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Definitions

In small-signal amplifiers the main factors are:

* Amplification

* Linearity
* Gain

Since large-signal, or power, amplifiers handle relatively large
voltage signals and current levels, the main factors are:

+ Efficiency
* Maximum power capability

* Impedance matching to the output device
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Introduction

Power amplifiers are used to deliver a relatively high amount of
power, usually to a low resistance load.

Typical load values range from 300W (for transmission antennas)
to 8W (for audio speaker).

Although these load values do not cover every possibility, they
do illustrate the fact that power amplifiers usually drive low-
resistance loads.
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Amplifier Types

Class A
The amplifier conducts through the full 360" of the input. The
Q-point is set near the middle of the load line.

Class B
The amplifier conducts through 180" of the input. The Q-point
is set at the cutoff point.

Class AB

This is a compromise between the class A and B amplifiers. The
amplifier conducts somewhere between 180 and 360" . The Q-
point is located between the mid-point and cutoff.
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Amplifier Types

Class C
The amplifier conducts less than 180 ° of the input. The Q-point

is located below the cutoff level.

Class D
This is an amplifier that is biased especially for digital signals.
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Class A Amplifier

!_i

The output of a class A amplifier b
conducts for the full 360° of the Pawer supply -
cycle. fevet ’/‘\,\
The Q-point is set at the middle of / \ Fall 360F owiput swing
the load line so that the AC signal Class A *.;"’*
can swing a full cycle. N ‘ﬁll ' ] .
'.ll llllll'll
\/
K 0 -1
BN ¥ S Remember that the DC load line
5 indicates the maximum and minimum

limits set by the DC power supply.
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Class B Amplifier

A class B amplifier output Ve
only conducts for 180° or $
one-half of the AC input
signal.
1 B0 putpus
SWIng
e Class B -
- dc blas _
' level
., 0w -
e
S, .
N, e The Q-point is at 0V on the
Hx' For load line, so that the AC

signal can only swing for
one-half cycle.
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Class AB Amplifier

This amplifier is a compromise
between the class A and class B Ic
amplifier. \"

—The Q-point is above that of the
Class B but below the class A.

The output conducts between 180"
and 360" of the AC input signal. .

{-point

\"FCE'
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Amplifier Efficiency

[ABLE 101 Comparison of Amplificr Classes

Class

El AB B C’ D
Operating cycle 360" 180° %o 360° 180" Less than 180°  Pulse operation
Power efficsency  25% to 50%  Between 25% 78.5% Typcally over 90%
(50%) and 78 5%

‘Class C is ussally mot used for delivering large amounts of power, thus the cfficiency ks not given here

Efficiency refers to the ratio of output to input power. The lower the amount
of conduction of the amplifier the higher the efficiency.
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SERIES-FED CLASS A AMPLIFIER

DC Bias Operation
The de bras set by Vi;-and Ry fixes the dc base-bias cument at
Ve =0TV
T (1)
with the collector current then bemg
I = Bly (122)
with the collector-emitter voltage then
FIG. 12.2
Series-fed class A large-signal VCE = Vﬂ, - I(RC [12,3]
amplifier.
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FIG. 12.3
Transistor characteristic showing load line and
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Power Considerations

The power into an amplifier is provided by the supply voltage. With no input signal, the dc
current drawn 1s the collector bias current I._FQ. The power then drawn from the supply is

P‘:{dﬂ} = FE'C‘TCE {12-4:'

Output Power The output voltage and current varying around the bias point provide ac
power to the load. This ac power is delivered to the load R~ in the circuit of Fig. 12.2. The
ac signal V; causes the base current to vary around the dc bias current and the collector
current around its quiescent level [~ . As shown in Fig. 12.4, the ac input signal results in
ac current and ac voltage signals. 1%"hf: larger the input signal. the larger 15 the output
swing, up to the maximum set by the circuit. The ac power delhiveraed to the load (R) can
be expressed 1n a number of ways.

Using RMNS signals. The ac power delivered to the load (R~) may be expressed using

Pylac) = Vep(rms)c(rms) (12.5)
P, (ac) = I-(rms)R- (12.6)
Po(acy — Yeims) (12.7)

Re
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Efficiency

The efficiency of an amplifier represents the amount of ac power delivered (transferred)
from the dc source. The efficiency of the amplifier is calculated using

% n = P(ac)

= a0 % 100% (12.8)

Maximum Efficiency For the class A series-fed amplifier, the maximum efficiency can
be determined using the maximum voltage and current swings. For the voltage swing it is

maximum Veplp-p) = Vi
For the current swing 1t is

Yee
Re

Using the maximum voltage swing in Eq. (12.7) yields

Vee(Vee/Re)
8

maximum [Ap-p) =

maximum P,(ac) =

_ Vic
S8R
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L=

The maximum power input can be calculated using the dc bias current set to one-half the
maximum value:

Vee/Re
2

maximum P{dc) = Vpe(maximum [) = Voo

Vi
R
We can then use Eq. (12.8) to calculate the maximum efficiency:
maximum P,(ac)

. ¥ 100%
L — P:(dc)

_ Vee/3Re
Vie/2Re
= 25%

X 100%

The maximum efficiency of a class A series-fed amplifier 1s thus seen to be 25%. Since
this maximum efficiency will occur only for 1deal conditions of both voltage swing and
current swing, most series-fed circuits will provide efficiencies of much less than 25%.
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EXAMPLE 12.1 Calculate the input power, output power, and efficiency of the amplifier
circuit in Fig. 12.5 for an input voltage that results in a base current of 10 mA peak.

