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The combination of orthogonal frequency division multiplexing (OFDM) and multiple-input multiple-output (MIMO) tech-
niques has been widely considered as the most promising approach for building future wireless transmission systems. The use of
multiple antennas poses then big restrictions on the size and cost of individual radio transmitters and receivers, to keep the overall
transceiver implementation feasible. This results in various imperfections in the analog radio front ends. One good example is the
so-called I/Q imbalance problem related to the amplitude and phase matching of the transceiver I and Q chains. This paper studies
the performance of space-time coded (STC) multiantenna OFDM systems under I/Q imbalance, covering both the transmitter and
the receiver sides of the link. The challenging case of frequency-selective I/Q imbalances is assumed, being an essential ingredient
in future wideband wireless systems. As a practical example, the Alamouti space-time coded OFDM system with two transmit
and M receive antennas is examined in detail and a closed-form solution for the resulting signal-to-interference ratio (SIR) at
the detector input due to I/Q imbalance is derived. This offers a valuable analytical tool for assessing the I/Q imbalance effects in
any STC-OFDM system, without lengthy data or system simulations. In addition, the impact of I/Q imbalances on the channel
estimation in the STC-OFDM context is also analyzed analytically. Furthermore, based on the derived signal models, a practical
pilot-based I/Q imbalance compensation scheme is also proposed, being able to jointly mitigate the effects of frequency-selective
I/Q imbalances as well as channel estimation errors. The performance of the compensator is analyzed using extensive computer
simulations, and it is shown to virtually reach the perfectly matched reference system performance with low pilot overhead.
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1. INTRODUCTION

The limited spectral resources and the fast rising demands on
system throughput and network capacity are generally con-
sidered as the main challenge and also the driving force in
the development and evolution of future wireless communi-
cation systems. It is crucial to find means of improving sys-
tem performance in terms of the overall spectral efficiency
as well as the individual link quality [1, 2]. One of the most
promising methods for increasing the data rates is to gener-
ate parallel “data pipes” by utilizing multiple transmit and
receive antennas together with the multipath propagation
phenomenon of the physical radio channels. This leads to
the so-called multiple-input multiple-output (MIMO) sys-
tem concepts [1, 3, 4]. The constructed space-time-frequency
“matrix” enables a number of ways to efficiently improve
throughput and system capacity. Another important ingre-
dient in multiantenna developments is the ability to improve

the link quality through the obtained spatial diversity [3–5].
This is already part of the current 3G UMTS standard [6],
under the acronym STTD (space-time transmit diversity).

In addition to spatial multiplexing, wider signaling band-
widths are also taken into use to achieve higher absolute data
rates. As an example, overall bandwidths in the order of 5–
20 MHz are specified in 3G long-term evolution (LTE) [7].
But wideband channels are much more difficult to be dealt
with than their narrowband counterparts. One efficient so-
lution for coping with and taking use of the wideband ra-
dio channels is to use OFDM [1, 2]. By converting the over-
all frequency-selective channel into a collection of parallel
frequency-flat subchannels, OFDM modulation combined
with proper coding can take advantage of the frequency di-
versity in multipath environments. Therefore, when target-
ing for spectral efficiencies in the order of 10 bits/s/Hz and
absolute data rates of 100 Mbits/s and above in the emerg-
ing wireless systems [1, 2], the combination of MIMO and



2 EURASIP Journal on Wireless Communications and Networking

OFDM has generally drawn wide attention and theoretic re-
search interest in both communication theoretic as well as
signal processing research communities.

While OFDM-based multiantenna transmission tech-
niques have received lots of research interest at communica-
tion theoretic research community and baseband signal pro-
cessing levels, the radio implementation aspects and their
implications on the system performance and design have
only recently started to receive some interest. With multiple
transmit and/or receive antennas, also multiple radio imple-
mentations are needed, and the limited overall implementa-
tion resources cause then big restrictions on the size and cost
of individual radios. Thus in this context, rather simple ra-
dio frequency (RF) front-ends, like the direct-conversion and
low-IF radios [8, 9], are likely to be deployed. As a result, the
so-called “dirty-RF” paradigm referring to the effects of var-
ious nonidealities of the individual transmitter and receiver
analog front-ends becomes one essential ingredient [10, 11].
In general, the nature and role of these RF impairments de-
pend strongly on the applied radio architecture as well as on
the used communication waveforms. In multiantenna sys-
tems utilizing wideband OFDM waveforms, together with
high-order subcarrier modulation and spatial signal process-
ing, the role of the RF impairments is likely to be more criti-
cal than in many traditional existing wireless systems. This is
indicated by the preliminary studies of the field [12–18].

One important practical RF impairment, being also the
topic of this paper, is the so-called I/Q imbalance phe-
nomenon [8–11, 19], stemming from the unavoidable dif-
ferences in the relative amplitudes and phases of the phys-
ical analog I and Q signal paths. The basic I/Q imbalance
effect, assuming frequency-independent imbalances within
the whole system band, has been recently addressed in the
MIMO context in [12–18, 20–23]. Also, some compensation
techniques for mitigating frequency-independent I/Q imbal-
ances have been proposed, focusing mainly on receiver im-
balances. In practice, however, with bandwidths in the or-
der of several or tens of MHz, the simplifying assumption
of frequency-independent I/Q imbalance is unrealistic, and
thus it is dropped in this paper. The frequency-dependent
case is also assumed recently in [24], in which a combination
of pilot-based and decision-directed processing techniques is
utilized. Notice, however, that the space-time coding element
is not addressed in [24], but a direct spatial multiplexing case
is assumed.

The starting point for this paper is the earlier work by
the authors in [15, 16], which considers space-time coded
single-carrier systems and assumes frequency-independent
I/Q imbalance, and in [17] in which the performance of STC-
OFDM system with frequency-independent imbalances is
studied. In this paper, we address the considerably more chal-
lenging case of analyzing and compensating for the impacts
of frequency-selective I/Q imbalances in space-time coded
multiantenna OFDM systems. Imbalances are assumed on
both the transmitter as well as the receiver sides of the link,
which is the case also in practice. More specifically, as a
practical example system, 2×M Alamouti transmit diversity
scheme [5] applied at OFDM subcarrier level is assumed, and
the direct-conversion radio architecture is used in the indi-

vidual front-end implementations. Overall system model is
developed from the transmitted data stream to the receiver
diversity combiner output, including the effects of transmit-
ter and receiver I/Q imbalances as well as arbitrary multi-
path channels in between. Stemming from the derived signal
models, analytical system-level performance figures in terms
of the subcarrierwise signal-to-interference ratio (SIR) at the
output of the receiver combining stage are derived, being fur-
ther verified using computer simulations, to assess the exact
imbalance effect analytically. This gives a valuable analyti-
cal tool for the system and transceiver designers for analyz-
ing the imbalance effects without lengthy system simulations,
and thus it forms a solid theoretical basis for fully appreciat-
ing the imbalance effects in any STC-OFDM context. Based
on the analysis, with realistic frequency-selective I/Q imbal-
ances and practical frequency-selective multipath channels,
the resulting SIRs can easily range down to 20 dB or so, even
with very high-quality individual radios. The SIR is also heav-
ily subcarrier-specific with differences even in the order of
5 dB or so, assuming practical imbalance values and multi-
path profiles. The analytical derivations also include the ef-
fects of imperfect channel knowledge or channel estimation er-
rors, due to I/Q imbalance and additive channel noise, which
degrades the system performance further. This aspect is also
included in the analysis, being formalized in terms of the so-
called channel-to-noise ratio (CNR) measuring the quality of
the channel estimates. Furthermore, based on the developed
signal models for the overall system, together with properly
allocated pilot data, a novel baseband digital signal process-
ing approach is proposed to jointly mitigate or compensate
for the dominant I/Q imbalance effects together with the ef-
fects of channel estimation errors on the receiver side of the
link. Comprehensive computer simulations are used to illus-
trate the validity and accuracy of the SIR and CNR analyses,
on one side, and the good compensation performance of the
proposed mitigation technique on the other side. This gives
strong confidence on being able to reduce the considered RF
impairment effects to acceptable levels in future digital radio
evolutions.

