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Analysis and Design of Microwave
Linearized Amplifiers Using

Active Feedback

EDUARDO BALLESTEROS, FELIX PEREZ, AND JORGE PEREZ

Abstmct —Intermodtdation distortion of active feedback amplifier sys-

tems has been analyzed using a simple method. Starting from the ampli-

tude characteristic of both amplifiers-the main and the auxifiary-it is

possible to calculate the intermoshdation distortion of the complete system.

Analytical results show that third-order interrnodidation products can be

considerably reduced when an active feedback with correct amplitude and

phase is employed.

Experimental measurements have been made on a one-stage bipolar

transistor amplifier that confirm the theoretical auafysis.

I. INTRODUCTION

I N CERTAIN MICROWAVE applications there is a

need for amplifiers capable of delivering high output

power levels with a low intermodulation distortion. Such is

the case in, e.g., multicarner telecommunications systems,

amplitude-modulated transmitting systems (TV broadcast-

ing), and digital radio systems. The conventional approach

for achieving this result is to use amplifiers operating at an

output level far below their real capabilities (back-off

approach). However, this procedure results in very low

efficiency amplifier systems that require considerably over-

sized active devices, which makes this approach impracti-

cal in many cases. As a result, for more than a decade,

alternative configurations have been investigated in order

to achieve the design goals. Among these are the reinfec-

tion amplifier systems [1], the passive feedback systems [2],

the predistortion linearized amplifiers [3], active device

bias control systems [4], and low-frequency feedback sys-

tems [5].

The nonlinear behavior analysis of this tWe of structure

is usually implemented by simple approximations which,

frequently, allow only insufficient predictions of the sig-

nal/intermodulation ratio of the system in relation to the

output power. On the other hand, the literature also con-

tains sophisticated analysis procedures of the nonlinear

distortion introduced in the narrow-band modulated sig-

nals by the microwave amplifiers [6].

In this paper a new linearization configuration of microw-

ave power amplifiers using active feedback networks is
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presented. Because of its structural characteristics, it cam

be easily compared with the amplifier systems that operate

by the reinfection principles or passive feedback, although

their operating principles are, in a certain way, more

similar to those of the predistorted systems.

The analysis of the structure is conducted by a proce-

dure which tries to combine accuracy and simplicity, and a

simplification of the mentioned nonlinear distortion analy-

sis methods

II.

can be considered.

LINEARIZATION OF ACTIVE FEEDBACK

AMPLIFIERS: BASIC CONCEPTS

Fig. 1 shows the basic diagram of an amplifier system

which uses the active feedback principle. It consists of an

input coupler with coupling Ci, a main amplifier with

small-signal gain G~ and output power at 1 dB compres-

sion ~1~~~, an output coupler with coupling CO, and,

lastly, an auxiliary amplifier characterized by the parame-

ters Ga and PdBa.

In a first modeling of this system, the following hy-

potheses will be assumed:

a) Each of the elements of the system has all its ports

perfectly matched, independently of the signal level inci-

dent on them.

b) The inverse transmission of the amplifiers is negligi-

ble.

c) The amplifiers are narrow-band. For purposes of their

nonlinear behavior in the band, the zero-memory system

can be considered. This condition implies that the AM–PM

conversion of the amplifiers is not taken into account, and

its study is out of the scope of this model.

d) It will be allowed that the amplifiers can be char-

acterized by their amplitude characteristic functions (or

describing functions). This assumption is justified, among

others, by two reasons. The first is that the microwave

active devices-especially the encapsulated ones—tend to

remove the harmonic contents of the device accessible port

signals. The second is that all the feedback systems show

low-pass-type responses in order to avoid oscillations at

high frequencies.

e) At operating frequency, the negative-feedback condi-

tion is accurately attained: that is, the loop gain has a 180°

associated phase.
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Fig. 1. Active feedback amplifier system.
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Fig. 2. Model of the amplifier system.

Under these conditions, the approximate model shown

in Fig. 2 can be used to study the response of the system

with monotone excitation. In this representation, the letter-

ing indicates the signal amplitude at each point of the

circuit.

The amplifiers are described by their amplitude char-

acteristics F. (main amplifier) and Fa (auxiliary amplifier).

The amplitude characteristic of the open-loop system

shown in Fig. 2 will be

x,= Fl(xi) =C1.Fa(C.OF~(X, )) (1)

and the amplitude characteristic of the closed-loop system

will be given by

Y=8(x)=F~(x, ) (2a)

where xi is implicitly defined in relation to x by the

balance condition

X=xl+x r. (2b)

In order to understand qualitatively the linearizing ef-

fect of active feedback, it is fitting to express the condi-

tions (1), (2a), and (2b) in terms of the gains combined

with the amplitude characteristics. In this way, taking into

account that the gain associated with an amplitude char-

acteristic function is given by

G(a) = F(a)/a (3)

where .

a = xi (main amplifier)

a = 2= (aux. amplifier)

the open loop gain will be

Gl(.xi) = ~= C,CGa(CoOGm(Xi).X,). (4)
z

The gain of the complete system and the balance condi-

tion of the loop will be given, respectively, by

Gm(xi)
G,(x) =y/x=

l+ G1(xi)

x ‘X,(l+ ‘[(xi)).