=E - 20V — 1000 = 40
““Re w0 N\
900 =\,
800 — P\ 30
700 |— N de load line
hY
&) — N
Vee =20V \ 0
fr_'ﬂ 300 = L i\‘,___‘_‘h Bg
400 - \\ Operating point
Rﬂ Rc =200 30H) N 10
| ki2 "
C; 200 ”‘x\
- *,
’—' p=2 100 \ lg=0mA
| | | g i -
v A\, 5 |[|- 15 zln 15 VW)
.*. Verg Vee=Vec
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Solution: Using Eqgs. (12.1) through (12.3), we can determine the (-point to be
I, = Vee — 0TV _ 20V - 07V
. Ry [ k0
.ffﬂ = Bl = 25(193 mA) = 4825 mA = 048 A
Ver, = Vee — IcRe = 20V — (048 )20 Q) = 104V

This bias point is marked on the transistor collector charactenstic of Fig. 12.5b. The ac
variation of the output signal can be obtained graphically using the dc load line drawn on
Fig. 12.5b by connecting Vg = Ve = 20V with I = Viee/Re = 1000 mA = 1 A, as
shown. When the input ac base current increases from its dc bias level. the collector cur-
rent rises by

= 19.3 mA

IAp) = Blg(p) = 25(10 mA peak) = 250 mA peak
Using Eq. (12.6) yields
IHp),, (250 x 1077 A)
C

Pfac) = Ie(rms)Rc = ~-—Rc = 5 (20 Q) = 0.625 W

Using Eq. (12.4) results in
Pidc) = Veelg, = (20V)(0.48A) = 9.6 W
The amplifier’s power efficiency can then be calculated using Eq. (12.8):

P 0.625 W
A29)  100% =

“n=pE0 0.6W

X 100% = 6.5%
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TRANSFORMER-COUPLED CLASS A AMPLIFIER

+VCC
N:: ~2
= R
Rg § ‘1' — 2 NI Nz
—
VZ - Vo ’l ’2 .
V; —’ v, r V,
&
I
= Ry
(a) (b)
FIG. 12.6

Transformer-coupled audio power amplifier.
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Transformer Action

A transformer can increase or decrease voltage or current levels according to the turns
ratio, as explained below. In addition, the impedance connected to one side of a trans-
former can be made to appear either larger or smaller (step up or step down) at the other
side of the transformer, depending on the square of the transformer winding turns ratio.

The following discussion assumes ideal (100%) power transfer from primary to secondary.
that 1s, no power losses are considered.

Voltage Transformation As shown in Fig. 12.7a, the transformer can step up or step
down a voltage applied to one side directly as the ratio of the turns (or number of wind-
ings) on each side. The voltage transformation is given by

a_ M

V. T, (12.9)

Equation (12.9) shows that if the number of turns of wire on the secondary side 1s larger
than the number on the primary. the voltage at the secondary side 1s larger than the voltage
at the primary side.

Current Transformation The current in the secondary winding is inversely proportional
to the number of turns in the windings. The current transformation is given by

L, N,
Electronic D¢viges and gjcrults- Nashelsky
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Impedance Transformation Since the voltage and current can be changed by a trans-
former, an impedance “seen” from either side (primary or secondary) can also be changed.
As shown in Fig. 12.7¢c, an impedance R; 1s connected across the transformer secondary.

This impedance is changed by the transformer when viewed at the primary side (R ;). This

can be shown as follows:
Ry Ry W/L WV} W NN (Nz)z

— = = = = = =
EL El ."'I'I.IJITJ II l"'IFJ Vl‘fl JIIIIIrJ Nl Nl
e —iff—
I I
v v Vo N I, Ny
! > VTN, LM
Primary Secondary Primary Secondary
Cad (b
M Mo
—— i
R, =R} §R1=RL Rf =a’Ry = H_; Ry
Primary Secondary
(ch
FIG. 12.7

Transformer operation: (a) voliage transformation; (B) carrent transformation;
(c) impedance transfornialion.
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If we define a = N /N,, where a is the turns ratio of the transformer, the above equa-
tion becomes

L O (ﬂ)z _
e-n=(3) = (12.11)

We can express the load resistance reflected to the primary side as

Ry=aR,| or | Rj = a’R; (12.12)

where R; is the reflected impedance. As shown in Eq. (12.12), the reflected impedance is
related directly to the square of the turns ratio. If the number of turns of the secondary 1s
smaller than that of the primary, the impedance seen looking into the primary is larger than
that of the secondary by the square of the turns ratio.

Operation of Amplifier Stage

DC Load Line The transformer (dc) winding resistance determines the dc load line for the
circuit of Fig. 12.6. Typically, this dc resistance is small (ideally 0 1) and, as shown in Fig.

12.8, a 0-£) dc load line is a straight vertical line. A practical transformer winding resis-
tance would be a few ohms, but only the ideal case will be considered in this discussion.
There i1s no dc voltage drop across the 0-{1 dc load resistance, and the load line 1s drawn
straight vertically from the voltage point, H_“EE = Ver
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o.s ac load line de load lime:
- T\/ R /
a5 . 12
o4 — S !

AT
0.35 — ™
Collector ., i ) )
current signal 03— ... / Opcrating point
S i
s b = 6 mA
.

i I
“o 0.2 i 4 A
1 T
0.15 ! e

Veeg= Voo = 12V

<> Collector voltage

wariation
FIG. 12.8
Load lines for class A transformer-coupled amplifier.