The rest of the paper is organized as follows. Section 2
presents the essential frequency-selective I/Q impairment
models for the individual transmitter and receiver front-
ends, together with the overall subcarrierwise system model
for the STC-OFDM transmission under the imbalances.
Based on the derived models, the level of signal distor-
tion due to the imbalances is analyzed in Section 3 in
terms of signal-to-interference ratio (SIR), assuming ar-
bitrary frequency-selective multipath radio channels link-
ing the transmitters and the receivers. Section 4, in turn,
proposes an effective pilot-based I/Q impairment mitiga-
tion technique, being able to handle the challenging case of
frequency-selective I/Q imbalances. The effect of I/Q imbal-
ances and noise on the channel estimation quality is also ad-
dressed in Section 4, in terms of the so-called channel-to-
noise ratio (CNR) analysis. Furthermore, it is shown that the
proposed I/Q imbalance compensator is, by design, able to
mitigate the effects of channel estimation errors as well, with
zero additional cost. Section 5 focuses on numerical illustra-
tions and performance simulations, validating the analysis
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results of Sections 3 and 4 as well as demonstrating the effi-
ciency and good performance of the proposed compensation
technique. Finally, conclusions are drawn in Section 6.

2. I/Q SIGNAL AND SYSTEMMODELS

2.1. Mathematical notations and preliminaries

Throughout the text, unless otherwise mentioned explicitly,
all the signals are assumed to be complex-valued, wide-sense
stationary (WSS) random signals with zero mean. The so-
called I/Q notation of the form x = xI + jxQ is commonly
deployed for any complex-valued quantity x, where xI and
xQ denote the corresponding real and imaginary parts, that
is, Re[x] = xI and Im[x] = xQ. Statistical expectation and
complex conjugation are denoted by E[ · ] and ( · )∗, re-
spectively. We also assume that the complex random sig-
nals and random quantities at hand, under perfect I/Q bal-
ance, are circular (see, e.g., [25]), meaning basically that the
I and Q components are uncorrelated and have equal vari-
ance. For a circular random signal x(t), this also implies that
E[x2(t)] = E[x(t)(x∗(t))∗] = 0, which simplifies the perfor-
mance analysis. Convolution between two time functions is
denoted by x(t)∗y(t), and Dirac impulse is denoted by δ(t).

2.2. General frequency-dependent I/Q
mismatchmodels

The amplitude and phase mismatches between the
transceiver I and Q signal branches stem from the rela-
tive differences between all the analog components of the
I/Q front-end [8–11, 19]. On the transmitter side, this
includes the actual I/Q upconversion stage as well as the I
and Q branch D/A converters and lowpass filters. On the
receiver side, on the other hand, the I/Q downconversion as
well as the I- and Q branch filtering, amplification, sampling,
and A/D stages contribute to the effective I/Q imbalance.
In the wideband system context, the overall effective I/Q
imbalances vary as a function of frequency within the system
band [8, 19], which should also be reflected in imbalance
modeling as well as imbalance compensation. Here, we first
model the frequency-independent I/Q imbalances due to the
quadrature (I/Q) mixers as

xTX
LO(t) = cos

(
ωLOt

)
+ jgTX sin

(
ωLOt + φTX

)
,

xRX
LO(t) = cos

(
ωLOt

)− jgRX sin
(
ωLOt + φRX

)
,

(1)

where ωLO = 2π fLO, and {gTX,φTX} and {gRX,φRX} repre-
sent the amplitude and phase imbalances of the transmitter
(TX) and the receiver (RX) quadrature mixing stages, respec-
tively. This is the standard approach in the literature (see, e.g.,
[10, 20, 22], and the references therein). Then, the frequency-
selective branch mismatches are also taken into account, in
terms of branch filters hTX(t) and hRX(t), which represent the
I and Q branch frequency-response differences, in the trans-
mitter and receiver, respectively. Then, if z(t) = zI(t)+ jzQ(t)
denotes the ideal (perfect I/Q balance) complex baseband
equivalent signal, the overall baseband equivalent I/Q imbal-

ance models for individual transmitters and receivers appear
as

zTX(t) = g1,TX(t)∗z(t) + g2,TX(t)∗z∗(t),

zRX(t) = g1,RX(t)∗z(t) + g2,RX(t)∗z∗(t),
(2)

where the effective impulse responses g1,TX(t), g2,TX(t),
g1,RX(t), and g2,RX(t) are depending on the actual imbal-
ance properties as g1,TX(t) = (δ(t) + hTX(t)gTXe jφTX )/2,
g2,TX(t) = (δ(t) − hTX(t)gTXe jφTX )/2, g1,RX(t) = (δ(t) +
hRX(t)gRXe− jφRX )/2, and g2,RX(t) = (δ(t)− hRX(t)gRXe jφRX )/2.
Notice that the typical frequency-independent (instanta-
neous) I/Q imbalance models of the form zTX(t) =
K1,TXz(t) + K2,TXz∗(t) and zRX(t) = K1,RXz(t) + K2,RXz∗(t)
are obtained as special cases of (2) when hTX(t) = δ(t) and
hRX(t) = δ(t).

Based on the models in (2), when viewed in frequency
domain, the distortion due to I/Q imbalance (the conjugate
signal terms in (2)) corresponds to mirror-frequency interfer-
ence whose strength varies as a function of frequency. This
can be seen by taking Fourier transforms of (2), yielding

ZTX( f ) = G1,TX( f )Z( f ) + G2,TX( f )Z∗(− f ),

ZRX( f ) = G1,RX( f )Z( f ) + G2,RX( f )Z∗(− f ),
(3)

in which the transfer functions G1,TX( f ) = (1 +
HTX( f )gTXe jφTX )/2, G2,TX( f ) = (1 − HTX( f )gTXe jφTX )/2,
G1,RX( f ) = (1 + HRX( f )gRXe− jφRX )/2, G2,RX( f ) =
(1 − HRX( f )gRXe jφRX )/2. Thus, the corresponding mirror-
frequency attenuations or image rejection ratios (IRRs) of
the individual front-ends are then given by

LTX( f ) =
∣
∣G1,TX( f )

∣
∣2

∣
∣G2,TX( f )

∣
∣2 ,

LRX( f ) =
∣
∣G1,RX( f )

∣
∣2

∣
∣G2,RX( f )

∣
∣2 .

(4)

With practical analog front-end electronics, these mirror-
frequency attenuations are in the range of 25–40 dB [8, 9]
and vary as a function of frequency when bandwidths in the
order of several MHz are considered [8, 19]. This is illus-
trated in Figure 1 which shows themeasuredmirror-frequency
attenuation characteristics, obtained in comprehensive labo-
ratory test measurements of state-of-the-art wireless receiver
RF-IC operating at 2 GHz. Clearly, for bandwidths in the
order of 1–10 MHz, the mirror-frequency attenuation (and
thus the effective I/Q imbalances) indeed depend on fre-
quency.

2.3. Space-time codedmultiantennaOFDMunder
transmitter and receiver I/Qmismatches

A multiantenna space-time coded transmission system utiliz-
ing 2×M Alamouti transmit diversity scheme [5] combined
with OFDM modulation [3] is considered here. As shown
in Figure 2, with M = 1 receiver as a simple practical ex-
ample, space-time coding is applied separately for each sub-
carrier data stream and then transmitted using two parallel



4 EURASIP Journal on Wireless Communications and Networking

30

31

32

33

34

35

36

37

38

39

40

A
tt

en
u

at
io

n
(d

B
)

−8 −7 −6 −5 −4 −3 −2 −1 0 1 2 3 4 5 6 7 8

Frequency (MHz)

Measured mirror-frequency rejection of state of the art RF-IC

Figure 1: Measured mirror-frequency attenuation of state-of-the-
art I/Q receiver RF-IC operating at 2 GHz RF. The x-axis refers to
frequencies of the downconverted complex (I/Q) signal, or equiva-
lently, to the frequencies around the LO frequency at RF.

OFDM transmitters. On the receiver side, diversity combin-
ing is then applied over two consecutive OFDM symbol in-
tervals.

Now let s1(k) and s2(k) represent the two consecutive
data samples to be transmitted over the kth subcarrier.
Assuming that the guard interval (GI) implemented as a
cyclic prefix (CP) is longer than the multipath channel de-
lay spread, which is a typical assumption in any CP-OFDM
system, the corresponding samples at the output of the mth
receiver FFT stage (kth bin) after CP removal are given by [3]

x1,m(k) = H1,m(k)s1(k) + H2,m(k)s2(k),

x2,m(k) = −H1,m(k)s∗2 (k) + H2,m(k)s∗1 (k).
(5)

Here, H1,m(k) and H2,m(k) denote the baseband equiva-
lent radio channel frequency responses (TX(1)→RX(m) and
TX(2)→RX(m)) at subcarrier k, between the two transmit-
ters and mth receiver, and the additive noise is ignored for
simplicity. Also, perfect I/Q balance in the transmitters and
receivers is assumed for a while. Then, assuming further that
perfect channel knowledge is available at the receivers, diver-
sity combining is carried out over two consecutive symbol
intervals as [3, 5]

y1(k) =
M∑

m=1

(
H∗

1,m(k)x1,m(k) + H2,m(k)x∗2,m(k)
)

=
M∑

m=1

(∣∣H1,m(k)
∣∣2

+
∣∣H2,m(k)

∣∣2)
s1(k),

y2(k) =
M∑

m=1

(
H∗

2,m(k)x1,m(k)−H1,m(k)x∗2,m(k)
)

=
M∑

m=1

(∣∣H1,m(k)
∣
∣2

+
∣
∣H2,m(k)

∣
∣2)

s2(k).

