGraw-Hill, New
York (1990).
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Absorption coefficient 104, 277
Active pixel sensor 91
Addressability 222
Adjacent disel requirement 222
Advanced television system 160
Aerial image modulation 325
Airy disk 16, 257, 286, 320
Aliasing 232, 236

display 250

frame grabber 250
Alternating disel requirement 222
Amplifier noise 128
Analog-to-digital converter 174
Anti-aliasing filter 236
Anti-parallel clock 51
Antibloom drain 85
Aperture correction 172, 302
APS 91
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frame interline transfer 64

frame transfer 61

full frame transfer 59

interline transfer 63
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TDI 70
Atmospheric transmittance 360
ATS 160

Back illuminated 109
Bayer 96
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Boost filter 302
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PAL 150
SECAM 150
Buried channel 74
Butterworth filter 295
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Camcorder 6
Camera formula 33
Camera operation 147
Camera performance 182
Cathode ray tube 205
Causality 252
CAV 156
CCIR 150
CDS 141
Center-to-center spacing 16
Channel block 49
Character recognition 227
Charge aggregation 57
Charge conversion 78
Charge grouping 57
Charge injection device 89
Charge transfer efficiency 74, 279
Chicken wire 179
CID 89
CIE 29
Clock 49
Cluster defect 144
CMOS 91
Color correction 165
Color filter array 95, 242, 283
Color temperature 21, 31, 209
display 32
Column defect 144
Component analog video 156
Composite video 156
Configuration 9
Contrast 228
Contrast transfer function 263
Contrast transmittance 359
Convolution 255, 257
Cooling 80
Correlated double sampling 141
CTE 74
Cutoff
detector 240, 275
optical 261, 274

Dark current 79

Dark current noise 79, 127
Dark pixel 83

DAS 15, 321
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Dead pixel 144 Exposure control 85
Defects 143
Depletion region 48, 105 f-number 34, 371
Depletion width 277 Faceplate illumination 183
Detector Fat zero 77

cutoff 275 Fiber-optic bundle 195

MTF 275 Fiberoptic bundle 176
Detector cutoff 240 Fiberoptic coupling 178
Detector pitch 242 Fictitious spatial frequency 267
Detector-angular-subtense 15, 322 Field integration 66
Detector-limited 287, 321 Fill-factor 16, 63, 242
Differential nonlinearity 174 Filter
Diffusion 78, 276 anti-alias 236
Diffusion length 105 hoost 302
Digital filter 296 digital 296
Digital recorder 11 optical anti-alias 283
Digital television 159 post-reconstruction 300
Dirac delta 254 Finite impulse response 297
Discrimination methodology 362 Fixed pattern noise 131
Disel 14, 214 Flat field 212
Disel density 216 Flicker 205
Display 201 FLIR92 338

aliasing 250 Floating diffusion 78

color 207 Floating diode 78

color temperature 32 Flux 20, 26

flat panel 202 Format 98

monochrome 207 FPN 131

spot size 210 Frame grabber 329
Display MTF 303 aliasing 249
Display space 269 Frame integration 65
Distortion 245 Frame interline transfer 64
Dixel 14 Frame rate 142
Drain 85 Frame transfer 61
Dynamic range 121, 187 Front-sided illuminated 107

Full-frame transfer 59
Effective-instantaneous-field-of-view

322 Gamma 169, 206
EIA 170 149 Gate 45
EIA 170A 150 Gibbs phenomenon 262
EIA 343A 155 Grand Alliance 161
Electronic resolution 323 GRD 319
Electronic shutter 63, 85 Ground resolved distance 319
Electronic zoom 287 Grouping 57
Emittance 20, 26
Equivalent background illumination HAD 47, 93

199 HDTV 160
Equivalent bar pattern 362 High Definition Television 160, 210
Etalon 111 Hole accumulation diode 47
Excess noise 198 Hot point defect 144
Exitance 20, 26 Human visual response 306
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Hyper-HAD 93

ICCD 176
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Illuminance 26
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Image intensifier 176, 311
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subjective quality factor 332
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320
Impulse 254
In-phase 246, 312
Incidance 20, 26
Infinite impulse response 297
Infrared filter 39
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Integral nonlinearity 174
Intensified CCD 176, 195
Intensity 20, 26
Interline transfer 63
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Irradiance 20
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Jitter 292

Johnson criteria 362
Johnson noise 127

Kell factor 154, 219, 312
Knee 86, 164
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KTC noise 127
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Line spread function 257
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Linear-shift-invariant 252
Low light television 176
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Matched filter 345
Matrixing 96, 157
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Minimum resolvable contrast 338
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MIS 45
Modulation 259
Modulation threshold 307
Modulation transfer function 257,
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Modulation transfer function area
331
Moiré pattern 214, 231
Monitor 201, 272
Monolithic 3, 45
MOS 45
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Motion 292
MPP 79
MRC 338
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MRT 338
MTF
average 312
averaging filter 299
boost 302
Butterworth 295
charge transfer efficiency 279
CRT 303
detector 239, 275
diffraction-limited 261
diffusion 276
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MTF
display 303
eye 306
Gaussian 294
HVS 306
image intensifier 311
lens 261
linear motion 292
median 312
non-limiting 311
optical anti-alias 283
optics 274
random motion 294

sample and hold 299

sample-scene 312

separable 268

system 286

TDI 280

tuned circuit 303
Multi-pinned phasing 82

National Imagery Interpretability
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NEE 103
NIIRS 320
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Noise equivalent signal 120
Non-destructive readout 89

Normalization 37
NTSC 149
Nyquist frequency 231, 242

Object space 269
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Vertical overflow drain 85
Vertical overflow drain 11
Video

CAV 156
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EIA 170A 149
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Case 5:19-cv-00036-RWS Document 235 Filed 03/18/20 Page 1 of 57 PagelD #: 9076

IN THE UNITED STATES DISTRICT COURT
FOR THE EASTERN DISTRICT OF TEXAS

TEXARKANA DIVISION
MAXELL LTD., §
§
Plaintiff, g
$ CIVIL ACTION NO. 5:19-CV-00036-RWS
V.
§
APPLE INC, g
§
Defendant. §

CLAIM CONSTRUCTION MEMORANDUM AND ORDER

On January 8, 2020, the Court held an oral hearing to construe the disputed claim terms of
the patents-in-suit. Having considered the parties’ claim-construction briefing and based on the
intrinsic and extrinsic evidence, the Court construes the disputed terms in this Memorandum and
Order as detailed below. See Teva Pharm. USA, Inc. v. Sandoz, Inc., 574 U.S. 318 (2015); Phillips

v. AWH Corp., 415 F.3d 1303, 1314 (Fed. Cir. 2005).
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BACKGROUND

Plaintiff Maxell brings suit alleging that Apple infringes the following ten patents: U.S.
Patent Nos. 6,748,317 (the ““ °317 patent); 6,580,999 (the “ 999 patent”); 6,430,498 (the *“ 498
patent”); 8,339,493 (the “ ’493 patent”); 6,329,794 (the “ *794 patent”); 6,408,193 (the *“ *193
patent”); 6,928,306 (the “ *306 patent”); 10,084,991 (the “ *991 patent™); 7,116,438 (the ““ 438
patent”); and 10,212,586 (the “ *586 patent). Eight of the asserted patents contain disputed terms.

Maxell previously asserted five of the patents (the 438 patent, the 317 patent, the 493
patent, the *193 patent and the 794 patent) against other defendants in prior litigation—Maxell
Ltd. v. Huawei Device USA, Inc., 297 F. Supp. 3d 668 (E.D. Tex. 2018). However, the Court has
not construed any of the presently disputed terms.

APPLICABLE LAW

“It is a ‘bedrock principle’ of patent law that ‘the claims of a patent define the invention to
which the patentee is entitled the right to exclude.” ” Phillips, 415 F.3d 1303 at 1312 (en banc)
(quoting Innova/Pure Water Inc. v. Safari Water Filtration Sys., Inc., 381 F.3d 1111, 1115 (Fed.
Cir. 2004)). The Court first examines a patent’s intrinsic evidence to define the patented
invention’s scope. Id. at 1313-14; Bell Atl. Network Servs., Inc. v. Covad Commc’ns Group, Inc.,
262 F.3d 1258, 1267 (Fed. Cir. 2001). Intrinsic evidence includes the claims themselves, the
specification and the prosecution history. Phillips, 415 F.3d at 1312-13; C.R. Bard, Inc. v. U.S.
Surgical Corp., 388 F.3d 858, 861 (Fed. Cir. 2004). . The general rule—subject to certain specific
exceptions discussed infira—is that each claim term is construed according to its ordinary and
accustomed meaning as understood by one of ordinary skill in the art at the time of the invention
in the context of the patent. Phillips, 415 F.3d at 1312-13; Alloc, Inc. v. Int’l Trade Comm’n, 342

F.3d 1361, 1368 (Fed. Cir. 2003); see also Azure Networks, LLC'v. CSR PLC, 771 F.3d 1336, 1347

Page 2 of 57
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(Fed. Cir. 2014) (“There is a heavy presumption that claim terms carry their accustomed meaning
in the relevant community at the relevant time.”).

“The claim construction inquiry . . . begins and ends in all cases with the actual words of
the claim.” Renishaw PLC v. Marposs Societa’ per Azioni, 158 F.3d 1243, 1248 (Fed. Cir. 1998).
“[IIn all aspects of claim construction, ‘the name of the game is the claim.” ” Apple Inc. v.
Motorola, Inc., 757 F.3d 1286, 1298 (Fed. Cir. 2014) (quoting In re Hiniker Co., 150 F.3d 1362,
1369 (Fed. Cir. 1998)). First, a term’s context in the asserted claim can be instructive. Phillips,
415 F.3d at 1314. Other asserted or unasserted claims can also aid in determining the claim’s
meaning, because claim terms are typically used consistently throughout the patent. Id.
Differences among the claim terms can also assist in understanding a term’s meaning. /d. For
example, when a dependent claim adds a limitation to an independent claim, it is presumed that
the independent claim does not include the limitation. /d. at 1314-15.

“[Cllaims ‘must be read in view of the specification, of which they are a part.” ” Id.
(quoting Markman v. Westview Instruments, Inc., 52 F.3d 967, 979 (Fed. Cir. 1995)). “[Tlhe
specification ‘is always highly relevant to the claim construction analysis. Usually, it is
dispositive; it is the single best guide to the meaning of a disputed term.” ” Id. (quoting Vitronics
Corp. v. Conceptronic, Inc., 90 F.3d 1576, 1582 (Fed. Cir. 1996)); Teleflex, Inc. v. Ficosa N. Am.
Corp., 299 F.3d 1313, 1325 (Fed. Cir. 2002). In the specification, a patentee may define his own
terms, give a claim term a different meaning than it would otherwise possess, or disclaim or
disavow some claim scope. Phillips, 415 F.3d at 1316. Although the Court generally presumes
terms possess their ordinary meaning, this presumption can be overcome by statements of clear
disclaimer. See SciMed Life Sys., Inc. v. Advanced Cardiovascular Sys., Inc., 242 F.3d 1337,

1343-44 (Fed. Cir. 2001). This presumption does not arise when the patentee acts as his own

Page 3 of 57
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lexicographer. See Irdeto Access, Inc. v. EchoStar Satellite Corp., 383 F.3d 1295, 1301 (Fed. Cir.
2004).

“Although the specification may aid the court in interpreting the meaning of disputed claim
language, particular embodiments and examples appearing in the specification will not generally
be read into the claims.” Comark Commc ’ns, Inc. v. Harris Corp., 156 F.3d 1182, 1187 (Fed. Cir.
1998) (quoting Constant v. Advanced Micro-Devices, Inc., 848 F.2d 1560, 1571 (Fed. Cir. 1988));
see also Phillips, 415 F.3d at 1323. “[I]t is improper to read limitations from a preferred
embodiment described in the specification—even if it is the only embodiment—into the claims
absent a clear indication in the intrinsic record that the patentee intended the claims to be so
limited.” Liebel-Flarsheim Co. v. Medrad, Inc., 358 F.3d 898, 913 (Fed. Cir. 2004).

The prosecution history is another tool to supply the proper context for claim construction
because, like the specification, the prosecution history provides evidence of how the U.S. Patent
and Trademark Office (“PTO”) and the inventor understood the patent. Phillips, 415 F.3d at 1317.
However, “because the prosecution history represents an ongoing negotiation between the PTO
and the applicant, rather than the final product of that negotiation, it often lacks the clarity of the
specification and thus is less useful for claim construction purposes.” Id. at 1318; see also Athletic
Alternatives, Inc. v. Prince Mfg., 73 F.3d 1573, 1580 (Fed. Cir. 1996) (ambiguous prosecution
history may be “unhelpful as an interpretive resource”).

Although extrinsic evidence is useful, it is “less significant than the intrinsic record in
determining the legally operative meaning of claim language.” Phillips, 415 F.3d at 1317 (quoting
C.R. Bard, Inc., 388 F.3d at 862) (internal quotation marks omitted). Technical dictionaries and
treatises may help a court understand the underlying technology and the manner in which one

skilled in the art might use claim terms, but technical dictionaries and treatises may provide
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definitions that are too broad or may not be indicative of how the term is used in the patent. Id. at
1318. Similarly, expert testimony may aid a court in understanding the underlying technology and
determining the particular meaning of a term in the pertinent field, but an expert’s conclusory,
unsupported assertions as to a term’s definition are not useful. /d. Generally, extrinsic evidence
is “less reliable than the patent and its prosecution history in determining how to read claim terms.”
1d.

A. Functional Claiming and 35 U.S.C. § 112, ] 6(pre-AIA)/ § 112(f) (ATIA)

A patent claim may be expressed using functional language. See 35 U.S.C. § 112 9 6;
Williamson v. Citrix Online, LLC, 792 F.3d 1339, 134749 & n.3 (Fed. Cir. 2015) (en banc in
relevant portion). Section 112, Paragraph 6, provides that a structure may be claimed as a “means
... for performing a specified function” and that an act may be claimed as a “step for performing
a specified function.” Masco Corp. v. United States, 303 F.3d 1316, 1326 (Fed. Cir. 2002).

But § 112 4 6 does not apply to all functional claim language. There is a rebuttable
presumption that § 112 9 6 applies when the claim language includes “means” or “step for” terms
and that it does not apply in the absence of those terms. Masco Corp., 303 F.3d at 1326;
Williamson, 792 F.3d at 1348. The presumption stands or falls according to whether one of
ordinary skill in the art would understand the claim with the functional language, in the context of
the entire specification, to denote sufficiently definite structure or acts for performing the function.
See Media Rights Techs., Inc. v. Capital One Fin. Corp., 800 F.3d 1366, 1372 (Fed. Cir. 2015)
(Section 112, 9 6 does not apply when “the claim language, read in light of the specification, recites
sufficiently definite structure” (internal quotation marks omitted) (citing Williamson, 792 F.3d at
1349; Robert Bosch, LLC v. Snap-On Inc., 769 F.3d 1094, 1099 (Fed. Cir. 2014))); Personalized

Media Communications, L.L.C. v. Int’l Trade Commission, 161 F.3d 696, 704 (Fed. Cir. 1998)
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(““ ‘[Where a claim recites a function, but then goes on to elaborate sufficient structure, material,
or acts within the claim itself to perform entirely the recited function, the claim is not in means-
plus-function format’ even if the claim uses the term ‘means’ ).

When it applies, § 112 9 6 limits the scope of the functional term “to only the structure,
materials, or acts described in the specification as corresponding to the claimed function and
equivalents thereof.” Williamson, 792 F.3d at 1347. Construing a means-plus-function limitation
involves multiple steps. “The first step . . . is a determination of the function of the means-plus-
function limitation.” Medtronic, Inc. v. Advanced Cardiovascular Sys., Inc., 248 F.3d 1303, 1311
(Fed. Cir. 2001). “[TTlhe next step is to determine the corresponding structure disclosed in the
specification and equivalents thereof.” Jd. A “structure disclosed in the specification is
‘corresponding’ structure only if the specification or prosecution history clearly links or associates
that structure to the function recited in the claim.” Id. The focus of the “corresponding structure”
inquiry is not merely whether a structure is capable of performing the recited function, but rather
whether the corresponding structure is “clearly linked or associated with the [recited] function.”
Id. The corresponding structure “must include all structure that actually performs the recited
function.” Default Proof Credit Card Sys. v. Home Depot U.S.A., Inc., 412 F.3d 1291, 1298 (Fed.
Cir. 2005). However, § 112 does not permit “incorporation of structure from the written
description beyond that necessary to perform the claimed function.” Micro Chem., Inc. v. Great
Plains Chem. Co., 194 F.3d 1250, 1258 (Fed. Cir. 1999).

AGREED TERMS

Before the Markman hearing, the parties agreed to construction for the following terms:

“function devices” Function: equipped with independent functions

(‘794 patent, claims 1, 3, 6)

Page 6 of 57
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Structure: modem devices, audio communication devices
and videophone devices; or equivalents thereof

“component devices”

(794 patent, claims 9, 14)

Function: performing different functions

Structure: modem devices, audio communication devices
and videophone devices; or equivalents thereof

“a time zone which is set up in
advance”

(‘306 patent, claim 14)

“a duration of time or a range of hours set up in advance”

“an authentication process for
allowance to use said display
apparatus”

(‘438 patent, claim 1)

“a process that authorizes the user to use the display
apparatus”

“an authentication process for
allowance to use said information-
processing terminal”

(‘438 patent, claim 4)

“a process that authorizes the user to use the information-
processing terminal”

“A cellular telephone adapted to be
used in a CDMA system”

(193 patent, claims 1, 7)

The preamble is limiting.

“variable amplitude amplifier”

(‘193 patent, claims 1, 6, 7)

“an amplifier whose output amplitude may be varied and
that provides a variable gain in response to a control
signal”

“function defining a relation
between bias data and gain data
stored in said memory”

(‘193 patent, claim 7)

“a relationship between bias data and gain data stored in
memory such that each gain data value has a
corresponding bias data value”

“voice signal code” and
“voice code signal”

(‘193 patent, claims 1, 7)

The two terms have the same meaning.

“an image-instability detector”

(‘493 patent, claims 4, 6)

“a detector, such as a gyroscopic sensor or the like,
capable of detecting an image instability of the electric
camera”

“an image-instability of the electric
camera”

(‘493 patent, claims 4, 6)

“instability caused by vertical and/or horizontal

movement of the electric camera”

“a device for getting a direction
information denoting an orientation
of said portable terminal”

Function: getting direction information denoting an
orientation of said portable terminal

Page 7 of 57
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Structure: a compass, gyroscope, and/or sensor such as a
(‘317 patent, claims 1, 10; clinometer in conjunction with a CPU, or equivalents
‘498 patent, claims 1, 10; thereof

‘999 patent, claim 1)

The Court adopts the constructions agreed to by the parties as listed above.
DISPUTED TERMS
A. The ’371, °498 and 999 Patents
The *317 patent, the *498 patent and the *999 patent share a specification. The *317 patent
is a continuation of the 999 patent, which is a continuation of the 498 patent. The patents have
the same title: “Portable Terminal with the Function of Walking Navigation.” The ’317 patent’s
abstract is reproduced below:
A portable terminal has a function of walking navigation. The direction of a
destination is displayed by an indicating arrow that always points in the direction
of the destination. In the navigation processing, the user enters data to select a
menu and/or set retrieving conditions on the setup screen. At first, the user gets the
location information of the portable terminal, represented by a latitude/longitude or
coordinates and an altitude, for example. Then, the user gets the direction
information of the portable terminal, which is the direction of the tip of the portable
terminal as determined by a compass, a gyro, or a clinometer. The location
information and the direction information are set as terminal information for the

retrieving conditions. The system controls retrieving of the database and retrieves
the information corresponding to the selected menu, such as route guidance.

More particularly, the patents disclose a portable terminal which includes devices for
obtaining a location and direction of the user’s present place so that the user does not have to input
such information. ’317 patent at 2:51-3:26. A block diagram of a portable terminal is illustrated
in Figure 10 in the *317 patent. In the figure, the portable terminal has various devices (input
device, display device, etc.) coupled to a CPU that provides for the walking navigation functions
described in the patent.

Claim 1 of the ’317 patent is an asserted claim and is reproduced below:

1. A portable terminal, comprising:
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a device for getting location information denoting a present place of said
portable terminal,
a device for getting a direction information denoting an orientation of said
portable terminal;
an input device for inputting a destination; and
a display,
wherein said display displays positions of said destination and said
present place, and a relation of said direction and a direction from said
present place to said destination, and
said display changes according to a change of said direction of said
portable terminal orientation for walking navigation.

The Court construed various terms in the *317 in the prior litigation, but none of them are
currently disputed.

The parties dispute four terms in the 317, *498 and *999 patents. All are agreed to be
means-plus-function limitations. Three of the disputed terms have the same dispute as to the
corresponding structure and are thus grouped together for similar analysis.

1. “a device for getting location information denoting a present place”

Agreed function: getting location | Agreed function: getting location information

information denoting a present place of | denoting a present place of said portable terminal
said portable terminal
Structure: a wireless or cellular antenna, or a GPS,
Structure: a wireless or cellular antenna, | or a Personal Handyphone System (PHS); and an
a GPS, a PHS, or the like; such a data | infrared ray sensor; and a control unit for analyzing
receiver as an infrared ray sensor, or the | received data, with the control unit calculating
like; and a CPU for analyzing received | location information as disclosed in 498 at 5:48-56
data; or equivalents thereof. and Fig. 2; or equivalents thereof

The term “a device for getting location information denoting a present place” appears in
claims 1 and 10 of the 317 patent, claims 1 and 10 of the *498 patent and claim 1 of the 999

patent.
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(1) The Parties’ Positions

The parties agree that the term is a means-plus-function term and agree on the recited
function. The parties dispute whether the corresponding structure must include an “infrared ray
sensor” or whether it may include other “data receivers.”

The parties first dispute whether statements made in a prior IPR proceeding mandate the
inclusion of an “infrared ray sensor” as opposed to a general “data receiver.” See, e.g., Docket
No. 161 at 26. Apple asserts that Maxell disclaimed claim scope to defeat an Inter Partes review
(“IPR”) petition filed by ASUStek Computer Inc. (“ASUS”). Id  Specifically, Maxell
distinguished each prior art reference in the petition as lacking an infrared ray sensor. Id. To
Apple, “by distinguishing the claimed invention over prior art, [Maxell has] indicat[ed] what the
claims do not cover.” Id. at 26 (quoting Bd. of Regents of the Univ. of Texas Sys. v. BENQ Am.
Corp., 533 F.3d 1362, 1373 (Fed. Cir. 2008)). Apple argues this is a “clear disclaimer of claim
scope.” Id.

Maxell asserts that the Court is not bound by the PTAB’s claim interpretation because, at
the time of the IPR in question, the PTAB had a different claim construction standard.! Docket
No. 136 at 28. Maxell further contends that it did not clearly disclaim claim scope. Docket No.
165 at 10. Instead, Maxell asserts that it used ASUS’s proposed construction to argue that ASUS
failed to meet the PTAB’s requirements, but did not adopt its construction, reserving its right to
contest that construction later. /d.

Apple then asserts that, even if the IPR proceedings are not binding, the corresponding
structure is limited to an “infrared ray sensor.” Docket No. 161 at 28. Apple notes that the

specification depicts a “device for getting location information” in Figure 10 and describes the

! The PTAB has since abandoned the broadest reasonable interpretation standard and adopted the Phillips standard
for claim construction. See 37 C.F.R. 41.100(b).
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structure of this device as containing three components: (1) a wireless antenna, GPS or PHS; (2)
an infrared ray sensor; and (3) a control unit. /d. Apple asserts that “because an ‘infrared ray
sensor’ is part of the only disclosed embodiment for performing the recited function,” the claim
construction must include an “infrared ray sensor.” Id. at 28 (citing Mettler-Toledo, Inc. v. B-Tek
Scales, LLC, 671 F.3d 1291, 1296 (Fed. Cir. 2012)). Apple asserts that the phrase “such a receiver
as an infrared ray sensor” does not disclose any structure beyond an infrared ray sensor because
“data receiver” itself is not sufficiently definite structure. Id.; Docket No. 187 at 17:10-11.

