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Resistor Labels

k=1,000; M = 1,000,000
1MQ =1,000000 Q=1x106Q
kQ =1000 Q=1x103Q

Resistor Color Code
Color S{g - Decim N J - Tolerance

Fig:. = Multiplier %)
Black 0.1 B
Brown 1210 1
Red 2100 2
Orange:-:-3.:-+:1,000 -
Yellow =24 :10,000 -
Green:: 5 100,000 05
Blue 6" +'1,000,000 0:25
Purple 7 10,000,000 0.1
Gray 8 100,000,000 -
White 9 1,000,000,000 -
Gold - 01 5
Silver « 0.01 10
No Color = - - 20
Body Color

4-Band Resistor Code (Most Common)

Black Orange
Red \ / Gold

TR, / AN % Tolerance
First Digit Multiplier
Second Digit (#of zeros)

5-Band Resistor Code (3-digit)

Purple . - ' Brown
Blue K—Green[ Brown

o /T NN
First Digit Third Digit\% Tolerance

Second Digit w1 iplier (fof zeros)

5-Band Resistor Code (Reliability)
M

Purple Silver
Yellow | Green| Brown

VZ / I N -
irst Digit /~ Multiplier\ refiability | Color  Reliability (9/1000 Hr)
First Digit (#of zeros) eliability Brown 1

Second Digit %Tolerance  |Red 01
Orange 0.01
Yellow 0.001

Surface Mount Resistor Code

3-digit Label

The first two digits represent significant
figures; the last digit specifies the multipiier.
For values under 100 Q, the letter Ris
substituted for one of the significant digits

and represents a decimal point.

6-Band Resistor Code

Purple Black
e Red
Red Blue | Brown /

Y Color Temp. Coeff.
First Digit/ / / ) .\TE"“" Coeff. | Brown  100ppm
s A Di _tThud Digit\ % Tolerance Red 50 ppm
eCon Ig|!
9 Muttiplier (#of zeros) | Orange 15 ppm
Yellow 25 ppm

4-digit Label

The first three digits represent sigiffficant
figures; the last digit specifies the multiplier.

Rrepresents a decimal point

Tolerance Label

Leter _Tolerance |

+0.5 %
+1.0%
+20%
50 %

Apple Inc.
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Capacitor Markings

Capacitance Conversion Calculator
1F=1x10 p F=1x10° nF=1x10"2pF
1pF=1x10% F=1x103nF="1x108pF
1nF=1x10% F=1x103 pF=1x103pF
1pF=1x10"? F=1x10® pF=1x103nF
F= Farad, p =micro, n =nano, p = pico

Tantalum

Color SF. Multiplie Voitage
Black 1 v
10
100

Mylar (Polyester Film )
Polypropylene
Dipped Mica

Ist-digit, 2nd digit, muitiplier in pF (or puF if
decimal before digits), and tolerance.

Metallized Polyester Film

‘Label :
“i" place of decimal in microfarads
“"n" place of decimal in nanofarads

Polyestgr Color Coded

Standard
1stdigit (pF) C\I:lo’r( code
2nd digit (pF) Black +20%|
Multiplier White £ 10%
Tolerance Brown 100
Voltage Yellow 400

Ceramiic Disc Capacitors

Label ,y

Varies widely according to manufacturer. Usually given in pF (see
multiplier code table) but may be givenin uF when there is a decimal
before digits. See ather tables for temperature and tolerance markings.

Label: p = picofarads, n = nanofarads; location

Multiplier Code

Numeric  Decimal
Character  Muitiplier (pF)
4] None
1 10
2 100
3 1000
4 10,000

EIA Capacitor Tolerance Codes

Lefter < 10pF  210pF
B £ 0.1 pF -
C +0.25pF -
D + 05pF -
E - + 25%
F +1pF + 1%
G - +2%
H - * 25%
J - * 5%
K - +10%
M - +20%
P - -0+100%
S —~ -20+50%
w - -0+ 200%
X - -20+40%
4 - -20+80%

EIA Temperature Characteristic Codes

of p or n signifies decimal point. Mi M. Max cap. change
D P over temp. range
Fixed Ceramic Color Code Tokrance e X 55°C 2 +45°C A £10%
i Color SF. >10pF  <10pF ppmPC Y -35°C 4 +65°C g i!lg::
R e A Z M°C 5 wPC 13w
B e o0 ¥ 2% B 6 +105°C E +47%
Yeliow 4 -220 0 F +£7.5%
Green 5 £5%  O5pF 330 7 +128°C 5 %6
Blue & an +10%
Violet 7 750 R +15%
e § 3 o B s 22w
alllelbadil i T 33%+22%
U -56%, +22%
Surface Mount Capacitors Vo -82%+22%
SMD Ceramic EIA Temperature Coefficient
= g Color Codes
Temp. Coeff.
Color  Ingustry © _ EIA
Black NPO CoG
Brown NO30/N033  $1G
, Red NO75/N080  U1G
e S Orange  N150 P2G
Significant Figure Code Label 2:

9 g Multiplier Code v o Yellow  N220 R2G
Char.S.F.  Char.S.F oltage (see table Green  N330 S2H
A 10 T 5.1 " | Numeric  Decimal below), 1st digit, Bl N470 u2)
B 11 U 5§ |Character Multiplier (pF)| 2nd digit, multiplier ue
c 12 v 82 (pF). Violet N750
D 13 W 68 ¢ 1 Char. Vol Gray
E 15 X 75 1 10 ar. Voltage White P 100
2 }‘g ; S'f 2 100 e 25 Red/Violet P 100
H 20 a 25 |3 1,000 G 4
J 22 b 35 4 10,000 J 63 Electrolytic Capacitors
K 24 d 40 5 100,000 A 10 :

L 27 e 45 4 c 16 L

M 30 f 50 6 1,000,000

N 33 m 60 7 10,000,000 D 20

P 36 n 70 E 25

Q 39 t 80 : :)?0'000‘000 v 35

g 2; y 2.0 g H 50 Label: Usually self-explanatory
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92  PRACTICAL ELECTRONICS FOR INVENTORS

wave average and calculates the sine wave RMS figure from that. So take care
especially if you're not sure exactly how your meter works.

HALF- Sinewave
8 WAVE RMS PEAK-TO- o} A Vu\' /\‘ &

WAVEFORM AVERAGE (EFFEQTIVE) PEAK - PEAK 0707 \ A / \ m
Sine.wave 1.00 14 15567 - 3.14 \\/

0.90 1.00 1.414 2.828

0.637 0.707 .00 2.00 o

0318 0.354 0.50 1.00 " 0578
Squarewave 1.00 1.00 1.00 2.00 :

] ; Yy - Square
Triangle or 1.00 115 2.00 4.00 10 g
Sawtooth 0.87 1.00 173 346 "

0.50 0.578 1.00 2.00 :
0.25 0.289 0.50 1.00 L] SER—

FIGURE 2.89

2.22 Mains Power

In the United States, three wires run from the pole transformers (or underground or
surface enclosed transformer) to the main service panel at one’s home. One wire is the
A-phase wire (usually black in color), another is the B-phase wire (usually black in
color), and the third is the neutral wire (white in color). Figure 2.90 shows where these
three wires originate from the pole transformer. The voltage between the A-phase and
the B-phase wires, or the hot-to-hot voltage, is 240 V, while the voltage between the
neutral wire and either the A-phase or the B-phase wire, or the neutral-to-hot voltage, j
is 120 V. (These voltages are nominal and may vary from region to region, say 117V _
instead of 120 V.)

At the home, the three wires from the pole/green box transformer are connected
through a wattmeter and then enter a main service panel that is grounded to a long
copper rod driven into the ground or to the steel in a home’s foundation. The A-phase -
and B-phase wires that enter the main panel are connected through a main discon-
nect breaker, while the neutral wire is connected to a terminal referred to as the neu-
tral bar or neutral bus. A ground bar also may be present within the main service
panel. The ground bar is connected to the grounding rod or to the foundation’s steel
supports.

Within the main service panel, the neutral bar and the ground bar are connected
together (they act as one). However, within subpanels (service panels that get their
power from the main service panel but which are located some distance from the
main service panel), the neutral and ground bars are not joined together. Instead, the
subpanel’s ground bar receives a ground wire from the main services panel. Often
the metal conduit that is used to transport the wires from the main service panel to
the subpanel is used as the ground wire. However, for certain critical applications
(e.g., computer and life-support systems), the ground wire probably will be included
within the conduit. Also, if a subpanel is not located in the same building as the main

Apple Inc.  Exhibit 1013 Page 7



Chapter2: Theory 93

\ains Power and Grounding
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94  PRACTICAL ELECTRONICS FOR INVENTORS

panel, a new ground rod typically is used to ground the subpanel. Note that different
regions within the United States may use different wiring protocols. Therefore, do
not assume that what I am telling you is standard practice where you live. Contact
your local electrical inspector.

Within the main service panel, there are typically two bus bars into which circuit
breaker modules are inserted. One of these bus bars is connected to the A-phase wire;
the other bus bar is connected to the B-phase wire. To power a group of 120-V loads
(e.g., upstairs lights and 120-V outlets), you throw the main breaker to the off position
and then insert a single-pole breaker into one of the bus bars. (You can choose either
the A-phase bus bar or the B-phase bus bar. The choice of which bus bar you use
becomes important only when it comes to balancing the overall load—more on that
in a moment.) Next, you take a 120-V three-wire cable and connect the cable’s black
(hot) wire to the breaker, connect the cable’s white (neutral) wire to the neutral bar,
and connect the cable’s ground wire (green or bare) to the ground bar. You then run
the cable to where the 120-V loads are located, connect the hot and neutral wires
across the load, and fasten the ground wire to the case of the load (typically a ground
screw is supplied on an outlet mounting or light figure for this purpose). To power
other 120-V loads that use their own breakers, you basically do the same thing you
did in the last setup. However, to maximize the capacity of the main panel (or sub-
panel) to supply as much current as possible without overloading the main circuit
breaker in the process, it is important to balance the number of loads connected to the
A-phase breakers with the number of loads connected to the B-phase breakers. This
is referred to as “balancing the load.”

Now, if you want to supply power to 240-V appliances (ovens, washers, etc.), you
insert a double-pole breaker between the A-phase and B-phase bus bars in the main (or
subpanel). Next, you take a 240-V three-wire cable and attach one of its hot wires to the
A-phase terminal of the breaker and attach its other hot wire to the B-phase terminal of
the breaker. The ground wire (green or bare) is connected to the ground bar. You then
run the cable to where the 240-V loads are located and attach the wires to the corre-
sponding terminals of the load (typically within a 240-V outlet). Also, 120-V/240-V
appliances are wired in a similar manner, except you use a four-wire cable that contains
an additional neutral (white) wire that is joined at the neutral bar within the main
panel (or subpanel).

As anote of caution, do not attempt home wiring unless you are sure of your abil-
ities. If you feel that you are capable, just make sure to flip the main breaker off before
you start work within the main service panel. When working on light fixtures,
switches, and outlets that are connected to an individual breaker, tag the breaker with
tape so that you do not mistakenly flip the wrong breaker when you go back to test
your connections.

2.23 Capacitors

If you take two oppositely charged parallel conducting plates separated a small dis-
tance apart by an insulator—such as air or a dielectric such as ceramic—you have
created what's called a capacitor. Now, if you apply a voltage across the plates of the
capacitor using a battery, as shown in Fig. 2.91, an interesting thing occurs. Electrons
are pumped out the negative battery terminal and collect on the lower plate, while

Apple Inc.  Exhibit 1013 Page 9



Basic Electronic Circuit
Components

Wires, Cables, and Connecfors

Wires and cables provide low-resistance pathways for electric currents. Most electrical
wires are made from copper or silver and typically are protected by an insulating coat-
ing of plastic, rubber, or lacquer. Cables consist of a number of individually insulated
wires bound together to form a multiconductor transmission line. Connectors, such as
plugs, jacks, and adapters, are used as mating fasteners to join wires and cable with
other electrical devices.

3.1.1 Wires

A wire's diameter is expressed in terms of a gauge number. The gauge system, as
it turns out, goes against common sense. In the gauge system, as a wire’s diame-
ter increases, the gauge number decreases. At the same time, the resistance of the
wire decreases. When currents are expected to be large, smaller-gatge wires
(large-diameter wires) should be used. If too much current is sent through a
large-gauge wire (small-diameter wire), the wire could become hot enough to
melt. Table 3.1 shows various characteristics for B&S-gauged insulated copper
wire at 20°C. For rubber-insulated wire, the allowable current should be reduced
by 30 percent. i
Wire comes in solid core, stranded, or braided forms.

Jacket Solid wire core This wire is useful for wiring breadboards; the solid-core ends slip eas-
‘ P ily into breadboard sockets and will not fray in the process. These wires
((//////////////// ‘ % have the tendency to snap after a number of flexes.

265
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266  PRACTICAL ELECTRONICS FOR INVENTORS

Stranded Wire

Standard wire core

Jacket

/////////////////////// ~

Braided Wire

Jacket /

FIGURE 3.1 (Continued)

TABLE 3.1 Copper Wire Specifications (Bare and Enamel-Coated Wire)

The main conductor is comprised of a number of individual strands
copper. Stranded wire tends to be a better conductor than solid-¢op,
wire because the individual wires together comprise a greater surfac
area. Stranded wire will not break easily when flexed.

A braided wire is made up of a number of individual strands of wir,
braided together. Like stranded wires, these wires are better conducto
than solid-core wires, and they will not break easily when flexe
Braided wires are frequently used as an electromagnetic shield in noise
reduction cables and also may act as a wire conductor within the cable .
(e.g., coaxial cable).

AREA' FEET PER CURRENT- NEAREST

WIRE SIZE DIAMETER (CIRCULAR POUND OHMS PER CARRYING BRITISH

(AWG) (MILS)* MIL) (BARE) 1000 FT CAPACITY (A) SWG No.
1 289.3 83,694 3.948 0.1239 119.564 1
2 257.6 66,357 4.978 0.1563 94.797 2
3 229.4 52,624 6.277 0.1971 75.178 4
4 204.3 41,738 7.918 0.2485 59.626 5
5 181.9 33,087 9.98 0.3134 47.268 6
6 162.0 26,244 12.59 0.3952 37.491 7
7 144.3 20,822 15.87 04981  29.746 8
8 128.5 16,512 20.01 0.6281 23.589 9
9 114.4 13,087 25.54 0.7925 18.696 11
10 101.9 8226 31.82 0.9987 14.834 12
11 90.7 8226 40.16 1.2610 11.752 13
12 80.8 6528 50.61 1.5880 9.327 13
13 72.0 5184 63.73 2.0010 7.406 15
14 64.1 4108 80.39 2.5240 5.870 15
15 57.1 3260 101.32 3.1810 4.658° 16
16 50.8 2580 128 4.0180 ° 3.687 17
17 45.3 2052 161 5.0540 2.932 18
18 40.3 1624 203.5 6.3860 2.320 19
19 35.9 1288 256.4 8.0460 1.841 20
20 32.0 1024 322.7 10.1280 1.463 21
21 28.5 812 406.7 12.770 1.160 22
22 25.3 640 516.3 16.2000 0.914 22
23 22.6 510 646.8 20.300 0.730 24
24 20.1 404 817.7 25.6700 0.577 24
25 17.9 320 1031 32.3700 0.458 26
26 15.9 252 1307 41.0200 0.361 27
27 14.2 201 1639 51.4400 0.288 28
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Chapter 3: Electronic Circuit Components 267

TABLE 3.1 Copper Wire Specifications (Bare and Enamel-Coated Wire) (Continued)

AREA' FEET PER CURRENT- NEAREST

WIRE SIZE DIAMETER  (CIRCULAR POUND OHMS PER CARRYING BRITISH

(AWG) (MILS)* MiL) (BARE) 1000 FT CAPACITY (A) SWG NO.
28 12.6 158 2081 65.3100 0.227 29
29 11.3 127 2587 81.2100 0.182 31
30 10.0 100 3306 103.7100 0.143 33
31 8.9 79 4170 130.9000 0.113 34
32 8.0 64 5163 162.0000 0.091 35
33 7.1 50 6553 205.7000 0.072 36
34 6.3 39 8326 261.3000 0.057 37
35 5.6 31 10,5637 330.7000 0.045 38
36 5.0 25 13,212 414.8000 0.036 39
37 4.5 20 16,319 512.1000 0.029 40

*1Mil=254%x105m

Kinds of Wires

Solid Bus Wire
‘ Large gauge

>
Y

%
%

W,

Small gauge

Stranded wire

Solid wire
core

Tuning
elements

Yarnish
3 / coating

1 Circular Mil = 5.067 x 107'° m?

This wire is often referred to as hookup wire. It includes a tin-lead alloy to
enhance solderability and is usually insulated with polyvinyl chloride
(PVC), polyethylene, or Teflon. Used for hobby projects, preparing
printed circuit boards, and other applications where small bare-ended
wires are needed.

This wire is stranded to increase surface area for current flow. It has a

high copper content for better conduction. .
L4

k]

-~

This wire is used for building coils and electromagnets or anything that
requires a large number of loops, say, a tuning element in a radio
receiver. It is built of solid-core wire and insulated by a varnish coating.
Typical wire sizes run from 22 to 30 gauge.

Apple Inc.  Exhibit 1013 Page 12
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FIGURE 3.3

Twin Lead

3.1.2 Cables

A cable consists of a multiple number of independent conductive wires. The Wir
within cables may be solid core, stranded, braided, or some combination in betw
Typical wire configurations within cables include the following:

Coaxial

Paired Cable

Twisted Pair

Twin Lead

Shielded
Twin Lead

FIGURE 3.4

Kinds of Cables

Metal
shield

Jacket

> Spade lugs

Ground

" wire

Insulation

Conducting
wires

Apple Inc.

Ribbon and Plane

Strip Line

This cable is made from two individually insu
lated conductors. Often it is used in dc or low
frequency ac applications: _,

This cable is composed of two interwoun
insulated wires. It is similar to a paired cabl
but the wires are held together by a twist.

This cable is a flat two-wire line, often referre
to as 300-Q line. The line maintains an imped
ance of 300 Q. It is used primarily as a trans
mission line between an antenna and .
receiver (e.g,, TV, radio). Each wire within th
cable is stranded to reduce skin effects.

This cable is similar to paired cable, but th
inner wires are surrounded by a metal-foi
wrapping that’s connected to a ground wire
The metal foil is designed to shield the inne
wires from external magnetic fields—potentia
forces that can create noisy signals within th
inner wires.
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Copper Hot lead
shielding (solid copper wire)
(cold lead)

Copper
shielding

> Conductors

I
/{(ﬁ?ﬂ'/&’(f;rﬂl/ﬂ’/’/ﬁ(ﬂf{a V

Copper-braided
shielding

Optical fibers

Jacket

Waa, AR
“L\.M

RE3.4 (Continued)

This cable typically is used to transport high-
frequency signals (e.g., radio frequencies). The
cable’s geometry limits inductive and capaci-
tive effects and also limits external magnetic
interference. The center wire is made of solid-
core copper wire and acts as the hot lead. An
insulative material, such as polyethylene, sur-
rounds the center wire and acts to separate the
center wire from a surrounding braided wire.
The braided wire, or copper shielding, acts as
the cold lead or ground lead. Coaxial cables are
perhaps the most reliable and popular cables
for transmitting information. Characteristic
impedances range from about 50 to 100 Q.

This cable consists of two unbalanced coaxial
cables in one. It is used when two signals must
be transferred independently.

This cable consists of two solid wires insulated
from one another by a plastic insulator. Like
unbalanced coaxial cable, it too has a copper
shielding to prevent noise pickup. Unlike
unbalanced coaxial cable, the shielding does
not act as one of the conductive paths; it only
acts as a shield against external magnetic inter-
ference.

This type of cable is used in applications where
many wires are needed. It tends to flex easily. It
is designed to handle low-level voltages and
often is found in digital systems, such as com-
puters, to transmit parallel bits of information
from one digital device to another."

This type of cable consists of a number of indi-
vidually wrapped, color-coded wires, It is used
when a number of signals must be sent
through one cable. -

Fiberoptic cable is used in the transport of
electromagnetic signals, such as light. The
conducting-core medium is made from a glass
material surrounded by a fiberoptic cladding
(a glass material with a higher index of refrac-
tion than the core). An electromagnetic signal
propagates down the cable by multiple total
internal reflections. It is used in direct trans-
mission of images and illumination and as
waveguides for modulated signals used in
telecommunications. One cable typically con-
sists of a number of individual fibers.
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270  PRACTICAL ELECTRONICS FOR INVENTORS

3.1.3 Connectors

The following is a list of common plug and jack combinations used to fasten wireg
and cables to electrical devices. Connectors consist of plugs (male-ended) and jacks
(female-ended). To join dissimilar connectors together, an adapter can be used.

117-Volt

This is a typical home appliance connector. It
comes in unpolarized and polarized forms,
Both forms may come with or without a ground

wire.
PLUG SOCKET
Banana
Solder or This is used for connecting single wires to elec-
screw hole Insulative trical equipment. It is frequently used with .
7 / spacer testing equipment. The plug is made from a
ol v e four-leafed spring tip that snaps into the jack.
Phosphor-bronze E
spring metal &b—____ Post for solder
connection
PLUG SOCKET
Spade Lug/Barrier Strip
Screw This is a simple connector tl}’at uses a screw to
terminals fasten a metal spade to a terminal. A barrier
) “vﬁr’ strip often acts as the receiver of the spade
T — ’ lugs.
. & > ) \ Phenolic 8

block

Mounting holes

Crimp connectors are color-coded according to
the wire size they can accommodate. They are
useful as quick, friction-type connections in de
applications where connections are broken
_—— Terminal § repeatedly. A crimping tool is used to fasten
the wire to the connector.

FIGURE 3.5
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Alligator connectors are used primarily as
temporary test leads.

Insulator These connectors accept shielded braid, but
they are larger in size. They come in two- or
three-element types and have a barrel that is
1% in (31.8 mm) long. They are used as connec-
tors in microphone cables and for other low-
condustor voltage, low-current applications.

(central conductor)

SOCKET

Central conductor Phono connectors are often referred to as RCA
plugs or pin plugs. They are used primarily in
audio connections.

Internally threaded F-type connectors are used with a variety of

connecting shell unbalanced coaxial cables. They are commonly
\ used to interconnect video components. F-type v
7 connectors are either threaded or Triction-fit
/ together.
Bl
Sl=)=121]-
< 1 P
= . b
Female end

Here, the plug consists of a solid metallic tip
that slides into the jack section. The two are
held together by friction. Wires are either sol-
dered or screwed into place under the plastic
collar.

(Continued)
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Shielded Tip plug
braid goes
here

Female end Male end

T-Connector

3-pin

5-pin

Sockets

Push Retractable
button hook
D-Connector

Heat shrink plastic

Wires are inserted into
“hollows” and soldered

FIGURE 3.5 (Continued)

272
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Apple Inc.

