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CORRECTION OF TRANSMITTER GAIN AND PHASE ERRORS AT THE
RECEIVER

Ediz Cetin, Izzet Kale and Richard C. S. Morling

University of Westminster, Department of Electronic Systems,
Applied DSP and VLSI Research Group,
London W1W 6UW, United Kingdom

ABSTRACT

This paper explores the benefits of compensating transmitter gain
and phase imbalances in the receiver for quadrature
communication systems. It is assumed that the gain and phase
imbalances are introduced at the transmitter only. A simple non-
data aided DSP algorithm is used at the receiver to compensate
for the imbalances. Computer simulation has been performed to
study a coherent QPSK communication system.

1. INTRODUCTION

Gain and phase imbalances in quadrature transmitters are known
to degrade the overall communication link performance [1]-[3].
Transmitters with good balance in the in-phase and quadrature
channels must rely on stringent specifications on components
that are difficult to achieve as the frequency of operation
increases to microwave or mm-wave region, especially in direct
transmitter designs.

Several techniques have been proposed to estimate and
compensate the quadratre modulator imperfections at the
transmitter [4]-[7]. Many of these approaches imply the use of
analog feedback loop around the quadrature modulator. This in
itself is not an error free loop. In [8] the Gram-Schmidt
orthogonalization procedure is proposed for comecting the
transmitter errors at the receiver by using test signals. This paper
explores the capability of a non-data aided adaptive DSP
technique developed for quadrature receivers in [9] to
compensate for the imbalances introduced at the transmitter.
Indeed, the analysis carried out in [9] assumed an ideal
transmitter where the imbalances were introduced only at the
receiver. In this study, we assume that the gain and phase
imbalances are introduced at the transmitter only and examine
the effects of compensating them in the receiver.

The paper is organized as follows: Section 2 defines the model of
the gain and phase imbalances in the transmitter. Section 3
describes how the transmitter gain and phase imbalances are
compensated at the receiver, while simulation results and
concluding remarks are given in Sections 4 and 5 respectively.

2. MODELLING THE TRANSMITTER
GAIN AND PHASE IMBALANCES

Ideally, the in-phase (I) and quadrature {Q) channels of a
quadrature communication system are orthogonal to each other,
However, due to implementation imperfections, there always
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exist gain and phase imbalances that destroy the orthogonality
between these two channels and degrade the performance of the
communication system. [1]-[9}

The gain and phase modelling is a complex issue. To facilitate
analysis, we use the quadrature transmitter model in Figure 1 and
assume that phase and gain errors are differentially distributed
between the I and Q channels.
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Figure 1 Typical quadrature transtnitter

Carrier modulated signal s(t} at the output of the ideal analog
quadrature modulator is given as:

s(f) = R{u(t)e/2Vart]

= uy(t)cos(2nfppt) —ug(f)sin(2nfppt) o

where u(t) and uy{t) arc the baseband in-phase and quadrature
components, each having unity power, 2rfpetis the carrier

frequency. The complex envelope, u(t) of the RF signal s(t) can
be expressed as a 1-by-2 column vector containing the baseband
in-phase and quadrature components. Hence the u(t) can be
represented as: :
ule) ={ur (ug)]”  where u; (1) =a(f)cos(@(?)
ug(f) = a(f)sin{(2))

where a{t) is the envelope, and §(t) is the phase. In the presence
of phase and gain mismatches equation (1} becomes:

() =u; ([l + 0.50, Jcos(2nfpri + 0.5, ) —
up(O[1-0.5c Jsin(2nfpre — 0.5¢;)

@

3

where g, is the phase and «, is the gain error. Equation (3) can
be expressed as
s(r) =cos(2nfgr)[ur{f)g, cos 0.5¢; +up(1)g,sin0.5¢.]-

4
sin(2nf g1 (g1 5in0.59, +ug(f)gs cos0.5¢,] @
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where g,=(1+0.50.} and g»=(1-0.50,). To gain mor¢ insight into
the effects of analog modulator mismatches, suppose the RF
signal s(t) is QPSK modulated. Figure 2 shows the effect of these
mismatches on the signal constellation.
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Figure 2 QPSK constellation with (a) Gain, (b) Phase imbalance
(gain error of 6 dB and phase emor of 15 ©)

