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Abstract —Present @aveling-wave tube amplifiers (TWTA) and solid-

state power amplifiers (SSPA) used in communication systems both -at

ground stations and on-board satellites should be highly efficient and

provide linear amplification. me performance of these microwave power

amplifiers is limited, however, by intrinsic nordinearities which result in

undesirable distortions. In this paper, a new predistortion techniqne using

GRAS dual-gate MESFET’S is presented to linearize the ‘IWTA’S and

SSPA’S. The results of a Ku-band (1 L7-12.2 GHz) linearized 16-W

TWTA and C-band (3.8-4.2 GHz) linearized SSPA are presented.

I. INTRODUCTION

I NFORMATION-HANDLING capacity of current

communication satellites is limited by nonlinearities in

microwave power amplifiers (MPA) used in satellite trans-

ponders. These amplifier nonlinearities of the signal being

relayed by the satellites lead to such undesirable effects as

crosstalk, intermodulation distortions, reduced signal-to-

noise ratio in the presence of multiple signals, etc. In order

to reduce the nonlinearities of the signal generated in the

MPA’s and obtain higher carrier to third-order intermod-

ulation distortion (C/3rd IMD) products ratios, amplifiers

are operated well below saturation with consequent loss of

efficiency and reduced power output and traffic handling

capability.

A typical TWTA/SSPA RF power output versus RF

power input is fairly linear in the small-signal region, and

becomes quite nonlinear as the MPA is driven to satura-

tion. These nonlinearities produce distortion products such

as AM-to-AM conversion, AM-to-PM conversion, harmon-

ics, and intermodulation products.

In the small-signal region, AM-to-AM conversion is

nearly 1 dB/dB. At saturation, the AM-to-AM conversion

becomes O. Most AM communication systems require at

least 0.9 dB/dB of AM-to-AM conversion, so that the

MPA’s output power must be backed off at least 6 to 8 dB

for the TWTA and 2 to 3 dB for the SSPA from saturation.

The second type of distortion AM-to-PM conversion is a

measure of the changes in MPA phase length resulting

from changes in the RF power input and is defined as the
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slope of the phase versus the RF power input curve (de-

grees per decibel). The maximum allowable slope for many

communication systems usually occurs at an RF input 3-6

dB below the level that causes saturation.

Another form of distortion in the MPA’s is harmonic

output power. When the MPA’s are driven to saturation,

the harmonics are generated because of the nonlinearities.

Some of the power is converted into the harmonics as the

MPA is driven near saturation and the efficiency of the

amplifier reduces.

Nonlinearities in a MPA lead to the formation of mixing

products when two or more signals are amplified by the

MPA. These mixing products are called intermodulation

distortion (IMD) products. The most important of these

are the third-order IMD products, which results from the

second-order distortion products of one signal mixing with

the first-order products of another signal. The third-cn-der

IMD products are closer to the signal frequencies and

larger in amplitude than the higher order products.

Fig. 1 shows the amplitude and phase transfer character-

istics of a typical TWTA (solid curves). It is apparent that

the amplitude curve is nonlinear and that the phase of the

TWTA varies about 45°. In an ideal case, one would like to

have constant gain with no change in phase as the input

power is backed-off from saturation. The dotted curves

shown for amplitude and phase represent the performance

that can be expected with linearization. Obviously, the

linearity of the MPA’s can be greatly improved by using a

linearization technique presented in’ this paper.

In this paper, we present a new technique of predistcrt-

ing the input signal to the TWTA/SSPA, using dual-gate

MESFET’S. The circuit is quite simple and employs fewer

components than do other predistortion techniques re-

ported in the literature. The test results for a linearized

Ku-band (11.7 –12.2 GHz) 16-W TWTA and a linearized

C-band (3.8-4.2 GHz) 12-W SSPA are presented.

