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ABSTRACT

The combination of orthogonal frequency division multiplexing
(OFDM) and multiple-input multiple-output (MIMO) techniques
has been widely considered as the most promising approach for
building future wireless transmission systems. In such systems, the
limited implementation resources for the radio parts cause big re-
strictions on the size, cost, and quality of the individual radio
transceivers. This implies that there are several imperfections at the
analog radio front-end stages, which in turn can severely limit the
overall system performance. One good example is the so called I/Q
imbalance problem related to the amplitude and phase matching of
the transceivers I and Q chains. This paper studies the performance
of space-time coded (STC)-OFDM systems under I/Q imbalance.
As a practical example, a 2 x 1 STC-OFDM system is examined
in detail and a closed-form solution for the resulting signal-to-
interference ratio (SIR) due to I/Q imbalance at the output of the
receiver combining stage is derived. The analytical outcomes are
verified using extensive computer simulations, and can easily be
extended to multi-antenna receiver cases as well. In general, the
obtained results indicate that I/Q imbalance can easily become a lim-
iting factor in practical STC-OFDM systems and should be carefully
mitigated using proper digital and/or analog signal processing.

Index Terms — Complex (I/Q) signals, digital radios, direct-
conversion transceivers, I/Q imbalance, MIMO, OFDM, signal-to-
interference ratio, space-time coding

1. INTRODUCTION

The limited spectral resources and the fast-rising demands on sys-
tem throughput and network capacity are generally seen as the
main driving force in the development and evolution of future
wireless communication systems. It is crucial to find means of im-
proving system performance in terms of the overall spectral effi-
ciency as well as individual link quality [1]-[2]. One of the most
promising methods is to generate parallel “data pipes” by utilizing
multiple transmit and receive antennas, proper space-time coding,
and the multi-path propagation phenomenon of the physical radio
channels. The constructed transmission matrix enables a number of
ways to efficiently improve throughput and system capacity as well
as the link quality. On the other hand, to achieve higher absolute
data rates, wider signaling bandwidths will also be used. But wide-
band channels are much more difficult to be dealt with than their
narrowband counterparts. One efficient solution for taking use of
and coping with the wideband radio channels is then to use OFDM
[1], [2]. By converting the overall frequency-selective channel into
a collection of parallel frequency-flat subchannels, OFDM modula-
tion takes advantage of the frequency diversity in multi-path envi-
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ronments. Therefore, when targeting for spectral efficiencies in the
order of 10 bits/s/Hz and absolute data rates at 100 Mbits/s range in
the emerging wireless systems [1], [2], the combination of multi-
antenna techniques and OFDM has generally drawn wide attention
in communications and signal processing research communities.
While there has been lots of communication theoretic interest
in multi-antenna transmission techniques, the actual radio imple-
mentation related issues have not been thoroughly investigated yet.
With multiple transmit and/or receive antennas, also multiple radio
implementations are needed, and the limited overall implementa-
tion resources cause big restrictions on the size and cost of individ-
ual radios. Based on this, the individual radio implementations
have several non-idealities which can cause considerable decrease
in the overall system performance if not taken properly into ac-
count. One important practical example is the so called I/Q imbal-
ance problem [3], [4], stemming from the unavoidable differences
in the amplitudes and phases of the physical analog I and Q signal
paths. In this paper, we continue the work in [5] by analytically
assessing the signal degradation due to I/Q imbalance in the STC-
OFDM system context with the individual radios being based on
the direct-conversion radio architecture. Under 1/Q imbalance on
both the transmitter and receiver sides, the performance of a 2 x 1
STC-OFDM system is examined analytically, in terms of the ob-
tainable signal-to-interference ratio (SIR) due to 1/Q errors. It
should be noted that multi-antenna OFDM system performance
under I/Q imbalances has also been evaluated in [6]-[10], but only
using computer simulations. Here the emphasis is on analytical SIR
analysis, similar to that in [5], where single-carrier STC systems
were considered, or in [11] in which ordinary OFDM is assumed. In
general, the obtained analysis results demonstrate that in practical
frequency-selective radio channels, the achievable SIR values on
active subcarriers are different and depend on the actual power-delay
profile of the radio channels. Furthermore, the SIR analysis results
can be used to predict the high SNR behavior of the detection error
probabilities without resorting to lengthy system simulations. Thus in
general, these analysis results establish a solid analytical foundation
for fully understanding and appreciating the I/Q imbalance effects on
the performance of STC-OFDM systems, both from the system level
as well as receiver signal processing algorithm designer point of views.

