Estimation and Correction of transmitter-caused
I/Q Imbalance in OFDM Systems

Lars Brotje, Sven Vogeler, and Karl-Dirk Kammeyer
University of Bremen, Department of Communications Engineering,
P.O. Box 33 04 40, D-28334 Bremen, Germany,

E-mail: {broetje, vogeler, kammeyer } @ant.uni-bremen.de

and

Reinhard Riickriem and Stefan Fechtel
Infineon Technologies AG,
P.O. Box 80 09 49, D-81609 Munich, Germany
E-mail: {reinhard.rueckriem, stefan.fechtel} @infineon.com

Abstract— In the presented paper a new method of es-
timating and correcting transmitter-caused 1I/QQ imbalance
in a transmission system based on the WLAN standard
IEEE802.11a is proposed. The estimation process consists
of an initial estimation followed by an iterative tracking
of the I/Q imbalance parameters. Additionally, with the
modified preamble structure presented in this paper a fur-
ther improvement in estimation quality can be achieved. At
the receiver the I/Q imbalance correction based on the es-
timated parameters leads to a significant performance gain
as we will show in our simulation results.

Index Terms— OFDM, IEEE802.11a, 1/Q imbalance,
modified preamble

I. INTRODUCTION

The application of direct conversion concepts in trans-
mitter or receiver structures, especially for wireless LAN
(WLAN) transmission systems in the 5 GHz band, has
several advantages over using a heterodyne receiver with
image-rejection, e.g. no image rejection filter is required
and the expensive surface acoustic wave (SAW) filter of
the intermediate-frequency (IF) stage is replaced with a
low pass filter [1]. However, serious problems can occur
when directly downconverting the signal from radio fre-
quency (RF) to base band. For instance, tolerances in parts
of the direct conversion front end can cause amplitude and
phase mismatch between the inphase (I) and quadrature
phase (Q) branch of the signal. This effect, called I/Q
imbalance, leads to an incorrect channel estimation and
equalization in the receiver reducing the overall perfor-
mance of the system significantly.

This paper focuses on the estimation and correction of
transmitter-caused 1/Q imbalance in a WLAN system in

conformity with IEEE802.11a. From the receiver’s point
of view, the I/Q imbalance produced by the receiver it-
self is assumed time invariant and can always be corrected
with a constant parameter set. In contrast, the proper-
ties of the transmitter-caused 1/Q imbalance change com-
pletely when communicating with a different transmitter.
Thus a separate estimation of the parameters is necessary
with at least every new connection.

To achieve an improved system performance it is essen-
tial that the I/Q imbalance parameters are accurately esti-
mated as early as possible within the actual burst. There-
fore we propose an estimation method consisting of two
steps: The first step is an initial estimation based on the re-
ceived pilot subcarriers at the transition from the preamble
to the data part of a burst. The second step represents the
tracking of the parameters in combination with a block-
by-block channel estimation over the burst to improve the
accuracy of the initially estimated parameters. In case of
frequency selective transmitter-caused 1/Q imbalance we
propose a slight modification of the preamble structure de-
fined in [2]. This leads to a further gain in estimation ac-
curacy and overall system performance.

The paper is organized as follows: Section II deals with
the mathematical formulation of transmitter-caused 1/Q
imbalance. In section III we present the new initial es-
timation, tracking, and correction methods and propose a
modified preamble structure for improved estimation ac-
curacy. Section IV shows some simulation results fol-
lowed by a conclusion of the paper in section V.

II. TRANSMITTER-CAUSED 1/Q IMBALANCE

In case of a direct conversion transmitter with ideal
components, the I and Q branches are perfectly matched.



The resulting bandpass signal at the carrier frequency wg
can be described by

spp(t) = Re{sp(t)e/*ot}

(M

= s1,7(t) cos(wot) — sg 7 (t) sin(wot)

with sp(t) as the transmitted baseband signal, as well as
srr(t) and sg 7 (t) as the inphase and quadrature phase
components respectively. As a result of inaccuracies in
parts of the transmitter, I/Q imbalance can occur, which
means that a relative amplitude deviation of 2 ¢ and/or a
phase shift of Ay between the I and Q branch lead to a
distorted transmit signal:

(I4+¢)-sr7(t) - cos(wot + Ap/2)
—(1—¢)-sqmr(t) - sin(wot — Ap/2)
(2)

Assuming an ideal transmission channel the received
signal after quadrature amplitude demodulation can be
written as