II. SYSTEM ASPECTSOF THE LINEARIZE

The purpose of a linearize is to reduce the level of

third-order intermodulation products in FDMA communi-

cation systems. In TDMA systems, the purpose of lirieari-

zation is to reduce the intersymbol interference due to

nonlinearity of the MPA and to reduce the spectrum
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Fig, 1. A typical amplitude and phase transfer characteristics of a

TWTA and linearized TWTA.

spreading at the output of the MPA. Spectrum spreading

generates strong interferences in adjacent channels. In both

systems, linearization will reduce the need for MPA output

power back-off and thus improves both the performance

and the efficiency of the system.

III. VARIOUS TECHNIQUES OF LINEARIZATION

There are many methods for improving the linearity of

the TWTA’S, namely, feedforward [1], negative feedback

[2], [3], and predistortion [4]-[12]. Feedforward is an at-

tractive approach that has been widely used. However, two

MPA’s and ancillary power supplies are required. The

feedforward system also requires that the absolute phase

for each MPA be constant to within a few degrees. The

requirement of another MPA in the auxiliary arm reduces

the efficiency of the system and the circuitry involved is

quite complex. Therefore, this technique is not suitable for

use within the satellite; however, it is an accepted tech-

nique for use in the less constrained ground station.

The negative feedback technique requires special treat-

ment of the time delay [2] and bandwidth involved [3].

Because of the several cycles of delay required between

input to output, the bandwidth obtained by this technique

is quite narrow. However, for a narrow-band application,

this may be a practical way of achieving linearity.

The predistortion technique has been widely used to

linearize MPA’s using Schottky diodes and MESFET’S (in

saturation) as nonlinear elements and distortion genera-

tors. This scheme in general, provides both broad frequency

bandwidth and wide dynamic range. To accomplish this,

inverse distortions, both in amplitude and phase, are gener-

ated and summed with the MPA input to cancel nonlinear-

ities within the MPA.

IV. PRINCIPLE OF OPERATION

There are two sources of nonlinearities in the microwave

power amplifier: a) amplitude nonlinearity and b) phase

nonlinearity. The intermodulation distortions generated by

phase nonlinearity is orthogonal to that generated by am-

plitude nonlinearity. Therefore, a linearize should be capa-

ble of generating both inverse amplitude and phase nonlin-
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Fig. 2. (a) Schematic diagram of the duaf-gate FET linearize. (b)-(e)
Linearize vector diagrams.

earities to achieve a substantial reduction in the IMD

products. Fig. 2(a) is a schematic diagram of the linearize.

The input to the Iinearizer is divided into two equal

quadrature components in a 900 hybrid power splitter.

Each quadrature component is applied to a dual-gate FET

which is biased for nonlinear operation. The outputs of

each dual-gate FET are then combined in an in-phase

power combiner and amplified in a power linear amplifier

to compensate for the loss encountered in the linearization

process.

The amplitude and phase of the nonlinearity introduced

by the two dual-gate FET’s can be controlled by adjusting

the dc bias on the second gates. Bias points are chosen to

pro~de simultaneously, a decreasing amplitude attenua-

tion and in increasing phase advance with increasing input

power level as monitored at the output of the post-linear,

amplifier. This is illustrated by the vector diagram repre-

sentations in Fig. 2(b)–(e) for the circuit shown+in Fi~

2(b). Fig. 2(b) shows the two orthogonal vectors A and B

at inputs of the two dual-gate FET’s for a particular input
power level. The two signals appearing at the output ports

of the two dual-gate FET’s are Al and BI as illustrated in

Fig. 2(c). The angle between vectors A; and ~1 is 0, where

0>90° (/3 - 1600). The angle between two vectors in-

creases because of the no~linearities of the dual-gate FET’s.