The effect of phase and gain mismatches can also be seen by
examining the QPSK signals in the time domain as shown in
Figure 3. The gain error simply appears as a non-unity scale
factor in the amplitude. The phase imbalance, on the other hand,
corrupts ¢ach channel by a fraction of the data pulses in the other
channel, in essence degrading the signal-to-noise ratio,
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Figure 3 Effect of I'Q mismatch on QPSK waveform with (a) Gain, (b)
Phase imbalance (gain ermor of 6 dB and phase error of 15 ©)

As it can be seen from Figure 2, the phase error rotates the
quadrature axis distorting the quadrature modulator’s coordinate
system. Gain mismatch on the other hand results in a rectangle
instead of a square. It can be seen that each transmitted symbol
undergoes a transformation, or mapping onto the transmitted
signal constellation. This transformation can be expressed as:

s(r) = M{u()} (5
where:

I ideal
M =] +050)cos(p, /2) (1-0.50,)sin(@,/2) (6)
[(1 +05ag)sin(p, /2) (1-0.5a.)cos(e. / 2)] erronous
Another effect of the analog quadrature modulator errors is the
generation of a spurious signal. In the presence of quadrature
errors equation (1) can be re-written as:

Desired
: By !
do=%m{uaﬁdaﬂﬁ”@wff—gfjfd+
M
s —j% 17e
eﬂWWmUZWMUﬂ
Spurious

where g,=(1+0.50;) and g,=(1-0.5a,). From equation (7) the
corresponding amplitudes of the desired and spurious signals are
(glej%‘— g,e’ Ty and (ge”? +g,e’T) respectively. Let 4y,
denote the amplitude of the desired signal and A4, the amplitude
of the spurious signal. The ratio between them is the sideband

suppression, As a function of phase and gain errors the sideband
suppression can be expressed in decibels as:

2
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Figure 4 Single Sideband Suppression as a function of o, and ¢,

3. BLIND TRANSMITTER GAIN AND
PHASE IMBALANCE CORRECTION

The received and quadrature downconverted baseband signal A1)
at the receiver can be expressed as:

r@)=s()+n(r) E)

where s(t) is the erroncously generated transmitted signal and
n(t) is the complex-valued additive white Gaussian noise. In the
ideal case where there are no transmitter phase and gain
mismatches the received in-phase, r; and quadrature, 7, signals
relate to the transmitted quadrature components u; and u;, as:

n®] 1 0] [
hm}hlyLwJ 10
e —

M

where M is the mixing matrix which transforms the u(t) and
1o(t) signals to the new r(t) and ry(t) signals. Hence, in the ideal
case M=, as shown in equation (10). Also, it can be seen that in
the ideal case there is no crosstalk between the T and Q channels
and they are orthogonal. However, in the presence phase and
gain errors this no longer holds and the received signal
components relate to the transmitted ones as:
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[q(r)] ~ [(1 +0.5a,)cos(g, /2) (1-0.5¢,)sin(gp, /2)}([::, (:)] (1)

ro) || (1+0.5a, )sin(. /2) (1050 )cosp, /2)| [ ()
M

As it can be seen from (11), due to the phase and gain
mismatches the quadrature components are no longer
uncorrelated and orthogonal. The effect of transmitter T and Q
channel phase and gain mismatches on the Bit-Error-Rate (BER)
performance of the quadrature receiver is shown in Figure 5.
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Figure 5 BER as a function of phase and gain errors

The simplified model for the proposed adaptive source
separation approach is depicted in Figure 6.
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Figure 6. Source separation approach

The mixing matrix M{z) of equation (11} can be simplified as:

_ 1 MQ(Z)
M) ‘[M,(z) 1 ]

where Mg(z) determines the crosstalk from the ug(t) to ~{t) and
My(z) determines the crosstalk from the wu(t) to rg(t) channels.
Both Mg{z) and Mp(z) depend on the amount of the transmitter
phase and gain errors. The proposed feed-forward blind de-
correlator along with the assumed phase and gain mismatch
model is shown in Figure 7.
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Figure 7. Proposed solution.

