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Abstract Multiple-input multiple-output orthogonal frequency division multiplexing
(MIMO-OFDM), as a viable technique, is being widely considered for high data rate
and bandwidth efficient wireless communications. However, analog impairments like in-
phase/quadrature (IQ) imbalance decrease the performance of this technique. Furthermore,
time variations of a doubly selective channel cause intercarrier interference (ICI) which again
degrades the performance. In this paper, the digital compensation of both the transmitter and
the receiver IQ imbalances in MIMO-OFDM transmission over doubly selective channels
is studied. In particular, basis expansion model is employed to develop a novel IQ formula-
tion for a time-varying channel. Using this formulation, two receiver schemes are suggested
to jointly mitigate the IQ imbalance and channel time variation effects. In deriving one of
these schemes, the general case of an insufficient cyclic prefix (CP) for OFDM modulation
is also considered. An insufficient CP results in interblock interference (IBI). The proposed
approach for insufficient CP case, unifies several existing methods for IQ imbalance com-
pensation and IBI/ICI cancellation. Simulation results show that this approach considerably
improves the achievable bit-error-rate performance.

Keywords In-phase/quadrature (IQ) imbalance · Multiple-input multiple-output (MIMO) ·
Orthogonal frequency division multiplexing (OFDM) · Doubly selective channel ·
Compensation

1 Introduction

Orthogonal frequency division multiplexing (OFDM) [1] has received considerable attention
in recent years [2]. It has been used in a wide range of applications including asymmetric
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538 M. Beheshti et al.

digital subscriber line (ADSL), wireless local area networks such as IEEE 802.1l for wire-
less fidelity (WiFi), wireless metropolitan area networks such as IEEE 802.16 for worldwide
interoperability for microwave access (WiMAX), and power-line communications (PLC).
OFDM has also been considered for regional area networks using cognitive radio (CR) tech-
nology as in IEEE 802.22 and various applications involved in the third generation partnership
project (3GPP) long-term evolution (LTE) [3]. The flexibility of OFDM provides opportu-
nities to incorporate advanced techniques, such as adaptive bit loading and transmit/receive
diversity, in order to improve transmission efficiency [4]. For wideband transmission, OFDM
is combined with space-time coding (STC) or spatial/temporal processing to achieve higher
user throughput, improved signal quality and increased system capacity. Therefore, multiple-
input multiple-output OFDM (MIMO-OFDM) has attracted lot of interest in various wireless
communication systems and standards [5].

A limiting factor in the practical implementation of high-speed MIMO-OFDM systems is
their sensitivity to the impairments associated with analog/radio frequency (RF) processing of
the signal. Examples are phase noise, non-linearities and in-phase/quadrature (IQ) imbalance.
Analog impairments often stem from unpredictable fabrication variations which inevitably
introduce distortions into the baseband demodulation stage. Reference [6] reviews several
important impairments in the analog RF chain of transceivers. Most of these impairments
cannot be entirely or efficiently compensated in the analog domain due to power-area-cost
trade-offs in implementation. Hence, digital compensation techniques have been recently
investigated [7,8].

This paper focuses on the effect of IQ imbalance and its compensation in the digital
domain. IQ imbalance is defined as any amplitude/phase mismatch between physical analog
in-phase (I) and quadrature-phase (Q) signal branches which arises from relative differences
between analog components of the IQ paths [9,10]. This mismatch may be present at both
the transmitter (Tx) and the receiver (Rx). At the Tx, the imperfections of the up-conversion
stage, I and Q filters and digital-to-analog converters (DACs) may result in IQ imbalance.
At the Rx, the down-conversion, I and Q filtering, amplification, and sampling stages may
cause imbalance. Designing a high performance MIMO-OFDM receiver requires efficient
digital-domain solution of the IQ imbalance.

There is an extensive literature on the performance analysis and digital compensation of
IQ imbalance in single-input single-output (SISO)-OFDM systems [11–18]. The effect of
the receiver IQ imbalance and the resulting performance degradation have been discussed
in [11]. Reference [12] considers the down-converter IQ imperfections and suggests a com-
pensation scheme based on adaptive frequency-domain filtering. In [13–15] the joint effects
of IQ imbalance at the transmitter and receiver are investigated. The authors in [16] present
a method for OFDM link capacity and bit-error-rate (BER) calculation that jointly considers
various receiver imperfections such as carrier frequency offset (CFO), channel estimation
error and flat receiver IQ imbalance. Reference [17] analyzes the influence of IQ imbalance in
frequency selective channels and shows that the transmit IQ imbalance gives rise to diversity
gains with proper receiver processing. A preamble structure for joint estimation of CFO and
IQ imbalance is developed in [18].

Recently, several articles have addressed the effects of IQ imbalance in MIMO-OFDM
systems and their digital compensation [19–24]. In [19,20] mathematical analysis of the
influence of IQ mismatch on the performance of MIMO-OFDM systems is presented.
An adaptive compensation scheme for the receiver induced IQ imbalance is developed in
[21]. Reference [22] analyzes the impact of IQ mismatch and phase noise as a function
of the number of antennas and derives an algorithm for joint IQ mismatch cancellation and
MIMO decoding. The IQ imbalance effects in space-time coded transmit diversity system are
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Joint Compensation of Transmitter and Receiver 539

studied in [23] and two digital compensation methods are proposed for combating the result-
ing distortion. In [24] a semi-blind IQ compensation scheme based on independent component
analysis is suggested.

However, the above literature does not address the IQ imbalance compensation for dou-
bly selective (time- and frequency-selective) channels. In doubly selective (DS) channels,
time variations of the channel over an OFDM block lead to loss of orthogonality between
subcarriers and cause intercarrier interference (ICI). In addition, when the cyclic prefix (CP)
of OFDM modulation is less than the channel delay spread, interblock interference (IBI)
arises which again results in ICI. Future wireless applications that operate at high carrier-
frequencies, at high levels of mobility, and at high capacities, confront DS fading. This paper
is motivated by the need for efficient receiver design for such applications. The purpose
of this paper is to investigate the compensation of IQ imbalance for MIMO-OFDM sys-
tems over DS channels. It is assumed that the channel varies over each OFDM block and
the CP is shorter than required for the combined effects of IQ imbalance and the channel.
The paper has two main contributions: (1) a closed-form input-output relation for MIMO-
OFDM systems with IQ imbalance under DS fading is developed. This relation is derived
using basis expansion model (BEM) [25] to describe the combined effects of IQ imbalance
and channel impulse response. The relation considers the influences of frequency-dependent
(FD) and frequency-independent (FI) IQ imbalances at both Tx and Rx; and (2) using the
derived closed-form relation, two frequency-domain equalization approaches are proposed
that jointly mitigate the interference and Tx/Rx IQ imbalance for an arbitrary CP length. The
proposed approach for an insufficient CP, extends and unifies several earlier methods for IQ
imbalance compensation and/or interference cancellation.

Similarly, in [26] the authors discuss the problem of IQ imbalance under DS fading and
derive a mathematical framework to characterize and mitigate IQ imbalance and channel
time variations due to Doppler spread. Also, [27] addresses the issue of IQ imbalance for DS
channels. However, the proposed techniques in this paper are different from those proposed
in [26] and [27].

• With respect to [26]:

(a) In this paper, unlike [26], the BEM is used to describe the DS channel.
(b) Ref. [26], like most of the previous works, chooses a CP longer than what is required

for the combined effects of IQ imbalance and channel impulse response to avoid
IBI. Whereas, this paper assumes an arbitrary CP length which may result in IBI.

(c) While SISO transmission is considered in [26], this paper assumes a MIMO system.