The resultant vector is Cl at the output of the in-phase

combiner. When the input power increases to a higher

level, the input vectors appearing at the inputs of the

dual-gate FET’s are A; and ~’ as shown in Fig. 2(d), where

A’> A, B’> B, and A’/A = B’/B. The vec~rs app~aring

at the outputs of the dual-gate FET’s are A~ and B; are

shown in Fig. 2(e). The angle between vectors Al and ~j is
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relationship introduces additional loss when the two sig-

nals are combined in an in-phase combiner. The total 10SS
-50 ) 1 1 I t 1 t

-14 -12 -lo -8 -6
120

-4 -2 0 of the linearize is about 30–35 dB, which is compensated
INPUT POWERBACKOFF(dB) by the linear amplifier (Fig. 2(a)).

(b) Thus, gain expansion and phase advance is obtained as

Fig. 3. (a) Variation of output power of the two dual-gate FET’s (Fig. the input power to the linearize is increased. The amount
2(a)) asa function of input power. (b) Variation of output phaseof the
two dual-gate FET’s (Fig. 2(a)) as a function of input power backoff.

of phase advance and gain expansion can be adjustecl by

varying the bias voltages of the two gates of the dual-gate

FET’s. However, once the bias voltages are adjusted to

9’ and obtain required improvement in the IMD, they are !kept

A;/Al > A’/A 3{/31 > B’/B.
fixed for all power levels. The nonlinearities in amplitude

and phase generated by the linearize are inverse to that

The angle between the two vectors ~~ and el is A(3 such generated in the microwave power amplifier.

that
V, EXPERIMENTAL RESULTS

A9=o’–e
Two linearizes were designed and fabricated using NEC

and
dual-gate FET’s (NE46385) to linearize a Ku-band 16-W

r

A,2 + B,2 TWTA and a C-band 12-W SSPA. The results of both the

c{/c~ > TWTA and SSPA with and without linearizes are pre-
A2+B2 “ sented below.

The amplitude transfer characteristics of the two dual- A ~WT, ~inearizer

gate FET’s are shown in Fig. 3(a). As the input power is “

increased, there is a gain expansion in both dual-gate Fig. 4 is a photograph of the dual-gate FET linearixer.

FET’s. However, FET 1 has more gain expansion than Fig. 5 shows the variation of the output power backoff

FET 2. The loss in both FET’s is about 20 dB. This is with input power backoff for a single carrier from satura-

because the dual-gate FET’s are biased near pinchoff to tion for a 16-W TWTA with and without linearize. The

obtain the nonlinear characteristics. The typical bias volt- curve for the TWTA is plotted at center frequency II .95

ages on the first gate (RF gate) and second gate (central GHz since it does not change with frequency significantly,

- gates) are – 1.5 and – 2.5 V, respectively. while curves for the TWTA with linearize are plotted for

The phase relationship between two dual-gate FET’s at different frequencies in the 11.7–12.2-GHz band. The am-

their outputs (Fig. 2(a)) Al and B1 is shown in Fig. 3(b). plitude transfer characteristics of the TWTA with lineari.zer

The phase difference between these two FET’s is about have better linearity than that of the TWTA alone. ‘The

150°-160°: A 90° phase. shift is introduced by the 90° phase transfer characteristics of the TWTA with and

hybrid, and the different nonlinear characteristics of the without linearize are presented in Fig. 6. The phase tm.ns-

two dual-gate FET’s introduce a phase difference of about fer curve for the TWTA is plotted at the center frequency

60°-70°. This phase relationship is necessary to obtain 11.95 GHz.’ The total phase shift of the TWTA output for a

proper distortion at the output of the linearize. This phase 20-dB dynamic range (O dB corresponds to saturation) has
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Fig. 6. Output phase of the TWTA as a function of input power backoff
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been reduced from 45° to less than 14° over the frequency

range of 11 .7–12.2 GHz. Thus, there is a considerable

improvement in the amplitude linearity (AM-to-AM) and

phase linearity (AM-to-PM) of the TWTA by predistorting

the input signal to the TWTA.

