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Abstract—We study the outage performance of orthogonal
frequency-division multiplexing dual-hop opportunistic amplify-
and-forward relaying in the presence of I/Q imbalance (IQI) in
all nodes. We derive a closed-form expression for the end-to-end
outage probability for the general case where each node suffers
from a different IQI level and assuming that the distance between
source and relay is not the same for all relays. Furthermore,
we consider the more general case where there is a direct
link between the source and the destination and we derive a
closed-form expression for the end-to-end outage probability for
both maximum-ratio and selection combining at the destination.
To gain more insights, we analyze a special case where all
relays lie on the perpendicular line midway between source and
destination and all nodes experience the same IQI level. Our
simulations show excellent match to the analytical results and
both demonstrate that uncompensated IQI can be detrimental
but it can also be effectively mitigated using a few opportunistic
relays. In summary, the main contributions of this paper are
analyzing the effect of IQI on the outage probability of an
opportunistic relaying system and determining the number of
relays needed to effectively mitigate uncompensated IQI.

Index Terms—I/Q imbalance, amplify-and-forward, maximum
ratio combining, selection combining, opportunistic relaying,
OFDM.

I. INTRODUCTION

W IRELESS networks with cooperative relaying have
received considerable attention recently and have been

adopted in wireless standards such as IEEE 802.16m [1] and
LTE [2]. Among the most common relaying protocols is the
so-called opportunistic relaying (OR) protocol which has been
extensively analyzed in the literature [3]–[7], and is conceptu-
ally related to antenna selection in multi-antenna schemes [8].
In OR, the system is able to select the “best” relay, from a set
of available candidate relays, to cooperate in order to avoid
issues such as inter-node coordination, synchronization and
interference with multiple active relays. A common selection
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strategy is to choose the relay that achieves the best end-to-end
signal-to-noise-plus interference ratio (SINR).

The performance of relaying systems have been analyzed
in several papers (see [9] and reference therein), assuming an
ideal radio frequency (RF) front-end. However, in practice, the
system performance is degraded by RF impairments, such as
high-power amplifier (HPA) nonlinearity [10], in-phase and
quadrature-phase (I/Q) imbalance (IQI), low-noise amplifier
(LNA) nonlinearity, antenna coupling [11], phase noise (PN)
and carrier frequency offset (CFO) [12], [13]. In particular,
IQI represents the mismatch between analog components in
the I and Q branches, which results from the limited accuracy
of analog hardware and it can be either frequency-independent
or frequency-dependent. Frequency-independent IQI occurs
mainly due to non-ideal mixers and phase shifters and is
constant over the whole signal bandwidth, while frequency-
dependent IQI is due to I and Q low-pass filters mismatches.
For orthogonal frequency-division multiplexing (OFDM) sys-
tems, IQI degrades the system performance severely due to
image subcarrier interference [14]. In this paper, we will focus
on studying the performance degradation due to frequency-
independent IQI.

Scanning the open literature, the impact of PN on the
performance of OFDM-based amplify-and-forward (AF) relay
networks was investigated in [13] where it was shown that
the use of an AF-relay becomes not beneficial, compared
to a direct transmission, as the PN level exceeds a certain
threshold. Furthermore, the outage performance for the AF
relaying protocol was studied in [12] and [15]. Specifically,
in [12] IQI was considered only at the destination and flat-
fading links were assumed, while in [15] both the relay and the
destination nodes suffer from IQI in the presence of frequency-
selective fading links [16].

Cooperative communication closely mimics multiple in-
put multiple output (MIMO) wireless systems [17], where
the physical transceiver implementations were extensively
investigated [18], [19]. In [18] the influence of transmitter
(Tx) as well as receiver (Rx) IQI on the performance of
multiple-antenna OFDM systems based on a direct-conversion
RF front-end was studied. In [20], the authors analyzed the
performance of MIMO-OFDM systems with independent PN
sources at the transmit and receive RF front-end using zero-
forcing detectors over frequency-selective Rayleigh fading
channels.

A. Contributions

The contributions of this paper are as follows:
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• We derive closed-form expressions for the outage prob-
ability of an OFDM dual-hop opportunistic AF relaying
system, assuming that all nodes’ analog RF front-ends
are IQI-impaired. In addition, a general network topology
is considered, where the relays (R) can be randomly
positioned between the source (S) and the destination
(D). Moreover, the direct link (DRL) between the S and
D nodes is assumed to be in deep fade conditions.

• Next, we investigate the effect of the DRL between S and
D on the system’s performance, by deriving outage prob-
ability closed-form expressions for two different receiver
types. More specifically, D performs either selection
combining (SC) or maximum-ratio combining (MRC) on
the received signals from the S node and the best relay.

• Towards a better understanding of the IQI effects on
the outage probability, a special case, yet insightful, is
considered where all the R nodes lie on the perpendicular
line midway between S and D and with the same IQI
level at all nodes. In this case, we derive functional
dependence of the asymptotic outage probability floor on
the signal constellation size, the number of relays, and
IQI parameters.

Overall, the main result of this paper is that uncompensated
IQI can be detrimental but it can also be effectively mitigated
using a few relays. This result has a significant impact on relay
deployment in future wireless communication networks.

B. Organization & Notations

The rest of the paper is organized as follows. The system
model and the AF protocol are described in Section II. The
outage probability is analyzed in Section III followed by
simulation results in Section IV to validate our analysis.
Finally, the paper is concluded in Section V.

