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Unit 1

1.1 Bipolar Junction Transistors

Today, industrial electronic systems employ several devices that are described by the
term transistor. Each type of transistor has different characteristics and operational
conditions that are used to distinguish it from others. In the first part of this discussion, we
are concerned with the bipolar junction transistor. Structurally, this transistor is described
as bipolar because it has two different current-carrier polarities. Holes are positive current
carriers, whereas electrons are negative current carriers. Two distinct kinds of
semiconductor crystals are connected together by a common element. The structure of this
device is similar to that of two diodes connected back to back, with one crystal being common
to both junctions. The center material is usually made thinner than the two outside pieces.
Figure 1. 1 shows the crystal structure, element names, and schematic symbols of two

distinct types of bipolar transistors.

Collector — Collector

Base > Base >

N
P
N
Emitter —_— I— Emitter —_—

(A ) PNP transistor (B) NPN transistor

T

Fig. 1.1 PNP and NPN transistors

A bipolar transistor is primarily used as an amplifying device that regulates the amount
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of current that passes through it. Current from the energy source enters the emitter, flows
through the base region, and exits through the collector. Variations in collector current are
usually identified as the output of a transistor. Collector current is controlled by a small
change in base current. This relationship is described as current gain or beta. Expressed
mathematically,

collector-current
base-current

Current gain =

_ Ic
(Beta) = Al

The Greek letter delta of this formula indicates a change value. This is used to denote
the response of a transistor when ac values are applied. Conditions of this type are called
dynamic characteristics. Omission of the delta sign in a formula denotes dc or static operating
conditions.

All the current entering a transistor at the emitter is identified as emitter current, or Ig.
The collector current, or I¢, is always somewhat less than I;. The difference between I
and I is due to base current. Mathematically, this is base current (I;) = emitter current—
collector current

Iy = Iz — Ic
Example 1-1: Determine the base current of a bipolar transistor with an Iz of 11 mA and an
I- of 10.95 mA.
Solution:
I, = Iy — I = 11 mA —10. 95 mA = 0.05 mA or 0.05 X 10°A

Fig. 1. 2 shows the circuit connections of a simple NPN silicon transistor. Operation of
this circuit is based on a forward-biased emitter-base junction and a reverse-biased collector.
Forward biasing of the emitter-base junction is accomplished by connecting the negative side
of the dc source to the emitter and the positive side through Ry to the base. Reverse biasing
of the collector occurs when it is connected to the positive side of the source through resistor
R, . Collector current through R, is controlled by the forward-bias voltage of the emitter-
base junction.

In the operation of a single PN diode junction, forward biasing causes conduction and
reverse biasing causes nonconduction. In a transistor, this rule does not apply directly
because two junctions are involved. For example, when the emitter-base junction is forward
biased, it causes a large amount of I to enter the base region. Reverse biasing of the base-
collector junction would ordinarily restrict this current. But due to the thin base structure,
I; will immediately enter into the collector when it reaches the base area. Ultimately, this
current passes through the collector and appears as collector current I. or output current.
Forward biasing of the emitter-base junction therefore alters or reduces the reverse biasing
effect of the base-collector junction in normal transistor operation.

A transistor is primarily classified as a current-operating device. This means that the
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output or collector I¢ will occur only when the emitter-base junction is forward biased and
producing base current. When the base current ceases, collector current stops and the
transistor become nonconductive. This condition is called cut off on the other hand, if an
excessive amount of base current occurs, the transistor is driven into saturation. When this
condition occurs, a further increase in I will not cause a corresponding change in I.. When
amplitude control is being achieved, a transistor is rarely operated in the saturation region.

When a transistor is used as a switch, it usually operates in the saturation region.

I I
—— —
Ry,
Load
transistor resistor
Ry
Base V=9V Base Iy
resistor de source resistor de source
+

Fig. 1.2 NPN transistor circuits Fig. 1.3 PNP transistor circuits

The transistor amplifier circuit of Figure 1. 3 is a PNP counterpart of the previous NPN
circuit. The battery of this circuit is connected in a reverse direction in order to achieve
proper biasing. Performance is basically the same as that of the NPN circuit. Currents I¢,
Iy, and Iy are represented in this diagram by arrows. The emitter current of this circuit still
provides the largest current value. The composite of I¢ plus Iy also equals I in this circuit.

WORDS AND TERMS

bipolar —a. XA Y, XL Ia] fY current gain n. B 25

carrier n. ZHWF base n. FEM

polarity  n. t1E beta n. 7% MFHE “B”

positive a. IERY, CHL) BHPE Greek a. % W50, % BE1E 1Y
negative a. 114, CHL) B delta n. F5FEE“A, 80”7
semiconductor n. G denote . TN, BHKE

crystal . &5 &, dRAR ., SR formula(pl. -s 8f formulae)n. 233
symbol n. 7% ,ic 5, R4 forward-biased  1F i & FY . 1F f JE
emitter n. &8tk reverse-biased S i & Y, 2 Ik T A9
collector n. HEHLH

1.2 UJT Thyristors and SCRs

The term thyristor refers to a rather general classification of solid-state devices that are
used as electronic switches. Thyristors can be two-, three-, or four-terminal devices. In this
section we are concerned with the conductivity capabilities of these devices. Devices placed in
this classification operate through a type of regenerative feedback. When conduction is
initiated, the device will latch or hold in its on statze. Momentarily removing or reducing the

energy level of the source will cause nonconduction or switching to the offstate. In general,

3
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a unidirectional thyristor is classified as a voltage-controlled switch.

Thyristors should not be confused with bipolar junction transistors or field-effect
transistors. BJTs and FETs are both capable of performing switching operations. As a rule,
these devices are not as efficient as a thyristor and do not have the power-handling capability.
Thyristors are used as power control devices, whereas transistors are primarily used in
amplifying applications.

