CHAPTER 2

POWER AMPLIFIER

20 Introduction

The main characterigtics of an amplifier are Linearity, efficiency, output power, and
sgnd gain. Ingenerd, there is atrade off between these characterigtics. For example,
improving amplifier's linearity will degrade its efficiency. Therefore knowing the importance
degree of each one of these characteristics is an essentid step in designing an Amplifier. This
can be jugged based on the application. As an example high output power Amplifier is used

in the transmitter Sde of a transceiver, whereas high linear amplifier used in the receiver sde.

An amplifier issaid to be linear if it preserves the details of the sgna waveform, that

isto say,

V,(t) = AV (t) 2.2)
where, V; and V, are the input and output signals respectively, and A isacongant gain
representing the amplifier gain. Buit if the relationship between V; and V, contains the higher

power of V;, then the amplifier produces nonlinear distortion.

The amplifier' s efficiency is a measure of its ability to convert the dc power of the
supply into the signal power delivered to theload. The definition of the efficiency can be

represented in an equation form as

_ Sgnal power delivered to load _ 22)
DC power Supplied to output circuit




For an ided amplifier, the efficiency isone. Thus, the power delivered to the load is equd to
the power taken from the DC supply. Inthis case, no power would be consumed in the
amplifier. Inredity, thisis not possble, especialy in high frequency ream of RF circuits. In
many high frequency systems, the output stage and driver stage of an amplifier consumed
power in the amplification process.

The gain of the amplifier (G) isequa to the magnitude of the output signa (X,) over
the magnitude of the input signal (X;) as shown in the equation.

c=2o . 2.3)
X

G can bevaltage, current, or power gain depending on the application.

The output power level plays an important role in evaluating the power amplifier. The power
output capability factor, Ruax, is the power output that would be produced with stresses of 1
Volt and 1 Amp on the drain of the field effect transstor (FET). Multiplication of Pyax by
the drain voltage and current ratings of area device produces the maximum output power
available from that device.

The power output capability factor is

p = The Maximum Output Power ' (2.4)
"4 ThePeak Drain Voltage” The Pesk Drain Current

2.1 Amplifier Classification

Amplifiers are classified according to their circuit configurations and methods of
operation into different classessuch as A, B, C, and F. These classesrange from entirely
linear with low efficiency to entirely nontlinear with high efficiency. The analys's presented
in this chapter assumes piecewise-linear operation of the active device. The mgjority of this



information is available in Solid State Radio Engineering by Krauss, Bostain, and Raab
[1980].

The active device used in this research is the field effect transstor. The reason for
choosing this type of transistor is its superior performance in the microwave range
The characteristics of the FET can be described by:

i, =0 cut-off region,

i, =g XV,-V,) activeregion, (2.5)
V,

I, = RD saturation region.

The regions of operation are defined by:
cut-off region: Vas< V71,
activeregion Ves® Vr andip < Vp/Ron,
saturation region: Ves? Vr andip = Vp/Ron .
The term “saturation” is used here to denote the region where further increase in gate voltage

produces no increase in drain current, that isto say, ip isindependent of Vs

221 ClassA

The class-A amplifier has the highest linearity over the other classes. It operatesina
linear portion of its characteristic; it is equivalent to a current source. As shown in figures.2.1
and 2.2, the configurations of class-A, B, and C amplifiers can be either a push—pull or asingle
ended tuned verson. Figure.2.3 shows the load-line and current waveform for the class-A
amplifier. To achieve high linearity and gain, the amplifier’ s base and drain dc voltage should
by chosen properly so that the amplifier operatesin the linear region. The device, Snceitison



(conducting) at al times, is congtantly carrying current, which represents a continuous |oss of

power in the device.

As shown in Fig.2.3, the maximum ac output voltage Vo, is dightly less than Vpp and
the maximum ac output current lom isequa to lgq. In the inductor-less system, the output
voltage Vom Will not be able to rise above the supply voltage, therefore, the swing will be
constrained to Vpp/2 and not Vpp. The drain voltage must have a dc component equd to that
of the supply voltage and a fundamental-frequency component equal to that of the output

voltage; hence

V,@)=V,, +V, x&nq - (2.6)
The dc power is
P, =V, X aq (2.7)
the maximum output power is
1 1
P :E N Xl » E X/, X «Q (2.8)

and the efficiency is

h:PPf’ x‘l.OO:%xVixlOOESO% | 29)
dc DD

The difference between the dc power and output power is called power dissipation:
P=P_-P - (2.10)
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Figure2.1. Single-ended Power Amplifier (ClassA, B, or C)




(b)
Figure2.2.

a. Complementary Push—pull Power Amplifier (ClassA, B, or C)
b.Transfor mer-coupled Push—pull Power Amplifier (ClassA, B, or C)