Unless otherwise stated, lower and upper case bold letters
denote vectors and matrices, respectively. The matrices I and
F denote, respectively, the identity matrix and the Fast Fourier
Transform (FFT) matrix whose middle row corresponds to
the direct current (DC) and their subscripts denote their sizes.
For matrices, A� � ĨNA∗ĨN , while for vectors, a� � ĨNa∗

is the reversal (image) permutation matrix. Also, (·)H , (·)∗,
(·)T denote the matrix complex-conjugate transpose, complex-
conjugate and transpose operations, respectively. The oper-
ators E [·] and |·| denote the statistical expectation and the
absolute value, respectively.

II. SYSTEM MODEL

We consider the downlink transmission scenario in an AF
OR system where each of the S, R and D nodes is equipped
with a single antenna, as shown in Fig. 1. Furthermore, OFDM
signalling is used in each of the two transmission time slots
to combat the frequency selectivity of all the used channels,
by dividing their wide frequency bandwidths into overlapping
but orthogonal narrow-band subcarriers [21]. In the first slot,
S transmits to the R and D nodes, while in the second slot,
one relay is selected and used to amplify and forward the
received signal to D, while the source and the other relays
remain silent. The fading channels of all the links are assumed
independent, frequency-selective and fixed over at least one
OFDM symbol duration. The RF front-ends of the S, R and
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Fig. 1. System model block diagram where solid and hollow arrows show
transmissions during the first and second time slots, respectively. The red
bubbles indicate IQI, i.e. its presence on the RHS/LHS of the node means
IQI at the Tx/Rx, respectively.
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Fig. 2. IQI-impaired transceiver

D nodes are assumed to be impaired with different IQI levels,
as shown in Fig. 2. The R node suffers from both receive and
transmit IQI. We consider frequency-independent IQI caused
by the gain and the phase mismatches between the I and
the Q branches denoted by ε

t/r
x and θ

t/r
x , respectively, where

x is the node identifier (S, R or D) and t/r denotes the
up/down-conversion process, respectively. The time-domain
(TD) baseband IQI-impaired signal is given by

g
t/r
IQI (t) = μ

t/r
x g(t) + v

t/r
x g∗(t),

with
μt/r
x = cos

(
θ
t/r
x

2

)
∓ jεt/rx sin

(
θ
t/r
x

2

)
,

vt/rx = εt/rx cos

(
θ
t/r
x

2

)
− j sin

(
θ
t/r
x

2

)
,

where the minus and plus signs denote the up and down-
conversion processes, respectively. Note that g (t) is the TD
baseband IQI-free signal and the g∗ (t) term arises due to
IQI [14]. Assuming that s̄ is the TD N × 1 data vector with
E
[
s̄s̄H
]
= ηoIN , the source transmits

s̄S = μt
S s̄+ vtS s̄

∗. (1)

The TD received signals in the first time slot at the ith R
and D nodes after removing the cyclic-prefix (CP) are given,
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respectively, by

r̄
(i)
R =μr

R(i)H̄SR(i) s̄S + vrR(i)

(
H̄SR(i) s̄S

)∗
+

μr
R(i)n̄R(i) + vrR(i) n̄

∗
R(i) ,

r̄
(1)
D =μr

DH̄SD s̄S + vrD
(
H̄SD s̄S

)∗
+ μr

Dn̄
(1)
D + vrDn̄

(1)∗
D ,

where R(i) denotes the ith R node. The N × N circulant
channel matrix H̄IJ models the channel impulse response
(CIR) from node I to node J and its first column is[
h̄T
IJ01×N−L

]T
, with h̄IJ is the CIR vector with L complex

Gaussian taps. Moreover, n̄R(i) and n̄
(1)
D are the circularly

symmetric complex additive white Gaussian noise (AWGN)
vectors with single-sided power spectrum densities (PSD) of
N0.

From (1), r̄(i)R and r̄
(1)
D can be, respectively, written as

r̄
(i)
R =

(
μr
R(i)H̄SR(i)μt

S + vrR(i)H̄
∗
SR(i)

(
vtS
)∗)

s̄

+
(
μr
R(i)H̄SR(i)vtS + vrR(i)H̄

∗
SR(i)

(
μt
S

)∗)
s̄∗

+ μr
R(i) n̄R(i) + vrR(i) n̄

∗
R(i) ,

r̄
(1)
D =

(
μr
DH̄SDμt

S + vrDH̄∗
SD

(
vtS
)∗)

s̄

+
(
μr
DH̄SDvtS + vrDH̄∗

SD

(
μt
S

)∗)
s̄∗

+ μr
Dn̄

(1)
D + vrD

(
n̄
(1)
D

)∗
. (2)

According to the AF OR protocol, in the second time slot,
the “best” relay (which we denote by R∗) amplifies the re-
ceived signal and forwards it to the D node. To keep the relay
complexity low, the channel is not estimated continuously at
the relay. Hence, the amplification factor is defined as

α �
√

η1

E

[
|r̄R∗ |2

] ,

where η1 is the average transmitted signal energy at R∗.
Therefore, the TD baseband equivalent signal transmitted by
R∗ in the second time slot is given by

s̄R∗ = α
{
μt
R∗ r̄R∗ + vTR∗ r̄

∗
R∗

}
.

From (2), s̄R∗ can be written as shown in (3), given at the top
of this page. The best relay is selected following the rule

R∗ = argmax
i

(
γ
(i)
AF (k)

)
,

where γ
(i)
AF (k) is the instantaneous SINR at the ith relay [22].

