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Abstract—Orthogonal frequency division multiplexing (OFDM)
is a widely recognized modulation scheme for high data rate com-
munications. However, the implementation of OFDM-based sys-
tems suffers from in-phase and quadrature-phase (IQ) imbalances
in the front-end analog processing. Such imbalances are caused by
the analog processing of the received radio frequency (RF) signal,
and they cannot be efficiently or entirely eliminated in the analog
domain. The resulting IQ distortion limits the achievable operating
SNR at the receiver and, consequently, the achievable data rates.
The issue of I1Q imbalances is even more severe at higher SNR
and higher carrier frequencies. In this paper, the effect of IQ im-
balances on multi-input multioutput (MIMQO) OFDM systems is
studied, and a framework for combating such distortions through
digital signal processing is developed. An input-output relation
governing MIMO OFDM systems is derived. The framework is
used to design receiver algorithms with compensation for IQ imbal-
ances. It is shown that the complexity of the system at the receiver
grows from dimension (n g X nr) for ideal IQ branches to (2n g X
2nr) in the presence of IQ imbalances. However, by exploiting
the structure of space-time block codes along with the distortion
models, one can obtain efficient receivers that are robust to I1Q im-
balances. Simulation results show significant improvement in the
achievable BER of the proposed MIMO receivers for space-time
block-coded OFDM systems in the presence of IQ imbalances.

Index Terms—Alamouti scheme, compensation algorithms for
analog impairments, in-phase and quadrature-phase (IQ) imbal-
ances, multi-input multioutput (MIMO) systems, orthogonal fre-
quency division multiplexing (OFDM), space-time coding.

1. INTRODUCTION

RTHOGONAL frequency division multiplexing (OFDM)
() is a widely adopted modulation technique for high-speed
wireless communications. The OFDM-based physical layer has
been chosen for several standards, such as the IEEE 802.11a
wireless local area network (WLAN) in the 5-GHz band, the
IEEE 802.11g wireless local area network (WLAN) in the 2.4
GHz band, and the European digital video broadcasting system
(DVB-T). It is also under consideration as the high rate alter-
nate physical layer to the draft IEEE P802.15.3 wireless per-
sonal area network (WPAN), the IEEE 802.20 mobile broad-
band wireless access (MBWA), and the IEEE 802.16 wireless
metropolitan area networks (WirelessMAN). Considering the
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large demand for such systems, a low-cost, low-power, and fully
integrated implementation of these standards is a challenge for
the future high-speed wireless networks.

One limiting issue in implementing wireless systems is the
impairment associated with analog processing due to compo-
nent imperfections. The impairment in the analog components
is mainly due to fabrication process variations, which are neither
predictable nor controllable, and tend to increase as the fabrica-
tion technologies scale down [2]. Most of the impairments can
be neither efficiently nor entirely eliminated in the analog do-
main due to power-area-cost tradeoffs. Therefore, an efficient
compensation scheme in the digital baseband domain would be
highly desirable for wireless receivers.

A major source of impairments in wireless system implemen-
tation is the imbalance between the In-phase (I) and Quadra-
ture-phase (Q) branches or, equivalently, the real and imaginary
parts of the complex signal, as explained in [4]. The 1Q imbal-
ance is basically any mismatch between the I and Q branches
from the ideal case, i.e., from the exact 90° phase difference
and equal amplitudes between the sine and cosine branches [5].
The performance of a receiver can be severely limited by such
IQ imbalances.!

The approach developed in this paper for compensating IQ
imbalances extends the method of [4] from the SISO case to
MIMO systems. The motivation for the approach is as follows. 1)
Perfect IQ matching is not possible in the analog domain, espe-
cially when low-cost fabrication technologies are used [6]. 2) As
the carrier frequencies increase, the IQ imbalances become more
severe and more challenging to eliminate. The increase in carrier
frequencies translates to higher IQ imbalances, and the trend in
communications systems is to utilize more bandwidth and higher
carrier frequencies. 3) The impairments in analog processing
tend to increase as integrated circuit technologies, such as com-
plementary metal-oxide semiconductor (CMOS) technology,
are being more widely adopted for analog processing due to their
cost advantage and ease of integration with digital baseband
processing [4]. 4) Efficient techniques can be developed in the
digital domain to eliminate mismatches introduced in the analog
domain. Note that such mismatches vary from chip to chip and
are not predictable. 5) As higher data rates are targeted, higher
constellation sizes are needed, and higher operating SNRs are
to be guaranteed in order to support high density constellations.

ITo avoid lengthy circuit implementation details, only the IQ imbalance in
the down-conversion stage has been described here as a source of IQ imbalance.
However, there are other analog processing stages that contribute to the overall
IQ imbalance in the system. For instance, any mismatch between the frequency
responses of the analog passband and lowpass filters used in the I and Q branches
contribute to the overall IQ imbalances in the receiver. In this case, the distortion
will have a frequency-dependent nature; see Section VII-A.
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Higher SNR requirements translate to tougher IQ matching
requirements. 6) MIMO systems can provide higher effective
SNR and, consequently, higher data throughput by enabling
higher density constellations. At high SNR values, however, the
BER performance of the system is more severely affected by 1Q
imbalances, requiring some type of compensation. Likewise, the
gain achieved by space-time coded MIMO systems compared to
SISO systems is more significant at high SNR values.

