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Abstract

Nonlinear distortions of amplifiers can bring serious degradations in communication. A practical linearization method to
reduce the nonlinear distortion is pre—distorter [1,2]. The conventional pre—distorters require the knowledge in advance
about the nonlinear performances of the amplifiers in communication links, which is not available in many applications. As
they are of open loop circuits, they cannot follow the changes of the nonlinear properties of the amplifiers in time either.

In order to solve those problems the author proposed a negative feedback linearizer for non—linear amplifiers based on a
complex model a few years ago [3]. The negative feedback linearizer can not only cope with wide varieties of nonlinear
properties of the amplifiers without the advance knowledge of the communications paths but also can follow the changes of
parameters in time. The method is also applicable to cases with large paths delays.

The proposed method is based on a complex model of nonlinear amplifiers. The model is analyzed based on a stray
capacity theory modeled as the balance between electrical and mechanical forces in the stray capacitors.

Keywords Non-linearity, Distortion, AM/AM, AM/PM, Correlation, Uncorrelated, Stray capacity, Hooke’s law


mailto:osamu-ichiyoshi@muf.biglobe.ne.jp

1. Normalized Amplifier

An amplifier gives output y(t) (t;time) caused by input x(t). A
linear amplifier with amplitude gain a gives y(t) = a.x(t).

If the output is yo(t) for a given input xo(t), the linear
amplifier is normalized to that of the unit gain a=1 by replacing
x/x0 by x and y/yo by y. In the following our analysis is made

on the normalized amplifier.

2. Taylor Expansion of Nonlinear Amplifier
If the function y(x) is differentiable then it can be expanded in
Taylor series.
y=x+a2.x2 +a3.x3 +,,,
where the coefficients a2, a3,,, are constants.
In communication the transmitted signals are generally of the
following modulations;
x(t) = p(t).cos(we.t) - q(t).sin( wc.t)
where p(t), q(t) are modulating signals carrying the
transmitted data. w c is the angular frequency of the carrier.
Here the real function x(t) can be expressed as the real part
of a complex function X(t) :
x = RefX(D)} = 1/2.(X + X*)
X =clt).e'(.wc.t)
where c(t) = p(t) + j.q(t) (i2=-1

and X* is complex conjugate of X.

The third term of the Taylor series is now calculated;
X'3=1/8 (X3 +3X2. X"+ 3X.X"2 + X*3)
=3/4 lc]®X +1/8(X*+ X*¥)
=3/4 |X[2X +1/8(X3+ X*®)
The frequency of the second term above is 3 w ¢, namely the
third harmonics which are removed by channel filters.
It can be shown only odd number of terms in the Taylor series
expansions include components falling into the communication
channel. Furthermore the (2m+1)th term is of the form |X|%"e

X.

The above representation of real functions by complex

functions is generally used in communication engineering. We

can likewise set a complex function Y(t) for y(t) as;
y = Re{Y}
Then the amplifiers in communication can be expressed as ;
Y = G(IX])-X

where G(|X|) gives the nonlinear complex gain.

3. Complex Model of Nonlinear Amplifiers
The general phenomena of amplifiers are ;
(1) AM/AM
The amplitude of the output is limited for the
increasingly large input signal amplitude.
(2) AM/PM
The phase of the output signal delays against the input
for the increasingly large input signal.
Based on the above phenomena, the general amplifier
expression will be given in the following format;
Y = G(IX[)+X
GUXD=1/0+a-IXI"2) /+jB-1X]"2)
G2=jj =-1
Where oo, 3 are constants.
In the ranges
as X2 <<,
B-IXI2) << 1,
The transfer function is approximately
G(UXD =/0+(a +jB)IX]"2)
=1/ {1+ 2a. [X[2+(a2+B72)X]"4)
ce'flarctan(B + |X]"2 / U+ a2 «|X]"2))}
In terms of nonlinearity;
AM/AM ;
IGUXDI = 1/ {1+ 2a. [X]I2+(a2+872)-|X] 4}
AM/PM ;
Arg(G(|X]) = arctan(B + |X| 2/ (1+a"2 +1X]|"2))

4.  Saleh Model
Saleh model is widely used in linearizers designs[1,2].
In the phasor representation

X=ri.e(GO)

Y=ro.e(G(0+¢)
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The Saleh model gives
AM/AM; ro = alri/(0+ «2.ri2)
AM/PM,; ¢ = Blri2/(+B2.ri2)
where al, a2, 81, B2 are constants.