Maxell asserts that Apple’s construction is overly narrow because it “rewrites the non-
limiting phrase of ‘such a data receiver as an infrared ray sensor or the like’ to ‘and an infrared ray
sensor.” ” Docket No. 136 at 27.> Maxell also contends that in the context of the patent—portable
telephones—and the rest of the corresponding structure, “data receiver” recites sufficient structure.
Docket No. 187 at 26:21-27:4.

(2) Analysis

The parties agree that the term is a means plus function term and that the recited function
is “getting location information denoting a present place of said portable terminal.” “[T]he next
step is to determine the corresponding structure disclosed in the specification and equivalents
thereof.” Id. Under § 112 4 6, means-plus-function terms are limited “to only the structure,
materials, or acts described in the specification as corresponding to the claimed function and
equivalents thereof.” Williamson, 792 F.3d at 1347. Consistent with the claims, the specification

discloses that the portable terminal has a “device for getting location information 77,” depicted in

2 Maxell also asserted in briefing that the patents disclose “data receiver” as an alternative to a GPS or PHS. Docket
No. 136 at 27. However, during the Markman hearing, Maxell agreed that “data receiver” was a separate requirement
from the GPS or PHS. Docket No. 187 at 28:4-6.
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Figure 10 of the 498 patent. Both parties agree that device 77 is corresponding structure for the
recited function. The specification describes device 77 as follows:

The device for getting location information 77 is provided with such a wireless

antenna, a GPS or PHS, or the like; such a data receiver as an infrared ray sensor,

or the like; and a control unit for analyzing received data, thereby calculating

location information.

’498 patent at 9:40-44. The parties dispute whether the “infrared ray sensor” is an
exemplary “data receiver,” which is itself disclosed structure, or whether the corresponding
structure requires an “infrared ray sensor.” For the reasons detailed below, the Court finds that the
corresponding structure is not limited to an infrared ray sensor.

Maxell’s statements during the IPR proceedings are not a clear disavowal of claim scope.
In its IPR petition, ASUS proposed a construction for the corresponding structure of the currently
disputed limitation: “a wireless or cellular antenna, OR a GPS, OR a Personal Handyphone
System, AND an infrared ray sensor; AND a control unit for analyzing received data, with the
control unit calculating information as disclosed in 5:48-56, and Fig. 2.” Docket No. 165-4 at 18—
19. ASUS then applied this limitation to the prior art. /d.

Maxell responded:

While Patent Owner does not contend that such a construction is proper, for

purposes of the IPR, it is Petitioner’s burden to propose a construction and then

explain how the construed claim is unpatentable. See 37 C.F.R. § 42.104(b)(4).

The Petition fails to do so. Thus, the Petition does not comply with the

requirements set forth in 37 C.F.R. § 42.104, and for this reason alone, the Petition

should not be instituted.
1d. at 14 n.4 (emphasis added). Maxell then argued that ASUS had failed to meet its burden of
demonstrating that institution of the IPR was warranted because it had not shown that the cited

prior art included an infrared ray sensor, part of ASUS’s own proposed construction. Id. at 14—

15. Maxell never agreed that the corresponding structure is limited to an “infrared ray sensor” and
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instead expressly reserved its right to contest the construction. /d. at 10-11, n. 3. Maxell had no
reason to contest the propriety of ASUS’s construction because Maxell successfully used ASUS’s
own proposed construction to defeat the IPR petition. These statements are far from clear and
unmistakable surrender of claim scope.

Turning to the traditional claim construction analysis, then, Apple’s proposed structure
improperly limits the corresponding structure. Section 112 9 6 requires that a means-plus-function
term be given the full scope of the structure described in the specification. IP Innovation LLC v.
Red Hart, Inc., No. 2:07-cv-447, 2009 WL 2460982, at *6 (E.D. Tex. Aug. 10, 2009); see also
Home Diagnostics, Inc v. LifeScan, Inc., 381 F.3d 1352, 1357 (Fed. Cir. 2004). The description
for the “device for getting location information 77” recites “such a data receiver as an infrared ray
sensor.” ’498 patent at 9:40-44. “Data receiver” is clearly associated with the agreed function.
See Williamson, 792 F.3d at 1352 (Corresponding structure is adequate if “a person of ordinary
skill in the art would be able to recognize the structure in the specification and associate it with the
corresponding function of the claim.”).

Just as a non means-plus-function term may cover a broad class of structures, the
corresponding structure in a means-plus-function term can include a broad class of structures if
the class of structures is identifiable by a person of ordinary skill in the art. See Linear Tech. Corp.
v. Impala Linear Corp.,379F.3d 1311, 1322 (Fed. Cir. 2004) (holding that corresponding structure
is not limited to a single structure); Network Appliance Inc. v. Sun Microsystems, Inc., No. C-07-
06053 EDL, 2008 WL 4193049, at *20 n.7 (N.D. Cal. 2008) (confirming that Linear Tech’s
holding applies to corresponding structure of MPF terms).

Courts routinely conclude that “receiver” connotes sufficiently definite structure. See, e.g.,

EnOcean GmbH v. Face Intern. Corp., 742 F.3d 955, 959 (Fed. Cir. 2014) (“The term receiver

Page 13 of 57

4075



Case 5:19-cv-00036-RWS Document 235 Filed 03/18/20 Page 14 of 57 PagelD #: 9089

presumptively connotes sufficiently definite structure to those of skill in the art.”); Ambato Media,
LLCv. Clarion Co., Ltd., No. 2:09-cv-242-TJW, 2011 WL 2912764, at *8-9 (E.D. Tex. July 18,
2011) (declining to limit corresponding structure for means-plus-function term to a subset of
exemplary receivers “such as television receivers, VCRs, cable interface boxes and the like”
because broader “receiver” was structure clearly linked to the function); see also Mobile
Telecommunications Tech. LLC v. LG Elec. Mobilecomm USA, Inc., No. 2:13-¢v-947-JRG-RSP,
2015 WL 2250418, at *18 (E.D. Tex. May 13, 2015) (construing a “receiver” as corresponding
structure for a means-plus-function term). Apple’s expert does not opine that “data receiver” is
not structural. Instead, Apple’s expert stated that not all data receivers were capable of determining
location information in the same way as infrared ray sensors and that “infrared ray sensor” was the
only example of a data receiver disclosed. See Docket No. 161-5 at § 34. This does not render
data receiver not structural.

Because “data receiver” is structure that is clearly linked to the recited function, data
receiver is disclosed structure. See Ambato Media, 2011 WL 2912764, at *8-9 (construing means-
plus-function term to have corresponding structure of “receiver” because receiver was structure
linked to the recited function for the disputed term). Limiting the corresponding structure to
require more specifically an “infrared ray sensor” would be improper. 1d.

It would also be improper for the construction to include “infrared ray sensor” as an
exemplary data receiver. The phrase “such a data receiver as an infrared ray sensor” is properly
read as disclosing a “data receiver” and providing “infrared ray sensor” as an example. Such
exemplary language could be interpreted as limiting. See Hitachi Consumer Elecs. Co. Ltd. v. Top
Victory Elecs. (Taiwan) Co. Ltd., No. 2:10-cv-260-JRG, 2012 WL 5494087, at *13 (E.D. Tex.

Nov. 13, 2012) (omitting exemplary language from the construction because examples were
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“unnecessary and might be read as limiting”). That would be improper for the reasons discussed
above.

Accordingly, the Court construes “a device for getting location information denoting a
present place” to mean:

Function: getting a location information denoting a present place of said portable terminal

Structure: a wireless or cellular antenna, a GPS, a PHS, or the like; a data receiver; and a

CPU for analyzing received data; or equivalents thereof.

2. “device for getting a location information . ..” / “device for retrieving”

a device for getting

location information of
another portable
terminal from  said
another portable
terminal via connected
network”

(‘317 patent, claim 10)

Agreed function: getting a
location  information  of
another portable terminal
from said another portable
terminal  via  connected
network

Structure: CPU and device for
data communication 76 of a
portable terminal; or
equivalents therecof

Agreed function: getting a location
information of another portable
terminal from said another portable
terminal via connected network

Structure: CPU 71 and device for
data communication 76 of a
portable telephone and a Personal
Handyphone System (PHS)
terminal (Figure 10, *317 Patent at
9:40-50); or equivalents thereof

“a device for getting a

location information of
another portable
terminal”’;

(999 patent, claim 1)

Agreed function: getting a
location  information  of

another portable terminal

Structure: [same as above]

Agreed function: getting a location
information of another portable
terminal

Structure: [same as above]

“a device for retrieving

a route from said
present place to said
destination”

(‘317 patent, claim 15)

Agreed function: retrieving a
route from said present place
to said destination

Structure: [same as above]

Agreed function: retrieving a route
from said present place to said
destination

Structure: [same as above]

The disputed term “a device for getting a location information of another portable terminal

from said another portable terminal via connected network™ appears in claim 10 of the *317 patent.
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The disputed term “a device for getting a location information of another portable terminal”
appears in claim | of the 999 patent. The disputed term “a device for retrieving a route from said
present place to said destination” appears in claim 15 of the *317 patent.

(1) Parties Positions

The parties agree that the terms are means-plus-function terms. The parties also agree on
the recited functions and that the corresponding structure for each of the above disputed terms is
the same.

Maxell asserts that the patents disclose as corresponding structure “portable terminals,”
including a “portable telephone and Personal Handyphone System (PHS) . . . and a personal data
assistance (PDA) terminal provided with portable telephone or PHS data communication
functions.” Docket No. 136 at 29 (citing '498 patent at 1:5-10). As such, Maxell argues the
portable terminal is not limited to a device for data communication of both a portable telephone
and a PHS. Id at 29. To Maxell, the patents provide “exemplary structures” and additional
disclosures refer to the use of a portable telephone or a PHS. Id. Maxell concludes that using
“device for data communication 76 of a portable terminal” ensures that the disclosed embodiment
of the PDA is not excluded. Id.

Apple notes that in the prior litigation the Court construed a means-plus-function term in
claim 6 of the ’317 patent—"a . . . device connected to said server outputting said location
information and said direction information and receiving retrieved information based on said
outputted information at said server’—as having the corresponding structure a “device for data
communication, which is ‘described in the specification as a device for data communication 76 of
an ordinary portable telephone and a PHS [Personal Handyphone System] terminal.” ” Id. at 29—

30 (citing Huawei, 297 F. Supp. 3d at 722). Apple asserts that the corresponding structure for both
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this term and the term construed in the prior litigation are the same, and therefore the Court’s prior
construction must control. Docket No. 161 at 30.

Maxell responds that the Court’s prior construction of a different term is not controlling.
Docket No. 165 at 10.

(2) Analysis

As an initial matter, the prior term is not the same or similar to the currently dispute term,
so collateral estoppel does not apply. Nevertheless, the Court agrees with Apple’s proposed
construction. Claim 10 of the *317 patent discloses in part:

e A device for getting location information denoting a present place of said
portable terminal;

e A device for getting direction information denoting an orientation of said
portable terminal;

* A device for getting a location information of another portable terminal from
said another terminal via connected network

Consistent with claim 10, the specification discloses in Figure 10 a portable terminal with
(1) “a device for getting location information 77”; (2) a “device for getting direction information
78”; and (3) “a device for data communication 76.” ’317 patent at Fig. 10. The specification
further describes Figure 10 as including a “CPU 71, which is a control unit” and “a device for data
communication 76 of an ordinary portable telephone and a PHS [Personal Handyphone System]
terminal.” ’317 patent at 9:47-49. This is the only structure disclosed and clearly linked to the
function in claim 10. The parties agree that the corresponding structure for the disputed terms
includes a CPU and device for data communication 76.

Maxell’s argument regarding the specification is also unpersuasive. The specification’s

references to “portable telephone and/or a PHS terminal” do not overcome the clear disclosure of

device for data communication 76’s structure: “an ordinary portable telephone and a PHS.” °317
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patent at 9:47-49 (emphasis added). Those other references in the specification are not “clearly
linked” to the recited function or the specific device for data communication 76. See Mettler-
Toledo, 671 F.3d at 1296 (rejecting a broader corresponding structure of A/D converter because,
although referenced in the specification, such broader structures were not clearly linked to the
function). In fact, the specification’s reference to “portable telephone and/or a PHS terminal”
often describes the inventions display component, not the function of getting location information.
See, e.g., ’317 patent at 2:55-5°6 (reciting the “use of a narrow screen of a portable telephone
and/or PHS terminal™).

Accordingly, the Court adopts Apple’s proposed construction and construes the disputed
terms to have the agreed recited functions and the following corresponding structure: CPU 71 and
device for data communication 76 of a portable telephone and a Personal Handyphone
System (PHS) terminal (Figure 10, 317 Patent at 9:40-50); or equivalents thereof.

B. The °794 Patent

The *794 patent is entitled “Information Processing Device and Method for Controlling
Power Consumption Thereof.” The patent relates to an information processing device in which a
plurality of independent function devices are driven by a common power supply, where the device
prioritizes power to independent function devices with higher usage priorities. 794 patent at 1:6—
8, 49-52. “Another object of the present invention is to provide a method for controlling power
consumption of an information processing device.” Id. at 1:52-54. The’794 patent’s abstract
recites:

A power supply section includes a capacity detector capable of detecting the

remaining capacity in a battery and a controller issuing power consumption

reduction instructions to independently operable function devices based on usage
priorities thereof. This allows power consumption operations to be performed such

as stopping function devices with low priorities first based on the remaining battery
capacity. As a result, power to function devices with higher prioritics can be
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maintained. Based on the remaining battery capacity, the controller controls the

operations of the function devices and uses a display to show information allowing

the operator to identify operable and inoperable function devices as the battery

capacity drops.

More particularly, the 794 patent describes a device that sets priority levels for individual
function devices in the information processing device and prioritizes battery time or power
consumption for function devices with higher prioritics. See, e.g., 2:21-27, 3:57, 4:12, Figs. 8 and
9. The device turns off power to individual function devices based on the priority levels set for
the function devices and the remaining battery capacity. In this manner, a lower prioritized
function device can be turned off when a first battery capacity is reached, while a higher prioritized
function device remains powered. This enables longer operation of function devices with higher
priority. Id. at 5:17-27.

The 794 patent discloses a “capacity detector” that detects a remaining capacity of a
battery. See, e.g., id at 1:34-40; 4:18-34; Figs. 1 and 4. Figure 1 shows capacity detector 107
and Figure 4 shows various operations the capacity detector performs according to one
embodiment. The 794 patent was asserted in prior litigation, and the prior parties agreed that the
“capacity detector” term had its plain and ordinary meaning. See, e.g., Maxell, 297 F. Supp. 3d.

at 684.

3. “capacity detector” (’497 patent claims 1 and 9)

Plain and Ordinary Meaning a remaining capacity of a battery
Structure: Capacity Detector 107 (as configured in Figs. 1,
6, 10, or 11) performing the steps shown in Fig. 4.; or
equivalents thereof

The disputed term appears in claims 1 and 9 of the *497 patent.
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(1) The Parties’ Positions

Maxell contends that “capacity detector” is readily understood by one of skill in the art and
should have its plain and ordinary meaning. See, e.g., Docket No. 136 at 3—5. Maxell points out
that the term had its plain and ordinary meaning in the prior litigation, and the parties, experts and
jury in that case had no trouble understanding the term without construction. /d. at 3. Maxell also
argues that capacity detector has sufficient structure to one of skill in the art—both as to the term
“detector” itself and the word “capacity detector.” Maxell further contends that both parties’
experts “agree that the term connotes sufficient structure to a person of ordinary skill in the art,”
and they identified software and hardware solutions for implementing the capacity detector. Id. at
S.

Apple contends that “capacity detector” is a means-plus-function term because it “merely
describes the function of detecting battery capacity without reciting any structure.” Docket No.
161 at 7-8. Apple argues that, although “detector” has identified structure in unrelated contexts,
Maxell presented no evidence that “capacity detector” has meaning in the relevant field—power
management. Id. at 67 (citing Kensey Nash Corp. v. Perclose, Inc., No. 98-1629, 2001 U.S. Dist.
LEXIS 12754, at *18-19 (E.D. Pa. Aug. 21, 2001) (finding “location detector” to be a means-plus-
function term because it “recites no specific structure or material for performance of location
detection”)). Apple also asserts that Maxell “mischaracterizes” Apple’s expert reports because
neither expert testified that “capacity detector” connotes structure. Id. at 7.

As to the corresponding structure, Apple asserts that the only structure disclosed in the
specification is the Capacity Detector 107, shown as a box in Figures 1, 6, 10 and 11. Apple asserts

that the corresponding structure must also include the algorithm associated with Capacity Detector
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107, in the specification shown in the flowchart of Figure 4. Id. at 8 (citing *794 patent at 2:55—
57 (“FIG. 4 is a flowchart showing the operations performed by a capacity detector . . . .”).

Maxell disputes Apple’s application of § 112 9 6. First, Maxell asserts that “detector”
alone connotes sufficient structure to avoid the ambit of § 112 § 6. Docket No. 136 at 4 (citing
Apple, 757 F.3d at 1299 (noting that courts find “detector” to be a structural term)). Maxell also
emphasizes that the claim language and specification connotes sufficient structure to the term. Id.

Maxell further disputes Apple’s proposed corresponding structure as “an attempt to
shochom additional limitations into the claims.” Id. at 5. Specifically, Maxell contends that
Apple’s proposed structure includes steps (402—405) which are not stated functions of the capacity
detector, such as “providing a notification when the battery reaches a particular capacity.” Id.

(2) Analysis

Section 112 9 6 presumptively does not apply to a claim term that does not use “means.”
Williamson, 792 F.3d at 1349. The presumption is rebuttable if a party can “demonstrate[] that
the claim term fails to ‘recite sufficiently definite structure’ or else recites ‘function without
reciting sufficient structure for performing that function.” ” Id. (quoting Watts v. XL Sys., Inc., 232
F.3d 877, 880 (Fed. Cir. 2000)).

Here, “capacity detector” does not recite the word “means,” and § 112 9 6 presumptively
does not apply. Apple has not demonstrated that “capacity detector” “fails to recite sufficiently
definite structure” or else “recites function without reciting sufficient structure for performing that
function” so as to overcome this presumption. See Williamson, 792 F.3d at 1349.

The term “capacity detector” has sufficiently specific structure. In claim 1, the “capacity
detector” is described as a component in a “power supply circuit.” ’794 patent at 8:33-36 (“said

power supply circuit including a battery, a capacity detector for detecting a remaining capacity of
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said battery”). The claim language connotes sufficient structure by describing how the “capacity
detector” operates within the claim invention. See Free Stream Media Corp. v. Alphonso Inc., No.
2:15-cv-1725-RWS, 2017 WL 1165578, at *25 (E.D. Tex. Mar. 29, 2017).

The specification further establishes the structural character of “capacity detector.” See
Finjan, Inc. v. Proofpoint, Inc., No. 13-cv-05808-HSG, 2015 WL 7770208, at *11 (N.D. Cal. Dec.
3, 2015) (finding “content processor” had sufficient structure because the specification described
how the processor interacted with the invention’s other components and illustrated the processor’s
location and relationship to other components). The specification describes “capacity detector
1077 as a “capacity detector circuit.” 794 patent at 4:48. Figure 11 further illustrates capacity
detector 107’s location in “power supply circuitry” and its relationship to other components in the
invention. ’794 patent at Fig. 11. These structural descriptions, which show how the elements are
connected together and show “how the function is achieved the context of the invention,” removes
“capacity detector” from means-plus-function usage. See Inventio AG v. ThyssenKrupp Elevator
Americas Corp., 649 F.3d 1350, 1358 (Fed. Cir. 2011); Williamson, 792 F.3d at 1349; Apple Inc.,
757 F.3d at 1298-1300; Personalized Media, 161 F.3d at 704—05.

The expert testimony Apple relies on does not negate the intrinsic evidence showing that
“capacity detector” is a known class of structure. “Extrinsic evidence may not be relied upon
during claim construction when intrinsic evidence unambiguously defines the disputed claim
language.” Personalized Media, 161 F.3d at 706. Indeed, Apple’s expert was able to identify
structures for the “capacity detector” term. See Docket No. 161-2 9 63. Further, consistent with
the structural descriptions in the specification, Maxell’s expert explained that a person of ordinary
skill would have known of “several commercially available integrated circuits designed for

measuring analog signals, including, for example, integrated circuits manufactured by Texas
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Instruments and National Semiconductor, and others such as Linear Technology’s LTC1325
Battery Management I1C.” See Docket No. 136-1 9 32. Based upon these factors, Apple has not
rebutted the presumption that “capacity detector.”

Accordingly, the Court construes the term “capacity detector for detecting a remaining
capacity of said battery” to have its plain and ordinary meaning.

C. The ’306 Patent

The 306 patent is entitled “Portable Mobile Unit.” The patent generally relates to a
portable mobile unit for alerting a user of an incoming signal by ringing and, in particular, to a
portable mobile unit suitable for alerting a user of an incoming phone call using a ringing sound.
’306 patent at 1:6—10. The’306 patent’s abstract is reproduced below:

A portable mobile unit for alerting on incoming of a signal by a ringing sound,

comprises: a ringing sound generator for generating the ringing sound in a plurality

of patterns; and a controller for controlling operations of the portable mobile unit,

wherein the controller select one pattern from the a plurality of patterns based on

conditions which are set up in advance, when the signal comes in, so as to control

the ringing sound generator to generate the ringing sound for alerting a user of the

incoming call, thereby providing the portable mobile unit being superior in the

usability, with which various conditions can be grasped by means of change in the

ringing sound when the telephone call comes in, while achieving the discrimination

of the ringing sound for alerting of the incoming call.

Figure 15 of the *306 patent depicts a “ringing sound generator 1519” within the structure
of the “portable mobile unit. *306 Patent at Fig.15. Figure 1 shows the “ringing sound generator

1519” and its operation with a communication controller 1516, in more detail. Id. at Fig.1.

4. “ringing sound generator”

Plain and Ordinary Meaning | Function: to generate a ringing sound

Structure: Element 1519 in Figure 15 comprising 1, 3a- 3c,
and 4a-4¢ in Figure 1; or equivalents thereof
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(1) Parties’ positions

Maxell contends that “a person of ordinary skill in the art would have understood the
meaning of this term when used in the context of a ‘portable mobile,” as claimed.” Docket No.
136 at 7 (citing Docket No. 136-4 4 31). Specifically, Maxell contends that, in context, “ ‘ringing
sound generator’ refers to a class of structure, namely the circuitry and software in portable devices
that produces audio alerts.” Id. Maxell cites to the claims and the specification, which both
describe exemplary structures for the ringing sound generator, and an expert report as showing
that a person of ordinary skill in the art would have understood the meaning of the term. Id. at 8.
Maxell’s expert opined that “ringing sound” refers to the notification of an incoming call and
“ringing sound generator,” in context, recites structure. Docket No. 136-4 § 35.

Apple asserts that the phrase “ringing sound generator” is a means-plus-function term
because it “does not connote sufficiently definite structure to a POSA™ and because it is not the
“name of a known structure in the field of portable mobile devices.” Docket No. 161 at9. Apple
asserts that courts have found similar phrases, such as ‘“alert sound generator” and “symbol
generator,” to be means-plus-function terms. Id. at 9 (citing Mobilemedia Ideas, LLC v. Apple
Inc., 178 F. Supp. 3d 209, 218-19 (D. Del. 2016) and Advanced Ground Info. Sys. v. Life360, Inc.,
830 F.3d 1341, 134649 (Fed. Cir. 2016)). Apple’s expert opined that “one of ordinary skill in
the art would understand that ‘ringing sound generator’ could be anything that generates a ringing
sound. For example, a person ringing a cowbell could be a ‘ringing sound generator.” ” Docket
No. 161-3 933. The expert further stated that, even considering the fields of electrical engineering,
computer engineering or computer science, he could identify “many different classes of structures

that could generate a ringing sound.” Id. 9 34.
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Apple then proposes construing the term as a means-plus-function term with the function
to generate a ringing sound” and Ringing Sound Generator 1519 in Figure 15 as the corresponding
structure. Docket No. 161 at 9. Apple adds that the corresponding structure includes the details
shown in Figure 1, i.e., elements 1 (“reproduction timing memory”), 3a—3¢ (multiple “sound
source[s]”) and 4a—4¢ (“multiple “sound data reproduction portion[s]”). Id. (citing *306 patent at
4:34-65, Fig.1). Apple also asserts that the specification’s disclosure of MP3 as potential “data”
does not disclose “structure” for the ringing sound generator. /d. at 9-10.

