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ABSTRACT
Implementation of OFDM-based systems suffers from In-phase
and Quadrature-phase (IQ) imbalances in the front-end analog processing. The resulting distortion due to IQ imbalances can limit the
achievable operating SNR at thc receiver, especially when spacetime coding is used for enhanced received SNK. In this paper, the
efkct of IQ imbalances on an OFDM-based system with Alamouti
coding is studied and an efficient receiver with compensation for
IQ imbalances is then derived. Significant performance improvement is achieved by using the proposed receiver compared to a
standard receiver with no compensation for IQ imbalances.

1. INTRODUCTlON
One suurce of distortion that limits the performance of OFDM receivers is [he impnirment associated with analog signal proceshing. One such impairment arises as a result of imbalances in the
In-phase (I) and Quadrature-phase (Q) branches.
Perfect IQ matching is not possible i n the analog domain, espccially when tow cost fabrication technologies arc used. Morcover, as carrier frequencies increase, IQ imbalances become more
severe and more challenging to eliminate. These impairments also
lend to increase as integrated circuit technologies such as complementary metal-oxide semiconductor (CMOS) are more widely
adopted for radio frequency and analog processing due to their
cost advantage and ease of intcgration with digital baseband processing. In addition, as higher data rates are targeted, higher constellation sizes are needed, and higher operating SNR arc to be
guaranteed in order t o support high density constellations. Higher
SNR requirements translate tu tougher IQ matching requirements.
The effect of IQ imhalances on SISO OFDM systems and the
resulting performance degradation have been Investigated i n [3][4]. Several compensation schemes have been proposed in [5]-[8].
The contribution of this paper is to model and study the effect of IQ
imbalances on a MIS0 OFDM system that uses space-time coding.
I t will be shown that while 1Q imbalances destroy some of the
properties of space-time block codes, efficient receive algorithms
are siill possible by exploiting the structure of the codes.
The paper is organized as follows. The next section briefly
describes the model used i n [8] for IQ imbalances and formulates
the effect of IQ imbalances on a SlSO OFDM receiver. In Sec. 3,
this formulation i s used to develop a framework for an Alamouti
coded system and study the effect of IQ on such systems. The

section also derives a receiver structure that is robust to IQ imbalances. Simulation results are included in Sec. 4 and conclusions
are given i n Sec. S .
2. PROBLEM FORMULATlON

Let b ( t ) represent the received complex signal before being distorted hy IQ imbalances causcd by the analog processing of the
received signal. The distorted signal i n the time domain can be
written as [3],[4]:

b'(t) = /ib(t) t vb* ( 1 )
where the distortion parameters, p and v, are related to the amplitude and phasc imbalances between the I and Q branches in the
radio frequency (RF) and analog demodulation process. A simplified physical model for this distortion can be found in [4]. A
derivation of' the OFDM signals in the presence of IQ imbalances
is briefly presented below following [SI.
In OFDM systems, a block of data is transmitted as an OFDM
symbol. Assuming a block.size equal to N,the transmitted block
of data is given by

Each block is passed through the IDFT operation:
I= F's

whcre F is the unitary discrete Fourier transform (IXT) matrix.
A cyclic prefix of lenglh P is added to each transformed block of
data and then transmitted through the channel-see Figure 1. An
FIR model with L 1 taps is assumed for the channel, i.e.,

+

h=
cyclic prefix ( P )
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Fig. 1. Transmitted and received OFDM symbols.
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(4)

with L 5 P in order to preserve the orthogonality belween tones.
At the receiver. the received samples corresponding to the transmitted block S are collected into a vector, after discarding the received cyclic prefix samples. The received block of data before
being distorted by I Q imbalances can be written as 191:

+v

y = HCS

Thus if

x = FZ

then X # = Fconj ( E )

(13

Now from ( 5 ) we have
conj(y) = conj(H,)conj(s)

+ conj(+)

(14)

where conj(H,) is a circulant matrix defined in terms ofconj(h)

as in (6). Then

where

and

H" =

conj(Hc) = F'diag

(16)

Substituting the above into (14) results in
conj(g) = F'diag (A:')

is an N x N circulant matrix. It is known that HCcan be diagonalized by the DFT matrix as Hc = F*AF,where
A = diag{A}

+ V = F'diag (A) FS + V

(9)

+ vconj(y)

(10)

where the notation conj(y) denotes a column vector whose entries
are the complex conjugates of the entries of y . Now remember
that the DFT of the complex conjugatc of a sequence is rclatcd
to the DFT of the original sequence through a mirrored relation
(assuming 1 5 n 5 N and 1 5 k 5 N)':

z(n)
.'(n)

z = jrdiag (A) s

after being distorted by IQ imbal-

% = ,uy

+ conj(T)