A variety of unidirectional thyristors is now being used in industrial electronic
applications. One of the first to be developed was the silicon-controlled rectifier (SCR). The
SCR was designed as a solid-state counterpart of the thyratron gaseous tube. The term
thyristor was derived from the words thyratron-transistor. An SCR is classified as a reverse
blocking triode thyristor. This means that the device has conductivity in only one direction.
When its anode and cathode are reverse biased, the device will not conduct. The silicon-
controlled switch (SCS) and the programmable unijunction transistor (PUT) are two other
thyristors of this classification. A Shockley diode is classified as a reverse blocking diode
thyristor.

The crystal structure of a thyristor is unique when compared with other solid-state
devices. Most thyristors are classified as PNPN devices. This type of structure consists of
four alternately doped semiconductor layers and three PN junctions. The number of
terminals attached to the structure is based on the function of the device. The two outer
terminals are usually called the anode and cathode. Conduction between these two terminals
is the same in nearly all thyristors.

The basic structure of a four-layer thyristor is shown in Figure 1. 4. Notice that the
anode terminal is connected to the P region on one end of the structure. The cathode is
connected to the N region on the other end. Three junctions are formed between the top and
bottom terminals. Conduction between the anode-cathode is similar to that of a mechanical
toggle switch. This means that the device must have two operational states. In its on state
the three junctions are low resistant. The off state has an infinite resistance between the
anode-cathode.

A unique feature of the thyristor structure is its latching characteristic. Latching refers
to a condition that holds the device in its on state after conduction has been initiated.
Removal of the original actuating signal does not necessarily cause conduction to stop. This
action permits the thyristor to be used as an electronic switching device. When the device has
been triggered, it usually takes a different procedure for it to be turned off. Switching
techniques vary a great deal in thyristors. Diode thyristors change states due to a change in
anode-cathode voltage. State changes in a three-element device are initiated by an
independent triggering signal.

Description of the operation of a basic PNPN thyristor is often simplified by the two-
transistor anology. This method divides the PNPN structure into two imaginary transistors.
Junctions J, and J, form a PNP transistor, while J, and J; form an NPN device. The J,

4
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Anode ° Anode
T 0
P |J, I Equivalent @
Thyristor | N |/, SPS:ioigle i P | &
structure P |5 swite 7 i 1 %
N 2 L P J3
l I T
Cathode ©
[
Cathode
Fig. 1.4 Four-layer thyristor structure Fig. 1.5 Two-transistor equivalent of a PNPN structure

junction is common to both transistor structures. See the two-transistor equivalent of the
PNPN structure in Figure 1. 5. Note also the schematic symbol representation of the same
structure.

Assume now that a thyristor is connected to an energy source and a load resistor. Figure
1.6 (A) shows the positive side of the source connected through R, to the anode and the
negative side to the cathode. Connected in this manner, junctions J, and J; are forward
biased and J, is reverse biased. This means that J, will have an infinite resistance, while J,
and J, are low resistant. J, will therefore have practically all of V; appearing across it, while
J1 and J; will have zero voltage. Very little current will flow through the structure. This
means that [, = Ix with a current value of approximately zero. This condition will exist as
long as Vax is below the breakdown voltage of J, junction.

Refer now to the two-transistor analogy of the thyristor structure in Figure 1. 6 (B).
Connected in this manner, the emitter-base (E-B) junctions of Q, and Q, are both slightly
forward biased by the source. The E-B junction of Q, is the equivalent of J,, and E-B of Q,
is representative of J;. The J, junction is equivalent to the collection-base (C-B) junctions of
both Q, and Q.. These two junctions are both reverse biased. Connected in this manner, the
two transistors are properly biased for conduction. However, the two E-B junctions have
practically no forward bias voltage. This will permit very little or practically no current to
flow through the structure. A thyristor connected in this manner is considered to be in its off
or nonconductive state.

Note the element current designations for the two-transistor equivalent circuit of Figure
1.6 (B). The emitter current of Q, is representative of the anode current (I ). Iy is
indicative of the base current of Q,. Iy is determined by the expression

Iy = (1—ay) In—Icson
where a; = current gain of Q,
I.= Iy
Icpor = collector-emitter leakage current of Q,

For transistor Q,, the emitter current Iy, is equal to the cathode current (Ix). The base
current of Q, is designated as Iy. The collector current of Q) is equal in value to the base
current of Q,. I therefore equals Iy,. The collector current (I¢,) can be determined by the

5
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formula
Ieo= (az) + Icpoe
where a, =current gain of Q,
Ixn= I

Icpo; = collector-emitter leakage current of Q,

IE11 I
B1
Anode R, 0 )
1kQ 1< j}
]1 P
lfb l Tlm
J2 N I,
I
_+ A P —_—+ bﬁ
= V=100V — V=100V 0,
T N —
I
Cathode y
(A) (B)

Fig. 1.6 Thyristor connected to an energy source

Note that I, of Q, and Iy of Q, are of the same value. This permits the two previous

expressions to be equated. The combined expression then becomes
Iy = I
or
1 —ay) I, _I(‘,lsoz - (012) IK+ Tepoe

Combining the two expressions permits us to solve for either I, or Ix. This is given by the
formula

Iepon +I(‘B()2
1— (011 Ql JVOlez )

The combined I, = Ik expression is an extremely important concept in the operation of

I‘r\ or IK:

all thyristors. We will use this expression to show how a thyristor responds in its
nonconductive state. A small modification of the alpha values will cause a thyristor to change
into its conductive state.
WORDS AND TERMS
UJT [unijunction transistor | %% SRS FET (field effect transistor) %W sa k&
thyristor n. 2ESRIFETOME, WIS () | counterpart  n. X4, BL X4 , Bl 4
AR A, T4 R O A
SCR [ selicon controlled rectifier] B #%fif | thyratron n. [ JC]MHE
CE AR R A

gaseous a. MM AW term n. ANVE, 3, W 0E], I
blocking . 3841, BHLIKT . 1B terminal . W, 83k 54K
triode n. [ 0] =% conductivity n. FHE, B 5EK
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anode n. PHA , IEH% classification n. 7338, 790, S5 4, 2
cathode n. A, A% regenerative a. A, B AE B, B
doped a. BZHERY feedback . [JG] KI5t

removal . B3, HE5, 5= initiate . B30, TG

trigger . il A% il ko, G B3 E | latch o, B4

1.3 T RIFHR

Wil 5 Bk 2 B R T R R B S LRl i R R ARENC L H R R AL AE R
T PR P R R IR SCAE AR b SR R HE AR &S M A B R TR A T B R S il
B H R AR A R R ZE N RS F L X R S i . B P A A F R
T AR 2 /NB 1) 28 IR 2 L lb B iy (S Ll S o L g 7 L Ml 9l A5 45 . AR B EIF AR
S A AL M B ) — R R A