Maxell responds that Apple’s expert testimony regarding the potential class of structures
such as a cowbell “ignores the context of the patent (mobile phones).” Docket No. 136 at 7.
Maxell also argues that Apple’s proposed structure is improper because it limits the term to one
embodiment to the exclusion of others. Specifically, Maxell contends that the proposal excludes
the specification’s teaching that “the sound data of the MP3 method can be used.” ’306 patent at
5:1-8.

(2) Analysis

Section 112 9 6 presumptively does not apply to “ringing sound generator” because it does
not use the word “means.” Apple has not demonstrated that the term “fails to recite sufficiently
definite structure” or else “recites function without reciting sufficient structure for performing that
function” to overcome this presumption. See Williamson, 792 F.3d at 1349.

The claims show that “ringing sound generator” is structural. The claims provide some
detail as to how the ringing sound generator interacts with other components of the claim invention
and describes the input data for the “ringing sound generator.” See Linear Tech 379 F.3d at 1319—
21 (finding “circuit [for performing a function]” to be sufficient definite structure where claims

recite the circuit’s “operation in sufficient detail to suggest structure to persons of ordinary skill in
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the art”); Free Stream Media, 2017 WL 1165578, at *25 (“declining to construe “client device” as
a means-plus-function term because “the claims themselves connote sufficiently definite structure
by describing how the ‘client device’ operates within the claims invention to achieve its
objections”). For example, claim 1 discloses a “ringing sound generator having a plurality of

LR}

sound sources therewith” and a controller that “controls the ringing sound generator so as to
generate the ringing sound using at least two of said sound sources when the signal comes in.”

The specification confirms that “ringing sound generator” connotes structure. See Inventio
AG, 649 F.3d at 1358 (finding term structural based on description in specification); Finjan, Inc.,
2015 WL 7770208, at *11. Figure 15 depicts the ringing sound generator as a component in the
“circuit constructions of the cellular phone” where it is connected to a communication controller
and a speaker. ’306 patent at 15:50-51. The specification describes the operation of the “ringing
sound generator 1519

A reference numeral 1519 indicates a ringing sound generator for generating the

ringing sound when it receives the radio-wave signal, and a 1520 speaker for

outputting the alerting signal that is reproduced in the ringing sound generator 1519

audibly. Further . . . “reproduce” means to output a sound data that is stored or a

sound data that is received with the incoming call, or to put an audible frequency

signal that is converted from an inputted sound data.
1d. at 4:24-33. In Figure 1, the patent shows additional “details of the communication controller
1516 and the ringing sound generator 1519,” further describing how the controller and ringing
sound generator operate to “reproduce” sound data. Id. at 4:34—65. These structural descriptions
confirm that “ringing sound generator” is not a means-plus-function term. See Free Stream Media,
2017 WL 1165578, at *25 (E.D. Tex. Mar. 29, 2017); Finjan, Inc, 2015 WL 7770208, at *11.

Apple’s expert testimony does not negate the intrinsic evidence showing that the full phrase

“ringing sound generator” is structural. See Personalized Media, 742 F.3d at 706. Though

“generator” may connote a broad class of structures, the context of the term in mobile phone
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technology and the “ringing sound” modifier limits the potential class of structures. See
Williamson, 792 F.3d at 1351; Free Stream Media, 2017 WL 1165578, at *24-25 (noting that a
modifier “further narrows the scope of these structure covered by the claim™) (citations omitted).
Further, though the “ringing sound generator” covers a broad class of structures and identifies the
structure by its function, this does not necessarily render it insufficiently structural. See Skky, Inc.
v. MindGeek, s.a.r.l., 859 F.3d 1014, 1019 (Fed. Cir. 2017) (finding a term may be sufficiently
structural “even if the term covers a broad class of structures and even if the term identifies the
structure by their function’ ); Personalized Media, 161 F.3d at 705 (“Even though the term
‘detector’ does not specifically evoke a particular structure, it does convey to one knowledgeable
in the art a variety of structures known as ‘detectors.’ ”).

The structural descriptions in the specification distinguish this case from Mobilemedia
Ideas, which Apple cites for the proposition that a ringing sound generator has no structural
meaning. There, the court found “alert sound generator for generating an alert sound when the
call is received from the remote caller” to be means-plus-function in part because the specification
did not describe the term. Mobilemedia Ideas, 178 F. Supp. 3d at 218-19. Importantly, the court
subsequently concluded that “alert sound generator” provided sufficient corresponding structure
for the means-plus-function limitation because, in the context of a cellular phone, the alert sound
generator was “understood by persons of ordinary skill in the art to refer to an electronic circuit,
including a speaker or vibrator, that was capable of generating sounds, as well as stopping the
generation of such sounds.” /d. The Court thus concluded that “those of skill in the art would
recognize the structure in the specification and associate it with the corresponding functions in the

claim.” Id.  Advanced Ground Info is similarly unavailing because the patentees in that case
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acknowledged that the term “symbol generator” was coined for purposes of the patent. 830 F.3d
at 1348.
For these reasons, the Court construes “ringing sound generator” to have its plain and
ordinary meaning.
D. The ’438 Patent

LEINT3

The ’438 patent, entitled “Terminal for Information Processing,” “relates to an
information-processing terminal having a communication function and relates to a system for
displaying information on a notice board at a request made by the information-processing
terminal.” ’438 Patent at 1:6-10. “More particularly the present invention relates to an electronic
notice-board system having an information processing terminal in addition to a display apparatus.”
Id. at 1:10-12. An object of the patent is to provide an electronic notice-board system that
simplifies a command to start use of a nearby notice board and allows only users close to the notice
board to contribute an article to the notice board and/or inspect the notice board. /d. at 1:46-50.
Maxell asserts claims 1 and 4 of the *438 patent which are:

1. An information-processing terminal comprising:

an input unit for receiving an input entered by a user;

a first short-distance communication unit for carrying out a short-distance
communication with a display apparatus; and

a second communication unit for carrying out a communication with said
display apparatus through a network; wherein

said first short-distance communication unit using said input, carries out an
authentication process for allowance to use said display apparatus;

said second communication unit carries out data exchange with said display
apparatus if said authentication process is affirmed; and

said second communication unit does not carry out data exchange with said
display apparatus if said authentication process is not affirmed. . . .
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4. A display apparatus for presenting information to users surrounding said display
apparatus, comprising:

a first short-distance communication unit for carrying out a short-distance
communication with an information processing terminal; and

a second communication unit for carrying out a communication with said
information-processing terminal through a network; wherein

said first short-distance communication unit carries out an authentication process
for allowance to use said information-processing terminal;

said second communication unit carries out data exchange with said information-
processing terminal if said authentication process is affirmed; and

said communication unit does not carry out data exchange with said information-
processing terminal if said authentication process is not affirmed.

The ’438 patent describes a preferred embodiment “implementing an electronic notice-
board system provided by the present invention.” Id. at 2:60—62. The embodiment discloses a
mobile terminal, illustrated in Figure 2, and a display terminal, whose internal configuration is
shown in Figure 3.

5. “an input unit for receiving an input entered by a user”

Function: to receive input entered by a user
Structure: a keyboard; or equivalents thereof

Plain and Ordinary Meaning

The disputed term “an input unit for receiving an input entered by a user” appears in claim
1 of the *438 patent.

(1) Parties’ arguments

Maxell asserts that “an input unit for receiving an input entered by a user” is readily
understood by a person of ordinary skill in the art and that the specification uses the term “input

unit” consistent with its plain and ordinary meaning. Docket No. 136 at 9-10. Maxell further
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argues that extrinsic evidence—including the dictionary definition of input unit—reflects that the
term refers to a definite class of structures that are used to receive an input entered by a user. Id.
at 10 (citing IBM’s 1994 Dictionary of Computing at 343 (defining “input unit” as a “device in a
data processing system by means of which data can be entered into the system”)).

Apple contends that “unit for” is a nonce phrase, and “input” imparts no further structure.
Docket No. 161 at 10-11. Apple asserts that “input unit” is defined “only by its function . . .
without imposing any structural limits.” Id. at 11. Accordingly, Apple asserts that the term must
be construed according to § 112 9 6 and proposes a recited function of “to receive input entered
by a user” and, as structure, “a keyboard; or equivalents thereof.” Id. at 10.

(2) Analysis

The parties dispute whether this term is a means-plus-function term according to § 112 9 6.
Because the claims do not recite the word “means,” there is a rebuttable presumption that § 112
9 6 does not apply. While “unit” is a nonce term that can be “tantamount using the word means,”
Williamson, 792 F.3d at 1350, the full term in question is “input unit.” The “input” modifier
imparts structural significance to the term, and, as such, “input unit” is structural. See id. (holding
that modifiers can provide structure to otherwise nonce nonstructural terms); Alcatel USA
Resources Inc. v. Microsoft Corp., No. 6:06-cv-500, 2008 WL 2625852, at *17 (E.D. Tex. Jun 27,
2008) (finding term “input unit” sufficiently structural). Apple has not overcome the presumption
that “input unit” connotes structure.

One of ordinary skill would understand that an input unit connotes structure. See 4lcatel
USA Resources, 2008 WL 2625852, at *17 (finding “input unit” not a means-plus-function term

and applying plain and ordinary meaning); see TiVo Inc. v. EchoStar Commc 'ns Corp., No. 2:04-
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CV-1, 2005 U.S. Dist. LEXIS 46879, at *25 (E.D. Tex. Aug. 18, 2005) (applying the plain and
ordinary meaning to “input section”).

The specification provides some structural description for the term. The specification
discloses an embodiment comprising a “mobile terminal” and a “display terminal.” The mobile
terminal serves as the “information processing terminal” and, as depicted in Figure 2, contains an
“input/output unit” connected to other components. Specifically, the input/output unit is connected
to a processor, a storage unit, a transmission/reception unit, a camera unit and a short distance
communication unit which are all “connected to each other by an internal bus so that they are
capable of exchanging information with each other.” °438 patent at 3:39-42, Fig. 2. The
specification further provides an exemplary structure for the input/output unit, including but “not
limited to the liquid crystal display device and the ten-key board.” ’438 patent at 50-67; Cf.
Linear Tech., 379 F.3d at 1320 (finding that the term “circuit” when coupled with a description of
the circuit’s operation is sufficiently structural). The specification also describes the operation of
the input/output unit, allowing a user to enter a comment to be displayed, and examples of inputs
received by the user. 1d. at 8:5; 8:57-60.

Extrinsic evidence further indicates that “input unit” connotes structure. See, e.g., IEEE
STANDARD DICTIONARY OF ELECTRICAL AND ELECTRONICS TERMS, “input device,” 524 (6th ed.
1997) (defining “input device” as a “device used to enter data into a computer system” and listing
“input unit” as a synonym for input device.”); see also MIT, 462 F.3d at 1355 (relying on technical
dictionaries to determine whether the term “circuitry” connotes structure). The fact that a term is
described according to its function does not necessarily mean that the term fails to designate
structure. See Skky, 859 F.3d at 1019 (Fed. Cir. 2017) (citing TecSec, Inc. v. Int’l Bus. Machs.

Corp., 731 F.3d 1336, 1347 (Fed. Cir. 2013)).
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Apple’s expert recognized that “input unit” refers to various known structures such as a
“mouse, keyboard, touch screen, touch-pen, [and] voice activated inputs.” Docket No. 136-2 9 79.
Nevertheless, the expert stated that “input unit” is not a term in the field “because many different
classes of structure can act as an ‘input unit.” ” I/d. However, as discussed previously, the fact that
“a disputed term is not limited to a single structure does not disqualify it as corresponding structure,
as long as the class of structures is identifiable by a person of ordinary skill in the art.” Linear
Tech, 379 F.3d at 1322. Even if the term covers a broad class of structures, it is sufficient if the
claim term is used by persons of ordinary skill in the art to designate structure. Id.; Skky, 859 F.3d
at 1019 (Fed. Cir. 2017); see also Personalized Media, 161 F.3d at 704—05 (finding the term
“detector” to not be a means-plus-function limitation because it conveyed to one of skill in the art
a variety of structures known as “detectors™). The fact that an “input unit” may refer to a “wide
variety of structures” does not render the term nonstructural, nor does the fact that term is defined
by its structure. Personalized Media, 161 F.3d at 704-05.

Accordingly, the Court construes “an input unit for receiving an input entered by a
user” according to its plain and ordinary meaning.

6. “means for selecting an object displayed on said display apparatus”

Agreed function: “selecting an object | Agreed function: “selecting an object displayed on
displayed on said display apparatus” said display apparatus”

Structure: Input/output unit 103 and | Structure: input/output unit 103, including a liquid
associated software that allows for the | crystal display device and a keyboard, and
claimed selection function. associated software; or equivalents thereof

(1) Parties’ Positions
The parties agree that the term is a means-plus-function term and that the recited function

is “selecting an object displayed on said apparatus.” The parties also agree that the corresponding
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structure relates to input/output unit 103 but dispute whether the associated structure requires
further specificity.

Maxell argues that the disclosed structure is “input/output unit 103 and associated software
that allow for the claimed function.” Docket No. 136 at 13. Maxell asserts that the input/output
unit connotes sufficient structure. Id. at 14.

Apple cites its arguments for the previous term asserting that “for the same reasons that
‘input unit’ is a means-plus-function limitation . . . ‘input/output unit’ does not recite sufficiently
definite structure.” Docket No. 161 at 12. Apple contends that “Maxell’s construction simply
replaces a black box that performs a recited function with another black box.” Id. at 12 (citing
Blackboard, Inc. v. Desire2Learn, Inc., 574 F.3d 1371, 1383-84 (Fed. Cir. 2009)). Apple then
asserts that “a liquid crystal display device and ten-key board” are the only disclosed structures.

(2) Analysis

Input/output unit 103 is clearly linked to the function of selecting an object displayed on
said display apparatus. See *438 patent at 8:57. For the reasons discussed for the previous term,
the Court finds that input/output unit connotes sufficient structure to one of ordinary skill in the
art. Accordingly, the Court construes “means for selecting an object displayed on said display
apparatus” as a means-plus-function term:

Function: “selecting an object displayed on said display apparatus” and

Structure “Input/output unit 103 and associated software that allows for the claimed

selection function.”
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7. “display apparatus”

osed Constructio posed Cons
“a display device comprising a first short-distance communication | “an  electronic  notice
apparatus for carrying out a short distance communication with an | board”
information processing terminal and a second communication
apparatus for carrying out a communication with the information-
processing terminal through a network”

(1) The Parties’ Positions

Mazxell contends that the inventors of the *438 patent acted as lexicographers and defined
“display apparatus” in the summary of the invention, describing the “display apparatus” according
to the recited limitations in claim 4. See, e.g., Docket. No. 136 at 11-12. Maxell argues that
Apple’s proposed construction improperly limits the term to a preferred embodiment. /d. Maxell
further contends that Apple’s construction violates the doctrine of claim differentiation because
dependent claims 6 and 7 explicitly limit “display apparatus™ to an “electronic notice board.”
Docket No. 165 at 6.

Apple agrees that the term has special meaning within the context of the *438 patent but
argues for a narrower construction. See Docket. No. 161 at 12—13. Apple argues that the patent’s
repeated description of the invention as an “electronic notice-board system” limits the invention’s
scope and trumps claim differentiation. /d. at 12—14. In accordance with such limitation, Apple
asserts that the patent uses the terms “electronic notice board” and “notice board” to describe the
claimed “display apparatus” Id. at 13 (citing Docket No. 161-1 9 73). Apple further asserts that
the patent describes a “display apparatus” as a “display terminal,” which is in turn defined as an
“electronic notice board.” Id. at 13-14 (citing ’438 patent at 4:27-28; 4:46-47; 9:33-36).
Accordingly, Apple asserts that “display apparatus” should be construed as an “electronic notice

board.”
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Apple further asserts that Maxell’s construction improperly attempts to import the
specification’s paraphrasing of claim 4 to define “display apparatus” which would render claim 4
superfluous. Id. at 14.

(2) Analysis

The parties’ dispute amounts to a conflict, familiar in claim construction analysis, between
the teachings in the specification and claim differentiation. See, e.g., Marine Polymer Tech. Inc.
v. HemCon, Inc., 672 F.3d 1350 (Fed. Cir. 2012) (where an evenly divided en banc panel split over
whether a construction dictated by the specification or a construction dictated by claim
differentiation was more proper).

The claims support Maxell’s proposal. Claims 1 and 4 define the invention from opposite
directions: claim 1 is directed to and claims an “information-processing terminal” that
communicates with a “display apparatus,” while claim 4 is directed to and claims a “display
apparatus” that communicates with an “information processing terminal.” Claim 4 claims a
“display apparatus . . . comprising a first short-distance communication apparatus for carrying out
a short distance communication with an information processing terminal and a second
communication apparatus for carrying out a communication with the information-processing
terminal through a network.” The “display apparatus” term also appears in claims 1-3 and 5-7.
For example, claim 1 specifies that an “information processing terminal” has a “first short-distance
communication unit” and a “second communication unit” for communicating with a “display
apparatus.” Unlike claim 4, claim | provides no further detail on the “display apparatus.”

The parties agree that the “display apparatus™ in claims 1 and 4 is the same. It follows that
claim 4’s limitations are incorporated into “display apparatus” in all the claims. Such a

construction does not violate the principles of claim differentiation because claim differentiation
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principles operate differently in the context of two independent claims. Curtiss-Wright Flow
Control Corp. v. Velan, Inc., 438 F.3d 1374, 1381 (Fed. Cir. 2006) (explaining that claim
differentiation arguments have less force in the context of two independent claims because “two
claims can use different terminology to define the exact same subject matter”).

Apple asserts that “display apparatus” should be limited to an “electronic notice board.”
However, dependent claims 6 and 7 claim an electronic notice board system “including a display
apparatus . . . wherein said display apparatus is an electronic notice board.” The doctrine of claim
differentiation therefore creates a rebuttable presumption that “display apparatus™ is not limited to
an “electronic notice board.” Liebel-Flarsheim, 358 F.3d at 910. This presumption is strongest
where, as here, “the limitation sought to be ‘read into’ an independent claim is the only meaningful
difference between the two claims.” InterDigital Commns. LLC v. Inter. Trade Com’n, 690 F.3d
1318, 1324 (Fed. Cir. 2012); Wenger Mfg., Inc. v. Coating Mach. Sys., Inc.,239 F.3d 1225, 1233
(Fed. Cir. 2001); SunRace Roots Enter. Co. v. SRAM Corp., 336 F.3d 1298, 1303 (Fed.Cir.2003).

Apple argues that the written description overcomes the presumption against claim
differentiation because it teaches that “display apparatus” is limited to an “electronic notice board.”
Apple argues that the patent repeatedly and consistently characterizes the invention as an electronic
notice board system and characterizes the “display apparatus” as an “electronic notice board.” Id.
(citing Verizon Servs. Corp. v. Vonage holdings Corp., 503 F.3d 1295, 1308 (Fed. Cir. 2007)
(when a patent describes the features of the “present invention” as a whole, this description limits
the scope of the invention)). Apple also argues that “the specification uses the terms ‘electronic
notice board’ and ‘notice board’ 47 times to describe the claimed ‘display apparatus.” ” Id. at 13
(citing GPNE Corp. v. Apple, Inc. 830 F.3d 1365 (Fed. Cir. 2016) (“A patent’s repeated and

consistent characterization of a claim term in a particular way may require the claim term to be
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construed in accordance with that characterization.”)). Apple asserts that these statements in the
specification overcome the presumption from claim differentiation. /d.

Apple does not, however, overcome the strong presumption of claim differentiation here.
While the specification does discuss the “present invention” as relating to an “electronic notice
board system,” the specification also describes the invention as containing a general “display
apparatus,” not an “electronic notice board.” ’438 patent at 1:10-12 (“[T]he present invention
relates to an electronic notice-board system having an information-processing terminal in addition
to a display apparatus”); see id. at 2:5-17 (describing the “display apparatus of the present
invention” in broad terms as used in claim 4).

The patent includes a single preferred embodiment “implementing an electronic-notice
board system provided by the present invention.” Id at 2:61-63. The description of this
embodiment does not use “electronic notice board” in place of “display apparatus.” Instead, the
specification describes a “display terminal” with generic components that serves as the “display
apparatus” in the embodiment.

The patentees’ broad descriptions of “display terminal” shows that they did not intend to
limit “display apparatus” to an “electronic notice board.” The patent discloses a broad “display
apparatus” capable of serving as an electronic notice board in an electronic notice board system.
For example, rather than simply disclosing an “clectronic notice board,” the embodiment describes
a generic “display unit” which “serv[es] as a notice board” in the embodiment. ’438 patent at
4:46-47. Moreover, the embodiment describes installing an “electronic notice-board program for
implementing an electronic notice board function” on the display terminal, which again suggests
that the display terminal/display apparatus is broader than an electronic notice board. Id. at 4:66—

5:33.
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That the inventors anticipated the invention being used in an electronic notice board system
does not limit the scope of the patent to that narrow context where, as here, the specification uses
broader terms to describe the invention. See Brookhill-Wilk 1, LLC v. Intuitive Surgical, Inc., 334
F.3d 1294, 1301 (Fed. Cir. 2003) (“[T]he fact that the inventor anticipated that the invention may
be used in a particular manner does not limit the scope to that narrow context.”); Vehicular Techs.
Corp. v. Titan Wheel Int’l. 141 F.3d 1084 (Fed. Cir. 1998). Advantages described in the body of
the specification are not per se limitations to the claimed invention. Vehicular Techs., 141 F.3d at
1096. The principal invention—the display terminal and display apparatus capable of performing
two-way communication—appears to be useful in contexts outside of the electronic notice board
system. Thus, the patentee’s focus on the effect of the claimed invention in electronic notice board
systems does not clearly “disavow the use of the invention outside the context of the electronic
notice board system.” See Teleflex, 299 F.3d at 1328. Ultimately, the specification’s discussion
of the invention in relation to an electronic notice board system does not “compel” a contrary
construction despite the claim differentiation presumption. See Marine Polymer (Dyk, J.,
dissenting in part) (explaining that courts should adopt a construction violating the principles of
claim differentiation only if it is the only construction consistent with the claim language and the
written description).

With that said, Maxell’s reasoning is also unpersuasive. Maxell asserts that the repetition
of claim 4’s language in the Summary of Invention is an express definition. The Court disagrees.
Repeating claim language in the Summary of the Invention is a common practice by patent
practitioners and does not ordinarily constitute an express definition. Moreover, the Court declines
to include the phrase “display device” in the construction as Maxell proposes. “Display device”

as used in the specification, refers to structure within the display terminal/display apparatus, not
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structure for the display apparatus itself. See *438 patent at 4:50-52 (explaining that the “display
unit” in the “display terminal” can be “any display device as long as the display device is capable
of displaying information”). It would be improper to use “display device” in the construction of
“display apparatus.”

Accordingly, the Court construes “display apparatus” to mean “a display comprising a
first short-distance communication apparatus for carrying out a short distance
communication with an information processing terminal and a second communication
apparatus for carrying out a communication with the information-processing terminal
through a network.”

7. “adding a comment to contributed data”

d

JOS € € OSe
“written content responsive to the contributed data”

Plain and Ofdinary Meaﬂing

The disputed term “adding a comment to contributed data” appears in claim 2 of the *438

patent.
(1) The Parties’ Positions

Mazxell asserts that the term is readily understood by those of skill in the art and requires
no construction. See Docket No. 136 at 12—13. Maxell argues that the term is not limited to
“written content” and that Apple inserts words that do not appear in the specification. /d. at 13.