• With respect to [27]:

(a) The proposed approaches in this paper, compensate for joint Tx/Rx frequency-
independent and frequency-dependent IQ imbalances. Whereas, in [27] merely
frequency-independent IQ imbalance at the receiver is discussed.

(b) In this paper, the equalization method is designed directly in the frequency domain.
However, [27] derives a frequency-domain equalizer (FEQ) by transferring a time-
domain equalizer (TEQ) to the frequency domain. Furthermore, the only interpre-
tation expressed in [27] for FEQ is that it is the result of transferring a TEQ to the
frequency domain; while, this paper presents a clear interpretation for the proposed
approach.

(c) The FEQ in [27] has different structures for different BEM resolutions (to be
defined later), whereas the proposed method of this paper uses a single structure
with less complexity for different values of BEM resolution.
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(d) The proposed FEQ in [27] has almost the same BER performance for critically-
sampled as well as over-sampled BEM. However, increasing the BEM resolution,
considerably increases the BER performance of the proposed method in this paper.

(e) This paper considers MIMO systems while [27] focuses on SISO systems.

This paper is organized as follows. In Sect. 2, the system model is introduced and IQ
imbalance is formulated. In Sect. 3, an IQ imbalance compensation method for transmis-
sion over a time-invariant (TI) frequency selective channel is proposed. Using the results
of Sect. 3, two compensation methods for DS channel are introduced in Sect. 4. Simulation
results are presented in Sect. 5, and conclusions are given in Sect. 6.

Notation Column matrices (vectors) are indicated in bold uppercase (lowercase). Super-
scripts T, H, and ∗ represent transpose, Hermitian and complex conjugate, respectively.
E{·} represents the expectation operator. The convolution and the Kronecker product are
denoted by � and ⊗, respectively. am is the mth entry of vector a. diag{a} denotes a diagonal
matrix with a on the diagonal. N is the FFT/IFFT size; F stands for unitary FFT matrix of
size N ; k is a tone index; the kth FFT row is F (k); c is the CP length; i is the OFDM block
time index. Im is the identity matrix of size m. 0m×p is the all-zero matrix of size m × p.

2 System Model and IQ Formulation

In this section, a closed-form formulation that systematically represents the input-output rela-
tion in a MIMO-OFDM system with IQ imbalance is derived. Figure 1 illustrates the system
model considering both the transmitter and the receiver analog front ends. This figure shows a
spatial multiplexing scheme with Nt transmit and Nr receive antennas. The input data stream
is partitioned into parallel substreams and each substream is mapped into complex quadrature
phase-shift keying (QPSK) symbols and arranged into OFDM blocks of length N . Each block
is transformed to the time domain by the inverse fast Fourier transform (IFFT) operation and
augmented by a CP of length c. The resulting blocks are then converted to analog signals
and forwarded to the front-ends. The outputs of the front-ends are transmitted over the time-
varying (TV) MIMO channel. At the receiver, after front-end processing and conversion to a
digital format, frequency-domain IQ imbalance compensation and interference cancellation
are performed to enhance the detection of the transmitted data stream.

For simplicity, the imbalance formulation is first developed for a general SISO system
and then extended to the MIMO and MIMO-OFDM systems, respectively. Figure 2 depicts

Fig. 1 MIMO-OFDM system with Tx/Rx IQ imbalance
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Joint Compensation of Transmitter and Receiver 541

Fig. 2 IQ imbalance model for a SISO system [25]

a SISO system in which, two types of mismatches i.e, FD and FI IQ imbalances possess the
following structure. The FD IQ imbalance caused by non-ideal DACs and filters in the I and
Q paths of the transmitter is modeled by two imbalance filters denoted as ζ I

t (t) and ζ Q
t (t).

The FI IQ imbalance caused by the transmitter local oscillators is characterized as amplitude
mismatches aI

t , aQ
t and phase errors ϕ I

t , ϕQ
t . Similarly, the receiver FD IQ imbalance is

modeled by ζ I
r (t) and ζ Q

r (t). Also, the amplitude and phase mismatches of the receiver local
oscillators are denoted by aI

r , aQ
r and ϕ I

r , ϕQ
r , respectively. The receive lowpass filter (LPF)

hr (t) is matched to the desired transmit LPF ht (t). If u[n] = uI [n] + juQ[n] denote the
discrete-time complex baseband signal at the transmitter, the continuous-time ideal signal at
the output of the transmit LPF is u(t) = uI (t)+ juQ(t), where

uI (t) =
+∞∑

n=−∞
uI [n]ht (t − nT )

uQ(t) =
+∞∑

n=−∞
uQ[n]ht (t − nT ) (1)

and T is the sampling time. Using the baseband-equivalent description and following the pro-
cedure in [26], the relation between u(t) and the final output signal y(t) = yI (t) + j yQ(t)
is derived as

y(t) = [
λr (t) � g(t; τ) � λt (t)+ φr (t) � g∗(t; τ) � φ∗

t (t)
]

︸ ︷︷ ︸
ψ(t; τ)

� hr (t) � u(t)

+ [λr (t) � g(t; τ) � φt (t)+ φr (t) � g∗(t; τ) � λ∗
t (t)

]
︸ ︷︷ ︸

ψ̆(t; τ)

� hr (t) � u∗(t)

+ λr (t) � hr (t) � υ(t)+ φr (t) � hr (t) � υ
∗(t) (2)
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where g(t; τ) is the baseband-equivalent of the TV channel impulse response gp(t; τ), υ(t)
is the baseband-equivalent of complex additive white Gaussian noise (AWGN) υp(t) with
zero mean and variance σ 2

υ and

λt (t) = 1

2

(
(μt + νt ) ζ

I
t (t)+ (μt − νt ) ζ

Q
t (t)

)
, φt (t) = 1

2

(
(μt + νt ) ζ

I
t (t)− (μt − νt ) ζ

Q
t (t)

)

λr (t) = 1

2

((
μr + ν∗

r
)
ζ I
r (t)+ (

μr − ν∗
r
)
ζ

Q
r (t)

)
, φr (t) = 1

2

((
νr + μ∗

r
)
ζ I
r (t)+ (

νr − μ∗
r
)
ζ

Q
r (t)

)

μt = (1/2)

(
aI

t e jϕ I
t + aQ

t e jϕQ
t

)
, νt = (1/2)

(
aI

t e jϕ I
t − aQ

t e jϕQ
t

)

μr = (1/2)

(
aI

r e− jϕ I
r + aQ

r e− jϕQ
r

)
, νr = (1/2)

(
aI

r e jϕ I
r − aQ

r e jϕQ
r

)
(3)

When the FI IQ imbalance is equally distributed between the I and Q branches, the imbal-
ance is said to be symmetric [26]. The symmetric imbalance at the transmitter means that
aI

t = 1 + α̃t , aQ
t = 1 − α̃t , ϕ I

t = −ϕt/2 and ϕQ
t = ϕt/2. Thus, μt and νt in (3) are obtained

as

μt = cos
(ϕt

2

)
− j α̃t sin

(ϕt

2

)
, νt = α̃t cos

(ϕt

2

)
− j sin

(ϕt

2

)
(4)

Similarly, symmetric FI imbalance at the receiver reduces the expressions for the parameters
μr and νr to

μr = cos
(ϕr

2

)
+ j α̃r sin

(ϕr

2

)
, νr = α̃r cos

(ϕr

2

)
− j sin

(ϕr

2

)
(5)

In the case of symmetric imbalance, the FI imbalance parameters are ϕt , ϕr , α̃t and
α̃r where α̃’ s are usually expressed in log-scale as αt = 10 log10(1 + α̃t )dB and αr =
10 log10(1 + α̃r )dB. Note that for symmetric FI IQ imbalance, the input-output relation (2)
reduces to the FI IQ imbalance model derived in [13] for TI frequency selective channels.