10

Id (mA)

300

150 T

Idg —p
100

50

250_\\\\[1
200

VGS5

VGS4

(vdd,ldq)

VGS3

VGS2

VGS1

vdd

10

Vds (V)

15

20

Id (mA)

450
400
350 A
300 A
250 A

200 A

150 A
100 -

50 1

0.2

04

0.6

Time (nsec)

0.8

Idd

Figure 2.3. Load lineand current waveform for the class-A power

amplifier



2.2.2 ClassB

11

The class-B amplifier operatesidedly at zero quiescent current, so that the dc power

issmdl. Therefore, its efficiency is higher than that of the class-A amplifier. The price paid

for the enhancement in the efficiency isin the linearity of the device.

Figure 2.4 shows how the class-B amplifier operates. The output power for the single-

ended class-B amplifier is

p=1a w

(o] om (o]

thedc drain current is

dc p '
the dc power is
Y
Pdc — 2 om DD ,
P

and the maximum efficiency when Vom= Vpp IS

PP° ><100:%><Vﬂx100£78.53%

dc DD

h =

(2.12)

(2.12)

(2.13)

(2.14)
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Figure.2.4. Load lineand current waveform for the class-B power amplifier
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223 ClassAB

The class- AB amplifier is a compromise between class A and class B in terms of
efficiency and linearity. The transstor is biased as close to pinch-off as possible, typicaly
at 10 to 15 percent of 4. INnthis case, the transstor will be on for more than haf acycle,
but less than afull cycle of the input signal.

224 ClassC

The previous classes, A, B, and AB are considered linear amplifier, where the output
sgnd’ s amplitude and phase are linearly related to the input signal’ s amplitude and phase. In
the application where linearity is not an issue, and efficiency is critica, non-linear amplifier
classes (C, D, E, or F) are used.

Class-C amplifier is the one biased so that the output current is zero for nore than one
half of an input snusoidal signal cycle. Figure 2.5 illusirates the operation of the class-C

amplifier. A tuned circuit or filter is anecessary part of the class-C amplifier.

Classes-A, AB, B, and C amplifiers can be defined in terms of the conduction angle Y

asfollows:

1A, y=p

|

M p

iIB, y=—

I y 2

Classof operation = p

| AB , E<y<p (2.15)
|

:':C , y<E

2



The conduction angle is

|
Y = arccos{ Iﬂ . (2.16)

dd

Thedc current is

| = xgs @)da =2 X1, %y - 1, ssn(y)
dc 2p 0D p dq dd

=<2 sn(y) - yoos(y) @1

Also, the output voltage (V,) can be obtained interm of Y as

v, =%x50<q)xRxdq =%x{4l L sin(y) + 21, xy+ 1, xsin2y)]

| xR .
—_dd 7% >{2y- gn(Zy)] . (2.18)
2
The output power is

P =c, (2.19)

the dc power is

P.=V_ Xl - (2.20)

and the maximum output voltage V, is

V =V, - (2.21)

OMAX

From the above equations the maximum efficiency is

hmax - POMAX — Zy' Sﬂ(zy) _ (2.22)
R 4dn(y)- ycos(y)]
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Since the peak drain voltage and drain current are
vV = _ (2.23)

e = 1o + g (2.24)

DMAX

respectively, the power output capability factor is

h = POMAX — 2y_ Sn(zy) ] (2.25)
- VDMAX x| DMAX 3 >{1_ COS(y)]

Figure.2.6 shows the maximum efficiency versus the conduction angle. Although it is shown

that 100% efficiency is possible, it isimpractical because the output power is zero, as shown
inFig.2.7.

Although the preceding analysis was for the single-ended amplifier configuration, a
smilar analysis can be done for the push pull amplifier configuration. During the positive half
of the signa swing, one device will push the current to the load, and during the negative haf
signa swing, the other device will pull the current from the load. For example, in aclass-B
push-pull power amplifier, every deviceis on for one haf of the input cycle, which means that
the conduction angle is equal to 180 degrees for each device. Thisissimilar to two class-B
sngle-ended power amplifiers connected in apardld line. From this observation, it is
possible to conclude that the efficiency of the push-pull power amplifier isthe same asthat of
the single-ended power amplifier with the same conduction angle, and the output power
capability of the push-pull power amplifier is twice that of the single-ended power amplifier.
And thisreault is due to using two FETSs.
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Figure 2.5. Load lineand current waveform for the class-C power
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2.24 ClassF

The class-F amplifier is one of the highest efficiency amplifiers. It uses harmonic
resonators to achieve high efficiency, which resulted from alow dc voltage current product.
In other words, the drain voltage and current are shaped to minimize their overlap region.
Figure.2.8 showsaclass-F amplifier. Theinductor L3 and capacitor C; are used to implement
athird harmonic resonator that makes it possible to have a third harmonic component in the
collector voltage. The output resonator is used to filter out the harmonic, keeping only the
fundamental frequency at the output. The magnitude and the phase of the third harmonic
control the flatness of the collector voltage and the power of amplifier.

