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ABSTRACT

A novel technique based on the constant modulus algo-
rithm (CMA) is proposed to compensate the gain/phase im-
balances and DC-offsets in a transceiver. The algorithm is
first described when implemented in the transmitter to com-
pensate its circuit distortions. It is shown that the gain/phase
imbalances and DC-offsets of the modulator can be cor-
rected even in presence of high noise level. The symbol
error rate (SER) performance approaches that of a system
without imperfection. In the second approach, the CMA al-
gorithm is implemented at the receiver to compensate the re-
ceiver distortions and also the transmitter ones. It is shown
that the algorithm compensates for most of the receiver dis-
tortions and partly the transmitter ones.

1. INTRODUCTION

There has been considerable effort to optimize transceiver
architecture to be efficient in terms of cost, physical size,
and electrical power consumption. Direct conversion is a
step toward such an efficient transceiver architecture where
the down-conversion of the RF signal to baseband and the
up-conversion of the baseband signal to RF are carried out
without any intermediate frequencies (IF) [1]. The perfor-
mance of quadrature modulators used in direct transmitters
is sensitive to gain and phase imbalances and DC voltage
offsets presented in its inputs. Similarly quadrature demod-
ulators in direct receivers introduce gain and phase distor-
tion as well as DC offsets in the recovered complex signal.
It is well known that these imperfections degrade the overall
communication link performance [2][3].

To mitigate the performance loss associated to the im-
perfect quadrature modulators and demodulators, a digital
compensation technique is proposed along with a novel adap-
tive technique to estimate the compensation coefficients. The
novel technique is based on the constant modulus algorithm
(CMA), a blind technique that has been widely applied to
equalization in communication systems [4]. The CMA seeks
to minimize a cost function defined by a constant modu-
Ius (CM) criterion which penalizes deviations in the modu-
lus (i.e., magnitude) of the signal away from a fixed value.
In certain ideal conditions, minimizing the CM cost can be

IV - 1041

shown to result in perfect (zero-forcing) recovery of the re-
ceived signal [5]. The CM criterion can successfully recover
not only signals possessing a constant modulus, such as M-
PSK, but also those characterized by source alphabets not
possessing a constant modulus, such as 16-QAM signals.

In this paper, the CM criteria are defined for the transceiver
gain/phase imbalance and DC-offset compensation problem
and their corresponding adaptive algorithms are developed.
We first study the algorithm implementation in the transmit-
ter to estimate the pre-compensation coefficients required
to mitigate the quadrature modulator imperfections. Then
the algorithm is developed for implementation in the re-
ceiver to compensate both the quadrature demodulator and
the quadrature modulator imperfections. Computer simula-
tions are used to validate and assess the performance of the
novel technique.

2. COMPENSATION MODELS

By definition, the in-phase (I) and quadrature (Q) channels
of a quadrature communication system are orthogonal to
each other. Quadrature transceivers with good balance in
the I and Q channels rely on stringent specifications on com-
ponents and thus are costly. In practice, there are often some
gain/phase imbalances between the I and Q channels and
DC-offsets in the I and Q channels. A baseband processing
based on the CMA is proposed to compensate these imper-
fections.

2.1. Pre-Compensation of Transmitter

To model the quadrature modulation transformation with
imperfect implementation, a complex envelope as a length-
2 column vector containing the real and imaginary compo-
nents is used. The quadrature modulator can be expressed
as

vs(n) = Mv,,(n) +a (1)

where vs(n) = [I5(n) Qs(n)]*, vin(n) = [Ln(n) Qm(n)]T,
a=[a; ag|T, M is defined as

|1 —aysin(¢om)
M = 0  amcos(dm)
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Figure 1. Imbalance and offset compensation at transmitter.

I;(n) and Qs (n) are the I and Q components of the actual
modulator output at time n, I,,,(n) and @, (n) are the I and
Q components of the ideal output, o, and ¢,,, represent the
gain and phase imbalances between the I and Q channels, ay
and ag are DC-offsets of the I and Q channels, respectively.

