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128 CHAPTER 4 MEASURING POWER

Thermal Methods

Electric power absorbed by a solid or a fluid induces physical changes. Usually the temperature raise
following resistive heat production in the load (Joule's law) is measured  8Q = RI“dt. (68)

Calorimetric measurements of electric power can be very precise, especially at high power levels.
They are therefore being used for standards [201] and for calibration. Their simplicity and transparency
make them popular in high voltage, radio and microwave applications. Radio engineers use them for
measuring output power of radio transmitters.

Figure 149 [199] shows a calorimetric device for measuring power of an incident RF wave. The device
determines the temperature difference between in- and outgoing cooling water. Dissipated power = P

(Kw) = const x f x AT, where f = massflow (kg/s)and AT = temperature change. (68 bis)

In this apparatus the electric radio frequent power is absorbed by the water, but the same principle
could of course be used with current producing heat in a resistive load, cooled by liquid.
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Figure 149 [199]
Power Measurement Calorimeter

One type of measurement device widely used for measuring high RF power signals is the waterload. In using a waterload.
the high level RF power is absorbed in a matched-impedance section of a transmission line that is wholly or partially filled
with a flowing stream of liquid. usually water. It is generally desired that the liquid itself dissipate all of the incident
power. so that the temperature difference between the liquid entering the load and the liquid leaving the load can be
measured by calibrated thermocouples. thermistors, or thermometers. One of several techniques can then be used for
relating the desired absolute RF power to the corresponding rise in temperature.In one type of waterload. a water filled
chamber is disposed at an end portion of a housing and input and output ports are provided to the chamber such that, a
pressurized water supply is provided to the chamber. In this way cool water is provided to the load through the input port
and the heated water is removed from the chamber from the output port.
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Instead of measuring AT directly, one can measure heat dependent expansion (Fig.150) [200].
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Figure 150 [200]
Microwave Pulse Energy Measurement by Absorbent Liquid Heating

A vessel (2) placed coaxially across the waveguide end (1) contains a quantity of absorbent lig. (3) in the space between
concentric cylindrical walls (8, 9). A capillary tube (4) with a graduated scale (13) and a compensating tube (5) extend
upward from the cover (11) of the vessel (2). A conical reflecting wedge (6) blocking the inner cylinder scatters the
incident microwave energy uniformly around the inner wall (8). through which microwaves penetrate into the absorber
(3). The outer wall (9), base (10) and cover (11) are coated with reflecting material (12) to prevent radiative loss. The
absorbed energy is evaluated from the rise of liq. in the capillary (4).

There are other ways of using the thermal transformation: In [203] current and voltage proportional
currents can be used to heat resistors that in their turn influence a bimetallic spring which rotates a
pointer. It is used as a maximum demand meter in combination with a normal Wh-meter [203].
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130 CHAPTER 4 MEASURING POWER |

Optical thermometers, as recently developed, are being used - see Figure 151 [205]. 4.2.2.2
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Figure 151 [205] 1) The
Sensor and Device for the Measurement of Radiant Energy,in Particular the Energy The
Associated with Radio-Frequency, Microwave and Light Radiation Signals i pow
T'he sensor provides a termination for the guide along which the signal is propagated which termination is capable of "
completely absorbing the incident energy and converting it into heat. The termination is in thermal contact with a 2) The
monocrystal or with a layer of crystals for example of ruby (oxide of aluminium) which is capable of being illuminated 12 1
by one or more sources of light with a predetermined and sinusoidally modulated wavelength in order to emit fluorescent 2
radiation at a second wavelength the phase displacement of which with regard to the modulating phase is a function of me
the temperature of the termination and thus a function of the incident energy. For radio-frequency and microwave
measurements the termination terminates the coaxial cable or the wave-guide with the characteristic impedance and In the
comprises a layer of metal deposited on the monocrystal or on the layer of ruby crystals. In the case of measurements of and us

optical power the termination is constituted by a black body which the input optical fiber abuts the black body being in a
thermal exchange relationship with the monocrystal or with the layer of ruby crystals.