The TD baseband equivalent signal received at the D node in
the second time-slot is given by

r̄
(2)
D =

(
μr
DH̄1 + vrDH̄2

)
s̄+
(
vrDH̄∗

1 + μr
DH̄∗

2

)
s̄∗+ z̄, (4)

where H̄1, H̄2, and z̄ are defined as follows

H̄1 �αH̄R(i)D{
μt
R∗

[
μr
R∗H̄SR∗μ

t
S + vrR∗H̄

∗
SR∗

(
vtS
)∗]

+ vtR∗

[(
μr
R∗

)∗
H̄∗

SR∗

(
vtS
)∗

+
(
vrR∗

)∗
H̄SR∗μ

t
S

]}
,

(5)

H̄2 �αH̄∗
R∗D{ (

μt
R∗

)∗ [(
μr
R∗

)∗
H̄∗

SR∗

(
vtS
)∗

+
(
vrR∗

)∗
H̄SR∗

(
μt
S

)]
+
(
vtR∗

)∗ [
μr
R∗H̄SR∗μ

t
S + vrR∗H̄

∗
SR∗

(
vtS
)∗]}

, (6)

z̄ �μr
DH̄R∗Dα

{
μt
R∗

[
μr
R∗ n̄R∗ + vrR∗ n̄

∗
R∗

]
+vtR∗

[(
μr
R∗

)∗
n̄∗
R∗ +

(
vrR∗

)∗
n̄R∗

]}
+ vrR∗H̄

∗
R∗Dα

{(
μt
R∗

)∗[(
μr
R∗

)∗
n̄∗
R∗+
(
vrR∗

)∗
n̄R∗

]
+
(
vtR∗

)∗ [
μr
R∗ n̄R∗ + vrR∗ n̄

∗
R∗

]}
+ μr

Dn̄D + vrDn̄∗
D.

Therefore, the frequency-domain (FD) received signal at the
D node in the second time slot is obtained by taking the FFT
of (4), and can be written as follows

r
(2)
D = (μr

DH1 + vrDH2) s+
(
vrDH�

1 + μr
DH�

2

)
s� + z. (7)

In (7), H1 and H2 can be easily obtained from (5) and
(6) by replacing each H̄IJ and H̄∗

IJ by HIJ and H�
IJ ,

respectively, where HIJ is the N ×N diagonal matrix whose
diagonal elements are the channel frequency response (CFR)
coefficients from node I to node J and HIJ (k) is the kth

element on the main diagonal of HIJ . In addition, the vectors
s and z are the frequency-domain representations of s̄ and z̄,
respectively. It is evident from (7) that IQI results in image
(mirror) interference in FD where the kth subcarrier is distorted
by its image subcarrier whose index is denoted by (−k).

III. PERFORMANCE ANALYSIS

In this section, we investigate the effect of IQI on the
system’s outage performance, if perfect global channel state
information (CSI) knowledge is assumed1. First, we derive
the instantaneous SINR expressions in Section III-A for the
S → D, S → R(i) and R(i) → D links and then we use these
expressions to evaluate the end-to-end outage probability,
which is defined as the probability that the SINR falls below
a given threshold. In Section III-B1, we analyze the outage
probability when the DRL between the nodes S and D is
in deep shadow-fading conditions. On the other hand, when
communication between the S and D nodes occurs through
the direct and indirect (via relaying) links, the outage is in-
vestigated assuming both SC and MRC combining in Sections
III-B2 and III-B3, respectively. We conclude with remarks
on extending the outage probability analysis to decode-and-
forward relaying (DF) in Section III-C.

A. Instantaneous SINR

1) Direct link: From (2), the SINR at the kth subcarrier in
the direct mode is given by

γSD (k) =

∣∣∣Z̃SD

∣∣∣2∣∣∣W̃SD

∣∣∣2 +NSD

� ZSD

WSD +NSD
, (8)

1The case of imperfect CSI due to IQI and outdated estimation will not
be investigated due to space limitations. However, the performance results
presented here are upper bounds to those when imperfect CSI is assumed.
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s̄R∗ = α
{
μt
R∗

[
μr
R∗H̄SR∗μ

t
S + vrR∗H̄

∗
SR∗

(
vts
)∗]

+ vtR∗

[(
μr
R∗

)∗
H̄∗

SR∗

(
vtS
)∗

+ μt
sH̄SR∗

(
vrR∗

)∗]}
s̄

+ α
{
μt
R∗

[
μr
R∗H̄SR∗v

t
S + vrR∗H̄

∗
SR∗

(
μt
S

)∗]
+ vtR∗

[(
μr
R∗

)∗
H̄∗

SR∗

(
μt
S

)∗
+
(
vrR∗

)∗
H̄SR∗v

t
S

]}
s̄∗

+ αμt
R∗

[
μr
R∗ n̄R∗ + vrR∗ n̄

∗
R∗

]
+ αvtR∗

[(
μr
R∗

)∗
n̄∗
R∗ +

(
vrR∗

)∗
n̄R∗

]
(3)

where

Z̃SD � aSDHSD (k) + bSDH∗
SD (−k) ,

W̃SD � cSDHSD (k) + dSDH∗
SD (−k) ,

NSD � N0

ηo

(
|μr

D|2 + |vrD|2
)
,

with aSD � μr
Dμt

S , bSD � vrD (vtS)
∗, cSD � μr

DvtS and
dSD � vrD (μt

S)
∗.

To simplify γSD (k) in (8), we use the fact that for practical
IQI levels, amplitude and phase imbalances less than 1 dB and
5◦, respectively, bSD � 0. Moreover, except for few central
subcarriers, the correlation between the kth subcarrier and its
image is small due to their large spectral separation, hence,
they can be assumed independent. Therefore

2E [�{cSDd∗SDH∗
SD (k)H∗

SD (−k)}] � 0.