Defining η(t) = λr (t) � υ(t) and η̆(t) = φr (t) � υ∗(t), (2) can be written as

y(t) = ψ(t; τ) � hr (t) � u(t)+ ψ̆(t; τ) � hr (t) � u∗(t)+ η(t) � hr (t)+ η̆(t) � hr (t) (6)

Equation (6) yields an equivalent model for a SISO system with IQ imbalance as depicted
in Fig. 3. Note that ψ(t; τ) and ψ̆(t; τ) contain the effects of both Tx/Rx IQ imbalance and
the channel impulse response. So, they are denoted in this paper as combined IQ imbalance
and channel (CIQCH) impulse responses. Also, it can be shown that for an ideal system with
perfect IQ matching, ψ(t; τ) and η(t) reduce to g(t; τ) and υ(t), respectively and the lower
branch of Fig. 3 vanishes. That is, when there is no IQ imbalance, the equation (6) reduces
to the conventional input-output relation.

Using (6) and assuming symbol-rate sampling, the received sequence y[n] = yI [n] +
j yQ[n] is expressed as

y[n] =
+∞∑

θ1=−∞
ψ[n; θ1]u[n − θ1] +

+∞∑

θ2=−∞
ψ̆[n; θ2]u∗[n − θ2] + η[n] + η̆[n] (7)

where the combined response of the ideal transmit and receive filters (hr (t)�ht (t)) is assumed
to satisfy the Nyquist criterion.
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Fig. 3 Equivalent model for SISO system with IQ imbalance

To extend Eq. (7) to the MIMO case, the IQ imbalance model of Fig. 2 is used for t th
transmit- r th receive path with its own imbalance parameters. Therefore,

y(r)[n] =
Nt∑

t=1

+∞∑

θ1=−∞
ψ(r, t)[n; θ1]u(t)[n − θ1] +

Nt∑

t=1

+∞∑

θ2=−∞
ψ̆(r, t)[n; θ2]u(t)∗[n − θ2]

+η(r)[n] + η̆(r)[n] (8)

where y(r)[n] is the r th received sequence; η(r)[n] and η̆(r)[n] are the equivalent noise
sequences corresponding the r th receive antenna and ψ(r, t)[n; θ ] and ψ̆(r, t)[n; θ ] are dis-
crete-time versions of ψ(r, t)(t; τ) and ψ̆(r, t)(t; τ) satisfying

ψ(r, t)[n; θ ] = λ(r)r [n] � g(r, t)[n; θ ] � λ(t)t [n] + φ(r)r [n] � g(r, t)∗[n; θ ] � φ(t)∗t [n]
ψ̆(r, t)[n; θ ] = λ(r)r [n] � g(r, t)[n; θ ] � φ(t)t [n] + φ(r)r [n] � g(r, t)∗[n; θ ] � λ(t)∗t [n] (9)

Finally, to extend (8) for MIMO-OFDM system, u(t)[n] is defined as the time-domain
sequence transmitted from the t th transmit antenna which is given by

u(t)[n] = 1√
N

N−1∑

k=0

x (t)k [i]e j2π n̄k/N (10)

where i = �n/(N + c)�, n̄ = n − i(N + c)− c and x (t)k [i] is the QPSK symbol transmitted
on the kth subcarrier of the i th OFDM block in the t th substream. The QPSK symbols are
assumed to be independent and identically distributed (i.i.d.) random variables with variance
σ 2

s .
The equivalent model of Fig. 3 can be used in Fig. 1 to obtain an equivalent model for

MIMO-OFDM case. In the next two sections, this model and relation (8) are employed to
mitigate the IQ imbalance.

3 Imbalance Compensation over Frequency Selective Channel

In this section, a frequency-domain equalizer (FEQ) is proposed for IQ imbalance compen-
sation when the channel is TI frequency selective. This scheme is extended to DS channels
in the next section. When the communication channel between the t th transmit and the r th
receive antennas, g(r, t)[n; θ ] is TI frequency selective, it can be represented by a finite-
impulse-response (FIR) filter with constant coefficients. Moreover, assuming that the imbal-
ance parameters λ(t)t [n], φ(t)t [n], λ(r)r [n] and φ(r)r [n] are TI, the CIQCH impulse responses
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ψ(r,t)[n; θ ] and ψ̆(r,t)[n; θ ] will also be TI and can be represented by two TI FIR filters.
Hence, Eq. (8) may be rewritten as

y(r)[n] =
Nt∑

t=1

L1∑

l1=0

ψ
(r, t)
l1

u(t)[n − l1] +
Nt∑

t=1

L2∑

l2=0

ψ̆
(r, t)
l2

u(t)∗[n − l2] + ξ (r)[n] (11)

where ψ(r, t)[n; θ ] and ψ̆(r, t)[n; θ ] are replaced by two FIR filters of lengthes L1 and L2,
respectively, and ξ (r)[n] = η(r)[n] + η̆(r)[n]. Note that in (11) a different notation is used
for the received sequence y(r)[n] to indicate the frequency selective channel case.

In this section, it is assumed that the CP is longer than or equal to the maximum length
of the CIQCH impulse responses, i.e. c � max (L1, L2). So, there is no IBI and the receiver
can discard the multipath-corrupted CP. Using (11) and a matrix-form representation, the
received sample sequence at the r th receive antenna, after CP removal, can be expressed as

y(r)[i] =
Nt∑

t=1

Ψ (r, t)PF H x(t)[i] +
Nt∑

t=1

Ψ̆
(r, t)

PF T x(t)∗[i] + ξ (r)[i] (12)

where y(r)[i] = [y(r)[i(N+c)+c+d+1], . . . , y(r)[(i+1)(N+c)+d]]T ,Ψ (r, t) is an N×(N+
c) circulant matrix with the first row [01 × (c−L1), ψ

(r, t)
L1

, . . . , ψ
(r, t)
0 , 01 × (N−1)], Ψ̆ (r, t)

is an

N × (N + c) circulant matrix with the first row [01 × (c−L2), ψ̆
(r, t)
L2

, . . . , ψ̆
(r, t)
0 , 01 × (N−1)],

x(t)[i] = [x (t)0 [i], . . . , x (t)N−1[i]]T , ξ (r)[i] = [ξ (r)[i(N +c)+c+d +1], . . . , ξ (r)[(i +1)(N +
c)+d]]T , d is some synchronization (decision) delay and P is the CP insertion matrix given
by

P =
[

0c×(N−c) Ic

I N

]

Taking the fast Fourier transform (FFT) of both sides of (12) yields

y(r)f [i] =
Nt∑

t=1

FΨ (r, t)PF H x(t)[i] +
Nt∑

t=1

F Ψ̆
(r, t)

PF T x(t)∗[i] + ξ
(r)
f [i] (13)

where y(r)f [i] = Fy(r)[i] and ξ
(r)
f [i] = Fξ (r)[i].