For all the above reasons, it is desirable to develop reception
techniques in the digital domain that help eliminate the effect of
IQ imbalances in wireless receivers. The effect of IQ imbalances
on SISO OFDM systems and the resulting performance degra-
dation have already been investigated in [7] and [8]. Several
compensation schemes have been developed in [3] and [9]-[11].
However, studying the effect of IQ imbalances on MIMO OFDM
systems is more demanding. The purpose of this paper is to
study the effect of IQ imbalances on MIMO systems and to
develop a framework to design MIMO receiver architectures
that are robust to IQ imbalances. The contribution of the paper
is twofold. First, the input—output relation governing MIMO
OFDM systems with IQ imbalances is derived. This relation is
derived as a function of MIMO channel and physical parameters
modeling IQ imbalances. It is shown that the system of equa-
tions governing the input—output relation for uncoded MIMO
OFDM systems with IQ imbalances extends from dimension
(ng x nr)inthe case of ideal IQ branches to (2ng x 2nr) inthe
presence of IQ imbalances. Here, n i and np denote the number
of receive and transmit antennas, respectively. Second, the be-
havior of space-time block coded systems in the presence of 1Q
imbalances is studied. By exploiting the structure of orthogonal
space-time codes, efficient receiver architectures that are robust
to IQ imbalances are derived. They achieve a performance close
toideal receivers. In particular, areceiver architecture is proposed
for Alamouti-coded OFDM systems with compensation for 1Q
imbalances. The proposed scheme is further extended to other
orthogonal space-time block codes. It is shown how the code
structure and the distortion model can be exploited in the design
of efficient and optimal receivers.

The paper is organized as follows. Section II briefly describes
the model used for IQ imbalances and formulates the effect of
1Q imbalances on SISO OFDM receivers. In Section III, the for-
mulation is used to develop a framework and to study the effect
of IQ imbalances on MIMO OFDM systems. Space-time block-
coded MIMO systems with imbalances are studied in Section IV.
An efficient receiver for an Alamouti-coded OFDM system with
compensation for IQ imbalances is proposed in Section V. The
receiver architecture is extended to other orthogonal space-time
block codesin Section VI. Some issues regarding the channel/dis-
tortoion estimation and frequency-selectivity of imbalances are
addressed in Section VII. Simulation results are presented in Sec-
tion VIII. Conclusions are given in Section IX.

Notation: All matrices are denoted in capital boldface letters.

II. PROBLEM FORMULATION FOR SISO OFDM SYSTEMS

We review, in this section, the formulation of [3] in prepara-
tion for the extention to the MIMO case. Thus, let b(¢) repre-
sent the received complex signal before being distorted by the
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IQ imbalance caused by the analog signal processing. The dis-
torted signal in the time domain can be modeled as [7], [8]

b'(t) = ub(t) + vb"(t) ¢y

where the distortion parameters p and v are related to the am-
plitude and phase imbalances between the I and Q branches in
the RF/Analog demodulation process. A simplified model for
this distortion, assuming an amplitude imbalance and a phase
imbalance between the I and Q branches of the mixer, can be
derived. For such a case, the ;4 and v parameters can be written

as [8]
AN
U = COs 5 + jasin 5
0 .. (0
V = @ Cos <§> — jsin <§> 2)

where 6 and « are, respectively, the phase and amplitude im-
balance between the I and Q branches. The phase imbalance
is any phase deviation from the ideal 90° between the I and Q
branches. The amplitude imbalance is defined as

ar — aQ
ar + aqQ

where a; and ag are the gain amplitudes on the I and Q
branches. When stated in decibels, the amplitude imbalance is
computed as 10log(1 + «). For instance, an amplitude imbal-
ance of 0 dB corresponds to the ideal case of & = 0. The values
of # and « are not known at the receiver since they are caused
by manufacturing inaccuracies in the analog components.

The effect of IQ imbalances on an SISO OFDM system has
been discussed in [9]-[11]. A derivation of the OFDM signals
in the presence of IQ imbalances using the formulation of and
[3] is reviewed below. This formulation will help us extend the
results to the MIMO case.

In OFDM systems, a block of data is transmitted as an OFDM
symbol. Assuming a block size equal to IV (where N is a power
of 2), the transmitted block of data is denoted by

sécol{s(l),s(2),...,s(N)}. 3)
Each block is passed through the IDFT operation
s =F"s 4

where F is the unitary discrete Fourier transform (DFT) matrix
of size IV, which is defined by

A cyclic prefix of length P is added to each transformed block
of data and then transmitted through the channel; see Fig. 1. An
FIR model with L + 1 taps is assumed for the channel, i.e.,

h:COI{}Lo,}Ll,...JLL} (5)

with . < P in order to preserve the orthogonality between
tones. At the receiver, the received samples corresponding to the
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Fig. 1. OFDM receiver with IQ imbalances and the notation used in the SISO derivations.

transmitted block s are collected into a vector, after discarding
the received cyclic prefix samples. The received block of data
before being distorted by 1Q imbalances can be written as [12]:

§=HSE+7 ©®)
where
[ ho h1 -« hp T
}Lo }Ll s hL
H = ho hi -+ hg @)
ho - -hp ho hi
Lhy -+ hg ho |

isan N x N circulant matrix. It is known that H¢ can be diag-
onalized by the N-point DFT matrix as H® = F*AF, where

A = diag{)\} (3)

and the vector A\ is related to h via

)\:\/NF*{ h } )

O(N—(L+1))x1

Then, (6) gives

¥ =F*AFs 4+ v = F*diag{\}Fs + ¥. (10)
The received block of data y after being distorted by IQ imbal-
ances will be transformed into [using model by (1)]

Z = uy + veonj(y) (11)
where the notation conj(¥) denotes a column vector whose en-

tries are the complex conjugates of the entries of ¥. Now re-
member that the N-point DFT of the complex conjugate of a

sequence is related to the DFT of the original sequence through
a mirrored relation (assuming 1 <n < Nand1 <k < N):

x(n) 25 X (k)
a*(n) 2E5 X*(N — k +2). (12)
For notational simplicity, we denote the operation that gives the
DFT of the complex conjugate of a vector by the superscript #,
i.e., for a vector X of size N, we write

X X
X(2) X*(N)
R ¢ | X (F )
X=lx@sy| =7 = x| @
X(3+2) X (%)
L X(V) L x*2)
so that if
X = Fz, then X# = Fconj(z). (14)
Now, from (6), we have
conj(y) = conj(H¢)conj(s) + conj(¥) (15)

where conj(H¢) is a circulant matrix defined in terms of
conj(h), as in (7). In a manner similar to (8), (9), and (14), we
have

conj(h)

(16)
Ov—(L+1))x1

VNF* { } = \#

and

conj(H) = F*diag{ \* } F. (17)
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Substituting the above into (15) results in

conj(y) = F*diag{\*# }Fconj(s) + conj(v)

=F*diag{\#}s# + conj(v) (18)
where Fconj(s) is replaced by s* using (4) and the conjugate-
mirrored notation defined by (12).