Consequently, we can approximate ZSD and WSD as follows

ZSD � |aSD|2 |HSD (k)|2 ,

WSD = |cSDHSD (k) + dSDH∗
SD (−k)|2

� |cSDHSD (k)|2 + |dSDH∗
SD (−k)|2 ,

where |HIJ (k)|2 is an exponential random variable2 (RV)
with mean λk

IJ proportional to (dIJ )
−ξ where dIJ is the

distance between nodes I and J with path loss exponent ξ.
2) AF OR protocol: The selected relay is assumed to be

the one with the highest instantaneous SINR γ
(i)
AF (k), which

can be determined as follows

γAF (k) = max
i∈{1,...,N}

γ
(i)
AF (k) ,

where γ
(i)
AF (k) is given by [13],

γ
(i)
AF (k) =

γ
(i)
SR (k)γ

(i)
RD (k)

γ
(i)
SR (k) + γ

(i)
RD (k) + 1

≤ γ
(i)
SR (k) γ

(i)
RD (k)

γ
(i)
SR (k) + γ

(i)
RD (k)

≤ min
(
γ
(i)
SR (k) , γ

(i)
RD (k)

)
. (9)

In the sequel, we consider that γ
(i)
AF (k) is given by

min
(
γ
(i)
SR(k), γ

(i)
RD(k)

)
which is an upper bound and accurate

approximation for the instantaneous SINR of AF-relaying,
where γ

(i)
SR (k) and γ

(i)
RD (k) denote the instantaneous SINR

between S → R(i) and R(i) → D links, respectively, and
they can be evaluated from Eqns. (10) and (11), on the top of
the next page. Note that the upper bound in (9) is also a very
good approximation especially in the high SNR regime, as

2The CFR is a linear transformation of L-tap cpmplex Gaussian CIR [23].
Hence, it is also a Gaussian RV and its magnitude square is an exponential
RV.

stated in [24]. Similar to γSD(k), both γ
(i)
SR (k) and γ

(i)
RD (k)

can be approximated as

γSR(i) (k) �

∣∣∣Z̃SR(i)

∣∣∣2∣∣∣W̃SR(i)

∣∣∣2 +NSR(i)

� ZSR(i)

WSR(i) +NSR(i)

,

γR(i)D (k) �

∣∣∣Z̃R(i)D

∣∣∣2∣∣∣W̃R(i)D

∣∣∣2 +NR(i)D

� ZR(i)D

WSR(i) +NR(i)D

,

where

ZSR(i) �
∣∣∣a(i)SR(i)

∣∣∣2 |HSR(i) (k)|2 ,

WSR(i) �
∣∣∣c(i)SR(i)HSR(i) (k)

∣∣∣2 + ∣∣∣d(i)SR(i)H
∗
SR(i) (−k)

∣∣∣2 ,
NSR(i) � No

ηo

(∣∣μr
R(i)

∣∣2 + ∣∣vrR(i)

∣∣2) ,
with a

(i)

SR(i) � μr
R(i)μ

t
S , c

(i)

SR(i) � μr
R(i)v

t
S , d

(i)

SR(i) �
vr
R(i) (μ

t
S)

∗, and

ZR(i)D �
∣∣∣a(i)R(i)D

∣∣∣2 |HR(i)D (k)|2 ,

WR(i)D �
∣∣∣c(i)R(i)D

HR(i)D (k)
∣∣∣2 + ∣∣∣d(i)R(i)D

H∗
R(i)D (−k)

∣∣∣2 ,
NR(i)D � No

η1

(
|μr

D|2 + |vrD|2
)
,

with a
(i)

R(i)D
� μr

Dμt
R(i) , c

(i)

R(i)D
� μr

Dvt
R(i) , d

(i)

R(i)D
�

vrD
(
μt
R(i)

)∗
.

B. Outage Probability Analysis

1) Without Direct Link: The end-to-end outage probabil-
ity (outage rate), when the DRL is assumed weak enough to
be ignored, is given by [25]

PAF =Pr (log2 (1 + γAF (k)) ≤ rth)

= Pr (γAF (k) ≤ γth) =

Nr∏
i=1

PAF (i)

(
γ
(i)
AF (k) ≤ γth

)
, (12)

where rth is the minimum allowable (threshold) rate3, γth =

2rth − 1, and PAF (i)

(
γ
(i)
AF (k) ≤ u

)
is the cumulative density

function (CDF) of γ(i)
AF (k) which can be approximated as

PAF (i)

(
γ
(i)
AF (k) ≤ 2rth − 1

)
�

1−
[
1− F

γ
(i)
SR

(γth)
] [

1− F
γ
(i)
RD

(γth)
]

, (13)

3Because the communication occurs over two time slots, rth is half the
transmission rate.
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γ
(i)
SR (k) =

∣∣μr
R(i)μ

t
SHSR(i) (k) + vr

R(i) (v
t
S)

∗
H∗

SR(i) (−k)
∣∣2∣∣μr

R(i)v
t
SHSR(i) (k) + vr

R(i) (μ
t
S)

∗
H∗

SR(i) (−k)
∣∣2 + N0

ηo

(∣∣μr
R(i)

∣∣2 + ∣∣vr
R(i)

∣∣2) (10)

γ
(i)
RD (k) =

∣∣∣μr
Dμt

R(i)HR(i)D (k) + vrD
(
vt
R(i)

)∗
H∗

R(i)D
(−k)

∣∣∣2∣∣∣μr
Dvt

R(i)HR(i)D (k) + vrD
(
μt
R(i)

)∗
H∗

R(i)D
(−k)

∣∣∣2 + N0

(|μr
D|2+|vr

D|2
)

η1

∣∣∣μr

R(i)