These connectors are used to join wireg
shielded braid cables.The tip of the plug maj,
contact with the center conductor wire, where
the cylindrical metal extension (or barre
makes contact with the braid. Such connec
are identified by diameter and number
threads perinch.

These are often referred to as UHF plugs, The
are used with RG-59/U coaxial cable. Such con
nectors may be threaded or friction-fit togethe,

BNC connectors are used with coaxial cable:
Unlike the F-type plug, BNC connectors use
twist-on bayonet-like locking mechanism. This
feature allows for quick connections :

T-connectors consist of two plug ends and one:
central jack end. They are used when a connec-
tion must be made somewhere along a coaxial
cable.

These connectors are used with multiple con-
ductor wires. They are often used for intercon-
necting audio and computer accessories.

These connectors are usedoas test probes. The
spring-loaded hook opens and closes with the
push of a button. The hook can be clamped
onto wires and component leads.

-

D-connectors are used with ribbon cable. Each
connector may have as many as 50 contacts.
The connection of each individual wire to each
individual plug pin or jack socket is made by
sliding the wire in a hollow metal collar at the
backside of each connector. The wire is then
soldered into place.
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3.1.4 Wiring and Connector Symbols

VY
e
N N |
- Shielded

Shielded wire Crossed conductors
2-conductor cable
(no contact)

== o |

2-conductor Coaxial cable I
cable

Connected conductors

— — Male Female

Plug Jack
Common connections Contacts Coaxial connectors

T T
B pmng 0 V—-Ez
—TSieove T Sieme H_Q

2-conductor 2-conductor
non-shorting jack shorting jack

V_Eg SPST v—g DPST
A'{g switch A—o switch

3-conductor jacks

2-conductor plug  3-conductor plug

Hot Hot
-
Ground Ground Ground
Neutral Neutral

olt nonpolarized plug 117-volt nonpolarized socket 117-volt polarized plug 117-volt polafized socket

K

Neutral Neutral

~

234-volt plug 234-volt socket
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Cross section

3.1.5 High-Frequency Effects Within Wires and Cables

Weird Behavior in Wires (Skin Effect)

When dealing with simple dc hobby projects, wires and cables are straightforward— ;
they act as simple conductors with essentially zero resistance. However, when you
replace dc currents with very high-frequency ac currents, weird things begin to take
place within wires. As you will see, these “weird things” will not allow you to treat
wires as perfect conductors. :

First, let’s take a look at what is going on in a wire when a dc current is flowing
through it.

A wire that is connected to a dc source will
cause electrons to flow through the wire in a
manner similar to the way water flows through
a pipe. This means that the path of any one
electron essentially can be anywhere within -
the volume of the wire (e.g., center, middle
radius, surface). k

Electrons

Cross section

FIGURE 3.7

Cross section

of wire

Now, let’s take a look at what happens when a high-frequency ac current is sent
through a wire.

Depletion
region

\
(el 0

FIGURE 3.8

Electrons

Cross section
of wire

An ac voltage applied across a wire will cause
electrons to vibrate back and forth. In the
vibrating process, the electrons will generate
magnetic fields. By applying some physical
principles (finding the forces on every electron:
that result from summing .up the individual
magnetic forces produced by each electron),
you find that electrons are pushed toward the
surface of the wire. As the frequency of the
applied signal increases, the electrons are
pushed further away from the center and
toward the surfacé. In the process, the center
region of the wire becomes devoid of conduct-
ing electrons.

The movement of electrons toward the surface of a wire under high-frequency

conditions is called the skin effect. At low frequencies, the skin effect does not have a
large effect on the conductivity (or resistance) of the wire. However, as the frequency
increases, the resistance of the wire may become an influential factor. Table 3.2 shows
just how influential skin effect can be as the frequency of the signal increases (the
table uses the ratio of ac resistance to dc resistance as a function of frequency).

One thing that can be done to reduce the resistance caused by skin effects is to use
stranded wire—the combined surface area of all the individual wires within the con-
ductor is greater than the surface area for a solid-core wire of the same diameter.
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TABLE 3.2 AC/DC Resistance Ratio as a Function of Frequency

RAOIRDC
WIRE
GAUGE 10° Hz 107 Hz 108 Hz 10° Hz
22 6.9 21.7 68.6 217
18 10.9 345 109 345
14 17.6 55.7 176 5567
10 27.6 87.3 276 873

Weird Behavior in Cables (Lecture on Transmission Lines)

Like wires, cables also exhibit skin effects. In addition, cables exhibit inductive and
capacitive effects that result from the existence of magnetic and electrical fields within
the cable. A magnetic field produced by the current through one wire will induce a
current in another. Likewise, if two wires within a cable have a net difference in charge
between them, an electrical field will exist, thus giving rise to a capacitive effect.

Coaxial Cable Paired Cable

Magnetic

Magnetic fields

fields
Electric Electric
fields fields

FIGURE 3.9 Illustration of the electrical and magnetic fields within a coaxial and paired cable.

Taking note of both inductive and capacitive effects, it is possible to treat a cable as
if it were made from a number of small inductors and capacitors connected<ogether.
An equivalent inductor-capacitor network used to model a cable is shown in Fig. 3.10.

Cable The impedance of a cable can be modeled
A N ® by treating it as a network of inductors and
\/ - capacitors. -
S J
Y
L'Ax L'Ax L'Ax

C'Ax—= C'ax

G Ax C'Ax
- [T

C'=

!

(capacitance per unit length)

I~ ~lo

L'=% (inductance per unit length)
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To simplify this circuit, we apply a reduction trick; we treat the line as an infinjte
ladder and then assume that adding one “run” to the ladder (one inductor-capacit '
section to the system) will not change the overall impedance Z of the cable. What this.
means—mathematically speaking—is we can set up an equation such that Z = 7z
(LC section). This equation can then be solved for Z. After that, we find the limit as Ax
goes to zero. The mathematical trick and the simplified circuit are shown below.

A Z/joC"Ax z
o—~BU00 Z=joL'Ax+ Z+1/joC'Ax =JoL'Ax + 1+ joCZAx
z ‘:> Cax — z When Ax — small,
O Ll Vvt
Z=VLIC'= [—=VLK
FIGURE 3.11 ‘ cn ‘

By convention, the impedance of a cable is called the characteristic impedance
(symbolized Z,). Notice that the characteristic impedance Z, is a real number. This
means that the line behaves like a resistor despite the fact that we assumed the cable
had only inductance and capacitance built in.

The question remains, however, what are L and C? Well, figuring out what L and
C should be depends on the particular geometry of the wires within a cable and on
the type of dielectrics used to insulate the wires. You could find L and C by applying
some physics principles, but instead, let’s cheat and look at the answers. The follow-
ing are the expressions for L and C and Z; for both a coaxial and parallel-wire cable:

Coaxial
L (H/m) C(F/m) Zy=VLIC(Q)
Ko In(b/a) _2mek 138 b
Tom In(b/a) Vk a

Parallel Wire

o 1o In(D/a) ek . 276 D
Yo In(D/a) Tk 276 1 P
a T In(D/a} Vk  a

FIGURE 3.12 Inductance, capacitance, and characteristic impedance formulas for coaxial and
parallel wires.

Here, k is the dielectric constant of the insulator, [, = 1.256 x 10~ H/m is the per-
meability of free space, and €, =8.85 x 107 F/m is the permitivity of free space. Table
3.3 provides some common dielectric materials with their corresponding constants.

Often, cable manufacturers supply capacitance per foot and inductance per foot
values for their cables. In this case, you can simply plug the given manufacturer’s
values into Z = VL/C to find the characteristic impedance of the cable. Table 3.4
shows capacitance per foot and inductance per foot values for some common cable

types.
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3 common Dielectrics and Their TABLE 3.4 Capacitance and Inductance per Foot for Some Common
Transmission-Line Types

DIELECTRIC CAPACITANCE/FT INDUCTANCE/FT
CONSTANT (k) CABLE TYPE P (uH)
1.0 RG-8A/U 295 0.083
4.4-5.4 RG-11A/U 20.5 0.115
ose acetate 3.3-3.9 RG-59A/U 210 0.112
rrex glass 4.8 214023 20.0 0.107
54 214-076 3.9 0.351
3.0
thylene 2.3
fene 5.1-6.9
3.8
2.1

Sample Problems (Finding the Characteristic Impedance of a Cable)

EXAMPLE 1

An RG-11AU cable has a capacitance of 21.0 pF/ft and an inductance of 0.112 pH/ft.
What is the characteristic impedance of the cable?

You are given the capaciténce and inductance
per unit length: C" = C/ft, L’ = L/ft. Using Z, =
V L/C and substituting C and L into it, you get

Z,=VIIC ) .
= -
7, [om2x10 o
21.0x 1072
FIGURE 3.13
EXAMPLE 2 -

What is the characteristic impedance of the RG-58/U coaxial cable with polyethylene
dielectric (k = 2.3) shown below?

138 b
Zy= Vi log
138 0.116
Zy=——log | —=—)=91x%0.056 =51Q
"= V23 8 ( 0.032 )
a=0032"
b=0.116"
FIGURE 3.14

Apple Inc.  Exhibit 1013  Page 22



278

PRACTICAL ELECTRONICS FOR INVENTORS

EXAMPLE 3

Find the characteristic impedance of the parallel-wire cable insulated with polyethylen,
(k=2.3) shown below.

7 276 L D
=-—=log —
TV 8 a
a 276 0.270

=0.0127"

Zo= =220
"= V23 800127

=0.270"
FIGURE 3.15

Impedance Matching

Since a transmission line has impedance built in, the natural question to ask is, How k
does the impedance affect signals that are relayed through a transmission line from one
device to another? The answer to this question ultimately depends on the impedances
of the devices to which the transmission line is attached. If the impedance of the trans-
mission line is not the same as the impedance of, say, a load connected to it, the signals
propagating through the line will only be partially absorbed by the load. The rest of the
signal will be reflected back in the direction it came. Reflected signals are generally bad
things in electronics. They represent an inefficient power transfer between two electri-
cal devices. How do you get rid of the reflections? You apply a technique called imped-
ance matching. The goal of impedance matching is to make the impedances of two
devices—that are to be joined—equal. The impedance-matching techniques make use
of special matching networks that are inserted between the devices.

Before looking at the specific methods used to match impedances, let’s first take a
look at an analogy that should shed some light on why unmatched impedances result
in reflected signals and inefficient power transfers. In this analogy, pretend that the
transmission line is a rope that has a density that is analogous to the transmission line’s
characteristic impedance Z,. Pretend also that the load is a rope that has a density that
is analogous to the load’s impedance Z;. The rest of the analogy is carried out below.

Unmatched Impedances (Z; < Z,)

“Line rope” “Load rope” *

Reflected Shorter
pulss wavelength
(inverted)

FIGURE 3:16a

Alow-impedance transmission line that is connected to a high-impedance load is
analogous to a low-density rope connected to a high-density rope. In the rope anal-
ogy, if you impart a pulse at the left end of the low-density rope (analogous to send-
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ing an electrical signal through a line to a load), the pulse will travel along without
problems until it reaches the high-density rope (load). According to the laws of
physics, when the wave reaches the high-density rope, it will do two things. First, it
will induce a smaller-wavelength pulse within the high-density rope, and second, it
will induce a similar-wavelength but inverted and diminished pulse that rebounds
back toward the left end of the low-density rope. From the analogy, notice that only
part of the signal energy from the low-density rope is transmitted to the high-density
rope. From this analogy, you can infer that in the electrical case similar effects will
occur—only now you are dealing with voltage and currents and transmission lines
and loads.

Unmatched Impedances (Z; > Z,)

“Line rope” “Load rope”
Pulee —>

oy RIS

Reflected

pulse Longer
(not inverted) wavelength

FIGURE 3.16b

A high-impedance transmission line that is connected to a low-impedance load is
analogous to a high-density rope connected to a low-density rope. If you impart a
pulse at the left end of the high-density rope (analogous to sending an electrical sig-
nal through a line to a load), the pulse will travel along the rope without problems
until it reaches the low-density rope (load). At that time, the pulse will induce a
longer-wavelength pulse within the low-density rope and will induce a similar-
wavelength but inverted and diminished pulse that rebounds back toward the left
end of the high-density rope. From this analogy, again you can see that only part of
the signal energy from the high-density rope is transmitted to the low-denstty rope.

Matched Impedances (Z, = Z,)

No reflected pulse Same wavelength

FIGURE 3.16¢

Connecting a transmission line and load of equal impedances together is analo-
gous to connecting two ropes of similar densities together. When you impart a pulse
in the “transmission line” rope, the pulse will travel along without problems. How-
ever, unlike the first two analogies, when the pulse meets the load rope, it will con-
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tinue on through the load rope. In the process, there will beno reflection, wavelength
change, or amplitude change. From this analogy, you can infer that if the impedance
of a transmission line matches the impedance of the load, power transfer will be
smooth and efficient.

Standing Waves
Let's now consider what happens to an improperly matched line and load when the
signal source is producing a continuous series of sine waves. You can, of course, expect
reflections as before, but you also will notice that a superimposed standing-wave pat-
tern is created within the line. The standing-wave pattern results from the interaction
of forward-going and reflected signals. Figure 3.17 shows a typical resulting standing- '
wave pattern for an improperly matched transmission line attached between a sinu-
soidal transmitter and a load. The standing-wave pattern is graphed in terms
amplitude (expressed in terms of V) versus position along the transmission line.

Tr ission line

[ Loa
— g

Amplitude
- L

Position along transmission line

FIGURE 3.17 Standing waves on an improperly termi-
nated transmission line. The VSWR is equal t0 Vinax/ Viin-

A term used to describe the standing-wave pattern is the voltage standing-wav
ratio (VSWR). The VSWR is the ratio between the maximum and minimum rms volt
ages along a transmission line and is expressed as

Vrms,max

VSWR = .

The standing-wave pattern shown in Fig. 3.17 has VSWR of 4/1, or 4.

Assuming that the standing waves are due entirely to a mismatch between loa
impedance and characteristic impedance of the line, the VSWR is simply given b
either

VSWR = L or VSWR=—_-
R, Zy
whichever produces a result that is greater than 1.

A VSWR equal to 1 means that the line is properly terminated, and there will b
no reflected waves. However, if the VSWR is large, this means that the line is no
properly terminated (e.g., a line with little or no impedance attached to either a sho!
or open circuit), and hence there will be major reflections. '
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The VSWR also can be expressed in terms of forward and reflected waves by the
following formula:

Ve+ Vi

F— VR

VSWR =

To make this expression meaningful, you can convert it into an expression in terms of
forward and reflected power. In the conversion, you use P = IV = V?/R. Taking P to be
proportional to V? you can rewrite the VSWR in terms of forward and reflected
power as follows:

vewr 2 YPet VP
VPr - VP,

Rearranging this equation, you get the percentage of reflected power and percentage
of absorbed power in terms of VSWR:

VSWR -1

% reflected power = [ VOWRT1

]2>< 100%

% absorbed power =100% — % reflected power

EXAMPLE (VSWR)

Find the standing-wave ratio (VSWR) of a 50-Q line used to feed a 200-Q load. Also
find the percentage of power that is reflected at the load and the percentage of power

absorbed by the load.
Zy 200
VSWR=—"="—=4
. 50
=500 § R,= 200Q VSWRis 4:1
VSWR - 12 . -
% reflected power = VSWR-17 *x100% - )
VSWR +1
N _12
E3.18 =2 100% = 36%
+1

% absorbed power = 100% — % reflected power = 64%

niques for Matching Impedances

This section looks at a few impedance-matching techniques. As a rule of thumb, with
most low-frequency applications where the signal’s wavelength is much larger than
the cable length, there is no need to match line impedances. Matching impedances is
usually reserved for high-frequency applications. Moreover, most electrical equip-
ment, such as oscilloscopes, video equipment, etc., has input and output impedances
that match the characteristic impedances of coaxial cables (typically 50 Q). Other
devices, such as television antenna inputs, have characteristic input impedances that
match the characteristic impedance of twin-lead cables (300 Q). In such cases, the
impedance matching is already taken care of.
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IMPEDANCE-MATCHING NETWORK

R, A general method used to match impedance makes use of the impedance.
- AN matching network shown here. To match impedances, choose

Ri=V Zz(zz ~Zy)
R, = ZV Zzl(Zz - Zl)

The attenuation seen from the Z, end will be A;=Ry/Z,+1.The atten
uation seen from the Z, end will be A, = Ry/R, + Ry/Z; + 1.
For example, if Z; =50 W, and Z, = 125 W, then Ry, R,, A, and Ajar

Ry =VZy(Z, - Z;) = V/125(125 - 50) = 97Q

[z, [ 125
R,=Z =50 |—=—_650Q
2T z,-7, 125 - 50

R 6.8

96.
A== tl=—""t1=177
Z, 125

|
l”_—_ NN

FIGURE 3.19

R; R 96.8 96.8
A== 1= L 20 43
R, Z, 64.6 50

IMPEDANCE TRANSFORMER

Here, a transformer is used to match the characteristic impedance of a
cable with the impedance of a load. By using the formula

¢ No/Ns=VZ,JZ,

you can match impedances by choosing appropriate values for Ny
and N so that the ratio Np/Nj is equal to VZ,/Z;.

For example, if you wish to match an 800-Q impedance line with =
an 8-Q load, you first calculate

VZylZ, =V800/8 =10

To match impedances, you select N, (number of coils in the primary)
and N (number of coils in the secondary) in such asway that Np/Ns=
10. One way of doing this would be to set Ny equal to 10 and N equal
to 1. You also could choose N equal to 20 and Ni equal to 2 and you
would get the same result.

Matching
transformer

FIGURE 3.20

BROADBAND TRANSMISSION-LINE TRANSFORMER

z, 4z, A broadband transmission-line transformer is a simple device that
o— consists of a few turns of miniature coaxial cable or twisted-pair
cable wound about a ferrite core. Unlike conventional transformers,
this device can more readily handle high-frequency matching (its
geometry eliminates capacitive and inductive resonance behavior).
These devices can handle various impedance transformations and can
do so with incredibly good broadband performance (less than 1 dB loss
from 0.1 to 500 MHz).

FIGURE 3.21
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R-WAVE SECTION ~

A transmission line with characteristic impedance Z; can be matched

Y S— with a load with impedance Z, by inserting a wire segment that has
| fe— Mésection —>] z, @ length equ'al to one quarter of the transmitted signal’s wavelength
{A/4) and which has an impedance equal to
o————0
Zee Zsee="V ZoZy

To calculate the segment’s length, you must use the formula A = v/f,
where v is the velocity of propagation of a signal along the cable and
fis the frequency of the signal. To find v, use

v=clVk

where ¢ = 3.0 x 10® m/s, and k is the dielectric constant of the cable’s
insulation.

For example, say you wish to match a 50-Q cable that has a dielec-
tric constant of 1 with a 200-Q load. If you assume the signal’s fre-
quency is 100 MHz, the wavelength then becomes

v _ oV 3x10%1

A=—=——=""T"—""r"7"-3m
ff  100x10°

To find the segment length, you plug A into A/4. Hence the segment
should be 0.75 m long. The wire segment also must have an impedance

equal to )
Zgee = V(50)(200) = 100 Q

Short-circuited stub A short length of transmission line that is open ended or short-circuit
< > terminated possesses the property of having an impedance that is reac-
- tive. By properly choosing a segment of open-circuit or short-circuit line
T and placing it in shunt with the original transmission line at an appro-
Vims max Load Ppriate position along the line, standing waves can be eliminated. The
short segment of wire is referred to as a stub. Stubs are made from
the same type of cable found in the transmission line. Figuring out the

length of a stub and where it should be placed is fairly tricky. In practice,
graphs and a few formulas are required. A detailed handbook on elec-
tronics is the best place to learn more about using stubs.

\

Pair of open-ended matching stubs

Batteries

A battery is made up of a number of cells. Each cell contains a positive terminal, or
cathode, and a negative terminal, or anode. (Note that most other devices treat anodes
as positive terminals and cathodes as negative terminals.)
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A
il

When a load is placed between a cell’s terminals, a conductive bridge is formé
that initiates chemical reactions within the cell. These reactions produce electrong i i
the anode material and remove electrons from the cathode material. As a resy]
potential is created across the terminals of the cell, and electrons from the anode flg
through the load (doing work in the process) and into the cathode.

Cell B . e . ) . .
‘ ey Atypical cell maintains about 1.5 V across its terminals and is capable of delive,
FIGURE 3.24 ing a specific amount of current that depends on the size and chemical makeup of th
cell. If more voltage or power is needed, a number of cells can be added together
either series or parallel configurations. By adding cells in series, a larger-voltage ba
tery can be made, whereas adding cells in parallel results in a battery with a high'
current-output capacity. Figure 3.25 shows a few cell arrangements.
b. Series (More Voltage) c. Parallel (More Capacity)  d. Series/Parallel (More of both)
a. Single Cell <
+ + *
Equivalent Circuit Equivalent Circuit
R, =4xR, =0.8Q R, =R, /4=0.050
CC =2,200mAh v —axy, - Qv L v; ‘=' v|.">= .
CC,, =CC =2200mAh i CC,. = 4xCC=8,800mAh CC = 4x CC 8 800mAh
FIGURE 3.25

Battery cells are made from a number of different chemical ingredients. The use
a particular set of ingredients has practical consequences on the battery’s overall pe
formance. For example, some cells are designed to provide high open-circuit vol
ages, whereas others are designed to provide large current capacities. Certain kind
of cells are designed for light-current, intermittent applications, whereas others a
designed for heavy-current, continuous-use applications. Some cells are designed f
pulsing applications, where a large burst of current is needed for a short period
time. Some cells have good shelf lives; other have poor shelf lives. Batteries that a
designed for one-time use, such as carbon-zinc and alkaline batteries, are called pr
mary batteries. Batteries that can be recharged a number of times, such as nick
cadmium and lead-acid batteries, are referred to as secondary batteries.

3.2.1 How a Cell Works

A cell converts chemical energ'y into electrical energy by going through what &
called oxidation-reduction reactions (reactions that involve the exchange of electrons
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The three fundamental ingredients of a cell used to initiate these reactions include
two chemically dissimilar metals (positive and negative electrodes) and an elec-
trolyte (typically a liquid or pastelike material that contains freely floating ions). The
following is a little lecture on how a simple lead-acid battery works.

For a lead-acid cell, one of the electrodes is made from pure lead (Pb); the other
electrode is made from lead oxide (PbO,); and the electrolyte is made from a sulfuric
acid solution (HyO + H,SO, — 3H* + SO + OH").