The pre-compensation procedure of the transmitter’s im-
perfections is shown in Figure 1. The I and Q components
of the transmitted signal are

Vm(n) = M(P(n)vy(n) +d(n)) +a 2)

where P(n) is a compensation matrix for gain/phase imbal-
ances. It is defined as

_ p11(n)  pi2(n)
P(n) = p21(n)  p22(n)

and d(n) = [dr(n) dg(n)]T is a compensation vector for
the DC-offsets.

It can be shown that v, (n) becomes v,,,(n) when P(n) =
M~! and d(n) = —M !'a. That is, the phase/gain imbal-
ances and DC-offsets are corrected and the actual output of
the quadrature modulator is ideal.

It is noted that when P(n)M = I and d(n) + M 'a =
0, Eq. (2) can be rewritten as

Vm(n) = P(n)(Mv,,(n) +a) + d(n). 3)

Then when P (n) and d(n) are close to the optimal solution,
it is reasonable to approximate Eq. (2) as

Vi (n) = P(n)(Mvy,(n) +a) + d(n). “4)

Eq. (4) will be used to develop a blind estimation method
based on the CM criterion instead of Eq. (3).

2.2. Compensation of Receiver

Assume that the I and Q components of the received signal
are
vr(n) = R(n)vs(n) + w(n) ©)

where v, (n) = [I,(n) Q, (n)]*, w(n) = [L,(n) Qu(n)]",
I,(n) and )., (n) are two independent white Gaussian chan-
nel processes with zero mean and variance o2, and R(n)

—— Ma R(n)

AWGN D|b

v

Figure 2. Matrix model of the whole system with imperfec-
tion implementation.

represents the channel phase shift which can be represented
by a rotation matrix

cos(d(n))
sin(d(n))

—sin(d(n))

R(n) = cos(d(n))

The carrier phase tracking can be implemented in the re-
ceivers by direct adjustment of the local oscillator (LO) phase.
In this case, R(n) is constant, and equal to the identity ma-
trix I if the phase error is zero.

The received signal including the gain/phase imbalances
and DC-offsets in the quadrature receiver can be represented
by

vi(n) =Dv,.(n) +b (6)

where v4(n) = [Is(n) Qa(n)]t, b = [b; bg]t, D is de-
fined as

1 — Qg Sin(¢d)

0 agcos(ga)

aq and ¢g4 represent the gain and phase imbalances in the
demodulator, br and bg are DC-offsets.

As depicted in Figure 2, the overall effect of the sys-
tem imperfection and channel noise can be modelled by the
following

D=

vi(n) =H(n)vy(n) + c(n) + m(n) (7

where H(n) = DR(n)M, ¢(n) = H(n)a+b,andm(n) =
Dw(n).

The compensation transform illustrated in Figure 3 is
used to reduce or eliminate the distortion

Vm(n) = P(n)vy(n) + d(n) (3)

where ¥, (n) = [In(n) Qm(n)]7 is the estimate of v,y, (n).
Substituting Eq. (8) into Eq. (7) results to

Vm(n) = P(n)H(n)v,,(n)+P(n)c(n)+d(n)+P(n)m(n)

9)
The gain/phase imbalances and DC-offsets in the demod-
ulator and modulator can be compensated all at once as
P(n) = H '(n) and d(n) = —a — H=!(n)b. The com-
pensation estimation procedure becomes then a problem to
track P(n) and d(n).

3. CONSTANT MODULUS ESTIMATION
ALGORITHM

The objective of the CMA in the transmitter is to restore the
output v,,(n) to a constant envelope signal on average by
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Figure 3. Imbalance and offset compensation at receiver.

adjusting the P(n) and d(n) to minimize the cost function
J(n), which provides a measure of the amplitude fluctua-
tion. J(n) is defined as

J0) = B [(I9m ()] - Ro)’] (10)

where E [-] is the mathematical expectation operator and
R» is a constant depending only on the input data symbol
v (n). Ry is defined as

E [[[vm (n) [I']
Efllvim (n) 1”1

The compensation coefficients P(n) and d(n) can be
adapted by using a stochastic gradient algorithm. To sim-
plify the presentation, let p(n) = [p11(n) pi2(n) poi(n)
paa(n) di(n) do(n)]".