Let us now consider a receiver that applies the DFT operation
to the received block of data Z, as is done in a standard OFDM
receiver. Applying the DFT matrix to (11), i.e., setting z = Fz,
and substituting (10) and (18) into (11) lead to

z = pdiag{\}s + vdiag{\* }s# + v (19)
where v is a transformed version of the original noise vector
v. As seen from (19), the vector z is no longer related to the
transmitted block s through a diagonal matrix, as is the case in
an OFDM system with ideal I and Q branches. There is also a
contribution from s#. Discarding the samples corresponding to
tones 1 and N/2 + 1, i.e., z(1) and z(N/2 + 1), and defining
two new vectors

e (s (2)or (X 42) o)
g:col{s@),...,s(g) 8" (gm) ,...,s*(N)}

(20)
then (19) gives (21), shown at the bottom of the page, where v
is related to v in a manner similar to (20). Note that the matrix
A in (20) is not diagonal, as is the case for A in (10), although it
collapses to a diagonal matrix by setting v equal to zero. Equa-
tion (21) can be reduced to 2 x 2 decoupled subequations, for
k ={2,...,N/2}, where each is written as

zr = Lpsp + Vi (22)
where
_ (k) _ (k)
2 = [z*(N_ k—+2)} ) S = [s*(N - k+2)] 23)
| pAk)  vAY(N —k+2)
Tie= [V*A(k) WN(N — ks + 2)] ' 9

The objective is to recover s; from z; in (22) for £k =
{2,...,N/2} or, equivalently, § from z in (21). Several algo-
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parameters and recovering the s; were proposed in [3]. The
situation is more challenging in the MIMO case. The objective
of this paper is to describe and address the difficulties that arise
in the MIMO case. The paper will also show how to exploit
the structure of space-time block codes in order to simplify
the resulting MIMO OFDM receivers in the presence of 1Q
imbalances.

1II. MIMO OFDM SYSTEMS

First, we introduce the notation for the MIMO case:

e np:number of transmit antennas

e npg:number of receive antennas

* Ly, + 1: number of channel taps from transmit antenna
[ to receive antenna m

* [y and v,,: parameter modeling 1Q imbalance for the
receive antenna m, as defined by (2)

* h,, ;: channel taps from transmit antenna [ to receive an-
tenna m, as defined by (5); see Fig. 2

e s; and s;: block of data and its inverse Fourier transform
transmitted by antenna [, as defined by (4)

* ¥y, received block of data by antenna m before distor-
tion by IQ imbalances, as defined by (6)

e 7, received block of data by antenna m after distortion
by 1Q imbalances, as defined by (11)(the cyclic prefix
samples are eliminated at this stage from the received
block of data)

* Hj, ,: square circulant matrix defined as in (7) corre-
sponding to the channel from antenna [ to antenna m.

The superscript (M) is added to the vectors in this section
(MIMO case) to differentiate them from the corresponding
ones in the SISO case. Using the structure shown in Fig. 2, data
blocks received on different antennas z,, form = {1,...,ng}
are collected into a column vector of size ng/N. As shown in
[13], the received blocks of data on different receive antennas
before distortion by 1Q imbalances are given by [using a similar
structure as in (6) and (7)]

C ... c

ynR ng,nm h,R,l gnT
= Do 4+vD o (25)
~ . ; ~

y1 LB, Hi, ] | s1

F(M) H(M) 5(M)

where ¥(M) contains the additive noise on all receive antennas,

rithms, adaptive and otherwise, for estimating channel/disortion ~and Hf, ;, m = {1,...,ng},and | = {1,...,nr} are diago-
[ uA(2) vA*(N) 7
nA(3) A (5 +2)
5 = S+v 20D
vA(T) N (5 +2)
LA2) WX

>
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nalized by the DFT operation as H7 | = =F*A,,,F. Asin (11),
the received block of data after dlstortlon by IQ imbalances be-
comes

Zng HnrYnr Vi CONj(Yn )

= + (26)
71 p1y1 viconj(y1)
z(M)

Using the formulation and notation that led to (19) and by
defining

27)

Zm = FzZ,,

form = {1,...,ngr}, (26) leads to (28), shown at the bottom of
the page. The definitions in (20) and the argument that led from
(19) to (21) can be applied to (28). Let

)

N

Zp, = col {zm(2), ey Zm, <—

2

form = {1,...,

51 = ol {s(2).....o

ng}, and

OFDM-based MIMO system with IQ imbalances. The data estimation block is shown in Fig. 3(b) based on the notation developed in Section III.

forl = {1,...,nr}. Using these definitions, (28) becomes
Zn}:‘g AnR,nT AnRJ §TlT ‘NIHR
= : : + €29)
Z1 Ay Arq 81 Vi
AGn)

where each Am,l is defined as in (21) for the channel from
transmit antenna / to receive antenna 7m:

I lflm)\'m,l(2) Vm)\:(p,l(N> 1
X f At () v (5 +2)
Am,l -
Virmt () A (5 +2)
L2 A (2) oo (N) |
(32)

The main difference between the above system (with 1Q imbal-
ances) and a MIMO OFDM system with ideal I and Q branches
lies in the value of the subblocks Amyl. In a MIMO OFDM
system with ideal I and Q branches, these subblock matrices are
diagonal [12], [13]. It can be easily seen that the system defined
by (31) and (32) collapses to the ideal MIMO OFDM system by
replacing v,,,, m = {1,...,ng}, with zero, as is expected.
Rather than continue with the system defined by (31), this
system can be reduced to smaller dimension subsystems.