,zl f))\ Photons

Electron
Conventional current
current ﬂov/ -
e \
s P
B
2
H
i PLO, Pb
H (+) (-
g Cathode Anode a
V1
H
: < < z
? '\ /‘ Pb atoms In anode react with 0,
fons in electrolyte to form PbSO,
PbSO,, molesul 4 n_ v 4
In catho d:;:c?:,é: 4 Pb ——¢] crystals and two electrons that
504—2 in electrolyte % A 02 PZ*Z Z remaln In-anode.
to create Pb50, F N g
crystals and 7 ‘lr . g
0,2 molecules Y > H
that leak into [ ® 5,0 NG
H A
electrolyte and % on C 735{0[5
combine with H* [ SU% v
lons to form water. % a
‘ HLO N 05;2 W " K .
E 5O -

ot~ M OH”

J Reactions:
% /1//7r//77’/;77/7/ ) ot

LN

Pb0, + 50,72 — PbS0, + 0,72

*

“Sludge” or PbS0, crystals that Anode:
have been jarred off the electrodes Pb+ 504'2 - PbS0, + electrons
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FIGURE 3.26

When the two chemically dissimilar electrodes are placed in the sulfuric acid
solution, the electrodes react with the acid (SO, H* ions), causing the pure lead
electrode to slowly transform into PbSO; crystals. During this transformation
reaction, two electrons are liberated within the lead electrode. Now, if you exam-
ine the lead oxide electrode, you also will see that it too is converted into PbSO,
crystals. However, instead of releasing electrons during its transformation, it
releases O, ions. These ions leak out into the electrolyte solution and combine
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with the hydrogen ions to form H,O (water). By placing a load element, say, a
lightbulb, across the electrodes, electrons will flow from the electron-abundant
lead electrode, through the bulb’s filament, and into the electron-deficient lead
oxide electrode.
As time passes, the ingredients for the chemical reactions run out (the battery
is drained). To get energy back into the cell, a reverse voltage can be applied
across the cell’s terminals, thus forcing the reactions backward. In theory, a lead-
acid battery can be drained and recharged indefinitely. However, over time,
chunks of crystals will break off from the electrodes and fall to the bottom of the
container, where they are not recoverable. Other problems arise from loss of elec-

trolyte due to gasing during electrolysis (a result of overcharging) and due to
evaporation.

3.2.2 Primary Batteries

Primary batteries are one-shot deals—once they are drained, it is all over. Common
primary batteries include carbon-zinc batteries, alkaline batteries, mercury batteries, -
silver oxide batteries, zinc-air batteries, and silver-zinc batteries. Here are some com-
mon battery packages:

Common Alkaline and Carbon Zinc Cells

1.5Y 1.5v 1.5v
“AA" “cn “pr

D | H D | H D | H D | H W | L | H
o4 175" 056" 1.97" 1.02" | 1.97" 132"} 239" 1.03" | 0.65" | 191"
B 3) (e a) () fmn) (a2 ()| (ar) | e
32 32 16 32 64 32 32 64 32 16 16

Lithium Zing air Silver oxide

Voltage: Voltage: Voltage: Voltage:

1.55 to &Y 115 to 1.4V 1.35 to 5.6V 1.58v
Diameter: mAh: Diameter: Diameter:

0.460 t0 0.965" 70 to 600 mAh 0.5 t0 0.695" 0.267 to 0.610"
Thicknesses: Labels: Thicknesses: Thicknesses:

0.079" to 0.990" ZAXXX 0.135” to 0.845" 0.81" to 0.210"
mAh; mAh: mAh:

60 to 250 mAh 80 to0 1000 mAh 15 to 260 mAh
Label: Label:

Given in LE.C. Given in LE.C.

number (e.g:, number (e.g., SRXX)

CRXXXX or BRXXXX)

FIGURE 3.27
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3.23 Comparing Primary Batteries

Carbon-Zinc Batteries

Carbon-zinc batteries ( “standard-duty”) are general-purpose primary-type batteries
that were popular back in the 1970s, but have become obsolete with the advent of
alkaline batteries. These batteries are not suitable for continuous use (only for inter-
mittent use) and are susceptible to leakage. The nominal voltage of a carbon-zinc cell
is about 1.5 V, but this value gradually drops during service. Shelf life also tends tobe
poor, especially at elevated temperatures. The only really positive aspect of these bat-
teries is their low cost and wide size range. They are best suited to low-power appli-
cations with intermittent use, such as in radios, toys, and general-purpose low-cost
devices. Don’t use these cells in expensive equipment or leave them in equipment for
long periods of time—there is a good chance they will leak. Standby applications and
applications that require a wide temperature range should also be avoided. In all,
these batteries are to be avoided, if you can even find them.

Zinc-Chioride Batteries

Zinc-chloride batteries (“heavy-duty”) are a heavy-duty version of the carbon-zinc
battery, designed to deliver more current and provide about 50 percent more capac-
ity. Like the carbon-zinc battery, zinc-chloride batteries are essentially obsolete as
compared to alkaline batteries. The terminal voltage of a zinc-chloride cell is initially
about 1.5 V, but drops as chemicals are consumed. Unlike carbon-zinc batteries, zinc-
chloride batteries perform better at low temperatures, and slightly better at higher
temperatures, too. The shelf life is also longer. They tend to have lower internal resis-
tance and higher capacities than carbon-zinc, allowing higher currents to be drawn
for longer periods. These batteries are suited to moderate, intermittent use. However,
an alkaline battery will provide better performance in similar applications.

Alkaline Batteries

Alkaline batteries are the most common type of household battery you can buy—
they have practically replaced the carbon-zinc and zinc-chloride batteries. They
are relatively powerful and inexpensive. The nominal voltage of an alkaline cell is
again 1.5 V, but doesn’t drop as much during discharge as the previous two battery
types. The internal resistance is also considerably lower, and remains so until near
the end of the battery’s life cycle. They have very long shelf lives and better high-
and low-temperature performance, too. General-purpose alkaline batteries don’t
work particularly well on high-drain devices like digital cameras, since the inter-
nal resistance limits output current flow. They will still work in your device, but
the battery life will be greatly reduced. They are well suited to most general-
purpose applications, such as toys, flashlights, portable audio equipment, flashes,
digital cameras, and so on. Note that there is a rechargeable version of an alkaline
battery, as well.

Lithium Batteries

Lithium batteries use a lithium anode, one of a number of different kinds of cathodes,
and an organic electrolyte. They have a nominal voltage of 3.0 V—twice that of most
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other primary cells—that remains almost flat during the discharge cycle. They also
have a very low self-discharge rate, giving them an excellent shelf life-—as much as 10
years. The internal resistance is also quite low, and remains so during discharge, It
performs well in both low and high temperatures, and advanced versions of this bat-
tery are used on satellites, on space vehicles, and in military applications. They are
ideal for low-drain applications such as smoke detectors, data-retention devices,
pacemakers, watches, and calculators.

Lithium-lron Disulfide Batteries

Unlike other lithium cells that have chemistries geared to obtaining the greatest -
capacity in a given package, lithium-iron disulfide cells are a compromise, To
match existing equipment and circuits, their chemistry has been tailored to the
standard nominal 1.5-V output (whereas other lithium technologies produce dou-
ble that). These cells are consequently sometimes termed voltage-compatible lithium
batteries. Unlike other lithium technologies, lithium-iron disulfide cells are not
rechargeable. Internally, the lithium-iron disulfide cell is a sandwich of a lithium
anode, a separator, and an iron disulfide cathode with an aluminum cathode col-
lector. The cells are sealed but vented. Compared to the alkaline cells—with which
they are meant to compete—lithium-iron disulfide cells are lighter (weighing about
66 percent of same-size alkaline cells) and higher in capacity, and they have a much
longer shelf life—even after 10 years on the shelf, lithium disulfide cells still retain
most of their capacity. Lithium iron-disulfide cells operate best under heavier
loads. In high-current applications, they can supply power for a duration exceed-
ing 260 percent the time that a similar-sized alkaline cell can supply. This advan-
tage diminishes at lower loads, however, and at very light loads may disappear or
even reverse. For example, under a 20-mA load, a certain manufacturer rates its -
AA-size lithium-disulfide cells to provide power for about 122 hours while its alka-
line cells will last for 135 hours. However, under a heavy load of 1 A, the lithium
disulfide cell overshadows the alkaline counterpart by lasting 2.1 hours versus only
0.8 hours for the alkaline battery.

Mercury Cells

Zinc-mercuric oxide, or “mercury,” cells take advantage of the high electrode poten-
tial of mercury to offer a very high energy density combined with & very flat dis-
charge curve. Mercuric oxide forms the positive electrod€, sometimes mixed with
manganese dioxide. The nominal terminal voltage of a mercury cell is 1.35 V, and this
remains almost constant over the life of the cell. They have an internal resistance that
is fairly constant. Although made only in small button sizes, mercury cells are capa-
ble of reasonably high-pulsed discharge current and are thus suitable for applications
such as quartz analog watches and hearing aids as well as voltage references in
instruments, and the like.

Silver Oxide Batteries

The silver oxide battery is the predominate miniature battery found on the market
today. Silver oxide cells are made only in small button sizes of modest capacity but
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have good pulsed discharge capability. They are typically used in watches, calcula-
tors, hearing aids, and electronic instruments. This battery’s general characteristics
include higher voltage than comparable mercury batteries, flatter discharge curve
than alkaline batteries, good low-temperature performance, good resistance to
shock and vibration, essentially constant internal resistance, excellent service main-
tenance, and long shelf life—exceeding 90 percent charge after storage for five
years. The nominal terminal voltage of a silver oxide cell is slightly over 1.5 V and
remains almost flat over the life of the cell. Batteries built from cells range from
1.5V t0 6.0 V and come in a variety of sizes. Silver oxide hearing aid batteries are
designed to produce greater volumetric energy density at higher discharge rates
than silver oxide watch or photographic batteries. Silver oxide photo batteries are
designed to provide constant voltage or periodic high-drain pulses with or without
a low drain background current. Silver oxide watch batteries, using a sodium
hydroxide (NaOH) electrolyte system are designed primarily for low-drain contin-
uous use over long periods of time—typically five years. Silver oxide watch batter-
ies using potassium hydroxide (KOH) electrolyte systems are designed primarily
for continuous low drains with periodic high-drain pulse demands, over a period
of about two years.

Zinc Air Batteries

Zinc air cells offer very high energy density and a flat discharge curve, but have

relatively short working lives. The negative electrode is formed of powdered zinc,
mixed with the potassium hydroxide electrolyte to form a paste. This is retained
inside a small metal can by a separator membrane that is porous to ions, and on
the other side of the membrane is simply air to provide the oxygen (which acts as
the positive electrode). The air/oxygen is inside an outer can of nickel-plated steel
that also forms the cell’s positive connection, lined with another membrane to dis-
tribute the oxygen over the largest area. Actually there is no oxygen or air in the
zinc-oxygen cell when it’s made. Instead, the outer can has a small entry hole with
a covering seal, which is removed to admit air and activate the cell. The zinc is con-
sumed as the cell supplies energy, which is typically for around 60 days. The nom-
inal terminal voltage of a zinc-oxygen cell is 1.45 V, and the discharge curve is
relatively flat. The internal resistance is only moderately low, and they are not suit-
able for heavy or pulsed discharging. They are found mainly in button and pill
packages, and are commonly used in hearing aids and pagers. Miniature zinc air
batteries are designed primarily to provide power to hearing aids. In most hearing
aid applications, zinc air batteries can be directly substituted for silver oxide or
mercuric oxide batteries and will typically give the longest hearing aid service of
any common battery system. Notable characteristics include high capacity-to-
volume ratio for a miniature battery, more stable voltage at high currents when
compared to mercury or silver oxide batteries, and essentially constant internal
resistance. They are activated by removing the covering (adhesive tab) from the air
access hole, and they are most effective in applications that consume battery capac-
ity in a few weeks.
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Primary Battery Discharge Curves
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3.2.4 Secondary Batteries

Secondary batteries, unlike primary batteries, are rechargeable by nature. The actual
discharge characteristics for secondary batteries are similar to those of primary bat-
teries, but in terms of design, secondary batteries are made for long-term, high-
power-level discharges, whereas primary batteries are designed for short discharges
at low power levels. Most secondary batteries come in packages similar to those of
primary batteries, with the exception of, say, lead-acid batteries and special-purpose
batteries. Secondary batteries are used to power such devices as laptop computers,
portable power tools, electric vehicles, emergency lighting systems, and engine start-
ing systems.
Here are some common packages for secondary batteries:

“AAAT  CAAY “c” “p” “oy”
=D <
& >
+ & @
Z % *. -
=3 N
S ===

Button Weird assortments Lead-acid
FIGURE 3.29

Comparing Secondary (Rechargeable) Batteries
LEAD-ACID BATTERIES

Lead-acid batteries are typically used for high-power applications, such as motorized
vehicle power and battery backup applications. There are basically three types of lead-
acid batteries: flooded lead-acid, valve-regulated lead-acid (VRLA), and sealed lead-
acid (SLA). The flooded types must be stood upright and tend to lose electrolytes while
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producing gas over time. The SLA and VRLA are designed for alow overvoltage poten-
tial to prohibit the battery from reaching its gas-generating potential during discharge,
However, SLA and VRLA can never be charged to their full potential. VRLA is gener.
ally used for stationary applications, while the SLA can be used in various positiong,
Lead-acid batteries typically come in 2-V, 4-V, 6-V, 8-V, and 12-V versions, with Capaci;
ties ranging from 1 to several thousand amp-hours. The flooded lead-acid battery g
used in automobiles, forklifts, wheelchairs, and UPS devices. ‘

An SLA battery uses a gel-type electrolyte rather than a liquid to allow it to be
used in any position. However, to prevent gas generation, it must be operated at 3
lower potential—meaning it's never fully charged. This means that it has a relatively
poor energy density—the lowest for all sealed secondary batteries. However, they're
the cheapest secondary, making them best suited for applications where low-cost,
stationary power storage is the main concern. SLA batteries have the lowest self.
discharge rate of any of the secondary batteries (about 5 percent per month). They do
not suffer from memory effect (as displayed in NiCad batteries), and they perform
well with shallow cycling; in fact, they tend to prefer it to deep cycling, although they
perform well with intermittent heavy current demands, too. SLA batteries aren’
designed for fast charging—typically 8 to 16 hours for full recharge. They must also
always be stored in a charged state. Leaving them in a discharged state can lead to
sulfation, a condition that makes the batteries difficult, if not impossible, to recharge
Also, SLA batteries have an environmentally unfriendly electrolyte.

The basic technique for recharging lead-acid batteries, be they flooded, sealed, o
valve-regulated, is to read the technical directions that come with them. If you don't
know what you're doing—say, trying to make your own battery recharger—you may
run into a serious problem, such as blowing up batteries with too much pressure,
melting them, or destroying the chemistry. (The procedure for charging lead-acid bat
teries is different from that for NiCad and NiMH batteries in that voltage limiting is
used instead of current limiting.)

NICKEL-CADMIUM (NiCad) BATTERIES

Nickel-cadmium batteries are made using nickel hydroxide as the positive electrode
and cadmium hydroxide as the negative electrode, with potassium hydroxide as the .
electrolyte. Nickel-cadmium batteries have been a very popular rechargeable battery
over the years; however, with the introduction of NiMH batteries, they have seen &
decline in use. In practical terms, NiCad batteries don’t last very long before needing a
recharge. They put out less voltage (per cell) than a standard alkaline (1.2 V versus 1.5
V for alkaline). This means that applications that require four or more alkaline batteries
might not work at all with comparable-sized NiCad batteries. During discharge, the
average voltage of a sealed NiCad cell is about 1.2 V per cell. At nominal discharge
rates, the characteristic is very nearly flat until the cell approaches full discharge. The
battery provides most of its energy above 1.0 V per cell. The self-discharge rate of a
NiCad is not great, either—around two to three months. However, like SLAs, sealed
NiCads can be used in virtually any position. NiCads have a higher energy density
than SLAs (about twice as much), and with a relatively low cost, they are popular for
powering compact portable equipment: cordless power tools, model boats and cars,
and appliances such as flashlights and vacuum cleaners. NiCads suffer from memory
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effect and are therefore not really suitable for applications that involve shallow cycling
or spending most of their time on a float charger. They perform best in situations where
they’re deeply cycled. They have a high number of charge/discharge cycles—around
1000.

Use a recommended charger—a constant current—type charger with due regard
for heat dissipation and wattage rating. Improper charging can cause heat damage or
even high-pressure rupture. Observe proper charging polarity. The safe charge rate
for sealed NiCad cells for extended charge periods is 10 hours, or C/10 rate.

NICKEL METAL HYDRIDE (NiMH) BATTERIES

NiMH batteries are very popular secondary batteries, replacing NiCad batteries in
many applications. NiMH batteries use a nickel/nickel hydroxide positive electrode, a
hydrogen-storage alloy (such as lanthanum-nickel or zirconium-nickel) as a negative
electrode, and potassium hydroxide as the electrolyte. They have a higher energy den-
sity than standard NiCad batteries (about 30 to 40 percent higher) and don't require
special disposal requirements, either. They are about 20 percent more expensive than
NiCad batteries. The nominal voltage of a NiMH battery is 1.2 V per cell, which must
be taken into consideration when substituting them into devices that use standard
1.5-V cells such as alkaline cells. They self-discharge in about two to three months and
do display some memory effect, but not as bad as NiCad batteries. They are not as
happy with a deep discharge cycle as a NiCad battery, and they tend to have a shorter
work life. Best results are achieved with load currents of 0.2-C to 0.5-C (one-fifth to one-
half of the rated capacity). Typical applications include mobile and cordless phones,
portable camcorders, and laptop computers. They are also popular in the power tool
market.

Recharging NiMH batteries is a bit complex due to significant heat generation; the
charge uses a special algorithm that requires trickle charging and temperature sens-
ing. The batteries require regular full discharge to prevent crystalline formation.

Li-ION BATTERIES

Lithium is the lightest of all metals and has the highest electrochemical potential,
giving it the possibility of an extremely high energy density. However, the metal
itself is highly reactive. While this isn’t a problem with primary cells, it poses an
explosion risk with rechargeable batteries. For these to be made safe, lithium-ion
technology had to be developed; the technology uses lithium ions from chemicals
such as lithium-cobalt dioxide, instead of the metal itself. Typical Li-ion batteries
have a negative electrode of aluminum coated with a lithium compound such as
lithium-cobalt dioxide, lithium-nickel dioxide, or lithium-manganese dioxide. The
positive electrode is generally of copper, coated with carbon (generally either
graphite or coke), while the electrolyte is a lithium salt such as lithium-phosphorous
hexafluoride, dissolved in an organic solvent such as a mixture of ethylene carbon-
ate and dimethyl carbonate. Li-ion batteries have roughly twice the energy density
of NiCads, making them the most compact rechargeable yet in terms of energy stor-
age. Unlike NiCad or NiMH batteries, they are not subject to memory effect, and
have a relatively low self-discharge rate—about 6 percent per month, less than half
that of NiCads. They are also capable of moderately deep discharging, although not
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as deep as NiCads, as they have a higher internal resistance. On the other hand, 1 ;.
ion batteries cannot be charged as rapidly as NiCads, and they cannot be trickle o
float charged, either. They also are significantly more costly than either NiCads or
NiMH batteries, making them the most expensive rechargeables of all. Part of this i
that they must be provided with built-in protection against both excessive discharg-
ing and overcharging (both of which pose a safety risk). Most Li-ion batteries are’
therefore supplied in self-contained battery packs, complete with “smart” protective
circuitry. They are subject to aging, even if not used, and have moderate discharge
currents. The main applications for Li-ion batteries are in places where as much
energy as possible needs to be stored in the smallest possible space, and with as lit-
tle weight as possible. They are found in laptop computers, PDAs, camcorders, and:
cell phones.

Li-ion batteries require special voltage-limiting recharging devices. Commercial
Li-ion battery packs contain a protection circuit that prevents the cell voltage from
going too high while charging. The typical safety threshold is set to 4.30 V/cell. In
addition, temperature sensing disconnects the charging device if the internal tem-
perature approaches 90°C (194°F). Most cells feature a mechanical pressure switch
that permanently interrupts the current path if a safe pressure threshold is exceeded:
The charge time of all Li-ion batteries, when charged at a 1-C initial current, is about f
three hours. The battery remains cool during charge. Full charge is attained after the
voltage has reached the upper voltage threshold and the current has dropped and
leveled off at about 3 percent of the nominal charge current. Increasing the charge
current on a Li-ion charger does not shorten the charge time by much. Although the
voltage peak is reached more quickly with higher current, the topping charge will‘}
take longer.

LITHIUM POLYMER (Li-POLYMER) BATTERIES

The lithium polymer batteries are a potentially lower-cost version of the Li-ion batte
ies. Their chemistry is similar to that of the Li-ion in terms of energy density, but usesa
dry solid polymer electrolyte only. This electrolyte resembles a plégtic-like film that
does not conduct electricity but allows an exchange of ions (electrically charged atom:
or groups of atoms). The dry polymer is more cost effective during fabrication, and th
overall design is rugged, safe, and thin. With a cell thickness measuring as little a
1 mm, it is possible to use this battery in thin compact deviges where space is an issu
It is possible to create designs which form part of a protective housing, are in the shap
of a mat that can be rolled up, or are even embedded into a carrying case or piece of
clothing. Such innovative batteries are still a few years away, especially for the com
mercial market.

Unfortunately, the dry Li-polymer suffers from poor ion conductivity, due t
high internal resistance; it cannot deliver the current bursts needed for modern com
munication devices. However, it tends to increase in conductivity as the temperature
rises, a characteristic suitable for hot climates. To make a small Li-polymer battery
more conductive, some gelled electrolyte may be added. Most of the commercia
Li-polymer batteries used today for mobile phones are hybrids and contain gelle
electrolytes.
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The charge process of a Li-polymer battery is similar to that of the Li-ion battery.
The typical charge time is around three to five hours. Li-polymer batteries with gelled
electrolyte, on the other hand, are almost identical to Li-ion batteries. In fact, the same
charge algorithm can be applied.

NICKEL-ZINC (NiZn) BATTERIES

Nickel-zinc batteries are commonly used in light electric vehicles. They are consid-
ered the next generation of batteries used for high-drain applications, and are
expected to replace sealed lead-acid batteries due to their higher energy densities (up
to 70 percent lighter for the same power). They are also relatively cheap compared to
NiCad batteries.

NiZn batteries are chemically very similar to NiCad batteries; both use an alkaline
electrolyte and a nickel electrode, but they differ significantly in their voltage. The
NiZn cell delivers more than 0.4 V of additional voltage both at open circuit and
under load. With the additional 0.4 V per cell, multicell batteries can be constructed
in smaller packages. For example, a 19.2-V pack can replace a 14.4-V NiCad pack,
representing a 25 percent lower cell space and delivering higher power and a 45 per-
cent lower impedance. They are also less expensive than most rechargeables. They
are safe (abuse-tolerant). The cycle life is a bit better than for NiCad batteries for typ-
ical applications. They have superior shelf life when compared to lead-acid. Also,
they are considered environmentally green—both nickel and zinc are nontoxic and
easily recycled.