In the proposed approach, both W,{z) and Wy(z) are two tap LMS
based adaptive FIR filters arranged in an Adaptive Noise
Canceller (ANC) set-up. These FIR filters, W{z) and Wy(z),

operate on the baseband signal and try to model My(z) and M{(z).
Hence doing so they de-correlate the two signals, r, and rq. The
transfer matrix, T(z), from the sources u and ug to the source
estimates ¢; and cq is given as:

T(z)= WM
[ 1 -wme] L Me) (13)
RIS 1 Ma(z) 1
This equation can be solved for ¢pand ¢g to give:
alll b TE oK™ (14)
o -Wy(z) 1 g

Based on the orthogenal principle, the filter W{z} decorrelates its
error signal cg with the input signal »y; while the filter Wp(z)
decorrelates its input signal rq with the error signal c;. Thus, the
output signals ¢ and cq are statistically uncorrelated, that is,

Elej(myxcp(n—k)]=10, vk, (15)

From (13) and (14), it is clear that the choice of the following
solution:

[wi(2)] [M;(2)

Wo(a)] ‘[MQ (z)] (16)
yields:

[, (] Tuy(w)

< (")_ = ax[ug(n)] 1"

where, @ =1— M (z)Mp(z) . Hence, W{z) models M{z) and-

Wy(z) models Mjy(z). These estimates are then subtracted
eliminating the crosstalk between the two channels. In doing so
the two channels are de-correlated.

4, SIMULATION RESULTS

To verify the analysis for the transmitter gain and phase
imbalances and to study the effect of compensating the
transmitter gain and phase imbalance at the receiver, a coherent
QPSK system has been simulated. To focus on the effects of the
gain and phase imbalance compensation, we assume that the
carrier and the symbol timing are perfectly synchronized. We
consider two cases; one with phase error of 15° and gain error of
5 dB and the other case with phase error of 30° and gain error of
5 dB. The channel is assumed to be a AWGN channel with
variance of 0.01. Constellation and eye diagrams for the first
case are shown in Figures 8 and 9. As it can be seen from Figures
8(b) and 9(b), the transmitter phase and gain errors have distorted
the constellation and eye diagrams. As is clear from Figure 8(b)
the effect of the phase and gain error is to rotate and scale the
projection of the received signal in the signal space getting closer
to the edge of its decision region. As a result, it takes less noise
power to perturb the projection and move it into the wrong
decision regton. The result is a higher probability of bit error rate
than would otherwise be expected. They eye diagram of Figure
9(b) is almost completely closed due to the phase and gain errors.
It is very difficult to make a sensible decision about the data sent.
Figures 8(c) and 9(c) depict the output of our adaptive algorithm,
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The constellation diagram of Figure 8(b) is de-rotated back
almost matching the ideal (a). The eye diagram of Figure 9(c)
opened the erroneous case (b) substantially almost matching the
ideal (a).
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Figures 10 and 11 depict the constellation and eye diagrams for
the second case. Our adaptive algorithm is applied to the
erroneous constellation Figure 10{b) to yield (c). This is a much
better performance in comparison to (b) and closely tracks the
ideal in (a). They eye diagram of Figure 11(b) is closed and no
sensible decision about the data sent can be made. Figures 10(c)
and 11{c) depict the output of our adaptive algorithm, The
constellation diagram of Figure 10(b) is de-rotated back to
almost match the ideal (a) and the eye diagram of Figure 11(b) is
substantially opened as in (¢) almost matching the ideal of (a).
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Figure 10 Constellation diagrams for (a) Ideal, {b) Erroneous
and (¢} Corrected, for 30° and 5 dB gain and phase error
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(a) [deal (b) Erroneous {c) Corrected
Figure 11. Eye diagrams for (a) [deal, (b) Emmonecous and (c) Corrected,
for 30° and 5 dB gain error.

5. CONCLUDING REMARKS

This paper studied the potential advantages of compensating
transmitter gain and phase imbalances in the receiver for
quadrature communication systems. A gain and phase model has
been defined to facilitate the study. A simple blind LMS-based
adaptive algorithm using two, 2-tap adaptive FIR filters are
employed at the receiver to compensate the transmitter gain and
phase imbalances. Computer simulations have been carried out to
understand and demonstrate the performance of the adaptive
compensation scheme.
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