Splt) = Syp(t)e
= spp(t) cos(wot) — j - s’gp(t) sin(wot)

= str(t) +7-sqr(1)

spp(t) =

—jwot

3)
with s7 p(t) and sq z(t) as the inphase and quadrature
phase components of this signal respectively. Using some
theorems for trigonometric functions it can be shown that

o () = e cos(Ap/2) - s r(t) (4)
+15° - sin(Ap/2) - sqr(t)
and
SIQ,R(t) - % -sin(Ag/2) - spr(t) (5)

+% -cos(Ap/2) - sqr(t) ,

assuming that the receive filters have eliminated the parts
of the received signal at the frequency 2 wy.

To get a more compact expression, (4) and (5) can be
combined to
Hea 5200 ] . l s1,7(t) ]
28 5 sQ,r(t)
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sQ.r(t)
with a = cos(Ag/2), 5 = sin(Ayp/2), and the distortion
matrix ®, which represents the influence of 1/Q imbalance

on the original transmit signal.

In the following, an equivalent expression for (6) in fre-
quency domain will be determined. Therefore, (3) is ar-
ranged as'

sp(t) = s7p(t)+7-sprt)
= a-(1+¢)-s1r(t)+ 8- (1—¢) sqr(t)
+ B (1+e) - srr(t) +ja- (1—¢) - sqr(t)

(7

so that after some resorting we obtain the expression
sp(t) = [(a+jeB) - (sir(t) +jsqr(t))]
+ [lea+3iB) - (s10(t) = jsor(t))] -

Following [4], the imbalanced receive signal s’,(¢) can
be expressed by a linear combination of the desired signal
s7(t) and its conjugate complex counterpart s%.(¢):

sr(t)

where the weighted, complex coefficients

®)

= a-sp(t)+b-sh(t) )

a=a+jef and b=ca+jp (10)

represent the influence of the transmitter-caused 1/Q
imbalance.

To obtain the imbalanced receive symbols d/,(t) in
frequency domain, a N-point discrete Fourier transform
(DFT) is applied to the time discrete representation of (9):

d(t) = DFTy {sp(i, k)}
= DFTn{a-sr(i,k)+b-si(i,k)}
= a-dp(i)+b-d>,(i); n=1,...,N,/2
(11)

with d,,(i) as the transmitted symbol on the OFDM
subcarrier with index n, NN, as the number of active
subcarriers, and k = (t — ¢ - Tg) /T as time index within
the i-th OFDM symbol of the duration 7’s.

The result of (11) shows that transmitter-caused I/Q im-
balance leads to interference between the symbols on op-
posite subcarriers. The effects on the corresponding pairs
of transmitted symbols can be expressed by a matrix ¥ as

] [ dn (7)
d*, (i)

follows:
d (i b
[ 4a(0) ]: [ a ] -
dn) | L e
————

v

IThe weighting factor 1/2 in (4) and (5) is only a result of the base-
band transform and will be disregarded in the following.



where d’, (i) and d’_,, (i) represent the imbalanced receive
symbols respectively.

It can be shown, that if there’s a deviation between the
transmit filters in the I and Q branch, the I/Q imbalance
becomes frequency selective, which means that the coef-
ficients of W are dependent on the particular subcarrier
index n. Furthermore, in case of a non-ideal transmission
channel with a channel impulse response duration shorter
than that of the OFDM cyclic prefix, so that neither inter-
channel (ICI) nor intersymbol interference (ISI) occur, the
received symbols on pairs of opposite subcarriers can be

described by
a, bp
b*, a*,

|+
+ ~ .
n*, (i)

(13)
with C), as the frequency domain channel coefficient of
the n-th sub channel and 7, (7) as additive white Gaussian
noise colored by the receive filters and DFT. Due to the
fact that a,, ~ 1 in general and the coefficient itself can
be interpreted as a complex weighting factor similar to
the channel coefficient for that subcarrier, we assume that
channel estimation together with equalization compensate
it’s influence almost completely. Thus, in the following
we set a,, = 1, which proves to be a good approximation
in practice.

d' (i) Cn 0
[cz'*n@)] B [0 c,
[ du (i)

d*, (i)