One measure of improvement in the linearity is the

third-order intermodulation distortions generated in the

TWTA for a two carrier input signal. Fig. 7 shows the

comparison of the performance obtained for a standard
TWTA and one that has been linearized using the dual-gate

FET predistortion method. In Fig. 7, the C/3rd IMD ratio

is plotted as a function of output power backoff from

single-carrier saturation for a TWTA at center frequency

and for a TWTA with linearize at frequencies 11.7–12.2

GHz. These results are obtained for two input carriers

separated by 5 MHz. Improvements in the C/3rd IMD of

4–5 dB at saturation, 7–12 dB at 4-dB output power

backoff have been obtained over 500-MHz, band of

11.7 -12.2 GHz. An improvement in the C/3rd IMD of

more than 7 dB has been obtained over a dynamic range of

10 dB in output power. The linearize was tested over a

temperature range of 15° to550.
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Fig. 7. The C/3rd IMD ratio wrth and without lmearizer as a function
of output power backoff at 25°C.
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Fig. 8. The C/3rd IMD ratio with and without linearize as a function

of output power backoff at 16”C.

The results for various temperatures 16”C, 40”C, and

55°C are presented in Figs. 8-10, respectively, for the

C/3rd IMD as a function of output power backoff with

and without the linearize. A bandwidth of 400 MHz has

been obtained over this temperature range of 15°C to 55°C

for very similar improvements in the C/3rd IMD as shown

in Fig. 7. The linearize was tuned at 25 “C and 55 “C and

the bias voltages on the four gates of the two dual-gate

FET’s are optimized. The bias voltages at 40° are the

average of the two sets of bias voltages obtained at 25 ‘C

and 550 C. The results indicate that the linearize can be

compensated for temperature variations by using sensistors

in the bias circuits.

Figs. 11 –14 show the spectrum analyzer display of the

output of the TWTA for two input carriers separated by 5

MHz, with and without Iinetizer, at saturation, 3-dB,

6-dB, and 10-dB output power backoffs from single-carrier

saturation. The reduction in the third-order (also fifth and

seventh, etc.) intermodulation distortion products is clear

from the Figs. 11-14.
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The amplitude transfer characteristics (AM-to-AM) of

the linearize by itself are presented in Fig. 15. The input

and output power backoffs are normalized. The linearize

has an insertion loss of about 35 dB over the frequency

range 11.7 –12.2 GHz. The gain expansion in the linearize

is obvious from Fig. 15. There is a gain expansion of about

1–3 dB over the dynamic range of 20 dB in input power

backoffs. The O-dB input power corresponds to the power

required to saturate the TWTA. The phase transfer char-

acteristics (AM-to-PM) of the linearize by itself are shown

in Fig. 16. The input power backoff is normalized, and the

O dB corresponds to the input power required to saturate
the TWTA. The output phase of the linearize varies about

30° to 50° for an input power range of 20 dB over the

11.7–12.2-GHz range. The phase variation with input power

is in opposite directions to that of the TWTA (Fig. 6).

Thus, the Iinearizer produces an inverse phase to that of

the TWTA, and the resultant phase variations of the lin-

earized TWTA is reduced as shown in Fig. 6.

Fig.

Fig.

11.

(a)

1.483

(b)

Two-tone freauencv svectrum of the outmrt of the TWTA at.
saturation. (a) Without and (b) with linearize.

(a)

(b)

12. Two-tone frequency spectrum of the output of the TWTA at

3-dB output power backoff. (a) Without and (b) with linearize.
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Fig. 16. Output phase as a function of input power backoff of the
linearize.