∣∣∣2
(11)

where F
γ
(i)
SR

(γth) and F
γ
(i)
RD

(γth) are the CDFs of γ(i)
SR (k) and

γ
(i)
RD (k), respectively. To evaluate the CDF of γ

(i)
SR, we re-

write (10) as follows

γ
(i)
SR(k)�

∣∣∣a(i)SR(i)

∣∣∣2 |HSR(i) (k)|2∣∣∣c(i)SR(i)HSR(i) (k)
∣∣∣2+ ∣∣∣d(i)SR(i)H

∗
SR(i) (−k)

∣∣∣2+NSR(i)

� a
(i)
SRX

c
(i)
SRX + d

(i)
SRY +NSR(i)

, (14)

with a
(i)
SR �

∣∣∣a(i)SR(i)

∣∣∣2, c
(i)
SR �

∣∣∣c(i)SR(i)

∣∣∣2, d
(i)
SR �

∣∣∣d(i)SR(i)

∣∣∣2,
and X and Y are exponentially-distributed RVs with mean
λk
SR(i) and λ−k

SR(i) , respectively. Moreover, exploiting the
independence between X and Y , we evaluate the CDF of
γ
(i)
SR (k) as follows [25]

F
γ
(i)
SR

(γth) (15)

=

⎧⎨⎩
∫∞
0 PX

(
x ≤ γth

(
d
(i)
SRy+N

SR(i)

)
a
(i)
SR−γthc

(i)
SR

)
PY (y)dy, γth ≤ a

(i)
SR

c
(i)
SR

1, otherwise

Carrying out the integration in (15), we get

F
γ
(i)
SR

(γth) = 1−
λk
SR(i)

(
a
(i)
SR − γthc

(i)
SR

)
λk
SR(i)

(
a
(i)
SR − γthc

(i)
SR

)
+ d

(i)
SRγthλ

−k
SR(i)

× e
−

N
SR(i)γth

(−a
(i)
SR

+γthc
(i)
SR)λk

SR(i) , γth ≤ a
(i)
SR

c
(i)
SR

(16)

Hereafter, the condition on γth is omitted for notational conve-
nience since it is obvious that the outage probability becomes
equal to one if this condition is not satisfied. Moreover,
assuming uncorrelated scattering, λk

SR(i) = λ−k
SR(i) = λSR(i) ,

and Eqn. (16) can be further simplified as

F
γ
(i)
SR

(γth) =

1−
(
a
(i)
SR − γthc

(i)
SR

)
(
a
(i)
SR − γthc

(i)
SR

)
+ d

(i)
SRγth

e
−

N
SR(i)γth

(−a
(i)
SR

+γthc
(i)
SR)λSR(i) . (17)

Similarly,

F
γ
(i)
RD

(γth) =

1−
(
a
(i)
RD − γthc

(i)
RD

)
(
a
(i)
RD − γthc

(i)
RD

)
+ d

(i)
RDγth

e
−

N
R(i)D

γth

(−a
(i)
RD

+γthc
(i)
RD)λR(i)D ,

(18)

where a
(i)
RD �

∣∣∣a(i)R(i)D

∣∣∣2 =
∣∣μr

Dμt
R(i)

∣∣2, c(i)RD �
∣∣∣c(i)R(i)D

∣∣∣2 =∣∣μr
Dvt

R(i)

∣∣2, d
(i)
RD �

∣∣∣d(i)R(i)D

∣∣∣2 =
∣∣∣vrD (μt

R(i)

)∗∣∣∣2 and

NR(i)D � N0(|μr
D |2+|vr

D |2|)
η1

∣∣∣μr

R(i)

∣∣∣2 .

Substituting from Eqns. (17) and (18) into (13) to derive
PAF (i) ∀i and then substituting the result into (12), we get

PAF (γth) �∏
i∈W

(
1−

(
a
(i)
SR − γthc

(i)
SR

)(
a
(i)
RD − γthc

(i)
RD

)
[(

a
(i)
SR−γthc

(i)
SR

)
+d

(i)
SRγth

] [(
a
(i)
RD−γthc

(i)
RD

)
+d

(i)
RDγth

]
× e

−
N

SR(i)γth

(−a
(i)
SR

+γthc
(i)
SR)λSR(i)

−
N

R(i)D
γth

(−α
(i)
RD

+γthc
(i)
RD)λR(i)D

)
. (19)

where W =

{
i : i ∈ {1, . . . , Nr}&γth ≤ min

{
a
(i)
SR

c
(i)
SR

,
a
(i)
RD

c
(i)
RD

}}
.

An Insightful Special Case
To gain more insight, we investigate a special case, where

all nodes suffer from the same IQI level and the relay nodes
lie on the perpendicular line midway between the S and D
nodes. In this case, Eqn. (19) reduces to

PAF =

Nr∏
i=1

⎛⎝1−
(

1

1 + η

)2

e
−(N

SR(i)+N
R(i)D )γth

(−a+γthc)λ(i)

⎞⎠ , (20)

where η � cγth

−cγth+a , a � |μ|4, c � |μv|2, and λ(i) � λSR(i) =

λR(i)D for the ith relay node. Moreover, in the high-SNR
regime (NSR(i) , NR(i)D → 0) the outage probability floor is
given by

PAF
.
=

(
1−
(

1

1 + η

)2
)Nr

, (21)

where
.
= denotes the asymptotic equivalence at high SNR.