A similar principle is used in the now well known battery tester, where the power dissipated in a thin )
film resistor is sensed by a layer (e.g. a liquid crystal) that changes colour with temperature ( 4.2.2.
(thermochromic transformation) [206] (Fig. 152).
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Figure 152 [206] in [20

Battery Tester and Method for Making the Tester

Adevice (14) for testing a battery particularly a small portable battery (25 or 26) comprising a flexible transparent substrate Thern
(15) on which is deposited a narrow band of a black absorbant material (18). A conductive material (10) which tapers

outwardly in opposite directions from a central point (11) to a pair of outer terminals (13 or 17) is then deposited atop the The n

substrate (15) on the same side of the substrate (15) as absorber layer (18). A layer of a cholesteric liquid crystal material mW ¢

(157) is then deposited on the substrate (15) on the opposite side from the black absorber layer (18). The conductive ! R the
material (10) is an epoxy cement-based conductor preferably silver printed or painted directly on to the substrate (15).
An indicator scale (19-22) is located along sections of the tapered conductive material (10). To test a dry cell battery (25

or 26) the terminal ends (13 or 17) of the conductive material (10) are placed in contact with the battery terminals causing The I¢
acurrent to flow which heats the conductive material (10) the heat being most intense at the central point (11) and radiating

outwardly. The heat is transferred through the thin substrate (15) to the liquid cystal layer (15) which results in a color The n

change in the liquid crystal. The traverse of the color change along the length of the indicator scale (19-22) outwardly and ¢

from the central point (11) is proportional to the current or voltage output condition read on the indicator scale (19-22)
which is calibrated accordingly.
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CHAPTER 4 MEASURING POWER 131

4.2.2.2 Using Thermo-electric Conversion or Resistivity Change

We have several useful transformations from heat to an electrical variable.

@ Thermoelement give a voltage as an output signal.

@ Resistors, e.g. thermistors, that change resistance with temperature. When used for measuring
the power of radio frequent or microwave radiation they are called Bolometers.

@ The characteristic curves of semiconductors change with temperature.

Whereas calorimetric methods are absolute in character, the transformations just mentioned imply
relative measurements, and thus rely on calibrations. The principle is this:

1) The current to be measured heats up a resistor in a manner proportional to power.
ergy : : ; .
&y The resistor looses some unknown amount of heat to the surrounding. For each input

A power level, the thermal equilibrium temperature is different.
; capable of

'i[]i]'t:n‘i‘;::e:; 2) The temperature, or temperature change. of the resistor is sensed by a temperature

fluorescent sensitive element with an electrical output which is proportional to the power to be

function of measured.

microwave

edance and In the case of the thermoelement, it is possible to lead the signal to be measured directly through it.
Jrementsior and use it as a measurement resistor (Fig. 153) [202] below.

y being in a

din a thin

mperature 4.2.2.2.1 Thermocouples
The heat difference between the hot and cold junctions, whether induced by Joule's effectin the element
or by heat transfer, creates a measurable voltage by the Seebeck and Thomson effects [335].
Thermocouples can also be used as multipliers (i x u) in power measuring instruments: See ch. 4.2.5
“Thermal Converters”.
Thermocouple sensors have been used for many years, especially for measuring at RF and microwave
frequencies. They can however be used at lower frequencies or DC as well. An instrument based on
AC/DC conversion using thermocouples, designed for power frequencies. i.e. 45-65 Hz is described
in [201]. This instrument was developed as a standard.

ntsubstrate Thermocouple sensors are faster than calorimetric devices.

hich tapers

3‘1’ atop the The meter of [202] (Fig. 153) shows how radio frequent power creates a low level (e.g. 160 nV for |

ial matetid mW of applied RF power) DC-signal when applied to a thermocouple pair ( 106). The low level output

conductive
strate (15).
battery (25
als causing
id radiating
sina color The meter perform synchronous detection and a microprocessor in a feed back loop is used to zero
'I‘I"”(\I\:;“’”{\) and calibrate it automatically.

ale o T4

of the thermocouple is chopped at 220 Hz to facilitate processing.