(6)

As it is obvious, this yields diversity gain over the individual
fading links. For amplitude modulated data, proper scaling
by 1/

∑M
m=1(|H1,m(k)|2 + |H2,m(k)|2) is of course needed. No-

tice that in addition to the cyclic prefix assumption, no fur-
ther assumptions are made on the frequency selectivity of the
radio channels.

The overall data transmission at any specific subcarrier k
is described by (5) and (6), assuming ideal radio transmitters
and receivers. Incorporating next the general TX and RX I/Q
impairment models in (3) into the considered STC-OFDM
system setup, the corresponding observations at the output
of the diversity combining stage at subcarrier k can be shown
to be of the form

y1(k) = a(k)s1(k) + b(k)s∗1 (−k) + c(k)s2(k) + d(k)s∗2 (−k),

y2(k)=a∗(k)s2(k)+b∗(k)s∗2 (−k)−c∗(k)s1(k)−d∗(k)s∗1(−k).
(7)

Here, it is assumed that the active subcarriers are located
symmetrically around the zero frequency. With this assump-
tion, (7) follows directly by combining (3), (5), and (6).
The exact expressions for the imbalanced system coefficients
a(k), b(k), c(k), and d(k), as functions of the individual
transmitter and receiver imbalance properties (G1,TX(n)(k),
G2,TX(n)(k), n = 1, 2 and G1,RX(m)(k), G2,RX(m)(k), m =
1, 2, . . . ,M), are given by

a(k) =
M∑

m=1

(∣∣H1,m(k)
∣∣2
G1,RX(m)(k)G1,TX(1)(k)

+ H∗
1,m(k)H∗

1,m(−k)G2,RX(m)(k)G∗2,TX(1)(−k)

+
∣
∣H2,m(k)

∣
∣2
G∗1,RX(m)(k)G∗1,TX(2)(k)

+ H2,m(k)H2,m(−k)G∗2,RX(m)(k)G2,TX(2)(−k)
)
,

b(k) =
M∑

m=1

(∣∣H1,m(k)
∣
∣2
G1,RX(m)(k)G2,TX(1)(k)

+ H∗
1,m(k)H∗

1,m(−k)G2,RX(m)(k)G∗1,TX(1)(−k)

+
∣
∣H2,m(k)

∣
∣2
G∗1,RX(m)(k)G∗2,TX(2)(k)

+ H2,m(k)H2,m(−k)G∗2,RX(m)(k)G1,TX(2)(−k)
)
,

c(k) =
M∑

m=1

(
H∗

1,m(k)H2,m(k)G1,RX(m)(k)G1,TX(2)(k)

+ H∗
1,m(k)H∗

2,m(−k)G2,RX(m)(k)G∗2,TX(2)(−k)

−H∗
1,m(k)H2,m(k)G∗1,RX(m)(k)G∗1,TX(1)(k)

−H1,m(−k)H2,m(k)G∗2,RX(m)(k)G2,TX(1)(−k)
)
,

d(k) =
M∑

m=1

(
H∗

1,m(k)H2,m(k)G1,RX(m)(k)G2,TX(2)(k)

+H∗
1,m(k)H∗

2,m(−k)G2,RX(m)(k)G∗1,TX(2)(−k)
−H∗

1,m(k)H2,m(k)G∗1,RX(m)(k)G∗2,TX(1)(k)

−H1,m(−k)H2,m(k)G∗2,RX(m)(k)G1,TX(1)(−k)
)
.

(8)

In general, based on (7), the observations at any individual
subcarrier k are interfered by the conjugate of the data at the
corresponding mirror carrier −k as well as by the other data
symbol within the STC block at subcarriers k and −k. Closer
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Figure 2: Space-time coded (STC) multiantenna (2 × 1) OFDM system with subcarrierwise STC. Diversity combining and I/Q imbalance
compensation are also carried out on a subcarrier-per-subcarrier basis after receiver FFT.

comparison of the above system model in (7) and (8) with
its single-carrier counterpart in [15, 16] reveals some further
differences. Assuming independent subcarrier data streams,
the combiner outputs here appear as weighted linear combi-
nations of 4 independent data symbols, while in the corre-
sponding single-carrier system, there are only two indepen-
dent data symbols and their own complex conjugates (see
[15] for more details). This has rather big impact on the dis-
tribution of the overall interference, and thus it is important
when carrying out the statistical interference analysis in the
continuation. Another difference lies in the structure of the
coefficients a(k), b(k), c(k), and d(k) which, for any subcar-
rier k, is influenced also by the channel frequency responses
and I/Q imbalance properties at the mirror subcarrier −k.
These aspects will be quantified and demonstrated in detail
by both analytical analysis as well as computer simulations in
the next sections.

3. SIGNAL-TO-INTERFERENCE RATIO (SIR) ANALYSIS

In what follows, we analyze and quantify the amount of sig-
nal distortion due to I/Q imbalance in terms of signal-to-
interference ratio (SIR) at the receiver diversity combiner
output using the signal models of the previous section. As
opposed to the traditional imbalance analysis focusing on in-
dividual radios, this SIR represents a system-level performance
measure describing the combined impact of individual im-
perfections on the overall data transmission (from TX sym-
bols to RX detector input) in the multiantenna STC-OFDM
context. Although the distribution of the interference is not
exactly Gaussian (being a superposition of three independent
data symbols of the used subcarrier constellations), the de-
rived SIR anyway does give clear indication of the relative sys-
tem performance with different imbalance values and with
different radio channel profiles, and thus it forms a useful
quality measure in the analysis and design of practical sys-
tems. We will also show that the derived SIR values predict
the high SNR detection error rate behavior in a very accu-
rate manner. Thus, altogether, the SIR analysis results can be
used for system-level impairment analysis without running
lengthy data or system simulations.

In the analysis, arbitrary L-tap frequency-selective mul-
tipath radio channels are assumed, with the individual taps

being modeled as independent circular complex Gaussian
random variables with zero mean and power-delay profile
P = [P(0),P(1), . . . ,P(L− 1)]T in which P(l) denotes the
power of the lth tap. Based on this, it is easy to show that
the channel frequency responses H1,m(k) and H2,m(k) at any
subcarrier k are also complex circular Gaussian random vari-
ables with zero mean and equal mean power E[|H1,m(k)|2] =
E[|H2,m(k)|2] = ∑ L−1

l=0 P(l) = PH , m = 1, 2, . . . ,M. Then, it
follows that for all k, m

(i) E[H2
1,m(k)] = E[H2

2,m(k)] = 0,
(ii) E[H1,m(k)H1,m(−k)] = E[H2,m(k)H2,m(−k)] = 0,

(iii) E[H1,m(k)H∗
1,m(−k)] = E[H2,m(k)H∗

2,m(−k)]
=∑ L−1

l=0 P(l)e− j4πkl/N ,
(iv) E[|H1,m(k)|4] = E[|H2,m(k)|4] = 2P2

H ,
(v) E[|H1,m(k)|2H2

1,m(k)] = E[|H2,m(k)|2H2
2,m(k)] = 0,

which simplifies the following analysis. Now, consider
the first combiner output y1(k) in (7) consisting of the
four signal terms. The ideal reference signal (given by (6))
is
∑M

m=1(|H1,m(k)|2 + |H2,m(k)|2)s1(k) or H(k)s1(k), where
H(k) = ∑M

m=1(|H1,m(k)|2 + |H2,m(k)|2). Including ampli-
tude scaling by 1/H(k) to both signals, the ideal reference
signal becomes simply H(k)s1(k)/H(k) = s1(k), and thus the
overall system-level interference due to I/Q imbalance is then
[a(k)s1(k) + b(k)s∗1 (−k) + c(k)s2(k) + d(k)s∗2 (−k)]/H(k) −
s1(k) or [a(k)/H(k) − 1]s1(k) + [b(k)/H(k)]s∗1 (−k) +
[c(k)/H(k)]s2(k) + [d(k)/H(k)]s∗2 (−k). Then, assuming that
the symbols s1(k), s2(k), s1(−k), and s2(−k) are all equal-
variance, uncorrelated, circular complex random variables,
and independent of the channel coefficients, the SIR at sub-
carrier k can be defined as

SIR(k) =
E
[∣
∣s1(k)

∣
∣2
]

E
[∣∣
∣
∣

(
y1(k)
H(k)

)
− s1(k)

∣
∣
∣
∣

2]

= 1
/(

E
[∣∣∣
∣
a(k)
H(k)

− 1
∣
∣∣
∣

2]
+ E

[∣∣∣
∣
b(k)
H(k)

∣
∣∣
∣

2]

+ E
[∣∣
∣
∣
c(k)
H(k)

∣∣
∣
∣

2]
+ E

[∣∣
∣
∣
d(k)
H(k)

∣∣
∣
∣

2])
.