MR8 AT B 2027 R A R 5 i AN AR R B TT 1 TR i & M 95 PR AR . 2% 2 Ll il o
B A WA SE R 2, — RO HLSE B BT SR, BEAR AR SRR RIE A A 4 000 DA B A RNE
i TR ERE AR LR ERE . F R L SRR R R IR SR R T R H
(9 22— L b 5 SCHERHY B 32 5 B BE ) B4 OC R B4 AR R IURNEE L J5 /9 TARRE ) . BB
] B ) Bk 2 R 52 U 0 H 2 47 s 3K 90 1) s — 20 7 TR i i s b ke i 0 SR 0 A B S Ei Y
B2 R E L2 EY,

5 RN SETE AR L, Ll YA GV 2 32 A L s e 8 1R TR R AE DL X H R T TR T AR AN [
A A4 1 S

The boot is a small routine. Generally, the boot is stored on the first sector (or two) of
a disk.

CRERIFEED M2 — /ey H W TAE. — Mol UG, ¥ 7 if BU7E IR 7 1058 — (B8R —, )
LB L

GE#FEE) 51 SR 2 — /N F . — Ok UL, 51 R P AR O R A 28 — (B — ., )
MR E

JIT LA AN RE PR S B it S 18 7K - 45 i 0 28 Al S 1 2 o AR H R T AT R SR LY
PR AAL 23 W) S5, 4 2= A n] e R

[, L SEEAE LS BA =2 KA 2 Wahif s 2 A gt 2, 3 26 25 45 31 i A i
PR ORAR Z R AE s (i T S Z BN A T R el e iR 1R 1 52 e TR B8, AR T M e
JF LA RAAESS 127 0 R AR B T4 T B2 220 07 19 4 b 3 35 I 25, A B 56 10D\ ik it 9 1
BRI L U L R RN SR LIS EH Y,

FE W B2 5 1R 7 T & b 9 1 0 F s R S R ek R A ) 2 3K B R D S I
UL A BRI AR SR AR LAl b X UV AT A BN G R S Y B e
I TR A BT AR R AR PR 3567 ) JoT i B AT B e 9 ORI SR R R 2 2 L BT
B T ARt a] fE2 DL T 8L 3 il R 4 2k .

Bl B B AT BB IR Z — AR M T T S R AR A
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Unit 2

2.1 Operational Amplifiers

The internal construction of an op-amp is quite complex and usually contains a large
number of discrete components. A person working with an op-amp does not ordinarily need
to be concerned with its internal construction. It is helpful, however, to have some general
understanding of what the internal circuitry accomplishes. This permits the user to see how
the device performs and indicates some of its limitations as a functioning unit.

The internal circuitry of an op-amp can be divided into three functional units. Figure 1. 7
shows a simplified diagram of the internal functions or an op-amp. Notice that each function
is enclosed in a triangle. Electronic schematics use the triangle to denote the amplification
function. This diagram shows that the op-amp has three basic amplification functions. These
functions are generally called stages of amplification. A stage of amplification contains one or

more active devices and all the associated components needed to achieve amplification.

Differential Intermediate amplifier Low-impedance
Inverting input amplifier stage stage output stage

° |
> O Output
o |

Noninverting input

Fig. 1.7 Op-amp diagram

The first stage or input of an op-amp is usually a differential amplifier. This amplifier
has two inputs, which are labeled V| and V,. It provides high gain of the signal difference
supplied to the two inputs and low gain for common signals applied to both inputs
simultaneously. The input impedance is high to any applied signal. The output of the
amplifier is generally two signals of equal amplitude and 180° out of phase. This could be
described as a push-pull input and output.

One or more intermediate stages of amplification follow the differential amplifier. Figure
1. 7 shows an op-amp with only one intermediate stage. Functionally, this amplifier is
designed to shift the operating point to a zero level at the output and has high current and
voltage gain capabilities. Increased gain is needed to drive the output stage without loading
down the input. The intermediate stage generally has two inputs and a single-ended output.

The output stage of an op-amp has a rather low output impedance and is responsible for
developing the current needed to drive an external load. Its input impedance must be great
enough that it does not load down the output of the intermediate amplifier. The output stage
can be an emitter-follower amplifier or two transistors connected in a complementary-
symmetry configuration. Voltage gain is rather low in this stage with a sizable amount of

8
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current gain.

A differential amplifier is the key or operational basis of most op-amps. This amplifier is
best described as having two identical or balanced transistors sharing a single emitter
resistor. Each transistor has an input and an output. A schematic diagram of a simplified
differential amplifier is shown in Figure 1. 8. Notice that the circuit is energized by a dual-
polarity or split-power supply. The source leads are labeled + V¢ and —Vcand measured
with respect to a common ground lead.

Operation of a differential amplifier is based on its response to input signals applied to
the base. Grounding one base and applying an input signal to the other base produces two
output signals. These signals have the same amplitude but are inverted 180°. This type of

input causes the amplifier to respond in its differential mode of operation.