2. SPACE-TIME CODED (STC)-OFDM SYSTEMS
AND I/Q IMBALANCES

2.1 STC-OFDM Transmission

A multi-antenna system utilizing 2 x 1 Alamouti transmit diversity
scheme [12] combined with OFDM is considered here. As shown
in Fig. 1, the space-time coding is applied separately for each sub-
carrier data stream and then transmitted using two parallel OFDM
transmitters. On the receiver side, the diversity combining is then
applied over two consecutive OFDM symbol intervals.
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Fig. 1. Space-time coded (STC) 2x1 transmit diversity OFDM system.

Let s(k) and s,(k) represent the two consecutive data sam-
ples to be transmitted over the k -th subcarrier. Assuming the
guard interval (GI) implemented as a cyclic prefix (CP) is longer
than the channel delay spread, the corresponding samples at the
outputs of the receiver fast Fourier transform (FFT) stage after CP
removal are given by

zy(k) = Hy(k)si(k) + Ha(k)sy (k)

. . (D
zo(k) = —H(k)s3 (k) + Ha(k)si (k)

Here Hi(k) and H,(k) denote the channel frequency responses
(TX(1)>RX and TX(2)—>RX) at subcarrier &, and additive noise
is ignored for simplicity. Then assuming ideal channel knowledge,
the receiver combines the two observations as

(k) = Hi(k)z (k) + Hy(k)z3 (k) = (| H\(k)] + | Ha(k)[*)s: (k) 5
yo(k) = H3(k)zy(k) — Hy(k)z3 (k) = (| Hy(k)[ + | Ha(k)[*)sa (k)

which yields diversity gain over the individual links as is obvious.
Given amplitude modulated data, like QAM, the observations need
to be scaled by the inverse of H(k) = |H,(k)[* + | Hy(k)|* before
the actual data detection stage.

2.2 Transmitter and Receiver I/Q Imbalance Models

Let 2(t) = 2;(t) + jz(t) denote the complex baseband equivalent
signal to be transmitted. On the transmitter side, the imbalanced
(upconversion) local oscillator (LO) signal model is zip(t) =
cos(wet) + jgry sin(wet + ¢ry) where we denotes the RF car-
rier frequency, and gy and ¢y model the transmitter amplitude
and the phase imbalances, respectively. Then assuming the direct-
conversion radio architecture is applied, the baseband equivalent
signal with I/Q imbalance is of the form

2rx(t) = Kypx2(t) + Kspx2™(t) (3)

Here the imbalance coefficients are given by Ky =
(1 + grxe™™)/2 and Kyrx = (1 — gpye %) /2 . Similarly,
the imbalanced (downconversion) LO signal on the receiver side
can be written as =z (t) = cos(wet) — jgry sin(wet + dpy)
where gpy models the amplitude and ¢px the phase imbalance,
respectively. The corresponding imbalanced baseband equivalent
observation zpx(t) is then of the form

zpx (t) = Ky pxa(t) + Ko px2*(t) 4

where the corresponding imbalance coefficients are of the form
Kipx = (L+ grxe ") /2 and Ky px = (1 — gpxe’™™) /2.

The previous models in (3) and (4) are general imbalance mod-
els and used extensively in the literature, see, e.g., [5], [8], [10] and
the references therein. In the context of OFDM systems, it is also
very important to understand the I/Q imbalance effects in fre-
quency domain. Taking (3) and (4) into frequency domain yields

Zrx (k) = Kypx Z(k) + K3 px 27 (—k) %)
Zrx (k) = Ky pxZ(k) + Ko pxZ™(—F) (6)

where k refers to the subcarrier frequency (index). This results in
intercarrier interference (ICI) between the mirror-subcarrier pairs
and is the most important characteristic of the I/Q imbalance ef-
fects in OFDM based systems.

2.3 Overall STC-OFDM System Model

Incorporating the transmitter and receiver I/Q imbalances into the
system setup shown in Fig. 1, the observations at the output of the
diversity combining stage at subcarrier k (except for k = —N /2
and 0 where N denotes the IFFT/FFT size) appear as

(k) = a(k)su(k) + b(k)si (k) + c(k)sa(k) + d(k)s3 (k) o
(k) = a’(k)sy(k) + 0" (k)s3 (—k) — ¢*(R)si(k) — d" (K)si (=F)