Furthermore, for practical IQI levels and transmission rates,
η � cγth

a << 1. Therefore, (21) can be approximated as

PAF
.
=
(
1− (1 + η)−2

)Nr�(1− (1 − 2η))Nr

� 2NrηNr � 2Nr
cNrγNr

th

aNr
�
(
2

∣∣∣∣νμ
∣∣∣∣2 (2rth − 1)

)Nr

, (22)

where
∣∣∣ νμ ∣∣∣2 represents the IQI interference-to-signal ratio

which is typically <<1. From Eqn. (22), it is evident that
the outage probability floor decreases exponentially at a rate
of Nr for a given signal constellation size. Hence, the diversity
effect of OR reduces the IQI outage floor significantly, even
for few relays. On the other hand, the outage probability
floor worsens as the signal constellation size increases due
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to the increased sensitivity of bigger signal constellation to
IQI effects. Furthermore, Eqn. (22) shows that the outage
probability floor is independent of the relays’ positions on
the perpendicular line midway between S and D.

2) With Direct Link and SC at the Destination: Next,
we analyze the outage probability when the DRL is
sufficiently strong not to be ignored. In this case, it is
assumed that the D node performs SC on the received signals
in the first and second time slots assuming perfect CSI
knowledge. Therefore, the SINR at the kth subcarrier is given
by [26]

γ
(SC)
SRD (k) = max (γSD (k) , γAF (k)) .

Hence, the outage probability can be written as follows [27]

P
(SC)
SRD = Pr

(
γ
(SC)
SRD ≤ γth

)
= Pr (γSD (k) ≤ γth)Pr (γAF (k) ≤ γth) , (23)

where Pr (γSD (k) ≤ γth) is the CDF of γSD, which can be
evaluated similar to (17) as

FγSD (γth) =

1− (aSD − γthcSD)

(aSD − γthcSD) + dSDγth
e
− NSDγth

(−aSD+γthcSD)λSD , (24)

and Pr (γAF (k) ≤ γth) is given by (19). Substituting Eqns.
(24) and (19) into (23), we get

P
(SC)
SRD (γth) =(
1− (aSD − γthcSD)

(aSD − γthcSD) + dSDγth
e
− NSDγth

(−aSD+γthcSD)λSD

)Nr∏
i=1

(
1

−
(
a
(i)
SR − γthc

(i)
SR

)(
a
(i)
RD − γthc

(i)
RD

)
[(

a
(i)
SR−γthc

(i)
SR

)
+d

(i)
SRγth

] [(
a
(i)
RD−γthc

(i)
RD

)
+d

(i)
RDγth

]
× e

− N
SR(i)γth

(−a
(i)
SR

+γthc
(i)
SR)λSR(i)

− N
R(i)D

γth

(−α
(i)
RD

+γthc
(i)
RD)λR(i)D

)
. (25)

Considering the special case of interest where all nodes
suffer from the same IQI level, (25) simplifies to the following
expression

P
(SC)
SRD=

(
1−
(

1

1 + η

)2

e
− NSDγth

(−aSD+γthcSD)λSD

)
Nr∏
i=1

⎛⎝1−
(

1

1 + η

)2

e
−(N

SR(i)+N
R(i)D )γth

(−a+γthc)λ(i)

⎞⎠ . (26)

In the high-SNR regime (NSD, NSR(i) , NR(i)D → 0), the
outage probability floor is given by

P
(SC)
SRD

.
=

(
1−
(

1

1 + η

)2
)Nr+1

. (27)

For practical IQI levels, Eqn. (27) can be approximated as

P
(SC)
SRD

.
=
(
1− (1− η)

2
)Nr+1

�
(
2

∣∣∣∣ vμ
∣∣∣∣2 (2rth − 1)

)Nr+1

. (28)

From Eqn. (28), it is evident that for AF OR with DRL and
SC at the D node, the outage probability floor decreases ex-
ponentially at rate of (Nr + 1) for a given signal constellation
size, while in AF OR without DRL scenarios, the exponential
decrease is at rate of Nr only for the same constellation size.
Hence, the presence of the DRL and the use of SC provide
higher tolerance to IQI effects compared to AF OR without
DRL. Moreover, the diversity effect of AF OR with the DRL
reduces the IQI outage floor even further in comparison with
the case of no DRL, since the DRL acts like an extra degree
of diversity.

3) With Direct Link and MRC at the Destination: In
this case, the D node performs maximum-ratio combining
(MRC) on the received signals in the first and second time
slots assuming perfect CSI knowledge [28]. Therefore, the
SINR at the kth subcarrier can be bounded [13] as follows

γ
(MRC)
SRD (k) ≤ γSD(k) + γAF (k), (29)

where γSD(k) is the instantaneous SINR at subcarrier k of
the S → D link and it can be evaluated similar to (10) by
replacing μr

R(i) , νrR(i) , and HSR(i) with μr
D, νrD, and HSD,

respectively. Hence, the outage probability is given by

P
(MRC)
SRD = Pr

(
γ
(MRC)
SRD ≤ γth

)
�
∫ γth

0

PAF (γth − u)fSD(u)du, (30)

where fSD(u) is the PDF of γSD, fSD(u) = ∂FSD(u)
∂u , and

FSD(u) can be obtained in a manner similar to (17) by
replacing the relay’s parameters with those of the D node.