Quiescent Operating Point The operating point in the characteristic curve of Fig.12.8
can be obtained graphically at the point of intersection of the dc load line and the base
current set by the circuit. The collector quiescent current can then be obtained from the
operating point. In class A operation, keep in mind that the dc bias point sets the condi-
tions for the maximum undistorted signal swing for both collector current and collec-
tor—emitter voltage. If the input signal produces a voltage swing less than the maximum
possible, the efficiency of the circuit at that time will be less than the maximum of
50%. The dc bias point 1s therefore important in setting the operation of a class A
series-fed amplifier.

Electronic Devices and Cicruits- Nashelsky
and Boylstead



AC Load Line To carry out ac analysis, it is necessary to calculate the ac load resistance
“seen’’ looking into the primary side of the transformer. then draw the ac load line on the
collector characteristic. The reflected load resistance (Ry) is calculated using Eg. (12.12)
using the value of the load connected across the secondary (R;) and the turns ratio of the
transformer. The graphical analysis technigue then proceeds as follows. Draw the ac load
line so that it passes through the operating point and has a slope equal to —1/R; (the
reflected load resistance), the load line slope being the negative reciprocal of the ac load
resistance. Notice that the ac load line shows that the output signal swing can exceed the
value of Vi~ In fact. the voltage developed across the transformer primary can be gquite

large. It is therefore necessary after obtaining the ac load line to check that the possible
voltage swing does not exceed transistor maximum ratings.

Signal Swing and Output AC Power Figure 12.9 shows the voltage and current signal

swings from the circuit of Fig. 12.6. From the signal variations shown in Fig. 12.9, the
values of the peak-to-peak signal swings are

Veelp-p) = Vee . — Vee
Ic(p-p) = I — I

& Vg (V) A e (A

Ver, o= Veegy — YoERq!

o
Eo

I 0
Electronic Devices and Cicruits- Nashelsky

and Boylstead

I-.]f



The ac power developed across the transformer primary can then be calculated using

.I:IF’E'EM - ll’l:"_'Erl:un:I':'IIIL'_|r|:|.I.'|: - IEmiu}

P,(ac) = -

(12.13)

The ac power calculated is that developed across the primary of the transformer. Assuming
an 1deal transformer (a highly efficient transformer has an efficiency of well over 90%), we
find that the power delivered by the secondary to the load is approximately that calculated
using Eq. (12.13). The output ac power can also be determined using the voltage delivered

to the load.
For the ideal transformer, the voltage delivered to the load can be calculated using
Eq. (12.9):
N>
Vi =V, =—=V
L 2 Nl l
The power across the load can then be expressed as
VE
p, = (rms)
R,

and equals the power calculated using Eq. (12.5¢).
Using Eq. (12.10) to calculate the load current yields

with the output ac power then calculated using
P, = (rms)R
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Efficiency

The input (dc) power obtained from the suI;ply is calculated from the supply dc voltage
and the average power drawn from the supply:

P{dc) = Vecl, (12.14)

Thus the only power loss considered here i1s that dissipated by the power transistor and
calculated using

Py = PAdc) — P, (ac) (12.15)

___________________________________________________________________________________________________________________________________________________________________|
EXAMPLE 12.5 For the circuit of Fig. 12.10 and results of Example 12.4, calculate the dc
input power, power dissipated by the transistor, and efficiency of the circuit for the input
signal of Example 12.4.
Solwtion: Eq. (12.14):
Pidc) = Veolc, = (10 V(140 mA) = 1.4 W

Eq. (12.15):

Po = Pddc) — Pglac) = 1.4W — 0477 W = 0.92 W
The efficiency of the amplifier is then

P,(ac) 0477 W
Ton = ——— X 100% = ——— = 100% = 34.1%
T PAde) 1.4 W “
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Maximum Theoretical Efficiency For aclass A transformer-coupled amplifier, the maxi-
mum theoretical efficiency goes up to 50% . Based on the signals obtained using the ampli-

fier, the efficiency can be expressed as

WV — Ve ™2

Vee,.. + Ve,

(12.16)

The larger the value of Vg and the smaller the value of Vg . . the closer the efficiency

approaches the theoretical limat of 509,

EXAMPLE 12.6 Calculate the efticiency ot a transformer-coupled class A amphtier for a

supply of 12 % and outputs of:

a WVip) = 12WV.

b. Vip) = 6V.

c. Vip) = 2W.

Solution:

a. Since """C'EQ = Ve = 12V, the maximum and minimum of the voltage swing are,

respectively,
= Veg, + Vip) = 12V + 12V = 24V

Ver, o
Ver, — Vip) = 12V — 12V = 0V

VCEmin -

resulting in

24V — O0VY?
= = S0%
% 50( ) T S0 %

Vegn, = Ver, + Vip) = 12V + 6V = 18V
Vet = Vee, — VIp) = 12V — 6V = 6V

resulting in

18V — 6 VY2
% 1 5«::\(”3”'F +ﬁ"~.-") T 12.5%

VeEnw = Voe, + Vp) = 12V + 2V = 14V
Vier .. = Vep, — VWip) = 12V — 2W = 10V
Electronic Devices and Cicruits- Nashelsky
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Ve
o, 2

Poac=

Similarly, Pindc =Vcc = lcg

Since Q-point is located in middle of ac load line, lcqg = lop

pindc = ¥< (3)
i

I

Hence efficiency is given by,

From equation (2) & (3),

— Poac
nimax)% = P:_ﬂdcxl[][]