+Vee

Operating *+Vee

power source

+Vee
O

+
10V —

- — 10V
w ]
“Vee
“Vee
Fig. 1.8 Simplified differential amplifier Fig. 1.9 AC differential amplifier

When two signals of equal amplitude and polarity are applied to each base at the same
time, the resulting output is zero. This type of input causes a difference or canceling voltage
to appear across the commonly connected emitter resistor. In a sense, the differential
amplifier responds as a balanced bridge to identical input signals. There is no output when
the circuit is balanced and output when it is unbalanced. This is called the common-mode
condition of operation. A differential amplifier is designed to reject signals common to both
inputs. The term common-mode rejection ratio (CMRR) is used to describe this action of the
amplifier. CMRR is a unique characteristic of the differential amplifier. Undesirable noise,
interference, or ac hum can be rejected by this operating condition.

Figure 1.9 shows a simplified schematic of a differential amplifier connected for
differential mode operation. In this circuit an input signal is applied to the base of Q,, and
the base of Q. is left open or in a floating state. This condition causes signals to be developed
at both outputs and across the emitter resistor. The emitter signal, as indicated, is in phase
with the input. The two output signals are out of phase with each other and have a

9
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substantial degree of amplification. Output V,, is out of phase with the input and V; is in
phase.

A differential amplifier will produce two output signals when only one input signal is
applied. Coupling of the input signal from Q, to Q. is accomplished through the emitter
resistor. The positive alternation of the input signal, for example, causes increased forward
bias of Q,. This causes an increase in the conduction of Q,. With more I3, there is a greater
voltage developed across the emitter resistor. This in turn causes both emitters to be less
negative. The conduction of Q, is not appreciably influenced by this voltage because it has an
external signal applied to its input. Q. is, however, directly influenced by the reduced
negative voltage to its emitter. This causes the conduction of Q, to be reduced. A reduction
in current through Q, causes less voltage drop across R, and the collector voltage to swing in
the positive direction. In effect, an input signal applied to the base of Q, reduces the Vi of
Q, ,which in turn increases the value of the output voltage V,; » An input signal is therefore
coupled to Q, by the commonly connected emitter resistor.

The negative alternation of the input signal causes a reversal of the action just
described. Q,, for example, will be less conductive and Q, will have increased conduction.
This action causes a reduction of I: through Q, and an increase swing in the value of V.
Increased conduction of Q. causes a corresponding reduction in V. The two output signals
continue to be 180° out of phase. In effect, both alternations of the input appear in the
output. A differential amplifier connected in the differential mode will develop two output
signals that are reflective of the entire input signal.

Differential amplifiers respond in primarily the same way when the inputs are reversed.
In this case, an input signal is applied to the base of Q, with the base of Q, open or floating.
V. is out of phase with the input and V', is in phase. The amplitude or output signal level of
the amplifier is still based on the signal difference between the two inputs. With only one
signal applied to the input at a time, the amplifier sees a very large differential input and
develops a sizable output voltage.

The differential amplifier of Figure 1. 9 is rarely used in op-amp construction today.
Ordinarily, the resistance of R; needs to be quite large in order to have good coupling and
common-mode rejection capabilities. Large resistance values are rather difficult to fabricate
in IC construction. Ry can, however, be replaced with a transistor. This transistor and its
associated components are called a constant-current source.

WORDS AND TERMS

op-amp (operational amplifiers) dual-polarity  n. XU (1)
n. 18 FHOR 4%
triangle n. =f1F invert w. JZ M, 5%
differential amplifier £ K4S common-mode rejection ratio (CMRR)
impedance n. BHHT n. FEAREH ] R
push-pull a. #E#H (GO substantial a. KI, K& P
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intermediate a. A HY couple . & . 454G

single-ended  a. FLUH Y, B[] 1) reversal v, I IA), 2, He Al
emitter-follower amplifier 7. % IR BE K 4 resistance 7. B, FH
complementary-symmetry a. 5 #MXTFRAY constant-current source . B i B

2.2 Single-phase Rectification

The simplest system for converting alternating current to direct current is single-phase
rectification. A single-phase rectifier changes alternating current to pulsating direct current.
This process can be accomplished by using either semiconductors, vacuum tubes, gaseous
tubes, or rotary converters. The most common and economical method in industry today is
the use of low-cost silicon rectifiers. Since semiconductors are so prevalent in industry today,
it is desirable to review the action of a semiconductor diode before we look at specific rectifier
circuits.

We know that certain materials (conductors) conduct electrical current easily and other
materials (insulators) do not. Between these two extremes are other materials that are
neither good conductors nor good insulators. These materials, such as silicon and
germanium, have characteristics between those of conductors and insulators.

Silicon and germanium are crystalline materials whose electrical characteristics can easily
be altered in the manufacturing process. Elements called impurities are added to pure silicon
or germanium to form either N-type or P-type materials. These materials are used in various
combinations to form many types of semiconductors, such as diodes, transistors, silicon-
controlled rectifiers, triacs, and diacs. An N-type material possesses an abundance of
electrons or negative charge carriers that do not take pat in covalent bonding. A P-type
material has an excess of positive charge carriers or holes that are not influenced by covalent
bonding. By controlling the impurities added to silicon, these conditions can be altered.

The most basic semiconductor device is the diode, which performs the function of
rectification. A diode is merely a PN junction device formed by adjacent P-and N-type
materials, as shown in Figure 1. 10CA). The junction formed by the adjacent P-and N-type
materials allows current to pass in one direction but offers a high resistance to current in the
other direction. This device is called a junction diode. Some PN junction diodes are shown in
Figure 1. 10(C).

The current carriers of a PN junction diode are in a state of equilibrium when an external
potential is not applied. It is possible that, due to temperature, some electrons will cross the
junction from the N-type region to the P-type region. Likewise, some holes will diffuse from
the P-type region to the N-type region. After this diffusion has taken place, an electrical
barrier is developed between the two regions. Thus the further movement of charge carriers
is prohibited and the diode is in a state of equilibrium.

In an electronic power supply, diodes are connected to an ac source of electrical energy.
The instantaneous polarity of the potential connected to each terminal of the diode determines
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junction diode
the action performed by the diode. To best see the basic operation of a rectifier, a simple dc
circuit is connected to a silicon diode. Figure 1. 11 shows a battery used as the energy source
and a resistor as the load device. The polarity of the battery is used to bias the diode.