The low chopping frequency reduces the interfering effect of “spiking” caused by the chopper.
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Figure 15
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Figure 153 [202]
Thermocouple Power Meter

An RF input 100 is shown entering an RF input control element 102 of a thermocouple power meter 103. Also entering
the RF input control element 102 is an input line from a microprocessor 104. The RF input control element 102 selectively
permits any one of several RF inputs to be applied to a thermocouple pair 106—including the RF input 100 and a zero
input or a reference input such as one milliwatt selected by the microprocessor 104 via line 108.

The thermocouple pair 106 converts the RF input. if any, exitting the control element 102 into heat and thereafter into a
d.c. signal in conventional fashion. The amplitude of the d.c. signal generated by the thermocouple pair 106 is low and
difficult to measure with accuracy. Accordingly, the d.c. signal from the thermocouple pair 106 is passed through a chopper
stage 110 that includes a series chopper 112 and a shunt chopper 114. The series chopper 112 and the shunt chopper 114
are driven to operate complementarily. one being ON (or conductive) when the other is OFF (or non-conductive). For
simplification. capacitors and resistors and the like that would be included in a detailed circuit diagram are omitted. such
elements being within the knowledge of one of ordinary skill in the art to include.

The low end sensitivity of thermocouples is not very good.
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CHAPTER 4 MEASURING POWER 133

Figure 154 [319] illustrates how a thermoelectric measurement converter can be integrated in a single

chip. The circuit measures the product of two instantaneous values.
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Figure 154 [319]
Integrated T hermoelectric Measurement Converter
istors and are seated on a heat insulating layer (3). FET (1) is coupled to
the input signals. FET (5) performs an automatic compensation for the thermal influence of power change on FET (1).
Temperature sensor (2) measures the temperature difference between the layer (3) and the reference body (TR). A
feed-back system drives the voltage. and thus the power on transistor (5) so as to establish temperature balance between
the layer (3) and the reference body (TR).

FET transistors (1) and (5) act as controlled res

n Figure 155 is manufactured by epitaxial growth.

The integrated device, which shape is illustrated i
(29) which cool the device so as to

Here the substrate (20) is mounted on multiple Peltier-elements
lower the noise level.
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Figure 155 [319]
The Device of Fig. 154
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134 CHAPTER 4 MEASURING POWER

4.2.2.2.2 Semiconductors as Temperature Sensors in Power Measuring devices

Combing
The characteristic curves of semiconducting elements change with temperature. A transistor which
is heated will give a higher collector-emitter current for a fixed base-emitter voltage.
Figure 156 [336] shows a circuit arrangement exploiting this principle. (The dashed lines indicate
thermally isolated monolithic semiconductor islands 96 and 98):
The input is at TI-T2, and resistor 42 heats up transistor 52, which collector-emitter current thus varies
in a way proportional to power.
This operational mode is relatively insensitive to noise and operates linearly at very small signal levels.
At higher amplitude levels the diode 60 conducts. and the resistor 44 is effective in heating island 98,
and establishing thermal equilibrium.
The output signal 92 over T7-T8 is in this case proportional to the square of the input power.
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Figure 156 [336]

Power Measuring Device Comprising Transistor Heat Sensors
The circuit has a linear feed back part with an output T5-T6. For small signal amplitudes the feed back through amplifier
82 brings the islands 96 and 98 into thermal equilibrium (power dissipated in transistor 72 heats island 98). It has to be
noted that in this mode of operation the diode 60 is not conducting, because the forward bias over it is to small.
A known
D.C. lead
barretters
power is
; effective (
| element 1
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Combing the two outputs, T5-T6 and T7-T8 in an additional stage is illustrated in Figure 157 [336].
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Figure 157 [336]
Automatic means for combining the indications of the meters 90 and 92 in “fig. 156

This instrument has a good linearity, sensitivity and accuracy over a wide dynamic range of measured
signals.