_ Vel Ry,
nimax)% = 2R, e » 100
n(max) = 50%
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%on =350

(mr— 10V

2
— 1.30¢
14V + mv) o= 19%

CLASS B AMPLIFIER OPERATION

One-half
circuik

A
|

N )
4

Cne-half
circuit

FIG. 12.12
Block representation of push—pull operation.
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Input (DC) Power

The power supplied to the load by an amplifier is drawn from the power supply (or power
supplies: see Fig. 12.13) that provides the input or dc power. The amount of this input
power can be calculated using

P{dc) = Vel (12.17)
e +¥er
} 1
Omne-half Omne-half

circuit \ [ circuit

A | VAN
van sl v
L Onc-half ) \ | Onc-hal '_LL

cireuit CIreuin
: I
Ve = =
i) (b}
FIG. 12.13

Connection of push—pull amplifier to load: (a) using two voltage supplies: (b) using one voltage supply.
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lrch: —

2
~I(p)

where [(p) is the peak value of the output current waveform. Using Eq. (12.18) in the power
input equation (12.17) results in

Output (AC) Power

2
Pidc) = 'r"cc( el Pa

(12.19)

The power delivered to the load (usually referred to as a resistance R;) can be calculated
using any one of a number of equations. If one is using an rms meter to measure the volt-
age across the load, the output power can be calculated as

Vi(rms)
R,

PD{E.C} =

(12.20)

If one 1s using an oscilloscope, the measured peak or peak-to-peak output voltage can be

used:

Vilpp)  Viip)
8R, 2R,

P,(ac) =

(12.21)

The larger the rms or peak output voltage, the larger is the power delivered to the load.
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Efficiency
The efficiency of the class B amplifier can be calculated using the basic equation

P lac)
%on= * 100%
7 Pido)
Using Egs. (12.19) and (12.21) in the efficiency equation above results in
P Vi(p)/2R V
om = 20 o0q = YRR h0q = TVR 00g (12.22)

Pdc)  Veel/mip)] 4 Vee

[using [(p) = Vi(p)/R;]. Equation (12.22) shows that the larger the peak voltage, the
higher is the circuit efficiency, up to a maximum value when V;(p) = V., this maximum
efficiency then being

maximum efficiency = E ®* 100% = T8.5%

Power Dissipated by Output Transistors The power dissipated (as heat) by the output
power transistors is the difference between the input power delivered by the supplies and
the output power delivered to the load,

P3g = Pddc) — P,lac) (12.23)
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where P;g5 is the power dissipated by the two output power transistors. The dissipated
power handled by each transistor 1s then

Py = — (12.24)

EXAMPLE 12.7 For a class B amplifier providing a 20-V peak signal to a 16-{} load
(speaker) and a power supply of Vi = 30V, determine the input power, output power,
and circuit efficiency.

Solution: A 20-V peak signal across a 16-{1 load provides a peak load current of

Viip) 20V
i = = = 1.25 A
L(p) R, 60
The dc value of the current drawn from the power supply is then

2

2
Ise = —Ii(p) = —(1.25 A) = 0.796 A

and the input power delivered by the supply voltage is
Pidc) = Veoelye = (30 V0796 A) = 23.9 W
The output power delivered to the load is

Vitp) _ @o0Vy

S = 12.5W
2R, 2016 €1) 125w

P, lac) =

for a resulting efficiency of
P lac)

12.5'W
%en = —aegrdrﬁc I)Qﬂ%aﬁcw te=Nashelskh 009 = 52.3%
P;idc and Boylst&sd*



Maximum Power Considerations

For class B operation, the maximum output power is delivered to the load when

Vilp) = Ve

2

, _ Vec -
maximum P (ac) = E (12.25)

The corresponding peak ac current f(p) is then

Ve
Jip) = —=%
®) Ry

s0 that the maximum value of average current from the power supply is

2 2V
maximum [, = ;ﬂ:p} =

TI'RL
Using this current to calculate the maximum value of input power results in

: : 2Vec 2Vece
maximum P{dc) = Vc(maximum [3.) = V- = (12.26)
TRL TRL

The maximum circuit efficiency for class B operation 1s then

_ P (ac) Vee /2R,
max % n = X 100% = x 100%
IR ™ b de) Vee[(2/m)(Vee/Rp))
= % X 100% = 78.54% (12.27)
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For class B operation, the maximum power dissipated by the output transistors does not
occur at the maximum power input or output condition. The maximum power dissipated by
the two output transistors occurs when the output voltage across the load i1s

2
Vi(p) = 0.636V e (: ;Vcc)

for a maxamum transistor power dissipation of

. 2Vec
maximum Pyg = (12.28)
'ﬂTER_L
The maximum efficiency of a class B amplifier can also be expressed as follows:
Poiac) — Viip)
Llac) = —ERL
2Vi(p)
P, (ac) Vilp) /2Ry
so that Yo = ——— = 100% = = 100%
7 Pido) Ve 2/ 70 Viip) /R
W
A 78.540LP) (12.29)
Voo

EXAMPLE 12,2 Calculate the efficiency of a class B amplifier for a supply voltage of
Viee = 24 WV with peak output voltages of:

a. VLEP} = 22W.
b. VLEP} = 6W.