With the positive battery terminal connected to the P-type material and the negative
battery terminal connected to the N-type material, the diode is said to be forward biased.
During forward bias, as shown in Figure 1. 11 (A), a low-resistance PN junction is
developed. The low-resistance junction permits electrons in the N-type material to drift into
the P region since they are attracted by the positive terminal of the battery. Likewise, holes
drift in the opposite direction into the N region since they are attracted by the negative
battery terminal. The continuous movement of electrons and holes constitutes an electrical
current when a diode is forward biased.

If we reverse the battery polarity, as shown in Figure 1. 11(B), the diode is said to be
reverse biased. Electrons in the N-type material are pulled away from the junction by the
positive battery terminal, and holes are drawn away from the junction by the negative
terminal of the battery. The area near the junction develops an electrical barrier that blocks
the movement of charge carriers. Only a very slight current, which is barely measurable,
flows in the reverse-biased condition. Since the PN diode conducts while forward biased and
does not conduct while reverse biased, it exhibits the properties of a rectifier.

A single-phase, half wave rectifier circuit, shown in Figure 1.12, converts an
alternating current into a pulsating direct current. Let us assume that during the positive
alternation of the ac cycle the anode of the diode is positive. The diode will then conduct
since it is forward biased and the junction resistance is low. The positive alternation of the ac
will then appear across the load device (represented by a resistor).

During the negative alteration of the ac cycle, the anode of the diode becomes negative.

12
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Fig.1.12  Single-phase. half-wave rectifier circuit
The diode is now reverse biased and no significant current will flow through the load device.
Therefore, no voltage will appear across the load. The input and resulting output waveforms
of the half wave rectifier circuit are shown in Figure 1. 12 (C). The pulsating direct current
of the output has an average dc level. The average value of the pulsating dc produced by
single-phase, half wave rectification is expressed as
Va=0.318 XV .«
where V, = average value of rectified voltage
Vax = peak (maximum) value of applied ac voltage

Certain diode ratings should be considered for half wave rectifier circuits. The maximum
forward current (I,..) is the largest current that can flow through the diode while it is
forward biased without damaging the device. The peak inverse voltage (P;,) or peak reverse
voltage (P, ) is the maximum voltage across the diode while it is reverse biased. For the half
wave rectifier, the maximum voltage developed across the diode is V.. of the applied ac. As
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Fig. 1. 13  Single-phase, {ull-wave rectifier circuit

shown in the preceding formula, the P,, of a diode used in a half-wave circuit must be much

larger than the dc voltage developed.

To obtain a purer form of dc energy, it is possible to improve on half-wave rectification

systems. Figure 1. 13 shows a single-phase, full-wave rectifier circuit that uses two diodes

and produces a dc output voltage during each alternation of the ac input. The rectified output

of the full-wave rectifier has twice the dc voltage level of the half-wave rectifier.

The full-wave rectifier utilizes a center-tapped transformer to transfer ac source voltage

to the diode rectifier circuit. During the positive alternation of the ac source voltage, the

instantaneous charges on the transformer secondary are as shown in Figure 1. 13 (A). The

peak voltage (V,..) is developed across each half of the transformer secondary. At this time,
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diode D, is forward biased and diode D, is reverse biased. Therefore, conduction occurs from
the center tap, through the load device, through D;, and back to the outer terminal of the
transformer secondary. The positive half-cycle is developed across the load as shown.

During the negative alternation of the ac source voltage, diode D, is reverse biased and
diode D, is forward biased by the instantaneous charges shown in Figure 1. 13 (B). The
current path is from the center tap, through the load device, through D,, and back to the
outer terminal of the transformer secondary. The negative alternation is also produced across
the load, developing a full-wave output as illustrated in the waveforms in Figure 1. 13 (C).

Each diode in a full-wave rectifier circuit must have a P,, rating of twice the value of the
peak voltage developed at the output, since twice the peak voltage (2 V,..) is present across
the diode when it is reverse biased. The average voltage for a full-wave rectifier circuit is

V= 200,318 XV,.) =0. 636 X V..

This type of rectifier circuit produces twice the dc voltage output of a half wave rectifier
circuit. Its construction requires a center-tapped transformer and two diodes that have a
peak. rating of twice the peak value of applied ac voltage.

WORDS AND TERMS
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Unit 3

3.1 Binary Numbering System

Practically all electronic digital systems in operation today are of the binary type. This
type of system has 2 as its base or radix. The largest digital value that can be expressed in a
specific place by this system is the number 1. Essentially, this means that only the numbers
0 or 1 are used in the binary system. Electronically, the value of zero can be expressed as a
very low voltage value or no voltage. The number 1 can then be indicated by some voltage-
value assignment larger than or more significant than zero. Binary systems that use this
voltage-value assignment are described as having positive logic. Negative logic by comparison
has voltage assigned to the zero and no voltage assigned to the number 1. In the discussion
that follows, only positive logic will be used.

The two operational states of a binary system, one and zero, can be considered as
natural circuit conditions. When a circuit is turned off or has no voltage applied, it is
considered to be in the off or 0 state. An electrical circuit that has voltage applied or is
operational, is therefore considered to be on or in the 1 state. A binary digit can therefore be
either a 1 or a 0. The term bit is commonly used to describe this condition. A bit is a
shortened version of the words binary digit.

The basic principles of numbering that are used by the decimal or base 10 numbers apply
in general to binary numbers. The radix of the binary system, for example, is 2. This means
that only the digits 0 and 1 can be used to express a specific place value. The first place to
the left of the starting point, or, in this case, the binary point, represents the unit’s or 1’s
location. Places that follow to the left of the binary point refer to the powers of 2. Some of
the digital values of numbers to the left of the binary point are 2°= 1, 2'= 2, 2°= 4, 2°=
8, 2'=16, 2°= 32, 2°= 64, 2"=128, and so on.