Zng .U'TLRdiag{)‘nR,n'r} :u'nR,diag{)‘nR,l} Snr
Z1 uldiag{)\l no } uldiag{)\l 1} S1
'npdiag {)\nR o } Vp ,diag {)\fR 1} S#T
+ : : Dol v (28)
rrdiag {)\ﬁw} rrdiag {)\ﬁ} S#
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(b)
Derived MIMO OFDM receiver in Section III, considering IQ imbalances, is compared to a standard MIMO OFDM receiver that assumes ideal 1Q

Fig. 3.

branches. The notation used in these figures is consistent with the notation developed in Section III. The proposed receiver structure in (b) collapses to the standard

structure in (a) by substituting g, = 1 andv,,, = 0,m = {1,...
MIMO OFDM receiver in the presence of 1Q imbalances.

The subblocks resulting from regrouping terms are an extension
of the structure defined by (23) and (24), such that for k =
{2,...,N/2}

il(cM) _ I;](CM )

s 4 v (33)

where the pertinent quantities are defined by (34) and (35),
shown at the bottom of the next page. A MIMO OFDM receiver
using the above system of equations is shown in Fig. 3(b).
For comparison purposes, a standard receiver structure as-
suming ideal IQ branches is depicted in Fig. 3(a). Note that the
(2ng x 2n7) set of equations given by (33) reduces to two
decoupled (ng X nr) sets of equations by substituting i, = 1
and v, = 1,m = {1,...,ng}, as is expected for the case of a
MIMO OFDM receiver assuming ideal IQ branches.

From (33), it can be seen that a receiver for the MIMO OFDM
system with IQ imbalances would have to solve (N/2 — 1) sub-
systems of dimension 2np X 2nr each. In comparison, a re-
ceiver for MIMO OFDM with ideal I and Q branches needs to

,nr} in (51). (a) Standard MIMO OFDM receiver assuming ideal 1Q branches. (b) Proposed

solve (N — 2) subsystems of dimension ng X ng each. The
presence of IQ imbalances basically couples every tone with its
mirrored tone, i.e., k and (N — k + 2).

Although the system of (33) completely specifies the
input—output relation in the MIMO case, we will rearrange
the input—output vectors into a format that will be useful for
studying space-time block-coded systems. With the same nota-
tion used in (34) and (35), we introduce the following vectors

fork = {2,...,N/2}:
Znp (K) z, (N —k+2)
Zy = : s ZN-kt2 = : (36)
z1(k) zi(N —k+2)
and
S () s, (N—k+2)
Sk = : o SNoky2 = : (37)
s1(k) si(N —k+2)
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and similarly for the (N — k + 2)th tone

HN k2
Z M M S
e o] [
ZN ka2 o) \ AQD L, SN_k+2 A wmg (N —k+2) faa(N =k +2)
PY 5 = : : (44)
Vi T (N—k+2) (N =—k+2)
+ (38) o N
VN —k+2 By defining two diagonal matrices representing the distortion
T parameters on different receive antennas as
%
[ Hnp 0
where we have (39)—(42), shown at the bottom of the page. m = . . (45)
The above matrices are related to the channel tap matrices as a : :
follows. Collect the channel taps from the np transmit antennas L 0 K1
to the np receive antennas corresponding to the kth tone into i Vnn 0
I, =1 : (46)
)‘nRanT(k) /\nR,l(k) 0
V1
M), = : : (43) -
Aoy (k) Ma(k) the submatrices A,(CM), @5\1){),“2, <I>£,M), and A%@HQ can be
Zn, (K) ] Sn. () |
z) (N —k+2) sy (N —k+2)
2" = s, = (34)
Zl(k‘) Sl(k‘)
| \zi(N-k+2)/ | | \si(N—-k+2)) |
Zn;rx 1 2n;r>< 1
[ (MHR)‘WR,W'I‘ (k) VnRA’tLR,TL'[‘(N —k+ 2) ) <IU'TLR)\nR=1(k) VnR)\:LR,l(N —k+ 2) )
|\ () N (N k4 2) Vi Anpa(k) N (N = k+2)
T, = : : (35)
<N1)\1,nT(k) Vl)‘I,nT (N —k+ 2) ) <U1)‘1,1(k) Vl/\T,l(N —k+ 2) )
L i, (6) wid (N k4 2) vidia(k) pid,(N —k+2)) |
QnR;(anT
-.U'TLR)‘nR,nT(k) MnR)‘nR71(k)
ACD — 3 3 (39)
P L () piA1,1(k)
V’:,R/\nRynT(k> V’:,R)‘nR-,l(k>
‘I’liM) _ : : (40)
L Vi AL, (K) Vi (k)
-’/nR/\v*zR,nT(N_k‘}'Q) VnR/\ZR,l(N_k‘}‘Q)
o) ., = : : (41)
1AL (N =k +2) A (N =k +2)
[ A (N — k4 2) tr g A1 (N — k4 2)
AW, = ; z “)
PN (N =k +2) P (N =k +2)
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then written as

AP =10, (47)
oM 11 M, (48)
@S\]f\/i)k_l’_z =ILHN _ky2 (49)
AQD, L =T0Hy o (50)
Using the above relations, (38) becomes
2k ‘| _ | ILH ’ ILHN o Sk
Znokt2] I, Hy, | I HN k42| [ SN—k+2

) 2n %1 h g X2 A 2np X1 .

+ ] (28
VN —k+2

Comparing the above equation with (23) and (24), we see that
this system of equations is an extension of the framework de-
rived for SISO OFDM receivers.