To obtain a tractable expression for the outage probability,
we consider the high-SNR regime which is of particular
interest since the performance is interference limited, due to
IQI, rather than noise limited. Therefore, as NSR(i) → 0,
NR(i)D → 0 ∀ i ∈ {1, · · · , Nr}, and NSD → 0, the
asymptotic outage probability is given by

P
(MRC)
SRD

.
=

∫ γth

0

lim
N

SR(i) ,NR(i)D
→0

PAF (γth − u) lim
NSD→0

fSD(u)du,

∀ i ∈ {1, · · · , Nr} , (31)

where limNSD→0 fSD(γth) can be approximated as

lim
NSD→0

fSD(γth) =
dSD

aSD

1

(1 + τSDγth)
2

� dSD

aSD
(1− 2 τSD γth) , (32)

where aSD � |μr
Dμt

S |2, cSD � |μr
DvtS |2, dSD �

∣∣vrD (μt
S)

∗∣∣2,
and τSD � dSD−cSD

aSD
. Since dSD and cSD are in the same

order of magnitude and cSD

aSD
γth << 1, it can be easily shown

that the quantity τSD γth << 1. Hence, (1 + τSDγth)
−2 �
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(1− 2τSDγth). Moreover, from (19), we have

lim
N

SR(i) ,NR(i)D
→0

PAF (γth)

=

Nr∏
i=1

⎛⎜⎝1−
⎛⎝1+ d

(i)
SRγth(

a
(i)
SR−γthc

(i)
SR

)
⎞⎠−1⎛⎝1+ d

(i)
RDγth(

a
(i)
RD−γthc

(i)
RD

)
⎞⎠−1
⎞⎟⎠

�
Nr∏
i=1

⎛⎝1−e−d
(i)
SR

γth

a
(i)
SR

(
1+

c
(i)
SR

γth

a
(i)
SR

)
− d

(i)
RD

γth

a
(i)
RD

(
1+

c
(i)
RD

γth

a
(i)
RD

)⎞⎠ (33)

=

Nr∏
i=1

⎛⎜⎝1−e−
(∣∣∣∣ ν

r

R(i)

μr

R(i)

∣∣∣∣
2

+

∣∣∣∣ νr
D

μr
D

∣∣∣∣2
)
γth−

(∣∣∣∣ νt
S

μt
S

∣∣∣∣2
∣∣∣∣ ν

r

R(i)

μr

R(i)

∣∣∣∣
2

+

∣∣∣∣ νr
D

μr
D

∣∣∣∣2
∣∣∣∣∣
νt

R(i)

μt

R(i)

∣∣∣∣∣
2)

γ2
th

⎞⎟⎠ ,

Defining αi �
∣∣∣∣ νr

R(i)

μr

R(i)

∣∣∣∣2 +
∣∣∣ νr

D

μr
D

∣∣∣2 and βi �
∣∣∣ νt

S

μt
S

∣∣∣2 ∣∣∣∣ νr

R(i)

μr

R(i)

∣∣∣∣2 +∣∣∣ νr
D

μr
D

∣∣∣2 ∣∣∣∣ νt

R(i)

μt

R(i)

∣∣∣∣2 and expanding the exponential product, Eqn.

(33) can be expressed as follows

lim
N

SR(i) ,NR(i)D
→0

PAF (γth) =

1 +

Nr∑
k=1

(−1)k
(Nr

k )∑
n=1

e
−
(

k∑
j=1

φk,n,j

)
γth−

(
k∑

j=1

θk,n,j

)
γ2

th

, (34)

where φk,n,j and θk,n,j are the j th elements of the nth subsets,
each comprised of k elements of the sets {α1, α2, . . . , αNr}
and {β1, β2, . . . , βNr}, respectively. It is worth mentioning

that k ∈ {1, . . . , Nr}, n ∈
{
1, . . . ,

(
Nr

k

)}
, and j ∈

{1, . . . , k}. For more details on the exponential product
expansion, please refer to a more detailed example provided
in [29].

From (32) and (34) and evaluating the integral in (31),
we get Eqn. (35), given at the top of the next page, where

Γk,n =
k∑

j=1

φk,n,j , Ψk,n =
k∑

j=1

θk,n,j , and erf(.) is the integral

representation of the error function in [30, Eqn. 8.251.1].
Although the asymptotic outage probability expression in Eqn.
(35) is complicated, considering the special case of interest
where all nodes suffer from the same IQI levels results in the
following compact expression

P
(MRC)
SRD

.
=

∣∣∣∣νμ
∣∣∣∣2 γth +

√
π

8

Nr∑
k=1

(−1)
k+1

√
k

(
Nr

k

)
e

k
2(

erf

[
k

2

]
− erf

[√
k

2

(
2

∣∣∣∣νμ
∣∣∣∣2 γth + 1

)])
. (36)

Though Eqn. (36) represents a special case, it is still difficult to
gain insights into the functional dependence of the asymptotic

outage probability on
∣∣∣ νμ ∣∣∣2 and γth. However, it turns out that

such an insight can be gained by differentiating (36) with

respect to
∣∣∣ νμ ∣∣∣2, which we denote by ζ, assuming that the

remaining parameters are fixed, to get

∂P
(MRC)
SRD

∂ζ

.
= γth

[
1 +

Nr∑
k=1

(−1)
k

(
Nr

k

)
e−k(2ζ2γ2

th+2ζγth)

]
.
=

{
γth
[
1− e−2ζγth(ζγth+1)

]Nr , ζ ≤ 1
γth

0, ζ > 1
γth

(37)

For IQI levels and transmission rate that satisfy the condition

ζγth =
∣∣∣ νμ ∣∣∣2 (2rth − 1) << 1, Eqn. (37) can be further

simplified as follows

∂P
(MRC)
SRD

∂ζ

∣∣∣∣∣
ζγth<<1

� (2ζ)
Nr (γth)

Nr+1 . (38)

From (38), it is clear that, at a fixed Nr and γth, the functional
dependence of the asymptotic outage probability on the IQI
level can be accurately approximated as follows

P
(MRC)
SRD

∣∣∣
ζγth<<1

.
=

2Nr

Nr + 1

(∣∣∣∣ νμ
∣∣∣∣2 (2rth − 1)

)Nr+1

+ C,

(39)

where C is a constant which does not depend on the IQI
level. From this simple, yet accurate approximation as it will
be verified in Section IV, it is clear that the asymptotic
outage probability floor for AF OR with DRL decreases at an
exponential rate of (Nr + 1), at a fixed rate γth. Comparing
the asymptotic outage probability floor expressions of AF
OR both with and without DRL, which are proportional to∣∣∣ νμ ∣∣∣2Nr+2

and
∣∣∣ νμ ∣∣∣Nr

, respectively, quantifies the diversity gain
of the DRL and its role in enhancing the system’s robustness
against IQI4.