Video transmission via satellites is being accomplished

by using one video signal per channel (transponder). If two

video signals are transmitted through one channel (trans-

ponder), the undesired chroma crosstalk is high due to the

nonlinearities at saturation. To transmit two video signals

per channel, one has to use the TWTA’S at sufficiently

backed-off power levels. Fig. 17 shows the variation of

chroma crosstalk as a function of separation of the carrier
from the center of the band at saturated output power

levels for both with and without the linearize for a 16-W

TWTA at 12 GHz. With the linearize, the chroma cross-

talk has been reduced to less than 1.5 percent, which is

within the acceptable limit. Fig. 18 shows the variation of

luma crosstalk as a function of input power backoff from

saturation with and without linearize. The separation of

the two signals is 12 MHz from the center of the channel,

and the IF bandwidth is 24 MHz. IF bandwidth= 2( F +

fro), where F (8 MHz) is the peak deviation and fm is the

upper baseband frequency, (4 MHz for NTSC video). The

Iuma crosstalk is about 4.5 percent at saturation and
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reduces as the input power is reduced. The luma crosstalk

has been reduced to less than 1 percent for all power levels

including saturated power. One percent is the limit of the

measurement system and is an acceptable limit for two

carriers to be transmitted in one channel. Thus, by using

the Iinearizer with the TWTA, two video signals can be

transmitted through one transponder at saturated power

levels. Thus, performance improvement can virtually double

the traffic-handling capability of the satellite.

B. SSPA Linearize

A linearize was also designed and fabricated for lin-

earizing a 12-W solid-state power amplifier operating over

3.7–4.2 GHz. Fig. 19 shows the variation of the output

power backoff with input power backoff for a single carrier

from saturation (operating point) for a 12-W SSPA. Here,

saturation of the SSPA is defined as the operating point

where optimum power level and efficiency are obtained.

This operating point (saturation) occurs at about 3-dB gain

compression point with and without the linearize over a
frequency range of 3.8–4.2 GHz for the SSPA used. The

amplitude transfer characteristics (AM-to-AM) of the SSPA
with the linearize have better linearity than that of the
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Fig. 19. Output power backoff of the SSPA as a function of input
power backoff with and without linearize (O dB corresponds to satura-

tion).
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Fig. 20. Output phase of the SSPA as a function of input power backoff
from saturation with and without linearize (O dB corresponds to
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SSPA alone. The phase transfer characteristics (AM-to-PM)

of the SSPA with and without the linearize are presented

in Fig. 20. The total phase shift of the SSPA for a 20-dB

dynamic range of input power has been reduced from 8° to

4° over 3.8–4.2 GHz. Thus, there is a considerable im-

provement in the amplitude linearity (AM-to-AM) and

phase linearity (AM-to-PM) of the SSPA by predistorting

the input signal to the. SSPA.

One measure of improvement in the linearity is the

third-order intermodulation distortions generated in the

SSPA for a two-carrier input signal, Fig. 21 shows the

comparison of the performance obtained for a 12-W SSPA

and one that has been linearized usipg the dual-gate FET

predistortion method. In Fig. 21, the C\3rd IMD ratio is

plotted as a function of output power backoff from single-

carrier saturation for the SSPA with and without the

linearize for the frequency range 3.8–4.2 GHz. These

results are obtained for two input carriers separated lby 5



1486 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-33, NO. 12, DECEMBER 1985

I
10 L

SSPA LINEARIZER+SSPA

— –––––– 38GHz
— —.—.— 39GHZ
— -o—o— 4 OGHZ A
—6——4— —A—A— 4 ! GHz

— —x—x— 42 GHz AA

SSPA71 A

/

/f’

4 i,/’
/

/’
.-; .

0.

-. A
--- —A

LINEARIZER+SSPA

,o~
-14 -12 0

OUTPUT POWER BACKOFF FROM SINGLE CARRIER SATURATION (dB)

Fig. 21. The C/3rd IMD ratio witlr and without linearize as a function
of output power backoff.

10– — sSPA

—-— LINEARIZE + sSPA

FREQUENCY 40 GHz
CJ 20 -
g
I

z
~ 30 _

T
m
:
v 40 – ,,

/’
/

/
50 -

I
,0 ~

-14 -12 -10 -8 -6 -4 -2 0

OUTPUT POWERE!ACKOFF FROM SINGLE CARRIER SATURATION ( dB)

Fig. 22. The C\3rd IMD ratio with and without linearize as a function

of output power backoff.