Apple asserts that a construction is required because the word “comment” has different
meanings in different contexts. Docket No. 161 at 15 (citing Docket No. 161-11 at 98:3-23).
Apple then asserts that the specification requires that a comment added to contributed data be a
“written content responsive to that data.” Id. (citing *438 patent at 8:64-9:6 (“Subsequently, the

user . . . writes a comment into the display field 1302. The content ID 502 is an ID identifying a
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content for which the comment is written. . . . Finally, the user selects a transmission button 1303
to start a process to select the content and input the written comment.”) (emphasis added)). To
Apple, its construction is supported by the patent’s goal—writing and posting text on an electronic
notice board in response to “contributed data” already on the board. Id. (citing Docket No.161-2
9 92).

(2) Analysis

Nothing in the intrinsic evidence supports limiting the meaning of “adding a comment to
contributed data.” Claim 2, for example, requires that the information-processing terminal of
claim 1 have (i) a function of contributing data to said display apparatus and (ii) a function of
adding a comment to contributed data. This language does not require the comment to be
“written.” To the extent that Apple’s proposed requirement that the comment be “responsive” is
different than the plain meaning of “adding . . . to contributed data,” such limitation finds no
support in the claim language.

Likewise, the specification does not support limiting the meaning of “adding a comment
to contributed data.” Apple has not pointed to language of lexicography, disavowal or disclaimer
mandating that the content must be written or responsive. See GE Lighting Solutions, LLC v.
AgiLight, Inc., 750 F.3d 1304, 1309 (Fed. Cir. 2014); Cordis Corp. v. Boston Sci. Corp., 561 F.3d
1319, 1329 (Fed. Cir. 2009). The descriptions in the Background of the Invention and Summary
of the Invention do not indicate any intent to limit the term to written and responsive content.

Instead, Apple cites non-limiting descriptions of the preferred embodiment to support its
proposed construction. However, “even where a patent describes only a single embodiment,
claims will not be read restrictively unless the patentee has demonstrated a clear intention to limit

the claim scope using words of expressions of manifest exclusion or restriction.” Arlington Indus.,
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Inc. v. Bridgeport Fittings, Inc., 632 F.3d 1246, 1254 (Fed. Cir. 2011); see Innova/Pure Water,
381 F.3d at 1117. Even within the description of the preferred embodiment, the patent does not
describe “written” and “responsive” content as relevant or necessary to the patent’s goal.

Apple has not demonstrated a clear intent to limit the claim term from its plain and ordinary
meaning. The embodiment’s description of a comment as written does not suggest a clear intent
to limit the scope. The Court hereby construes the term “adding a comment to contributed data”
to have its plain and ordinary meaning.

E. The ’493 Patent

The °493 patent is entitled “Electric Camera.” The patent generally relates to an electric
camera that solves a problem of conventional electric cameras incapable of taking both moving
and static images of satisfactory quality. /d. at 2:62-3:7. The’493 patent’s abstract is reproduced
below:

An electric camera includes an image sensing device with a light receiving surface

having N vertically arranged pixels and an arbitrary number of pixels arranged

horizontally, N being equal to or more than three times the number of effective

scanning lines M of a display screen of a television system, a driver to drive the

image sensing device to vertically mix or cull signal charges accumulated in

individual pixels of K pixels to produce, during a vertical effective scanning period

of the television system, a number of lines of output signals which corresponds to

1/K the number of vertically arranged pixels N of the image sensing device, K being

an integer equal to or less than an integral part of a quotient of N divided by M, and

a signal processing unit having a function of generating image signals by using the

output signals of the image sensing device.

More particularly, the 493 patent describes an electric camera including an image sensing
device having a number (e.g., 1200 pixels) of vertically arranged pixels and a number (e.g., 1600
pixels) of horizontally arranged pixels. Id. 4:34—48. When taking still images, all of the effective
pixels on the image sensing device are used to produce signals with as high a resolution as possible.

Id. at 7:31-39. When taking moving video, a number (e.g., 1200/240 = 5) of the vertically arranged

pixels are mixed or culled so that the number of lines of output signals conforms to the number of
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effective scanning lines (e.g., 240 lines if in an NTSC system) of a television monitor. See, e.g.,
4:64-5:6; 9:30-43.

Claim 1 of the 493 patent is reproduced below:

1. An electric camera comprising:

an image sensing device with a light receiving sensor having an array of
pixels arranged vertically and horizontally in a grid pattern, in an N number of
vertically arranged pixel lines, wherein N is equal to or greater than three times a
number of effective scanning lines M of a display screen;

a signal processing unit, that generates image signals by using the output
signals of the image sensing device; and

a display unit with the display screen, to display an image corresponding to
the image signals;

wherein during monitoring in a static image mode, the signal processing
unit generates the image signals by mixing or culling signal charges accumulated
in the N number of vertically arranged pixel lines to provide pixel lines only at pixel
intervals of K1 pixels;

wherein during recording in a moving video mode, the signal processing
unit generates image signals by mixing or culling signal charges accumulated in the
N number of vertically arranged pixel lines to provide pixel lines only at pixel
intervals of K2 pixels, a value of K1 being different from a value of K2; and

wherein during recording in the static image mode, the signal processing
unit generates the image signals by using all signal charges accumulated in the N
number of vertically arranged pixel lines, to provide N pixel lines.

8. “effective scanning lines . .. of a display screen”

05 1S osed Cons n
“lines on a display screen corresponding | “the lines displayed in a single field of an interlaced
to an actually displayed image” scanning display”

The disputed term “effective scanning lines . . . of a display screen” appears in claim 1 of

the 493 patent.

Page 42 of 57

4104



Case 5:19-cv-00036-RWS Document 235 Filed 03/18/20 Page 43 of 57 PagelD #: 9118

(1) The Parties’ Positions

The parties’ dispute centers on whether the patent is limited to “interlaced scanning”
displays. Interlaced scanning involves displaying half of the pixel lines in one frame and the other
half in the next frame. Docket No. 136 at 18. Another scanning technique, developed after
interlaced scanning, is progressive scanning, which involves displaying each of the pixel lines in
sequence for each frame. /Id. at 19. According to Maxell, by the time of the invention of the 493
patent, those of skill in the art were familiar with progressive scanning techniques. /d. at 19.

Maxell claims that the term should be construed to mean “the number of lines on a display
screen corresponding to an actually displayed image.” Docket No. 136 at 18. Maxell contends
that the term “effective” is used consistently to refer to “that which is actually being used.” Id. at
20. As such, Maxell argues that “effective scanning lines” mean the “lines actually being utilized
to display an image.” Id. at 20. At bottom, Maxell asserts that descriptions of interlaced scanning
and the use of terms such as “field” and “vertical blanking period” relate only to a nonlimiting
embodiment. Id. at 22.

According to Apple, a person of ordinary skill would have understood that television
displays at the time of the alleged invention utilized interlaced scanning. Id. at 19. Apple’s expert
acknowledges that “interlaced” and “progressive” scanning were both known at the time of the
patent but states that interlaced scanning displays were more “common.” Docket No. 161-4 9 34.

Apple asserts that the invention aims to produce “signals conforming to a television system
such as NTSC and PAL,” and all disclosed embodiments refer to interlaced television standards.
Id. at 21 (citing 493 patent at 1:30-34; 10:18-21). Accordingly, Apple argues that the

construction of “effective scanning lines” should reflect this goal. Docket No. 161 at 18.
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Apple argues that its proposed construction is consistent with the specification’s definition
of “effective scanning line” as part of a display field, a term relevant only in interlaced scanning
systems.

The NTSC system, for example, performs interlaced scanning on two fields, each

of which has an effective scanning line number of about 240 lines (the number of

scanning lines actually displayed on the monitor, which is equal to the number of

scanning lines in the vertical blanking period subtracted from the total number of
scanning lines in each field).
’438 patent at 1:39-43.

Maxell argues that Apple’s proposed construction impermissibly excludes progressive
scanning displays. Id. at 19. According to Maxell, the claim language does not support such a
limitation. Maxell further points to the specification, which states that the “invention can also be
applied to other television systems,” to allege that the invention covers progressive scanning
systems. Docket No. 136 at 21 (citing *493 patent at 10:18-21).

(2) Analysis

The claims do not support limiting the term to interlaced scanning. The term appears in
claim 1 of the 493 patent, which is reproduced below in relevant part:

An electric camera comprising:

an image sensing device with a light receiving sensor having an array of

pixels arranged vertically and horizontally in a grid pattern, in an N number of

vertically arranged pixel lines, wherein N is equal to or greater than three times a

number of effective scanning lines M of a display screen; ...

’493 patent at 15:57-63 (emphasis added). The claim specifies that pixels are arranged vertically
and horizontally in a grid pattern, where N is the number of vertically arranged pixel lines and M
is the number of effective scanning lines. The claim does not reference “interlaced” scanning, nor

does it mention a “single field,” “vertical blanking period” or any other term unique to interlaced

scanning.
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Nor does the specification support limiting the term to interlaced scanning. The
specification describes the patent in general terms as relating to “photography of video cameras,
camcorders, digital still cameras and others using solid state image sensing device, and more
particularly to an electric camera using a solid state image sensing device with a large number of
pixels.” Id. at 2:57-61. This does not support any limitation.

Contrary to Apple’s position, the patent’s stated goal is quite broad: to solve issues in the
prior art by providing an “image sensing device with a sufficient number of pixels for still images
and enables taking of highly details still images of a moving video taking with reduced image
quality degradation without increasing circuitry such as field memory.” ’438 patent at 3:8—13.
The patent discusses limitations in prior art systems adapted to interlaced scanning systems. See
’493 patent at 1:51-53 (describing prior art image sensing devices designed to take moving images
according to the NTSC system). However, describing the patent as providing an advantage over
these systems, without more, is not a per se limitation to the claimed invention. See Teleflex, 299
F.3d at 1328. The patent’s use of NTSC standards in the embodiments similarly fails to limit the
term. See Comark Commc’ns, Inc., 156 F.3d at 1187 (“Although the specification may aid the
court in interpreting the meaning of disputed claim language, particular embodiments and
examples appearing in the specification will not generally be read into the claims.”); Arlington
Indus., 632 F.3d at 1254; Innova/Pure Water, 381 F.3d at 1117, see also Liebel-Flarsheim Co.,
358 F.3d at 906. Both parties rely on the following portion of the specification to define “effective
scanning lines.”

The NTSC system, for example, performs interlaced scanning on two fields, each

of which has an effective scanning line number of about 240 lines (the number of

scanning lines actually displayed on the monitor which is equal to the number of

scanning lines in the vertical blanking period subtracted from the total number of
scanning lines in each field).
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’493 patent at 1:30-50 (emphasis added). This discussion of the NTSC standard is a non-limiting
example in the specification used to explain the limitations of prior art systems. See Comark
Commc ’ns, Inc, 156 F.3d at 1187. This phrase is best read as both broadly defining “effective
scanning lines”—the number of scanning lines actually displayed on the monitor—and applying
that meaning to the exemplary NTSC system. Consistent with this provision, the term “effective
scanning lines” refers to the “number of scanning lines actually displayed on the monitor.”

Accordingly, the Court construes “effective scanning lines” as “the number of scanning
lines displayed on the display screen.”

9. “culling” and “mixing”

“mixing ... signal charges”/ | “combining signal | “collecting charges from multiple
“mixed” charges from multiple | pixels for combined transfer” /
pixels” / “combined” “collected”

“culling signal charges” /|Plain and  ordinary | “selecting pixels for output by
“culled” meaning skipping pixels at predetermined
intervals” / “selected”

The disputed terms “culling signal charges” / “culled” and “mixing . . . signal charges” /
“mixed” appear in claims 1, 4, 5 and 10 of the 493 patent. These terms are combined for analysis
based on the similarity of the terms as used in the patent and the parties’ positions as to these terms.

(1) The Parties’ Positions

Maxell proposes construing “mixing” to mean “combining signal charges from multiple

pixels” and “mixed” as “combined.” Maxell asserts that its proposed constructions use language

from Apple’s constructions and supported by the specification. Docket No. 136 at 25. Maxell

% The court utilizes the term “display” instead of “monitor” to remain consistent with the language in the claims
referring to displays.
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argues that Apple’s construction is unclear and improperly limits the claims to an undefined
“combined transfer.”

Apple asserts that further clarification is necessary. Apple argues that the patent
“consistently describes ‘mixing’ as collecting charges from multiple pixels for combined transfer”
and that “ ‘mixing’ occurs as part of the charge transfer process.” Id. at 22. Apple further explains
that the specification’s disclosure that pixels are “mixed together to reduce the number of output
lines from the image sensing device” teaches that the combination “of pixel charges occurs as part
of charge transfer to reduce the number of output lines from the image sensor.” Id. Apple further
asserts that post-transfer processing is “disparaged” by the *493 patent. Id. (citing 493 patent at
2:10-17). Specifically, the patent criticizes prior art systems that combined signal charges after
they were read out from the image sensing device as requiring “a large processing circuit, such as
field memory.” Id. at 23 (citing *493 patent at 2:18-25). Because the patent purports to eliminate
the need for field memory, Apple asserts that the mixing must be ““ part of the transfer process.”

As to “culling,” Maxell contends that it requires no construction because one of ordinary
skill in the art would have no difficulty understanding its meaning. Docket No. 136 at 23 (citing
136-8 99 49-50). Maxell asserts that Apple’s construction is unduly limiting and at least “partially
redundant” with the other limitations because “skipping” and “predetermined intervals” are not
used to describe “culling” and because the patent’s description of “culling” would be familiar to
and easily understood by persons of ordinary skill. Docket No. 136 at 23.

Apple and its expert assert that “culling” has special meaning within the context of the
’493 patent. Docket No. 161-12 at 66:18—68:18. Apple argues that the specification’s only
explanation of “culling”—which equates culling with skipping pixel lines—supports its

construction. Id. at 24; Docket No. 161 at 23 (citing "493 patent at 10:9-12 (“The number of
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lines of output signals can also be reduced by a so-called culling operation, by which only one
line of signal charges of pixels is read out for every predetermined number of lines.”)). Apple
argues that Maxell’s construction stretches “culling” to cover any operation that results in fewer
than all pixels in the array.

(2) Analysis

The claim language does not expressly define the “mixing” or “culling” terms. Rather, the
surrounding claim language specifies the result of the mixing/culling operations. See 493 patent
at 16:1-6. The claims explain that mixing/culling results in pixel lines only at pixel intervals of
K1 pixels (for claim 1) or pixel lines separated from one another by intervals of a first/given
distance (claims 5 and 10). Claim 1 further explains that the “signal processing unit” performs the
mixing/culling operation using the “output signals of the image sensing device.” Id. at 15:64—
16:5.

The specification has numerous references to the “mixing” and “culling” terms. Consistent
with the claims, the specification makes clear that “mixing” or “culling” reduces the number of
pixel lines of output signals. See *493 patent at 1:6-12 (“vertically adjoining pixels are mixed
together to reduce the number of output lines”); 5:3—5 (“vertically mixing five pixels (1200 pixel
Tows/240 scanning lines) can match the number of lines of output signals from the image sensing
device to the number of effective scanning lines™); 1:43-50 (describing that for an image sensing
device having about 480 pixel rows, two vertically adjoining pixels in each field are mixed together
inside or outside the image sensing device to generate 240 scanning lines). The joint usage of
“mixing” and “culling” in the patent suggests that the operations use on the same input and result
in a similar output (i.e., a reduced number of pixel lines), and are performed by the same device.

The main difference appears to be the manner by which the pixel rows are reduced.
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The parties agree that “mixing” involves combining signal charges. Apple’s expert
describes the “mixing” process as “combining signal charges from multiple pixels.” See Docket
No. 161-4 at 9§ 49 (further describing lines of pixels as “vertically mixed together by combining
charges accumulated in four pixels”). Maxell’s construction incorporates this understanding;
indeed, Maxell proposes aconstruction using Apple’s expert’s own language: “combining signal
charges from multiple pixels.” Maxell’s construction also comports with the teaching of the claim
and specification that the “mixing” function combines pixels to reduce signal lines.

Apple argues that a more limited construction is required based on the patent’s
disparagement of the prior art. But the phrases “collecting” and “combined transfer” are not found
anywhere in the claims or specification.

Apple explains that its proposed construction limits the mixing process to “part of
transferring the charges from the sensor” rather than including the post-transfer processing
approach disparaged by the patent (Maxell’s position).” Docket No. 161 at 22. According to
Apple, the only way to distinguish the invention from the prior art “is to perform mixing as part of
the signal transfer, to combine these charges as it is being transferred from image sensor to
another device.” Docket No. 153 at 35 (emphasis added). Apple’s expert testimony likewise
suggests that Apple’s construction aims to restrict the mixing function specifically to the image
sensing device. Docket No. 161-4 9§ 52 (stating that Maxell’s construction is too broad because it
“permits the combination of pixels to occur anywhere in the system, for example, in the camera
system after all effective pixels were read out from the image sensing device”). Apple’s counsel
likewise asserted in the Markman hearing that the only way for the invention to make sense “is to
perform mixing as part of the signal transfer, to combine the charges as it is being transferred from

image sensor to another device.” Docket No. 187 at 153:1-7.
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Apple’s proposed construction does not clearly limit the mixing operation as Apple
suggests. Apple’s construction makes no mention of the image sensing device. Notably, Apple’s
counsel later stated during rebuttal that that its “construction is that mixing can occur inside the
image sensor or outside the image sensor” but that the “mixing operation has to be performed as
part of a signal transfer from one place to another.” /d. at 154:19-20 (emphasis added).

If Apple’s construction requires the mixing process to occur in the image sensing device
or as signals are transferred from the image sensing device, then the construction would contradict
the language of claim 1, which states:

a signal processing unit, that generates signals by using the output signals of the

image sensing device; . . . wherein . . . the signal processing unit generates the

image signals by mixing or culling signal charges accumulated in the N number of

vertically arranged pixel lines to provide pixel lines only at pixel intervals of K1

pixels.

Under Claim 1, then, mixing occurs affer the image sensing device outputs the charges to the signal
processing unit.

The specification’s criticism of a prior art system utilizing post-transfer processing does
not overcome the plain language of claim 1. The specification does not describe the invention as
requiring mixing to occur before transfer from the image sensing device or as part of the transfer
process. The specification des not “repeatedly extoll the virtues” of combined transfer or
repeatedly criticize post transfer processing. See UltimatePointer, L.L.C. v. Nintendo Co., Ltd.,
816 F.3d 816 (Fed. Cir. 2016) (finding the “repeated description of the invention as a direct
pointing system, the repeated extolling of the virtues of direct pointing, and the repeated criticism

of indirect pointing clearly indicated that “handled device” should be limited to “direct-pointing

device”). And in fact, the specification also criticizes a prior art system that performs mixing
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inside the image sensing device. See ’493 patent at 2:44-53. Ultimately, neither the claims nor
the specification requires mixing to occur as signals are transferred from the image sensing device.

Apple’s alternative argument that the mixing function may occur anywhere, so long as it
is performed “as part of a transfer process,” is likewise unsupported by the claims. Again, neither
the claims nor the specification contains this language. Claim 1 explains that the mixing is
performed by the “signal processing unit” and does not discuss any related transfer operation.
Apple’s argument appears to be derived from the patent’s discussion of an embodiment. ’493
patent at 5:56—66 (explaining, in the context of the embodiment, that signals are mixed in the
“horizontal transfer unit 33” of an image sensing device). As discussed previously, terms will not
be narrowed according to embodiments in the specification absent a clear intent to so limit the
terms. Further, this embodiment is targeted to a system where the image sensing device performs
the mixing function. However, the patent clearly did not intend to limit the invention to this
embodiment because Claim 1 performs the mixing operation on signals output from the image
sensing device. Further, the specification does not indicate that this process is necessary to address
limitations in prior art. Ultimately, Apple has not shown that its construction is required pursuant
to prior art disparagement or that its construction is otherwise supported or mandated.

As to the “culling” and “culled” term, Apple and Maxell’s experts disagree as to whether
term is understood by persons of ordinary skill in the art. As discussed above, the claims
themselves do not define “culling.” However, the specification defines “culling:”

The number of output signals can also be reduced by a so-called culling operation,

by which only one line of signal charges of pixels is read out for every
predetermined number of lines.

’493 patent at 10:9-12.

Though provided in the context of an embodiment, this statement is not simply a

description of an embodiment or a single example of the culling operation. Instead, it explains the
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“culling operation” referred to in the invention. Though there is always tension in determining
“whether a statement was designed to define the claim term or to describe a preferred
embodiment,” E-Pass Technologies, Inc. v. 3Com Corp., 343 F.3d 1364, 1369 (Fed. Cir. 2003),
an express definition should not be ignored just because it appears in the context of a preferred
embodiment, as the term does here. Edwards Lifesciences LLC v. Cook Inc., 582 F.3d 1322 (Fed.
Cir. 2009). Accordingly, culling should be construed consistent with this description.

Apple asserts that its construction imports the same meaning. The Court disagrees. First,
the phrase “selecting” is not explained or consistent with any language in the specification.
Further, the specification requires one line of signal charges of pixels to be read out for every
predetermined number of lines—e.g. reading out any one line for every five pixels. Apple’s
construction appears more limiting, requiring skipping pixels at predetermined intervals—e.g.
always selecting the first line and skipping the next four. Though the result is the same—one pixel
line for every 5 pixels—the operation is not the same. Ultimately, such rephrasing, even if true to
the outcome described in the patent, is unnecessary because the definition in the patent is clear on
its own.

Accordingly, the Court construes “mixing . . . signal charges” and “mixed” as
“combining signal charges from multiple pixels” and “combined.” Further, the Court construes
“culling signal charges” and “culled” as “reading out only one line of signal charges of pixels
for every predetermined number of lines” and “only one line of signal charges of pixels is
read out for every predetermined number of lines.”

F. The ’991 Patent
The *991 patent is entitled “Communication Apparatus and Method for Receiving an

Inbound Videophone Call Notice While Displaying Digital Information on the Display.” The
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Background of the patent explains that a telephone communication system and a TV broadcast
system are independent systems and different apparatuses, and various problems exist with a
conventional telephone and TV system. See 991 patent at 1:39-2:31. To provide a solution to
conventional systems, the 991 patent discloses “a new and improved TV receiver with TV
function (referred to as videophone function-added TV 35 receiver hereafter) set having
videophone call handling functionality, which performs both the reception of a digital broadcast
program signal and the transmission and reception of a videophone signal between itself and
another videophone function-added TV receiver at the other end of a 40 communication line.” Id.
at 2:32-40.

Maxell asserts claim 1 of the, reproduced below:

A communication apparatus for transmitting and receiving digital information to
and from another communication apparatus, comprising:

a network interface configured to receive first digital information which is
received from a contents server which is coupled to the communication apparatus
via the network interface and second digital information from the another
communication apparatus;

a camera configured to generate video information which is included in
third digital information;

a display configured to display at least the first and the second digital
information; and

a processor;
wherein when the processor receives an inbound videophone call notice
while displaying the first digital information on the display, the processor pauses
the displaying of the first digital information and renders the camera operative;
wherein the processor outputs the third digital information to the another
communication apparatus and displays the second digital information of the

videophone call on the display; and

wherein when the processor receives an input for stopping the videophone
call, the processor stops output of the third digital information and stops the camera.
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10. “communication apparatus”

‘0pose orist

0S€ 3 il 0S8
Plain and Ordinary Meaning “videophone functi

i g
on-added

TV receiver”

The disputed term “communication apparatus” appears in claims 1-4, 810 and 12 of the
’991 patent.

(1) The Parties’ Positions

Maxell asserts that a person of ordinary skill in the art would understand “communication
apparatus” according to its plain and ordinary meaning. Docket No. 136 at 15 (citing Biscotti Inc.
v. Microsoft Corp., No. 2:13-cv-01015, 2016 U.S. Dist. LEXIS 155336, at *16 (E.D. Tex. Nov. 9,
2016) (construing “communication device” according to its plain and ordinary meaning)).

Apple asserts that “communication apparatus” should be construed according to the
patent’s “repeated and consistent characterization of the alleged invention” as a “videophone
function-added TV receiver.” Docket No. 161 at 15-16 (citing GPNE, 830 F.3d at 1370). Apple
notes that the phrase “‘communication apparatus” is not used anywhere in the specification,
whereas “videophone function-added TV receiver” is used 284 times. Id. According to Apple,
such a construction is consistent with the patent’s goal of improving television receivers. Id. at
16. Apple also asserts that its proposed construction is consistent with the prosecution history
because, throughout the substantive examination, the application was titled “Television Receiver
with a TV Phone Function.” Id. at 17.