As a general rule, when different numbering systems are used in a discussion, they must
incorporate a subscript number to identify the base of the numbering system being used. The
number 110 ,is a typical expression of this type. This would be described as one-one-zero
instead of the decimal equivalent of one hundred and ten.
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Step 1
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Step 4 \\\ //
Sum of products } _

Fig.1.14 Conversion of a binary number to a decimal

The number 110, is equivalent to six to the base ten, or 6 j,. Starting at the first digit
to the left of the binary point, this number would have place value of 0X2°+1X2'+1X2°
or 0+2 ,+ 4,,=61,. The conversion of a binary number to an equivalent decimal number
is shown by steps in Figure 1. 14.

A simplified version of the binary-to-decimal conversion process is shown in Figure
1.14. In this method of conversion, write down the binary number first. Starting at the
binary point, indicate the decimal equivalent powers-of-2 numbers for each binary place
location where a 1 is indicated. For each zero in the binary number, leave a blank space or
indicate a zero. Add the place value assignments and record the decimal equivalent. Practice
this method on several binary numbers until you are proficient in this conversion process.

The conversion of a decimal number to a binary equivalent is achieved by repetitive steps
of division by the number 2. When the quotient is even with no remainder, a 0 is recorded.
When the quotient has a remainder, a 1 is recorded. The steps needed to convert a decimal
number to binary number are shown in Figure 1. 15.

Step 6 Step 5 Step 4 Step 3 Step 2 Step 1
Decimal

35
number
Division
number

Quotient

Remainder

\ / Binary
100011, i

equivalent

Fig.1.15 Conversion of a decimal number to a binary number
The conversion process. in this case, is achieved by writing down the decimal number
(35,,). Divide this number by the base of the system, or 2. Record the quotient and
remainder as indicated. Move the quotient of step 1 to step 2 and repeat the process. The
division process continues until the quotient becomes zero. The binary equivalent is simply
the remainder values in their last-to-first placement order. You may want to practice this
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process on several numbers to gain some degree of proficiency.

Given decimal number 32910
Step 1
Grouping of digits ) @ @
Step 2
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Step 3
Combine group values 0011/0010/1001, pep

Fig.1.16 Converting a decimal number to a BCD number

When large numbers are to be indicated by binary numbers, they become somewhat
awkward and difficult to use. For this reason, the binary coded decimal method of counting
was devised. In this type of system, four binary digits are used to represent each decimal
digit. To illustrate this procedure, we have selected the number 392 ,, to be converted to a
binary coded decimal or BCD number. In straight binary numbers,392 ,,=101,001,001 ,

To apply the BCD conversion process,the base 10 number is first divided into discrete
digits according to place values(see Figure 1. 16). The number 392 ;, therefore equals the
digits 3-2-9. Converting each digit to binary would permit us to display this number as
0011—0010—1001 pcp. Decimal numbers up to 999, could be displayed and quickly
interpreted by this process with only 12 binary numbers. The dash line between each group of
digits is extremely important when displaying BCD numbers.

The largest digit to be displayed by any group of BCD numbers is 9. This means that six
digits of a number coding group are not being used at all in this system. Because of this the
octal, or base 8, and the hexadecimal, or base 16, systems were devised. Digital systems

still process numbers in binary form but usually display them in BCD, octal, or hexadecimal

values.
WORDS AND TERMS
binary n. ikl quotient n. [ X
radix n. H{H ., 5 divide v, (BEAR)E
assignment n. 73Uk, 43 L BCD(Binary-Coded Decimal) -+t #lf%, BCD 14
bit  n. fif proficiency n. %k, K18
digit n. B ALEC T R hexadecimal n. 7S 8E
decimal n. 13

3.2 Binary Logic Functions

Any bistable circuit that is used to make a series of decisions based on two-state input
conditions is called a binary logic circuit. Three basic circuits of this type have been
developed to make simple logic decisions: the AND circuit, the OR circuit, and the NOT
circuit. The logic decision made by each circuit is unique and very important in digital system
operations.
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Electronic circuits designed to perform specific logic functions are commonly called
gates. This term refers to the capability of a circuit to pass or block specific digital signals.
A simple if-then type of sentence is often used to describe the basic operation of a logic gate.
For example, if the inputs applied to an AND gate are all 1, then the output will be 1. If a 1
is applied to any input of an OR gate, then the output will be 1. If any input is applied to a
NOT gate, then the output will be reversed.

The fundamental operation of a digital system is based directly on gate applications.
Technicians working with digital systems must therefore be very familiar with each basic gate
function. The input-output characteristics and operation of basic logic gates will serve as the
basis of our next discussion.

AND Gates

An AND gate is designed to have two or more inputs and one output. Essentially, if all
inputs are in the 1 state simultaneously, then a 1 will appear in the output. Figure 1.17
shows a simple switch-lamp analogy of the AND gate, its symbol, and an operational table.
In Figure 1. 17 (A), when a switch is turned on it represents a 1 condition, while off
represents a 0. The lamp also displays this same condition by being a 1 when it is on and 0
when turned off. Note that the switches are labeled A and B while the output lamp is C.

Current-limiting

resistor
27Q,2W 0 0,

Switch A Switch B

+| Electrical

6V -4 #47
= energy Lamp C
source
Switch Switch Lamp

(A) Simple AND gate circuit
A B C
T i Ea
B 5 —| 0 1 0
1 0 0
ANS symbol NEMA symbol 1 1 1

(B)AND gat bol. (C)AND gate truth table
gate symbols

Fig.1.17 AND gate information

The operational characteristics of a gate are usually simplified by describing the input-
output relationship in a table. The table in Figure 1. 17 (C) shows the lor 0 alternatives at
the input and the corresponding output that will occur as a result of this input. As a rule,
such a description of a gate is called a truth table. Essentially, it shows the predictable
operating conditions of a logic circuit.