The system of equations (51) can be used to estimate the
transmitted data S and Sy _j42 from the received data Z
and Zx_ k42, given the assumption that no space-time coding
is incorporated into the transmitted data S, and Sy 2.2 For
instance, maximum-likelihood (ML), least-squares (LS), or
minimum mean-square-error (MMSE) algorithms can be devel-
oped at the receiver based on (51). However, in the presence of
space-time coded transmission, the system of equations by (51)
can be reworked to exploit the structure of the space-time codes.
In Sections IV-VI, the structure of space-time block codes is
exploited to derive efficient receiver algorithms to compensate
for IQ imbalances.

IV. MIMO RECEIVER WITH SPACE-TIME BLOCK CODING

In a MIMO OFDM system, space-time coding is typically
applied independently on each tone k = {1,..., N}. In other
words, independent blocks of space-time coded data are trans-
mitted through each tone. To incorporate space-time coding into
(34) and (35), a superscript is added to represent the time instant.
To be more specific, we have the following.

. s;.;(k) will represent the transmitted data on tone k and
transmit antenna j at time instant 7.

. z;.;(k) will represent the corresponding received data
on tone k and receive antenna j at time instant 4.

. Sk,i contains the transmitted data on tone £

from all antennas at time instant 4, ie., Sp; =
col{sn, i(k),...,s1:(k)}.
Now, assume that the transmitter uses a space-time block code
of size (nt X p), where p is the depth of the block code in time. In
this case, a block of data is transmitted, and each block contains
a collection of vectors S ;1 through Sy, ;,, which is defined by
(37), say

SP 2S5, | | Ska]
Snypp(k) Sny,1(k)
= : : (52)
s1,p(k) s1,1(k)

2For example, the BLAST structures introduced in [14] and [15] should use
the (2nr X 2n) system of equations given by (51) instead of the (nz X n7)
system of equations used in standard MIMO systems.
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sponding received block of data is

and a similar structure holds for 85\1,3) ko Similarly, the corre-

Zl(cB) 2 [Zk;P | | Zk,l]
ZnR,p<k> ZnR,l(k)
= : : (53)
z1,p(k) s1,1(k)

and a similar structure holds for Z sflk 4o

Using the above notation in (51), the transmitted and received
blocks of data are now related through

ZlgB) B |:H;LHk | HI/HN—k+2:| SgB)
2P, | | Gy ] |S9),,
ZiB):QnRXp HklanXZ’nT SiB):QnTXp

v
T [T Py
vN—k+2

vy(B)
Vk, 2ngp Xp

Thig system of equations should be used to estimate 3,(:3) from

( )

Based on the desired decoding algorithm, different receiver
structures could be considered at the receiver. For instance, ei-
ther the maximum-likelihood receiver or the least-squares re-
ceiver could be implemented. The maximum likelihood receiver

estimates S',(CB), k=1{2,...,N/2}, according to

~(B) .
S, =arg min

- ~<B>H2
Si,B)eS(m

where S(P) represents the codebook for the transmitted blocks
of data.

V. ALAMOUTI SCHEME WITH IQ IMBALANCES

The space-time structure of the transmitted blocks of data can
be exploited in order to derive efficient receiver structures. We
illustrate this fact by considering first the case of an Alamouti
scheme with a 2-transmit and 1-receive antenna. Thus, let n =
2 and ng = 1. In the Alamouti scheme, symbols {s2, 51} are
transmitted at the first time instant, followed by {s%, —s3} at the
second time instant [16]. An OFDM-based Alamouti scheme is
depicted in Fig. 4. In this case, the space-time block code given
by (52) reduces to

B) _ | sii(k) 52,1(k)}
5= [—s;,lus) s1.1(k) 43
e — N —
Sk 2 Sk1

and, similarly

S(B) N 51,1(N —k+ 2) S;’I(N —k+ 2) (56)
Nkt T | _sy ((N—k+2) st (N—k+2)]
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gB)= { S*iil(l) 52,1(1):| by Eq. (55) Z(lB) — [ 51,2(1) Zl,l(l) ]byEq. (58)
—s51(1) s1,1(1)
A = "
F s 1(1)‘:'1 152,1(1) ! ™ _ > .
------- 1 -r-----‘ -g ™,
| O ". @ . .
A e DD NN
o R e S
1 ! © [t S il
! \ @ > i :
[ sia¢0) | Ls2dom 2 N . 2] o]
F . : T
; \ Wk Analog 5—: W E } ‘ |
ERCHR TR I I O S il N ]
| | 5 7 » { z12(N) J z1,1(N)
| : i ig Y e
| ‘ 5 ° ond {st
{ g received  received
{ —s51(N) J s1,1(N) o OFDM  OFDM
> Symbol  Symbol
2nd st
Transmitted transmitted
OFDM OFDM
Symbol Symbol
Fig. 4. Alamouti scheme applied to an OFDM system.
The transmitted block of data S ,(CB) defined in (54) is therefore For a moment, let us gg)nside{ ?g)ideal receiver. In this case,
given by the relation between §;, " and Z;, * reduces to two decoupled
(B) systems of equations for tones k and (N — k + 2). For instance,
- S . .
S](CB ) Tk for the data transmitted on tone k, the system of equations be-
35\]73_)k+2 comes
st 1(k so.1(k
h 1;1( 13: 2,1(k) (B) ~ H, S(B) n V(B) ©1)
S2,1( ) Sl,l( ) (57) v v v
= . 1x2
Sl,l(N—k—i—Q) S;’I(N—k—i-Q) 1x2 X2 2x2 1x2
—s21(N —k+2) s7(N—-Fk+2) with
Similarly, the corresponding received block of data Z,(CB) de- He = [A2(k) Aa(k)]. (62)

fined in (54) becomes

3 | 2P
2 = | om
ZN—k+2

Z1,2(k) Zl,l(k)
— . (58)
ziQ(N—k:-}-Z) fo,l(N_ k+2)

These two blocks are related through the matrix H;, defined in
(54)