Defining Γ (r, t) = FΨ (r, t)PF H , Γ̆
(r, t) = F Ψ̆

(r, t)
PF H and x(t)#[i] = FF T x(t)∗[i],

(13) is reduced to

y(r)f [i] =
Nt∑

t=1

Γ (r, t)x(t)[i] +
Nt∑

t=1

Γ̆
(r, t)

x(t)#[i] + ξ
(r)
f [i] (14)

It can be shown that the matrices Γ (r, t) and Γ̆
(r, t)

are diagonal and the kth element of vector
x(t)#[i] is the conjugate of the (N − k)th element of vector x(t)[i]. So, the kth frequency
component of the received signal at the r th receive antenna, which is the kth element of
vector y(r)f [i], is given by

y(r)f, k[i] =
Nt∑

t=1

Γ (r, t)(k, k)x (t)k [i] +
Nt∑

t=1

Γ̆
(r, t)

(k, k)x (t)∗N−k[i] + ξ
(r)
f, k[i]

= γ
(r)
k xk[i] + γ̆

(r)
k x∗

N−k[i] + ξ
(r)
f, k[i] (15)
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where γ
(r)
k = [Γ (r, 1)(k, k), . . . ,Γ (r, Nt )(k, k)], γ̆ (r)k = [Γ̆ (r, 1)

(k, k), . . . , Γ̆
(r, Nt )

(k, k)],
xk[i] = [x (1)k [i], . . . , x (Nt )

k [i]] T , and x∗
N−k[i] = [x (1)∗N−k[i], . . . , x (Nt )∗

N−k [i]] T . Defining

y f, k[i] = [y(1)f, k[i], . . . , y(Nr )
f, k [i]] T , γ k=[γ (1) T

k , . . . , γ
(Nr ) T
k ] T , γ̆ k=[γ̆ (1) T

k , . . . , γ̆
(Nr ) T
k ] T ,

and ξ f, k[i] = [ξ (1)f, k[i], . . . , ξ (Nr )
f, k [i]] T , (15) is extended to include the kth frequency com-

ponents of all received signals as

y f, k[i] = γ k xk[i] + γ̆ k x∗
N−k[i] + ξ f, k[i] (16)

Equation (16) means that the received signals on the kth subcarriers at all receive antennas
are a linear combination of the transmitted symbols on the kth subcarriers and the conjugate
of the transmitted symbols on the (N −k)th subcarriers at all transmit antennas. The (N −k)th
subcarriers are known as image subcarriers. Therefore, the transmitted symbols on the kth
subcarriers for k ∈ {1, . . . , N/2 − 1} can be estimated by linear combination of the kth and
the conjugate of the (N − k)th frequency components of the received signals at all receive
antennas as

x̂k[i] = W (k)
1 y f, k[i] + W (k)

2 y∗
f, N−k[i] (17)

Similarly, it can be shown that the received signals on the (N −k)th subcarriers are a linear
combination of the transmitted symbols on the (N −k)th subcarriers and the conjugate of the
transmitted symbols on the kth subcarriers. Hence, the transmitted symbols on the (N − k)th
subcarriers can be estimated as

x̂N−k[i] = W (N−k)
1 y f, N−k[i] + W (N−k)

2 y∗
f, k[i] (18)

Defining x̃k[i] = [xT
k [i], x H

N−k[i]]T and combining (17) and (18) yields

[
x̂k[i]

x̂∗
N−k[i]

]

︸ ︷︷ ︸
ˆ̃xk [i]

=
[

W (k)
1 W (k)

2

W (N−k)∗
2 W (N−k)∗

1

]

︸ ︷︷ ︸
W H

k

[
y f, k[i]

y∗
f, N−k[i]

]

︸ ︷︷ ︸
ỹ f, k [i]

(19)

To obtain the compensation matrix W k , the following mean-square error (MSE) cost
function is defined:

J [i] = E
{∣∣∣
∣∣∣x̃k[i] − ˆ̃xk[i]

∣∣∣
∣∣∣
2
}

= E
{ ∣∣∣
∣∣∣x̃k[i] − W H

k ỹ f, k[i]
∣∣∣
∣∣∣
2
}

(20)

Hence, the minimum MSE (MMSE) compensation matrix for the kth and (N − k)th
subcarriers is given by

W k,MMSE = arg min
W k

J [i] (21)

Here, a relation between ỹ f, k[i] and x̃k[i] is derived. Using (16), the (N − k)th frequency
components of all received signals can be written as

y f, N−k[i] = γ N−k xN−k[i] + γ̆ N−k x∗
k [i] + ξ f, N−k[i] (22)

Combining (16) and (22) gives

ỹ f, k[i] =
[

γ k γ̆ k
γ̆ ∗

N−k γ ∗
N−k

]

︸ ︷︷ ︸
Γ k

[
xk[i]

x∗
N−k[i]

]
+
[

ξ f, k[i]
ξ∗

f, N−k[i]
]

= Γ k x̃k[i] + F k ξ̃ [i] (23)
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where F k = diag{[I Nr ⊗ F (k), I Nr ⊗ F (N−k)∗]} and ξ̃ [i] = [ξ (1) T [i], . . . , ξ (Nr ) T [i],
ξ (1) H [i], . . . , ξ (Nr ) H [i]]T .

The solution of (21) is obtained by using (23) and solving ∂J [i]/∂W k = 0, which reduces
to

W k,MMSE =
(
Γ k Rx̃k

Γ H
k + F k R

ξ̃
F H

k

)−1
Γ k Rx̃k (24)

where Rx̃k = E{x̃k[i]x̃ H
k [i]} = σ 2

s I (2Nt ) and R
ξ̃

is derived in the Appendix.

4 Imbalance Compensation over Doubly Selective Channel

In Sect. 3, an IQ imbalance compensation scheme for communication over TI frequency
selective channels was proposed. Here, using the results of Sect. 3, IQ imbalance mitigation
in doubly selective (DS) channels is addressed. When the channel between the t th transmit
antenna and the r th receive antenna, g(r, t)[n; θ ] is DS, the equivalent channels ψ(r, t)[n; θ ]
and ψ̆(r, t)[n; θ ] will also be DS. In this paper, the well known complex-exponential basis
expansion model (CE-BEM) [25,28] is used to represent ψ(r, t)[n; θ ] and ψ̆(r, t)[n; θ ]. In
CE-BEM, the DS channel is approximated by a TV FIR filter where each tap is a super-
position of complex exponential basis functions with a pre-specified frequency resolution.
Using this model, the discrete-time approximations of ψ(r, t)[n; θ ] and ψ̆(r, t)[n; θ ] for n ∈{
i(N + c)+ c + d − L ′ + 1, . . . , (i + 1)(N + c)+ d

}
are expressed as follows

ψ(r, t)[n; θ ] =
L1∑

l=0

δ[θ − l]
Q/2∑

q=−Q/2

h(r)q, l [i]e j2πqn/K

ψ̆(r, t)[n; θ ] =
L2∑

l=0

δ[θ − l]
Q/2∑

q=−Q/2

h̆(r)q, l [i]e j2πqn/K (25)

where L ′ is set to be 0 when a sufficient CP is used. In the case of insufficient CP, L ′ �
max (L1, L2). The parameter Q is the number of TV basis functions. K is the BEM resolu-
tion and it is assumed to be an integer multiple of the FFT size, i.e., K = P N , where P is
an integer greater than or equal to 1. The coefficients h(r)q, l [i] and h̆(r)q, l [i] are kept invariant
over a period of length (N + L ′)T . Substituting (25) in (8) yields

y(r)[n] =
Nt∑

t=1

L1∑

l1=0

Q/2∑

q1=−Q/2

e j2πq1n/K h(r)q1, l1
[i]u(t)[n − l1]

+
Nt∑

t=1

L2∑

l2=0

Q/2∑

q2=−Q/2

e j2πq2n/K h̆(r)q2, l2
[i]u(t)∗[n − l2] + η(r)[n] + η̆(r)[n] (26)

In the following, Eq. (26) is employed to derive two IQ imbalance compensation methods
for transmission over DS channels, when either sufficient or insufficient CP is used.