Note the proposed complex model is similar to Saleh model.

5. Stray Capacity Model

We now think about the cause of nonlinearity.

The proposed model is based on the stray capacity in the

amplifier circuits (input side). Let the stray capacity C in the

amplifier with internal resister r so the transfer characteristics
are
T=1/I+joc.r.C)

If the capacity C changes according to the magnitudes of the

input then some nonlinearity will result.

The stray capacity is modeled as the capacitors with the plates

that can change the gap length according to the electric

charges on the plates balanced with the elasticity force based
on Hooke’s law.

The capacitance C of the stray capacity is given by;

C=¢o0-S/(d)

Where ¢ o is the dielectric constant of vacuum, S the area of
the plates, d— u is the gap lengths between the plates of the
stray capacitors, of which d is the gap at no input signal and u
is the variation due to the inputs to the amplifier.

When an input signal is applied to the amplifier the stray

capacitor collects electric charge q which pulls the plates

inwards by Coulomb force. The electric force is balanced by

the elastic force following Hooke’s law. Let the elasticity

constant be k then the forces balance as;
k.u=q.q/(d-u)2/(4x.¢o0)

The right hand side suggests the force is proportional to the
square of the input amplitude |x(t)|"2. It is also probable
d>>u hence u will be proportional to |x]|"2.

Based on the above discussion we suppose the stray capacity

is expressed as ;

C = Co.(1+c.|x]72) (c ; constant)

Then the transfer characteristics is given by
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T=1/(14j. wec.r.C) = 1/( 1+j. wc.r.Co.(1+ c.|x|"2) )
=1/( 1+4j.d. (1+ c.|x]72)) (d=wc.r.Co)
=1/ {1+d2 + 2d.c.[x| "2 + d.c2. [x| D)}
. e —jarctan{ d. (1+ c.|x|"2) }
In the expression in terms of nonlinear elements;
V(A+d2).T = 1/V Q1. x[72 + 2. x| ")}
. e{-j.arctan{ d. (1+ c.|x|"2) }
where,
fl = 2d.c/(1+d"2),
2 =d.c2/(1+d"2)
The nonlinearity of the model;
AM/AM
IGUXDI2 = 1/ Q+f]x]"2 + 2. x]"4)
AM/PN
Arg{G(|X]))= - arctan{ d. (1+ c.|x|"2)}
The behavior of the proposed model is similar to those

described in the preceding sections.

6. Open Loop Pre—distorter
The structure of an open loop pre—distorter is simple;
Amplifier

X C.X Y

—»{ Pre-distorter

We now describe the mechanism of the linearization.
Without linearization;
The output Y’ of the amplifier is given by multiplication of input
X with the nonlinear gain G(|x|) ;

Y= G(Ix[)+X
With linearization;
The input signal to the amplifier is compensated by complex
multiplication with the control signal C(|x|). Then the output
of the amplifier gets;

Y =Y’ (C(1X]).X)

= G(lc(IXD.XD.c(X]).X

The linearization is achieved if

Galedxh.xp.cixh=1



Example 1 ;
For IGUXD] = 1/ {1+ a. IX]}
Then CUXD =1/y{1- a. IX]2}

This is the case the amplifier has no saturation.

Note the range of linearization is limited to;

IXI < 1/J (a)

Example 2;
For  GUXDI = 1/{1+ a. [X]2}
Then  C(IXD)={1- y (I-4a. [XI2}/{2a. |X]"2}
Note the dynamic range is |X| < 1/2V ()
This is the case output Y’ is saturated at
IX[=1/V (a),
V=V ()2
The linearizer achieves the maximum power out of the amplifier
at |X| =1/2/V (a),
Yl =V ()2
where C =2.

The mechanism of linearization is depicted in the following

figure.
[Y]
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Example3;

For GUIXD = 1/{1+iB IX]}

Then  C(|X])=Co/(B |X])
where Co is an arbitrary constant for compensation of
AM/PM/.

Then the linearized output is

Y =X/y (1+ Co2)

The above example suggests that in order for a complete
linearization, the amplitude and phase must be independently
controlled.

In practice the exact characteristics of the nonlinearity are not
known in advance. Therefore we need to assume some simple
model such as Saleh and determine the parameters by a few
tests.

The accuracy of linearization is limited by the differences
between the true characteristics of the amplifier and the
adopted model. The changes of parameters in time cannot be

followed by the open loop pre—distorter either.