Here the exact expressions for the coefficients a(k), b(k), c(k)
and d(k) are given in (8) (next page). Thus the observations at
subcarrier £ are interfered by the conjugate of the data at the cor-
responding mirror carrier —k as well as by the other data symbol
within the STC block at subcarriers £ and —k . Similar to the sin-
gle-carrier system analysis in [5], the above system model in (7)
can be extended to the corresponding 2 x M diversity scheme
where the coefficients a(k) , b(k) , c(k) and d(k) have more
complicated expressions due to the additional receiver antennas.
Closer comparison of the above system model with its single-
carrier counterpart in [5] reveals some further differences. Assum-
ing independent subcarrier data streams, the combiner outputs here
appear as weighted linear combinations of 4 independent data
symbols, while in the corresponding single-carrier system there are
only two independent data symbols and their own complex-
conjugates. This has rather big impact on the distribution of the
overall interference, and is thus important when carrying out the
statistical interference analysis in the continuation. Another differ-
ence lies in the structure of the coefficients a(k), b(k), c(k) and
d(k) which, for any subcarrier £, are influenced also by the chan-
nel frequency responses at subcarrier —k . Therefore, if the chan-
nel is frequency-selective, the I/Q imbalance effects become much
more complicated than in the corresponding single-carrier case
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a(k) = | Hy(k)[" Ky pxKirxq) + Hi () Hi (—k)K,, Rx Ky pxy + [ Ha )P K} px Kl rxo) + Ho(k)Ha(—k) K5 K3 7o)

b(k) = | Hy(k)[* Ky px K3 rxy + Hi ()T (=k) Ko oy Kizxq) + | Ho(k)[ K px Ky gy (o) + Ha(k)Hy(— kK3 rx Ky rx2) ®
c(k) = Hi(k)Hz(k)Ky pxKirx(2) + Hi (k)Hs (—k) Ko px Ky i) — Hi' (k)Ha(R)KT px Kirx ) — Hi(—k)Hao (k) K3 px K5 (1)

d(k) = Hi (k)Hy(k)Ky px K5 rx o) + Hi (k)Hs (=k) Ky px Kirx@) — Hi (K)Ha(R)K{ px Ky gy ) — Hi(=k)Ha(R) K5 px K 1)

discussed in [5]. These will be verified and demonstrated by both
analysis as well as numerical illustrations and computer simula-
tions in the next sections.

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

In the following, we analyze the performance degradation under
I/Q imbalance in terms of signal-to-interference ratio (SIR) at the
combiner output using the signal models of the previous section.
We assume L -tap frequency-selective radio channels with the in-
dividual taps being modeled as independent circular complex
Gaussian random variables with zero mean and power profile
P = [P(0),P(1),...,P(L — 1)]T where P(I) denotes the power of
the [ -th tap. Based on this, it is easy to show that the channel fre-
quency responses H;(k) and H,(k) at subcarrier & are also com-
plex circular Gaussian random variables with zero mean and equal

mean power E| H, (k)] = E[|Hy(k)[] = =y P(l) = Py . Then
it also follows that

@) ELH3(K)] = EIH3(R)] = 0

b BUH\(R)H, (—h)] = E{Hy(i)Hy(—k) = 0

-1 P(l)e—jaiﬂkl /N

) E[H\((R)H{(=F)] = E[H,(k)H3(—k)] =

d) B H k)| = B Hy(k)|'] = 2P

o) E|H (k) Hi (k)] = E| Hy(k)] H3 (k)] = 0
which simplify the following analysis.

Now consider the first combiner output (k) in (7) where the
first term is the desired signal term while the other three terms act
as interference. Then assuming that the symbols s (k) , s:(k),
s1(—k) and sy(—k) are all equal-variance, uncorrelated, circular
complex random variables, independent of the channel coefficients,
the SIR at subcarrier £ can be defined as

2
st — B HE) 2
Elok)/ HR)) + E c(k) / HR)["] + El|d(k) / H(K)[]

©)

where H(k) = | Hy(k)[* + | Hy(k)|” . Based on (7) and the previous

assumptions, (9) holds also for the second combiner output y,(k),
and can also be extended easily to 2 x M STC transmit diversity
cases. Direct simplification of the above SIR expression is some-
what tedious due to the intercarrier interference between mirror-
sub-carriers. The SIR also varies as a function of the subcarrier in-
dex k and depends on the power-delay profile of the radio channels.