The drain voltage is
V,@Q)=V,, +V, x§ng+V__ &n(x) - (2.26)

V
The setting Voms =% produces maximum flatness for the drain voltage. And, the

maximum output occurs when the minimum point of Vq(g) iszero. Hence,

V =ZxV__ . (2.27)

Thedc current is

. :Iﬂ , (2.28)
Y
the dc power is
I dm
P, =V, ><F , (2.29)

the fundamentd current is



Idm >Gnq
om 2

the maximum fundamental output power is

omax

I
P :ﬂx\/om !
4

and, the maximum efficiency is

(o]

I dm
P 4 8™
h =—em x00=-2 xS x00=88.36% -
Pdc I dm VDD

Y

(2.30)

(2.31)

(2.32)
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2.2.5 Other High-Efficiency Classes

There are other high-efficiency amplifierssuch asD, E, G, H, and S. These classes
use different techniques to reduce the average collector or drain power, which, in sequence,
increase the efficiency. Classes D, E, and S use a switching technique, while classes G and H
use resonators and multiple power-supply voltage to reduce the collector current-voltage
product. A detailed analysis of class-E amplifier will be presented in Chapter 5.

Designers sdlect the class type to be used based on the gpplication requirements.
Classes-A, AB, and B amplifiers have been used for linear gpplications such as amplitude
modulation (AM), single-sideband modulation (SSB), and quadrate amplitude modulation
(QAM). Alsoit can be used in linear and wide band applications such as the multi~carrier
power amplifier. ClassesC, D, E, F, G, and H have satisfied the need for narrowband tuned
amplifiers of higher efficiency. Such applicationsinclude amplification of FM signds.
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23 Main Phydcal Limitations

The descriptions of amplifiersin the previous sections have dealt with ided devices.

In redity, transstor amplifiers suffer from a number of limitations that influence amplifier
operation and ultimately reduce their efficiency and output power.

In practica FET, there are four fundamental effects that force the operation of FET to
deviate from theided case: the drain source resistance, the maximum channel current I, the
open channd avaanche breakdown voltage, and the drain-source break down voltage [Robert,
1988]. Figure 2.9 shows IpsVps characterigtics of atypical MESFET (ATF-46100).
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Figure2.9. Ips-Vps characteristicsof atypical MESFET.
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24 Nonlinear MESFET M odd

The development of alarge-signal mode for the trangstor is an important step in the
design of anonlinear amplifier. The transstor model consists of linear and nonlinear circuit
elements, where the latter are described by a set of nonlinear equations. Figure 2.10 shows a
lumped-eement model of the MESFET that can be used either in asmal-sgnd or alarge-
sgna analysis. Ry isthe ohmic resistance of the gate, and Rs and Ry are the source and drain
ohmic resistances, respectively. Cqgs, and Cg and Cy are the drain-source capacitance and gate-
channd capacitances respectively. Severd authors have proposed number of nonlinear
MESFET models such as the Curtice- Ettenberg model, the Staz modd, and the Tom mode!.
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Figure2.10 GaAs MESFET nonlinear equivaent circuit.
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2.5 Nonlinear analysis

Having obtained a suitable model for the large signa behavior of the FET, the next
step isto sdect the andysis method. There are two methods. frequency-domain techniques,
and time domain techniques. Harmonic-balance andysis and Volterra- series analysis are the
most important frequency-domain techniques. In the harmonic balance technique, the
nonlinear circuit is partitioned into linear and nonlinear subcircuits. The linear subcircuit can
be described by its Y, S, or any other parameters. The nonlinear elements are modeled by
their I/V characteristics. The voltages at the interconnections between the two subcircuits are
variables that, when determined, define dl the voltages and currentsin the network. In the
Volterra-series anadysdss, the nonlinear dements are characterized by power series. Then the

nonlinear transfer function can be obtained using the convolution.

In the time-domain techniques, conventiona circuit theory is used to obtain time-
domain differential equations that describe a nonlinear circuit. These differentia equations are
solved numerically. A mgor disadvantage of time-domain analysisisthat a steady State
solution, which isthe only one of interest in amplifier design, often requires severa cycles

and, consequently, along computation time.

More information about the nonlinear andysis methods for the amplifier circuitsis

available in Nonlinear Microwave Circuits by Stephen Maas [1987].