Equations (61) and (62) can be reorganized as follows. Let

2= )
w-lnpl e

Then, as is well-known, (61) becomes

Z(Al) G, S(Al +V(A1) (64)
~ B B) ~(B
v NN 2x1 2X2 2x1 2x1
2x2 2X4 4x2 2X2
. . . where
Vyhere for the case of a 2-transmit 1-receive antenna, the matrix
H. is given by (60), shown at the bottom of the page, by using G, — A2(k)  Ara(k) _ 65)
(43)—(46). - I,1(k> )\T,z(k‘)
,f_lk _ /1,1)\1,2(]{,') /Jl)\l,l(k) ‘ Vl)\I,Q(N —k+ 2) 1/1)\1‘ l(N —k+ 2) (60)
vida(k) vida(k) | NN —k+2) A (N — & +2)
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Recovering SIEAI) from ZIEAI) and using (64) and (65) is a de-

coupled estimation problem, and it achieves full diversity due to
the following orthogonality property:

GiGr = (IA11(B)]? + | A2(k)[H) k2 (66)

where Iy is the identity matrix. The procedure that led from
(61) to (64) for an ideal receiver can be applied to (59) for a
receiver with IQ distortion.

Indeed, one can verify that repeating the above procedure
for Z(B) and ZS\I?_) ko in (58) [and, correspondingly, S,(CB) and

SS\}?) ka2 in (57)] will result in the following structure. Let

I (Al s2.(k)
S0 _ | Sk ] B s1.1(k) .
kTl aan | T §*
_S](VAi)k+2 2 (N k + 2)
f (N—-k+2)
r (Al 2.1(k)
s _ | 2 ] _ zi,»(k) 68)
kT | Zay | T
_Z](\TA_I)k+2 zi (N —k+2)
Zl,g(N —k + 2)
Then
(Al) g S(A1)+V(A1) (69)
W_/ W—’ v
4x1 4x4 4x1 4x1
with
gk _ [gp,k ‘ gl/,N—k+2‘| (70)
gl/,k ’ gp,N—k—l—Q
where
[ mAia(k) s, 1(k)]
Guiw=| "M . 71
ok | =AY (k) piAT o (k) 7y
[ l/f)\l Q(k) 141 )\1 1(k’):|
v,k — * % 72
Guk __Vl)‘1,1(k) Vl)‘1,2(k) (%)
g _ [ Vl)\I,Q(N—k'—i—Z) Vl)\T’l(N—k—i-Q)
PN T A (N =k +2) vid (N -k +2)
(73)
G Nprs = A (N =k +2) A (N —k+2)
wN=k+ _—/Ll)\Ll(N—]C—}—Z) /1,1/\12(N—k+2)
(74)

Each of these submatrices satisfies the orthogonality condition
in (66) with a different scaling factor. Note that the matrix G 2
in (70) would be block diagonal if v; = 0, i.e., if there were
no IQ imbalances, in which case, (69) would reduce to two
2 x 2 decoupled systems, as in standard Alamouti decoding.
The off-diagonal matrices in (70) are a result of the IQ imbal-
ances. Therefore, we now need to deal with a4 x 4 linear system
of equations, as opposed to two decoupled 2 x 2 linear systems
of equations. Still, the Alamouti structure of the submatrices
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in G, allows a computationally efﬁ01ent 1mplementat10n of the
least-squares estimate of S SAY from Z )in (69), namely?

~(Al) .
S, = (61 + gkgk) gk (Al) (75)
Note that the term QZG & has the following form:
e _ D1 Gy
gkgk - |:C2 D2 :| (76)

where a regularization parameter 6 > 0 is used.

Dy =1+G}, .Gk + G, Gk
= 6T+ ([ I + [ ) (A1 (R) P + AL 2(k) ) L2z
Dy = 01+ G;, n_ 1290 N k2 + G N_p42Gu N—kt2
= 6T+ (|l + [ )
X (JA1(N -k + 2)|2 + A 2N -k + 2)|2)12x2
Ci1=G,1GvN k+2+G, 1.GuN k+2

Co =G, N rr2Guk + G N_ky2Fr,k- (77)

The matrices D1 and D are diagonal, whereas C; and C,
are again 2 x 2 Alamouti structured matrices. This is because
the product and summation of 2 X 2 Alamouti matrices is 2 X 2
Alamouti again. Furthermore, note that C, = Cj. A useful
property of Alamouti matrices is that their inverses can be ob-
tained by conjugate-transposing them. Now consider the fol-
lowing matrix inversion formula:

D, C, 1"
C, D,
-2~ 'C,D;!

-
[ D;!C, = ! D;! +D21022 1c p,| ®

where
=D, -CD;'C,.

Let D; = diI and D> = d51. Furthermore, C;C> can be
written as d3I, since C; and C4 are Alamouti structured ma-
trices and related through Co = Cj. Then

d3
5= (-2 )1

is diagonglx.‘ Thus, using the above formula to calculate the in-
verse of G, Gy in (76), one can see that all the terms in (78)
are trivial to compute since all the matrices to be inverted are
diagonal.

VI. EXTENSION TO OTHER ORTHOGONAL SPACE-TIME
BLock CobDEs (OSTBC)

We now show how the procedure of the previous section for
Alamouti codes can be extended to any OSTBC [17]. More
specifically, the procedure that led from (54) to (69) in the case
of Alamouti codes will be extended to any orthogonal space-
time block code. The derivations in this section are presented

3If desired, a regularization parameter may be added to (75).
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for a system with a single receive antenna. In the context of or-
thogonal space-time block codes, the case of multiple receive
antennas is a simple extension of the single receive antenna case.
The following notation is adopted for the transmitted block of
data S ,(CB) in the case of orthogonal space-time block codes [18]:

Ns

P =3 (Re{s,(k)} A, + jim {s,(k)} B,,)

n=1

(79)

where {A,,, B, } is a set of predefined n x p coding matrices
and is known to both transmitter and receiver. Moreover, 74
denotes the number of independent symbols used to compose
each transmitted block of data of size (nr X p), and s/, (k),
n = {1,...,n,} represents the set of independent symbols used
to compose the transmitted block of data on tone k. Now, let us
consider the system defined by (54) for a general 1 X ny orthog-
onal space-time block code. For a receiver without distortion,
this system reduces to two decoupled systems of the form (with
II, =1andIlI, = 0)

zP = n, s v (80)
~—— SN
1xp IXnrnpxp  1xp

where, similar to (61) and (62), the channel matrix H, is given
by

Hi = [ A0y () Ara(k)]. (81
It is shown in [18] that for any OSTBC, the system (80) can be

reorganized into an equivalent system of the form

Zy = Fr Sk + W (82)
=~ =~
px1 pX2ng 2ng x1 px1
where
Zk =vec (Z,gB))
Dy = vec (V,ﬁf’)) (83)
and
[Re {s], (k)}] rvecT (HyAn,) 77
| Regsi (k) | veeT (HyAY)
= s, (b)) | T*T [ivecT (1B, | BY
| Im {s}(k)} | L ivec” (H;By) |

where the notation in (79) is used, and []” is the matrix trans-
pose operation. The least-squares solution to the above problem
is [18]

Sk = Re {FiFi}) ' Re {FL21} (85)
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where the following orthogonality property holds (due to the
orthogonality of the space-time block code):
Re {FiFy} = [[He|’T (86)

where || - || is the Euclidean norm.
In the case of 1Q imbalances, it can be verified by following
the same argument that resulted in (69)—(74) that the system of

equations (54) in the case of orthogonal space-time block codes
can be reduced to

Z, = Fr Sk + W (87)
~~ N N N~
2px1 2pX4ng 4ng X1 2px1
with
F = [ﬁ;,k ‘ fu,Nk+2] (88)
fl/,k | ‘F[L,N—k+2

where F, r, Fu, N—k+2, Fuk, and F, N_p4o are defined
by the channel matrices II, My, II, Hy_pio, II,Hy, and
HZHN_kJrQ in (54), respectively, in a manner similar to how
the matrix F, in (84) was defined from H;,. Furthermore

[ 2k
Zr=|7_
L ZN—k+2
8 [ Vi
Vi=|"
L VN k42
[ Sk
Se=|7" (89)
L SN k2
where, based on the structure of (54)
Z, =vec (ZgﬁB))
ZN_k42 = Ve (Zg\?—)k+2>
Vi, = vec (VECB))
Vv ksz =vee (W) (90)

and Sy and Sy_ 4o are defined from S,(CB) and SS\?_)HQ, re-
spectively, in a manner similar to (84).

It can be seen that the submatrices in (88) satisfy the orthog-
onality conditions

Re{F}, 1 Fuk} = ||| He |’
Re{F} v Fur} = v Hel T
Re{F}, n_proFpuNoky2} =P IHN_kpo|*T
Re{F; n_proFvn-kt2} = [P [Hy-rs2l”T  O1)

where II,, and II,, are reduced to i and v, respectively, for a
1 X np system.
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The least-squares estimate of Sk from (87) is then given by*
~ %~ -1 %~
Sy = (Re {]—'k]-'k}) Re {szk}

where, in a manner similar to the previous section [see (76)], the

92)

term Re {.7-' Zj-' k} has the following form:

Sk D; C
Re {F,Fi} = [c; D;]
with

D; =Re {f;7kfu,k} + Re {f:,kfy,k}
= (I [* + [ H P
Dy =Re {F}, n_rs2FuN—k+2}
+Re {F) n_wpoFuN—ki2}
= (| * + )My -2l
Ci1 =Re{F, ;Fun-rt2} +Re {F} , Fun _rto}
C; =Re {fz,N—k+2-7:u,k} + Re {f;,N_k+2.7:l,,k} . (93)

VII. FURTHER ISSUES
A. Frequency-Flat versus Frequency-Selective IQ Imbalances

We now briefly discuss the frequency selectivity of the 1Q
imbalances and its effect on the receiver architectures pre-
sented in this paper. The distortion parameters t,, and vy,
m = {1,...,ng} have been considered constant throughout
the derivations. By that, we mean that the u,, and v, de-
fined by (2) are assumed to be frequency independent since
the physical mismatches # and « in (2) are considered to be
so. An important consequence of this assumption is that the
(ng X nr) channel matrices defined by (35) use the same
{1, ttn,} and {v1,... vy, } parameters for all the tones
kE = {2,...,N/2}, ie., pty, and v, are independent of the
tone index k. This is only valid if the physical imbalances
are constant over the frequency band of operation. This is a
valid assumption if the OFDM signal bandwidth is relatively
small compared with the carrier frequency [4]. The impact of
frequency dependency of I1Q imbalances on the compensation
schemes in the SISO case is discussed in greater detail in , and
a similar argument holds for the MIMO case. For systems with
higher bandwidths, this assumption is no longer realistic, and
the imbalances may vary with frequency. Under such condi-
tions, a frequency-selective 1Q imbalance model is to be used.
For frequency-selective imbalances, the system of equations

4This is because

Sy = argmin || 2, — F. x|
3y
It can be verified that k

|20 - FuSul®
= (8- (re{Fim}) "re{FiA}) Re{FiF)

X (‘S:,\. — (Re {f'z.i:k})_lRe {j—'Zék }) —+ const.

where we used the fact that

1 FeSell? = S;Re {ﬁ;h}sk.
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~ Alamouti Scheme: QAM=4, Phase Im=1deg, Gain Im=1dB
10 T T

T T
—*— 1Q Imbalance/No Compensation
-~ 1Q Imbalance/Proposed Scheme
—5- Ideal IQ

BER

:
0 5 10 15 20 25 30
SNR (dB)

Fig. 5. BER versus SNR for an OFDM system with Alamouti space-time
coding. The simulation parameters are phase mismatch of § = 1°, amplitude
mismatch of &« = 1 dB [see (2)], and 4QAM constellation.