(9)

Essentially, the SIR in (9) represents the power ratio of the
transmit symbol s1(k) and the undesired signal components
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Figure 3: Obtained SIR as a function of the subcarrier index k in a
2 × 1 STC-OFDM system with realistic frequency-selective I/Q im-
balances at both transmitter and receiver analog front-ends, assum-
ing (i) frequency-flat and (ii) arbitrarily frequency-selective radio
channels. Both analytical and simulated SIRs are shown.

due to I/Q imbalance at the detector input. Based on (7) and
the above assumptions, the SIR in (9) holds also for the sec-
ond combiner output y2(k). As will be shown in more de-
tail, this SIR varies as a function of the subcarrier index k
and depends on the exact power-delay profile of the radio
channels as well as on overall imbalance properties of the
transmitters and receivers. Without additional assumptions
on the frequency correlation of the radio channels, analytical
simplification of the above SIR expression is however some-
what tedious, due to the intercarrier interference between the
mirror subcarriers (k and −k). Thus, to carry out the anal-
ysis further and to get some general understanding on the
role of the radio channel type and TX/RX imbalance char-
acteristic on the SIR behavior, we examine next the follow-
ing two extreme cases: (i) frequency-flat (single-tap) fading
channels and (ii) arbitrarily frequency-selective (infinite de-
lay spread) fading channels. In the first case, the channel fre-
quency response values are identical for all the subcarriers,
while in the second case, the different subcarriers fade totally
independently. At any subcarrier k, this results in a range of
SIR values within which the actual SIR in (9) is then con-
fined with practical mobile radio channels. After some rather
involved yet relatively straightforward manipulations, these
SIR bounds corresponding to the previous cases can be writ-
ten as

SIR(i)(k) ≈ SIRdef(2, 1, k),

SIR(ii)(k) ≈ SIRdef
(
βM ,βM , k

)
,

(10)

where

Table 1: Values of the parameter βM with different number of re-
ceivers M.

M 1 2 3 4 8

βM 3 1.66 1.40 1.28 1.133

SIRdef
(
α1,α2, k

) =
(
2M + 4M2

)

A
(
α1,α2, k

) , (11)

A
(
α1,α2, k

) =
M∑

m=1

2∑

n=1

[
3
∣∣G1,RX(m)(k)G1,TX(n)(k)

∣∣2

+
(
α1 + α2

)∣∣G2,RX(m)(k)G2,TX(n)(−k)
∣
∣2

+ 3
∣
∣G1,RX(m)(k)G2,TX(n)(k)

∣
∣2

+
(
α1 + α2

)∣∣G2,RX(m)(k)G1,TX(n)(−k)
∣
∣2
]

+ 2Re
[ M∑

m1=1

M∑

m2 �=m1

G1,RX(m1)(k)G1,RX(m2)(k)

×(G1,TX(2)(k)G1,TX(1)(k)+G∗2,TX(1)(k)G
∗
2,TX(2)(k)

)
]

+ 2Re
[M−1∑

m1=1

M∑

m2=m1+1

(∣∣G1,TX(1)(k)
∣
∣2

+
∣
∣G1,TX(2)(k)

∣
∣2

+
∣
∣G2,TX(1)(k)

∣
∣2

+
∣∣G2,TX(2)(k)

∣∣2)
G1,RX(m1)(k)G∗1,RX(m2)(k)

]

+
(
4M2 + 2M

)− (4M + 2
) M∑

m=1

Re
[
G1,RX(m)(k)

×G1,TX(1)(k) + G∗1,RX(m)(k)G∗1,TX(2)(k)
]

,

(12)

βM =
E
[∣∣H(ii)

n,m(k)/H(ii)(k)
∣∣2]

(
E
[∣
∣H(ii)

n,m(k)
∣
∣2]/

E
[∣
∣H(ii)(k)

∣
∣2
]) . (13)

Here, H(ii)(k) =∑M
m=1(|H(ii)

1,m(k)|2 + |H(ii)
2,m(k)|2) and H(ii)

n,m(k)
is the frequency response of the radio channel between trans-
mitter n and receiver m with channel profile (ii) (infinite de-
lay spread). Then, it is interesting to notice that the parame-
ter βM defined in (13) depends essentially on only the num-
ber of receivers M and that it is practically independent of
the considered subcarrier k. For practically interesting num-
bers of receivers, the values of βM are given in Table 1. Thus
in summary, even though the SIR bound expressions in (10)–
(13) appear somewhat complicated, they can anyway be eval-
uated directly without any data or system simulations, to as-
sess the overall I/Q imbalance effects in the system at hand.

To give some first illustrations about the derived SIR ex-
pressions, we consider a 2 × 1 STC-OFDM system (M = 1)
with 256 subcarriers. The quadrature mixer I/Q imbalance
values as well as the branch difference filters for the two
transmitters and one receiver are 4%, −4◦, [1, 0.04,−0.03]
(TX1), 3%, 3◦, [1,−0.04,−0.03] (TX2), and 5%, 5◦, [1, 0.05]
(RX). Here, in the branch difference filter models, the sam-
ple rate is assumed to be the 256th part of the correspond-
ing OFDM symbol duration. Then, the resulting SIR due to
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I/Q imbalances is evaluated using (10)–(13), assuming both
frequency-flat (case (i)) and arbitrarily frequency-selective
(case (ii)) radio channels. The results are shown in Figure 3,
together with the corresponding simulated SIRs obtained us-
ing full system simulations with 64QAM as the subcarrier
data modulation. In the system simulations, 25 000 indepen-
dent channel and data symbol realizations are used to col-
lect reliable sample statistics. Clearly, based on Figure 3, the
system simulation results for the obtainable SIR fully match
the derived analytical results, confirming the validity and
correctness of the analysis. Figure 3 also demonstrates that
even with reasonably mild frequency selectivity in the ac-
tual I/Q imbalances (as in this example), possibly combined
with frequency-selective multipath radio channels (case (ii)),
the achievable SIR is strongly frequency-selective varying
from subcarrier to another. As an example, say, at subcar-
riers k1 = 40 and k2 = −111, these SIR ranges are 18.9–
19.7 dB (k1) and 20.8–22.8 dB (k2), respectively, as can be
read from Figure 3. To further illustrate this variation of the
resulting signal quality as a function of subcarrier and also
to get some visual justification for the reported SIR figures,
the corresponding example detector input constellations (us-
ing 16QAM for readability) at the above example subcarriers
k1 = 40 and k2 = −111 are shown in Figure 4 with channel
type (i) (frequency-flat) and in Figure 5 with channel type
(ii) (arbitrarily frequency-selective). Further examples and
illustrations, together with actual detection error rate simula-
tions, using extended vehicular A-type practical radio chan-
nels described in [26] will be given in Section 5.

4. PILOT-BASED I/Q IMBALANCE COMPENSATION

One possible way of approaching the I/Q imbalance com-
pensation is to consider the I/Q matching of each individ-
ual front-end separately. This being the case, any of the ear-
lier proposed compensation techniques targeted for single-
antenna systems can basically be applied. Here, we take an
alternative approach and try to mitigate the interference and
distortion due to I/Q imbalances of each transmitter and re-
ceiver jointly on the receiver side, operating on the combiner
output signal (7). As will be shown in what follows, this ap-
proach has one crucial practical benefit of being able to also
compensate for the errors and signal distortion due to chan-
nel estimation errors, at zero extra cost. This is seen as be-
ing very important from any practical system point of view
since channel estimation errors are anyway inevitable due to
additive channel noise. In general, the compensator develop-
ments are here based on the rich algebraic structure of the
derived signal model for the combiner output given in (7),
combined with properly allocated pilot data. In general, the
purpose of the compensation stage in our formulation is to
estimate the data symbols s1(k) and s2(k) given the observed
data y1(k) and y2(k).