Solution: Using Eq. (12.29) gives

Vi(p) (22 v)
. % m = 78.54-LPlg — 78.54 = 72%
“ n Veo 24V “

oV "
b. %n = T5-54(24 \F)% Tred®MEDevices and Cicruits- Nashelsky
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CLASS B AMPLIFIER CIRCUITS

| Push—pull
signals

A
\J/
Push—pull |
input signals
A
\/

(b
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To push—pull
circuit

\ EF
\/

ch

Transformer-Coupled Push—Pull Circuits

The circuit of Fig. 12.15 uses a center-tapped input transformer to produce opposite-polar—
ity signals to the two transistor inputs and an output transformer to drive the load in a
push—pull mode of operation described next.

IDuring the first half-cvcle of operation. transistor ) is driven into conduction., whereas
transistor {; i1s driven off. The current f| through the transformer results 1in the first half-
cycle of signal to the load. During the second half-cwvcle of the input signal. (' conducts,
whereas () stays off, the carrent f; through the transformer resulting in the second half-
cwvcle to the load. The overall signal developed across the load then vames owver the full cycle

of signal operation.

oy

= N,
A
=y
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Complementary-Symmetry Circuits

(a)

Biased on by

imput signal \\ S

Biased off by

inmput signal

{b)
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inprul signat

-+
= Voo
_ 1 l'LIRL
L
—AAA—
- +
&4
- ”L'cl
{©)
FIG. 12.16

Complementary-svmmetry push—pull circuit.
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Quasi-Complementary Push—Pull
Amplifier

R, g 10Kk L2

— H_-g-l =20V

I —
=4 uF
. Ry =10 § =
+
= Ve, =20V
-
R I$ 100 (2 J i

Connect
ac load

el
when speaker 2248 to
is disconnected 4165
~ 022 uF speaker
=

FIG. 12.17
Complementary-svmmetry push—pull circuit using Darlington transistors.
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quasi-complementary circuit, as shown in Fig. 12.18. The push—pull operation 1s achieved
by using complementary transistors ((}; and ();) before the matched npn output transistors
(Q5 and 4). Notice that transistors (; and (77 form a Darlington connection that provides
output from a low-impedance emitter-follower. The connection of transistors (J; and (4
forms a feedback pair, which similarly provides a low-impedance drnive to the load. Resistor

+Ver

_“_< ¢, Darlington
iR pair

' (Load)
i /\ [r 3 Feedback
& V 0, P

—t—
-

FIG. 12.18
Quasi-complementary push—pull transformerless power amplifier.
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AMPLIFIER DISTORTION o

A pure sinusoidal signal has a single frequency at which the voltage varies positive and
negative by equal amounts. Any signal varying over less than the full 360° cycle is consid-
ered to have distortion. An ideal amplifier is capable of amplifying a pure sinusoidal signal
to provide a larger version, the resulting waveform being a pure single-frequency sinusoidal
signal. When distortion occurs, the output will not be an exact duplicate (except for magni-
tude) of the input signal.

Distortion can occur because the device characteristic 1s not linear, in which case non-
linear or amplitude distortion occurs. This can occur with all classes of amplhifier operation.
Distortion can also occur because the circuit elements and devices respond to the input
signal differently at various frequencies. this being frequency distortion.

One technique for describing distorted but period waveforms uses Fourier analysis,
a method that describes any periodic waveform in terms of its fundamental frequency
component and frequency components at integer multiples—these components are called
harmonic components or harmonics. For example, a signal that is onginally 1000 Hz could
result, after distortion, 1n a frequency component at 1000 Hz (1 kHz) and harmonic compo-
nents at 2 kHz (2 x 1 kHz), 3 kHz (3 x 1 kHz), 4 kHz (4 < 1 kHz), and so on. The original
frequency of |1 kHz is called the fundamental frequency; those at integer multiples are the
harmonics. The 2-kHz component is therefore called a second harmonic, that at 3 kHz 1s
the third harmonic, and so on. The fundamental frequency is not considered a harmonic.
Fourier analysis does not allow for fractional harmonic frequencies—only integer multiples
of the fundamental.
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Harmonic Distortion

A signal is considered to have harmonic distortion when there are harmonic frequency
components (not just the fundamental component). If the fundamental frequency has an
amplitude A, and the nth frequency component has an amplitude A,. a harmonic distortion

can be defined as

A
% nth harmonic distortion = % D, = :Aﬂ:
1

The fundamental component is typically larger than any harmonic component.

Calculate the harmonic distortion components for an output signal hav-
ing fundamental amplitude of 2.5 V, second harmonic amplitude of 0.25 V, third harmonic
amplitude of 0.1 V, and fourth harmonic amplitude of 0.05 V.

Solution: Using Eq. (12.30) yields

25
Dy = 2L o 1000 = 95V 100% = 10
" 25V
|As| 0.1V
%Dy = — x 100% = —— X 100% = 4%
4 25V ‘
| A4 0.05V
%D % 100% = % 100% = 2%
s =T 25V ‘
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Total Harmonic Distortion When an output signal has a number of individual harmonic
distortion components, the signal can be seen to have a total harmonic distortion based on

the individual elements as combined by the relationship of the following equation:
%THD = VD3 + D3 + D} + -+ x 100%
where THD 1s total harmonic distortion.

Calculate the total harmonic distortion for the amplitude components
given in Example 12.13.