In terms of recharge times, it takes less than two hours to achieve full recharge;
there is an 80 percent charge in one hour. This feature makes them useful in cordless
power tools. Their high energy density and high discharge rate make them suitable
for applications that demand large amounts of power in small, lightweight packages.
They are found in cordless power tools, UPS systems, electric scooters, high-intensity
dc lighting and the like.

NICKEL-IRON (NiFe) BATTERIES

Nickel-iron batteries, also called nickel alkaline or NiFe batteries, were introduced in
1900 by Thomas Edison. These are very robust batteries that are tolerant of abuse and
can have very long life spans (30 years or more). The open-circuit voltage of these
cells is 1.4V, and the discharge voltage is about 1.2 V. They withstand overcharge and
over-discharge. They accept high depth of discharge (deep cycling) and can remain
discharged for long periods without damage, unlike lead-acid batteries that need to
be stored in a charged state. They are, however, very heavy and bulky. Also, the low
reactivity of the active components limits high-discharge performance. The cells take
a charge slowly, give it up slowly, and have a steep voltage dropoff with state of
charge. Furthermore, they have a low energy density compared to other secondary
batteries, and a high self-discharge rate. NiFe batteries are used in applications simi-
lar to those for lead-acid batteries, but oriented toward a necessity of longevity. (A
typical lead-acid battery will last around five years, compared to around 30 to 80
years for a NiFe battery.)
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RECHARGEABLE ALKALINE-MANGANESE (RAM) BATTERIES

Rechargeable alkaline-manganese, or RAM, batteries are the rechargeable version of
primary alkaline batteries. Like the primary technology, they use a manganese diox-
ide positive electrode and potassium hydroxide electrode, but the negative electrode
is now a special porous zinc gel designed to absorb hydrogen during the charging
process. The separator is also laminated to prevent it being pierced by zinc dendrites.
These are often considered a poor substitute for a rechargeable, as compared to a
NiCad or NiMH battery. RAM batteries have a tendency to plummet in capacity over
few recharge cycles. It is feasible for a RAM battery to lose 50 percent of its capacity
after only eight cycles. On the positive side, they are inexpensive and readily avail-
able, and they can be used as a direct replacement for non-rechargeable batteries,
except in high-drain devices like digital cameras. They have a low self-discharge rate
and can be stored on standby for up to 10 years. Also, they are environmentally
friendly (no toxic metals are used) and maintenance-free; there is no need for cycling
or worrying about memory effect. On the short side, they have limited current-
handling capability and are limited to light-duty applications such as flashlights and
other low-cost portable electronic devices that require shallow cycling. Recharging a
RAM battery requires a special recharger; if you charge them in a standard charger,
they may explode.

Secondary Battery Discharge Curves

45
< 40 Li-ion (graphite anode)
S 35
oD
£ 30
2 25
© SLA (10C rate)
£ 20 -\ Y
E ig ke NiCad (1C rate) & NiMH (0.2C rate)
: RAM (o.zsmre)\}
05
0 -
FIGURE 3.30 ~

The Supercapacitor

The supercapacitor isn't really a battery but a cross between a capacitor and a battery.
It resembles a regular capacitor, but uses special electrodes and some electrolytes.
There are three kinds of electrode material found in a supercapacitor: high-surface-
area-activated carbons, metal oxide, and conducting polymers. The one using high-
surface-area-activated carbons is the most economical to manufacture. This system is
also called double layer capacitor (DLC) because the energy is stored in the double
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layer formed near the carbon electrode surface. The electrolyte may be aqueoug or
organic. The aqueous electrolyte offers low internal resistance but limits the voltage t,
1V.In contrast, the organic electrolyte allows 2 and 3 V of charge, but the internal regjg
tance is higher.

To make the supercapacitor practical for use in electronic circuits, higher voltages
are needed. Connecting the cells in series accomplishes this task. If more than three
or four capacitors are connected in series, voltage balancing must be used to preven
any cell from reaching overvoltage.

Supercapacitors are rated in units of 1 F and higher. They have higher energy stor
age capacity than electrolytic capacitors, but a lower capacity than a battery (approx
imately Yo that of a NiMH battery). Unlike electrochemical batteries that deliver 4
fairly steady voltage, the voltage of a supercapacitor drops from full voltage to zero
volts without the customary flat voltage curve characteristic of most batteries. For
this reason, supercapacitors are unable to deliver the full charge. The percentage of
charge that is available depends on the voltage requirements of the applications. For
example, a 6-V battery is allowed to discharge to 4.5 V before the equipment cuts off;
the supercapacitor reaches that threshold with the first quarter of the discharge. The >'
remaining energy slips into an unusable voltage range.

The self-discharge of the supercapacitor is substantially higher than that of the
electrochemical battery. Typically, the voltage of the supercapacitor with an
organic electrolyte drops from full charge to the 30 percent level in as little as 10
hours. Other supercapacitors can retain the charged energy longer. With these
designs, the capacity drops from full charge to 85 percent in 10 days. In 30 days,
the voltage drops to roughly 65 percent percent, and to 40 percent percent after 60
days.

The most common supercapacitor applications are memory backup and standby

power. Only in special applications can the supercapacitor be used as a direct
replacement for a chemical battery. Often the supercapacitor is used in tandem with
a battery (placed across its terminals, with a provision in place to limit high influx
of current when equipment is turned on) to improve the current handling of the
battery: during low load current the battery charges the supercapagitor; the stored
energy of the supercapacitor kicks in when a high load current is requested. In this
way the supercapacitor acts to filter and smooth pulsed load currents. This
enhances the battery’s performance, prolongs the runtime, and even extends the
longevity of the battery. : '
Limitations include an inability to use the full energy spectrum—depending on
the application, not all energy is available. A supercapacitor has low energy density,
typically holding ¥ to % the energy of an electrochemical battery. Cells have low volt-
ages—serial connections are needed to obtain higher voltages. Voltage balancing is
required if more than three capacitors are connected in series. Furthermore, the self-

discharge is considerably higher than that of an electrochemical battery.

Advantages include a virtually unlimited cycle life—supercapacitors are not sub-
ject to the wear and aging experienced by electrochemical batteries. Also, low imped-
ance can enhance pulsed current demands on a battery when placed in parallel with
the battery. Supercapacitors experience rapid charging—with low-impedance ver-
sions reaching full charge within seconds. The charge method is simple—the voltage-
limiting circuit compensates for self-discharge.
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Selecting the Right Battery (Comparison Chart)
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3.2.5 Battery Capacity

Batteries are given a capacity rating that indicates how much electrical energy they
are capable of delivering over a period of time. The capacity rating is specified in
terms of ampere-hours (Ah) and millampere-hours (mAh). Knowing the battery
capacity, it is possible to estimate how long the battery will last before being consid-
ered dead. The following example illustrates this.
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Example: A battery with a capacity of 1800 mAh is to be used in a device that drawg
120 mAh continuously. Ignoring possible loss in capacity as a result of load current
magnitude, how long should the battery be able to deliver power?

Answer: Ideally, this would be:

1800 mAh

= TomaAn - R

Note: In reality, you must consult the battery manufacturer’s data sheets and analyze
their discharge graphs (voltage as a function of time and of load current) to get an
accurate determination of actual discharge time. As the load current increases, there’
is an apparent loss in battery capacity caused by internal resistance. ‘

Typical capacity ratings for AAA, AA, C, D, and 9-V NiMH batteries are 1000i
mAh (AAA), 2300 mAh (AA), 5000 mAh (C), 8500 mAh (D), 250 mAh (9).

C Rating

The charge and discharge currents of a battery are measured in capacity rating or C
rating. The capacity represents the efficiency of a battery to store energy and its abil-
ity to transfer this energy to a load. Most portable batteries, with the exception of
lead-acid, are rated at 1 C. A discharge rate of 1 C draws a current equal to the rated
capacity that takes one hour (h). For example, a battery rated at 1000 mAh provideé,
1000 mA for 1 hour if discharged at 1 C rate. The same discharge at 0.5 C provides
500 mA for 2 hours. At 2 C, the same battery delivers 2000 mA for 30 minutes. 1 Cis
often referred to as a 1-hour discharge; 0.5 C would be 2 hours, and 0.1C would be
a 10-hour discharge. The discrepancy in C rates between different batteries is largely
dependent on the internal resistance.

Example: Determine the discharge time and average current output of a battery with
a capacity rating of 1000 mAh if it is discharged at 1 C. How long would it take to dis-
chargeat5C,2C,0.5C,0.2C, and 0.05C?

Answer: At 1 C, the battery is attached to a load drawing 1800 mA (rated
capacity /hour), so the discharge time is:

t=1hC/Crating=1hC/1C=1h .

At 5 C, the battery is attached to a load drawing 5000 mA (five times rated capac-
ity /hour), so the discharge time is:

t=1hC/Crating=1hC/5C=02h

At 2 C, the battery is attached to a load drawing 2000 mA (two times rated capac-
ity /hour), so the discharge time is:

t=1hC/Crating=1hC/2C=0.5h

At 05 C, the battery is attached to a load drawing 500 mA (half the rated
capacity /hour), so the discharge time is:
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t=1hC/Crating=1hC/05C=2h

At 0.2 C, the battery is attached to a load drawing 200 mA (20 percent rated capac-
ity/hour) so the discharge time is:

t=1hC/Crating=1hC/02C=5h

At 0.05 C, the battery is attached to a load drawing 50 mA (5 percent rated capac-
ity /hour) so the discharge time is:

t=1hC/Crating=1hC/0.05C=20h

Again, note that these values are estimates. When load currents increase (especially
when C values get large), the capacity level drops below nominal values—due to
nonideal internal characteristics such as internal resistance—and must be deter-
mined using manufacturer’s discharge curves and Peurkert’s equation. Do a search
of the Internet, using “Peurkert’s equation” as a keyword, to learn more.

3.2.6 Note on Internal Voltage Drop of a Battery

Batteries have an internal resistance that is a result of the imperfect conducting ele-
ments that make up the battery (resistance in electrodes and electrolytes). Though the
internal resistance may appear low (around 0.1 Q for an AA alkaline battery, or 1 to
2 Q for a 9-V alkaline battery), it can cause a noticeable drop in output voltage if a
low-resistance (high-current) load is attached to it. Without a load, we can measure
the open-circuit voltage of a battery, as shown in Fig. 3.32a. This voltage is essentially
equal to the battery’s rated nominal voltage—the voltmeter has such a high input
resistance that it draws practically no current, so there is no appreciable voltage drop.
However, if we attach a load to the battery, as shown in Fig. 3.29, the output terminal
voltage of the battery drops. By treating the internal resistance R;, and the load resis-
tance Ry.q as a voltage divider, you can calculate the true output voltag® present
across the load——see the equation in Fig. 3.29b.

A. Open Circuit Voltage B. Closed Circuit Voltage
Voltmeter ~

Vou =V 1240
Vou' RIOAD + Rin

1.36V § Rioo
10Q

FIGURE 3.32

Batteries with large internal resistances show poor performance in supplying
high current pulses. (Consult the battery comparison section and tables to determine
which batteries are best suited for high-current, high-pulse applications.) Internal
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resistance also increases as the battery discharges. For example, a typical alkaline AA
battery may start out with an internal resistance of 0.15 Q when fresh, but may
increase to 0.75 Q when 90 percent discharged. The following list shows typical inter-
nal resistance for various batteries found in catalogs. The values listed should not be
assumed to be universal—you must check the specs for your particular batteries.

9-V zinc carbon 35Q

9-V lithium 16t0 18 Q
9-V alkaline 1to2Q
AA alkaline 0.15Q(0.30 Q at 50 percent discharge)
AANIMH 0.02 QW (0.04 Q at 50 percent discharge)
D Alkaline 0.1Q
D NiCad 0.009 Q@
DSLA 0.006 Q
AC13 zinc-air 5Q
76 silver 10Q
675 mercury 10Q
Bottery OK / LOW Indicator Here a green LED is used to indicate that the battery is okay. This stays
on all the time to indicate that the battery is live, and the red LED comes
on when the battery voltage falls below the set threshold. A green LED
Vee Y 8 8
has around 2.0V on when it is illuminated. This value varies a bit with
: R4 different manufacturers, but is pretty well matched within any batch.
RI R2 47002 Add the base emitter voltage, and you need 2.6V on the base of the right
10K 47K transistor (i.e., across the 3k3) to turn on the transistor. 2.6 V across 3k3
I needs 9.1 across the supply rail. Below this threshold voltage, the tran-
- Red sistor is off and the red LED is on. Above this voltage, the red LED is off.
By adjusting the values of the three resistors, you can alter the threshold
3RI§K level. We'll discuss transistors and LEDs later on in this book.
—» Green '@
FIGURE 3.33

3.3 Swiiches

~

A switch is a mechanical device that interrupts or diverts electric current flow within
a circuit.

L

Interrupter switch Diverter switch

FIGURE 3.34
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FIGURE 3.95 (Continued)

These tips where adapted from an Engineering Note, “Electro-Magnetic Interfer-
ence and Electro-Magnetic Compatibility (EMI/EMC)” written by David B. Fancher,
Inductive Products Division, Vishay Dale. .

3.8 Transformers

3.8.1 Basic Operations

A basic transformer is a two-port (four-terminal) device capable of transforming an ac
input voltage into a higher or lower ac output voltage. Transformers are not designed:
to raise or lower dc voltages, however, since the conversion mechanism relies on a’,’
changing magnetic field generated by a changing current. A typical transformer con-
sists of two or more insulated wire coils that share a common laminated iron core. One
of the coils is called the primary (containing Np turns), while the other coil is called the
secondary (containing Ns turns). A simplistic representation of a transformer is shown
in Fig. 3.96, along with its schematic symbol. ‘
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Basic Iron-Core Transformer
Secondary
- Winding
Primary
Secondary
Primary
Winding
Laminated Iron Core

When an ac voltage is applied across the primary coil of the transformer, an alter-
nating magnetic flux ®y = [(Viy/Np)dt emanates from the primary, propagates
through the iron-laminated core, and passes through the secondary coil. (The iron
core increases the inductance, and the laminations decrease power-consuming eddy
currents.) According to Faraday’s law of induction, the changing magnetic flux
induces a voltage of Vs = Nsd®,/dt, assuming there is perfect magnetic flux coupling
(coefficient of coupling k = 1). Combining the primary flux equation with the sec-
ondary induced voltage equation results in the following useful expression:

(8.1) Transformer voltage ratio

This equation says that if the number of turns in the primary coil is larger than the
number of turns in the secondary coil, the secondary voltage will be smaller than
the primary voltage. Conversely, if the number of turns in the primary coil is less
than the number of turns in the secondary, the secondary voltage will be larger than
the primary.

When a source voltage is applied across a transformer’s primary terminals while
the secondary terminals are open-circuited (see Fig. 3.97), the source treats ; the trans-
former as if it were a simple inductor with an impedance of Zp = joLp = u)L £ 90°,
where Lp represents the inductance of the primary coil. This means that the primary
current will lag the voltage (source voltage) by 90°, and the primary current will be
equal to Vp/Zp, according to Ohm's law. At the same time, a voltage of (Ns/Np)V, will
be present across the secondary and will be in phase with the prinmiary voltage or 180°
out of phase, depending on the secondary coil winding direction or depending on
which secondary coil end you choose as a reference (more on this in a moment).

900
vV
e
O
("\? B N S S
o Ip
Np > Ns

* In phase with Ve or 180° out of phase, depending
on winding arragnement and ground reference.
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When there is no load attached to the secondary of a transformer, the Curren
within the primary is called the magnetizing current of the transformer. An idei
transformer, with no internal losses, would consume no power, since the currep
through the primary inductor would be 90° out of phase with the voltage (in P = v
is imaginary and the “power” is imaginary or reactive). With no load in the sec
ondary, the only losses in the transformer are associated with those losses in the irq
core and losses within the primary coil wire itself. '

Example 1: A transformer has a primary of 200 turns and a secondary of 1200 turns
If a 120 VAC is applied to the primary, what voltage appears across the secondary?

Answer: Rearranging Eq. 3.1,

N; 1200 turns
= — =12 —_— | =72
Vs VP(NP) 1 OVAC( 200 turns > 0 VAC

This is an example of a step-up transformer, since the secondary voltage is highéf
than the primary voltage.

Example 2: Using the same transformer from Example 1, flip it around so the sec-
ondary now acts as the primary. What will be the new secondary voltage?

Answer:

N 200 turns
Vs= Vp( ) =120 VAC(m) =20 VAC

This is an example of a step-down transformer, since the secondary voltage is low
than the primary voltage.

As you can see from the previous example, either winding of a transformer can b
used as the primary, provided the windings have enough turns (enough inductance)
to induce a voltage equal to the applied voltage without requiring an excessive cu
rent. The windings must also have insulation with a voltage rating sufficient for th
voltage present.

Now let’s take a look at what happens when you attach a load tSthe secondary, a
shown in Fig. 3.98.

NP< NS :

* In phase with Vp or 180° out of phase, dependir
on winding arragnement and ground reference.

FIGURE 3.98

When a load is attached to the secondary, the secondary current sets up a mag-
netic field that opposes the field set up by the primary current. For the induced volt-
age in the primary to equal the applied voltage, the original field must be maintained.
The primary must draw enough additional current to set up a field exactly equal and
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opposite to the field set up by the secondary current. At this point, for practical pur-
poses, we assume that the entire primary current is a result of the secondary load.
(This is close to true, since the magnetizing current will be very small in comparison
with the primary load current at rated power output.)

Current Ratio

To figure out the relationship between the primary and secondary currents, consider
that an ideal transformer is 100 percent efficient (real transformers are around 65 to
99 percent efficient, depending on make), and then infer that all the power dissipated
by the load in the secondary will be equal to the power supplied by the primary
source. With the help of the generalized power law, we get:

Pp=P5
IPVp:15V5

Plugging our transformer voltage equation (3.1) into the Vs term, we get:

N,
Ipr = IS(VP Ni)

P

Eliminating the V5 from both sides, we get the following useful current relation:

(3.2) Ideal transformer current ratio

Example 3: A transformer with a primary of 180 turns and a secondary with 1260
turns is delivering 0.10 A to a load. What is the primary current?

Answer: Rearranging Eq. 3.2 and solving for the primary current:

1260 turns

N,
L= IS(—_S> =010 A( 180 turns

N, >=0.7A

Notice from the previous example that even though the secondary voltage is larger
than the primary voltage, the secondary current is smaller than the primary current.
The secondary current in an ideal transformer is 180° out of phase with the i)rimary
current, since the field in the secondary just offsets the field in the primary. The phase
relationship between the currents in the windings holds true no matter what the phase
difference between the current and the voltage of the secondary. In fact, the phage dif-
ference, if any, between voltage and current in the secondary will be reflected back to
the primary as an identical phase difference. Note that phase, however, can be selected
according to how you pull the secondary out—see the following note.
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winding A arrangement, when tested with a common ground and oscillo-
scope, yields in-phase voltages, while the winding in B yields voltage and cur-
rents that are 180° out of phase with the primary. To avoid confusion, a
convention is used to keep track of the relative polarity between the leads
This convention makes use of what are called phase dots, which are a pair of
dots: one placed on the primary side; the other placed on the secondary side.
The similar placement of these dots next to the top ends of the primary an
secondary windings tells you that whatever instantaneous voltage polarity is
seen across the primary winding will be the same as that across the secondary‘k’_:
winding. In other words, the phase shift from primary to secondary will b
zero degrees. On the other hand, if dots on each winding of the transformer do
not match up, the phase shift is 180° between primary and secondary. Of ,",\
course, the dot convention only tells you which end of each winding is which,
relative to the other winding(s). If you want to reverse the phase relationship
all you have to do is swap the winding connections.

Primcry

Prl‘mqry T
voltage Vp

1. Transformer (Winding A)

2. Transformer (Winding B)

Wind direction

Prl'ma,—y Wind direction
Currenf
SeCOqury I
| = |5 Vrrent Is Secondary
- T [ ] Current
® T Pl’imary
voltage V
Secondory 9 P T Secondqry

Vg Vvoltage

Voltage,Current and Phase Relationships

Phase dots

Scope probe Scope:probe
(CHAN 1) % é (CHAN 2)

Voltage,Current and Phase Relationships

Phase dots *
Scope probe Scope probe
(CHAN 1) % (CHAN 2)

FIGURE 3.99
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Power Ratio

A moment ago, when deriving the transformer current equation, we assumed that the
transfer of power from primary to secondary was 100 percent efficient. However, it is
important to realize that there is always some power loss in the resistance of the coils
and in the iron core of the transformer. This means that the power taken from the
source is greater than the power used in the secondary. This can be stated by the fol-
lowing expression:

Ps=nxPp (3.3) Efficiency factor

where Ps is the power output from the secondary, P is the power input to primary,
and 7 is the efficiency factor. The efficiency n is always less than 1. It is usually
expressed as a percentage—for example, 0.75 represents an efficiency of 75 percent.

Example 4: What is the power input to the primary if a transformer has an efficiency
of 75 percent and its full load output at the secondary is 100 W?

Answer: Rearranging Eq. 3.3,

Transformers are typically designed to have highest efficiency at the manufacturer’s
rated outputs. Above or below the rated output, the efficiency drops. The amount of
power a transformer can handle depends on its own losses (heating of wire and core,
etc.). Exceeding the rated power of a transformer can lead to wire meltdown or insula-
tion breakdown. Even when the load is purely reactive, the transformer will still be gen-
erating heat loss due to internal resistance of the coils and losses in the core. For this
reason, manufacturers also specify a maximum volt-amp rating, or VA-rating, that
should not be exceeded.

Impedance Ratio

Using ac Ohm'’s law, I, = V/Zp, and assuming an ideal transformer, whére power
from the primary is 100 percent transferred to secondary, we can come up with an
equation relating the primary and secondary impedances:

Pp=P5 -
‘ IpVp =15V
2 2 2 2 2
Ve Ve | (plug in Vs = Vs (Ns/Ny) — 2 = V' WNs/Np)*
Zp Zs ZP ZS

Canceling the primary voltage terms, you get the following useful expression:

(3.4) Transformer impedance ratio

where Z; is the impedance looking into the primary terminal from the power source,
and Zs is the impedance of the load connected to the secondary. Figure 3.100 shows
an equivalent circuit.
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Impedance looking into primary

FIGURE 3.100

° ° ,,
Zs  Zp @) z,| Ne
Ng

NP NS Secondary
Impedance

If the load impedance in the secondary increases, the impedance lookjﬁg-
mary (from the source’s point of view) will also increase in a manner th
tional to the ratio of the turns squared.