To get some general understanding on the role of the channel
type, we examine next two extreme cases further — (i) frequency-
flat (single-tap) channel and (i) arbitrarily frequency-selective (in-
finite delay spread) channel. In the first case, the channel frequency
response values are identical for all the subcarriers while in the
second case, the different subcarriers fade totally independently.
This results in a range of SIR values SIR,,,, and SIR,;, within
which SIR(k) in (9) is then located with practical channels. After
some manipulations, these SIR bounds corresponding to the previ-
ous cases can be formulated as

SIRmin ~ SIRdef(3a 3)7 SIRmax ~ SIRd@f(25 1) (10)

where

SIRget (a1, 00) = Alon) / Blow, az) (1)
and A(aq) and B(ay, ) are given in (12) (next page). In general,
the values of oy and oy depend on the channel power-delay pro-
files and the values shown in (10) correspond to the previous ex-
treme cases (i) and (ii). As a concrete practical example, assume
that the imbalance values of the two transmitters and one receiver
are 4% , —4° (TX1), 3% , 3° (TX2), and 5% , 5° (RX). This
represents a realistic example case from the radio front-end design
point of view. Using (10)-(12), the feasible range of SIR values is
then from 21dB to 22.7dB. Further illustrations with practical fad-
ing multipath channels will be given in Section 4.

3.1 Interpretation of SIR and Nature of Interference

The previous analysis led to a closed-form solution for the power
ratio of the desired signal and interfering signal terms due to I/Q
imbalance. This SIR depends only on the type of the communica-
tions channel and, of course, the transmitters and receiver I/Q im-
balance values, and can be evaluated directly without any system-
or link-level data simulations. The SIR value itself, in turn, forms
an upper bound for the overall signal-to-interference-and-noise ra-
tio (SINR) that can be achieved in the transmission chain at the
detector input. Even though the exact probability distribution of the
combined interference terms b(k)s{(—k) + c(k)sy (k) + d(k)s5(—k)
and b*(k)s3(—k) — c(k)s; (k) — d*(k)s{(—k) in (7) is not Gaussian,
the Gaussian approximation is still feasible with high-order data
modulations since the interference terms appear as weighted linear
combinations of three independent subcarrier symbols. Thus the
SIR representing an upper bound for the SINR can then be mapped
to lower bound on the achievable detection error rate. Even though
this is a crude approximation from the interference distribution
point of view, it will be shown by simulations to hold from the er-
ror rate point of view in the next Section.

4. SIMULATIONS AND ILLUSTRATIONS

In this section, the previous analysis results are illustrated using
computer simulations. 64-QAM data modulation is used and the
number of OFDM subcarriers is N = 64 . Two different power-
delay profiles with P, = {0,—1.85,—3.64,—5.45} and P,?% =
{0,—1.85,—00,—00,—00,—3.64,—00,—5.45} are examined where
the delay spacing is equal to IFFT/FFT sample duration (N = 64 -
th part of the OFDM symbol duration). Proper cyclic prefix (CP) is
always used on the transmitter side and discarded in the receiver
prior to the FFT. The channel tap realizations are chosen independ-
ently from complex Gaussian distribution and assumed constants
over two consecutive OFDM symbol periods [12] after which new
channel realizations are drawn. The previous I/Q imbalance values
of 4%, —4° (TX1), 3%, 3° (TX2), and 5% , 5° (RX) are used,
yielding the theoretical SIR range of 21dB to 22.7dB as stated ear-
lier. The corresponding individual image attenuations are roughly
28dB, 30.4dB and 26dB, respectively. The overall amount of data
symbols transmitted through the system is 500,000.
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First, with the two practical channel power-delay profiles P,
and P, , the average subcarrier-wise SIR is evaluated numerically
with 50,000 independent channel realizations, by calculating sam-
ple averages for the signal and interference powers. The obtained
SIR values are depicted in Fig. 2. Clearly, the analytical SIR results
predict the SIR behavior very accurately. Then the actual bit error
rate (BER) of the whole transmission system is evaluated, with and
without the previous I/Q imbalances, assuming channel profile P, .
The results are depicted in Fig. 3 as a function of average signal-to-
noise ratio (SNR) due to channel noise at the detector input. The
figure also shows the BER values corresponding to the derived SIR
values of 21dB and 22.7dB. Obviously, the analysis predicts accu-
rately the BER floor due to I/Q imbalance.

5. CONCLUSIONS

This paper studied the impact of transmitter and receiver I/Q im-
balances on the performance of space-time coded OFDM systems.
Average signal-to-interference ratio due to I/Q errors was derived
analytically, assuming Gaussian fading channels. Two extreme
cases were considered in detail, with either frequency-flat or inde-
pendent subcarrier fading characteristics, within which the practi-
cal fading and multipath profiles then fit. The derived SIR value
gives an upper bound on the achievable signal-to-interference-and-
noise ratio (SINR) in the overall system prior to data detection, and
can be used to assess the role of I/Q imbalances on the system per-
formance without lengthy data and system simulations. The analy-
sis also verifies that I/Q imbalance is relatively even a bigger prob-
lem in multi-antenna OFDM systems than in their traditional
single-antenna single-carrier counterparts.
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