For the transmitter, the gradient with respect to p(n) is
given from (4) as

Ry = (11)

0J(n) _ e(n)x;(n
op(n) (n)x:(n), (12)
where e(n) = ||V, (n)||* = Ry and  x¢(n) = [I%(n)

The adaptation consists of adjusting p(n) with a step
size p in the opposite direction of the estimated gradient
and is given by

p(n+1) = p(n) — pe(n)x;(n). (13)

The value of the step size p is a tradeoff between the speed
of convergence and the estimate jitter in the steady state.

When the adaptive algorithm and compensation is only
implemented in the receiver, the gradient with respect to
p(n) is given by

9J(n) _ e(n)x,(n

ap(n) - ( ) 7‘( )) (14)
Wherexr(n)z[f@(n)ld(n) [n(n)Qa(n)  Qum(n)Iy(n)
Qm(n)Qa(n) In(n) Qum(n)]T. The adaptation rule in

the receiver is then

p(n+1) = p(n) — pe(n)x,(n). (15)
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Figure 4. Performance of CMA based pre-compensation in
the transmitter for an 8-PSK system.

4. SIMULATION RESULTS

In this section the performance of the novel technique based
on the CMA is studied using computer simulations of an 8-
PSK communication system. Assume that the carrier and
symbol timings are perfectly synchronized, i.e., §(n) = 0
in (5).

Figure 4 shows the SER performance of the CMA-based
pre-compensation system at the transmitter having the fol-
lowing phase/gain imbalances and DC-offsets

am = 0.95, ¢, = 7/36, ar = 0.05, ag = 0.05. (16)

The imperfections in the modulator largely degrade the
SER performance of the overall transceiver. From the fig-
ure, we note about 2dB Ej /Ny loss at SER= 1073, The
pre-compensation at the transmitter brings back the perfor-
mance to the theoretical one.

Figure 5 plots the performance when the compensation
is implemented in the receiver to correct gain/phase imbal-
ances and DC-offsets of the modulator. We note that the
CMA technique can improve significantly the SER perfor-
mance. However, the effect of the modulator imperfection
can not be fully eliminated. This was expected as reported
in [6] that the gain/phase imbalances of the modulator re-
sults in signal-to-noise ratio (SNR) loss in the received sig-
nal which cannot be recovered fully at the receiver.

To investigate the capability of the technique to miti-
gate receiver gain/phase imbalances and DC-offsets, we first
consider an ideal transmitter and a receiver with the follow-
ing imperfections

Qg = 0.95, ¢)d = 7T/36, b[ = —0.05, bQ = —0.05. (17)

The SER performance of the CMA compensation tech-
nique is shown in Figure 6. The gain/phase imbalances and
DC-offsets in the demodulator degrade the performance sig-
nificantly. Adding the compensation based on the CMA re-
covers almost all the performance loss.
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Figure 5. Performance of CMA based compensation of
modulator distortions in the receiver for an §-PSK system.

—+ Perfect
—0- Rx Distortion
% Compensation at Rx

Symbol Error Rate

Figure 6. Performance of CMA based compensation of de-
modulator distortions in the receiver for an 8-PSK system.

Figure 7 gives the SER performance when both the trans-
mitter and the receiver have the imperfections noted above
((16) and (17)) and the compensation is only performed at
the receiver. It can be seen from Figure 7 that the CMA
can largely improve the performance of the overall commu-
nication system. The remaining performance loss is due to
the SNR loss in the received signal caused by the modulator
imperfections.

S. CONCLUSIONS

A novel compensation coefficient estimation technique based
on the constant modulus algorithm (CMA) is proposed to
mitigate the effects of the gain/phase imbalances and DC-
offsets in transceivers. Application of this technique at the
transmitter to pre-compensate for its imperfections is pre-
sented and it is shown that the algorithm can effectively
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Figure 7. Performance of CMA based compensation of the
modulator and demodulator distortions in the receiver for an
8-PSK system.

fully mitigate the performance loss. Use of the technique
in the receiver to compensate receiver imperfections is also
presented. It is shown that the technique can almost fully re-
cover from the imperfections. When the receiver algorithm
is also use to compensate for the transmitter imperfections,
the simulation results show that the CMA can effectively
estimate the compensation coefficients to minimize the per-
formance loss.
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