Example 5: A transformer has a primary with 500 turns and a second:
turns. What is the primary impedance if a 2000-Q2 load impedance is attac
secondary? "

Answer: Using Eq. 3.4:

500 turns

= Q ————=
Zp=2000 (1000 turns

)2 =2000 ©(0.5)* =500 Q
Asyou can see, by selecting the proper turns ratio, the impedance of a fixed |
transformed to any desired value (ideally). If transformer losses can be negle
transformed (reflected) impedance has the same phase angle as the actual lo
ance. Hence, if the load is purely resistive, the load presented by the pri
power source will also be pure resistance. If the load impedance is complex (¢
tance and capacitance are thrown in so that load current and voltage are
with each other), then the primary voltage and current will show the samef

In electronics, there are many instances where circuits require a specif
tance (or impedance) for optimum performance. The impedance of the
dissipating power may differ widely from the impedance of‘the sourc i
a transformer can be used to change the actual load into an impedanc
value. This is referred to as impedance matching. We can rearrange Eq. 3.4 and g

where Np/N; is the required turns ratio—primary to secondary, Zp is th
impedance required, and Z; is the impedance of the load connected to th

Example 6: An amplifier circuit requires a 500-Q load for optimum perfo

is to be connected to an 8.0-Q speaker. What turns ratio, primary to 8
required in the coupling transformer?

Ne  |Zp /5009_8
Ns VzZ; V 8Q

Answer:
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Hence, the primary must have eight times as many turns as the secondary.

Knowing what to set the primary count at depends on low internal losses and
leakage current and making sure that the primary has enough inductance to operate
with low magnetizing current at the voltage applied to the primary.

Example 7: What are the load impedances “seen” by the voltage sources in Fig. 3.101?

D.

: C.

[, e ° 7. e °

© = 300 () JS%Q df\a; 300
2:1

20VAC 11 120VAC 120VAC 1:2

Answer:(a) 30 Q, (b) 120 ©, (c) 8 Q.

Example 9:1f a step-up transformer has a turns ratio of 1:3, what are the voltage ratio,

current ratio, and impedance ratio? Assume ratios are given in the form “

primary:
secondary.”

Answer: Voltage ratio is 1:3, current ratio is 3:1, impedance ratio is 1:9.

Transformer Gear Analogy

Itis often helpful to think of transformers as gearboxes. For example, in the gearbox anal-
ogy in Fig. 3.101, the primary winding is analogous to the input shaft (where the motor is

ransformer Gear Analogy (A) 2. Transformer Gear Analogy (B)
-
kY
‘Primary Secondary Primary Secondary v
" " " "
"Primary" ‘ 7 Secondary Secondary
Mhde, - %{K
¥
> ‘%%ﬁg :
. S
190 rotational speed ~ High current High torque ~ High voltage High torque ~ High voltage High rotational speed ~ High current
Low torque ~ Low voltage Low rotational speed ~ Low current Low rotational speed ~ Low current Low torque ~ tow voltage
URE 3.102
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attached) and the secondary winding is analogous to the output shaft. Current is equiva-
lent to shaft speed (rmp) and voltage is equivalent to torque. In a gearbox, mechanica]
power (speed multiplied by torque) is constant (neglecting losses) and is equivalent to
electrical power (voltage times current), which is also constant. The gear ratio is equiva-
lent to the transformer step-up or step-down ratio. A step-up transformer acts like 5
reduction gear (in which mechanical power is transferred from a small, rapidly rotating
gear to a large, slowly rotating gear): it trades current (speed) for voltage (torque), by
transferring power from a primary coil to a secondary coil having more turns. A step-
down transformer acts similarly to a multiplier gear (in which mechanical power is trang-
ferred from a large gear to a small gear): it trades voltage (torque) for current (speed), by
transferring power from a primary coil to a secondary coil having fewer turns.

Center-Tap Transformers

Rarely do you see transformers in the real world with just four leads—two for the pri-
mary and two for the secondary. Many commercial transformers employ center taps.
A center tap is simply an electrical connection that is made somewhere between the
two ends of a transformer winding. By using a center tap, it is possible to utilize only
a fraction of the winding voltage. For example, in Fig. 3.103, a transformer’s sec-
ondary is center-tapped midway between its winding, yielding two output voltages
Vs and V. If we place a ground reference on the center tap (it is treated now as a
common), we see the voltages in terms of phase, as shown in the example circuit in
Fig. 3.103. In this case, the two secondary voltages are equal because we assumed that
the number of turns on either end of the center tap were the same. In general, the sec-
ondary voltages are determined by the turns ratio.

Primary
Winding

Center-Tapped Transformer Example Circuit

AP~ @

Secondary 1 !

Winding { y
O

Center

Tap ~

Secondary voltages are 180° out of

Secondary 2 phase with each other.
Winding

FIGURE 3.103

Center taps can be placed on both the primary side and the secondary sid
with multiple taps on either side. For example, a typical power transformer has
several secondary windings, each providing a different voltage. Figure 3.104
shows a schematic of a typical power supply transformer. It is possible to join pin:
with a jumper to get the desired voltage ratios across other pins. Manufacturers

Apple Inc. Exhibit 1013  Page 56



Chapter 3: Electronic Circuit Components 395

will provide you with the voltages between the various tap points, usually speci-
fying CT as the center-tap voltage. Center taps provide flexibility in design and
allow varying outputs, which you implement by incorporating switches, for exam-
ple. We'll see how a center-tap transformer is used to split incoming 240 VAC for
the main into two 120-VAC legs within the circuit breaker of your house, and we’ll
also discover how full-wave center-tap rectifier circuits are used in building dc
power supplies.

High-Voltage Power Transtormer

o 120vAC g
Primary g 3 4 3 +©5
W 1 3 (]
4 115/230 V 6
; ) os e °5 5060Hz || ¢—07
’ Sec 4 6 1 ® 8
AC 350VAC | 350VAC 5VAC
e Sec 5
~ 700VAC
RE 3.104

Real Transformer Characteristics

A perfect or ideal transformer has a primary-to-secondary coupling coefficient of 1.
This means that both coils link with all the magnetic flux lines, so that the"yoltage
induced per turn is the same for both coils. This also means that the induced voltage
per turn is the same for both primary and secondary coils. Iron core transformers
operating at low frequencies come close to being ideal. However, due to various
imperfections, such as eddy current, hysteresis losses, internal coil resistanc®, and
skin effects at higher frequencies, this isn’t quite true. )

In real transformers, not all of the magnetic flux is common to both windings.
Flux not associated with linkage is referred to as leakage flux and is responsible for
a voltage of self-induction. There are small amounts of leakage inductance associ-
ated with both windings of a transformer. Leakage inductance acts in exactly the
same manner as an equivalent amount of ordinary inductance inserted in series
with the circuit. The reactance associated with leakage inductance is referred to as
leakage reactance, which varies with transformer build and frequency. Figure 3.105
shows a real-life model of a transformer including leakage reactances for both pri-
mary and secondary coils, namely, X;; and X;,. When current flows through a leak-
age reactance, there is an associated voltage drop. The voltage drop becomes
greater with increasing current and increases as more power is taken from the
secondary.
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Non-ldeal Model of a Transformer

O~ Y Y Y AAA—— - AA—Y Y Y g Leakage reactances

Xu Ry ) R2 X2 X Xez
| Winding resistances

G = L Ly C2 Ri Rz

Distributed Capacitance
) C C2 Cu
[
Cm
FIGURE 3.105

The internal resistances of a transformer’s windings R, and R, also result in volt
age drop when there is current flow. Although these voltage drops are not in phase
with those caused by leakage reactance, together they result in a lower secondary
voltage under load than is indicated by the transformer turns ratio formula.

Another nonideal characteristic of transformers is stray capacitance. An electric
field exists between any two points having a different voltage. When current flows
through a coil, each turn has a slightly different voltage than its adjacent turns. This
results in capacitance between turns and is modeled by C, and G, in Fig. 3.105. A
mutual capacitance Cy also exists between the primary and secondary windings for
the same reason. It is also possible for transformer windings to exhibit capacitance
relative to nearby metal, such as a chassis, shield, or even the core itself.

Stray capacitance tends to have little influence in power and audio transformers,
but becomes influential as the frequencies increase. In RF applications where trans-
formers are used, the stray capacitance can resonate with either the leakage reactance
or, at lower frequencies, the winding reactances, especially under very light or zero-
ohm loads. In the frequency region around resonance, transformers do not exhibit
behavior as described by the previous transformer equations.

Iron core transformers also experience losses with hysteresis and eddy current, as
was discussed in Chap. 2.24. These losses, which add to the required magnetizing
current, are equivalent to adding a resistance in parallel to R, in Fig. 3.105.

-

TRANSFORMER PRECAUTIONS N

There are three basic rules to observe when using a transformer. First, never
apply a voltage that is greatly in excess of the transformer winding ratings.
Second, never allow a significant direct current to flow through any winding
not designed to handle it. Third, don’t operate the transformer at a frequency
outside the range specified by the manufacturer. Applying a voltage of, say,
120 VAC to a secondary in hopes of achieving 1200 VAC at the primary is a bad
idea—expect smoke and combustion, accompanied by insulation failure. Sim-
ilar results can be expected with excessive dc current through the primary. In
terms of frequency, a 60-Hz transformer driven at 20 Hz will draw too much
magnetizing current and will run dangerously hot.
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3.8.2 Transformer Construction
Cores

Transformers used for power and audio frequencies have cores made of many thin
laminations of silicon steel. The laminations reduce eddy currents, as discussed in
Sec. 2.24. A typical laminated core is made from E-shaped and I-shaped pieces, sand-
wiched together, as shown in Fig. 3.106. Transformers made from these cores are
therefore often referred to as EI transformers.

pical "EI" Transformer

Shell
Construction

First Layer

Two common core shapes in use are shown in Fig. 3.106. In the shell construction,
both the primary and the secondary windings are wound around the same inner leg,
while in the core construction, primary and secondary windings are wound on sepa-
rate legs. The core construction is often implemented to minimize capacigve effects
between primary and secondary windings, or when one winding is to be operated at
very high voltage. The size, shape, and type of core material, as well as the frequency
range, influence the required number of turns in each winding. In most transformers,
the coils are wound in layers, with a sheet of special paper insulation placed between
each layer. A thicker insulation is used between adjacent coils and between the core
and the first coil.

Powdered iron cores, with their low eddy current characteristics, are used in
transformers that operate above mains frequencies (60 Hz) up to several kilohertz.
These cores have a very high permeability and thus provide decent stepping capabil-
ity for their size. Transformers that are used in even higher-frequency applications,
such as RF, often contain cores made from nonconductive magnetic ceramic materi-
als or ferrites.

A common core shape for powdered iron and ferrite core transformers is the
toroid, as shown in Fig. 3.107a. The closed ring shape of the toroid eliminates air gaps
inherent in the construction of an EI core. The primary and secondary coils are often
wound concentrically to cover the entire surface of the core. Ferrite cores are used at
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higher frequencies, typically between a few tens of kilohertz to a megahertz. In gen

eral, toroidal transformers are more efficient (around 95 percent) than cheaper lam;
nated EI transformers; they are more compact (about half the size), weigh less (about
half), have less mechanical hum (making them superior in audio applications), and
have lower off-load losses (making them more efficient in standby circuits).

A. Torodial Core Transformer

1
3
HighZ L1 HE 12 lowZ
4
2

B. Shielded Transformer

| Space Occupied
by Coil/s

Nonmagnetic
Material

Magnetic
& Material

FIGURE 3.107

Shielding

To eliminate mutual capacitance between windings within a transformer, an electro-
static shield is often placed between the windings. Some transformers may incorpo-
rate a magnetic shield, as shown in Fig. 3.107b. The magnetic shield helps prevent
outside magnetic fields (interference) from inducing currents within the inner wind-
ings. The shield also helps prevent the transformer from becomin§ an interference
radiator itself.

Windings

For small-power and signal transformers, the windings are made from solid wire
copper, insulated typically with enamel; sometimes additional insulation is used for
safety. Larger-power transformers may be wound with copper or aluminum wire, or
even strip conductors for very heavy current; in some cases multistrand conductors.
are used to reduce skin effect losses. High-frequency transformers operating in the
kilohertz range often have windings made of Litz wire to minimize skin effects. For.
signal transformers, the windings may be arranged in a way to minimize leakage
inductance and stray capacitance in order to improve high-frequency response.

3.8.3 Autofransformers and Variable Transformers

An autotransformer is similar to a standard transformer; however, it uses only on
single coil and a center tap (or taps) to make primary and secondary connections. Se
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Fig. 3.108. As with standard transformers, autotransformers can be used to step up or
step down voltages, as well as match impedances; however, they will not provide
electrical isolation like a standard transformer, since their primary and secondary are
on the same coil—there is no electrical isolation between the two coils.

utotransformer Multi-tap Autotransformer

Vstep up
Vin § §= x J ﬁ
Common Vour Vi E_: 3 T Vour
e
Vsterup

Although an autotransformer has only one winding, the laws of induction that
were used with a standard transformer to step up and step down voltage can be
applied just as well. This also applies to principles of current and impedance as a
function of the number of winding turns. In Fig. 3.108, the current in the common
winding is the difference between the line current (primary current) and”the load
current (secondary current), since these currents are out of phase. Hence, if the
line and load currents are nearly equal, the common section of the winding may
be wound with comparatively small wire. The line and load currents, will be
equal only when the primary (line) and secondary (load) voltages are close in
magnitude.

Autotransformers are often used in impedance-matching applications. They are
also frequently used for boosting or reducing the power-line voltage by relatively
small amounts. Figure 3.108 shows a switch-stepped autotransformer whose out-
put voltage can be set to any number of values determined by the switch contact
position.

A variable transformer or Variac (commercial name) is similar to the switch-
stepped autotransformer in Fig. 3.108; however, it has a continuous wiper action
along a circular coil, as shown in Fig. 3.109. A Variac acts like an adjustable ac voltage
source. Its primary is connected to the hot and neutral of the 120-V line voltage, while
the secondary leads consist of the neutral and an adjustable wiper that moves along
the single core winding,
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120 V Variable Transformer (Variac)

120V IN
4 60Hz

240 V Variable Transformer (Variac)

240V IN
4 B0Hz

COMMON 120V LV IN 50/60 Hz COMMON 240V LV IN 50/60 Hz
| 3 2 3 2
OUTPUT A OUTPUT B
Isolated Variable AC Supply
120 VAC 5 A fuse Ammeter
(slow blow] 13A range}
3 A circuit
breaker
AC
Voltmeter out
Autotransformer
Neutral o : Variac) 5
Isolation Transformer
(> 100 VAl
C D

FIGURE 3.109 (a) Nonisolated 120-V Variac whose output voltage is varied by rotating a wiper. (b) Nonisolated 240-V
Variac. (c) A homemade variable ac supply with isolation protection provided by means of an isolation transformer. (d) ac
power supply that houses an isolation transformer, Variac, switch, fuse, ac outlet, and meter.

Being able to adjust the line voltage is a very useful trick wheh troubleshooting
line-power equipment, where the fuse instantly blows at normal line voltage. Even
without a fuse blowing, troubleshooting at around 85 V may reduce the fault current.

It is important to note that a Variac by itself does not provide isplation protection
like a standard transformer, since the primary and secondary shared a common
winding. It is therefore important, if you plan to work on ungrounded, “hot chassis”
equipment, that you place an isolation transformer before the Variac—never after it.
If you don't, shock hazards await. Figure 3.109c shows a schematic of such an
arrangement. It includes a switch and fuse protection, as well as current and voltage
meters, all of which create an adjustable, fully isolated ac power source.

To avoid the hassle of cascading a Variac and isolation transformer together, sim-
ply get an ac power supply that houses both elements together in one package—see
Fig. 3.109d.

Boosting and Bucking

We just saw how autotransformers are used in applications requiring a slight boost or
reduction in voltage to a load. It is possible to accomplish the same effect by using a
normal (isolated) transformer with just the right primary/secondary turns ratio.
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There is still another alternative—use a step-down configuration with secondary
winding connected in a series-aiding (“boosting”) or series-opposing (“bucking”)
configuration, as shown in Fig. 3.110.

'Boosting" Configuration B. "Bucking" Configuration
® t ® ?
° )
) 30 VT @ Vin 30 VT
VAC our § VAC out §
Step-Down Transformer Step-Down Transformer

Primary Shield Secondary Shield

Intheboosting configuration, the secondary coil’s polarity is oriented so that its volt-
age directly adds to the primary voltage. In the bucking configuration, the secondary
coil’s polarity is oriented so that its voltage directly subtracts from the primary voltage.
An autotransformer does the same job as the boosting and bucking functions displayed
here, but using only a single winding, making it cheaper and lighter to manufacture.

3.8.4 Circuit Isolation and the Isolation Transformer

Transformers perform an important role in isolating one circuit from another. Figure
3.111 shows an example application that uses a transformer to isolate a load ‘con-
nected to an ac outlet. In this application, there is no need to step up or step down the
voltage, so the transformer has a 1:1 winding ratio. Such a transformer is referred to
as an isolation transformer. In Fig. 3.111, a mains isolation transformer is used to isolate
a load from the source, as well as provide ground fault protection. An isolatjon trans-
former should be used whenever you work on nongrounded equipment, with no
input isolation, such as switch-mode power supplies.

In your home wiring, the neutral (white) and the ground (green) connections are
tied together at the main junction box, so they are basically at the same pétential—

> |solation Transformer

l Isolated Output
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Power Transformers

FIGURE 3.112

Audio Transformers

FIGURE 3.113

0V, or earth ground. If you accidentally touch the hot wire while being in contact
with a grounded object, current will pass through your body and give you a poten-
tially fatal shock. With an isolation transformer, the secondary winding leads act as 4
120-V source and return, similar to the mains’ hot and neutral, but with an important
difference. Neither the secondary source nor return runs are tied to earth ground!
This means that if you touch the secondary source or return while being in contact
with a grounded object, no current will flow through your body. Current only wants
to pass between the secondary source and return runs. (Note that all transformers
provide isolation, not just line isolation transformers. Therefore, equipment with
input power transformers already have basic isolation protection built in. Isolation
transformers used for laboratory work are explained in greater detail in Sec. 14.5.12)

Isolation transformers are also typically constructed with two isolated Faraday
shields between the primary and secondary windings. The use of the two shields diverts
high-frequency noise, which would normally be coupled across the transformer to:
ground. Increasing the separation between the two Faraday shields minimizes the capac
itance between the two and, hence, the coupling of noise between the two. Therefore, the
isolation transformer acts to clean up line power noise before being delivered to a circuit.

3.8.5 Various Standard and Specialized Transformers

These transformers are used primarily to reduce line voltage. They come in a vari-
ety of different shapes, sizes, and primary and secondary winding ratios. They
often come with taps and multiple secondary windings. Color-coded wires are fre-
quently used to indicate primary and secondary leads (e.g., black wires for pri-
mary, green for secondary, and yellow for tap lead is one possibility). Other
transformers use pins for primary, secondary, and tapped leads, allowing them to
be mounted on a PC board. You can also find transformers in wall-mount packages
that plug directly into an ac outlet, with screw-in terminals as secondary and
tapped leads.

Audio transformers are used primarily to match impedancés between audio
devices (e.g., between microphone and amplifier or amplifier and speaker), thoug|
they can be implemented in other ways as well. They work best at audio frequen-
cies from 20 Hz to 20 kHz. Outside this range they will reduce or block signals.They.
come in a variety of shapes and sizes and typically contain a center tap in both the
primary and secondary windings. Some come with color-coded wires to specify.
leads, while other audio transformers have pinlike terminals that can be mounte
on PC boards. Spec tables provide dc resistance values for primary and seconda
windings to help you select the appropriate transformer for the particular match
ing application. Besides performing simple impedance matching, audio transform
ers can be used to step up or step down a signal voltage, convert a circuit fro

unbalanced to balanced and vice versa, block dc current in a circuit while allowin,
ac current to flow, and provide basic isolation between one device and anothe
Note that audio transformers have a maximum input level that cannot be exceede
without causing distortion. Also, audio transformers cannot step up a signal by
more than about 25 dB when used in typical audio circuits. Because of this, an audi
transformer cannot be substituted for a microphone preamp. If more than 25 dB:0
gain is required, an active preamp must be used instead of a transformer.
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F Transformers

Air core transformers are special devices used
in radio-frequency circuits. (They are used for
RF coupling, such as antenna tuning and
1 impedance matching.) Unlike steel or ferrite

4 core transformers, the core is made from a non-
magnetic form, usually a hollow tube of plastic.
3 The degree of coupling between windings in an
air core transformer is much less than that of a
steel core transformer; however, there are no
5

losses associated with eddy currents, hystere-

- Dual Winding with Center Tap

2 2 sis, saturation, and so on, as is the case with

magnetic cores. This becomes critically impor-

4 tant in RF applications—at high frequencies,
RS - steel core transformers experience significant
,Toroid with Bifilar Windings losses. Toroidal air core transformers aren’t

common nowadays, except in VHF (very high
frequency) work. Today, special coupling net-

3 ! works and RF powdered-iron and ferrite
3 toroids have generally replaced air cores,
except in situations where the circuit handles
> . .
L1 L2 very high power or the coils must be very tem-
B perature stable.
>
4
4 2

and Powdered-Iron Toroidal Transformers

: Toroidal ferrite and powdered-iron transformers are used from a
Toroidal Transformer few hundred hertz well into the UHF spectrum. The principal
- advantage of this type of core is self-shielding and low losses due to
eddy currents. The permeability/size ratio is also very large; making
them compact devices requiring fewer coil turns than traditional
transformers. The most common ferrite toroid transformer is the
conventional broadband transformer. Broadband transformers pro-
vide dc isolation between the primary and secondary circuits. The
primary of a step-down impedance transformer is wound to occupy
the entire core, with the secondary wound over the “primary, as
shown in Fig. 3.115. This style of transformar is frequently used in
impedance matching. In standard broadcast radio receivers, these
transformers operate in a frequency range from 530 to 1550 kHz. In
shortwave receivers, RF transformers are subjected to frequencies
up to about 20 MHg; in radar, it approaches upward of 200 MHz.
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Pulse and Small Signal Transformers

FIGURE 3.116

Current Transformers

High-Current Cable
(Primary)

Low-Current
Test Leads
(Secondary)

Current
Transformer

FIGURE 3.117

3.8.6 Transformer Applications

There are three principal uses for transformers: to transform voltages and currents
from one level to another, to physically isolate the primary circuit from the secondary,
and to transform circuit impedances from one level to another. Here are some exam-

ples in action.