Solution: Using the computed values of Dy = 0.10, Dy = 0.04, and Dy = 0.02 in
Eqg. (12.31), we obtain

%THD = VD3 + D5 + D3 x 100%
= VI(0.10) + (0.04 + (0.02)* % 100% = 0.1095 x 100%
= 10.95%
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An instrument such as a spectrum analyzer would allow measurement of the harmonics
present in the signal by providing a display of the fundamental component of a signal and a
number of its harmonics on a display screen. Similarly, a wave analyzer instrument allows
more precise measurement of the harmonic components of a distorted signal by filtering
out each of these components and providing a reading of these components. In any case, the
technique of considering any distorted signal as containing a fundamental component and
harmonic components i1s practical and useful. For a signal occurring in class AB or class B,
the distortion may be mainly even harmonics, of which the second harmonic component 1s
the largest. Thus, although the distorted signal theoretically contains all harmonic compo-
nents from the second harmonic up, the most important in terms of the amount of distortion
in the classes presented above is the second harmonic.

pj 4 i 2m P

(STEN S
|

FIG. 1Z2.20
Waveform for obtaifilig 0Pl Ra ARSI NPOR!SkY
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Second Harmonic Distortion Figure 12.20 shows a waveform to use for obtaining sec-
ond harmonic distortion. A collector current waveform is shown with the quiescent, mini-
mum, and maximum signal levels, and the time at which they occur i1s marked on the
waveform. The signal shown indicates that some distortion is present. An equation that
approximately descrnibes the distorted signal waveform is

ic = Ic, + Iy + I)cos wt + [ cos wi (12.32)

The current waveform contains the original quiescent current [~ . which occurs with zero

input signal; an additional dc current [, due to the nonzero average of the distorted signal;

the fundamental component of the distorted ac signal /|: and a second harmonic component

I, at twice the fundamental frequency. Although other harmonics are also present. only the

second 1s considered here. Equating the resulting current from Eq. (12.32) at a few points

in the cycle to that shown on the current waveform provides the following three relations:
At point 1 (wr = 0),

ic =Ic_, = f::'@ + Iy + IcosO + Ihcos0
f{m=fcg+f[|+f] + I
At point 2 (wt = @ /2),
i~ = f._u—g = .fc-g + Iy + flcusg + fgcusz?ﬂ
f,,_-—g = ICE + 15, — 5
At point 3 (wt = ),
ic = Ic_ = .fc-g + Iy + Iycoso + lhcos 2o
Ic . = .J’,,:-E +Ip— 5L + 5
Solving the preceding three equations simultaneously gives the following results:
Ie  + 1 — 2.’,_.—@ Ie . — 1o
ID - II - Electronic Dedices and Cicru?its—Nale]eIsTy 2
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Referring to Eq. (12.30). we can express the definition of second harmonic distortion as
I
I
Inserting the values of /| and 5 determined above gives
%'Uf_"m + I ) - -‘r-:]E
‘ Ie. — I,

In a similar manner, the second harmonic distortion can be expressed in terms of measured

collector—emitter voltages:

D, = | 2| x 100%

% 100% (12.33)

.D".I=

-

Ve, + Ver) — Ve, % 100% (12.34)

D".I -
) Vee . — Ve

Calculate the second harmonic distortion if an output waveform dis-
played on an oscilloscope provides the following measurements:
. FC'EM =1 v, '.-"r‘_i—Em = 22 1\';., lI-""E'EIE =12 V.
b. Vfgm - "-1-1\'?. lr"r.l_'—Em = 20 1‘!': ll-"'E'EQ = 12V.

Solution: Using Eq. (12.34), we get

a Dy = 12V +1V) - 12V % 100% = 2.38%
- 2V -1V

b. Dy = 220V +4V) — 12V % 100% = 0% (no distortion)
B 20V -4V Electromic Devices and Cicruits- Nashelsky
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Power of a Signal Having Distortion

When distortion does occur, the output power calculated for the undistorted signal 15 no
longer correct. When distortion 1s present, the output power delivered to the load resistor
R~ due to the fundamental component of the distorted signal 1s

IiRc

Py =L (12.35)

The total power due to all the harmonic components of the distorted signal can then be
calculated using

R
P=Ut+13+13+ - )=F (12.36)
The total power can also be expressed in terms of the total harmonic distortion,
R,
P=(l +D3+ D3+ ... 1=5= (1 + THDHP, (12.37)

2

EXAMPLE 12.16 For a hammonic distortion reading of I, = 0.1, D5 = 0.02, and Dy = 0.01,
with f; = 4 A and R~ = 8 {1, calculate the total harmonic distortion., fundamental power
component, and total power.

Solution: The total harmonic distortion is
THD = VD3 + D} + D} = V(0.1)2 + (0.02)% + (0.01)2 = 0.1
The fundamental power, using Eq. (12.35), is
P, — ITRc _ (4 A)%(8 0)
2 2
The total power calculated using Eq. (12.37) is then
P = (1 + THDHP, = [1 + (0.1)7]64 = (1.01)64 = 64.64 W

= 64 W
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CLASS AB OUTPUT STAGE

Crossover distortion can be virtually eliminated by biasing the complementary output tran-
sistors at a small nonzero current. The result is the class AB output stage shown in Fig. 14.11.
A bias voltage Vg is applied between the bases of Oy and Op For vy =0, vo=0, and a volt-
age Vg2 appears across the base—emitter junction of each of Oy and O Assuming

+ Ve
On
—t— Vig
2 4«13\-'
vr Qg
Vs Vi i
T> o
jQF 1
- Fcc
matched devices,
. . 1 A2
I!.II —_ EP — f'g — Jsﬂ BE T