(5a)

(5b)

On increasing the signal level (x), the main amplifier

reduces its gain (G~(xi)) due to the compression effect.

However, as indicated by expression (4), the feedback

magnitude is also reduced (Gl(xi)) not only by its own

compression, but especially by that owing to the auxiliary

amplifier. By adequately sizing the input and output cou-

plers, it is possible to make the compression degree of the

auxiliary amplifier suitable to compensate the gain reduc-

tion from compression of the main amplifier.

It is interesting to point out that the utilization of an

active feedback network allows linearizing the amplitude

characteristic of the main amplifier with two important

advantages in relation to passive feedback:

a)

b)

In

The gain loss of the main amplifier can be very low.

As a direct consequence of the above, the stability of

the system is not jeopardized since Gl is much less

than 1.

III. ACTIVE FEEDBACK NONLINEAR STUDY

this paper, the output signal/intermodulation rela-

tion (~/1) as a function of the output signal power will be

adopted as a linearity measurement of the system. The

signal power is understood as that corresponding to the

output components of frequencies equal, respectively, to

the two input test tones and 1$/1 relation as the difference

of levels existing between any of the output third-order

beating tones and the signal tones. This is justified by the

fact that this is one of the typical specifications of a

microwave power amplifier. Moreover, the procedure pre-

sented can be easily generalized to higher order intermod-

ulation products.

A. Prediction of the S/1 Relation of a System from its

Characteristic Function

The nonlinear behavior analysis of the system is imple-

mented by starting from its voltage characteristic u = U(U)

(instantaneous amplitude output versus instantaneous am-

plitude input), which will be assumed odd since the even

part of u(u) does not contribute (if existing) to the nar-
row-band response. This starting point does not constitute

a limitation of the procedure since, as Blachman has

demonstrated [7], the odd part of u(u) can be determined

starting from the amplitude characteristic F(a).

The relation which makes it possible to determine the

in-band amplitude characteristic as a function of the volt-
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age characteristic is now classic [7]:

F(a) =AJmu(a. cos/3). cos Odf3
T()

or (/3= n/2– 8)

F(a) =:j”u(a. sind). sinddd. (6)To

The response of the system to the two-tone test signal

can be calculated with the following procedure [8]. Let the

input signal be

x(t) =a. (sintill+sinuzt) =2a. sintiot. cosu~t (7)

where

The output signal is then given by

y(t) =u(2. a.sin(tiot) .cos(u~t)). (9)

Generally tio and tid are incommensurable so that y(t)

is not periodic and does not allow a straightforward Fou-

rier series expansion. As a result, we use the auxiliary

bidimensional signal:

;((o,ld) = ~(2”a”sin(~o”(o) ”cos(~~” Jd)) (10)

which is periodic in {0 and in (d, having odd symmetry in

relation to its ‘first argument and even in relation to the

second one. Then, j(~O, (d) admits a double series expan-

sion of the type

~({o,{d) = f 5 cnm(a)”sin(~~O”IO) ”cos(~~d”{d)
-=1 ~=1

(11)

where

C~n(a)

.sin(ntio. ~o). cos(mtid. j~). d{o. d(~. (12)

The expression (12) can be simplified using the angular

variables (3= uo~o, @= a~{~, resulting in

Cn~(a) = >j”J”u(2a. sinO. cos@). sin(nO)
00

.Cos(nl+). de. d+. (13)

Now taking into account that y(t) = ~(t, t), the amplitude

of each of the two components of signal and third-order

intermodulation can be obtained:

1 27?.
13(a) =~C13(a)=~J J u(2a. sin O.cos@)sin6

00

501

Considering lastly the relation (6), S(a) and l~(a),

hereafter referred to as l(a), can be expressed as a func-

tion of F(a):

S(a) =~~’’F(2a. cos@). cos~. d@ (16)

l(a) = ~~nF(2a. cos$). cos3@. d@. (17)
70

In the previous system F(a) can be eliminated, thus

obtaining a direct relation between S(a) and I(a):

I(a) =S(a)–4~1a2. S(aa). da. (18)
o

Finally, the relation S/1 can be expressed as a function

of the amplitude characteristic:

J(*F 2a. cos@,)cos@. d@

s/I = :

J(

(19)
F2a. cos@)cos3@. d@”

o

In our case, as will be shown later, F(a) is determined

in the form of a table of discrete values. In evaluating the

expression (19) we have used two alternative methods:

1) Polynomial Interpolation: It is possible to approxi-

mate F(a) by fitting a table of values with a least-squares

method:

F(a) = Ala+ A3a3 + A5a5 + . . ..42~+1a2n+1 . . .

+ A a2~+1.2p+l (20)

Then, the use of the Chebysheve transform leads im-

mediately to

where

()i
i(i–l)(i–2)(i-j+l)

j= j(j-1)(j--2)...l “

(21a)

(21b)

This last expression allows a greater simplicity in

evaluating the S/1 relation. The drawback of this method

is that the errors in the approximation of F(a) translate

into errors in the determination of the S/1 relation dif-

ficult to predict. Its accuracy will diminish as the amplifier

operates in vefi large signal.