Each input to an AND gate has two operational states of 1 and 0. A two-input AND gate
would therefore have 2°, or 4, possible combinations that would influence the output. A
three-input gate would have 2°, or 8, combinations, while a four input would have 2', or

16, combinations. These combinations are normally placed in the truth table in binary
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progression order. For a two-input gate, this would be 00, 01, 10, and 11, which shows the
binary count of 0, 1, 2, and 3 in order.

Functionally, the AND gate of Figure 1. 17 (A) will only produce a 1 output when
switches A and B are both 1. Mathematically, this action is described as A « B = C. This
expression shows the multiplication operation. In a punch-press operation, this type of gate
will not actuate the drive motor until the operator presses the L. push button with the left
hand and the R button with the right hand at the same time.

The symbol representations of an AND gate shown in Figurel. 17 (B) are very common.
The square symbol is a typical National Electrical Manufacturer’s Association (NEMA)
representation; the round diagram is the American National Standard (ANS) symbol.

OR Gates

An OR gate is designed to have two or more inputs and a single output. Like the AND
gate, each input to the OR gate has two possible states: 1 or 0. The output of this gate will
produce a 1 when either or both inputs are 1. Figure 1. 18 shows a simple lamp-switch
analogy of the OR gate, its symbol, and a truth table.

Functionally, an OR gate will produce a 1 output when both switches are 1 or when
either switch A or B is a 1. Mathematically, this action is described as A + B = C. This
expression shows OR addition. Applications of this gate are used to make logic decisions as
to whether or not a 1 appears at either input. The over-head or dome-lamp system of an
automobile is controlled by an OR type of circuit. Individual door switches and the dash

panel switch all control the lamp from a different location.

0
Current-limiting 1
resistor Switch A
27Q.2W
9 1
6V+ Electrical #47
= energy Switch B :@ Lamp C
source
Switch Switch Lamp
A B C
(A) Simple OR gate circuit 0 0 0
0 1 1
A A
C C
B :l:>; B ﬂ ! 0 !
1 1 1
ANS symbol NEMA symbol
(C)OR gate truth table
(B) OR gate symbols
Fig. 1. 18 OR gate information
NOT Gates

A NOT gate has a single input and a single output, which makes it unique compared
with the AND and OR gates. The output of a NOT gate is designed so that it will be
opposite to that of the input state. Figure 1. 19 shows a simple switch-controlled NOT gate,
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its symbol, and truth table. Note that when the SPST switch is on or in the 1 state it shorts
out the lamp. Likewise, placing the switch in the off condition causes the lamp to be on or in
the 1 state. NOT gates are also called inverters. The significance of a NOT gate should be

rather apparent after the following discussion of gates.

Current-limiting
resistor A |> B A ( ) B A E;l B

27Q,2W
ANS symbol NEMA symbol
(BYNOT gate symbols

+| Electrical Switch La
6V L enorgy Switch ; Ly #47 e b
A 0 Lamp B A B
1

source

0 1
1 0

(A)Simple NOT gate circuit
(CONOT gate truth table

Fig. 1.19 NOT gate information
When a NOT gate is combined with an AND gate or an OR gate, it is called a
combination logic function. A NOT-AND gate is normally called a NAND gate. This gate is
an inverted AND gate, or simply NOT an AND gate. Figure 1. 20 shows a simple switch-
lamp circuit analogy of this gate, along with its symbol and truth table.

Current-limiting

i Current-limiting
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2702w 270.2W
l a\%%
Switch 1 ,0
. A
6V+J_—Eiencet:wal { L=y #7 ch 1 ol
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[ B { 0 T O Switch A P
(A) NAND gate circuit (A)NOR gate circuit
D Il A e R
B B B
ANS symbol NEMA symbol ANS symbol NEMA symbol

(B)NAND gate symbols (B) NOR gate symbols

Switch Switch Lamp Switch Switch Lamp
A B C A B C
0 0 1 0 0 1
0 1 1 0 1 0
1 0 1 1 0 0
1 1 0 1 1 0

(C)NAND gate truth table (CINOR gate truth table

Fig.1.20 NAND gate information Fig.1.21 NOR gate information

The NAND gate is an inversion of the AND gate. When switches A and B are both on or
in the 1 state, the lamp C is off. When either or both switches are off, the lamp C is in the

on or | state. Mathematically, the operation of a NAND gate is expressed as AXB = C. The
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bar over C denotes the inversion or negative function of the gate. A combination NOT-OR or
NOR gate produces a negation of the OR function. Figure 1. 21 shows a simple switch-lamp
circuit analogy of this gate, along with its symbol and truth table. Mathematically, the
operation of a NOR gate is expressed as A+B=C. A 1 will only appear in its output when A
is 0 and B is 0.
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Unit 4

4.1 Flip-Flops

Flip-flops are commonly used to generate signals, shape waves, and achieve division. In
addition to these operations, a flip-flop may also be used as a memory device. In this
capacity, it can be made to hold an output state even when the input is completely removed.
It can also be made to change its output when an appropriate input signal occurs.

The reset-set or RS flip-flop of Figure 1. 22 is a typical digital system control device.
The logic diagrams, ANS symbol, and truth table of the flip-flop are shown in the figure.
Note that the truth table for this device is somewhat more complicated than that of a simple
logic gate. For example, it must show the different states of the device before an input pulse
occurs and then show how it changes after the input has arrived. Note that two of the
operating conditions produce an unpredictable output. In this state of operation, the first

arriving pulse will produce an output only by coincidence.
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Fig. 1. 22 RS flip-flop information
In many digital system applications, flip-flops must be set and cleared at specific times
with respect to other operating circuits. This type of operation can be achieved by
manipulating flip-flops in step with a clock pulse. In this case, the appropriate RS inputs and
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clock pulse must all be present in order to cause a state change. A device of this type is called

an RS triggered [lip-flop or simply an RST f{lip-flop.
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Fig. 1.23 RST flip-flop

The truth table of an RST flip-flop is basically the same as that of the RS flip-flop of
Figure 1. 22. It will only initiate a state change when the clock pulse arrives at the T input.
A two-input AND gate is simply added to the set and reset inputs to accomplish this
operation. Figure 1. 23 shows this modification, the corresponding ANS logic symbol, and
the truth table for the RST flip-flop.