(17)

+v

(18)

+

z = col{z(2), . .. , z ( N / 2 ) ,Z * ( N / 2+ 2 ) , ... ,z ' ( N ) }
s = col{s(2), ,S(N/2),S*(N/2
+ 2), . . ., s " ( N ) }
I

~

s#

efficienily as follows. Discarding the samplcs corresponding to
tones 1 and N/2 1,Le., z(I) and z ( N / 2 -I-1). and defining two
new vectors:

*z
X(k)
DXz*T
(N

+ udiag (A#)

where v is a transformed version of the original noise vector V. As
seen from ( I X), the vector z is no longer rrlatcd to the transmitted
block s through a diagonal matrix, as is the case in an OFDM system with ideal I and Q branches. Nevertheless, s c a n hc rccovcred

.

(19)

.

k 4- 2 )

For notational simplicity. we denote this operation by the super-

-

script #, i.e.. for a vector X of size N we write

X =

s#

+ conj(T)

where Fconj(s) is replaced by s# using (3) and the conjugatemirrored notation defined by ( 1 1).
Let us now consider a receiver that applies the DFT operation
to the received block of data, as is done in a standard OFDM receiver. Applying the DIT matrix to (IO), i.e., setting z = FE, and
suhstituting (9) and (17) into (10) lead to

We rewrite ( 5 )as

The received block of' data
ances is given by

0

= F*diag A#

(7)

and the vector X is related to h via

y = F'AFS

Fconj(5)

*X#=

P42)

UX*(N)

+
+

X * ( N / 2 2)
X * ( N / 2 1)
X*("
A

12)
'The DFT sequence X ( k ) is defined by
X ( k ) l= -Nx z ( n ) e - J v ,

k = l ....,N

where V is related to v in a manner similar to (19). Note that the
matrix in the above equation is not diagonal, as is the case for
A in (9), although i t colIapses to a diagonal matrix by setting U
equal to zero. Equation (20) can be reduced to 2 x 2 decoupled
sub-equations. fork = { 2 : . . . ,N / 2 } , each written as

n=l

i k er k s k
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+v k

( 2 1)

rli)
~

[

pX2(k)
V*XZ(k)

VX;(N - k + 2)
p*X;(N - k f 2)

where

I

#X;(N - t $- 2)
p*X;(N - k -I-2)

PAl(k-)
V*X,(k)

and

where

In [XI. we descrjbcd several methods for estimating the components of matrix J?k and for recovering &.

3. ALAMOUTI SCHEME WITH IQ IMBALANCES
Let us now study bow IQ imbalances affect data recovery in a
multi-antenna system. In this paper, we focus on a 2-transmit
1-receive antenna system that employs the Alamouti scheme. In
Figure 2, i t is swn that two blocks of data

V*XI(k)

p*X;(N - k

+ 2)

U*X2(x.)

p*X;(N - k

+ 2)

The matrix fr) is now 2 x .4and the X , ( k ) i n (28) denote the
channel taps in the frcquency domain corresponding to tone k from
transmit antenna i to the receive antenna.
Compactly, we write
=p o p )+
(29)
k i ,

%p)

where the matrix

fp) i s given by (23, and

are transmitted lrom bath antennas before the IFFT operation. These
blocks are theti Ibllowed by the data
In order to recover the data in 5f' from):2 in (29), the space-time
code structure is exploited as follows. Let

At the receiver end. two blocks of data are received

Then (29) gives

zk = rksk+ ck

with
In this case, equation (5) becomes

where SI = F*sl and Sz = F*sz are the transmitted blocks of
data on antennas 1 and 2. respectivcly, and HE and €3; arc the
channel mnrrices from the transmit antennas 1 and 2 to the receiver. Applying the same aguments as before to the above equation instead of (5) results in the following sets of equations (which
correspond to equations (2 I)-(24)i n the single antcnna case):

r, =

[ 2;:;

(33)

]

(34)

where, interestingly, all the sub-blocks have an Alamouti structure
given by

+

A2.k

=
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V X ; ( N - k 2)
- I;+ 2 )

=

V*X2(N

[

p*xy ( N

- k + 2)

pA2(N - t

+ a)

VX;(N - k
--Y*X1(N -

+ 2)
+ 2)

p*x; ( N -PX1(N - k

+ 2)

+ 2)

1

I

(35)
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Fig. 2. Alainouti schenie applied to an OFDM system.