4.1 Sufficient Cyclic Prefix

In this subsection, it is assumed that the CIQCH impulse responses ψ(r, t)[n; θ ] and
ψ̆(r, t)[n; θ ] fit within the CP. Therefore, only IQ imbalance and ICI caused by time variations
of the channel are present. As shown in Sect. 3, the effect of IQ imbalance in MIMO-OFDM
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transmission over a TI frequency selective channel is that the received signals at the kth sub-
carriers of all receive antennas are a mixture of the transmitted signals on the kth subcarriers
and image signals from (N − k)th subcarriers at all transmit antennas. Based on this fact, an
FEQ has been proposed in Sect. 3, in which, a linear combination of the kth and (N − k)th
subcarriers is used to estimate the transmitted symbols on these subcarriers. However, in DS
channels, channel time variations cause ICI and hence, the simple linear combination in (17)
cannot be directly applied. In this paper, it is proposed to remove the ICI power from each
subcarrier before using the Eq. (17). In other words, one should obtain ICI-free estimates
of the signals corresponding the kth and (N − k)th subcarriers. On the other hand, it has
been observed that most of the ICI power on each subcarrier comes from a few neighboring
subcarriers [29]. Hence, the so-called ICI-free estimate can be obtained using a linear com-
bination of the FFT output samples on each subcarrier and its adjacent neighbors. Based on
ICI-free estimates, (17) and (18) can be rewritten as

x̂k[i] = W (k)
1 [i] ŷ f, k[i] + W (k)

2 [i] ŷ∗
f, N−k[i] (27a)

x̂N−k[i] = W (N−k)
1 [i] ŷ f, N−k[i] + W (N−k)

2 [i] ŷ∗
f, k[i] (27b)

where ŷ f, k[i] =
[

ŷ(1)f, k[i], . . . , ŷ(Nr )
f, k [i]

] T
and ŷ(r)f, k[i] is an ICI-free estimate of the kth fre-

quency component of the r th received signal. Note that unlike (17), the coefficients of the
linear combination in (27a,b) are assumed to be time-varying. This assumption is necessary
to cope with the time-selectivity of the DS channel.

Considering Q′ neighbors, the ICI-free estimate for the kth subcarrier on the r th receive
antenna is expressed as follows:

ŷ(r)f, k[i] =
Q′/2∑

q ′=−Q′/2
α
(r, k)
q ′ [i]y(r)f, k+q ′ [i] =

Q′/2∑

q ′=−Q′/2
α
(r, k)
q ′ [i]

(
F (k+q ′) y(r)[i]

)
(28)

where y(r)f, k+q ′ [i] is the (k + q ′)th frequency component of the received signal at the r th

receive antenna, y(r)[i] = [y(r)[i(N + c) + c + d + 1], . . . , y(r)[(i + 1)(N + c) + d]]T

and y(r)[n] is defined in (26). Defining α
(r, k)
1 [i] = [α(r, k)

−Q′/2[i], . . . , α(r, k)
Q′/2[i]] T and F(k) =

[
F (k−Q′/2)T , . . . ,F (k+Q′/2)T

] T
, (27a,b) is reduced to

ŷ(r)f, k[i] = α
(r, k) T
1 [i]F(k) y(r)[i] (29)

Considering (29) for different values of r and k and substituting in (27a,b) results in

x̂k[i] = V (k)
1 [i]

(
I Nr ⊗ F(k)

)
y[i] + V (k)

2 [i]
(

I Nr ⊗ F(N−k)∗) y∗[i] (30a)

x̂N−k[i] = V (N−k)
1 [i]

(
I Nr ⊗ F(N−k)

)
y[i] + V (N−k)

2 [i]
(

I Nr ⊗ F(k)∗
)

y∗[i] (30b)

where y[i] = [ y(1) T [i], . . . , y(Nr ) T [i]] T , V (k)
1 [i] = W (k)

1 [i] × diag{[α(1, k) T
1 [i], . . . ,

α
(Nr , k) T
1 [i]]}, V (N−k)

2 [i]=W (N−k)
2 [i]×diag{[α(1, k) H

1 [i], . . . ,α(Nr , k) H
1 [i]]}, and V (N−k)

1 [i]
and V (k)

2 [i] are defined similarly.
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Combining (30a) and (30b) yields

[
x̂k[i]

x̂∗
N−k[i]

]

︸ ︷︷ ︸
ˆ̃xk [i]

=
[

V (k)
1 [i] V (k)

2 [i]
V (N−k)∗

2 [i] V (N−k)∗
1 [i]

]

︸ ︷︷ ︸
V H

k [i]

[
I Nr ⊗ F(k) 0

0 I Nr ⊗ F(N−k)∗
]

︸ ︷︷ ︸
Fk

[
y[i]
y∗[i]

]

︸ ︷︷ ︸
ỹ[i]

(31)

Finally, the compensation matrix V k[i] for k ∈ {1, . . . , N/2 − 1} is the solution of the
following MMSE design criterion:

V k,MMSE[i] = arg min
V k [i]

E
{ ∣∣∣
∣∣∣x̃k[i] − V H

k [i]Fk ỹ[i]
∣∣∣
∣∣∣

2
}

(32)

To solve (32), ỹ[i] should be expressed in terms of transmitted symbols. Using (26), a
block of N samples of the received signal at the r th receive antenna after removing the CP
is shown as

y(r)[i] =
Nt∑

t=1

Q/2∑

q1=−Q/2

Dq1 [i]H(r, t)
q1

[i]PF H

︸ ︷︷ ︸
G(r, t)[i]

x(t)[i] +
Nt∑

t=1

Q/2∑

q2=−Q/2

Dq2 [i]H̆(r, t)
q2

[i]PFT

︸ ︷︷ ︸
Ğ(r, t)[i]

x(t)∗[i] + ξ (r)[i]

(33)

where Dq1
[i] = diag { [e j2π q1(i(N+c)+c+d+1)/K , . . . , e j2π q1((i+1) (N+c)+d)/K ] }, H(r, t)

q1 [i]
is an N × (N + c) circulant matrix with the first row [01 × (c−L1), h(r, t)

q1,L1
[i], . . . , h(r, t)

q1,0
[i],

01 × (N−1)], and the first column [h(r, t)
q1, L1

[i], 01×(N−1)]T , Dq2
[i] and H̆(r, t)

q2
[i] are defined

similarly and other parameters are defined as in (12).

Defining G(r)T [i] = [G(r, 1)[i], . . . ,G(r, Nt )[i]], G[i] =
[
G(1) T

T [i], . . . ,G(Nr ) T
T [i]

]T
,

Ğ(r)T [i] =
[
Ğ(r, 1)[i], . . . , Ğ(r, Nt )[i]

]
, Ğ[i] =

[
Ğ(1) T

T [i], . . . , Ğ(Nr ) T
T [i]

]T
, x[i] =

[x(1) T [i], . . . , x(Nt ) T [i]]T , and ξ [i] = [ξ (1) T [i], . . . , ξ (Nr ) T [i]]T , and using (33), the
received blocks at all receive antennas are expressed as

y[i] = G[i]x[i] + Ğ[i]x∗[i] + ξ [i] (34)

Hence,

ỹ[i] =
[

y[i]
y∗[i]

]
=
[ G[i] Ğ[i]

Ğ[i]∗ G[i]∗
]

︸ ︷︷ ︸
G̃[i]

[
x[i]
x∗[i]

]

︸ ︷︷ ︸
x̃[i]

+
[

ξ [i]
ξ∗[i]

]

︸ ︷︷ ︸
ξ̃ [i]

(35)

Using (35), the solution of (32) is given by

V k,MMSE[i] =
(

Fk(G̃[i]Rx̃G̃ H [i] + R
ξ̃
)FH

k

)−1
Fk G̃[i]Rx̃ E(k) T (36)

where Rx̃ = σ 2
s I (2Nt N ), Rξ̃ is derived in the Appendix and E(k) = diag{[I Nt ⊗e(k) T , I Nt ⊗

e(N−k) T ]} where e(k) and e(N−k) are the N × 1 unit vectors with a 1 in the positions k and
N − k, respectively.