Maxell responds that Apple’s construction is improper for two reasons. First, Maxell
asserts that the proposed construction excludes preferred embodiments which describe a “video

telephone system using but not including the videophone function-added TV receiver sets.”
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Docket No. 136 at 16 (citing 991 patent at 3:29-33; 4:8-10; 5:16-28; 6:8—10). Maxell also argucs
that Apple’s expert “confuses repetition with redefinition.” Id. at 16.

Apple argues that its construction does not exclude alternative embodiments because such
embodiments include a plurality of videophone function-added TV receiver sets. Id. at 16 n.8
(citing 991 patent at 2:56—60).

(2) Analysis

The parties dispute centers on whether the specification’s repeated characterization of the
invention limits the construction of “communication apparatus.” The claim terms themselves do
not require limitation. However, the specification is always highly relevant to claim construction
analysis. “Usually it is dispositive; it is the single best guide to the meaning of a disputed term.”
Honeywell Intern. Inv. v. ITT Industries, Inc., 452 F.3d 1312, 1318 (Fed. Cir. 2006).

Describing features of the “present invention” as a whole can be “clear and unmistakable
statements constituting disavowal or disclaimer.” Luminara Worldwide, LLC v. Liown Elecs. Co.,
814 F.3d 1343, 1353 (Fed. Cir. 2016); Honeywell Int’l Inv., 452 F.3d at 1318; Verizon Serv. Corp,
503 F.3d at 1308. Similarly, when a patent “repeatedly and consistently characterizes a claim term
in a particular way, it is proper to construe the claim term in accordance with that characterization.”
See, e.g., GPNE., 830 F.3d at 1370; VirnetX, Inc. v. Cisco Sys., Inc., 767 F.3d 1308, 1318 (Fed.
Cir. 2014).

Here, the patent characterizes the invention as relating to videophone function-added TV
receivers. In the “Summary of the Present Invention,” the specification describes in detail eight
features of the “technology” of the invention, each time referring to a “videophone function added
TV receiver.” See 991 patent at 2:33—3:26. (“This technology provides a new and improved TV

receiver with TV function (referred to as a videophone function-added tv receiver hereafter”);
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2:56-57; 3:29-30; 4:8—10; 4:53-54; 5:26-27; 5:58-59; 6:78. Each embodiment similarly describes
using a “videophone function-added TV receiver.” The specification never uses the phrase
“communication apparatus,” but uses the phrase “videophone function-added TV receiver” over
200 times. These statements impose a limit on the term “communication apparatus.” Maxell has
not demonstrated that Apple’s proposed construction excludes any embodiments. In fact, every
embodiment is focused on features of the “video telephone-function added TV receiver,” even

EEINTS

those embodiments disclosing a “video telephone system.” “When, as here, the written description
clearly identifies what the invention is, an expression by a patentee during prosecution that he
intends his claims to cover more than what his specification discloses is entitled little weight.”
Honeywell, 452 F.3d at 1319; see also Biogen, Inc. v. Berlex Labs,318 F.3d 1132, 1140 (Fed. Cir.
2003).

Accordingly, the Court construes “communication apparatus” as “videophone function-
added TV receiver.”

CONCLUSION

The Court adopts the constructions above for the disputed and agreed terms of the *317,
’999, °498, °493, °794, 193, ’306, *991 and ‘438 patents. Furthermore, the parties should ensure
that all testimony that relates to the terms addressed in this Order is constrained by the Court’s
reasoning. However, in the presence of the jury the parties should not expressly or implicitly refer
to each other’s claim construction positions and should not expressly refer to any portion of this
Order that is not an actual construction adopted by the Court. The references to the claim
construction process should be limited to informing the jury of the constructions adopted by the

Court.
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So ORDERED and SIGNED this 18th day of March, 2020.

/2041/‘,;‘ LU [rlirperloe P

ROBERT W. SCHROEDER 111
UNITED STATES DISTRICT JUDGE

Page 57 of 57

4119



EXHIBIT 1027

4120



UNITED STATES PATENT AND TRADEMARK OFFICE

BEFORE THE PATENT TRIAL AND APPEAL BOARD

APPLE INC.
Petitioner,

V.

MAXELL, LTD.,
Patent Owner

Case: IPR2020-00597

U.S. Patent No. 8,339,493

PATENT OWNER PRELIMINARY RESPONSE TO PETITION FOR
INTER PARTES REVIEW OF U.S. PATENT NO. 8,339,493

Mail Stop Patent Board

Patent Trial and Appeal Board
U.S. Patent and Trademark Office
P.O. Box 1450

Alexandria, VA 22313-1450

4121



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

PATENT OWNER’S EXHIBIT LIST

Description Exhibit #

5/31/19 Scheduling Order from District Court Action 2001
Apple’s Invalidity Contentions from District Court Action 2002
Apple’s Supplemental Invalidity Contentions from District Court| 2003
Action

Apple’s Motion for Leave to Supplement 2004
Maxell’s Opposition to Motion for Leave to Supplement 2005
Court Order on Motion for Leave to Supplement 2006
Apple’s Final Election of Prior Art 2007
Excerpts from Bovik Report 2008
Sony Chart from Apple’s Invalidity Contentions 2009
Casio Chart from Apple’s Invalidity Contentions 2010
1/8/20 Minute Order 2011
8/28/19 Minute Order 2012
9/18/19 Minute Order 2013
Markman Decision from District Court Action 2014
4/20/20 Scheduling Order from District Court Action 2015
Declaration of Tiffany A. Miller 2016
Notices of Compliance 2017
COVID Standing Order 2018
Docket from District Court Action 2019
Decision denying Apple’s Motion to Stay 2020
’236 IPR Preliminary Response 2021
’236 IPR Institution Decision 2022
’904 IPR Preliminary Response 2023
10/9/18 Letter from Maxell to Apple 2024
U.S. Patent No. 5,828,406 to Parulski 2025
Mansoorian Declaration from *236 IPR 2026
5/17/18 Letter from Maxell to Apple 2027

4122




Casio Subpoena 2028

Casio Objections and Response to Subpoena 2029

Casio Fiscal Year Schedule 2030

i

4123




Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

II.

I1I.

TABLE OF CONTENTS
Page

INTRODUCTION ...ttt et s e 1
THE BOARD SHOULD EXERCISE ITS DISCRETION AND
DENY INSTITUTION FOR ALL GROUNDS PURSUANT TO 35
ULS Gttt e 2
A.  Application of the General Plastic Factors Weighs in Favor of

Denying INStItULION.......ccieeieiieie e 4

1. General Plastic Factors 6 and 7 Weigh in Favor of Denial ....... 6

a. The District Court Action Will Resolve the Same
or Substantially the Same Arguments as Those
Presented Here........cooveeeeiiiiiiiciiicceecee e 7

b. The District Court Action Will Be Complete Well
Before a Final Written Decision in This

Proceeding ........ccoeeveeviieiceeiiiecie e 13
c. Apple’s Inexcusable Delay in Filing the Petition.......... 18
2. General Plastic Factors 4 and 5 Weigh in Favor of Denial .....20
General Plastic Factor 3 Weighs in Favor of Denial................ 22

4. General Plastic Factors 1 and 2 Have Little Probative
Value in this Case .......ccccvvveeveiniiiiiieiciecee e 26

B.  Application of the Fintiv Factors Weighs in Favor of Denying

INSEIULION. ...ttt ettt 27

THE PETITION DOES NOT SHOW A REASONABLE
LIKELIHOOD OF PREVAILING WITH RESPECT TO ANY

CHALLENGED CLAIM ....ooutiiiiiieeeicieeee et ens 28

A, Background ........oocoooeiiiii i 28

1. Background Of The Relevant Technology ..........ccccceeveruiennnee. 28

2. Level of Skill of a POSITA ....ccooviieiieieieeecee e 36

B.  Claim COonStruCtion. .........cueeeiierieereereeesieeieerieesteeereesraesreesree e eneanns 36
il

4124



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

TABLE OF CONTENTS
(continued)
Page
C. Petitioner Failed to Establish that Casio Is Prior Art........cceeueneeee..... 38
1. The Etchells Declaration is Insufficient to Show Public
Accessibility of the Casio User Guide.........cceeevveviveiveniiennnns 39
2. The Etchells Declaration Lacks Corroboration and
Credibility .ouvieieieeieie e s 44
3. The Casio Press Release Does Not Demonstrate Public
Accessibility of the User Guide Prior to the Critical Date ......45
4. Apple Fails to Show Relevant Sales Prior to the Critical
DIALE .o 48
D.  Ground 1: Petitioner Failed To Establish That Claims 1, 3, 3,
and 10 Are Obvious Over Casio In View Of Juen........cccoeeevvunenee.n.. 49
1. A POSITA Would Not Have Combined Casio and Juen
Without the Benefit of Hindsight............cccoevvveiieneecieieee 49
2. Petitioner fails to establish that Casio in view of Juen
Discloses Elements 1(a)/5(a)/10(@)....c..ccceeereeeriecreceeerienenne 53
3. Petitioner fails to establish that Casio in view of Juen
Discloses Elements 1(b)/5(D)/10(D) ..cccvvevieeeeieieeiieiieeieeeens 56
4. Petitioner fails to establish that Casio in view of Juen
Discloses Elements 1(d)/5(e)/10(f) .....ccovimemiieeiieciieeeeeee, 59
5. Petitioner fails to establish that Casio in view of Juen
Discloses the “pixel intervals of K1 pixels” / “intervals of
a first distance” of Elements 1(d)/5(e)/10(f) and the
“pixel intervals of K2 pixels” / “intervals of a second
distance” of Elements 1()/5(£)/10(g) .ecvvvveeverrenrenenieriesenn 61
6. Petitioner fails to establish that Casio in view of Juen
Discloses Claim 3. oo eeeeeeeeeeaes 63
E. Ground 2: Petitioner Failed To Establish That Claim 4 Is
Obvious Over Casio In View Of Juen And Takase ........coeevuuueeeenn... 63

iv

4125



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

TABLE OF CONTENTS
(continued)
Page
F. Ground 3: Petitioner Failed To Establish That Claims 6 and 11
Are Obvious Over Casio In View Of Juen And Misawa................... 64
TV.  CONCLUSTION. ..ottt e et e e e eaeeeeaeeeeeeaserereaeeeseasnans 65

4126



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

TABLE OF AUTHORITIES
Page(s)

Cases
A.R.M., Inc. v. Cottingham Agencies Ltd.,

IPR2014-00671, Paper 10 (P.T.A.B. Oct. 3, 2014) ...ccocvreieeeeeeeeeeeee 46
Agrinomix, LLC v. Mitchell Ellis Prods., Inc.,

TPR20T7- 00525 ..ottt s s 23
Apple Inc. v. Andrea Elecs. Corp.,

949 F.3d 697 (Fed. Cir. 2020) ...ooeiiiiieieeie ettt 39
Apple Inc. v. Fintiv, Inc.,

IPR2020-00019, Paper 11 at 5-6 (PTAB March 20, 2020).........c..c.c.o.......passim
Apple Inc. v. Maxell Ltd.,

TPR2020-00204, PaPer 1 ......coviiiiiiiiiieietee et 21,22
ATEN Int’l Co. v. Uniclass Tech. Co.,

932 F.3d 1364 (Fed. Cir. 2019) cuooiiiiiieiiecieeeeeceececee ettt 42
Becton, Dickinson & Co. v. B. Braun Melsungen AG,

IPR2017-01586, Paper 8 (PTAB Dec. 15, 2017) cceeoieiiiiiiiieiieeeieeeeee 23
Bennett Regulator Guards, Inc. v. Canadian Meter Co.,

184 Fed. App’x 977 (Fed. Cir. 2000) .....coevveuininieiiienicecienieecieieece e 46
Cisco v. Ramot at Tel Aviv U,

IPR2020-00123, Paper 14 (PTAB May 15, 2020) ....oooveviriiiniieieeceenee 6,17, 20
Cuozzo Speed Techs., LLC v. Lee,

136 S. Ct. 2131 (2016) ittt 4
E-One, Inc. v. Oshkosh Corp.,

IPR2019-00161, Paper 16 (PTAB May 16, 2019) .....cccoeoieiiniiiiieieenne. 18,20
Edwards Lifesciences Corp. v. Evalve,

IPR2019-01546, Paper 7, 12-13 (PTAB Feb. 26, 2020) ....cccoceevvvvreerrirecnnne. 13

vi

4127



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

TABLE OF AUTHORITIES
(continued)
Page(s)

Finnigan Corp. v. Int’l Trade Comm ’n,

180 F.3d 1354 (Fed. Cir. 1999) c..cviiiiiiiiiiececieseeeceitee ettt 45
Gen. Plastic Indus. Co., Ltd. v. Canon Kabushiki Kaisha,

IPR2016-01357, Paper 19 (PTAB Sept. 6, 2017)..c..ccccvvvevveiveievreeeenennn PASSIM
Google LLCv. Uniloc 2017 LLC,

IPR2020-00115, Paper 8 (PTAB March 27, 2020) ......ccceeeverenenenencerrennenne. 17
Guangdong Alison Hi-Tech Co., Ltd. v. Aspen Aerogels, Inc.,

Case IPR2017-00152, Paper 8 (P.T.A.B. Mar. 23, 2017) .ccocecvvvrvereienee 53,64
Guangdong Alison Hi-Tech Co. v. Int’l Trade Comm 'n,

936 F.3d 1353 (Fed. Cir. 2019) oottt 57
Guardian All. Techs., Inc., v. Tyler Miller,

IPR2020-00031, 2020 WL 1499414 (P.T.A.B. Mar. 26, 2020)........ccccvervenene. 38
Harmonic Inc. v. Avid Tech.,

815 F.3d 1356 (Fed. Cir. 2016) c.couvveviiieieiiiceiciiectctet et 4
Hormel Foods Corp. v. HIP, Inc.,

IPR2019-00469, Paper 9 (PTAB July 15,2019) .c.eoiviiiiiiiiiiieeeeeee 17,19
Hulu, LLC v. Sound View Innovations, LLC,

IPR2018-01039, Paper 29 (PTAB Dec. 20, 2019) ..coovvereeiiirieiieeeens 38, 39,42
Intel v. VLSI Technology,

IPR2020-00158, Paper 16 (PTAB May 20, 2020) ......ccecoveereererrrannnns 6,16,17,20
Juicy Whip, Inc. v. Orange Bang, Inc.,

292 F.3d 728 (Fed. Cir. 2002) ..coueiviviireiieeiiicieeiircieste ettt 48
In re Klopfenstein,

380 F.3d 1345 (Fed. Cir. 2004) c.ccuvviiieieiieeeieiieeeeceeee ettt 39,43
Maxell, Ltd. v. Apple Inc.,

No. 5:19-cv-00036-RWS (E.D. T€X.).cceveerieiieeciieeeiieeeie e 1,2

vii

4128



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

TABLE OF AUTHORITIES
(continued)
Page(s)
NetApp Inc. v. Realtime Data LLC,
IPR2017-01195, Paper 9 (PTAB Oct. 12, 2017) .c.ceoveeieiinieienieeeeieneeeeee 12
NHK Spring Co., Ltd. v. Intri-Plex Techs., Inc.,
IPR2018-00752, Paper 8 (PTAB Sept. 12, 2018).....cccvvvvvvcverievreeeeennnn paASSim
Nobel Biocare Servs. AG v. Instradent USA, Inc.,
903 F.3d 1365 (Fed. Cir. 2018) c.ooveveereriiicieceecicieececieee e 38,43,45, 48
Norian Corp. v. Stryker Corp.,
363 F.3d 1321 (Fed. Cir. 2004) ...ooiiiiiiiecetceecetcee e 46
Samsung v. Uniloc,
IPR2020-00117, Paper 11 (PTAB May 28, 2020) ..ccceeeoveevrerrerreeeenenene 6,16, 20
SandBox Logistics LLC v. Proppant Express Investments LLC,
No. 2019-1684, 2020 WL 2517113 (Fed. Cir. May 18, 2020).......ccccecveveenenne. 54
SRI Int’l, Inc. v. Internet Sec. Sys., Inc.,
511 F.3d 1186 (Fed. Cir. 2008) ....ccveuiieiiiiieirecieieneceeiteee e 40,42
TLC Corp. v. Telefonaktiebolaget Lm Ericsson,
2017 WL 504682 (PTAB Jan. 24, 2017)..cccucoiiiiiiiiieciceeee e 57
TypeRight Keyboard Corp. v. Microsoft Corp.,
374 F.3d 1151 (Fed. Cir. 2004) .c.ovueeviriniiieneniccieececeseeeeeenee 43,44, 45, 46
VIZIO v. Polaris PowerLED Technologies,
IPR2020-00043, Paper 30 at 7-12 (PTAB May 4, 2020) .....cccceevvrevrierrereenns 17
Statutes
B ULS.C. § 31 e e passim
B5US.Cl§314(a) oottt s o DASS T
35 ULSIC §3TA(D) e e 4

viii

4129



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

TABLE OF AUTHORITIES
(continued)

Page(s)
35 U.S.CL§316(a)(11) ittt et e et sese s e e saae e e s e 15
T I U T ORI B K (o) USROS 5
35 ULS.CL §325(A) curieiieieeee ettt ettt et ere e teeeraeeanaenaens 23
Other Authorities
37 C.FR.§42.104(D)(4) ettt ettt et erae s n 36,37
37 CFRL§A2.108(2) e cueeiieieeiieeceeeee ettt ettt et ere e et e s aae e eassaeeaneeenaneeennnas 4
83 Fed. Reg. 39,989 at 10 (August 2018) ....eeiiviieiieieeeeee e 5

X

4130



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

I INTRODUCTION

Patent Owner Maxell, Ltd. (“Patent Owner”) respectfully requests that the
Board deny institution because Petitioner Apple Inc. (hereinafter, “Apple” or
“Petitioner”) has failed to demonstrate a reasonable likelihood of success on the
grounds submitted in its Petition for challenging the patentability of claims 1, 3-6,
and 10-11 (“challenged claims”) of U.S. Patent No. 8,339,493 (“the *493 patent™).

First, the Board should exercise its discretion pursuant to 35 U.S.C. § 314(a)
and deny this petition. Application of the General Plastic and Fintiv factors weighs
heavily in favor of denying institution. One of the purposes of IPRs is to be an
“effective and efficient alternative” to litigation. Gen. Plastic Indus. Co., Ltd. v.
Canon Kabushiki Kaisha, 1PR2016-01357, Paper 19 at 16-17 (PTAB Sept. 6,
2017) (precedential). Here, instituting an IPR would not be an effective or efficient
alternative to litigation, particularly given the advanced stage of the co-pending
District Court case Maxell, Ltd. v. Apple Inc., No. 5:19-cv-00036-RWS (E.D.
Tex.), the finite resources of the Board, and Apple’s delay in filing its Petition.

Second, Apple fails to show with particularity that the Casio User Guide
(“Casio’) was publicly accessible prior to the critical date of January 11, 2000; this
is fatal to all Grounds.

Third, even if Casio is prior art, Apple’s obviousness analysis fails to show
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that Casio in view of Juen discloses “an image sensing device with a light
receiving” sensor as well as the claimed “signal processing unit.” These
deficiencies are fatal to all Grounds.

For at least reasons, more fully explained below, Apple has failed to show a

reasonable likelihood of success on any ground presented.

II. THE BOARD SHOULD EXERCISE ITS DISCRETION AND DENY
INSTITUTION FOR ALL GROUNDS PURSUANT TO 35 U.S.C. § 314

Apple filed its petition one day before expiration of the one year deadline to
do so. The *493 Patent is asserted in a co-pending District Court case, Maxell, Ltd.
v. Apple Inc., No. 5:19-cv-00036-RWS (E.D. Tex.) (“District Court Action”). The
District Court Action will be complete eleven months before any final decision
would issue in this proceeding. Nor did Apple inform the Board—when attempting
to justify its delay in filing its Petition—that Maxell identified Apple’s
infringement of the claims at issue in the 493 Patent over a year prior to Apple
filing its Petition, and that the trial date of October 2020 for the District Court
Action was scheduled in May 2019. Ex. 2001.! The jury trial is scheduled in the

District Court Action only one month after the Board’s anticipated Institution

! As explained further herein, over the next year Maxell consistently and
periodically identified asserted claims of the 493 Patent to Apple. See, e.g., Ex.
1010 at 4 51.
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Decision, and will adjudicate the validity of the 493 Patent eleven months before
any Final Written Decision issues in this proceeding.

Not only will the District Court Action conclude long before this
proceeding, but it will also resolve substantially the same invalidity arguments that
Apple raises in the instant Petition. The prior art references relied on in this
proceeding are the same, or substantially the same, as those at issue in the District
Court Action at the time Apple filed its Petition. Apple fought to add and
succeeded in adding its primary reference here, Casio, to the District Court Action,
only to later drop the reference from the District Court Action in a cynical attempt
to avoid discretionary denial here. But Apple only replaced Casio in the underlying
litigation with a similar camera manufactured by Sony, supported by the Sony User
Guide. The Board should not countenance such tactics, as they run directly
contrary to the reasons why the Board declared the NHK and Fintiv cases
precedential, and directly contrary to the purpose of IPR proceedings to be an
“effective and efficient alternative” to litigation, and would needlessly consume the
finite resources of the Board. Gen. Plastic, IPR2016-01357, Paper 19 at 16-17..

Additionally, the challenged claims are substantially the same in scope as

those asserted in the District Court Action at the time Apple filed its Petition. The

Court has already issued a Markman Order and the Court and the parties have
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spent considerable resources on the District Court Action. Any questions of
whether the grounds of invalidity raised in Apple’s Petition invalidate the asserted
claims of the *493 Patent will be decided in the District Court action at least eleven
months prior to when the Board would issue a Final Written Decision in this
proceeding.

Simply put, instituting an IPR in this circumstance would needlessly
duplicate the District Court Action, and unnecessarily waste the Board’s resources.
See NHK Spring Co., Ltd. v. Intri-Plex Techs., Inc., IPR2018-00752, Paper 8 at 20
(PTAB Sept. 12, 2018) (precedential) (denying institution under similar facts). For
at least these reasons and those further set forth below, the Board should exercise

its discretion not to institute this proceeding pursuant to 35 U.S.C. § 314.

A. Application of the General Plastic Factors Weighs in Favor of
Denying Institution

There is no requirement that the Board institute IPR. Harmonic Inc. v. Avid
Tech., 815 F.3d 1356, 1367 (Fed. Cir. 2016). Instead, the decision to institute is
delegated to the Board and is purely discretionary. As 35 U.S.C § 314(b) explains,
“[t]he Director shall determine whether to institute an inter partes review.” See also
Cuozzo Speed Techs., LLC v. Lee, 136 S. Ct. 2131, 2140 (2016); 37 C.F.R.

§ 42.108(a). The Director’s discretion is informed by many things, including the
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consideration of “the integrity of the patent system, [and] the efficient
administration of the Office.” 35 U.S.C. § 316(b).

The USPTO recognized that these factors, and the Board’s discretionary
denial, apply where “other proceedings relating to the same patent, either at the
Office, in district courts, or the ITC” are at advanced stages and will resolve the
same or similar issues presented in the Petition before the Board can. See Trial
Practice Update, 83 Fed. Reg. 39,989 at 10 (August 2018). That is because one of
the purposes of IPRs is to be an “effective and efficient alternative” to litigation.
Gen. Plastic, IPR2016-01357, Paper 19 at 16-17. Here, instituting an IPR would
not be an effective or efficient alternative to litigation because the co-pending
District Court Action, among other things, (1) involves the same, or substantially
the same prior art that Apple relies on here, and (2) will be complete well before a
final decision in this proceeding.