4.2.2.2.3 Resistive Sensors

Bolometer elements (resistance change with microwave power absorption) such as Baretter (positive
temperature coefficient) elements and thermistors (negative temperature coefficient) are being used
in microwave applications. Resistive sensing of microwave power is faster than using thermocouples.
Baretters are faster than thermistors [331]. Traditionally they are inserted in Wheatstone bridges. Figure
158 [208] shows an example of the use of a Baretter element.

0725 1

ipifer Figure 158 [208]

AL Baretter Elements
A known method of measuring microwave power is to suspend a very thin wire in a waveguide section with a moulded
D.C. lead out. When illuminated by microwave the resistance of the wire changes considerably. It is normal to operate
barretters at constant resistance by means of a D.C. self balancing bridge. The change in D.C. bias power when microwave
power is absorbed by the element is known as the D.C. substitute power and the ratio of this to the incident power is the
effective efficiency. This is less than unity because of dissipation in the structure which does not result in a change in the
element resistance, microwave leakage and differing power co-efficients of resistance for D.C. and microwave heating.
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136 CHAPTER 4 MEASURING POWER

A method of measuring microwave power is to suspend a very thin wire in a waveguide section with | Digit
a grounded DC lead out. When illuminated by microwaves the resistance of the wire
considerably. It is normal to operate barretters at constant resistance by means of a DC self -b
bridge. The change in DC bias power when microwave power is absorbed by the element is k
the DC. substitute power and the ratio of this to the incident power is the effective efficiency. This is
less than unity because of dissipation in the structure which does not result in a change in the element
resistance, microwave leakage and differing power coefficients of resistance for DC and microwave
heating.

changes !
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A self-balancing system with bolometer element without a Wheatstone bridge is shown in Figure 159
[209]
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Figure 159 [209]
Self-Balancing D.C.-Substitution Measuring System

A self-balancing D.C.-substitution R.F. power measuring system includes first and second high gain differential
operational amplifiers. a bolometer element, and a reference resistor element. The amplifiers
connected in a current loop with one of the elements connected between the
amplifiers and the other of the elements connected between center points of isol
each of the amplifiers. The inputs to one amplifier are connected from an adj
end of the other element. while the inputs to the second amplifier are
adjacent end of the other element. Current flows out of one amplifier
which maintains the potential between the input terminals of the first amplifier essentially equal to zero and the potential
between the input terminals of the second amplifier essentially equal to zero. Thus. the current drives the value of the
bolometer element to a resistance which is equal to the resistance of the reference element. An output connection to a
voltmeter may be taken between corresponding ends of the elements. The bolometer element may be a thermistor or a
barretter. The system may also be used in a hot-wire anemometer. In another version of the system. the current loop is \
established with one of the elements connected between the output of one amplifier and the center point of the power

supply of the other amplifier and the other of the elements connected between the output of the other amplifier and the

center point of the power supply of the one amplifier: the input connections to the
points, but with the input leads to the second amplifier interchanged.

and the two elements are
output terminals from the differential
ated dual power supplies associated with
acent end of one of the elements and the far
connected to the far end of the one element and the |
and into the other. The current is driven to a value

amplifiers are taken from the same
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Digital technology eliminates the need for bridges. See Figure 160 [210].
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Figure 160 [210]
High Frequency Power Sensing Device
The device uses a single thermistor, directly converts a digital signal to the current through the thermistor. and converts
the voltage across the thermistor to a digital signal. The change of the digitized dc signals from no RF power to power
to be measured provides the measure of RF power by the substituted dc method. The above approach eliminates the need
for bridges and voltmeters between the power sensor and computer circuits. This approach permits the computer to set
the de resistance of the thermistor to the proper value to provide optimum matching at the desired frequency and to
calculate the de power dissipated in the thermistor. The present invention using only a single thermistor. eliminates the
need for bypass capacitors and the nonlinearity error produced by thermistor pairs. The dc blocking capacitor in this
egral part of the power sensor. is interchangeable permitting a wide range of operating

invention, not being an int
frequencies with a single basic power sensor.
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