Figure 4 shows the derived equalization and IQ imbalance compensation scheme (denoted
by EQCS1) for the kth subcarrier on the ath transmit antenna.
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Fig. 4 Proposed equalization and IQ imbalance compensation scheme for sufficient CP (EQCS1)

4.2 Insufficient Cyclic Prefix

In this subsection, it is assumed that the CP length is shorter than the maximum length of
the CIQCH impulse responses. Therefore, both IBI and ICI in addition to IQ imbalance are
present. Here, the results of the previous sections are extended to jointly mitigate the IQ
imbalance and IBI/ICI. In the presence of both IQ imbalance and IBI/ICI, the simple linear
combination in (17) is inadequate to estimate the transmitted symbols and compensate for
the IQ imbalance. In Sect. 4.1, it was proposed to modify (17) by replacing the frequency
components of the kth and (N − k)th subcarriers with their ICI-free estimates as in (27a,b).
The ICI-free estimates were derived using a linear combination of each subcarrier and its
adjacent neighbors as in (28). However, when IBI is also present, each frequency component
includes some IBI power and hence, equation (28) will not lead to a proper estimate of the kth
frequency component. In this paper, it is suggested to modify this equation by using IBI-free
estimate of each frequency component as

ˆ̂y(r)f, k[i] =
Q′/2∑

q ′=−Q′/2
α
(r, k)
q ′ [i]ŷ(r)f, k+q ′ [i] (37)

where ŷ(r)f, k+q ′ is an IBI-free estimate of the y(r)f, k+q ′ . To remove IBI from y(r)f, k+q ′ , this paper
proposes to apply a linear combination on the L ′+1 samples of the FFT output corresponding
to the (k + q ′)th subcarrier where L ′ � max (L1, L2). These samples are provided through
performing a sliding FFT on the N + L ′ received samples of each received signal path. The
sliding FFT is equivalent to L ′ + 1 FFTs of size N . Substituting the supposedly IBI-free
estimate ŷ(r)f, k+q ′ in (37) yields
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ˆ̂y(r)f, k[i] =
Q′/2∑

q ′=−Q′/2
α
(r, k)
q ′ [i]

{
�
(r, k) T
q ′ [i]

(
F̃ (k+q ′)

y′(r)[i]
)}

(38)

where �
(r, k)
q ′ [i] is a vector of length L ′ + 1 which contains the coefficients of the linear

combination,

F̃ (k) =

⎡

⎢⎢⎢⎢⎣

0 . . . 0 F (k)

... 0 F (k) 0

0 . .
.

0
...

F (k) 0 . . . 0

⎤

⎥⎥⎥⎥⎦

which represents a sliding FFT operation; y′(r)[i] = [y(r)[i(N + c) + c + d − L ′ +
1], . . . , y(r)[(i + 1)(N + c) + d]]T and y(r)[n] is defined in (26). Defining β

(r, k)
1 [i] =

[α(r, k)
−Q′/2[i]�(r, k) T

−Q′/2 [i], . . . , α(r, k)
Q′/2[i]�(r, k) T

Q′/2 [i]] T , and F̃
(k)=[F̃ (k−Q′/2)T

, . . . , F̃ (k+Q′/2)T ] T ,
(38) can be rewritten as

ˆ̂y(r)f, k[i] = β
(r, k) T
1 [i]F̃

(k)
y′(r)[i] (39)

Considering (39) for different values of r and k and substituting in (27a,b) results in

x̂k[i] = U (k)
1 [i]

(
I Nr ⊗ F̃

(k)
)

y′[i] + U (k)
2 [i]

(
I Nr ⊗ F̃

(N−k)∗)
y′∗[i] (40a)

x̂N−k[i] = U (N−k)
1 [i]

(
I Nr ⊗ F̃

(N−k)
)

y′[i] + U (N−k)
2 [i]

(
I Nr ⊗ F̃

(k)∗)
y′∗[i] (40b)

where y′[i] = [ y′(1) T [i], . . . , y′(Nr ) T [i]] T , U (k)
1 [i] = W (k)

1 [i] × diag{[β(1, k) T
1 [i], . . . ,

β
(Nr , k) T
1 [i]]}, U (N−k)

2 [i] = W (N−k)
2 [i]×diag{[β(1, k) H

1 [i], . . . ,β(Nr , k) H
1 [i]]}, and U (N−k)

1 [i]
and U (k)

2 [i] are defined similarly.

Combining (40a) and (40b) yields

[
x̂k[i]

x̂∗
N−k[i]

]

︸ ︷︷ ︸
ˆ̃xk [i]

=
[

U (k)
1 [i] U (k)

2 [i]
U (N−k)∗

2 [i] U (N−k)∗
1 [i]

]

︸ ︷︷ ︸
U H

k [i]

[
I Nr ⊗ F̃

(k)
0

0 I Nr ⊗ F̃
(N−k)∗

]

︸ ︷︷ ︸
F̃k

[
y′[i]
y′∗[i]

]

︸ ︷︷ ︸
ỹ′[i]

(41)

The following MMSE design criterion is considered to design the equalization matrix
Uk[i]:

Uk,MMSE[i]=arg min
Uk [i]

E
{ ∣∣∣
∣∣∣x̃k[i] − U H

k [i]F̃k ỹ′[i]
∣∣∣
∣∣∣

2
}
, k ∈{1, . . . , N/2 − 1} (42)
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Using (26), a block of N + L ′ samples of the r th received signal is given by

y′(r)[i] =
Nt∑

t=1

Q/2∑

q1=−Q/2

Ωq1 [i]
[

O1, H (r, t)
q1

[i], O2

]
(I3 ⊗ P)(I3 ⊗ F H )

︸ ︷︷ ︸
G(r, t)[i]

× x̃(t)

+
Nt∑

t=1

Q/2∑

q2=−Q/2

Ωq2 [i]
[

Ŏ1, H̆
(r, t)
q2

[i], O2

]
(I3 ⊗ P)(I3 ⊗ F H )

︸ ︷︷ ︸
Ğ
(r, t)[i]

× x̃(t)∗ + ξ ′(r)[i]

(43)

where Ωq [i] = diag{ [ e j2π q(i(N+c)+c−L ′+d+1)/K , . . . , e j2π q((i+1) (N+c)+d)/K ] }, O1 =
0(N+L ′)× (N+2c+d−L1−L ′), Ŏ1 = 0(N+L ′)× (N+2c+d−L2−L ′), O2 = 0(N+L ′)× (N+c−d),

H(r, t)
q1 [i] is an (N + L ′) × (N + L1 + L ′) Toeplitz matrix with the first column

[h(r, t)
q1,L1

[i], 01×(N+L ′−1)]T and the first row [h(r, t)
q1,L1

[i], . . . , h(r, t)
q1,0

[i], 01 × (N+L ′−1)], H̆
(r, t)
q2

[i]
is an (N+L ′)×(N+L2+L ′)Toeplitz matrix with the first column [h̆(r, t)

q2,L2
[i] , 01×(N+L ′−1)]T

and the first row [h̆(r, t)
q2,L2

[i], . . . , h̆(r, t)
q2,0

[i] , 01 × (N+L ′−1)] , x̃(t) = [x(t) T [i − 1], x(t) T [i],
x(t) T [i +1]]T and ξ ′(r)[i] = [ξ (r)[i(N +c)+c+d −L ′+1], . . . , ξ (r)[(i +1)(N +c)+d]]T .