The majority of the General Plastic factors weigh heavily in favor of the
Board using its discretion to deny institution. Indeed, even if other factors weighed
in favor of institution, Board precedent demands denial of institution due to
Apple’s delay in filing its Petition and the advanced stage of the District Court
Action. Apple v. Fintiv, IPR2020-00019, Paper 11 at 5-6 (PTAB March 20, 2020)

(precedential); NHK Spring, IPR2018-00752, Paper 8 at 20 (“Institution of an inter
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partes review under these circumstances would not be consistent with an objective
of the AIA . .. to provide an effective and efficient alternative to district court
litigation. . . . Accordingly, we find that the advanced state of the district court
proceeding is an additional factor that weighs in favor of denying the Petition
under § 314(a).”) (internal quotes omitted); see also Apple v. Fintiv, IPR2020—
00019, Paper 15 (PTAB May 13, 2020) (same); Samsung v. Uniloc, IPR2020-
00117, Paper 11 (PTAB May 28, 2020) (same); Intel v. VLSI Technology,
IPR2020-00158, Paper 16 (PTAB May 20, 2020) (same); Cisco v. Ramot at Tel

Aviv University, IPR2020-00123, Paper 14 (PTAB May 15, 2020) (same).

1. General Plastic Factors 6 and 7 Weigh in Favor of Denial

Apple boldly claims that the “Board’s finite resources will not be adversely
affected by this IPR.” Petition at 9. But Apple only considers the Board’s resources
in relation to the prior denial of institution of a petition filed by ZTE against the
’493 Patent and ignores the duplicative efforts the Board would engage in as a
result of the co-pending District Court Action. Considering the status of the
District Court Action, and Apple’s delay in filing this Petition, granting institution
here would work against the purposes of IPRs to be an “effective and efficient
alternative” to litigation, and would needlessly consume the finite resources of the

Board. Gen. Plastic, IPR2016-01357, Paper 19 at 16-17.
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a. The District Court Action Will Resolve the Same or

Substantially the Same Arguments as Those
Presented Here

The scope of Apple’s challenge to the ’493 Patent’s validity in this
proceeding is substantially the same as Apple’s challenge in the District Court
Action. For example, there is overlap in the claims challenged in both proceedings.
Here, Apple asserts that Claims 1, 3-6, and 10-11 of the ’493 Patent are
unpatentable. Petition at 1. These claims cover all the asserted claims against
Apple in the District Court Action at the time Apple filed its Petition, including the
independent claims and the same or similar dependent claims. See Ex. 2002 at 2.

The prior art that Apple relies on in its Petition is the same, or substantially
the same, as the prior art at issue in the District Court Action. For example, in the
Petition Apple utilizes Casio, Juen, Misawa, and Takase as references covering the
three grounds presented. In the District Court Action, Apple also relies on Casio,
Juen, Misawa, and Takase to support its invalidity contentions. Ex. 2002 at 35-42;
Ex. 2003 at 37.

With respect to Casio, Apple attempts to mislead the Board by claiming that
the Petition presents grounds not raised in Apple’s invalidity contentions. Petition
at 10. In fact, Apple moved to supplement its invalidity contentions to add Casio,

claiming that Casio was important prior art. Ex. 2004. The parties fully briefed the
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issue, and the Court ultimately ruled in favor of Apple allowing Apple to add
Casio to its invalidity case in the District Court Action. Ex. 2005; Ex. 2006. Then,
after the parties and the Court having spent considerable time briefing and deciding
the issue, Apple withdrew this alleged “important” prior art after filing its Petition
to manufacture a “non-overlapping prior art” argument in anticipated response to
Maxell’s §314 arguments. Ex. 2007.

In any event, even Apple’s Final Election of Prior Art served on April 7,
2020 shows that Apple continues to rely on at least Juen and Misawa to set forth
its invalidity case at trial in the District Court litigation in October 2020—eleven
months before a final written decision is expected in this IPR. See id. at 3.

Thus, substantially the same issues will be decided by a jury, using the same
or similar prior art, same invalidity theories, and substantially the same citations of
the prior art, all eleven months prior to the issuance of a Final Written Decision.

Here, no meaningful distinction exists between Apple’s references and
grounds used in the Petition versus those in the District Court Action. In the
District Court Action, Apple relied upon the same prior art as this Petition until at
least April 7, 2020, at which point it selectively dropped certain prior art references
in an attempt to compensate for its delay in filing its Petition and avoid

discretionary denial. But from Fall of 2019 through April 7, 2020, Apple relied on
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For example, Apple dropped the “important prior art” Casio and simply
replaced it with the Sony MVC-FD83 and MVC-FD88 digital cameras (“Sony”)
and their associated manuals. For purposes of analyzing the overlap between the
references and grounds in this proceeding, there is no difference between Casio
and Sony. Indeed, the Court found that Apple failed to demonstrate that Casio
discloses features not previously disclosed in its other prior art, and that “the Casio
Camera seems cumulative to the already disclosed references” including Sony. Ex.

2006 at 6. Apple’s expert in the District Court Action appears to agree:

For example, many companies independently developed products
having both still and video image capture features, as well as
electronic image stabilization features, before the filing of the ’493

patent....

Below are images I took of the Casio QV-8000SX, Apple QuickTake
200, Sony MVC-FD83, and Sony MVC-FD88 cameras that I used and
tested.
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Ex. 2008, 99123, 175.

In fact, an examination of Apple’s invalidity contention charts with respect
to Sony and Casio in the District Court Action illustrate the substantial similarity
between the references and Apple’s use of the references both here and in the
District Court Action. For example, in both matters, Apple argues that the devices
inherently must have a signal processing unit based on their ability to encode in
known still image and video formats, like JPEG. See Ex. 2008 at 61 (“The
existence of a signal processing unit is evident from the camera’s capability to
produce still images compressed in the JPEG format and video images compressed

in the MPEG format.”); Petition at 28 (“Casio discusses processes well understood

10

4140



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

by a POSITA to be performed by a signal processing unit, such as converting or

encoding images to a JPEG or AVI file format (Casio, 61, 118), converting images

to a lower resolution for display on the monitor (Casio, 16), and digital zoom

(Casio, 58-59).”).

Additionally, a side-by-side comparison of Apple’s use of Casio both here

and in the District Court Action, and Sony in the District Court Action illustrates

the substantial similarity in allegations between Casio and Sony when attempting

to map the claims of the *493 Patent:

Sony MVCFD83

Casio QV8000SX

A PHOSITA would have found it

obvious to modify MVCFD83’s
multimode camera to operate using an
image sensing device with a light
receiving sensor having an array of
pixels  arranged  vertically  and
horizontally in a grid pattern, in an N
number of vertically arranged pixel

lines, as also taught by Sato.

A PHOSITA would have found it

obvious to modify QV8000SX’s
multimode camera to operate using an
image sensing device with a light
receiving sensor having an array of
pixels  arranged  vertically  and
horizontally in a grid pattern, in an N
number of vertically arranged pixel

lines, as also taught by Sato.

Compare Ex. 2009 at 15 (Sony chart) with Ex. 2010 at 13 (Casio chart). Many

other examples exist. /d. Thus, there is no substantial difference between Casio

used here and Sony used in the District Court Action.

11
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Apple’s expert here relies on some of the additional prior art that remains in
the District Court Action, namely Anderson. Ex. 1003. Apple’s expert discusses
Anderson 29 times throughout his report. Id. 9 39; 61-62; 104; 113; 117; 121;
134-135; 151; 153. Indeed, Apple appears to supplement its contentions with
respect to Juen with Anderson in the same way it does in the District Court Action.

The claims at issue in this proceeding are also the same or similar to those
remaining in the District Court Action, and raise the same validity issues. The
Court ordered Maxell to elect a narrower set of claims. This narrowing should not
have an impact on the Board’s decision with respect to §314. See NetApp Inc. v.
Realtime Data LLC, IPR2017-01195, Paper 9 at 7-8 (PTAB Oct. 12, 2017).
Second, even though independent Claims 1 and 10 are no longer asserted in the
District Court Action, Apple itself acknowledges the substantial overlap at least
between Claims 1, 5, and 10; it substantially relies on its Claim 1 analysis for both
Claims 5 and Claim 10. Petition at 57-68.

The Board should not countenance Apple’s delayed filing of its IPRs, and its
attempt to then take advantage of the Court’s narrowing order after filing its
petition in an attempt to avoid discretionary denial. This “gotcha” tactic runs
contrary to why the Board found NHK and Fintiv important to declare precedential.

Moreover, Apple’s position in the District Court Action is that there is

12
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complete overlap of issues. “Apple reserves the right to amend its election of prior
art as appropriate. . . .” Ex. 2007 at 2. Apple’s invalidity contentions in the District
Court Action also purport to “incorporate[] by reference all prior art cited during
prosecution of the Asserted Patents, and all inter partes review (IPR) petitions
filed against the Asserted Patents and the prior art cited in these IPR petitions” Ex.
2002 at 2. In other words, Apple has expressly and specifically sought to
incorporate all of the Petition’s contentions into the District Court Action.

Thus, substantially the same issues will be decided by a jury, using the same
prior art, eleven months prior to the issuance of a Final Written Decision. At
bottom, the issues presented in the Petition that differ from what will be argued in
the District Court Action do not meaningfully distinguish the arguments in this
proceeding from those in the District Court Action. Edwards Lifesciences Corp. v.
Evalve, IPR2019-01546, Paper 7, 12-13 (PTAB Feb. 26, 2020) (denying institution
despite lack of a 1:1 overlap of claims and prior art, finding such distinction not
meaningful).

b.  The District Court Action Will Be Complete Well
Before a Final Written Decision in This Proceeding

Not only are the substantive arguments overlapping, but the District Court
Action will be complete well before a Final Written Decision is issued in this

proceeding. The Court has invested significant time and resources into the District
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Court Action. For example, the Court conducted a four-hour Markman hearing and
issued a 57-page Markman order with a detailed discussion of a number of
disputed claim terms and phrases for the ten patents at issue in the District Court
Action. Ex. 2011; Ex. 2014. The Court also has invested many hours in holding
arguments and issuing numerous rulings on various motions, including Apple’s
motion to dismiss, motion to transfer, and motion to stay along with several
discovery related motions and the parties’ other various motions. See Exs. 2011-
2014.

The parties have also invested significant time and resources into the District
Court Action. For example, fact discovery closed on March 31, 2020, except for
remaining depositions postponed due to COVID-19 that are now complete. Ex.
2015. During fact discovery, the parties collectively produced nearly 2 million
pages of documents, conducted 35 depositions, filed 20 motions, and served 50
interrogatories and 120 requests for admission. Ex. 2016, 993-4. The parties also
served over 30 third-party subpoenas. Id. 95. Expert discovery closed June 25,
2020. Maxell’s experts spent over 600 hours reviewing source code produced by
Apple. Id. 6. Maxell’s expert report regarding infringement and Apple’s expert
reports regarding invalidity of the *493 Patent were served on May 7, 2020 after

substantial expense and effort by counsel and experts on both sides. Ex. 2017. The
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parties have already conducted depositions of the experts.

The District Court Action is set for trial beginning October 26, 2020. Ex.
2001 at 1. Apple has known about the trial date in the District Court Action since
May 31, 2019, over nine months prior to filing the instant petition. /d. In the
jurisdiction where the District Court Action is pending, a Standing Order issued “to
keep cases moving” despite COVID-19, and an in-person hearing will occur on a
remaining discovery motion in the near future. See Ex. 2018; Ex. 2019. Thus trial
will likely proceed as scheduled. See Fintiv, IPR 2020-00019, Paper 15 at 13 (“We
generally take courts’ trial schedules at face value absent some strong evidence to
the contrary.”). Here, there is no evidence to the contrary.

In contrast, if this proceeding is instituted, an oral hearing would not be
expected until June 2021, and a Final Written Decision would not be expected until
September 25, 2021, eleven months after the trial in the District Court Action. See
35 U.S.C. §316(a)(11).

As the Board has recognized, this fact pattern weighs in favor of denying the
Petition. For example, in a precedential decision, the Board denied institution when
the Petitioner had asserted the same prior art and arguments in a co-pending district
court proceeding set to go to trial six months before the IPR hearing. See NHK

Spring, 1PR2018-00752, Paper 8 at 20. Specifically, the Board found that
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institution in that situation “would not be consistent with ‘an objective of the
AlA...to provide an effective and efficient alternative to district court litigation.”
1d. (quoting Gen. Plastic, IPR2016-01357, Paper 19 at 16-17).

Similarly, the Board in Apple v. Fintiv denied Apple’s petition pursuant to
§314(a) where trial preceded FWD by only two months, fact discovery was in its
preliminary stages, the same art was asserted in the Petition and in the invalidity
contentions, the parties to the Petition and the underlying litigation were the same,
and the merits of the Petition did not outweigh the other considerations.

In Samsung v. Uniloc, the Board denied the petition pursuant to §314(a)
where trial preceded FWD by nine months, no claim construction hearing had
taken place, the parties to the Petition and the underlying litigation were the same,
the same art was asserted in the Petition and in the invalidity contentions.
IPR2020-00117, Paper 11 at 7-10 (PTAB May 28, 2020).

In Intel v. VLSI Technology, the Board denied the petition pursuant to
§314(a) where trial preceded FWD by seven months, notwithstanding some
uncertainty surrounding COVID-19, a claim construction order had been issued
and fact discovery was near its end, the parties to the Petition and the underlying

litigation were the same, the same art was asserted in the Petition and in the

invalidity contentions. IPR2020-00158, Paper 16 at 7-14 (PTAB May 20, 2020).
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In Cisco v. Ramot at Tel Aviv U, the Board denied the petition pursuant to
§314(a) where trial preceded FWD by six months, no claim construction order had
issued but expert discovery was near its end, the parties to the Petition and the
underlying litigation were the same, the same art was asserted in the Petition and in
the invalidity contentions. IPR2020-00123, Paper 14 at 6-11 (PTAB May 15,
2020) (same).

In VIZIO v. Polaris PowerLED Technologies, the Board denied the petition
pursuant to §314(a) where trial preceded FWD by seven months, a claim
construction order had issued, fact discovery was closed and expert discovery was
near its end, the parties to the Petition and the underlying litigation were the same,
the same art was asserted in the Petition and in the invalidity contentions, and some
claims were different in the Petition as remained in the underlying litigation.
[PR2020-00043, Paper 30 at 7-12 (PTAB May 4, 2020). See also Google LLC v.
Uniloc 2017 LLC, IPR2020-00115, Paper 8, at 3 (PTAB March 27, 2020) (denying
institution where the underlying trial would begin less than five months from the
Institution decision); Hormel Foods Corp. v. HIP, Inc., IPR2019-00469, Paper 9 at
50 (PTAB July 15, 2019) (recognizing “in cases such as NHK Spring that the fact
that [a] court will resolve the same issues raised by [a] Petition, at an earlier date

than the Board, gives rise to inefficiencies and duplication of effort between the
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tribunals.”); E-One, Inc. v. Oshkosh Corp., IPR2019-00161, Paper 16 at 9 (PTAB
May 16, 2019) (denying institution pursuant to §314(a) due to parallel district court
trial scheduled eleven months away).

Indeed, inefficiency is amplified here where the district court trial is set to
occur eleven months before a Final Written Decision.

c. Apple’s Inexcusable Delay in Filing the Petition

Apple argues that it has not delayed in filing this Petition (Petition at 10), but
the facts are otherwise. Although Apple filed its Petition within the statutory
deadline at the eleventh hour, it has known about the District Court Action trial
date for nearly a year.

Apple argues that § 315(b) “originally contained only a 6-month filing
window, which was amended to 1-year prior to passage of the America Invents Act
to ‘afford defendants a reasonable opportunity to identify and understand the patent
claims that are relevant to the litigation’ before having to file an IPR petition.”
Petition at 12. But Apple has had over a year to understand the patent claims of the
’493 Patent. Additionally, having analyzed and charted all of the references that
support the grounds asserted in its Petition by at least August/November 2019,
Apple could have been ready to file an IPR at that time, but it chose to delay filing

until many months later. This delay undermines any argument that Apple was not
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afforded “a reasonable opportunity to identify and understand the patent claims
that are relevant to the litigation before having to file an IPR petition.” 157 Cong.
Rec. S5429 (daily ed. Sept. 8, 2011) (statement of Sen. Kyl).

Even the District Court has taken notice of Apple’s delay in filing its IPR
petitions. In denying Apple’s motion to stay the District Court Action in view of its

IPR petitions, the Court noted:

Apple has not sufficiently explained its delay in filing the [IPR]
petitions. Apple filed its first wave of petitions nine months after
Maxell filed suit and six months after Maxell served its initial
infringement contentions.

Ex. 2020 at 4-5 (emphasis added). The Court concluded that “The case is not in its
infancy and is far enough along that a stay would interfere with ongoing
proceedings.” Id. at 4. Though the Court denied the motion without prejudice, it
presaged that “[t]he late stage of the proceedings will certainly weigh against
granting a stay” because the last institution decision [this proceeding] will only be
complete on September 25, 2020, one month prior to trial.

Here, the advanced stage of the District Court Action relative to a hearing or
Final Written Decision in this matter is the same as in NHK, Mylan, Hormel Foods,
E-One, Samsung, Intel, and Cisco. Quite simply, the arguments at issue in this

proceeding will be resolved in the District Court Action well before the Board
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would reach a Final Written Decision on the same issues. Accordingly, it would be

inefficient and contrary to the Board’s express goals and finite resources to

institute IPR here due to the advanced stage of the District Court Action.
Accordingly, General Plastic factors 6 and 7 weigh in favor of denial of

institution.

2. General Plastic Factors 4 and 5 Weigh in Favor of Denial

Apple asserts that it commenced prior art searching no earlier than May
2019 and continued to perform prior art searching as late as October 2019. Petition
at 9. Apple then claims that it only located the Casio reference in late October
2019. In the underlying litigation, Apple moved the Court to supplement its
invalidity contentions, contending as it does here, that it only located Casio in
October 2019. In support of that motion, Apple attached a declaration from a
technical analyst at Erise IP, counsel to Apple in this proceeding. Ex. 2004. In that
declaration, the technical analyst states “I determined on or about October 25[,
2019] that the user’s manual for the Casio Camera appear to include technical
information relevant to the claims of the 493 Patent....” Notwithstanding its claim
in the Petition that obtaining evidence that Casio is a printed publication “required
several months,” even if true, the span of over four months between the location of

Casio and the filing of its Petition is unreasonable. Apple chose to litigate the issue

20

4150



Case IPR2020-00597

Patent No. 8,339,493

Patent Owner Preliminary Response

of supplementing its invalidity contentions with Casio rather than focus on diligent
preparation of the instant Petition.

Additionally, seven months prior to the filing of the instant Petition, Apple
served its invalidity contentions in the District Court Action. Ex. 2002. Apple’s
’493 Patent invalidity contentions disclose that as early as August 14, 2019, Apple
was aware of Juen, Misawa, and Takase. Id. at 35-37. The contentions also
disclose that at least as early as August 14, 2019, Apple had hundreds pages of
charts attempting to map these references to the challenged claims of the *493
Patent. Based on these facts, it is clear Apple located at least Juen, Misawa, and
Takase well before August 2019 and well before it filed this Petition seven months
later in March 2020.

Yet, Apple admits that it did not even begin preparing its Petition until after
completing its invalidity contentions. See Apple Inc. v. Maxell Ltd., TPR2020-
00204, Paper 1 at 46 (“immediately upon completing the invalidity contentions [on
August 14, 2019], Apple began preparing the IPRs for the ten asserted patents”).
Apple purposefully chose to delay filing its Petition, and elected to litigate in the
District Court rather than focus on preparation of its Petition.

General Plastic factor 4 weighs in favor of denial of institution.
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As to Factor 5, “whether the petitioner provides adequate explanation for the
time elapsed between the filings of multiple petitions directed to the same claims
of the patent,” Apple provides no explanation, much less an adequate one. Rather
than explaining the gap between the time elapsed between when the *493 IPR was
filed and the filing of its Petition, Apple examines the time between the filing of
the lawsuit against ZTE and the lawsuit against Apple. Apple then claims, without
any evidentiary support, that “Apple has been diligently engaged in prior art
searching and preparation of this IPR.” As the facts above with respect to Factors
4, 6, and 7 set forth, Apple has not been diligent in preparing this IPR nor has it
provided an adequate explanation for its lack of diligence. This is especially so
where Apple waited until afier August 14, 2019 to begin preparing this Petition
and took yet another seven months to file the Petition. Apple Inc. v. Maxell Ltd.,
IPR2020-00204, Paper 1 at 46.

General Plastic factor 5 weighs in favor of denial of institution.

3. General Plastic Factor 3 Weighs in Favor of Denial

Apple admits that at the time it filed the Petition Maxell’s preliminary
responses to the *236 IPR and 904 IPR had been filed, as well as the Board’s
institution decision in the *236 IPR. Petition at 8. See also Ex. 2021, Ex. 2022, and

Ex. 2023. Apple downplays these facts claiming that “because this IPR applies

22

4152



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response
different art for the challenged independent claims than used in the *236 and 904
IPRs, the preliminary responses are irrelevant to this IPR....” Petition at 8.
Notwithstanding some differences in the prior art, Apple nevertheless gained an
unfair tactical advantage by having Maxell’s preliminary responses to the 236 IPR
and 904 IPR, as well as the Board’s institution decision in the ’236 IPR, while
preparing its Petition. Under 35 U.S.C. §325(d), the Board has discretion not to
institute a petition when “the same or substantially the same prior art or
arguments” were previously presented to the Office. See 35 U.S.C. §325(d); see
also Becton, Dickinson & Ca. v. B, Braun Melsungen AG, IPR2017-01586,
Paper 8 (PTARB Dec. 135, 20173, Indeed, the Board has used its discretion to deny
grounds relying on art that is the same or similar to that considered by the Office
during examination. See Agrinomix, LLC v. Mitchell Ellis Prods., Inc., IPR2017-
00525, Paper 6 (PTAB Jun. 14, 2017) (denying institution for grounds based on
prior art that was considered during prosecution even though the prior art reference
was not relied upon to reject all the challenged claims).

First, Misawa was used in the 904 IPR, and thus Apple had the advantage
of Maxell’s arguments against Misawa while preparing this petition. For example,
in that preliminary response, Maxell criticized Misawa and the motivation to

combine it with another reference. Ex. 2023 at 26-29. By reviewing Maxell’s
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substantive discussion of Misawa, Apple was able to craft its Petition with the
benefit of Maxell’s arguments regarding Misawa’s shortcomings. Compare EX.
2023 at 26-29 with Petition at 78-79.

Apple provides no evidentiary support that it did not review Maxell’s
preliminary response in the *236 IPR or the Board’s institution decision prior to or
during preparation of its Petition. Indeed, Maxell invited Apple to review the ’236
IPR on October 9, 2018, months after Maxell had already filed its preliminary
response. See Ex. 2024; see also Ex. 2021. In fact, the references presented in the
’236 IPR are cumulative to those Apple presents here, and were rejected on the
merits by the Board in the *236 IPR.

For example, the Board found several problems with one of the references
relied on by the 236 IPR petitioner, Parulski 406 (Ex. 2025). The Board found
Parulski *406 failed to teach the claimed requirement for a “display unit” and the
requirement for “monitoring” in static image recording mode. Ex. 2022 at 16-18.
Parulski 406 was also considered by the original examiner during prosecution of
the *493 Patent. 493 Patent at (56). Thus, the Office has twice considered—and
twice rejected—the argument that Parulski ’406’s teachings somehow show that

the ’493 Patent’s claims are obvious.
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The Office’s treatment of Parulski 406 for the “monitoring” and “display”
limitations illustrates that Juen, Misawa, and Takase are merely cumulative of the
teachings already considered. Additionally, similar to Apple’s contentions
regarding the features of Casio and Juen, Parulski 406 also has image sensors and
built-in displays, and also teaches a form of downscaling. Additionally, statements
by the petitioner’s expert in the *236 IPR further highlights the cumulative nature
of Casio and Juen:

Parulski ‘406 is directed to an electronic camera that produces high
quality still images using complex digital image processing technique
and acceptable quality of preview images using simple image

processing technique.

The electronic camera includes two modes that can be tailored for a
low quality motion mode and a high quality still mode. /d. at 6:22-45.
The motion mode corresponds to a “line skipping” mode which the
timing and control section of the device controls the fast dump
structure to eliminate two or more consecutive lines of the image
charge from the image sensor. /d. The still mode corresponds to a high
quality still image mode wherein all rows of image pixel charge are

readout during a single scan. /d.