Pulse transformers are special transformers optimized for transmi&mg
rectangular electrical pulses—ones with fast rise and fall times and ¢
stant amplitude. A small signal transformer is a small version of 3 pul
transformer. These devices are used in digital logic and telecom cireyj
often for matching logic drivers to transmission lines. Medium-
power versions are used in power-control circuits such as camera fla,
controllers, while larger-power versions are used in electrical pow,
distribution to interface low-voltage control circuitry with high-voltage
power semiconductive gates, such as TRIACs, IGBTs, thyristors, and
MOSFETs. Special high-voltage pulse transformers are used to gene
ate high-power pulses for radar, particle accelerators, or other pulseq
power applications. '

To minimize pulse shape distortion, a pulse transformer requires
very low leakage inductance and distributed capacitance, and a high
open-circuit inductance. Low coupling capacitance is also important in
power-pulse transformer applications to protect circuitry on the pri-
mary side from high-power transients created by load. ;

Current transformers are special devices used primarily to measure
larger currents that would be too dangerous to measure with an
ammeter. They are designed to provide a current in their secondary
that is proportional to the current flowing in the primary. A typical
current transformer resembles a toroidal core inductor with many sec-
ondary windings. The primary coil consists of simply passing a single
cable-to-be-measured (insulated) through the center of the toroid.The
output current through the secondary is many times smaller than the
actual current through the cable (primary). These transformers are
specified by their input and output current ratio (400:5, 2000:5, etc.)
Current transformers designed for electrical supply_ applications are
designed to drive 5-A (full-scale) meters. There are also wideband cur-
rent transformers used to measure high-frequency waveforms and
pulsed currents.
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5 Pole Transformer

To home

. In the United States, main power lines carry ac voltages upward of several
5. A center-tap pole transformer is used to step down the line voltage to 240 V.
acts to break this voltage up into 120-V portions. Small appliances, such as TV,
dryers can use either the top line and the neutral line or the bottom line and
| line. (The neutral is grounded to a ground rod through a link between neutral
uses in the breaker box.) Larger appliances, such as stoves, refrigerators, and
rers often make use of the 240-V terminals and often use the neutral terminal as
\ for more on power distribution and home wiring.

ansforme "USéd for Landscape Lighting

12VAC
12-Gauge Landscape Cable

\ A/

24VAC

14VAC

12VAC 12VAC 12VAC

Ten 10-Watt halogen lamps, or five 20-watt
halogen lamps, or two 50-watt halogen lamps.

mercial transformers used for landscape wiring, or for driving solenoid-powered sprinkler systems, will come
outputs. This transformer provides 12-V, 24-V, and 14-V outputs.The 14-V output may be used to drive 12-V lamps
ticipated voltage drop along long cable runs; the 24-V output may be used to drive 24-V devices. Note that the
ld not consume more power than the transformer’s rated output capacity. For example, this 100-W transformer
used to drive more than, say, ten 10-watt lamps or five 20-watt lamps. Exceeding this will result in lamp dimming.
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Step-Down Transformer for DC Power Supply

+12V
Split DC Power Supply oV
-12V |
1N4003 7812
18 VAC, 60Hz »i _ 1 Vin +Vour +1 2V
GND
_ -
F1 iN4003 _|+ . | cs At |
2A (slow) c1 T T C3 220uF TN T 12V
0:1-1pF c7 l
2200uF 50V 35v
Hof 18 35V 0A-1uF l
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GND B VAG i o cs
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18 VAC = = sy Pl s 19V
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-]
(18-0-18) — oo, él v
|4 Vin -Vour -12V

1N4003 7912

Various Transformer/Rectifier Arrangements

Grounded Chassis

FIGURE 3.120 Transformers are essential ingredients in power supply design. Here a 120-V to 18V-0-18V
center-tap transformer is used to create a split +12-V dc power supply. The transformer acts to reduce the volt-
age to 18 VAC across each coil end and the center tap. The rectifier section built from diodes acts to eliminate
negative swings in the upper positive section and eliminate positive swings in the lower section. Capacitors are
thrown into remove the pulsating dc and make the voltages appear dc. The regulators are used to set the dc volt-
ages to exactly +12V and —12V. See Chap. 10 on power supplies for more details.

A. Dual Complementary Rectifier

A vDC
VAC
D
° ° .~ § Reoap
IAC
s IDC
) ")
IAC P Rioap
VAC VDC

B. Full-Wave Bridge

VAC
° ) =+
IAC ]

FIGURE 3.121

=

§ Rioap

There are various ways in which to create dc power supplies. Figure
3.121 shows the four basic schemes used. Each scheme has its pro
and cons, which are briefly described here and in greater detail in
the sections on diodes and power supply in chapters to come.
(a) Dual complementary rectifier: Very efficient and best choice for

two balanced outputs with a common return. The output winding
are bifilar wound for precisely matched series resistances, cou
pling, and capacitance.

Vac=0.8 X (Vpc +2)

Ipnc=18x IDC

(b) Full-wave bridge: Most efficient use of transformer’s secondary .
winding. Best for high-voltage outputs. ‘

Vac=0.8 X (Vpe +2)
Ince=1.8 xIpe
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alf-Wave Rectifier (c) Half-wave rectifier: This design should be avoided for power
N supply design, as it is an inefficient use of the transformer. This

‘ | arrangement causes the core to become polarized and to saturate
e ! l in one direction.
T Rioap

Wave Center TCIp (d) Full-wave center tap: While more efficient than the half-wave
: rectifier circuit, the full wave does not make full use of secon-
r : daries, but is good for high-current, low-voltage applications, as
_L there is only one diode drop per positive half cycle.
T Rioap
6 Vac=17%x(Vpc +1)
IAC =12x% IDC

URE 3.121 (Continued)

impedance Matching

(a) Maximum power is transferred to a load if
the load impedance is equal to the Thevenin
impedance of the network supplying power.To
supply maximum power transfer from the
audio amplifier with an output impedance of
500 Q to an 8-Q speaker, we must properly
Speaker match the load impedance with that of the out-
putimpedance (or Thevenin impedance) of the
source. If we were not to match impedance and
attempt to drive the 8-Q speaker cﬁ'rectly, the
g8() impedance mismatch would result in very
poor (low peak power) performance. Also, the
amplifier would dissipate considerable power
in the form of heat as it tries to drive the low-

Need for Matching Impedances

Audio Transformer
Audio Amplifier (Impedance Matching)

impedance speaker. ~
When going from a high-impedance (high-
Impedance ratio = 500 : 8 voltage, low-current) source to a low-
Winding ratfio = 7.906 : 1 impedance (low-voltage, high-current) load,

we need to use a step-down transformer. To
determine the turns ratio required, we refer
back to Eq. 5:

Ne  [Zo  [s00Q
N.=Vz =V sq =796

In other words, the required winding ratio is
7.906:1. With such a transformer in place, the
speaker will load the amplifier to just the right
degree, drawing power at the correct voltage
and current levels for the most efficient power
transfer to load.
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B. No Need for Matching

HiFi Output impedance
Ampilifier very low (< 0. QI

i / Speaker Load
‘ > ) R
t Speaker Cable

8Q

b,
O

Virtually all audio power from amplifer is transferred
info speaker.

C. Microphone Input Transformer

IC Amplifier
+ OuTPUT
2 "
Ay
AMVV —J|
Medium Impedance Amplifier

FIGURE 3.122  (Continued)

3.9 Fuses and Circuit Breakers

Fuses and circuit breakers are devices designed to protect circuits from excessive cur- ,
rent flows, which are often a result of large currents that result from shorts or sudden
power surges. A fuse contains a narrow strip of metal that is designed to melt when
current flow exceeds its current rating, thereby interrupting power to the circuit.
Once a fuse blows (wire melts), it must be replaced with a new one. A circuit breaker
is a mechanical device that can be reset after it “blows.” It contains a spring-loaded
contact that is latched into position against another contact. When the current flow
exceeds a breaker’s current rating, a bimetallic strip heats up and bends. As the strip
bends, it “trips” the latch, and the spring pulls the contacts apart. To reset the breaker,
a button or rockerlike switch is pressed to compress the spring and reset the latch.

Apple Inc.

(b) Note that most hi-fi amplifier a
speaker systems have amplifiers with g
put impedances much lower than th
speaker impedance. A typical speakg,
impedance is 8 Q, for example, but most
hi-fi amplifiers have an output impedanca
of 0.1 Q or less. This not only ensures t,
most of the audio energy is transferred t,
the speaker, but also that the amplifiers
low output impedance provides good ele,
trical damping for the speaker’s moving
voice coil—giving higher fidelity. '

Older valve amplifiers needed a differ.
ent form of impedance matching, becauge
output valves generally had fairly fixed
and relatively high output impedance so
they couldn’t deliver audio energy effi.
ciently into the low load impedance of 3
typical speaker. So an output transformer
had to be used to produce a closer imped-
ance match. The transformer stepped up
the impedance of the speaker, so that it
gave the output valve an effective load of a
few thousand ochms; this was at least com-
parable to the valve’s own output imped-
ance, so only a small amount of energy
was wasted as heat in the valve.

(c) The only area in audio where imped-
ance matching (of a different kind) tends
to be important is with transducers such
as microphones, gramophone pickups,
and tape heads. Here, the transducer often -
needs to be provided with particular load
impedance, but not in order to maximize
power or signal transfer.

The diagram in (c) shows a typical
matching arrangement for a microphone
connected through a matching trans-
former to an input stage (unity gain stage)
of an audio amplifier I
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Diodes

FET

<

PN

-
L ¢
// /Z

SCR thyristor Phototransistor Integrated circuit

Silicon
dioxide Aluminum

.

B
E '
7

.

) §
7

7

.

.

FIGURE 4.9

A diode is a two-lead semiconductor device that acts as a one-way gate to electric cur-
rent flow. When a diode’s anode lead is made more positive in voltage than its cathode
lead—a condition referred to as forward biasing—current is permitted to flow through
the device. However, if the polarities are reversed (the anode is made more negative
in voltage than the cathode)—a condition referred to as reversed biasing—the diode
acts to block current flow.

anode cathode

FIGURE 4.10

Diodes are used most commonly in circuits that convert ac voltages and current
into dc voltages and currents (e.g., ac/dc power supply). Diodes are alsd used in
voltage-multiplier circuits, voltage-shifting circuits, voltage-limiting circuits, and
voltage-regulator circuits.

4.2.1 How p-n Junction Diodes Work

A pn-junction diode (rectifier diode) is formed by sandwiching together n-type and p-type
silicon. In practice, manufacturers grow an n-type silicon crystal and then abruptly
change it to a p-type crystal. Then either a glass or plastic coating is placed around the
joined crystals. The 7 side is the cathode end, and the p side is the anode end.

The trick to making a one-way gate from these combined pieces of silicon is get-
ting the charge carriers in both the n-type and p-type silicon to interact in such a way
that when a voltage is applied across the device, current will flow in only one direc-
tion. Both n-type and p-type silicon conducts electric current; one does it with elec-
trons (n-type), and the other does it with holes ( p-type). Now the important feature to
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note here, which makes a diode work (act as a one-way gate), is the manner in whig
the two types of charge carriers interact with each other and how they interact wit
an applied electrical field supplied by an external voltage across its leads. Below is 5
explanation describing how the charge carriers interact with each other and with th,
electrical field to create an electrically controlled one-way gate.

Forward-Biased (“Open Door”)

Hole flow When a diode is connected to a battery,
p —> N Electrons  chown here, electrons from the 7 side and
Holes holes from the p side are forced toward the
I PN . . .
% . . center (pn interface) by the electrical field sup-
PP plied by the battery. The electrons and holes
:‘,' combine, and current passes through the

diode. When a diode is arranged in this way, it

is said to be forward-biased.
Electron flow

[

Conventional current flow

Reverse-Biased (“Closed Door”)

Electroris  When a diode is connected to a battery, as

shown here, holes in the n side are forced to
. the left, while electrons in the p side are forced
. to the right. This results in an empty zone
: around the p-n junction that is free of charge
: carriers, better known as the depletion region.
S This depletion region has an insulative quality
Depletion region that prevents current from flowing through
the diode. When a diode is arranged in this
way, it is said to be reverse-biased.

Holes

v

FIGURE 4.11

A diode’s one-way gate feature does not work all the time. That is, it takes a min-
imal voltage to turn it on when it is placed in forward-biased directfon. Typically for
silicon diodes, an applied voltage of 0.6 V or greater is needed; otherwise, the diode
will not conduct. This feature of requiring a specific voltage to turn the diode on may
seem like a drawback, but in fact; this feature becomes very useful in terms of acting;
as a voltage-sensitive switch. Germanium diodes, unlike silicon diodes, often require
a forward-biasing voltage of only 0.2 V or greater for conduction to occur. Figure 4.12
shows how the current and voltage are related for silicon and germanium diodes.

I Ge Si
| diode diode

a [ 1 ™
oz

FIGURE 4.12

0.5V w vV

Another fundamental difference between silicon diodes and germanium diodes,
besides the forward-biasing voltages, is their ability to dissipate heat. Silicon diodes
do a better job of dissipating heat than germanium diodes. When germanium di-
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odes get hot—temperatures exceeding 85°C—the thermal vibrations affect the
physics inside the crystalline structure to a point where normal diode operation
becomes unreliable. Above 85°C, germanium diodes become worthless.

4.2.2 Diode Water Analogy

A diode (or rectifier) acts as a one-way gate to current flow—see the water analogy in
Fig. 4.13. Current flows in the direction of the arrow, from anode (+) to cathode (-),
provided the forward voltage V¢ across it exceeds what's called the junction threshold
voltage. As a general rule of thumb, silicon p-n junction diodes have about a 0.6-V
threshold, germanium diodes a 0.2-V threshold, and Schottky diodes a 0.4-V thresh-
old. However, don'’t take this rule too seriously, because with real-life components,
you'll find these thresholds may be a few tenths of a volt off. For example, it’s entirely
possible for a p-n junction diode’s threshold to be anywhere between 0.6 and 1.7 V;
for germanium, 0.2 to 0.4 V; and for Schottky diodes, 0.15 to 0.9 V.

ode Water Analogy Diode IV Curve
: N A
. F ¢ J%
inai iasi JRER R O¢
Forward Biasing Reverse Biasing Meltdown
i _ “0.6V" Vie Vo
biasing Leakage
+2v spring FZ 14 current
.l. s Vo e—t—— ¢ .............. ! » Ve
+ *
o
S -~ e 06V Silicon
z e { 0.4V Schottky
I Q {) ?f Meltdown 0.2V Germanium
{typical vatues}
oV : P

In terms of limits, avoid supplying a diode with a forward current I; beyond its
peak current rating (Iomay). If you do, you'll get internal junction meltdown. Likewise
avoid applying a reverse voltage V any bigger than the diode’s peak inverse voltage
(PIV) rating. This, too, can render a diode worthless. See the graph in Fig. 4.13.

-~

4.2.3 Kinds of Rectifiers/Diodes

There are numerous types of diodes, each specifically designed to work better in one
application or another. Diodes for high-power applications (switching, power sup-
plies, etc.) which draw lots of current or rectify high voltages typically go by the
name rectifier diodes. On the other hand, diodes that go by names such as signal,
switching, fast recovery, or high speed are designed to provide a low internal capacitance
(they store less charge but usually have weaker junctions for large currents). At high
speeds, these diodes will reduce RC switching time constants, which means fewer
time delays and lower signal losses.

Schottky diodes have a particularly low junction capacitance and faster switch-
ing (~10 ns) when compared to silicon p-n junction diodes due to their special
metal-semiconductor-junction interface. They also have a lower junction threshold
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voltage—as low as 0.15 V, but usually a bit more (0.4 V average). Both these chara
teristics enable them to detect low-voltage, high-frequency signals that ordinary p-
junction diodes would not see. (A Schottky with a 0.3-V threshold can pass signals
greater than 0.3 V, but a silicon p-n junction diode with a 0.7-V threshold can on}
pass signals greater than 0.7 V). For this reason, Schottky diodes are very popular i
low-voltage signal rectifiers in RF circuits, signal switching in telecommunicatio
small dc/dc converters, small low-voltage power supplies, protection circuits, and.
voltage clamping arrangements. Their high-current density and low voltage drop
also make them great in power supplies, since they generate less heat, requiring
smaller heat sinks to be used in design. Therefore, you'll find both rectifier and fast-.
switching Schottky diodes listed in the catalogs.

In terms of germanium diodes, they are used mostly in RF signal detection and low-
level logic design due to their small threshold voltage of about 0.2 V. You do not see
them in high-current rectifying applications, since they are weaker and leak more
than silicon diodes when temperatures rise. In many applications, a good Schottky
signal diode can replace a germanium diode.

Common Diode/Rectifier Packages

Diode Packages N N Dual Diode Packages
Mini 2P Mini 6P
Cathode Anode —pp—7
H < i O O
DO-41 |
. Common Common Dual Diodes
% Switching, Surface Mount Anode Cathode  (Series Conl
Dual Axial DO-5 T0-202
Insulating — Anode b T0-92 w SO0T-23
washer Heat

SMB

High Power \ Small signat/
V4 General T | Switching
Switching Cathede |- Securing nut purpose Power surface mount

Bridge Rectifiers

DB-S DF DIP *
LD
b

S 13 ds 1308 "
: v oS+ gs +p gs +

Various Small 1.0A Bridges

WOM KBP type BR-6
|.5A Bridge 44 Bridge 8A Bridge

FIGURE 4.14
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4.2.4 Practical Considerations

Five major specs to consider when choosing a diode are peak inverse voltage, PIV;
forward current-handling capacity, Ioumax; response speed #x (time for diode to switch
on and off); reverse-leakage current, Iuuy; and maximum forward-voltage drop,
Veman- Bach of these characteristics can be manipulated during the manufacturing
process to produce the various special-purpose diodes. In rectification applications
(e.g., power supplies, transient protection), the most important specs are PIV and
current rating. The peak negative voltages that are stopped by the diode must be
smaller in magnitude than the PIV, and the peak current through the diode must be
less than Ipgax. In fast and low-voltage applications, #; and V;: become important
characteristics to consider. In the applications section that follows, you'll get a better
sense of what all these specs mean.

 Selection of Popular Diodes

PEAK INVERSE MAX. FORWARD MAX. REVERSE PEAK SURGE MAX. VOLTAGE

VOLTAGE CURRENT CURRENT CURRENT DROP

TYPE PIV(V) Lo any Iz oany fisw Vi (V)
signal (Ge) 60 8.5 mA 15 A 1.0
Signal (Ge) 100 4.0 mA 5 uA 1.0
Signal (Ge) 90 5.0 MA 1.0
Fast Switch 90 75 mA 25 nA 0.8
Signal 75 10 mA 25 nA 450 mA 1.0
Signal 100 100 mA 50 nA , 1.0
Rectifier 50 1A 0.03 mA 30A 1.1
Rectifier 100 1A 0.03 mA 30A 1.1
Rectifier 200 1A 0.03 mA 30A ‘e 1.1 ®
Rectifier 400 1A 0.03 mA 30A 1.1
Rectifier 1000 1A 0.03mA 30A 1.1 v,
Rectifier 200 3A 500 pA 200 AL ) |
Rectifier 600 3A 500 nA 200 A
Rectifier 1000 3A 500 pA 200 A
Schottky 20 1A 1 mA 25A 0.75

. -Schottky 30 1A 25A

Schottky 40 1A 25 A 0.90
Schottky 40 3A
Schottky 70 15 mA 50 mA 0.41
Schottky 8 1mA 100 nA 10 mA 0.34
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Diodes come in a variety of different packages. Some are standard two-lead deg]
others are high-power packages with heat-sink attachments (e.g., TO-220, DO-5
Some come in surface-mount packages, and others contain diode arrays in IC form;
used for switching applications. Dual-diode and diode-bridge rectifiers also come jnz
avariety of package sizes and shapes for varying power levels. i

4.2.5 Diode/Rectifier Applications

Voltage Dropper

DC oppliccn‘ion When current passes through a diode, there is a voltage drop
across it of about 0.6 V, for a silicon p-n junction diode. (Ger-
manium diodes have around a 0.2-V drop; Schottky, around
06v" 0.4V—all these values vary slightly, depending on the specific

i DI INoI4 diode used.) By placing a number of diodes in series, the total

o +4.4Y voltage drop across the combination is the sum of the individ-
D2 IN9I4 ual voltage drops across each diode. Voltage droppers are
INOI4

: +5V
1

\38V often used in circuits where a fixed small voltage difference
' between two sections of a circuit is needed. Unlike resistors

that can be used to lower the voltage, the diode arrangement
32V typically doesn’t waste as much power to resistive heating and
R i32mA will supply a stiffer regulated voltage that is less dependent

on current variations. Later in this chapter, you'll see that a
single zener diode can often replace a multiple series diode
arrangement like the one shown here.

FIGURE 4.15

Voltage Regulutor
Here’s a spin-off of the last circuit, making use of the
Re= 1V, = Vol 1 three diodes to create a simple regulated (steady) low-
voltage output equal to the sum of the threshold volt-
8 '8 ages of the diodes: 0.6V + 0.6V +0.6V =1.8V.The series
: +18V  resistor is used to set the desired output current (I)
l36mA
l82mA

and should be equal to:

|N4I48 -3

R g2 Yo~ Veu
K 1

I 8V
1N4|46
Diodes and the series resistor must have proper power
= ratings for the amount of current dgawn. Use P = IV.
Note that for higher-power critical voltage sources,
you'll typically use a zener diode regulator or, more
commonly, a special regulator IC instead.

1N4!48

FIGURE 4.16

Reverse-Polarity Protection

Battery reversal or power polarity reversal can be fatal to portable equipment. The
best design is to use a mechanical block to safeguard against reverse installation.
However, even momentarily fumbling around and making contacts can lead to
problems. This is especially true for one or more single-cell battery applications that
use AA-alkaline, NiCad, and NiMH batteries. For these systems you must ensure
that any flow of reverse current is low enough to avoid damaging the circuit or the
battery.
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Ext power Parallel (Shunt} Diode
IN9I4 connector

el S
— % V- 06V e
T 12V _ B —T _ ‘ II

High impedance battery

eries Diode Meter Protection

URE 417 Series diode: This is the simplest battery-reversal protection. It can be used with external power connections,
- plug-and-jack.The diode allows current from a correctly installed battery to flow to load, but blocks current flow from
ackward-installed battery. The drawback with a series diode is that the diode must handle the full load current. Also, the
rward voltage drop of the diode shortens the equipment’s operating time—cuts off about 0.6V right away. Schottky diodes
with low thresholds can do better. See Problem 1 at the end of Section 4.2 for another reverse-polarity protection circuit.
arallel diode: In applications that call for alkaline or other batteries that have high output impedances, you can guard
inst reverse installations by using a parallel (shunt) diode, while eliminating the diode’s voltage drop. This approach

ects the load but draws high current from the backward-installed battery.The diode must be properly rated for current
d power. Another application of the parallel diode is in meter protection, where it acts to divert large currents entering

egative terminal of the meter.
Note: In more sophisticated battery-powered designs, special ICs or transistor arrangements are used to provide essen-
y zero voltage drop protection, while providing a number of other special features, such as reverse polarity protection,
al shutdown, and voltage level monitor.