The value of Vig is selected to yield the required quiescent current /[.
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Circuit Operation

When v; goes positive by a certain amount, the voltage at the base of Qy increases by the
same amount and the output becomes positive at an almost equal value,

V.. | |
Up = (i T — Upen (].4-24}

The positive v, causes a current j; to flow through R;, and thus iy, must increase; that is,

i.""." - I.F -+ ii’; ‘ (].42-5]

The increase 1n i; will be accompanied by a corresponding increase 1n vggy (above the quies-
cent value of V5 /2). However, since the voltage between the two bases remains constant at
Vg the increase in vgpy Will result in an equal decrease in vggp and hence in ip. The relation-
ship between iy and ip can be derived as follows:

Usen + Vegp = Vap

Vv ln—-+‘i.*r L= av In
T rl IS T Ib

Inip = IQ (14.26)
- Thus, as iy increases, ip decreases by the same ratio while the product remains constant.

Equations (14.25) and (14.26) can be combined to yield iy, for a given i; as the solution to
the quadratic equation

2 o 2
EIectronic‘D.E\_/Tclazsla'md‘Clquit_s— Iﬂlashelsky (1427)
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From the equations above, we can see that for positive output voltages, the load current is
supplied by @y, which acts as the output emitter follover. Meanwhile, 0, will be conducting a
current that decreases as v, increases; for large v, the current in Jp can be ignored altogether.

For negative input voltages the opposite occurs: The load current will be supplied by Qp,
which acts as the output emitter follower, while Q, conducts a current that gets smaller as v,
becomes more négative. Equation (14.26), relating i, and ip, holds for negative inputs as well.

We conclude that the class AB stage operates in much the same manner as the class B
circuit, with one important exception: For small w;, both transistors conduct, and as v is
increased or decreased, one of the two transistors takes over the operation. Since the transi-
tion is a smooth one, crossover distortion will be almost totally eliminated. Figure 14.12
shows the transfer characteristic of the class AB stage.

Vo

{V«C‘C i VC.ENBSI]_

(—Vee + Vecpsat)

Electronic Devjces and Clcrw ashel,sk\f___.
FIGURE 14.12 Transfer cha.t‘acterlsue ngtoh\ﬁsc%lea'aSg ‘B stagein Fig. 14.11.




POWER BJTs

Transistors that are required to conduct currents in the ampere range and withstand power
dissipation in the watts and tens-of-wats ranges differ in their physical structure, packag-
ing, and specification from the small-signal transistors considered in earlier chapters. In
this section we consider some of the: important properties of power transistors, especially
those aspects that pertain to the design of circuits of the type discussed earlier. There are,
of course, other important applications of power transistors, such as their use as switching
elements in power inverters and motor-control circuits. Such applications are not studied 1n

this book.

14.6.1 Junction Temperature

Power transistors dissipate large amounts of power in their collector-base junctions. The
dissipated power 1s converted into heat, which raises the junction temperature. However, the
Junction te'mperamrf: I'y must not be allowed to exceed a specified maximum, Tj,,; other-
wise the transistor could suffer permanent damage. For silicon devices, T}, is in the range

of 150°C to 200°C.
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14.6.2 Thermal Resistance

Consider first the situation of a transistor operating in free air—that is, with no special
arrangements for cooling. The heat dissipated 1n the transistor junction will be conducted
away trom the junction to the transistor case, and from the case to the surrounding environ-

ment. In a steady state 1n which the transistor 1s dissipating P’ watts, the temperature rise of
the junction relative to the surrounding ambience can be expressed as

Ty=1y = Opby (14.36)

where ) is the thermal resistance between junction and ambience, having the units of
degrees Celsins per watt. Note that 6;, simply gives the rise n junction temperature over the
ambient temperature for each watt of dissipated power. Since we wish to be able to dissipate
large amounts of power without raising the junction temperature above T s, it is desirable
to have, for the thermal resistance 6y, as small a value as possible. For operation n free air,
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—‘DTJ

FIGURE 14.17 Electrical equivalent circuit of the thermal-
T4 conduction process; T, =T, =Ppb, 4

0); depends primarily on the type of case in which the transistor 1s packaged. The valuve of
0); 18 usually specified on the transistor data sheet.

Equation (14.36), which describes the thermal-conduction process, is analogous to
Ohm's law, which describes the electrical-conduction process. In this analogy, power dissi-
pation corresponds to current, temperature difference corresponds to voltage difference, and
thermal resistance corresponds to electrical resistance. Thus, we may represent the thermal-
conduction process by the electric circuit shown i Fig. 14.17. -

Electronic Devices and Cicruits- Nashelsky
and Boylstead



14.6.3 Power Dissipation Versus Temperature

The transistor manufacturer usually specifies the maximum junction temperature T}y,,, the
maximum power dissipation at a particular ambient temperature T, (usually, 25°C), and the
thermal resistance ;. In addition, a graph such as that shown in Fig. 14.18 is usually pro-
vided. The graph simply states that for operation at ambient temperatures below T, the
device can safely dissipate the rated value of Py, watts. However, if the device 1s to be oper-
ated at higher ambient temperatures, the maximum allowable power dissipation must be
derated according to the straight line shown in Fig. 14.18. The power-derating curve is a
graphical representation of Eq. (14.36). Specifically, note that if the ambient temperature is
T.:;andthe power dissipation is atthe maximum allowed (Ppy), then the junction temperature
will be T},,,. Substituting these quantities in Eq. (14.36) results in

0, = Lymax = Tao (14.37)

which 1s the inverse of the slope of the power-derating straight line. At an ambient tempera-
ture 7, higher than T,,, the maximum allowable power dissipation Pp,,, can be obtamed
from Eq. (14.36) by substituting T; =T, ,,; thus,

Tyman = T

P!_}um = _ Hr B _ {14.33)
JA
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0 Trﬂ T.-'Fma X

FIGURE 14.18 Maximum allowable power dissipation versus ambient temperature for a BJT operated in
free air. This is known as a “power-derating” curve.