4.1. Basic compensation idea and pilot allocation

All practical OFDM and/or MIMO-OFDM systems include
some known pilot data for channel estimation purposes.
Here, we also assume that such pilot signal is available. More

specifically, we assume that four consecutive OFDM symbol
periods (two STC blocks) are used for pilot purposes, during
which the subcarrier data is allocated as1

∀k : s(1)
1 (k)=sP , s(1)

2 (k)=s∗P , s(2)
1 (k)=sP , s(2)

2 (k)=sP.
(14)

Here, sP denotes the pilot data value (which can be con-
sidered as one of the design “parameters”) and superscripts
(1) and (2) refer to the two pilot blocks. With the above pi-
lot allocation, the resulting subcarrier observations y(1)

1 (k),

y(1)
2 (k), y(2)

1 (k), y(2)
2 (k) can be shown (see (7)) to yield a well-

behaving 4× 4 set of linear equations. Writing this in vector-
matrix form yields

yP(k) = SPθ(k), (15)

where yP(k) = [y(1)
1 (k), y(1)

2 (k)∗, y(2)
1 (k), y(2)

2 (k)∗]
T

, θ(k) =
[a(k), b(k), c(k), d(k)]T , and

SP =

⎡

⎢
⎢
⎢
⎣

sP s∗P s∗P sP
sP s∗P −s∗P −sP
sP s∗P sP s∗P
s∗P sP −s∗P −sP

⎤

⎥
⎥
⎥
⎦
. (16)

Then, the coefficients a(k), b(k), c(k), and d(k) can be easily
solved from (15) as

θ̂(k) = S−1
P yP(k) (17)

given that det(SP) = 2(s2
P − (s∗P )2)

2 �=0 or s2
P �=(s∗P )2. This, in

turn, holds for any purely complex-valued training symbol
sP (i.e., both real and imaginary parts being nonzero). Notice
also that the obvious symmetric structure of SP in (16) yields
great computational savings in solving (15) for θ(k) in (17).
More specifically, after some straightforward algebra, the in-
verse of SP can be written as

S−1
P =

⎡

⎢
⎢
⎢
⎣

A1 A2 0 A4

A1 −A2 0 A3

−A2 −A1 A3 0
A2 −A1 A4 0

⎤

⎥
⎥
⎥
⎦

, (18)

where A1 = 1/(4Re[sP]), A2 = 1/(4 jIm[sP]), A3 =
sP/(4 jRe[sP]Im[sP]), A4 = −s∗P /(4 jRe[sP]Im[sP]).

Then, it is very interesting to notice that if the pilot sym-
bol sP is “designed” (selected) such that its real and imaginary
parts are identical (e.g., 3+ j3), the inversion in (18) becomes
almost trivial. Denoting such pilot symbol as sP = p+ j p, di-
rect substitution and manipulations yield

S−1
P = 1

4p

⎡

⎢
⎢
⎢
⎣

1 − j 0 1 + j
1 j 0 1− j
j −1 1− j 0
− j −1 1 + j 0

⎤

⎥
⎥
⎥
⎦
. (19)

1 Conceptually, similar pilot design is used also in [16] in single-carrier
STTD system context with time domain compensation processing.
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Figure 4: 16QAM detector input signal constellations at two example subcarriers numbers 40 and −111 in a 256-subcarrier 2 × 1 STC-
OFDM system under frequency-selective TX and RX I/Q imbalances; independent realizations of frequency-flat radio channels (channel
type (i)) and no additive noise.

So, the parameter estimation in (17) is close to trivial in
terms of the needed computational complexity.

Now, having estimated the model coefficients for all
the active subcarriers during the pilot slots, these estimates
are then used during the actual data transmission for re-
moving the interfering signal terms due to I/Q imbalance.
During one STC data block, this can be done by collect-
ing the observations y1(k), y2(k), y1(−k), and y2(−k) into
y(k) = [y1(k), y∗1 (−k), y2(k), y∗2 (−k)]T , which, based on
(6), yields

y(k) = Φ̂(k)s(k), (20)

where s(k) = [s1(k), s∗1 (−k), s2(k), s∗2 (−k)]T and

Φ̂(k) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

�
a (k)

�
b (k)

�
c (k)

�
d (k)

�
b
∗

(−k)
�
a
∗

(−k)
�
d
∗

(−k)
�
c
∗

(−k)

−�c
∗

(k) −
�
d
∗

(k)
�
a
∗

(k)
�
b
∗

(k)

−
�
d (−k) − �

c (−k)
�
b (−k)

�
a (−k)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (21)

In (20)-(21), the hat notation (
�
a (k), etc.) refers to the esti-

mated coefficients obtained during the pilot phase. Since the
vector s(k) includes the data symbols (or their conjugates) at
both mirror carriers k and −k, it is obvious that (20) needs
to be solved only for each mirror-carrier pair. Assuming sym-
metric subcarrier deployment, which is the typical case, the
overall compensator is given by

ŝ(k) = Φ̂(k)−1y(k), k ∈ Ω+, (22)

in which Ω+ denotes the set of positive subcarrier indexes.
Notice that again the inherent symmetric structure of the
matrix Φ̂(k) in (21) yields great computational savings in
practice, as opposed to full matrix inversion in (22).

4.2. Impact of I/Q imbalances on the channel
estimation quality

The proposed compensation structure operates on the sub-
carrier data samples after diversity combining. This implies
that some form of channel estimation is needed, as in any
OFDM system, prior to the compensation stage. The previ-
ous derivations assumed ideal diversity combining with per-
fectly estimated channels, which is of course unrealistic. Both
the additive noise and the I/Q imbalance result in erroneous
channel estimates in practice. As a concrete practical exam-
ple, the previous pilot allocation in (14) is assumed for chan-
nel estimation as well. Under pilot slot 1, with perfect I/Q
balance and no additive noise, the outputs of the mth receiver
FFT stage after CP removal are given by

x1,m
(p)(k) = H1,m(k)sP + H2,m(k)s∗P ,

x2,m
(p)(k) = −H1,m(k)sP + H2,m(k)s∗P .

(23)

This follows directly from (5) and (14). Then, the channel
coefficients can be estimated as

⎛

⎝
�
H1,m(k)
�
H2,m(k)

⎞

⎠ =

⎛

⎜
⎜
⎝

1
(
2sP

)
−1
(
2sP

)

1
(
2s∗P

)
1

(
2s∗P

)

⎞

⎟
⎟
⎠

(
x1,m

(p)(k)
x2,m

(p)(k)

)

, (24)
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Figure 5: 16QAM detector input signal constellations at two example subcarriers numbers 40 and −111 in a 256-subcarrier 2 × 1 STC-
OFDM system under frequency-selective TX and RX I/Q imbalances; independent realizations of arbitrarily frequency-selective radio chan-
nels (channel type (ii)) and no additive noise.
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which follows directly from (23). Now, incorporating also the
transmitter and receiver I/Q imbalances, together with addi-
tive noise, the resulting channel estimation errors E1,m(k) =
�
H1,m(k) − H1,m(k) and E2,m(k) =

�
H2,m(k) − H2,m(k) at the

kth subcarrier in the mth receiver can be shown to be of the
form

E1,m(k) = H1,m(k)
[
G1,RX(m)(k)G1,TX(1)(k)− 1

]

+ H∗
1,m(−k)G2,RX(m)(k)G∗2,TX(1)(−k)

+
[
H1,m(k)G1,RX(m)(k)G2,TX(1)(k)

+ H∗
1,m(−k)G2,RX(m)(k)G∗1,TX(1)(−k)

]( s∗P
sP

)

+
[
G1,RX(m)(k)

(
N1,m(k)−N2,m(k)

)

+ G2,RX(m)(k)
(
N∗

1,m(−k)−N∗
2,m(−k)

)]/(
2sP

)
,

E2,m(k) = H2,m(k)
[
G1,RX(m)(k)G1,TX(2)(k)− 1

]

+ H∗
2,m(−k)G2,RX(m)(k)G∗2,TX(2)(−k)

+
[
H2,m(k)G1,RX(m)(k)G2,TX(2)(k)

+ H∗
2,m(−k)G2,RX(m)(k)G∗1,TX(2)(−k)

]( sP
s∗P

)

+
[
G1,RX(m)(k)

(
N1,m(k) + N2,m(k)

)

+ G2,RX(m)(k)
(
N∗

1,m(−k) + N∗
2,m(−k)