Transient Suppression with Fly-Back Diodes

sient Protection When current flowing through an inductor is sud-
denly switched off, the collapsing magnetic field
will generate a high-voltage spike in the inductor’s
coils. This voltage spike or transient may have an
amplitude of hundreds or even thousands of volts.
This is particularly common within ‘relay coils. A
Induciive diode—referred to as a fly-back diode for this type
A SPike of application—placed across the relay’s coil can
protect neighboring circuitry by providing a short
circuit for the high-voltage spike. It also protects
the relay’s mechanical contacts, which often get
viciously slapped shut during an inductive spike.
Notice, however, that the diode is ineffective dur-
ing turn-on time. Select a rectifier dipde with
sufficient power ratings (IN4001, 1N4002, etc.).
Schottky rectifiers (e.g., IN5818) work well, too.

Here’s a more practical example for drivigg a relay
that contains an extra diode placed across a tran-
sistor driver in order to protect the transistor from

RY; Absorbs spikes that
damage due to inductive spikes generated from

could be passed to
jl_ 21 supply rail

-—w/—l

<—~O0—ao

Relay ||t IN4QOI =
O
> D2 Protects
- *— relay

‘a IN4001

06Y Prote_cts
transistor

—

]
G

With no diodes

+V
o —
V-

With only diode DI
+V __i
ov

e/

With both diodes DI & D2
+08Y

ot E T

¥
ov
o5/

Apple Inc.

the relay’s coil when the transistor is turned off.
This arrangement also deadens spikes during
turn-on time. This dual diode arrangement is
sometimes used in voltage regulator circuits,
where one diode is wired from the output to the
input and another is wired from ground to the out-
put.This prevents any attached loads from sending
damaging spikes back into the IC’s output.
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Motor Inductive Kickback Protection Here’s another example of how inductive kickback
from a motor that is running and then suddenly

oY, turned off can generate a voltage transient that can
potentially damage connected electronics—in thig
Without Diode case, a 2N2907 transistor. The diode reroutes or
shorts the induced voltage to the opposite termina]
of the motor. Here a 1N5818 Schottky diode ig
L cevrse used—though you could use other p-n junction

voltage spke types, too. The Schottky diode happens to be a bit
With Diode faster and will clip the transient voltage a bit lower
o down—at around 0.4V.

I Note: Devices such as TVs and varistors are
vk specially designed for transient suppression. See
the section on transient suppressors later in this

FIGURE 4.18 (Continued) chapter.

49V

Diode Clamps

Diode clamps are used to clip signal levels, or they can shift an ac waveform up or
down to create what's called a pulsing dc waveform—one that doesn’t cross the 0-V

reference.

Adjustable Waveform Clipper In the adjustable waveform clipper circuit,
the maximum output is clipped to a level
10K determined by the resistance of the poten-
IN o AN ‘, ouT tiometer. The idea is to set the negative
4V, +V +Ve end of the diode to about 0.6V higher than
I the maximum desired output level, to
ov VT ov account for the forward voltage drop of
10K IN9I4 lor equiv) the diode. That’s what the potentiometer
-V, -Ve is intended to do.+V should be a volt or so

% i () higher than the peak input voltage.
Adiustable Attenuator The adjustable attenyator is similar to the,

last circuit, but the a#flditional opposing
diode allows for clipping on both positive

and negative swings.You can use separate

ouT potentiometers if you want separate posi-
tive and negative clipping level control.
+V should be a volt or so higher than the
peak input voltage.

IN914 (or equiv)

Diode Voltage Clamp (DC Restoration) The diode voltage clamp provides dc
restoration of a signal that has been ac-

coupled (capacitively coupled). This is im-
portant for circuits whose inputs look like

g diodes (e.g., a transistor with grounded
emitter); otherwise, an ac-couple signal

would fade away.

FIGURE 4.19
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Rectifier Circu

/dve Rectifier

v

Hot 10V (RMS), 60 ‘@

Fuse

Vems

3 |

120V/10V (RMS) -
Transformer

Neutral

24V (RMS), 60 Hz

PANWAWLN

10.8V (AVE), 60 Hz

its

Vreok = 1.4 Viys

Vay = 0.45 Vims

Ripple = 121%/60Hz

Diode PIV rating > 1.4Veus
(capative load : > 2.8Vaus)

N AWAWAN

4.5V (AVE), 60 Hz

Vreak = 1.4 Virus

Vav = 0.9 Vrms

TNDA

i

1+ Ripple = 48%/120 Hz

Vims FiTo Diode PIV rating > 2.8Vrms

Iter
)

Ds

AN A WS

10.8V (AVE), 60 Hz

m
- 4BVAC (CT)
24-0-24

ov

24V (RMS), 60 Hz

WATATATA'AY

21.6V (AVE}, 120 Hz

1
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In the diode switch circuit, an input waveform
is ac-coupled to the diode through C; at the
input and C, at the output. R, provides a refer-
ence for the bias voltage. When the switch is
thrown to the ON position, a positive dc volt-
age is added to the signal, forward-biasing the
diode and allowing the signal to pass. When
the switch is thrown to the OFF position, the
negative dc voltage added to the signal reverse-
biases the diode and the signal does not get
through.

Half-wave rectifier: Used to transform an ac sig-
nal into pulsing dc by blocking the negative
swings. A filter is usually added (especially in
low-frequency applications) to the output to
smooth out the pulses and provide a higher
average dc voltage. The peak inverse voltage
(PIV)—the voltage that the rectifier must with-
stand when it isn’t conducting—varies with
load, and must be greater than the peak ac volt-
age (1.4 x V,;,,,). With a capacitor filter and a load
drawing little or no current, it can rise to 2.8 X Vi,
(capacitor voltage minus the peak negative
swing of voltage from transformer secondary).

Full-wave center-tap rectifier: This commonly
used circuit is basically two combined half-
wave rectifiers that transform both halves of an
ac wave into a pulsing dc signal. When design-
ing power supplies, you need only two diodes,
provided you use a center-tap transformer. The
average output voltage is 0.9 V., of half the
transformer secondary; this is th& maximum
that can be obtained with a suitable choke-
input filter. The peak output voltage is 1.4 X Vi,
of half the transformer secondary; this is the
maximum voltage that can be obtained from a
capacitor-input filter. The PIV impressed on
each diode is independent of the type of load at
the output. This is because the peak inverse
voltage condition occurs when diode A con-
ducts and diode B does not conduct. As the
cathodes of diodes A and B reach a positive
peak (1.4 V), the anode of diode B is at the
negative peak, also 1.4 Vi, but in the opposite
direction. The total peak inverse voltage is
therefore 2.8 V... The frequency of the output
pulses is twice that of the half-wave rectifier,
and thus comparatively less filtering is re-
quired. Since the diodes work alternately, each
handles half of the load current. The current
rating of each rectifier need be only half the
total current drawn from the supply.
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Full-Wave Bridge Rectifier

AC Line Voltage

120V (RMS), 60 Hz
Hot

ov -

10V (RMS}, 60 Hz

Fuse

AC
Line

Neutral- 120v/10V]| —

(RMS)
Transformer

FIGURE 4.20 (Continued)

-

=

.

Voltage Multiplier Circuits

Vreok = 1.4 Vms

Vav = 0.9 Vems

Ripple = 48%/120 Hz
Diode PIV rating > 1.4Virus

To
Filter

9V (AVE), 120 Hz

Half-Wave

Capacitor Voltages

AC Input DC Output XV,
Voltage Doubler LK+
D—ﬁ [—* f'i\ 2xVin{peak)
Vi 'y
RS S S
R " D
R 1 047uF De
ACLine 330 25V, wkoz 4 Vour = 2 x Vin{peak)
Voltage Mot | Bl oy
L T I g T Vour = 2.8 x Vin[RMS)
use
_ + Da,Ds PIV > 2.8Vin(RMS
o Vin ADy |G Vour ° RIS}
le(RMS) INd002 | 0.470F ]ZBV
14.1V(peak) s0v | AS
120V (RMS} .2 .
60Hz Neutral 120V/10V (RMS) /7L _ \

Transformer

C; voltage rating > ViNpeaks

C2 voltage rating > 2xVN(peok)

Full -Wave Voltage Doubler

AC Line

Just turned on Y: 10V IRMS)

Capacitor Voltages
vy, b

Volmge Hat R D + Vour = 2 x Vin{peak)
Fuse Vour = 2.8 x Vin(RMS)
+
' R2 Cy Da,Ds PIV > 2.8Vn(RMS)
) T Vou
120\/ (RMS) ¢ |
60Hz  Neutral AD G 1+ ;
¥
FIGURE 4.21

Full-wave doubler: During the positive half cycle of the transformer secondary voltage, D, conducts discharging C; to Viy (peak)
or 1.4 Vi (RMS). During the negative half cycle, Dy conducts, charging C, to the same value.The output voltage is the sum of the
two capacitor voltages, which will be 2 Viy (peak) or 2.8 Vyy (RMS) under no-load conditions. The graph shows each capacitor
alternately receiving a charge once per cycle. The effective filter capacitance is that of C; and G, in series, which is less than the
capacitance of either C; or C; alone. R, and R; are used to limit the surge current through the rectifiers. Their values are based on
the transformer voltage and the rectifier surge current rating, since at the instant the power supply is turned on, the filter capac-
itors look like a short-circuited load. Provided the limiting resistors can withstand the surge current, their current-handling
capacity is based on the maximum load current from the supply.The peak inverse voltage across each diode is 2.8 Viy (RMS).
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Full-wave bridge rectifier: This rectifier produceg
similar output as the last full-wave rectifier, b
doesn’t require a center-tap transformer, T
understand how the device works, follow the
current through the diode one-way gates. N,
that there will be at least a 1.2-V drop from zerq..
to-peak input voltage to zero-to-peak (mtput,.’
voltage (there are two 0.6-V drops across a pair
of diodes during a half cycle). The average do
output voltage into a resistive load or choke.
input filter is 0.9 x V,,, of the transformer’s sec-
ondary; with a capacitor filter and a light load,
the maximum output voltage is 1.4 X V... The
inverse voltage across each diode is 14V,
there the PIV of each diode is more than 14V,

See the following text for the pros and cong
of the various rectifier configurations.

Half-wave voltage doubler: Takes an ac input volt-
age and outputs a dc voltage that is approxi-
mately equal to twice the input’s peak voltage
(or 2.8 times the input’s RMS voltage). (The
actual multiplication factor may differ slightly,
depending on the capacitor, resistor, and load
values.) In this circuit, we take Vi to mean the
secondary voltage from the transformer. Dur-
ing the first negative half cycle, D; conducts,
charging C, to the peak rectified voltage Viy
(peak), or 1.4 Viy (RMS). During the positive
half cycle of the secondary voltage, D, is cut off
and Dy conducts, charging capacitor C,. The
voltage delivered to C, is the sum of the trans-
former peak secondary voltage, Vix (peak) plus
the voltage stored in C;, which is the same, so
the sum gives 2 Viy (peak), or 2.8 Viy (RMS). On
the next negative cycle, Dy is nonconducting
and G, will discharge into an attached load. If
no load is present, the capaeitors will remain
charged—C; to 1.4 Vi (RMS), C, to 2.8 Vix
(RMS). When a load is connected to the output,
the voltage across C, drops during the negative
half cycle and is recharged up to 2.8 Viy (RMS)
during the positive half cycle. The output wave-
form across G, resembles that of a half-wave
rectifier circuit because C; is pulsed once every
cycle. Figure 4.21 shows levels to which the two
capacitors are charged throughout the cycle.In _
actual operation, the capacitor will not dis-
charge all the way to zero, as shown.
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/oltage Tripler

Pros and Cons of the Rectifier Circuits

Comparing the full-wave center-tap rectifier and the full-wave bridge rectifier,
you'll notice both circuits have almost the same rectifier requirements. However,
the center-tap version has half the number of diodes as the bridge. These diodes
will require twice the maximum inverse voltage ratings of the bridge diodes (PIV >
2.8 V1, as opposed to >1.4 V). The diode current ratings are identical for the two
circuits. The bridge makes better use of the transformer’s secondary than the cen-
ter-tap rectifier, since the transformer’s full winding supplies power during both
half cycles, while each half of the center-tap circuit’s secondary provides power
only during its positive half-cycle. This is often referred to as the transformer utiliza-
tion factor, which is unity for the bridge configuration and 0.5 for the full-wave cen-
ter-tap configuration.

The bridge rectifier is often not as popular as the full-wave center-tap rectifier in
high-current, low-voltage applications. This is because the two forward-conducting
series-diode voltage drops in the bridge introduce a volt or more of additional loss,
and thus consume more power (heat loss) than a single diode would within a full-
wave rectifier.

In regard to the half-wave configuration, it’s rarely used in 60-Hz rectification for
other than bias supplies. It does see considerable use, however, in high-frequency
switching power supplies in what are called forward converter and fly-back con-
verter topologies.

Vour,de

opposite half of the cycle, D, conducts and C, 1§ charged
half cycle.) At the same time, D; conducts, and with the
/J7 T Voltage quadrupler: Works in a similar manner as the
when the output current drain is low and the capaci-
on the output current drain. Capacitor dc ratings are
Cy—Greater than 2 Vi (peak) or 1.4 Viy (RMS)

Voltage tripler: On one half of the ac cycle, C; and C; are
+ to twice Vix (peak), because it sees the transformer plus

transformer and the charge in G, as the sougce, G; is

previous one. In both these circuits, the output voltage

tance values high.

related to Vi (peak) by:

Cs—Greater than 3 Viy (peak) or 2.1 Vi (RMS)

charged to Viy (peak) through D;, D,, and D;. On the
T the charge in G, as its source. (D, is cut off during this
Cs
l G ’I‘ T , i charged to three times the transformer voltage.
° ) ;X
will approach an exact multiple of the peak ac voltage
Capacitance values are usually 20 to 50 pF, depending
C,—Greater than Vi (peak) or 0.7 Vin (RMS)
Cy—Greater than 4 Viy (peak) or 2.8 Viy (RMS)
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Diode Logic Gates

0 0 O | OFF
RU 0 0 I | OFF
P oo o
RD | 0 0| OFF
10K | 0 | | OFF
= I I 0| COFF
Out
[ . 0
B § < N
RD R2 4. Low-on
10K 3 =HGH=9v
C5 ¢ 1 N
RD -
10K
Cathodes h_eld low by pull-down resistors RD. The diodes are forward
biased and the output is held low. If two diodes are taken high to
reverse bias them, the remaining diode still holds the output low. A B
and C must all be taken high to make the output go high.

OR Gate A B C LD
0 0 0/ O0FF
0 0 | ON
A 0 | 0] ON
RI 0o 1 1 ON
I 0 0] ON
10K 0 | ON
= I 10 ON
Out
B () FI [ | ON
R2 0=LOW=GND
10K | = HIGH = +9V.
: N
R3 -
10K
Both anodes and cathodes of the diodes are held low, and the output
is low. If A B or Cis taken high; then the corresponding diode is
forward biased and the output goes high.

FIGURE 4.23 These simple diode logic gates are useful for learning the basics of digital logic, and can bealso be adapted
for non-logic-level electronics (e.g., higher-voltage and power analog-like circuits)—see the following battery-backup
example (Fig. 4.24). When designing high-power circuits, make sure your diodes have the proper PIV and current ratings -
for the job. It’s also important to note that the recovery time of power diodes won't be as fast as digital logic ICs or fast

switching diodes.

Battery Backup

CLOSED : +2v +1.4V

ov +8.4V

OPEN: b l
' .

AC‘,—ol/o-— + g

GND

N OUT—p>

- D2
12V Wall +
Adapter

—i |1

FIGURE 4.24

5V Regulator

+BY
supply
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Devices are powered by a wall adapter with bat-
tery backup, typically diode-OR for the battery .
and wall-adapter connectiors, as shown in Fig.
4.24. Normally if the switch is closed, power is
delivered to the load from the 12-V wall adapter
through D;; D, is reverse-biased (off), since its
negative end is 2.4V more positive than its posi-.
tive end. If power is interrupted (switch opened),
D, stops conducting, and the battery kicks in,
sending current through D, into the load; D
blocks current from flowing back into the wall -
adapter. There is a penalty for using diodes for «
battery backup, however, since the diode in
series with the battery limits the minimum volt
age at which the battery can supply power
(around a 0.6-V drop for silicon p-n junction,
0.4V for Schottky). Better battery-backup de
signs implement transistors or special ICs that
contain an internal comparator which switches
over battery power through a low-resistance
transistor without the 0.6-V penalty. Check out
MAXIM’s website for some example ICs.

Exhibit 1013  Page 82



Chapter 4: Semiconductors 429

rier k,g'ncﬂ Rectified signal  Filtered (oudio signall Diodes are often used in the detection of
~ amplitude modulated (AM) signals, as demon-
L.nM!lh._.anMn_ L_/\l\_ strated in the simple AM radio in Fig. 4.25.

: Within an AM radio signal, an RF carrier signal

& of constant high frequency (550 to 1700 kHz)
RF Rectifier Fitter has been amplitude modulated with an audio

| TQOQF i — N signal (10 to 20,000 Hz). The audio information
~ U Tohigh-z is located in duplicate in both upper and lower

2 1 c earphone or to sidebands, or the envelope of the AM signal.

(S Cure 8%k T e Omelifier via Here, an antenna and LC-tuning circuit act to

365pF coupling “resonate” in on the specific carrier frequency

{ copacitor of interest (transform radio signal into corre-

f sponding electrical signal). A signal diode (e.g.,
1N34) is then used to rectify out the negative

iiter has time constant that is long compared to period portion of the incoming signal so it can be
‘but short compared to period of audio signal. manipulated by the next dc stages. The recti-

fied signal is then stripped of its high-
frequency carrier by passing through a
low-pass filter. The output signal is the audio
signal. This signal can be used to drive a simple
crystal earpiece, a modern sensitive head-
phone, or a telephone receiver earpiece. (Low-
impedance earphones or speakers will require
additional amplification via a coupling capaci-
tor of 1 uF or so.)

Diode Termination

Ve Schottky diode termination can be used to counteract the high-speed

transmission line effects, which cause over/undershoots from signal

“ansmission Line DI Receiver r:?ﬂecti.ons, reduce noise ma‘rginsf an.d destm}'f timing. These types of
distortions can cause false triggering in clock lines and erroneous data

‘I on address, data, and control lines, as well as contribute significantly to
L DI clock and signal jitter. For applications where transmission line imped-

ance is variable or unknown, it’s not possible to specify a termination

= = resistance value—an alternative is needed. The Schottky diode termina-
tion has the ability to maintain signal integrity, save significant power, ®
and permit flexible system design. A Schottky diode terminZton con-
sists of a diode series combination, where one diode clamps to Vcc, or
supply voltage, and the other to ground. The diodes at the end of the
transmission line minimize the effect of reflection via a clamping opera-
tion. The top diode clamps voltages that exceed Ve by the forward-bias
threshold limit. This clamping will minimize overshoots caused by
reflections. For falling edge signals, a clamp diode to ground affects a
similar termination. This clamping function does not depend on match-
ing the transmission line characteristic impedance, making it useful in
situations where the line impedance is unknown or variable.
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Read-Only Memory (ROM)

o Select K EE K % K é K :% NBL.::'?I;Zr
Switches 239201 00
o s KA XA L,
| """O_LC / / )g 00601
2 ’_‘O‘J—C / )P/ ‘)K 0010
3 """O_LC / )‘ 0011
s XA
5 »—-—-O_LC / ‘)K 0101
6 ’_O—I_o X ’)K 0110
7 »——O'_Lé / (U
8 *‘_O_Lo )e/ X )g 1000
9 '—O—LCOFF 5 X / 1001
LEDS: 4~ %i* !!3\ %g ![@
= 2° 22 2t 2
FIGURE 4.27

4.2.6 Zener Diodes

This circuit is a simple read-only memory
(ROM) made with diodes. Here, the ROM actg
as a decimal-to-binary encoder. With no but-
tons pressed, all LEDs are lit. If 1 is pressed,
current from the supply is diverted away from
the 2%, 2% and 2' lines via the diodes to ground,
but is allowed to pass on the 2’ line, thus pre-
senting 0001 on the LED readout. In reality,
using a PROM such as this for encoding—or
anything else, for that matter—isn’t practical.
Usually there is a special encoder IC you buy
or you simply take care of the encoding—say,
with a multiplexed keypad that’s interfaced
with a microcontroller—the actual encoding is
taken care of at the programming level. At any
rate, it’s a fun circuit, and this gives you a basic
idea of how read-only memory works.

A zener diode acts like a two-way gate to current flow. In the forward direction, it’s
easy to push open; only about 0.6 V—just like a standard diode. In the reverse direc-
tion, it’s harder to push open; it requires a voltage equal to the zener’s breakdown volt-
age V. This breakdown voltage can be anywhere between 1.8 and 200 V, depending
on the model (IN5225B =3.0 V, 1IN4733A=5.1V, IN4739A =9.1V, etc.). Power ratings
vary from around 0.25 to 50 W.

-
Zener Water Analogy Zener IV Curves | |
/,‘Q“??Z
- . : H 1 \J ’
Forward Biasing Reverse Biasing IN4T42 Veltdown
| a7 Y.
cathode OV Cathode +1BY ‘ l'N‘*z‘?'a '
A ;O'ﬁv" 29 5
v i Y, i Ve e
B NN 171 0t
12V 1% 12v |5 regutation region |
b v e
Spring R
C
Anode  +BY Anode  QV é:f) = i

FIGURE 4.28 The reverse-bias direction is the standard configuration used in most applications, along with a series resis-
tor. In this configuration, the zener diode acts like a pressure release value, passing as much current as necessary to keep
the voltage across it constant, equal to V. In other words, it can act as a voltage regulator. See application in Fig. 4.29.
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Zener Voltage Regulator

These circuits act as voltage regulators, preventing any supply voltage or load cur-
rent variations from pullin

g down the voltage supplied to the load. The following
explains how the zener diode compensates for both line and load variations.

400
k

_ 300
z kb
= 200
£ hos
3 100

0

8 9 10 1 12

Line Voltage V)

Regulated Load

Z,min is the min. current to maintain a constant V3.

zjmox is the maximum allowable zener current.

. h
Regulated Line 40
30
/ -
IR l E
40mA 7 5 20
y 310
? /1 Riows N
25mi 200 400 600 800 IK . N
SmA to SmA Load Resistance (€
200Q2 to 1K)

! Unregulated Load

g

L J
it will cause an increase in line current. Since the load
current will result in an increase in zener current, thus
s less line current results, and Jess current is passed by the
ner. See graph in Fig. 4.29, top right.

oad regulation example: If the load voltage attempts to decrease as

nt), the increase in load current is offset by the decrease in zener current.The voltage across the load will remain fairly
onstant. If the load voltage attempts to increase dus to an increase in load resistance (decrease in load current), the
ease in load current is offset by an increase in zener current. See graph in Fig. 4.29, bottom right.
e following formulas can be used when selecting the component values:

a result of decreased load resistance (increased load

I/ix'u'nin_‘/ I/inmax"‘/ ?
Ro= Yomo Ve | o (Vopa=Vy
Ilmin + IL,max RS

(Vin,max - VZ)

S

Prmax =V,
e Problem 3 at end of this section for a design example.
Note that zener regulators are somewhat temperature dependent and aren

regulator IC, though more expensive,

; ,is less dependent on temperature
ey-do typically use an internal zener to supply the reference, nonetheless.