The matrix

f'k

in (34) would he block-diagonal if

Y

=

0, i.e.. if

there were no 1Q imbalances, in which case equation ( 3 3 ) would
reduce to two 2 x 2 decoupled systems as in standard Alamouti

decoding. The off-diagonal matrices in (34) are a direct resuft of
the IQ imbalances. So now we need to deal with a 4 x 4 linear
system of equations as opposed to two 2 x 2 systems of equations
in Alamouti codcd rcceivers with ideal IQ branches. However, thc
Alamouti structure of the sub-matriccs (35) allows a computationally efficient implementation of the Icast-squares estimator:
-I

Alamouti, say D1 = dl1 and Da = &I. Using the block inversion formula

[

A
C

B
D

E-1

]-I

[ -D-'CC-'

D-'

-C-'RD-'
+ D-'CC-'BD

1

where

C =A

~

BD-'G

we get

-

L = p i e k ) r;zk
as follows. First we note that

whcre

+

c=

A;.kAi,k: = 1pI2(jXl(k)l2 lh(k)l") 1 2 x 2
A;,kAz,k = J

2

(IXi(N - k:

Y ~

+ 2)12+ I X z ( N

=
-

k+

?)I2)

12x2

D~ - A ~ D ; ' A ~
1
dlI---AiAz
d2

so that the product f ' i f k reduces to the result given by (36). This

We see that all terms in the expfession are trivial LO compute. The
only invcrsion term is the 2 x 2 matrix E-'. The 2 x 2 matrix
is the sum of a scaled idcntity matrix and an Alamouti matrix
(since the product of A1 and A2 is also Alamouti): computing its
inverse is trivial.

matrix would be diagonal if v =-0.I.e., if there were no IQ imbalances. When v # 0, the matrix F i I ' k is no longer diagonal, how-

3.1. Joint Channel and Distortion Parameter Estimation

&,k:&,~

=

I ~ I 2 ( I ~ i ( ~ ) +l 2Ih(k)Iz)1 2 x 2

Ai,kA+i,li= I p I 2 ( ( X i ( N- k

+ 2)1*+

IX2(N

- I;+ 2)12) 1 2 x 2

ever i t has a particular structure that is induced by thc Alamouti
code and the distoaion model. Specifically, its 2 x 2 off-diagonal
blocks are Alamouti, which means their inverses can be obtained
by simple transposition. This is due to the fact that the sum and
product of two Alamouti matrices is s?ll an Alamouti matrix. Thus
denote the 2 x 2 block entries of I ' c r k in (36) by

where D1 and Da are diagonal (actually scalar multiples of the
identity due to the Alamouti structure) and A1 and A2 art: also

The problem o f estimating the channel and distortion parameters
{ A l ( k ) , X z ( k ) , f i , u ) neededat the receiverfordatarecovery isnot
discussed in this paper. It is useful to realize that in thc presence of
iQ imbalances, the channel and distortion parameters are required
for data recovery in a joint manner-see (35). In other 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 D1 in (36) is the sum of the squared values
and A3.k given by (35). A
of the first-column elements in
joint channel and distortion estimation task at the receiver is then
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with no IQ compensation scheme. In the simulations, the Alamouti scheme is applied on a (2 x I ) system, as was described in
Sec. 3. The parameters used i n the simulation are: 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. The BER versus SNR for the proposed scheme
are simulated and shown in Figures 3-4. In all the figures, ‘Ideal
IQ’ legend refers to a receiver with no IQ imbalance and perfect
channel knowledge and ’IQ ImbalancelNo Compensation’ refers
to a receiver with IQ imbalance but no compensation scheme. ‘IQ
ImbalancelProposed Scheme’ refers to the algorithm proposed in
Sec. 3. The results are depicted for different constellation sizes
(4QAM and 64QAM) and different phase and gain imbalances.
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5. CONCLUSlONS
SNR (dB)

Fig. 3. BEK vs. SNR for an OFDM system with Alamouti coding applied.
QPSK conskllation is used in a receiver wirh phase imbalance of 1” and
gain inlbalance of IdB.
Alamovti Scheme: Q A W 6 4 . Phase lm2dgg. Gam lm=ldB
100
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t

The effect of IQ imbalances on OFDM receivers with space-time
coding was studied and a framework for deriving OFDM rcceivers
with IQ imbalancc compensation was presented. tt was shown how
efficient receivers can be designed by exploiting the space-time
coding structure and the model for IQ imbalances. Significant improvemcnts in the overall performance of the receiver with compensation for IQ imbalances are achieved compared to receivers
that assume ideal IQ branches.
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