2) Fourier Series Expansion of u(u): In this case, we

start from the Fourier series e~pansion of the voltage

characteristic:

w Il.?-!

I T. 1> l~l<x (22)u(u)= ~ a.. sin ‘lu
n=l

1A I

which, by common knowledge, results in the expansion [7]

(23)
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Fig. 3. Chart of S/1 calculation method.
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(expression(21)) (ewression(24) and (25))

Applying the Chebyshev transformation:

.:, (%)4%’)’24)s(a) =’ ~ &&

~=, H4343 ‘2’)I(a)= 2~BJ

where the coefficients b. are given by

as demonstrated with the help of expression (6).

B. Application to Active Feedback

In calculating the S/1 relation of the active feedback

amplifier, we will follow the routine shown in the chart of

Fig. 3.

The first step will be to find the amplitude characteristic

of the complete system, starting from the amplitude char-

acteristics of the amplifiers ( F~ and F.) and from the

coupling values of the couplers (CO and C;) (see Fig. 2).

By means of expressions (2a), (l), and (2b) for a set of

discrete amplitude values at the main amplifier input, xl, a

correspondence table can be found between the signal

amplitudes at the input and output of the complete system

(Y – x), which define the amplitude characteristic of the
complete system ( Ft(x )) for a discrete set of values

of x.

We can later use any of the proposed methods to

evaluate the S/1. This can be done by polynomial interpo-

lation, by the expressions (20) and (21), or by the Fourier

expansion of ~(x), with the help of expressions (24), (25),

and (26).
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Fig. 4. Amplitude characteristic of the active feedback amplifler

IV. DESIGN OF AN L-BAND LINEARIZED AMPLIFIER

STAGE [9]

In order to verify the validity of the ideas mentioned in

the previous sections, an L-band active feedback linearized

amplifier has been designed. As active devices, the bipolar

transistors BFT-98 (main amplifier) and BFR-91 (auxiliary

amplifier) have been chosen for simplicity. The amplifiers

were designed employing small-signal conventional proce-

dures, with the single particularity of selecting the match-

ing networks which can introduce a minimum transmission

phase shift to improve the bandwidth.

Once the amplifiers had been made, their power outputs

were experimentally characterized at 1 dB compression,

obtaining 27 dBm for the main amplifier and 19 dBm for

the auxiliary amplifier. The small-signal gains were 13.6

and 10 dB, respectively.

The amplitude characteristics of the amplifiers were

later modeled by means of cubic polynomials without even

terms. The coefficients of the polynomial were determined

in such a way that the small-signal gain and the 1 dB

compression output power were suitable in each case:

F~(x) = 4.78630092x – 0.188984209x3 (27)

F.(x) = 3.16227766x – 0.343894728x3. (28)

Using the method of analysis described in the previous

section, the value of the couplings of the input and output

couplers was optimized so that the output power of the

system with an S/1 ratio of 40 dB would be maximum:

Cl = 20.53 dB and CO= 11.21 dB, which implies a small-

signal gain loss of 3.25 dB. The amplitude characteristic of
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Fig. 5. S/1 of the active feedback amplifier.
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the complete system, as well as the polynomic approxima-

tion obtained, is shown in Fig. 4.

The resultant S/1 response is similar for the two calcu-

lation methods related and is shown in Fig. 5.

Finally, the physical designs of the input and output

couplers were implemented with the requirements of ob-
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Fig. 7, Experimental results,

taining the optimum couplings and a loop gain with 180°

associated phase. Thus, we obtained the amplifier system

shown in Fig. 6. The implemental ion of the matching and

@arization networks was made on a plastic substrate of

low dielectric constant (CuClad~, whereas the couplers

were made on a plastic substrate of high dielectric constant

(Epsilam-10) in order to reduce their physical length. The

circuit was assembled; its measured small-signal parame-

ters indicate an adequate adaptation (COE <2) in a 130

MHz band centered at 1 GHz, with a gain of 10.5 dB. The

two-tone response is the one shown in Fig. 7, and it

successfully agrees with the one projected theoretically,

showing a 3.2 dB increase in output power with S/1 of 40

dB in relation to the amplifier without feedback. The only

drawback of the structure is its sensitivity to the tempera-

ture, since the gain changes of the active devices impair the

linearization effect. In some applications a gain control

system as a function of the temperature must be intro-

duced.

V. CONCLUSIONS

The linearization method of active feedback amplifiers

allows considerable improvement in power output with a

given S/1 relation without important gain losses. An

L-band amplifier system has been designed which makes it

possible to double the output power with an S/1 of 40 dB

and increases the efficiency by 55 percent in relation to the

main amplifier. The method shows advantages over the

feedforward systems with regard to the simplicity of the

structure and the nature of the auxiliary amplifier, which

can have a saturation power much less than the main one.

The analysis method presented has been proved to be a

useful design tool for this type of linearization system, and
is capable of being extended to other structures such as

those of reinfection or predistortion.
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