't the best choice for critical applications. A
variations due to an internal error amplifier,
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Selection of Popular Zener Diodes

Zener Diode Packages

Common Common
Cathode Anode

EIEYEY

BZX Isolated
REREES

o) 4

Dual Surface Mount

DO-35, DO-41

SM-1

@ SOD-[23

DL-41 L ¥
L1l

MMBZ Isolated

FIGURE 4.30
TABLE 4.2
CASE AND POWER RATING
AXIAL LEAD SURFACE MOUNT
ZENER VOLTS
VZ VOLTS 500 MW 1w 5w 200 MW 500 MW 1w
24 1N5221B BZX84C2V4, MMBZ5221B BZT52C2V4
2.7 1N5222B BZX84C2V7 BZ152C2V7
3.0 TN5225B BZX84C3V0, MMBZ52251B BZT52C3V0, ZMM5225B
3.3 1N5226B | TN4728A IN5333B | BZX84C3V3, MMBZ5226B BZT52C3V3, ZMM5226B ZM4728A
3.6 1N5227B 1N4729A 1N5334B | BZX84C3V6, MMBZ5227B BZT52C3Vé, ZMM5227B
3.9 1N5228B 1N4730A TN5335B | BZX84C3V9, MMBZ5228B BZT52C3V9, ZMM5228B ZM4730A
4.3 1N52298 1N4731A TN5336B BZ152C4V3, ZMM5229B ZMA4731A
4.7 1N5230B TN4732A 1N5337B | BZX84C4V7, MMBZ5230B BZT52C4V7,ZMM5230B IMA732A
5.1 1N5231B TN4733A TN5338B | BZX84C5V1, MMBZ5231B BZT152C5V1,ZMM52318B SMAZ5V1, ZM4733A
5.6 1N5232B TN4734A 1N5339B | BZX84C5V6, MMBZ5232B BZT52C5Vé6, ZMM52328 SMAZ5V6, ZM4734A
6.0 1N5233B 1N5340B BZ152C6V0, ZMM52330B
6.2 1N5234B TNA735A 1N5341B | BZX84C6V2, MMBZ5234B BZT52C6V2, ZMM5234B SMAZ6V2,ZM4735A
6.8 1N5235B TNA736A 1IN5342B | BZX84CéV8, MMBZ5235B BZT52C6V8, ZMM52358B SMAZ6V8, ZM4736A
75 1N5236B TNA737A 1N5343B | BZX84C7V5, MMBZ5236B BZ152C7V5, ZMM5236B SMAZ7V5, ZM4737A
8.2 1IN5237B 1N4738A 1N5344B | BZX84C8V2, MMBZ52378B BZT52C8V2, ZMM52378B SMAZ8V?2, ZM4738A
8.7 1N5238B 1N5345B BZT52C8V7, ZMM5238B
9.1 1N5239B TN4739A IN5346B | BZX84C9V1, MMBZ5239B BZT52C9V1, ZMM5239B SMAZ9V1, ZM4739A
10.0 1N5240B 1N4740A 1NS347B | BZX84C10 BZT52C10, ZMM5240B SMAZ10, ZM4740A
11 1N52418 TN4741A 1N5348B | BZX84C11, MMBZ5241B BZT52C11,ZMM5241B ZMA4741A
12 1Nb242B 1N4742A 1N5349B | BZX84C12, MMBZ5242B BZ152C12, ZMM52428 SMAZ12,ZM4742A
13 TN5243B TNA743A TIN5350B | MMBZ5243B BZT52C13, ZMMb5243B ZMA743A
14 1N5244B 1N5351B BZ152C14, ZMM5244B
15 TN5245B TNA744A 1N5352B | BZX84C15, MMBZ52458 BZT52C15, ZMM52458 SMAZ15,ZM4744A
16 TN5246B TN4745A 1N5353B | BZX84C16, MMBZ5246B BZ152C16, ZMM52468 SMAZ16,ZM4745A
17 1N52478B 1N5354B ZMM5247B .
18 1N5248B INA746A 1N5355B | BZX84C18, MMBZ52488 BZT52C18, ZMM5248B SMAZ18, ZM4746A
19 1N5249B 1N5356B ZMMb52498
20 1N5250B TN4747A 1N5357B | BZX84C20, MMBZ5250B BZ152C20, ZMM5250B SMAZ20, ZM4747A
22 1N5251B 1N4748A 1N5358B | BZX84C22, MMBZ5251B BZ152C22,ZMM5251B SMAZ22,ZM4748A
24 1N52528B 1N4749A 1N5359B | BZX84C24, MMBZ5252B BZT152C24, ZMM5252B SMAZ24, ZM4749A
25 1N5253B TN5360B ZMM5253B
27 1N5254B 1N4750A 1IN5361B | BZX84C27, MMBZ5254B BZT152C27, ZMM5254B SMAZ27,ZM4750A
28 TN5255B 1N5362B | MMBZ5255B ZMM5255B
30 1N5256B 1N4751A 1N5363B | BZX84C30 BZT52C30, ZMM5256B SMAZ30,ZM4751A
33 1N5257B 1N4A752A 1N5364B | BZX84C33 BZT52C33, ZMM5257B SMAZ33, ZM4752A
36 1N5258B 1N4753A 1N5365B | BZX84C36, MMBZ5258B BZT52C36, ZMM5258B SMAZ36, ZM4753A
39 1N5259B TN4754A TN5366B | BZX84C39, MMBZ5259B BZT52C39, ZMM52598 SMAZ39,ZM4754A
43 1N5260B TN4755A 1N5367B BZT52C43, ZMM5260B ZM4755A
47 1N52618 1N4756A 1N5368B BZT52C47,ZMM5261B ZMA756A
51 1N5262B 1IN4757A 1N5369B BZT52C51, ZMM5262B ZMA757A
56 1N5263B 1N4758A 1N5370B ZMA4758A
60 TN5264B 1IN5371B
62 1N5265B TN4759A 1N5372B ZMM5265B ZMA759A
68 1N5266B TN4760A 1N5373B ZMM52668B ZM4760A
75 1N52678B 1N4A761A 1N5374B ZMA4761A
82 1N5268B IN4762A 1N5375B ZM4762A
87 1N52698
91 1N52708B IN4763A 1N53778 IMA763A
100 IN52718 TN4764A 1N56378B ZMA4764A
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)7 Zener Diode Applications
it Supply from Single Transformer Winding

100 R Here’s a method for obtaining a split supply
v A ‘/\j\' . o + from a non-center-tapped transformer using
two zener diodes. Z; and Z, are selected of
+ Z equal voltage and power rating for desired
c -~ ov split voltage and load. As with the previous
1000F 7 L example, the temperature dependency of the
2 zener diodes makes this arrangement less
O — accurate than a supply that uses two separate
Ro=(V,-V) 1 regulator ICs. However, it’s a simple alterna-
tive for noncritical applications. See Chap. 10

on power supplies.

vefbrm Modifier and Limiter

Two opposing zener diodes act to clip both halves of an
input signal. Here a sine wave is converted to a near

30V 7 “ov squarewave. Besides acting to reshape a waveform, this

IN52258 f 'o'v W arrangement can also be placed across the output terminal
a0V 7 -a0v of a dc power supply to prevent unwanted voltage tran-
i B

IN52258 sients from reaching an attached load. The breakdown

M O voltages in that case must be greater than the supply volt-
age, but smaller than the maximum allowable transient
voltage. A single bidirectional TVS does the same thing—
see the section on transient suppressors.

4 Yy This circuit shifts the input voltage down by an

amount equal to the breakdown voltage of the

51V zener diode. As the input goes positive, the zener

' doesn’t go into breakdown until it reaches 5.1V

V., ov 06V ! (for the 1N5281B). After that, the output follows
\ ¥

the input, but shifted 5.1 V below it*When the
input goes negative, the output will follow the
input, but shifted by 0.6 V—the forward threshold
voltage drop of the zener.

5V, IA Regulator Zener diodes can be used to raise the level of a voltage regulator and obtain dif-
7805 v ferent regulated voltage outputs. Here 3-V and 6-V zener diodes are placed in

out 14V series to push the reference ground of a 5-V regulator IC up 9V to a total of 14 V.
Gnd Note that in real designs, capacitors may be required at the input and output. See

the section on voltage regulator ICs.

In

—0 9V
IN52258

Bv

IN52338

i—o
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Overvoltage Protection

Jack Fuse

<

If excessive voltage is applied to the jack (say, via an incorrectly rated wa]]
+ plug-in supply), the zener diode will conduct until the fuse is blown. The
breakdown voltage of the zener should be slightly above the maximum
tolerable voltage that the load can handle. Either a fast- or a slow-blow
fuse can be used, depending on the sensitivity of the load. The current

FIGURE 4.35

and voltage ratings of the fuse must be selected according to the
expected limits of the application. Note that there are other, similar over-
voltage protection designs that use special devices, such as TVSs and
Varistors. These devices are cheap and are very popular in design today.

I~

Increasing Wattage Rating of Zener

+V Here’s a simple circuit that effectively increases the wattage ratting
(current-handling capacity) of a zener diode by letting a power transis-
Rs tor take care of the majority of the regulating current. The zener itself
takes a small portion of the total current and creates a base voltage/cur-
2 rent (with the help of the base-to-ground resistor) that changes the col-
z IIZ\LN lector-to-emitter current flow according to any variations in line or load
400mw
m ON3055 " current.
470 !
112W l
FIGURE 4.36
Simple LED Voltmeter
+ 0 Here’s a simple circuit voltmeter that uses the
R2 R3 R4 R5 R6 R7 sequence of zener diodes with increasing
330 470 680 IK 1.2K 1.5K breakdown voltages. LEDs glow in sequence as
the input voltage rises. It’s okay to use different
R zener diodes so long as the series resistors
Veltage -l i v 12V - 5l limit current througthED to a safe level. Most
(IN5231B) | (IN5233B) | (IN5239Bl | (IN5242B] | (IN52428B) | (IN5246B) X
b0te Ia¥1 = LEDs are happiest around 20 mA or so.You can
e 2 e e e R calculate the worst-case sgenario to be at the
5-V LED leg when V;, = 16 V. If you're looking
-0 for more sophistication, you can always use
FIGURE 4.37 an analog-to-digital converter, along with a

microcontroller and LCD or LED display.

4.2.8 Varactor Diodes (Variable Capacitance Diodes)

A varactor or variable capacitance diode (also called a varicap) is a diode whose junc-
tion capacitance can be altered with an applied reverse voltage. In this way, it acts as
a variable capacitor. As the applied reverse voltage increases, the width of its junction
increases, which decreases its capacitance. The typical capacitance range for varac-
tors ranges from a few picofarads to over 100 pF, with a maximum reverse voltage
range from a few volts to close to a hundred volts, depending on device. (Many stan-
dard diodes and zener diodes can be used as inexpensive varactor diodes, though the
relationship between reverse voltage and capacitance isn’t always as reliable.)

The low capacitance levels provided by a varactor usually limit its use to high-
frequency RF circuits, where the applied voltage is used to change the capacitance of
an oscillator circuit. The reverse voltage may be applied via a tuning potentiometer,
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which acts to change the overall frequency of an oscillator, or it may be applied by a
modulating signal (e.g., audio signal), which acts to FM-modulate the oscillator’s
high-frequency carrier. See the examples that follow.

When designing with varactor diodes, the reverse-bias voltage must be abso-
lutely free of noise, since any variation in the bias voltage will cause changes in
capacitance. Unwanted frequency shifts or instability will result if the reverse-bias
voltage is noisy. Filter capacitors are used to limit such noise.

Varactors come in both single and dual forms. The dual varactor configuration
contains two varactors in series-opposing, with common anodes and separate cath-
odes. In this configuration, the varactors acts as series capacitors that change capaci-
tance levels together when a voltage is applied to the common anode lead. See
“Oscillator with Pot-Controlled Varactor Tuning.”

FM modulation: FM (frequency modulation) is
produced when the frequency of a carrier is

FM Output Signal
uiput Sig changed instantaneously according to the

— '.__() magnitude of an applied modulating signal.
(The frequency of the carrier is usually in the
_[ megahertz, while the modulating signal is typ-
ically in the hertz to kilohertz range, e.g., audio
modulating radio signal.) One way to produce

(RFC) ina Si
l-——‘) MOdw?rt:;St Signal FM is to use a voltage-controlled oscillator. The
oscillator will have an output frequency pro-
MV2201 /\/ portional to the modulating signal’s ampli-
tude. As the amplitude of the modulating

Car iér frequency

utput if no modulating
put sngnol present

signal increases, the frequency of the carrier
increases. Here a Colpitts LC oscillator uses a
varactor diode in place of one of its regulator
capacitors that form the tuned circuit. The
modulating voltage is applied across the diode
and changes the diode’s capacitance in propor-
tion. This causes the oscillator frequency to
change, thus generating FM in the process. L,
(RFC) is a radiofrequency choke that prevents
high-frequency signals from feeding backing
into the modulating source. C; and C, are ac-
coupling capacitors. The rest of the compo-
nents go into making the Colpltts oscillator.

140

Varactor Diode

Capacitance [pF

Reverse Voltage V)

'Iquor with Pot-Controlled Varactor Tuning

Unlike the preceding circuit, this circuit acts
00l simply as a variable high-frequency oscillator,

whose frequency is varied via a potentiometer
= (Ry). The voltage from the pot is applied to a
dual varactor diode D; through a low-
frequency filter (Cy, R,) to ensure that the var-
actor bias is clean dc. This alters the effective

LI

35 MHz 1000 pF RFC capacitance of the D;-L, tuned circuit, which
( changes the frequency of the entire oscillator.
) ) G, and Cgare de-blocking (ac-coupling) capaci-

tors. (; is an N-channel JFET in common drain
configuration with feedback to the gate
through C. R; is the gate bias resistor. R, is the
drain voltage resistor with filter capacitor CF.
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436  PRACTICAL ELECTRONICS FOR INVENTORS

4.2.9 PIN Diodes

PIN diodes are used as RF and microwave switches. To high-frequency signals, the
PIN diode acts like a variable resistor whose value is controlled by an applied do
forward-bias current. With a high dc forward bias, the resistance is often less than an
ohm. But with a small forward bias, the resistance appears very large (kiloohms) tq
high-frequency signals. PIN diodes are constructed with a layer of intrinsic
(undoped) semiconductor placed between very highly doped P-type and N-type
material, creating a PIN junction.

In terms of application, PIN diodes are used primatily as RF and microwaye
switches—even at high power levels. A common application is their use as trans-
mit/receive switches in transceivers operating from 100 MHz and up. They are also
used as photodetectors in fiber-optic systems. For the most part, you'll never need to
use them, unless you are a graduate student in electrical engineering or physics, or
are working for a high-tech firm.

RF Switching with PIN Diodes

Bias Supply Bias | Bias 2 At RF frequencies, switching is very finicky,

requiring special design techniques to mini-

mize signal contamination and degradation.

RF T RFC  RFC T Here are two switching circuits that make use of

B - PIN diodes. In the SPST switch circuit, a signal

] from a RF generator (VG), can be allowed to

Z PIN Diode PN Zy PIN 2 pass, or can be prevented from passing to the
Z, Zy Z, load by applying a bias voltage to the PIN diode.

The RFC is a high-frequency choke to prevent

RF from entering bias supply, while the capaci-

. ) ) tor to ground is used supply clean dc at the bias
Single Pole Single Throw (SPST
g ¢ Single Pole Double Throw (SPDT) input. The SPDT switch circuit is similar to the
FIGURE 4.40 first, but with, of course, two bias inputs.

4.2.10 Microwave Diodes (IMPATT, Gunn, Tunnel, efc.)

There are a number of diodes that you'll probably never have to“ﬁse, but they are
around nevertheless. These diodes are used for very special purposes at the high-
frequency end—microwave and millimeter wave (>20 GHz) range, often in micro-
wave amplifiers and oscillators. Most standard diodes and bipolar transistors usually
won't cut it at such high speeds, due to the relatively slow diffusion or migration of
charge carriers across semiconductor junctions. With the tunnel, Gunn, IMPATT, and
other diodes, the variable effects that lead to useful alterations in, say, an amplifier’s
gain or an oscillators resonant frequency, involve entirely different physics—physics
that allows for alterations at essentially the speed of light. The physics may be elec-
tron tunneling (through electrostatic barrier separating P-type and N-type regions,
rather than being thermionically emitted over the barrier, as generally occurs in a
diode)—tunnel diode. Or it may be due to a negative resistance at forward biasing
because of an increase in effective mass (slowing down) of electrons due to complex
conduction band symmetry—Gunn diodes, It may also be a negative resistance
resulting in electrons moving to higher, less mobile bands, reducing current flow
with applied forward bias—IMPATT diodes. Anyway, you get the idea—it’s hairy
high-frequency stuff that should probably be left to the experts. (Note: TRAPATT and
Baritt diodes are also used in microwave applications.)
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4.2.11 Problems

Problem 1: What does this circuit do? What's the final output voltage? What are the
individual voltage drops across each diode with plug tip-positive and plug tip-
negative? (Assume each diode has a 0.6-V forward voltage drop.) To prevent diode
meltdown, what would be the minimum load resistance, assuming 1N4002 diodes?

12V Power Plug
+ f—
_‘_o or _l_o
—— —

Tip Positive  Tip Negative

DI-D4: IN4002

Answer: Polarity protection circuit that will output the same polarity regardless of the
polarity applied to input. The final output voltage is 11.4 V. Tip-positive: VD, = 0.6 V,
VD,=114V,VD;=11.4V, VD,=0.6 V; Tip-negative: VD; =114V, VD,=0.6 V, VD;=0.6
V, VD,=11.4V. Load resistance should not drop below 11.4 Q, assuming 1N4002 diodes,
since they have a maximum current rating of 1 A. It's a good idea to keep the current to
around 75 percent of the maximum value for safety, so 15 Q would be a better limit.

Problem 2: What does the output look like for the circuit to the left in Fig. 4.42? What
happens if a load of 2.2K is attached to the output?

¢ I ° ¢ It
) AN ) AN
Sinewave  0.56pF Sinewave  0.56pF
|0V (RMS) A Vout 10V (RMS) Vout 22K
1000Hz IN4148 1000Hz IN4148
4 ’e) q -
y y

Answer: Clamp circuit, where the output is shifted so that it’s practically pure alter-
nating dc, for the exception of a 0.6-V negative dip due to the diode drop. This gives
a maximum peak of 27.6 V and a minimum of ~0.6 V. (Recall Ve = 141 X V,pe.) With
the load attached, the output level decreases slightly—the capacitor/loaét resistor
acts like a high-pass filter, with a cutoff frequency of 1/(2nRC). In simulation, the out-
put goes to 8.90 V(RMS) or 24.5 peak, —0.6 V minimum.

Problem 3: A 10- to 50-mA load requires a regulated 8.2 V. With a 12-V = 10 percent
power supply and 8.2-V zener diode, what series resistance is required? Assume
from the data sheets (or experimentation) that the zener diode’s minimum regulation
current is 10 mA. Determine the power ratings for the resistor and zener diode.

+§ ¢
Rs
Vin o

12V £10% R
Vz Vour Ei
8.2V 10 to 50mA

O
)] O

Answer: Vignax =132V, Vi min =108 V: Rs=(10.8 V-8.2 V)/(10 mA + 50 mA) =43 Q;
Pr=(132V-82V)/(43Q)=058W; P;=8.2V(13.2V ~82V)/(43 Q) =0.95 W. See
Fig. 4.29 for details.
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TABLE 4.3

DIODE TYPE

SYMBOL

MODE OF OPERATION

p-n Junction

== =
A —Pp— ¢

Acts as one-way gate to current-flow, from anode (A) to
cathode (C). Comes in silicon and germanium types. Both
require a forward-bias voltage to conduct; typically 0.6

to 1.7V for silicon, and 0.2 1o 0.4 V for germanium.

Used in rectification, fransient suppression, voltage
multiplication, RF demodulation, analog logic, clamps, fast
switches, and voltage regulation.

Schottky

Similar in operation to p-n junction diode, but designed with
special metal semiconductor junction instead of a p-n
junction. This provides for extremely low junction capacitance
that stores less charge. Results of this junction yield quicker
switching times, useful in fast clamping and high-frequency
applications approaching the gigaheriz range. Also, generally
has a lower forward-bias voltage of around 0.4V (average)—
but can be from 0.15 to 0.9 V or more.Used in similar
applications as p-n junction diode, but offers better low-signal
level detection, speed, and low-power loss in rectification due
to low forward threshold.

Zener

Conducts from A to C like p-n junction diode, but will also
conduct from C to A if the applied reverse voltage is greater
than the zener’s breakdown voltage rating V.. Acts like a
voltage-sensitive control valve. Comes with various breakdown
voltages—1.2V,3.0V,5.1V,6.3V,9V, 12V, etc., and power
ratings. Applications include voltage regulation, waveform
clipping, voltage shifting, and transient suppression.

LED & Laser

Light-emitting diode (LED) emits a near constant wavelength of
light when forward-biased (A > C) by a voltage of about 1.7 V.
Comes in various wavelengths (IR through visible), sizes, power
ratings, etc. Used as indicator and emiiting source in IR and
light-wave communications.Laser diode is similar to LED, but
provides a much narrower wavelength spectrum (about 1 nm
compared to around 40 nm for LED), usually in the IR region.
They have very fast response fimes (Ins). These features provide
clean signal characteristics useful in fiber-optic systems, where
minimized dispersion effects, efficient coupling, and limited
degradation over long distances is important. They are also
used in laser pointers, CD/DVD players, barcode readers, and
in various surgical applications. hd

Photo

Generates a current when exposed to light, or can be used to
alter current flow passing through it when the light intensity
changes. Operates in reverse-bias direction (current flows from
C to A) when exposed fo light. Current increases with light
intensity. Very fast response times (ns). Not as sensitive as
phototransistors, but their linearity can make them useful in
simple light meters.

Varactor
(Varicap)

Acts like a voltage-sensitive variable capacitor, whose
capacitance decreases as the reverse-bias voltage on the
diode increases. Designed with a junction specifically
formulated to have a relatively iarge range of capacitance
values for a modest range of reverse-bias voltages. Capacitance
range in the picofarad range, so they are usually limited fo RF
applications, such as tuning receivers and generating FM.

PIN,
IMPATT

Gunn, Tunnel,

efc.

Most of these are resistance devices used in RF, microwave,
and millimeter wave applications (e.g., amplifiers and
oscillators). Unique conduction physics yields much faster
response times when compared to standard diodes that use
charge carrier dispersion across a p-n junction.
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