)]/(
2s∗P

)
,

(25)

where N1,m(k) and N2,m(k) are the noise samples at the FFT
output (kth bin) of the mth receiver. Then, with realistic
I/Q imbalance values and similar assumptions on the chan-
nel statistics described in Section 3, the impact of noise and
I/Q imbalances on the quality of the channel estimation can
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be assessed analytically. The so-called channel-to-noise ratio
(CNR) at the kth subcarrier of the mth receiver, defined be-
low, can now be shown to be of the form

CNR1,m(k) =
E
[∣∣H1,m(k)

∣∣2
]

E
[∣
∣E1,m(k)

∣
∣2
]

= 1
/{∣∣
∣∣G1,RX(m)(k)

(
G1,TX(1)(k)+

(
s∗P
sP

)
G2,TX(1)(k)

)

−1
∣
∣∣
∣

2

+
∣
∣∣
∣G2,RX(m)(k)

(
G∗2,TX(1)(−k)

+
(
s∗P
sP

)
G∗1,TX(1)(−k)

)∣∣∣
∣

2

+
(∣∣G1,RX(m)(k)

∣∣2

+
∣
∣G2,RX(m)(k)

∣
∣2)

/
(
γm × σ p

)
}

,

CNR2,m(k) =
E
[∣
∣H2,m(k)

∣
∣2
]

E
[∣
∣E2,m(k)

∣
∣2
]

= 1
/{∣∣
∣∣G1,RX(m)(k)

(
G1,TX(2)(k)+

(
sP
s∗P

)
G2,TX(2)(k)

)

− 1
∣∣
∣
∣

2

+
∣∣
∣
∣G2,RX(m)(k)

(
G∗2,TX(2)(−k)

+
(
sP
s∗P

)
G∗1,TX(2)(−k)

)∣∣
∣
∣

2

+
(∣∣G1,RX(m)(k)

∣
∣2

+
∣
∣G2,RX(m)(k)

∣
∣2)

/
(
γm × σ p

)
}

,

(26)

respectively, where γm is the average receiver input signal-to-
noise ratio at receiver m and σ p is ratio of the used pilot data
power to the average power of the data constellation. The ex-
pressions in (26) clearly indicate that, in addition to tradi-
tional additive noise effect, the I/Q imbalances in transmitter
and receiver radio front-ends are also having a clear impact
on the channel estimation quality. In effect, with zero addi-
tive noise, the CNRs in (26) are upper-bounded due to I/Q
imbalances alone by

CNRmax
1,m (k) = 1

/(∣∣
∣
∣G1,RX(m)(k)

(
G1,TX(1)(k)+

s∗P
sP
G2,TX(1)(k)

)

− 1
∣
∣
∣∣

2

+
∣
∣
∣∣G2,RX(m)(k)

(
G∗2,TX(1)(−k)

+
s∗P
sP
G∗1,TX(1)(−k)

)∣∣
∣∣

2)
,

CNRmax
2,m (k) = 1

/(∣∣∣
∣G1,RX(m)(k)

(
G1,TX(2)(k)+

sP
s∗P

G2,TX(2)(k)
)

− 1
∣
∣
∣∣

2

+
∣
∣
∣∣G2,RX(m)(k)

(
G∗2,TX(2)(−k)

+
sP
s∗P

G∗1,TX(2)(−k)
)∣∣
∣∣

2)
.

(27)

Using a similar numerical example as earlier (2 × 1 STC-
OFDM system, 256 subcarriers, and 64QAM subcarrier data
modulation), with the imbalance parameters of the two
transmitters and one receiver being 4%, −4◦, [1, 0.04,−0.03]
(TX1), 3%, 3◦, [1,−0.04,−0.03] (TX2), and 5%, 5◦, [1, 0.05]
(RX), respectively, the resulting CNRs are here evaluated us-
ing both the analytical expression in (26) as well as the ac-
tual data/system simulations. In the system simulations, the
used radio channels are random realizations of the extended
vehicular A model [26], and channel estimation is imple-
mented as given in (24). The used pilot data value sP is the
right upper corner symbol (7 + j7) of the used 64QAM con-
stellation, corresponding to σ p = 2.33 (or roughly 3.5 dB
pilot “boost” compared to average symbol power). The ob-
tained results for the channel estimation quality are pre-
sented in Figures 6 and 7. Figure 6 shows both the simu-
lated and the analytical CNRs for different subcarriers at a
fixed received SNR of 20 dB, while Figure 7 presents the CNR
behavior at example subcarrier no. 40 as a function of ad-
ditive noise SNR. Altogether, these demonstrate clearly that
the CNR figures obtained using system simulations match
the analytical analysis very accurately. In Figure 7, the curves
also clearly saturate to the derived upper bounds in (27) due
to I/Q imbalance alone, which in this case are 16.7 dB and
18.7 dB as can easily be evaluated using (27). It is also very
interesting to notice that in this example, the channel es-
timation qualities are relatively different for the two chan-
nels (TX(1)-to-RX and TX(2)-to-RX) due to different I/Q
imbalances, even if the additive noise SNRs are identical at
the receiver input. Thus, in general, the above CNR analy-
sis shows that I/Q imbalances can easily become a limiting
factor also from the channel estimation point of view in fu-
ture multiantenna wireless OFDM systems. Thus, devising
techniques that can compensate for channel estimation in-
accuracies are seen generally as an important and interesting
task.

4.3. Impact of channel estimation errors on the
combiner output signal

Next, we consider the effect of using imperfect channel

knowledge or channel estimates
�
H1,m(k) and

�
H2,m(k), m =

1, 2, . . . ,M, in the diversity combining stage, including also
the I/Q imbalance effects of the individual transmitters and
receivers as discussed earlier. Now, it is relatively straightfor-

ward to show that for arbitrary channel estimates
�
H1,m(k)

and
�
H2,m(k), the combiner output samples are given by

y′1(k) = a′(k)s1(k)+b′(k)s∗1 (−k)+c′(k)s2(k)+d′(k)s∗2 (−k),

y′2(k) = a′∗(k)s2(k) + b′∗(k)s∗2 (−k)

− c′∗(k)s1(k)− d′∗(k)s∗1 (−k),
(28)

in which the exact expressions for the modified system coef-
ficients (a′(k), b′(k), c′(k), and d′(k)) are given in (29). Thus
in general, it is very interesting to notice that the derived
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system model above is structurally identical to the one de-
rived earlier (assuming perfect channel knowledge) in (7)-
(8). The only difference lies in the more detailed and compli-
cated structure of the system coefficients (a′(k), b′(k), c′(k),
and d′(k)). This, in turn, shows that the mirror subcarrier-
wise estimation-compensation processing described in (15)–
(22) can, by design, simultaneously mitigate the effects of
both I/Q imbalance and channel estimation inaccuracies.
This is a very important practical benefit and will be illus-
trated and demonstrated in more detail in what follows using
computer simulations:

a′(k)=
M∑

m=1

( �
H
∗
1,m(k)H1,m(k)G1,RX(m)(k)G1,TX(1)(k)

+
�
H
∗
1,m(k)H∗

1,m(−k)G2,RX(m)(k)G∗2,TX(1)(−k)

+
�
H2,m(k)H∗

2,m(k)G∗1,RX(m)(k)G
∗
1,TX(2)(k)

+
�
H2,m(k)H2,m(−k)G∗2,RX(m)(k)G2,TX(2)(−k)

)
,

b′(k)=
M∑

m=1

( �
H
∗
1,m(k)H1,m(k)G1,RX(m)(k)G2,TX(1)(k)

+
�
H
∗
1,m(k)H∗

1,m(−k)G2,RX(m)(k)G∗1,TX(1)(−k)

+
�
H2,m(k)H∗

2,m(k)G∗1,RX(m)(k)G
∗
2,TX(2)(k)

+
�
H2,m(k)H2,m(−k)G∗2,RX(m)(k)G1,TX(2)(−k)

)
,

c′(k)=
M∑

m=1

( �
H
∗
1,m(k)H2,m(k)G1,RX(m)(k)G1,TX(2)(k)

+
�
H
∗
1,m(k)H∗

2,m(−k)G2,RX(m)(k)G∗2,TX(2)(−k)

−H∗
1,m(k)

�
H2,m(k)G∗1,RX(m)(k)G

∗
1,TX(1)(k)

−H1,m(−k)
�
H2,m(k)G∗2,RX(m)(k)G2,TX(1)(−k)

)
,

d′(k)=
M∑

m=1

( �
H
∗
1,m(k)H2,m(k)G1,RX(m)(k)G2,TX(2)(k)

+
�
H
∗
1,m(k)H∗

2,m(−k)G2,RX(m)(k)G∗1,TX(2)(−k)
−H∗

1,m(k)
�
H2,m(k)G∗1,RX(m)(k)G

∗
2,TX(1)(k)

−H1,m(−k)
�
H2,m(k)G∗2,RX(m)(k)G1,TX(1)(−k)

)
.