MHz. Improvements in the C/3rd IMD of 2 dB at satura-

tion, 10 dB at 5-dB output power backoff have been

obtained over the 400-MHz band of 3.8–4.2 GHz. Fig. 22

shows the C/3rd IMD ratio as a function of output power

backoff from single-carrier saturation for the SSPA with

and without the linearize at 3.95 GHz. In this case, the

linearize was tuned to get the best improvement at satura-

tion. The difference between the results of Figs. 21 and 22

is the different gate bias voltages of the dual-gate FET’s.

The improvement of about 8 dB is obtained at saturation.
Thus, a good improvement in the C/3rd IMD can be

obtained either at saturation or over a large dynamic range

of output power. Provisions can be made to switch the

linearize for two different types of traffic by a telemetric

command to change the bias voltages of dual-gate FET’s

for optimizing performance.

The amplitude characteristics (AM-to-AM) of the lin-

earize by itself are presented in Fig. 23. The input and

output power backoffs are normalized. The Iinearizer has

an insertion loss of about 35 dB. The gain expansion of the
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Fig. 23. Normalized output power backoff as a function of input power

backoff of the linearize.
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Fig. 24. Output phase as a function of input power backoff of the
linearize,

linearize is obvious from Fig. 23. There is a gain expan-

sion of about 1 to 2 dB over the dynamic range of 20 dB in

input power backoff. The O-dB input power backoff corre-

sponds to the power required to saturate the SSPA. The

phase transfer characteristics (AM-to-PM) of the linearize

by itself are shown in Fig. 24. The output phase of the

linearize varies about 4° for an input power range of 20

dB over 3.8–4.2 GHz. The phase variation with input

power is in opposite direction to that of SSPA (Fig. 20).

The linearize produces an inverse phase to that of the

SSPA and the resultant phase variation of the linearized

SSPA is reduced (as shown in Fig. 20). Figs. 25-28 show

the spectrum analyzer display of the output of the SSPA

for two input carriers separated by 5 MHz, with and

without the linearize at saturation, with 2-dB, 4-dB, and

6-dB output power backoffs from single-carrier saturation.

The reduction in the third (also fifth and seventh, etc.)

intermodulation distortion products is clear from Figs.

25-28.

VI. CONCLUSIONS

A new predistortion technique is presented for lineariz-

ing microwave power amplifiers such as traveling wave

tube and solid-state power amplifiers used in satellite

transponders and ground stations communication systems.



KUMER t?l al.: PREDISTORTJON LINEARIZE 1487

(a) ‘

(b)

Fig. 25. Two-tone frequency spectrum of the output of the
saturation. (a) Without and (b) with linearize.

.8

(a)

(b)

(a)

(b)

SSPA at Fig. 27. Two-tone frequency spectrum of the output of the SSPA at

4-dB output power backoff. (a) Without linetizer and (b) with linearize.

(b)

Fig. 26. Two-tone frequency spectrum of the output of the SSPA at Fig. 28. Two-tone frequency spectrom of the output of the SSF’A at

2-dB output power backoff. (a) Without linearize and (b) with linearize. 6-dB output power backoff. (a) Without linearize and (b) with linearize.
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In this technique, dual-gate FET’s are used as nonlinear

devices to generate the inverse amplitude and phase non-

linearities to that of the MPA. The results for a linearized

16-W TWTA for 11.7 -12.2 GHz, and a linearized 12-W

SSPA for 3.8–4.2 GHz are presented. In both cases, very

good improvements have been obtained in the C/3rd IMD

ratios, and the AM-to-AM and AM-to-PM distortions are

t-educed. The improvements obtained in the chroma and

luma crosstalk obtained with the linearized TWTA at 12

GHz allows the TWTA to be operated at saturation and to

double the traffic-handling capacity of the satellite. The

circuit for the linearize is quite simple and is adoptable to

different types of TWTA’S or SSPA’S by changing of the

bias voltages of the dual-gate FET’s.
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