7. Closed Loop Pre—-distortion
We review the linearizer equation
Y =Y (C(IX]).X)
= G(lc(xD.XD.c(X).X
It can be viewed as a two stages amplifiers composed of
First stage; Y1 =C(|X]).X
Second stage Y = G(]Y1]).Y1
The total function of the amplifiers is
Y = G(IY1D)-C(1X])-X
Our objective is to achieve
Y/X = G(lyiDh-c(xDh
=1
If we take logarithm of the terms, our goal is
Y] - XI=[G]+I[C]
=0
where [Y] is logarithm of Y.
Y] =LY+ j<Y)
where
<Y) = arg(Y), or
Y= |Y].e'(. <Y)
Then our goal is achieved if
(vl - OxII = [cll + [Icll=0
) - X =<6 + <0 =0
The left hand side [Y]-[X] is the error that is to be minimized

to zero by control of [C].
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In order to achieve our goal we need
a. Error detector that gives [Y]-[X] = [Y/X]
b. Pre—distorter that achieves C.X for input X
c. Amplifier G(|X|) to be linearized.
d. Control data memory that stores [C(|X|)].
Note the memory is addressed by |X].
e. Control Data Generator that gives [C]
The error integral method can achieve the objective ;
[Cl(n+1) = [Cl(n) - k.[Y/X](n)
where [C](n) is the control data stored in the memory in the
n—th control. The data is renewed by replacing the content of
the memory by [Cl(n+1).
k is the loop gain of the control loop for generating
[C(IX])]. Generally k must be < 1 for stability of the loop.
f.  Feedback loop from output of the amplifier to the control
circuit to generate the error signal [Y/X].
g. Delay circuit for compensating the delay of the feedback

loop to the error detector.

A block diagram of the feedback linearizer is depicted in the

following figure.

|
X | C.X Y
| C(IXI]) H‘—P‘I >~
|
N |
Cntrol Data Mem. :
[X| | Address Data !
1 0sC
T
|
Cnt Dat Gen |
|
IX| |
/x|
\ |
— Y/L
Delay >{  Error Det. < ——

A few notes will be helpful for understanding the operation of

the proposed method.

The portion of the figure to the right of the dotted line

operates in RF bands. Those to the left side operate in
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baseband in digital complex format. The lines —> are complex
signals and—> are real data pointing to the address of the
Control Data Memory.

The signals shown by —— are real signals in the RF bands.
The dotted line depicts the frequency converters; Quadrature
Amplitude Modulator (QAM) for the up—converter and
Quadrature Amplitude Demodulator (QAD) for the down
converter. OSC stands for the oscillators for generating
complex carrier signals e (j.wc.t) = ( cos(we.t), sin(wec.t) )
and other timing signals.

The feedback loop branches a small portion of the amplifier
output by a directional coupler for the linearizer operation. Let
us depict the loss of the feedback loop by L then the linearizer
functions to achieve

[Y/L/X]=[Y] -[L] -[X]=0

Ly/x]=1[L] ; Total gain of the linearized transmitter
The reference phase is achieved for small input X well in the
linear operation range. The reference phase needs to be
removed for phase error detection to get the phase error due
to the nonlinear effects in the power amplifier.
Control Data Memory needs to be initially set with some
appropriate data. It may be also necessary to interpolate the
control data over some range of addresses based on each
measurement cycle. For those purposes proper complex models
of the nonlinear amplifiers will be useful.
Because it contains the delay compensation the proposed
method is applicable to systems with large transmission delays,

such as satellite communications.

Conclusion

A complex model of a nonlinear power amplifier is proposed.
The causes of nonlinear effects are studied by a stray capacity
model which gives similar behaviors as Saleh and other models
herein proposed.

Some examples of inverse functions for the open loop pre—
distorter are shown. The operational limits of open loop pre—
distorters are discussed and a closed loop pre—distorter is

proposed with the theory of its operations.
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Symbols
Some unfamiliar mathematical symbols are explained here.
(1) X .Y =X-Y is the product of X and Y.
(2) X'nis X to n as in the n—th term in Taylor expansion.
(3) For a complex variable X
X = [X]. e KX)
where
|X| is the absolute value of X.
<X) is the argument or phase of X.
j is imaginary number unit; j 2 = -1
(4) [X]is logarithm of X
[X] = [IX]]+ KX)