(29)

Using the above signal models in (28)-(29), the earlier
SIR analysis in Section 3 can also be extended to analyze the
corresponding system-level SIR under the pilot-based chan-
nel estimation of (24) (as opposed to perfect channel knowl-
edge assumed in Section 3). The results are given in the ap-
pendix. Notice, however, that the earlier derivations in (9)–
(13) are of more general nature, in the sense of describing the
system-level performance degradation due to I/Q imbalances
alone in otherwise ideal system, while the extended analysis
in the appendix is explicitly bound to the proposed chan-
nel estimation scheme. Under the pilot-based channel esti-
mation scheme of (24), the extended analysis can be used
to predict the detection error rates floors (due to I/Q imbal-
ances and channel estimation errors) at high SNR.
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Figure 7: Channel estimation error figure of merits at subcarrier
number 40 with transmitter and receiver I/Q imbalances, as a func-
tion of received SNR in a 2 × 1 256-subcarrier STC-OFDM system;
extended vehicular A radio channels.

4.4. Other practical aspects

One essential element in the design and implementation of
any multicarrier system is the frequency synchronization.
Here, since the estimator/compensator is operating after the
receiver FFTs, it is clear that relatively accurate carrier syn-
chronization is needed, prior to FFT. This can be seen as one
practical limitation. It should be noticed, however, that ac-
curate carrier synchronization is needed in the considered
STC-OFDM system context anyway, even with perfect I/Q
balance. So in this sense, the requirements for carrier syn-
chronization are coming mainly from the transmission tech-
nique itself, not from the compensation principle as such.

5. NUMERICAL ILLUSTRATIONS AND
PERFORMANCE SIMULATIONS

5.1. SIR analysis and system-level performance in
the presence of I/Q imbalance

In this section, the validity and meaning of the SIR analy-
sis results in practical mobile radio channels are illustrated
using computer simulations. 64QAM is used as the subcar-
rier data modulation and the number of OFDM subcarriers
is N = 256, with subcarrier spacing of 120 kHz. The power-
delay profiles of the individual radio channels between the
transmitters and the receiver(s) follow the extended vehicular
A profile described in [26], having roughly 2.5-microsecond
delay spread. As usual, proper cyclic prefix (CP) is always
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Figure 8: Example 1: SIR as a function of the subcarrier index k
in a 2 × 1 STC-OFDM system with realistic frequency-selective I/Q
imbalances at both transmitter and receiver analog front-ends; ex-
tended vehicular A radio channels (PdB). The dashed and solid lines
show the analytical SIR values corresponding to the frequency-flat
and arbitrarily frequency-selective fading cases, respectively.

used on the transmitter side and discarded in the receiver
prior to the FFT. The individual channel tap realizations are
chosen independently from complex Gaussian distribution
and are assumed to be constants over two consecutive OFDM
symbol periods [5], after which new channel realizations are
drawn.

First, say, example 1, the 2×1 STC-OFDM case with ear-
lier I/Q imbalance parameters of 4%, −4◦, [1, 0.04,−0.03]
(TX1), 3%, 3◦, [1,−0.04,−0.03] (TX2), and 5%, 5◦, [1, 0.05]
(RX) is examined. Using (4), the individual TX and RX front-
end image attenuations are then ranging between 23.3 dB
and 49.8 dB (TX1), 25 dB and 43.5 dB (TX2), and 22.5 dB
and 32 dB (RX), varying rather smoothly as a function of
frequency from subcarrier to another. The resulting average
subcarrierwise SIRs, evaluated numerically with 25 000 in-
dependent channel and data symbol realizations, are then
shown in Figure 8. The figure also shows the upper and
lower bounds for the SIRs at each subcarrier, based on the
analytical analysis presented in Section 3, corresponding to
the frequency-flat and arbitrarily frequency-selective fading
channels. Clearly, the analytical calculations are predicting
the actual SIR behavior with realistic radio channels very ac-
curately. This is further demonstrated by another similar ex-
ample, example 2, considering the corresponding 2× 2 STC-
OFDM case. Thus, compared to example 1, one more re-
ceiver is added, with example imbalance parameters of 4%,
−5◦, [1,−0.03, 0.04]. Then, similarly as above, the actual
subcarrierwise SIRs are evaluated numerically using simu-
lations, shown in Figure 9, together with the correspond-
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Figure 9: Example 2: SIR as a function of the subcarrier index k
in a 2 × 2 STC-OFDM system with realistic frequency-selective I/Q
imbalances at both transmitter and receiver analog front-ends; ex-
tended vehicular A radio channels (PdB). The dashed and solid lines
show the analytical SIR values corresponding to the frequency-flat
and arbitrarily frequency-selective fading cases, respectively.

ing analytical bounds. Again, it is obvious that the analytical
analysis describes the essential SIR behavior very accurately.

In general, it is interesting to notice that the overall SIR
levels are considerably lower than what might have been ex-
pected considering the qualities (IRRs) of the individual ra-
dios alone. This is indeed due to the interaction of the indi-
vidual radio impairments and the space-time coding princi-
ple in the considered multiantenna scenario, and it is nicely
incorporated in the system-level SIR analysis philosophy pre-
sented in Section 3. Thus, in multiantenna systems with mul-
tiple parallel radios, such system-level performance analysis
and measures can be seen as being more appropriate and
valid than the traditional IRR measures alone, focusing on
individual radios. Furthermore, based on the obtained re-
sults and shown illustrations, it can be concluded that the RF
impairments like I/Q mismatch will in general play a critical
role in the future multiantenna wireless system evolutions.

Next, we assess the actual detection error performance
of the overall system by comprehensive system simulations.
Even though the interference due to I/Q imbalance is not
exactly Gaussian, the derived SIR values do indeed predict
the high-SNR behavior of the detection error rates very ac-
curately, as the following simulations show. Here, the earlier
2 × 1 STC-OFDM case with 256 subcarriers is assumed and
the symbol error rates (SERs) at example subcarriers num-
bers 40 and −111 are evaluated by system simulations. 25
000 64QAM symbols are transmitted, per subcarrier, and the
radio channels are again following the extended vehicular A
power-delay profile. The obtained SER results are depicted
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Figure 10: Simulated 64QAM symbol error rates at example sub-
carriers numbers 40 and −111; 2 × 1 STC-OFDM system with 256
subcarriers and realistic frequency-selective I/Q imbalances at both
TX and RX analog front-ends; extended vehicular A radio channels.
The figure also shows the high-SNR error floors using the SIR anal-
ysis results.

in Figure 10 as a function of the average signal-to-noise ra-
tio (SNR) due to channel noise at the detector input. The
figure also shows the SER values corresponding to the de-
rived SIR ranges of 18.9–19.66 dB (subcarrier no. 40) and
20.8–22.8 dB (subcarrier no. −111), evaluated at the corre-
sponding SNRs for the perfectly balanced system. Obviously,
the analysis predicts very accurately the high-SNR behavior
and the resulting SER floor due to I/Q imbalance. This fur-
ther demonstrates the validity of the analysis as a valuable
analytical system-level tool in the system design and dimen-
sioning. Similar illustration is given in Figure 11 in which
also the effects of using the pilot-based channel estimates in
the diversity combining stage are taken into account. The
corresponding analytical analysis for the SIR bounds un-
der channel estimation is given in the appendix. Clearly, the
analysis is again able to predict the high-SNR error floors
accurately. It is also obvious that the error rates are in-
creased (due to imperfect channel knowledge) compared to
Figure 10.