Defining y′[i] = [ y′(1)T [i], . . . , y′(Nr )T [i]] T , G(r)
T [i] = [

G(r, 1)[i], . . . , G(r, Nt )[i]],
G[i] =

[
G(1) T

T [i], . . . , G(Nr ) T
T [i]

]T
, Ğ

(r)
T [i] =

[
Ğ
(r, 1)[i], . . . , Ğ

(r, Nt )[i]
]
, Ğ[i] =

[
Ğ
(1) T
T [i], . . . , Ğ

(Nr ) T
T [i]

]T
, x = [x̃(1) T , . . . , x̃(Nt ) T ] T , and ξ ′[i] = [ξ ′(1) T [i], . . . ,

ξ ′(Nr ) T [i]]T , (43) can be rewritten to represent the received blocks at all receive antennas as

y′[i] = G[i]x + Ğ[i]x∗ + ξ ′[i] (44)

Hence,

ỹ′[i] =
[

y′[i]
y′∗[i]

]
=
[

G[i] Ğ[i]
Ğ[i]∗ G[i]∗

]

︸ ︷︷ ︸
G̃[i]

[
x
x∗
]

︸ ︷︷ ︸
x̄

+
[

ξ ′[i]
ξ ′∗[i]

]

︸ ︷︷ ︸
ξ̃

′[i]

(45)

Using (45), the solution of (42) is given by

Uk,MMSE[i] =
(

F̃k(G̃[i]Rx̄ G̃
H [i] + R

ξ̃
′)F̃

H
k

)−1
F̃k G̃[i]Rx̄ Ē

(k) T (46)

where Rx̄ = σ 2
s I (6Nt N ), R

ξ̃
′ is obtained following the procedure used in the Appendix for

R
ξ̃

and Ē
(k) = diag{[I Nt ⊗ ē(N+k) T , I Nt ⊗ ē(2N−k) T ]} where ē(N+k) and ē(2N−k) are the

(3N )× 1 unit vectors with a 1 in the positions N + k and 2N − k, respectively.
To compute Uk,MMSE[i] in (46), one sliding FFT per receive antenna is required. In

the following, a low-complexity approach is derived which replaces each sliding FFT with
only one full FFT and L ′ difference terms that are common to all subcarriers similar to the

procedure in [30]. In (38), the term F̃ (k+q ′)
y′(r)[i] can be written as
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F̃ (k+q ′)
y′(r)[i] = T (k+q ′)

[
y(r)f, k+q ′ [i]
� y′(r)[i]

]
(47)

where T (k+q ′) is an (L ′ + 1)× (L ′ + 1) lower triangular Toeplitz matrix given by

T (k+q ′) =

⎡

⎢⎢⎢⎢⎣

1 0 · · ·
ϑ(k+q ′) . . .

. . .

...
. . .

. . .

ϑ(k+q ′)L ′
. . . ϑ(k+q ′)

0
...

0
1

⎤

⎥⎥⎥⎥⎦

withϑ = e− j2π/N , y(r)f, k+q ′ [i] is the (k+q ′)th frequency component of the r th received signal,

which is computed as y(r)f, k+q ′ [i] = F (k+q ′)[y(r)[i(N +c)+c+d +1] , . . . , y(r)[(i +1)(N +
c)+d]]T and the difference terms� y′(r)[i] are given by� y′(r)[i] = [y(r)[i(N +c)+c+d]−
y(r)[(i+1)(N+c)+d], . . . , y(r)[i(N+c)+c+d−L ′+1]−y(r)[(i+1)(N+c)+d−L ′+1]]T .

Substituting (47) in (38) and defining 

(r, k) T
q ′ [i] = α

(r, k)
q ′ [i]�(r, k) T

q ′ [i] T (k+q ′) =
[�(r, k)

q ′,0 [i], . . . ,� (r, k)
q ′,L ′ [i]]T , ς

(r, k)
1 [i] = [�(r, k)

−Q′/2,0[i], . . . ,� (r, k)
Q′/2,0[i]]T , ς

(r, k)
2 [i] =

[
Q′/2∑

q ′=−Q′/2
�
(r, k)
q ′,1 [i], . . . ,

Q′/2∑
q ′=−Q′/2

�
(r, k)
q ′,L ′ [i]

]T

and v
(r, k) T
1 = [ς (r, k) T

1 [i], ς (r, k) T
2 [i]] res-

ults in

ˆ̂y(r)f, k[i] = v
(r, k)T
1 [i] ×

⎡

⎢⎢⎢⎣

01×L ′ F (k−Q′/2)

...
...

01×L ′ F (k+Q′/2)

Ī L ′ 0L ′×(N−L ′) − Ī L ′

⎤

⎥⎥⎥⎦

︸ ︷︷ ︸
F̄
(k)

y′(r)[i] (48)

where Ī L ′ is the anti-diagonal identity matrix of size L ′ × L ′.
Equation (48) is similar to (39), hence a similar approach is used to obtain the following

design criterion:

V k,MMSE[i] = arg min
Vk [i]

E
{ ∣∣∣
∣∣∣x̃k[i] − V H

k [i]F̄k ỹ′[i]
∣∣∣
∣∣∣

2
}

(49)

where F̄k = diag
{[

I Nr ⊗ F̄
(k)
, I Nr ⊗ F̄

(N−k)∗]}
.

The solution of this MMSE problem is similar to (46) but it does not require any
sliding FFT. The proposed low-complexity equalization and IQ imbalance compensation
scheme in the presence of IBI/ICI is depicted in Fig. 5 for the kth subcarrier on the
ath transmit antenna. This scheme is denoted by EQCS2. The design complexity of this
scheme is of O(Nr (N + L ′)2(Q′ + L ′ + 1)) multiply-add (MA) operations per tone per
transmit antenna. Also, its implementation complexity is 2Nr (Q′ + L ′ + 1) MA opera-
tions per tone per transmit antenna plus O(Nr N log2 N ) MA operations for the FFTs. It
should be noted that the proposed scheme in Fig. 5 can be viewed as an extension of
the proposed compensation methods in Sects. 3 and 4.1. It is also worth noting that this
approach unifies and extends some existing methods for equalization and/or IQ imbalance
compensation.

123

Author's personal copy



Joint Compensation of Transmitter and Receiver 553

Fig. 5 Proposed equalization and IQ imbalance compensation scheme for insufficient CP (EQCS2)

(a) SISO-OFDM transmission over frequency selective channels

• In the presence of Rx FI IQ imbalance and IBI, the EQCS2 boils down to the
per-tone equalizer (PTEQ) suggested in [31].

• In the presence of Rx FI IQ imbalance, IBI and CFO, the proposed equalizer in
[31] is a special case of the EQCS2.

• In the presence of Tx/Rx IQ imbalance and IBI, the EQCS2 reduces to the
frequency-domain equalizer proposed in [32].

(b) SISO-OFDM transmission over DS channels

• In the presence of Rx FI IQ imbalance, CFO and IBI, if critically-sampled CE-BEM
(K = N ) is used, the EQCS2 corresponds to the PTEQ proposed in [27].

(c) SIMO-OFDM transmission over DS channels

• When there is no IQ imbalance, if critically-sampled CE-BEM (K = N ) is used,
the EQCS2 reduces to the low-complexity PTEQ suggested in [33].