Observe that as T, approaches T_,,, the allowable power dissipation decreases; the lower
thermal gradient limits the amount of heat that can be removed from the junction. In the
extreme situation of T =T, no power can be dissipated because no heat can be removed

from the junction.
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A BIT is specified to have a maximum power dissipation Py of 2 W at an ambient temperature
T, of 25°C, and a maximum junction temperature 7', of 150°C. Find the following:

(a) The thermal resistance 6.
(b) The maximum power that can be safely dissipated atan ambient temperature of 50°C.
(c) The junction temperature if the device is operating at T, = 25°C and 1s dissipating 1 W.

Solution

(E:l} HJ'A : T}mmt_TAﬂ _ 150-25 = 6).5°C/W

Py 2
D =Ty 150-50
(h:] 'P Ma%L = - Jmﬂ-‘i-. -—_—- l.ﬁ w
g 0 62.5

© T, =T, +0,Py=25+625x1 = 87.5°C
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Transistor Case and Heat Sink

The thermal resistance between junction and ambience, 6, can be expressed as
0,0 = 0,0+ 6 (14.39)

where 6, 1s the thermal resistance between junction and transistor case (package) and 6, 1
the thermal resistance between case and ambience. For a given transistor, ) is fixed by the
device design and packaging. The device manufacturer can reduce 6,- by encapsulating the
device in a relatively large metal case and placing the collector (where most of the heat is
dissipated) in direct contact with the case. Most high-power transistors are packaged in this
fashion. Figure 14.19 shows a sketch of a typical package.

Although the circuit designer has no control over 6, (once a particular transistor has
been selected), the designer can considerably reduce 6,4 below its free-air value (specified
by the manufacturer as part of 6,). Reduction of 8, can be effected by providing means to
facilitate heat transfer from case to ambience. A popular approach is to bolt the transistor to
the chassis or to an extended metal surface. Such 4 metal surface then functions as a heat
sink. Heat is easily conducted from the transistor case to the heat sink; that is, the thermal
resistance 6 is usually very small. Also, heat is efficiently transferred (by convection and
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Os.4
FIGURE 14.20 Electrical analog of the thermal conduc-
©7T; tion process when a heat sink is utilized.
Pgm“ i
Ppmax (Teo)

0 - o
TL‘U T}mx T(:

FIGURE 14.21 Maxmum allowable power dissipation Jefsus tra nsistor-case temperature.
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radiation) from the heat sink to the ambience, resulting in a low thermal resistance . Thus,
if a heat sink is utilized, the case-to-ambience thermal resistance given by

By = Be+ B, _ (1440)

can be small because its two components can be made small by the choice of an appropriate
heat sink.” For example, in very high-power applications the heat sink is usually equipped
with fins that further facilitate cooling by radiation and convection.

The electrical analog of the thermal-conduction process when a heat sink is employed is
shown in Fig. 14.20, from which we can write

1,-T, = P80+ Ogs+ B,) (14.41)

As well as specifying ISJE,I the device manufacturer usually supplies a derating curve for
Py Versus the case temperature, Ty, Such a curve 5 shown in Fig. 14.21. Note that the

slope of the power-derating straight line is =1/6;c. For a given transistor, the maximum
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power dissipation at a case temperature Tq, (usually 25°C) is much greater than that at an
ambient temperature T 4 (usually 25°C). If the device can be maintained at a case temper-
ature Tp, Ty € T € Tpyape then the maximum safe power dissipation is obtained when

Ty =T g

T — T,
Pﬁmﬂx - ng S “442]
ic |

A BJT is specified to have T;,,, = 150°C and to be capable of dissipating maximum power as
follows:
40 Wat T, = 25°C
2Wat T, = 25°C

Above 25°C, the maximum power dissipation is to be derated linearly with 8;-= 3.12°C/W and
0,y =62.5°C/W. Find the following:

(a) The maximum power thatcan be dissipated safely by this transistor when operated in free air
at T, = 50°C.

(b) The maximum power that can be dissipated safely by this transistor when operated at an
ambient temperature of 50°C, but with a heat sink for which 6~ = 0.5°C/W and 6g4 = 4°C/W.
Find the temperature of the case'and of the heat sink.

(c) The maximum power that can be dissipated safely if an infinite heat sink is used and T, = 50°C.
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(a)

I}mu o I:i 150 — 50
P = == = 1.6 W
.DTI'l.qlP’. ﬂ_{_l.q 6‘2.5 1 6
(b) With a heat sink, 68,, becomes
B4 = B+ Bog+ B,

= 3.124+05+4 = 7.62°C/'W
Thus,
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e o T, = 150°C
§ﬂm= 3.12°C; W

4 o T~ = 109°C

Pp

13.1 ‘WC‘

N\

§ Ocs = 0.5°C, W
o Ty = 102.4°C

g Oo, = 4°C;/ W

b o Ty = S0°C

FIGURE 14.22 Thermal equivalent circuitfor Example 14,5,
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