Additionally, the electronic camera includes an electronic color

display wherein a number of user control buttons, such as zoom
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buttons, preview button and a capture button, are available. /d. at

3:20-24.
Ex. 2026 (]767-69).

Apple’s expert here characterizes Juen and Casio similarly. E.g., Ex. 1003 at
1972-80

Accordingly, Apple has simply stuffed the same stale arguments into a new
package. The Office has already twice analyzed these points in considering
Parulski *406 and rejected a prior petitioner’s analysis of the same. Casio and Juen
do not add anything new to the analysis, and Apple has not even attempted to
distinguish them from the previously considered art.

General Plastic factor 3 weighs in favor of denial of institution.

4. General Plastic Factors 1 and 2 Have Little Probative Value
in this Case

Factors 1 and 2 have little probative value in this case. Apple has not
previously filed a petition against the 493 Patent. With respect to factor 2, Apple
claims that the references were located by Apple’s counsel since the March 15,
2019 filing of the District Court Action. Apple, however, does not make clear
whether it knew (or should have known) about the prior art asserted in the second
petition at the time of the filing of the *236 IPR, particularly in light of the notice

given it by Maxell back in May and October 2018, respectively. See Exs. 2027 and
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2024. Apple appears to limit its claim to its counsel, rather than Apple itself. In any

event, even were these factors to favor institution, the other five factors weigh in

favor of denying institution.

Application of the General Plastic factors weighs heavily in favor of denial
of institution. One of the purposes of IPRs is to be an “effective and efficient
alternative” to litigation. Gen. Plastic, IPR2016-01357, Paper 19 at 16-17. Here,
instituting an IPR would not be an effective or efficient alternative to litigation,
particularly given the advanced stage of the District Court Action, the finite
resources of the Board, and Apple’s delay in filing its Petition.

B. Application of the Fintiv Factors Weighs in Favor of Denying
Institution

Recently, in Apple Inc. v. Fintiv, Inc., the Board set forth factors relevant to
the Board’s decision on whether to apply its discretion under 35 U.S.C. § 314(a) to
deny institution. IPR2020-00019, Paper 11 at 5-6 (PTAB March 20, 2020)
(precedential). These factors are:

(1)  whether the court granted a stay or evidence exists that one may
be granted if a proceeding is instituted;
(2) proximity of the court’s trial date to the Board’s projected

statutory deadline for the final written decision;
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(3) investment in the parallel proceeding by the court and the
parties;

(4) overlap between issues raised in the petition and in the parallel
proceeding;

(5) whether the petitioner and the defendant in the parallel
proceeding are the same party; and

(6) other circumstances that impact the Board’s exercise of

discretion, including the merits.
Id. In view of the foregoing analysis under Gerneral Plastic, every single one of
these factors favor, if not demand, the Board’s denial of the Petition pursuant to 35
U.S.C. § 314(a).
III. THE PETITION DOES NOT SHOW A REASONABLE

LIKELIHOOD OF PREVAILING WITH RESPECT TO ANY
CHALLENGED CLAIM

While application of the General Plastic and the Fintiv factors weighs
heavily in favor of denial of institution, institution should also be denied because,
for the reasons more fully set forth below, the petition fails to show a reasonable
likelihood of prevailing with respect to any challenged claim.

A. Background
1. Background Of The Relevant Technology

The ’493 Patent is titled “Electric Camera” and issued to inventors Takahiro

Nakano, Ryuji Nishimura, and Toshiro Kinugasa on December 25, 2012. This
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patent is a continuation of a patent application that issued as U.S. Patent No.
8,059,177, which is itself a divisional of a patent application that issued as U.S.
Patent No. 6,765,616. The ’493 Patent claims priority to a Japanese patent
application filed on January 11, 2000. The priority date of this patent is no later
than this date.

The 493 Patent relates to electric cameras and other devices used to capture
images. 493 Patent at 1:18-22. Electric (or, digital) cameras operate using devices
called “light receiving sensors” or simply “image sensors.” 493 Patent at 1:20-31.
An exemplary image sensor disclosed in the *493 Patent contains an effective array
of picture elements (or, pixels) arranged in a two-dimensional grid. 493 Patent at

4:30-40. Examples of effective pixel arrays of 1200 by 1600 pixels and 1280 by

960 pixels are shown in Figure 5 of the patent:
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Another example of a pixel array is shown in the following demonstrative:
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Each pixel in the sensor array will generate a digital signal in response to
light incident on a photodiode within the pixel. 493 Patent at 4:40-65. These
signals are collected by specialized circuitry and output as a digital image. 493
Patent at 4:40-65. One visual representation of this process is shown in the

following demonstrative:
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Here, a relatively simple 3 x 3 image sensor is shown, which generates

signals as a result of light incident on photodiodes in each pixel. In this example, a
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light receiving sensor consists of 3 vertically arranged pixel lines (so the claimed
“N number” of pixel lines could be 2 or 3 in this simple example). As shown, an
image of a tree on the left reflects light onto the pixel circuits on the pixel array of
the light receiving sensor. The light receiving sensor converts the light incident on
these pixel circuits into electric signals, which are then passed along to the signal
processing unit.

The claims of the ’493 Patent recite an improved electric camera (and
methods for operating an electric camera) that include an image sensing device, a
signal processing unit, and a display unit, each of which is configured to perform
certain operations. While generic components like CCD image sensors and display
screens may have been known at the time, the specific configurations of these
components and their capabilities as outlined in the challenged claims of the *493
Patent were not.

Prior to the inventions disclosed in the ’493 Patent on January 11, 2000,
conventional electric cameras could not effectively capture both static (still)
images and moving videos. For example, when taking still pictures with a camera
designed for taking moving videos, the number of pixels was insufficient for a
high-quality image. Conversely, when taking moving images with a camera

designed for taking still images, the dynamic image quality and frame rate of the
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moving video would deteriorate, and the required circuitry would increase. The

patent explains this problem as follows:

The conventional electric cameras, as described above, have
drawbacks that when taking a still picture by using a video camera,
the number of pixels is not sufficient and that when taking a moving
image with a still camera, the associated circuit inevitably increases

and the dynamic image quality deteriorates.

’493 Patent at 2:62-66.

As the patent itself observes, “[t]aking both moving and static images of
satisfactory quality with a single camera is difficult to achieve.” ’493 Patent at
2:67-3:2. So it was that conventional devices before the invention of the 493
Patent could not take high-resolution still images and high-quality moving videos
using the same device.

But the inventors of the *493 Patent solved these problems. For example, the
claims of the ’493 Patent recite an electric camera and other devices that allow
signal charges from differing numbers of pixels in an image sensor’s pixel array to
be used based on whether the device is operating in static image recording mode,
monitoring mode, or moving video recording mode.

For example, as shown in the following demonstrative, reading out and

processing all of the pixels from a light receiving sensor will take a long time.
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However, reading out only a portion of those pixels can significantly reduce the
processing time for the signal processing unit. This will allow the signal processing
unit to process the image signals many more times per second than would be
possible with the full array. This allows for an increased frame rate. Thus, the

specific mixing or culling of pixels lines described in the *493 Patent’s claims is

one feature that sets it apart from conventional devices.

A visual representation of one of the *493 Patent’s solutions is shown in the
following demonstrative. Using claim 5 of the patent as an example, it shows some
of the claimed components and the novel functionality discussed in the patent. In
particular, it shows a high-level representation of how signals may pass from the
light receiving sensor in the image sensing device through the signal processing

unit for either recording as static images or moving videos, or for display on a

33

4163



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

display screen during monitoring in static image mode. The claim’s limitations are

color coded to correspond to the various features in the demonstrative.

Further, through the use of a novel “signal processing unit” that performs
many functions that were previously performed by other components, the invention
facilitates a new and more effective “architecture” for digital cameras.

An additional unique feature of the patent’s claims is the incorporation of
image stabilization for video recording mode to correct image instability, as shown
below. For example, consider the example of a user recording a video of a dog
running toward the camera. If the user’s hand is causing the camera to shake
during recording, image stabilization will readjust the pixels on the light receiving

sensor used to capture the image so that the dog remains in frame and the “shake”
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of the camera is corrected by reducing or completely eliminating the vertical and

horizontal camera movement.

wagners shade cRweTR shigke dowat TABILTR ST 1132 ;R 1B

The inventors arrived at these solutions no later than January 11, 2000. This
was well before the massive popularity of smart phones and over seven years

before the release of the first iPhone in June 2007.
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2. Level of Skill of a POSITA

For the purposes of this Preliminary Response only, Patent Owner does not
dispute the level of skill of a POSITA identified in the Petition.

B. Claim Construction

It is Petitioner’s burden to propose a construction and then explain how the
construed claim is unpatentable under that proposed construction. See 37 C.F.R.

§ 42.104(b)(4). The District Court has construed certain terms of the 493 Patent:

Term Claim Court’s Construction
“image-instability 4,6,11 “a detector, such as a
detector” gyroscopic sensor or the

like, capable of
detecting an  image

instability of the electric

camera”
“an image-instability of 4,6,11 “instability caused by
the electric camera” vertical and/or

horizontal movement of

the electric camera”

“effective scanning 1 “the number of
lines...of a display screen scanning lines displayed

on the display screen.”

“mixing ... signal 1,3-5,10 “combining signal

charges™/ “mixed charges from multiple
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pixels” and

“combined.”

“culling signal charges” /

“culled”

1,4,5,10

“reading out only one
line of signal charges of
pixels for every
predetermined number
of lines” and “only one
line of signal charges of
pixels is read out for
every  predetermined

number of lines.”

Ex. 2014. Given the multiple reasons why the Petition should not be instituted,

including 35 U.S.C. § 314, and to minimize the disputes that the Board needs to

address at this preliminary stage, for the purposes of this Preliminary Response

only, Patent Owner simply applies Petitioner’s own constructions to show how the

Petitioner has not met its burden under 37 CFR § 42.104(b)(4).

Patent Owner, however, reserves all rights to dispute Petitioner’s proposed

construction with the support of expert testimony to the extent the Board decides to

institute review of this Petition. Any statements made herein with respect to the

lack of a claim element in a prior art reference are under Petitioner’s proposed

constructions and should not be construed as an admission on behalf of Patent

37

4167




Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

Owner that such construction is proper under the Phillips standard.

C. Petitioner Failed to Establish that Casio Is Prior Art

Apple must prove that Casio constitutes a “printed publication . . . by a
preponderance of the evidence.” Nobel Biocare Servs. AG v. Instradent USA, Inc.,
903 F.3d 1365, 1375 (Fed. Cir. 2018), as amended (Sept. 20, 2018). Apple fails to
carry its burden because it fails to “identify, with particularity, evidence sufficient
to establish a reasonable likelihood” that Casio was publicly accessible before the
critical date of the 493 patent. Guardian All. Techs., Inc., v. Tyler Miller,
IPR2020-00031, 2020 WL 1499414, at *3 (P.T.A.B. Mar. 26, 2020) (brackets
omitted) (emphasis added) (quoting Hulu, LLC v. Sound View Innovations, LLC,
IPR2018-01039, Paper 29 at 6 (PTAB Dec. 20, 2019) (precedential).

Apple cites Hulu yet does not address nor adhere to its requirements. Hulu
requires that Apple must (1) “identify with particularity the grounds for
institution,” and (2) provide “evidence supporting such grounds,” including “prior
art relied upon and evidence.” Id. at 13. But that’s not all. The precedential opinion
goes one step further and requires that this “standard is far more than [what] is
required in typical notice pleading, which only requires that a party make

plausible claims.” Id. Apple fails to carry its burden.
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1. The Etchells Declaration is Insufficient to Show Public
Accessibility of the Casio User Guide

The Etchells declaration (Ex. 1007) fails to show that Casio was indexed and
“sufficiently accessible to the public” so that it can be considered a printed
publication. In re Klopfenstein, 380 F.3d 1345, 1348 (Fed. Cir. 2004). Apple offers
no evidence showing communication between Etchells and Casio. Thus, Ex 1007
fails the identification and particularity requirements set forth in Hulu.

First, it is Apple’s burden to identify evidence that supports its claim that the
public had access to Casio before the critical date—January 11, 2000. It has not.
The Etchells declaration hinges on an alleged interaction between Etchells and
Casio, but Apple provides no evidence that this ever happened. Apple fails to
identify the evidence upon which Etchells bases his entire declaration. Hulu,
IPR2018-01039, Paper 29 at 13. Apple provides no evidence of any
communication from Casio to Etchells. Conversely, Apple provides no evidence
confirming that Etchells contacted Casio. This in insufficient. Indeed, “[i]t is of the
utmost importance that petitioners in the IPR proceedings adhere to the
requirement that the initial petition identify with particularity the evidence that
supports the grounds for the challenge to each claim.” Apple Inc. v. Andrea Elecs.
Corp., 949 F.3d 697, 705 (Fed. Cir. 2020) (internal quotes omitted) (emphasis

added).
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Ex. 1007 identifies no interaction between Etchells and Casio. Etchells
claims that he “reached out to Casio requesting” the camera and that Casio
“provided” him with one. Ex. 1007 at 3. Apple proffers no evidence to prove this.
Etchells attempts to show that he received the camera “as early as November 1,
1999” based on an email from November 1, 1999. Id. But this email is not between
Etchells and Casio. Indeed, emails on a private server are not public nor publicly
accessible. SRI Int’l, Inc. v. Internet Sec. Sys., Inc., 511 F.3d 1186, 1196 (Fed. Cir.
2008) (an asserted reference is not a printed publication where “a customary search
would not have rendered the work reasonably accessible even to a person informed
of its existence”). Based on Apple’s evidence, there is no way to substantiate if,
how, or when the Casio User Guides first became publicly accessible. All that is
left is speculation.

Etchells states that his “standard practice” was to “request” the “open
market, consumer version of the product for review,” and that, it is his
“recollection the Casio QV8000SX camera was available for purchase by the time
[he] received the camera . . . and by the time Imaging Re-source posted the product
review [on] January 26, 2000.” Ex. 1007 at 4-5 (emphasis added). Etchells further
claims that “Casio did not require any confidentiality from [him] or Imaging

Resource as part of preparing and publishing the product review of the Casio

40

4170



Case IPR2020-00597

Patent No. 8,339,493

Patent Owner Preliminary Response

QV8000SX camera.” Id. at 5. These are hollow claims absent confirmation. Put
another way, from Apple’s evidentiary showing, it is just as likely that Etchells
never received a Casio QV8000SX until after the critical date. Along the same line,
it is also just as plausible that Etchells received a non-public version of the camera.
Indeed, none of Apple’s evidence alleging access to the camera even pertains to
the Casio User Guide. Apple’s burden is to show evidence that the Casio User
Guides were publicly accessible prior to the critical date. It has not.

Etchells states that “In order to begin [his] product review, [he] reached out
to Casio requesting the QV8000SX digital camera, and [that] Casio provided [him]
with” one. Id. at 3 (emphasis added). Etchells further claims that he was “not
required to sign a non-disclosure agreement.” Id. at 5. Despite this, it was his
“recollection [that] the Casio QV8000SX camera was available for purchase by the
time [he] received the camera from Casio (by at least November 1, 1999).” Id.
Etchells never states that he purchased a camera. If Etchells could not go to the
store to buy a camera by November 1, 1999, then his statement that “the Casio
QV8000SX camera was available for purchase . . . by the time Imaging Resource
posted the product review [on] January 26, 2000 is more plausible. Id. That said,
Apple’s evidence actually supports the conclusion that the Camera was not

available until after the critical date.

41

4171



Case IPR2020-00597
Patent No. 8,339,493
Patent Owner Preliminary Response

In Etchells’ review of the Casio QV-8000SX, he states that “the QV-8000
completely captures the low-light picture-taking crown, at least as of this writing in
January, 2000.” I1d. at 16 (emphasis added). Etchells also states that “we found the
QV-8000 surprisingly quick compared to the current crop of cameras (January
2000).” Id. at 17. These are not two isolated statements. Etchells repeatedly frames
his review not in 1999, but in 2000, at least four other times. See id. at 22-25. Thus,
Apple only proves that Etchells posted his review in the same year as the critical
date, and only after the critical date. This fails to satisfy the burden of proof—
“[m]erely establishing that the [asserted reference] existed in the same year as the
critical date is insufficient.” ATEN Int’l Co. v. Uniclass Tech. Co., 932 F.3d 1364,
1368 (Fed. Cir. 2019). Apple’s evidence, when viewed in its entirety, simply does
not make sense—inconsistent evidence is not even “plausible.” Hulu, IPR2018-
01039, Paper 29 at 13.

Second, Apple must not only “identify” evidence that substantiates its
position, but it must also do so with “particularity.” Id. Thus, Apple must show
with particularity that the User Guides were “disseminated” or “made available”
before the critical date. SR/, 511 F.3d at 1194; Hulu, IPR2018-01039, Paper 29 at

13.

For example, Appendix C of Ex. 1007 purportedly shows the User Guide
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Etchells received more than two decades ago from Casio. But nothing Apple
proffers supports the availability of the User Guide in 1999. There are no date
stamps, no confirmation numbers, no receipts, no tickets of purchase, and no
confirmation from Casio that Etchells purchased or received the User Guide before
the critical date. There are also no dates on either the camera or the purported
original packaging. As the evidence stands, it is equally likely that Etchells
acquired the Camera and User Guide after rather than before the critical date.
TypeRight Keyboard Corp. v. Microsoft Corp., 374 F.3d 1151, 1158 (Fed. Cir.
2004) (holding that doubts caused by “undated” documents warranted reversal of
judgment); Nobel, 903 F.3d at 1375.

Third, the determination of whether an asserted reference is a printed
publication is not conducted in a vacuum. Rather, it requires a comprehensive
“inquiry into the facts and circumstances surrounding the reference’s disclosure to
members of the public.” In re Klopfenstein, 380 F.3d at 1350. Indeed, there are
factors used to determine whether a reference is publicly accessible. Id. These
factors include length of display, target audience and their expertise, expectations
(or lack) of copying, and ease of copying. /d. Apple does not adequately address a
single one.

Apple does not provide evidence showing how long (if at all) the User Guide
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was ever disclosed or displayed to the public. On the contrary, Apple notes that the
“product review was posted by Imaging Resource on January 26, 2000.” See Apple
Petition at 15. This is more than two weeks after the critical date. Apple does not
provide evidence proving who the target audience is, nor what their level of
expertise is. From Apple’s evidence, the target audience could be anyone, with any
education, with any level of interest in anything.

Apple notes that Etchells was not subject to a confidentiality agreement and
that there were no use restrictions. However, if the cameras were available for
purchase—as Apple contends—why would a consumer be required to sign a non-
disclosure form? More plausibly, if they were not publicly available, Apple
provides no evidence that Casio told Etchells that he was not bound to
confidentiality with respect to the camera and the User Guide until, for example,
after publication of his review on January 26, 2000. Nor does Apple provide
evidence of the interaction that allegedly occurred between Casio and Etchells.
And Apple does not even mention ease of copying. Apple’s showing, at best,

inadequately addresses one factor. This is insufficient.

2. The Etchells Declaration Lacks Corroboration and
Credibility

Etchells’ claims concern events allegedly happening over 20 years ago; this

“long lapse of time suggests possible faulty recollection.” TypeRight, 374 F.3d at
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1158. Apple is paying Etchells “$250.00” per hour and Etchells’ declaration lacks
sufficient corroboration. Ex. 1007 at 2. This case requires corroboration. Nobel,
903 F.3d at 1377-78.

Even if Etchells is not an interested party, Apple still needs to corroborate
his declaration because “[u]ninterested witnesses are also subject to the
corroboration requirement.” Finnigan Corp. v. Int’l Trade Comm’n, 180 F.3d
1354, 1367 (Fed. Cir. 1999); Nobel, 903 F.3d at 1377-78 (corroboration required).
Indeed, as discussed below, none of the other declarations support Etchells’
testimony for they, too, lack credibility, are internally inconsistent, and, when

viewed in their entirety, come to an illogical conclusion.

3. The Casio Press Release Does Not Demonstrate Public
Accessibility of the User Guide Prior to the Critical Date

Apple claims that on “July 21, 1999, Casio issued a press release for the
QV-8000SX digital camera . . . .” Petition at 14. Absent a showing that the User
Guides were present, this is irrelevant. TypeRight, 374 F.3d at 1158 (holding that
doubts about the credibility of the evidence about a trade show required reversal).
Apple provides no credible evidence that the User Guides existed at the time of the
press release—Ilet alone were publicly accessible.

VanderSchans claims to have “personal knowledge” of the trade show—but

she did not start working at Casio until more than a year gffer the trade show and
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did not testify that she attended. Ex. 1028 at 1. VanderSchans’ declaration is
insufficient. TypeRight, 374 F.3d at 1158 (rejecting a claim for a printed
publication based on “tentative” testimony about a witness who attended a trade
show “over 18 years ago”); A.R.M., Inc. v. Cottingham Agencies Ltd., IPR2014-
00671, Paper 10 at 5-8 (P.T.A.B. Oct. 3, 2014) (Paper 10) (a brochure did not
qualify as a printed publication because there was no evidence of the date of
publication, that it was disseminated, or that it was otherwise made available). No
evidence shows that VanderSchans attended the trade show; no evidence shows
that the User Guides were at the trade show (or existed on July 21, 1999). Apple
has failed to carry its burden. Norian Corp. v. Stryker Corp., 363 F.3d 1321, 1330
(Fed. Cir. 2004) (abstract from conference not shown to be a printed publication
where defendant presented insufficient evidence of dissemination or accessibility).
Further, Apple has not brought forth any evidence showing that the product
did not change since the press release. What is more, Ex. 1028 does not reference
the User Guide nor the User Guide’s detailed /25 pages—Ex. 1028 is a simply a
four-page boast. Apple provides no legal authority for why Ex. 1028 supports a
finding of public accessibility. Regardless, “[o]ne can publicize that a new product
exists while still keeping an enabling disclosure of the structure and function of the

product secret.” Bennett Regulator Guards, Inc. v. Canadian Meter Co., 184 Fed.
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App’x 977, 982 (Fed. Cir. 2006).

Finally, Apple’s evidence on the trade show is contradictory. Ex. 1028
provides that on “July 21, 1999—-Casio . . . foday introduced the QV-8000SX . . .
The camera . . . was introduced . . . in New York City today.” (at 2) (emphasis
added). But then in Ex. 1026, Lang states that “the Casio QV8000-SX digital
camera was first sold in the United States in April 1999.” (at 1) (emphasis added).
It is inconsistent to claim that cameras were somehow sold four-months before
they were introduced. Absent secret sales (which Apple provides no evidence of),
this is contradictory. And Lang provides no disclosure of the underlying sales
records upon which he allegedly relies on to make his declaration. Yet if one or
both declarations are true, neither answer the following questions: why Etchells
would be subject to a confidentiality agreement, and why Apple cannot present
clear evidence of exactly when the User Guide was first on the market and publicly
accessible.

In fact, Apple could have presumably provided answers to these questions.
Apple subpoenaed Casio in the underlying litigation in December 2019, asking for
the dates by which the User Guide was available, and when particular sales of the
QV8000-SX occurred. Ex. 2028. Casio responded to those questions on January 8,

2020 indicating it would produce documents “to the extent they exist.” Ex. 2029.
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The fact that Apple has not supported the petition with these documents is telling.

4. Apple Fails to Show Relevant Sales Prior to the Critical
Date

Apple relies on the declaration of Lang for the proposition that the Casio
QV-8000SX digital camera was sold in 1999—nothing corroborates this assertion
and Exs. 1007 and 1028 contradict Lang’s declaration. Lang states that he
“reviewed certain sales record [sic].” Ex. 1026 at 1. This level of ambiguity does
not show public accessibility by a preponderance of the evidence. Nobel, 903 F.3d
at 1375.