5 Simulations

In this section, the performance of the proposed equalization and compensation scheme for
insufficient CP case (EQCS2) is evaluated for uncoded SISO-OFDM as well as MIMO-
OFDM systems. The size of FFT is N = 64, the CP length is c = 4, and the signal-
ing is 4-QPSK. The channel is of order L = 3. The channel taps are generated as i.i.d.
random variables and correlated in time with a correlation function according to Jakes’ model
E{g(r1, t1)[n1 ; l1]g(r2, t2)∗[n2 ; l2]} = σ 2

g J0(2π fmaxT (n1 − n2))δ[l1 − l2]δ[r1 − r2]δ[t1 − t2],
where J0 is the zero-order Bessel function of the first kind and σ 2

g denotes the variance of
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Fig. 6 BER comparison for SISO-OFDM system with IQ imbalance

the channel gain. The maximum Doppler spread is fmax = 180 Hz, the sampling time is
T = 50μs, the number of TV basis functions in BEM is Q = 4, the number of adjacent
neighbors is Q′ = 8, L ′ = 8 and the decision delay is chosen to be d = 1. The performance
is evaluated in terms of BER versus signal-to-noise-ratio (SNR). The SNR is defined as

SNR
�= (max (L1, L2)+ 1)σ 2

s

/
σ 2
υ

In the following, three simulation scenarios are considered. In the first scenario, a SISO-
OFDM system is simulated. The FI amplitude imbalances are αt = αr = 0.5 dB and the
phase imbalances are ϕt = ϕr = 4◦. For FD IQ imbalance, the Tx/Rx front-end imbalance
filters are ζ I

t (t) = ζ I
r (t) = 0.04δ(t) + δ(t − T ) + 0.01δ(t − 2T ) and ζ Q

t (t) = ζ
Q

r (t) =
0.01δ(t)+ 1.2δ(t − T )+ 0.2δ(t − 2T ). Figure 6 illustrates the simulation results for SISO-
OFDM system. As a benchmark, the case of an ideal system with no IQ imbalance as well as
a system with no compensation algorithm is also considered. The ideal system uses the PTEQ
proposed in [34] to eliminate the IBI and ICI. The system with no IQ imbalance compensation
scheme, only uses the one-tap FEQ [29] for channel compensation. Figure 6 shows that the
IQ imbalance severely degrades the BER performance and the system with no compensation
is unusable. It is also seen that the simple two-tap FEQ is incapable of compensating the
IQ imbalance. The simulated two-tap FEQ is similar to the proposed approach in Sect. 3
and can be viewed as special case of the EQCS2, when L ′ = Q′ = 0. As shown in Fig. 6,
when critically-sampled CE-BEM, i.e. K = N , is used, the EQCS2 improves the simple
two-tap FEQ, however, it shows an early error floor at BER = 5.56 × 10−2 (SNR = 16 dB).
For over-sampled case, i.e. K = 2N , the EQCS2 provides good compensation performance
which is close to the ideal case, especially for low to moderate SNR values.

In the second scenario, a MIMO-OFDM system with Nt = 2 transmit antennas and
Nr = 4 receive antennas is simulated. It is assumed that the IQ imbalance parameters of each
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Fig. 7 BER comparison for MIMO-OFDM system with IQ imbalance (all transmit-receive branches have
the same imbalance parameters)

transmit-receive antenna pair is the same as the imbalance parameters of the SISO case in the
previous scenario. Figure 7 depicts the BER curves for MIMO-OFDM system. Again, the
simple two-tap FEQ can not compensate for the IQ imbalance and has the same performance
as the no compensation case. Also, the EQCS2 with critically-sampled CE-BEM has a poor
performance and suffers from an early error floor. On the other hand, when K = 2N , the
EQCS2 approaches the performance of the system with no IQ imbalance. Moreover, com-
paring Figs. 6 and 7 reveals that using the MIMO system significantly improves the BER
performance over SISO case.

In the third scenario, a MIMO-OFDM system with Nt = 2 transmit antennas and Nr = 4
receive antennas is simulated again. However, in this scenario a different set of IQ imbal-
ance parameters is used for each transmit-receive antenna pair. Table 1 gives the imbalance
parameters. Figure 8 shows the simulation result of this scenario. It is evident that the BER
curves in Figs. 7 and 8 are similar. Therefore, the performance of the EQCS2 is robust with
respect to the changes in the IQ imbalance parameters of different transmit-receive branches.

6 Conclusion

The paper addressed the joint effects of both transmitter and receiver FI/FD IQ imbalance
in MIMO-OFDM transmission over doubly selective channels. Using CE-BEM, an input-
output relation is developed as a function of both Tx/Rx imbalance parameters and TV channel
impulse response. This relation is then deployed to derive two digital-domain joint IBI/ICI
equalization and FI/FD IQ imbalance compensation methods for the cases of sufficient or
insufficient CPs. These methods are designed and realized in the frequency domain for each
subcarrier, separately.
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Table 1 IQ imbalance parameters for third simulation scenario

αt (dB) ϕt (deg.) ζ I
t ζ

Q
t

Transmitter side
Tx1 0.7 2 [ 0.02 0.9 0.01 ] [ 0.1 1.2 0.02 ]
Tx2 0.4 5 [ 0.01 1.1 0.02 ] [ 0.02 1 0.01 ]

αr (dB) ϕr (deg.) ζ I
r ζ

Q
r

Receiver side
Rx1 0.1 7 [ 0.01 0.8 0.1 ] [ 0.02 1.1 0.01 ]
Rx2 0.4 3 [ 0.03 1.1 0.01 ] [ 0.01 1 0.2 ]
Rx3 0.7 2 [ 0.03 1 0.02 ] [ 0.02 1.3 0.2 ]
Rx4 0.6 6 [ 0.02 0.7 0.01 ] [ 0.01 1 0.03 ]

Fig. 8 BER comparison for MIMO-OFDM system with IQ imbalance (different transmit-receive branches
have different imbalance parameters)

Simulation results show that the IQ imbalance can severely limit the achievable BER. So,
efficient imbalance compensation is crucial. It is seen that the proposed method for insuf-
ficient CP case (EQCS2) achieves a BER performance that is near to the performance of a
system with ideal IQ branches in both SISO- and MIMO-OFDM systems. In addition, using
the MIMO system, significantly improves the BER performance over SISO case.
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Appendix

In this Appendix, an expression for computing the noise correlation matrix R
ξ̃

in (24) is

derived. The noise term ξ (r)[n] in (11) can be expressed as

ξ (r)[n] = η(r)[n] + η̆(r)[n] = λ(r)r [n] � υ(r)[n] + φ(r)r [n] � υ(r)∗[n] (50)

Using (50), the noise vector of length N at the r th receive antenna is given by

ξ (r)[i] = Λ(r)
r υ(r)[i] + Φ(r)

r υ(r)∗[i] = Λ(r)
r υ(r)[i] + Φ(r)

r υ(r)∗[i] (51)

where υ(r)[i] = [υ(r)[i(N +c)+c+d − Lλr +1], . . . , υ(r)[(i +1)(N +c)+d]]T , Λ(r)
r is an

N × (N + Lλr ) Toeplitz matrix with the j th row as [01×(j −1), λ
(r)
r,Lλr

, . . . , λ
(r)
r,0 , 01 × (N−j)]

where λ(r)r,� and Lλr are the �th coefficient and the order of λ(r)r (t), respectively and Φ
(r)
r is

defined similar to Λ
(r)
r .

Considering the noise vectors at all receive antennas yields

ξ [i] = Λrυ[i] + Φrυ
∗[i] (52)

where ξ [i] = [ξ (1) T [i], . . . , ξ (Nr ) T [i]]T , Λr = diag{[Λ(1)
r , . . . ,Λ

(Nr )
r ]}, Φr = diag

{[Φ(1)
r , . . . ,Φ

(Nr )
r ]} and υ[i] = [υ(1) T [i], . . . ,υ(Nr ) T [i]]T . Therefore, the noise term ξ̃ [i]

is written as

ξ̃ [i] =
[

ξ [i]
ξ∗[i]

]
=
[

Λr Φr

Φ∗
r Λ∗

r

]

︸ ︷︷ ︸
A

[
υ[i]
υ∗[i]

]
(53)

Finally, the correlation matrix R
ξ̃

is obtained as

R
ξ̃

= E{ξ̃ [i]ξ̃ H [i]} = σ 2
υ AAH (54)
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