Alamouti Scheme: QAM=16, Phase Im=1deg, Gain Im=0.5dB
T T

T T
—*— 1Q Imbalance/No Compensation
-~ 1Q Imbalance/Proposed Scheme
1| —&- Ideal IQ E

BER

10°° 1 I 1 1 L I
0 5 10 15 20 25 30 35

SNR (dB)

Fig. 6. BER versus SNR for an OFDM system with Alamouti space-time
coding. The simulation parameters are phase mismatch of # = 1°, amplitude
mismatch of &« = 0.5 dB [see (2)], and 16QAM constellation.

governed by (35) can be modified by using frequency-depen-
dent fi,, and v,,,, m = {1,...,ng} parameters. In other words,
for the kth tone, the distortion parameters in the equations
should be considered as f,,(k) and v,, (k). This modification
will not affect the compensation schemes presented in the paper
since they did not use the k-independency of i, and v, in the
first place.

B. Joint Channel and Distortion Parameter Estimation

The problem of estimating the channel/distortion parameters
{Am,1(k), tom,vm } needed at the receiver for data recovery is
not discussed in this paper. It is useful to realize that in the pres-
ence of IQ imbalances, the channel and distortion parameters are
required for data recovery in a joint manner [see (77)]. In other
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Alamouti Scheme: QAM=64, Phase Im=2deg, Gain Im=1dB
10 T T T

T

T T
::| =% 1Q Imbalance/No Compensation
*'| =5~ 1Q Imbalance/Proposed Scheme
—5- Ideal IQ

BER

10 1 Il Il Il 1 Il
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Fig. 7. BER versus SNR for an OFDM system with Alamouti space-time
coding. The simulation parameters are phase mismatch of # = 2°, amplitude
mismatch of &« = 1 dB [see (2)], and 64QAM constellation.

Alamouti Scheme: QAM=64, Phase Im=5deg, Gain Im=2dB

T T
.| == 1Q Imbalance/No Compensation

| =5~ 1Q Imbalance/Proposed Scheme
—=- Ideal IQ

BER

1 Il Il 1 1 Il
0 5 10 15 20 25 30 35
SNR (dB)

Fig. 8. BER versus SNR for an OFDM system with Alamouti space-time
coding. The simulation parameters are phase mismatch of § = 5°, amplitude
mismatch of &« = 2 dB [see (2)], and 64QAM constellation.

words, the channel and distortion parameters are not required
separately at the receiver, but a combination of them is used in
the proposed receiver algorithms. For instance, in the Alamouti
case, the scalar factor of the diagonal matrix D4 in (77) is the
sum of the squared values of the first-column elements in G, j,
and G, ;. A joint channel and distortion estimation task at the
receiver is then equivalent to estimating the matrix G, defined
by (70). The input—output system given by (69) can be used to
estimate G, from the received data Z~,£A1), possibly by trans-
mitting training data. Standard MIMO channel estimation algo-
rithms can be applied here as well, since (69) essentially defines
a MIMO problem with dimension 4 X 4. Similar to the data re-
covery algorithms, the structure of the system given by (69) can
be exploited to derive efficient channel estimation algorithms.
Addressing the channel estimation problem is beyond the scope
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Alamouti Scheme: QAM=64, Phase Im=2deg, Gain Im=1dB
10 T T T T T T

—*— 1Q Imbalance/No Compensation
—©- 1Q Imbalance/Proposed Scheme

(with estimated phase and gain imbalances)
—&- Ideal IQ

BER
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Fig. 9. BER versus SNR for an OFDM system with Alamouti space-time
coding. The proposed scheme is using estimates of the distortion parameters
(¢ = 1.8° and o = 0.8 dB) instead of the exact distortion parameters (6 = 2°
and o« = 1 dB).

of this paper. However, some efficient channel/distortion estima-
tion schemes for the SISO case can be found in . The schemes
presented there can be used as a starting point for channel/dis-
tortion estimation in the MIMO case.

VIII. SIMULATION RESULTS

A typical OFDM system with space-time coding is simu-
lated to evaluate and compare the performance of the proposed
schemes. In the simulations, the Alamouti scheme is applied
on a (2 x 1)-OFDM system, as was described in Section V.
The parameters used in the simulation are as follows: OFDM
symbol length of N = 64, cyclic prefix of P = 16, and channel
length of (L + 1) = 4. The channel taps corresponding to
two transmit antennas are chosen independently with complex
Gaussian distribution. In Figs. 5-8, “Ideal IQ” legend refers to
a receiver with perfect IQ branches and perfect channel knowl-
edge. The “IQ Imbalance/No Compensation” refers to a receiver
with IQ imbalances without any compensation scheme. Finally,
“IQ Imbalance/Proposed Scheme” refers to the receiver archi-
tecture proposed in Section V. Fig. 9 demonstrates how sensi-
tive the proposed algorithm is to errors in the estimates of phase
and amplitude imbalances. In this figure, the proposed algo-
rithm uses estimates of the distortion parameters (6 = 1.8° and
a = 0.8 dB) instead of the exact distortion parameters (6 = 2°
and « = 1 dB). The proposed scheme results in an acceptable
performance, even with such errors in the distortion parameters
estimates.

IX. CONCLUSIONS

The simulation results show that the achievable BER versus
SNR in a system assuming ideal IQ branches can be severely
limited by IQ imbalances. Combating the IQ imbalances in the
digital domain has many advantages over the analog domain in
terms of overall cost and complexity. The digital domain ap-
proach is motivated by the fact that the analog domain schemes
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are expensive in terms of area (cost) and power and are unable
to completely remove such distortions. In this paper, receiver
algorithms were derived for Alamouti-coded OFDM systems
and were extended to other orthogonal space-time block-coded
OFDM systems. In both cases, the receiver complexity was re-
duced by exploiting the orthogonal structure of the codes. The
simulation results showed that the proposed receiver achieves
a BER curve that is close to that of a system with ideal 1Q
branches. In the case of Alamouti codes, this improvement is
achieved with a complexity that is close to that of a standard re-
ceiver with ideal IQ branches.
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