ITII. ESTIMATION AND CORRECTION PROCEDURES

The initial estimation procedure of transmitter-caused
1/Q imbalance described in the following is partially based
on an approach presented in [4]. To simplify matters,
we disregard any additive noise and assume BPSK (Bi-
nary Phase Shift Keying) modulated symbols, i.e. d,, (i) €
{—=1;1}. Starting with expression (13), we get the equa-
tions

d(i) =
d=, () =

Cp - dn(i) + Cyp - by - d* (1)
cr, b, - dp(i)+C%, - dE (7).
(14)
Provided that the transmission channel and the I/Q im-
balance are supposed to be approximately time invariant
for the duration of at least two OFDM symbols, we also
can write

d,(i—-1) =
d=, (i-1) =

Cp - dn(i—1) + Cp - by - d*, (i—1)

C* b dn (i—1) + CF, -d*, (i—1).
(15)

In case that on one subcarrier the sign of a transmit
symbol d,, changes from one OFDM symbol period to the
following, and the sign for the opposite subcarrier doesn’t,
Le.

dn(z) = dn(i - 1) A d—n(l) = _d—n(i - 1)

or

A don(i) = don(i— 1),

(16)
the equations in (14) and (15) can be combined for the
estimation of b,,. If for example d,,(i) = —d, (i —1) and
d_p (i) = d_y,(i—1), then after some algebraic manipula-
tions we obtain

dn(l) = *dn(i - 1)

d (i) +d (i—1) = 2.C,-by-d*, (i)

d (i) —d (i—1 = 2.C,-dy(i

An(l) nA(Z ) (4) an
d*, (@) +d*,(i—1) = 2-C*, -d_,(i)

2.0 b - di(i)

which provides two independent conditional equations for
the searched imbalance coefficients b,, and b_,:

() +dp(i—1)  dai)
bn = d' (i) —d (i —1) d, (1) (%)
bon = d ., (i)—d  (i—1) di(i) (19

Surveying the WLAN standard IEEE802.11a, BPSK
reference symbols fulfilling condition (16) can be found
on the pilot subcarriers (n = =7 and n = 421) at the
transition from the preamble to the header and following
data part. Thus, the proposed initial estimation procedure
comprises the calculation of (18) and (19) for the pilot
subcarriers at the beginning of each burst. In case of
frequency selective I/Q imbalance, the coefficients b,, on
the remaining subcarriers can be approximated by linear
interpolation. To improve the estimation accuracy, it is
possible to average the symbols on the pilot subcarriers
in time, e.g. the two OFDM symbols of the preamble and
up to four symbols after the preamble, before calculating
the corresponding coefficients b,.

After the determination of b,, for all subcarriers, the I/Q
imbalance correction of the received, channel equalized
symbols d’, (i) is performed by multiplying with the in-
verse of W, i.e

[Ndm ] R
d* (i)

(20)

d., (i) ]
=, (i)



If the accuracy of the initial estimation suffers from ad-
ditive noise or the I/Q imbalance shows a time variant
behavior, additional gain can be obtained by the tracking
procedure described below.

Solving the equations in (14) for b, and b_,, respec-
tively leads to the conditional equations

= T a0 D
d_, (i) — C_p, - d_p(i)
b O, - d30) 22

So, for the determination of b, and b_, the knowledge
of the corresponding channel coefficients as well as the
transmitted symbols is necessary. Because only the sym-
bols of the preamble are known to the receiver, 'reference
symbols’ for the following symbol periods can be substi-
tuted by the decided receive symbols obtained by an it-
eration process which is specified below. The necessary
channel coefficients are substituted by values of the pre-
ceding iteration of that process.

drd,
II/.Q, 1 Channel Channel d, 1/Q dy | Symbol d,"
nitial Estimation Equalizer | Correction Decision
Estimation
B e l ar
/Q 1/Q
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Fig. 1. Iteration process with initial estimation and tracking

An overview of the proposed iteration process can be
seen in fig. 1. At the beginning of each new burst an initial
estimation of the I/Q mismatch based on the received
preamble and one or more of the following data symbols
is performed. The result b is used to predistort the
known preamble symbols dP, so that in the subsequent
channel estimation the deviation caused by I/Q imbalance
can be minimized. In the next step, an iteration loop with
block by block processing of the received OFDM symbols
is entered. The first block of receive symbols aZL passes
through the channel equalizer and gets 1/Q corrected by
the initially estimated coefficients Bflmt Afterwards, a
symbol decision is performed which provides the new
‘reference symbols’ Jfff for the actual iteration block.
These symbols - after an I/Q predistortion - represent the
reference for the subsequent channel estimation based

on the received OFDM symbols of the actual block.
With the determined reference symbols d7¢/ and channel
coefficients C’n an estimation of I;n, based on equation
(21) and (22), is performed to track the I/Q imbalance
in time. For the following iterations, the parameters b,,
are calculated, which represent the weighted average
of the recent estimated I/Q imbalance coefficients and
those of the actual iteration. To further improve the
performance of the iteration process, it is possible to pass
several iterations with the same block of receive symbols.
However, in practice this can result in undesirable time
delays.