5.2. The efficiency of pilot-based I/Q imbalance
compensation

Next, the overall system performance with the proposed im-
balance compensation scheme included is evaluated in terms
of the detection error rates. The same system of 2 × 1 STC-
OFDM with 256 subcarriers as discussed earlier is again as-
sumed, together with the similar transmitter and receiver I/Q
imbalances. The used subcarrier data modulation is 64QAM,

10−4
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10−2

10−1

100

SE
R

5 10 15 20 25 30 35 40 45 50

Average received SNR at detector input (dB)

64QAM 256-subcarrier 2× 1 Alamouti scheme,
imperfect channel estimation

With I/Q mismatch; SER (40)
With I/Q mismatch; SER (-111)

Bounds for k = 40
[18.6–20 dB]

Bounds for k = −111
[18.9–21.4 dB]

Figure 11: Simulated 64QAM symbol error rates at example sub-
carriers numbers 40 and −111; 2 × 1 STC-OFDM system with 256
subcarriers and realistic frequency-selective I/Q imbalances at both
TX and RX analog front-ends; extended vehicular A radio chan-
nels and pilot-based channel estimation in the diversity combining
stage. The figure also shows the high-SNR error floors using the ex-
tended SIR analysis results of the appendix.

and again the radio channels are random realizations of the
extended vehicular A model. Here, to keep the pilot overhead
reasonable, a quasistatic system model is assumed such that
the channel coefficients are assumed to be fixed over 100 con-
secutive OFDM symbol intervals, after which new channel
realizations are drawn. Different amounts of pilot symbols
are tested and the pilots always appear in the beginning of
the 100 symbol frames and they are used for channel estima-
tion as well as imbalance parameter estimation, as described
in Section 4. The upper right corner symbol “ 7 + j7 ” of the
used 64QAM constellation is used as the pilot data sP . This
corresponds to roughly 3.5 dB “pilot boosting” compared to
average constellation power, which is a rather typical value
in any OFDM system. Altogether, 100 000 symbols per sub-
carrier are transmitted and used in evaluating the symbol er-
ror rates (SERs), and the number of different channel real-
izations is 1000.

Figure 12 shows the system SER performance with dif-
ferent numbers of pilot slots, averaged over all subcarriers.
Here, one slot refers to a pair of pilot blocks allocated as
given in (14). With multiple slots, averaging is used over
the individual parameter estimates to decrease the additive
noise effects. Also shown are the uncompensated and per-
fectly matched reference system cases as well. Clearly, with
just a few pilot slots, SER performance being practically iden-
tical to the reference system can be obtained using the pro-
posed approach. Figure 13, in turn, shows the corresponding
SER performance when also the channel frequency responses
(H1,1(k) and H2,1(k) here) are estimated using (24), together
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Figure 12: Simulated 64QAM symbol error rates, averaged for
all subcarriers, with and without the proposed compensation tech-
nique, with different amounts of pilot symbols used for imbalance
parameter estimation in the receiver; 2× 1 STC-OFDM system case
and realistic frequency-selective I/Q imbalances at both TX and RX
analog front-ends; extended vehicular A radio channels; and chan-
nel estimation is assumed to be perfect.

with the model coefficients, using the given pilot allocation in
(14). Due to noise and I/Q imbalance, this obviously results
in errors in the estimated channel coefficients used in the
combining stage. However, as shown by Figure 13, the over-
all system performance remains practically unchanged in the
compensated case. This shows robustness against channel es-
timation errors in general, which was established also analyt-
ically in Section 4, stemming from the structural similarity of
the overall system models with and without channel estima-
tion errors. This is generally seen as a very important prac-
tical asset, related to the proposed estimation-compensation
scheme, which cannot be established to any other reference
solution in the literature.

6. CONCLUSIONS

This paper addressed the radio implementation-related RF
impairment, called I/Q imbalance, in the space-time coded
multiantenna OFDM system context. The challenging yet
practical case of having frequency-dependent I/Q imbalances
in all the individual radio transmitters and receivers was con-
sidered, which is essential in the future system developments
with bandwidths in the order of several or tens of MHz.
The overall signal distortion due to the I/Q imbalances was
first analyzed analytically, in terms of signal-to-interference
ratio (SIR), taking into account also the individual fading
multipath channels between the transmitters and receivers.
Two extreme cases were considered in detail, with either
frequency-flat or independent subcarrier fading character-
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64QAM 2× 1 STC-OFDM, imperfect channel estimation

w/o compensation
w/ compensation, 1 pilot slots
w/ compensation, 3 pilot slots

w/ compensation, 5 pilot slots
w/ compensation, 7 pilot slots
w/o mismatches

Figure 13: Simulated 64QAM symbol error rates, averaged for
all subcarriers, with and without the proposed compensation tech-
nique, with different amounts of pilot symbols used for imbalance
parameter as well as channel response estimations in the receiver;
2 × 1 STC-OFDM system case and realistic frequency-selective I/Q
imbalances at both TX and RX analog front-ends; extended vehicu-
lar A radio channels.

istics, within which all the practical fading and multipath
profiles then fitted. The derived SIR values are subcarrier-
specific and give an upper bound on the achievable overall
signal-to-interference-and-noise ratio (SINR) in the system
prior to data detection. Thus, the SIR analysis results can be
used to assess the impact of I/Q imbalances on the system
performance without lengthy data and system simulations,
and therefore they give a valuable tool for the system and
transceiver designers. Furthermore, the impact of I/Q im-
balances and noise on the channel estimation stage was also
evaluated and quantified in terms of channel-to-noise ratio
(CNR) analysis. Stemming from the derived signal models, a
pilot-based estimator-compensator structure was then pro-
posed for jointly mitigating the I/Q imbalance effects due to
imperfections of the individual radio front-ends. The com-
pensation is carried out in a subcarrierwise manner at the
output of the receiver diversity combining stage. The com-
pensation structure was further shown, both by computer
simulations as well as analytical signal modeling, to compen-
sate for the channel estimation errors as well, with zero ex-
tra cost. In general, comprehensive system simulations were
used to demonstrate that all the essential signal distortion
due to I/Q imbalances and channel estimation errors can
be cancelled with low pilot overhead, using the proposed
compensator. The future work includes building a real-time
FPGA demonstrator and a prototype for the overall receiver
signal processing stages, including channel estimation, di-
versity combining, and impairment estimator-compensator
blocks.
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APPENDIX

A. EXTENDED SIR ANALYSIS INCLUDING
CHANNEL ESTIMATION

Here, the SIR at the output of the receiver diversity combiner
is derived including the effects of imperfect channel knowl-
edge. From the channel noise point of view, high-SNR as-
sumption is made, which corresponds to assessing the system
behavior and the resulting detection error rate floors due to
the interference alone. Now, assuming that the pilot-based
channel estimator in (24) is used, the combiner output sig-
nals are generally given by (28)-(29). Then, similar to (9), the
SIR is defined as

SIR′(k) =
E
[∣
∣s1(k)

∣
∣2
]

E
[∣∣
∣∣
y′1(k)

Ĥ(k)
− s1(k)

∣
∣
∣∣

2]

≈ 1
/(

E
[∣∣
∣
∣
a′(k)
H(k)

− 1
∣∣
∣
∣

2]
+ E

[∣∣
∣
∣
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∣

2]
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∣
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c′(k)
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∣
∣
∣
∣

2]
+ E

[∣∣
∣
∣
d′(k)
H(k)

∣
∣
∣
∣

2])
,

(A.1)

where the system coefficients a′(k), b′(k), c′(k), and d′(k)
are given in (29) and include the effects of both TX and RX
I/Q imbalances as well as the imperfect channel knowledge.
In (A.1), to make the analysis feasible, a simplifying approx-
imation of Ĥ(k) ≈ H(k) is made for the amplitude normal-
ization term in which H(k) =∑M

m=1(|H1,m(k)|2 +|H2,m(k)|2)

and Ĥ(k) =∑M
m=1(|Ĥ1,m(k)|2 + |Ĥ2,m(k)|2). This is partially

because the channel estimation errors E1,m(k) =
�
H1,m(k) −

H1,m(k) and E2,m(k) =
�
H2,m(k) − H2,m(k) given in (25)

are correlated with the true channel responses H1,m(k) and
H2,m(k), as it is easily seen (see (25)). Then, using similar
analysis principles and assumptions as in Section 3, the above
SIR can be bound, depending on the type of the radio chan-
nels (frequency-flat and arbitrarily frequency-selective cases,
see Section 3), as SIR′(ii)(k) ≤ SIR′(k) ≤ SIR′(i)(k), where now

SIR′(i)(k) ≈ SIR′def(2, 1, k),

SIR′(ii)(k) ≈ SIR′def(βM ,βM , k),

SIR′def(α1,α2, k) = (2M + 4M2)
A′(α1,α2, k)

.

(A.2)

The exact expression for A′(α1,α2, k) is given in (A.3) and
βM is defined earlier in (13). Compared to (12), the expres-
sion in (A.3) is highly complicated due to the imperfect chan-
nel knowledge. Altogether, (A.2)-(A.3) give a system-level
performance measure for 2 × M STC-OFDM systems un-
der frequency-selective TX and RX I/Q imbalances assum-
ing the given pilot-based channel estimation in (24). Similar
to (10)–(13), (A.2)-(A.3) can be used, for example, to an-

alytically predict the high-SNR detection error rates in the
system. This is illustrated in Section 5:
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)

(A.3)
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