The ambiguity is compounded because Apple has not offered this “record”
for review. Instead, the Board is left with only the uncorroborated testimony of
Lang and the anonymous “certain sales record” that purportedly shows that a sale
occurred in 1999. What is more, Apple fails to consider how Casio treated its
financial records, which fiscal year dates were applicable, and whether Casio’s
fiscal year extended into 2000. In fact, Casio’s fiscal year is from April to March,
thus making Casio’s 1999 fiscal year spanning April 1999 through March 2000.
See Ex. 2030. Lang’s claim that there were alleged sales in 1999, based on Casio’s
fiscal year accounting, means that the supposed twenty-five or so sales of the QV-
8000SX digital camera may have occurred only after the critical date of January

11, 2000—towards the last quarter of Casio’s Fiscal Year 1999. The Board should
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reject Apple’s deficient evidence of sales. Juicy Whip, Inc. v. Orange Bang, Inc.,
292 F.3d 728, 743 (Fed. Cir. 2002) (“Reliable evidence of corroboration preferably
comes in the form of physical records . . . .”).

Apple repeatedly emphasizes that the User Guides were included with the
camera and that “[t]here were no restrictions placed on the purchaser’s use of the
User Guide . . . .” Apple Petition at 14. Absent evidence of a sale, these arguments
are irrelevant. Thus, for at least the reasons above, the Board should find that
Apple has failed to carry its burden and find that the Casio User Guide is not a
printed publication that was publicly accessible prior to January 11, 2000, and that
for this reason Apple has failed to show a reasonable likelihood of success for any

ground presented in the Petition.

D. Ground 1: Petitioner Failed To Establish That Claims 1, 3, 5, and
10 Are Obvious Over Casio In View Of Juen

Apple has not carried its burden showing that Casio was publicly available
prior to the critical date. As such, Ground 1 fails for this reason alone. However,
even if the Board considers Casio, for at least reasons, more fully explained below,
Apple has failed to show that Claims 1, 3, 5, and 10 are obvious over Casio in

view of Juen.

1. A POSITA Would Not Have Combined Casio and Juen
Without the Benefit of Hindsight.

Apple contends a POSITA would have found it obvious and been motivated
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to combine Casio and Juen. Petition at 25-26; 55-56. More specifically, Apple
argues that “it would be obvious and desirable to modify the Casio camera so the
CCD captured the pixels in the standard grid-like array, given the commonly-
accepted format for photographs and moving video was rectangular.” /d. However,
a POSITA would not attempt to incorporate Juen’s functions with Casio’s
hardware. First, Apple’s argument is not consistent with Ground 1. Apple asserts in
Ground 1 the Casio User Guide along with Juen renders claims unpatentable. Yet,
when making its motivation to combine argument, Apple argues “it would be
obvious and desirable to modify the Casio camera so the CCD captured the pixels
in the standard grid-like array, given the commonly-accepted format for
photographs and moving video was rectangular.” /d. (emphasis added). For at least
this reason, Apple has failed to satisfy its burden to show a POSITA would be
motivated to combine Juen (Ex. 1005) with the Casio (Ex. 1004) reference.

Next, a POSITA would not be motivated to incorporate the complicated and
specialized features of Juen into Casio. That a POSITA would not have been
motivated to do so at the time can be shown from a reference heavily relied on by
Apple’s expert here and Apple in the District Court Action: Anderson (Ex. 1021).
For example, Anderson criticizes “specialized circuitry to handle each of the

advanced features” because “it dramatically increases the overall cost, size, battery
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consumption, and weight of the digital cameras.” Anderson at 1:50-58. Anderson
teaches that this architecture “was deceptively difficult to conceive.” Anderson at
9:19-36. A person of ordinary skill reading Anderson would heed these teachings
and would not have altered the precise hardware architecture Casio discloses by
attempting to incorporate features from Juen. Yet Apple, without explanation,
would ignore these warnings and attempt to merge Juen’s features with Casio’s
teaching. This would have destroyed whatever “performance benefits” may have
been achieved by using Juen’s system. A person of ordinary skill would have
recognized these drawbacks and not have made the modifications that Apple
suggests.

For instance, Juen teaches that its “moving image recording” circuit is in an
entirely separate pipeline or data flow path from the still image recording means,
see Juen at FIG. 1, but Anderson warns not “to use different circuits and data
paths,” Anderson at 1:56-58. Apple would disrupt Casio’s design with additional
circuitry, which a POSITA is instructed not to do by the very same art (Anderson)
that Apple and its expert repeatedly rely upon.

Any suggested modification of the architecture of Casio to incorporate any
part of Juen would not have been a simple exercise in replacing one component

with another. Again, Anderson highlights these difficulties:
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Although the final hardware architecture of the present invention
appears straightforward in retrospect, it was deceptively difficult to
conceive. This is because one has to first decide on which blocks are
to be implemented and define each block's respective functions.
Duplication must be minimized. Next, the data paths must be laid out
so as to interconnect the various blocks in such a manner that certain
combinations produce all of the desired results correctly. Flexibility,
adaptability, and high functionality are key. Moreover, the data must
be routed through the various data paths as fast as possible so that
there is no bottleneck in any one path that might reduce the overall
bandwidth. Other considerations include which ones of the blocks
should be activated and under what circumstances should they be
activated. All these factors were taken into account in order to
produce the integrated solution of the present invention which

effectively and efficiently utilizes the available hardware resources.

Anderson at 9:19-36 (emphasis added).

Thus, as Apple’s own evidence teaches, the combination of disparate image
processing systems raises a host of issues—all of which Apple and its expert leave
unaddressed. For example, Anderson teaches that, when attempting to import
functionality from one electric camera into another, a POSITA would need to
account for (1) which functional blocks to implement and how to define those
blocks’ functions to minimize duplication, (2) the layout and interconnections of

data pathways between those functional blocks so that the combinations “produce
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all of the desired results correctly,” (3) the routing of data through the data paths
“as fast as possible” to avoid bottlenecking, and (4) which functional blocks to
activate and when. Anderson at 9:19-36.

Apple fails to account for any of these difficulties in its assertion that Casio
and Juen can be combined. Thus, Apple has failed to meet its burden to show how
these aspects of the prior art would be combined, what the resulting device would
look like, and that combined device how it would operate. See Guangdong Alison
Hi-Tech Co., Ltd. v. Aspen Aerogels, Inc., Case IPR2017-00152, Paper 8 at 16
(P.T.A.B. Mar. 23, 2017) (“To establish that a particular combination of references
would have been obvious, Petitioner must explain both sow and why one of
ordinary skill in the art would have combined the references to produce the

claimed invention.” (emphasis in original)).

2. Petitioner fails to establish that Casio in view of Juen
Discloses Elements 1(a)/5(a)/10(a).

Claim elements 1(a)/5(a)/10(a) recite “an image sensing device with a light
receiving” sensor [elements 1(a) and 5(a)] or surface [element 10(a)]. Thus, the
claim recites at least two structures for this limitation: (1) an image sensing device
and (2) a light receiving sensot/surface that is part of that image sensing device.

To allegedly satisfy the elements of an image sensing device with a light

receiving sensor, Apple contends that Casio teaches an “Image Element” that is a
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“1/2.7 inch CCD.” Petition at 22. Apple then relies on its expert for its claim that
CCDs operatively receive incident light at photodiodes, “indicating the CCD is a
light receiving sensor.” Id. citing Ex. 1003. Apple then claims, relying on its
expert, that because the Casio CCD receives light via the camera lens, a POSITA
would have understood the CCD is an “image sensing device with a light receiving
sensor.”

Apple and its expert have pointed to just one component (a CCD image
sensor) as satisfying this requirement for two components. But that is not what
Claims 1, 5, and 10 require. Those claims plainly recites an “an image sensing
device” as a structure and a “light receiving sensor/surface” as part of that
structure. The Petition makes no attempt to resolve this inconsistency. Nor does
Apple or its expert clarify whether the CCD image sensor is the claimed “image
sensing device” or the “light receiving sensor.” Because it cannot be both, Apple
has failed to show that Casio satisfies this limitation. SandBox Logistics LLC v.
Proppant Express Investments LLC, No. 2019-1684, 2020 WL 2517113, at *5
(Fed. Cir. May 18, 2020) (“Where a claim lists elements separately, the clear
implication of the claim language is that those elements are distinct components of
the patented invention.”).

Apple perhaps anticipated this, and thus contends that “Should Maxell
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contend Casio does not teach an image sensing device,” Juen teaches such a
device. Petition at 22. Apple contends that Juen teaches “Light passing through the
photographic lens 12 is refracted within the camera part 11a, and received by a
photoreceptor surface of an imaging element 13, which is composed of a CCD
image sensor.” Petition at 22 citing Juen, 5:63—6:2. Because Juen’s CCD image
sensor receives light on a photoreceptor surface, Juen teaches “an image sensing
device with a light receiving sensor.” Id. citing Ex. 1003. Apple’s contentions with
respect to Juen also fail for the same reasons as it has failed to show Casio
discloses elements 1(a)/5(a)/10(a). Apple again has pointed to one component (a
CCD image sensor) as satisfying this requirement for two components.

Although Apple arguably claims Juen’s “imaging element 13 is the claimed
“image sensing device” and that Juen’s “CCD image sensor” is the claimed light
receiving surface, these two structures are actually one and the same. The portion
of Juen Apple cites to makes this clear: “an imaging element 13, which is
composed of a CCD image sensor.” Juen at 5:63-6:2 (emphasis added). This is
further made plain by Juen’s description of imaging element 13 as having a
“number of pixels,” further showing that the term “imaging element” as used in
Juen is synonymous with a CCD image sensor, rather than being a separate

structure. Indeed, Juen identifies nothing else as making up or being contained
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within imaging element 13. Thus, Apple has pointed to Juern’s image sensor as
both the image sensing device and the light receiving sensor and thus Juen fails to
satisfy elements 1(a)/5(a)/10(a).

Accordingly, Casio in view of Juen does not render these claim limitations

unpatentable.

3. Petitioner fails to establish that Casio in view of Juen
Discloses Elements 1(b)/5(b)/10(b).

Claim elements 1(b)/5(b)/10(b) recite “a signal processing unit that
generates image signals by processing the output signals of the image sensing
device.”

Claims 1, 5, and 10 all require certain functions to be performed by the
claimed signal processing unit, namely, (1) generating image signals for static
image recording; (2) generating image signals for monitoring in static image mode;
(3) generating image signals for moving video recording. Apple acknowledges this
in the Petition (52-54), yet it provides no analysis attempting to show that the
purported signal processing unit of either Casio or Juen perform the claimed
functions required by the claims, only conclusory statements. This failure is fatal to
Apple’s contention that Casio or Juen disclose the claimed signal processing unit.

Apple’s claim that Casio implicitly or at least inherently teaches a signal

processing unit also fails. Petition at 28. Apple contends that a POSITA “would
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have understood from the collective disclosures in Casio the digital camera
includes a signal processing unit to generate image signals.” Id. Apple then points
to several disclosures in Casio that purportedly support this statement, converting
or encoding images to a JPEG or AVI file format, converting images to a lower
resolution for display on the monitor, and digital zoom. /d. citing Casio at 61, 118,
16, and 58-59. But completely absent from Apple’s contention is whether these
“collective disclosures,” which allegedly comprise a signal processing unit,
actually (1) generate image signals for static image recording, (2) generate image
signals for monitoring in static image mode, and (3) generate image signals for
moving video recording as required by the claims. It is not sufficient to allege an
inherent disclosure of a “signal processing unit” where the claims require much
more specificity as to the functions of that signal processing unit. Guangdong
Alison Hi-Tech Co. v. Int’l Trade Comm’n, 936 F.3d 1353, 1364 (Fed. Cir. 2019)
(“An element may be inherently disclosed only if it is necessarily present, not
merely probably or possibly present, in the prior art.”) (internal quotes omitted);
TLC Corp. v. Telefonaktiebolaget Lm Ericsson, 2017 WL 504682, at *18 (PTAB
Jan. 24, 2017) (holding the same and rejecting Petitioner’s argument—that a
POSITA would understand “the broader category” of a “term . . . to necessarily

mean” the specific category and use of the term—as “tenuous and insufficient” to
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prove “anticipation by a preponderance of the evidence”).

Apple, again, asserts that “To the extent Maxell contends Casio does not
teach a ‘signal processing unit,” Juen teaches such. Petition at 28. Here, again,
Apple’s analysis with respect to Juen fails to show the claimed signal processing
unit. Apple identifies a laundry list of discrete components in Juen, without
actually explaining how any of them meet the claim limitations, which portions
perform which claimed features, or what evidences supports their performance of
the claimed functions of the claimed signal processing unit.

For example, Apple cites Juen’s “electronic camera 100 includes an imaging
means | that images an object or living subject...and converts an image thereof to
image information,” Juen’s “still image recording means 4,” “moving image
recording means 3,” “picture image signal processor 15,” and “image density
converter 16.” Petition at 28-30. But completely absent from the analysis is any
consideration of whether any of these components, for example, generate image
signals by processing the output signals of the image sensing device. Are all of the
components performing this function? Some? Apple fails to explain. Similarly,
which if any of these components are recording static images as opposed to

monitoring static images? The Petition contains no answers that show Juen

discloses the claimed signal processing unit.
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The only conclusory statement is a citation to its expert who offers a
similarly conclusory statement: “A POSITA would have understood the combined
image signal processor and image density converter satisfies the claimed ‘signal
processing unit.” Petition at 30 citing Ex. 1003 at 116. But, even assuming this is
correct (it is not), Juen’s image signal processor and image density converter
cannot handle the claimed monitoring in static mode.

Accordingly, Casio in view of Juen does not render these claim limitations

unpatentable.

4. Petitioner fails to establish that Casio in view of Juen
Discloses Elements 1(d)/5(e)/10(f).

Claim elements 1(d)/5(e)/10(f) recite, among other things, “the signal
processing unit generates the image signals by mixing or culling signal charges
accumulated in the N number of vertically arranged pixels....” Apple argues that
Casio alone or in combination with Juen teaches the mixing or culling limitations.
Petition at 37, 58, 67. But Casio contains no such disclosure. Instead, Apple relies
on its expert to speculate on how the Casio camera operates.

These claim elements contain specific limitations regarding the functionality
of the signal processing unit. As detailed above, Apple failed to show that Casio in
view of Juen discloses the signal processing unit. It further fails to show how the

specific features of the signal processing unit are supposedly found in Casio. There
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is no such detail in the Casio User Guide, and Apple’s expert simply glosses over
the specifics of these limitations. Indeed, Apple’s analysis for these limitations is
limited to a single conclusory sentence: “Casio teaches reducing the pixel
resolution of the LCD, and a POSITA would have found it obvious the pixel
resolution reduction is performed by, at the least, mixing the signal charges, as
taught by Juen.” Petition at 37. For support, Apple cites to only 9126 of its expert’s

declaration, which contains a similarly conclusory statement:

In my opinion, Casio in combination with Juen teaches the signal
processing unit generates the image signals by “mixing or culling
signal charges,” as claimed. In forming my opinion, I apply the claim
construction set forth at ¢ 29 that “mixing...signal charges
accumulated in the N number of vertically arranged pixel lines”

means “combining...signal charges from multiple pixels.”

Ex. 1003, q126.

Neither Casio nor Juen contain any details about the operation of a single
processing unit to “generate[ ] the image signals by using pixel lines that have been
mixed or culled from the N number of vertically arranged pixel lines to only
include pixel lines separated from one another by intervals of a first distance,” per
claim 5. Nor does Apple offer any proof of this similarly worded feature of the
signal processing unit of claims 1 and 10.

Apple’s attempt at showing these limitations in Casio and Juen likewise
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fails. In particular, neither Apple nor its expert endeavor to rule out other
downscaling operations that do not fall within the plain language of the claims’
“mixing”/”culling” limitations. For example, Apple hasn’t shown that other types
of downscaling (such as cropping the edges of the image alone or mixing/culling at
irregular intervals) is being used by Casio, instead of the specifically claimed
scaling operations that recite mixing or culling at specified intervals. And, because
Juen’s pixel converter is used only for recording videos—not monitoring static
images—it cannot teach this claim element. See, e.g., Juen at FIG. 1.
5.  Petitioner fails to establish that Casio in view of Juen
Discloses the “pixel intervals of K1 pixels” / “intervals of a
first distance” of Elements 1(d)/5(e)/10(f) and the “pixel

intervals of K2 pixels” / “intervals of a second distance” of
Elements 1(e)/5(f)/10(g).

Each of the independent claims of the 493 Patent recite that the
mixing/culling operations result in an output of pixels that include an “interval”
that is stated in pixel lines:

e “to provide pixel lines only at pixel intervals of KI pixels” / “to
provide pixel lines only at pixel intervals of K2 pixels” (claim 1);

e “to only include pixel lines separated from one another by intervals of
a first distance” / “to only include pixel lines separated from one

another by intervals of a second distance” (claim 5); and
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e “to provide only pixel lines separated from one another by intervals of
a [first]* distance” / “to provide only pixel lines separated from one
another by intervals of a second distance” (claim 10).

By the claims’ plain language, these intervals are stated in pixels. Indeed,
claim 1 expressly refers to these intervals as “pixel intervals.” Because pixels refer
to specific components (the individual picture element circuits in an image sensor),
they cannot be divided into fractions of themselves.

But Apple has nevertheless stated these intervals in fractions of pixels (e.g.,
4.36) in the Petition: “the pixel lines displayed on the LCD during monitoring in a
static image mode are provided at pixel intervals of K1=960/220=4.36" (Petition at
44), “Casio teaches intervals of a first distance, where the first distance is 4.36”
(id.at 58); see id. at 67 (relying on same analysis for claim 10).

Neither Apple nor its expert explain how mixing or culling can occur at
intervals of fractions of a pixel. Indeed, none of the art cited here speaks in such
terms. Even if Apple were to argue that the 4.36 interval it relies upon throughout
the Petition could be rounded down to 4.0—and it does not make this argument—

this too would fail because it would result in the first interval being identical to the

second interval, which the claims each preclude. See, e.g., 493 Patent at cl. 1 (“a

2 This claim language was corrected in a certificate of correction. Ex. 1002, 5, 15.
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value of K1 being different from a value of K27).
Simply put, the Petition fails to show how mixing or culling can occur using
fractions of a pixel. This nonsensical result cannot be correct, and Apple’s Petition

must fail for this reason as well.

6. Petitioner fails to establish that Casio in view of Juen
Discloses Claim 3.

Claim 3 depends directly from independent Claim 1. For the reasons
expressed above, Casio in view of Juen does not disclose Claim 1. As such, neither
is Claims 3 rendered unpatentable by Casio in view of Juen.

E. Ground 2: Petitioner Failed To Establish That Claim 4 Is Obvious
Over Casio In View Of Juen And Takase

Claim 4 depends directly from dependent Claim 3 and indirectly from
independent Claim 1. For the reasons expressed above with respect to Ground 1,
Casio in view of Juen does not disclose Claim 1. As such, neither is Claim 4
rendered unpatentable by Casio in view of Juen and Takase.

Additionally, Apple has failed to show that POSITA would combine Casio,
Juen, and Takase. On top of the challenges with combining Casio with Juen as
detailed above, adding Takase’s additional hardware and functionalities to the mix
would create a complex amalgamation of circuits. Apple has not adequately
explained why a POSITA would stitch together numerous disparate references in

this manner. Apart from a hindsight-driven desire to invalidate claim 4 of the *493
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Patent, there would not be sufficient reason or motivation to have done so.

F. Ground 3: Petitioner Failed To Establish That Claims 6 and 11
Are Obvious Over Casio In View Of Juen And Misawa

Claims 6 and 11 depend from independent Claims 5 and 10, respectively.
For the reasons expressed above with respect to Ground 1, Casio in view of Juen
does not disclose Claims 5 and 10. As such, neither are Claims 6 and 11 rendered
unpatentable by Casio in view of Juen and Misawa.

Additionally, Apple has failed to show that POSITA would combine Casio,
Juen, and Misawa. On top of the challenges with combining Casio with Juen as
detailed above, adding Misawa’s additional hardware and functionalities to the mix
would create a complex amalgamation of circuits. Apple has not adequately
explained how or why a POSITA would stitch together numerous disparate
references in this manner. See Alison, Case IPR2017-00152, Paper 8 at 16. Apart
from a hindsight-driven desire to invalidate claims 6 and 11 of the 493 Patent,
there would not be sufficient reason or motivation to have done so. See Anderson
at 9:19-36 (detailing at least four considerations a POSITA would need to account
for when combining image processing circuitry, none of which Apple addresses).

IV. CONCLUSION

The Board should not institute inter partes review on any of the grounds set

forth in the Petition. Application of the General Plastic and Fintiv factors weighs
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heavily in favor of denial of institution. Also, as Patent Owner has shown,
Petitioner has not established a reasonable likelihood that the cited references

render any of the challenged claims of the *493 Patent unpatentable.
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LCD Digital Camera

QV-800(

User’s Guide
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The section provides a general outling of oparational pracedures.

Loading Batteries (page 38)

On the bottam of the camers,
stide the battery compartment
cover lock towards the fromt
ot the camera () 1o release
the cover.

Grasping both sides of the
- Battery compariment caver,
swing it open {(Q @)

ends are facing as shown in the flustration,

Close the battery compartment cover () @)
and then slide the batlery comparment cover
fock towards the back of the camera to lock the
cover in place (@)

Load batteries so their plos (+) and minus {-} |

*Be sure to use the
procedure an page
44 to set the time
and date before us-
ing the camera Jor
the first time.

* Fite name assgign-
ment and time
stamping will not
be performed cor-
rectly it the time
and date are wrong.
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After composing the image on the
monitor screen, press the shastter but-
ton about half way and hold it there.
* The camara’s Auto Focus leaturs automatioally
focusas the image.

After confirming that the Auto Focus
operation s complete {the operation lamp
lights green), press the shulter button all
the way down to record the image.

Operation
gy

Y Slide the POWER Switeh in
3 the girection indicated by
arrow o turn on the camera.

Slide the Function
Switch to REC.

Set the diat to &
for normatl recording.

P

4201



&
[
3

AL

Use [+} and [~1 10 scroll
through the images stored
in camera memory.

4202

2

Stide the POWER Switeh in the

direction indicated by arrow.
* The inage you recorded appaars
an the monitor scraen,

P iae

t‘)'\;

Siide the Funetion
Switeh to PLAY.
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Qouble check to
make sure that
you really want to
delete the image

you selected.
Sress MENU fo axit
the wriage deiate
agaration.

Use {+] and [-] 1o select
“Delete”, and then press the
shutter button,

+

Use [+] and [-] to select
*Select”, and then press the
shutter button.

3

tise [+] and [~} to selectan
image you want to delete and
then press the shutler bufton,
Selected images are indicated
by 8.

« fdote that the first tme you display an
imeae its B icon is tuened ofi.

Prass DISP.

3

Use [+] and [-] to select
“Yas”, arud then press the
shutter button.

Shide the Function
Switch te PLAY.
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KR CUICK REFERENCE
KR reatunes
PRECAUTIONS

UNPACKING
Using the Lens Cap.....
Attaching the Strap-.
Using the Suft Case .
Using the Wired Remote Contealles .

GENERAL GUIDE
Lens ;
TJop am D'a d}*‘
Hottom .
Exal

MONITOR SCREEN
Recusﬁmq? L ORI SO ST 30
Playback Mode
Senu Sereans

MEMORY CARDS
insening a Memaory Card into e Cameva,,.

Removing 3 Memory Dard from the Camers
Foemating a Memory Card )

s %
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EZ} POWER SUPPLY

L.0a8Ing SaUSHES v -]
Using A Poswese 3!
Power Save Sethngs .o 42
SETTING THE CURRENT DATE AND TiME
Setting tha bat& At TIORE e e 34
Selesting the Date Faomal ... EN)

KX recorming
Using the Shutter Binton |,
Rasi¢ Recoating Qpe
taing Focus Lok
Using the Fiash ..o e
Changing the Lens Orientation
Clusiity Selftings |
Exposurs npensaion ..

B} oruer Rﬁccmmm Funcnons
g Chaiok Shatter ...

mwous Recording ..
Using the Zoom Features .
Mantiai Foous | RN
infirity Mode Reccrdmg
Using the Macco Mo
Mevie Ha seording ...
Panocama Re\mrqu
Bight Scene Mode .,
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