Another important flip-flop device that is commonly used in digital systems is the JK
flip-flop. This device is somewhat unusual because it has no unpredictable output states. It
can be set by applying a 1 to the J input and can be cleared by feeding a 1 to the K input. A
1 signal applied to both J and K inputs simultaneously causes the output to change states or
toggle. A 0 applied to both inputs at the same time does not initiate a state change. The
inputs of a JK flip-flop are controlled directly by clock pulse application.

Figure 1. 24 shows a logic diagram, ANS symbol, and truth table for the JK flip-flop.
Notice that there are no unpredictable output states for this device. Several versions or
modifications of the basic JK flip-flop are available today. These include devices with preset
and preclear inputs that can be used to establish sequential operations at a precise moment.
Flip-flops are commonly used as the basic logic element for counting operations, temporary
memory, and sequential switching operations.

One of the most versatile and important logic devices of a digital system is the counter.
This device, as a general rule, can be employed to count a wide variety of objects in a
number of different digital system applications. While this device may be called upon to
count an endless number of objects, it essentially counts only one thing, electronic pulses.
These pulses may be produced electronically by a clock mechanism, electromechanically,
photoelectrically, acoustically, or by a number of other processes. The basic operation of the
counter, however, is completely independent of the pulse generator.

A common application of the digital counter is used to count numerical information in
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(A) Logic diagram of JK flip-flop
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Fig. 1.24 K flip-flop information
binary form. This type of device simply employs a number of flip-flops connected so that the
Q output of the first device drives the trigger or clock input of the next device. Each flip-flop
therefore has a divide-by-2 function.

Figure 1. 25 shows JK flip-flops connected to achieve binary counting. The counter in
Figure 1. 25(A) is commonly called a binary ripple counter. Each flip-flop in this circuit has
the J and K inputs held at a logic 1 level. Each clock pulse applied to the input of FF, will
then cause a change in state. The flip-flops only trigger on the negative-going part of the
clock pulse. The output of FF, will therefore alternate between 1 and 0 with each pulse. A1
output will appear at Q of FF, for every two input pulses. This means that each flip-flop has
a divide-by-2 function. Five flip-flops connected in this manner will produce a 2°, or 32,
count. The largest count in this case is 1111 ;; that is, 31, ,0ccurs when each Q output is 1.
The next applied pulse clears the counters so that 0 appears at all the Q outputs.

By grouping three flip-flops together [ Figure 1. 25 (B)], it is possible to develop the
units part of a binary coded octal or BCO counter. Therefore, 111, would be used to
represent the seven count or seven units of an octal counter. Two groups of three flip-flops
connected in this manner would produce a maximum count of 111-111,, which represents
77 4. or 63 1.

By placing four flip-flops together in a group [ Figure 1. 25 (C)], it is possible to
develop the units part of a binary coded hexadecimal or BCH counter. Thus 1111, would be
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Fig. 1. 25 Digital counters achieved with JK flip-flo
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Fig. 1.26 Four-bit binary counter IC
used to represent F ;3 or 15 ,,. Two groups of four flip-flops could be used to produce a
maximum count of 1111-1111,, which would represent FF ;; or 225 ,. Each succeeding
group of four flip-flops would be used to raise the counting possibility to the next 16.

Binary counters that contain four interconnected flip-flops are commonly built on one 1C
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chip. Figure 1. 26 shows the logic connections of a 4-bit binary counter. When used as a 4-bit
counter, the FF, will now produce a maximum count of 1111, or 15 ,,. By disconnecting
FF, from FFy, and applying the clock to FFy input, we have a 3-bit or BCO counter. The
outputs of flip-flops FF, through FFy are labeled A, B, C, and D, respectively.

WORDS AND TERMS

flip-flop . MR Z IR G4 L2 | toggle flip-flop  n. L Ffil % 7%
memory n. -y preset v, a. WU ) , T (1Y)
manipulate o, FH A H sequential a. LW A P 4571
clock pulse B4 ik i versatile a. AR, ZHEN.ZZH
modification . &2, BAL , Ptk Y counter n. TS

toggle n. & H endless a. AWy TR

mechanism  n. HLAE%E &, HLIY pulse generator Jki & 4 #8
electromechanical . HLHLAY numerical a. 058 EUE
photoelectrical a. J&HLAY ripple n. Bk3h, I 3h

acoustical a. WF LAY, 79 F 1) IC chip  n. B JHLEE S A

4.2 Digital System Decoding

Before a display device can be effectively used to develop a digital number, it must
receive an appropriate actuating signal from the counter. The counter output signal in this
case normally contains information in binary form. This information must therefore be
decoded in such a way that it will energize a display when a specific number occurs. Decoding
of this type is achieved by a number of four-input gates connected to the A, B, C, and D
outputs of a BCD counter, When an appropriate combination of binary number signals
appears at the input of the decoder, the output will energize a display device by grounding a
specific number or bar segment. In a strict sense, the manual switches of the previous
display devices can be replaced by an automatically controlled decoder.

Two distinct types of decoders are available today to drive display devices used in digital
systems. The discrete number type of display requires a decoder that has 10 distinct output
signals in order to be energized properly (Figure 1.27). Only one output must be energized
at a time. The seven-segment type of display device is energized by two or more signals at a
time. When the number 8 is displayed, all segments must be energized at one time. This
necessitates an entirely different type of decoder circuit. The basic method of driving specific
gates, however, is very similar for both types of decoders.

The logic diagram of a BCD-to-decimal decoder is shown in Figure 1. 28. This entire
circuit is conveniently built on a single IC chip and produced in either a dual in-line or flat-
package housing. In this IC, the A, B, C, and D inputs are either inverted once or twice
before being applied to their respective NAND gates. When an appropriate input number
combination is applied, it causes the corresponding NAND gate to be actuated. A zero or
ground output then appears at its output. This, in turn, energized the appropriate cathode of
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