For an efficient I/Q imbalance estimation and correc-
tion it is necessary, that the initial estimation procedure
provides results as accurate as possible. Only then, a
fast adjustment of the tracking process is guaranteed.
But especially in the case of frequency selective 1/Q
imbalance the four pilot carriers evaluated by the initial
estimation don’t provide enough information to reach
a good estimation quality for all active subcarriers if
the signal-to-noise ratio (SNR) is weak. Therefore we
propose a slight modification of the preamble defined in
IEEE802.11a.

The main idea is to raise the number of symbols that can
be evaluated by the initial estimation procedure, i.e. that
fulfil condition (16). The original preamble defined in
IEEE802.11a consists of two sequenced OFDM symbols,
where the second one is simply a repetition of the first. In
contrast to that, in our proposed preamble we additionally
change the sign on one half of the active subcarriers, i.e.

@) = [+ o~ ) @D

with [@%!] and [dP?] as the first and second OFDM sym-
bol of the preamble respectively. According to the stan-
dard (N, = 52) this leads to 26 pairs of subcarriers com-
plying to (16) so that the coefficient by is estimable for
every active subcarrier. Although a linear interpolation of
by in frequency direction is no longer essential, it can sup-
press noise influences by smoothing.

It is obvious that the proposed change of sign doesn’t
directly affect the frequency synchronization and chan-
nel estimation. However, it has to be mentioned, that the
modification violates the cyclic continuation, so an addi-
tional cyclic prefix between the first and second preamble
OFDM symbol must be inserted to avoid ICI and ISI. This
can be seen as the main drawback of the new preamble.



IV. SIMULATION RESULTS

In this section we present some of our simulation results
to illustrate the performance gain that can be reached with
the methods described in the last section. The presented
results were generated by a Matlab simulation model in
accordance with the standard IEEE802.11a. Because the
effects of I/Q imbalance become significant especially for
high-rate modulated OFDM signals, we focused our anal-
yses on the 54 Mbit/s mode, where the signal constellation
complies with 64-QAM (Quadrature Amplitude Modu-
lation). For each Ej/Nj ratio in the following figures
we simulated the transmission of 25000 bursts consisting
of approx. 8000 random bits each, i.e. 36 OFDM sym-
bols, over randomly generated multipath channels in ac-
cordance with the indoor channel model ’B’ (A7 =100ns)
described in [3].
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Fig. 2. Simulated bit error rates

Fig. 2 and 3 show the obtained bit (BER) and burst
error rates respectively. The lower curve (no I/Q im-
balance) represents transmission with ideal transmitter
components whereas the bit error rates of a transmission
with uncorrected 1/Q imbalance are illustrated by the
uppermost curve (no correction). Here, the randomly
generated transmitter-caused I/Q imbalance for each burst
consists of an equally distributed amplitude mismatch
with a maximum of 0.5 dBr and an equally distributed
phase deviation of a maximum 3 degrees. The frequency
dependency of the I/Q imbalance was obtained by an
equally distributed relative deviation of the transmit filter
cut-off frequencies of a maximum 3%.

The second curve from above (only init est.) shows that
an I/Q imbalance correction based on the initial estima-
tion improves the system performance for Ej;/Ny ratios

above 22 dB. Further gain can be reached, if the initial es-
timation is combined with the tracking process described
before, as illustrated by the third curve (init est. & track-
ing). The fourth curve finally shows that an I/Q imbal-
ance correction based on the initial estimation together
with the modified preamble and the tracking process al-
most reaches the reference curve of no I/Q imbalance for
both BER and burst error rate.
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Fig. 3. Simulated burst error rates

V. CONCLUSION

In case of direct conversion transmission systems the
overall performance can strongly suffer from 1/Q imbal-
ance caused by non-ideal transmitter components. Al-
though a correction based on the initial estimation pre-
sented in this paper slightly reduced the effects of this
distortion, the simulation results showed that a real
break through regarding performance gain could only be
achieved in combination with the modified preamble and
iterative tracking process.
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