C. Connections to DF Opportunistic Relaying

Although DF OR relaying is beyond the scope of this paper,
the interested readers are referred to [31] and the references
therein, it is worth mentioning that similar analysis procedures
to those in Sections III-B1, III-B2, and III-B3 can be applied
to derive its outage probability.

1) With Direct Link and SC at the Destination: In SC,
the destination selects either the DRL or the best relay link
as shown in Section III-B2. Moreover, since we approximated
the relay end-to-end instantaneous SINR of each relay as in
(9), which is also the equivalent instantaneous SINR for the
DF OR case [27], the end-to-end outage probability of DF OR
with SC at D can be approximated as in (25). Furthermore,
for no DRL, deriving the outage probability of DF OR follows
exactly the same procedure as in Section III-B1 for AF OR.

2) With Direct Link and MRC at the Destination:
Applying MRC at D results in a different outage probability
definition as in [31, Eqn. (3a)] which showed that there is a
correlation between the SINR of the S → R∗ and R∗ → D
links even if the individual channel links are independent.
This significantly complicates the outage probability analysis
and introducing IQI makes it even more complicated!
Although we have derived the analytical outage probability

4Analogous conclusions can be drawn about the impact of γth on the
asymptotic outage probability for a given fixed IQI level and number of relays.
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P
(MRC)
SRD

.
=
dSD

aSD

(
γth − τSDγ2

th

)
+

dSD

aSD

Nr∑
k=1

(−1)k
(Nr

k )∑
n=1

1

2
√
Γ3
k,n

e−γth(γthΓk,n+Ψk,n)

×
⎛⎝2
√
Γk,nτSD

(
eγth(γthΓk,n+Ψk,n) − 1

)
+
√
πe

(2Γk,nγth+Ψk,n)
2

4Γk,n

× (τSDΨk,n + (2τSDγth − 1)Γk,n)

(
erf

[
Ψk,n

2
√
Γk,n

]
− erf

[
2γthΓk,n +Ψk,n

2
√
Γk,n

]))
(35)
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Fig. 3. Analytical (solid lines) and simulated (dashed lines) AF OR outage
probabilities for different IQI levels, for Nr = 3 relays, d1 = 0.5, rth = 4
bps/Hz, and assuming no DRL.

expressions for this scenario, we did not include them in this
paper due to space limitation and because it is not possible
to simplify them to gain useful engineering insights.

IV. NUMERICAL AND SIMULATION RESULTS

In this section, we present Monte-Carlo simulation results to
demonstrate the accuracy of the outage probability expressions
derived in Section III. Although our analytical expressions
are for a general AF OR network layout and IQI levels, we
consider the following special but insightful scenario where,
unless otherwise stated, we assume three relays located on
the perpendicular line midway between the S and D nodes
and we denote the distance between this line and the S node
by d1. In addition, the distance between the S and D nodes
is normalized to dSD = 1; meanwhile, the distance between
each pair of consecutive relays on the line is dSD/2.

The CIR between any two nodes is generated using L = 8
uncorrelated zero-mean complex Gaussian taps with uniform
power-delay profile and the variance of each tap is assumed

to be d−ξ
IJ

L , where ξ is set to 3.7. The S and R nodes
transmit at the same power level, η0 = ηi = 1; hence,
NSR(i) = NR(i)D = 1

SNR , ∀ i. Finally, the number of OFDM
subcarriers is 64 and the subcarrier index of interest is 15.

In Fig. 3, we assume that d1 = 0.5, i.e. the relays lie
on the perpendicular bisector between S and D. Therefore,
the second relay lies on the line connecting the S and D
nodes, while the other two relays form isosceles triangles with
them. Moreover, all nodes suffer from the same IQI level,
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Fig. 4. Analytical (solid lines) and simulated (dashed lines) AF OR outage
probabilities for amplitude imbalance of 0.15 dB, phase imbalance of 5◦,
rth = 4 bps/Hz, and assuming no DRL.

i.e. (μt
S)

∗
= μr

D = μr
R(i) =

(
μt
R(i)

)∗
and νtS = νrD =

νr
R(i) = νr

R(i) ∀ i. Fig. 3 depicts the AF OR without DRL
outage probabilities for different IQI levels at rth = 4 bps/Hz
and it shows the accuracy of the derived expression in (19).
The outage probability simulations and analytical expressions
coincide over the entire SNR range for different IQI levels.
Moreover, Eqn. (22) accurately predicts the outage probability
floor and quantifies its dependence on the IQI level, signal
constellation size and number of relays.

Fig. 4 shows the impact of the number of relays on the
outage probability floor for d1 = 0.5 assuming no DRL
between the S and D nodes when all nodes are impaired by
the same IQI level of 10 log10(1+ εt/r) = 0.15 dB amplitude
imbalance and θt/r = 5◦ phase imbalance. At low SNR
(below 10 dB), there is no performance improvement due to
any additional relay (beyond Nr = 3) because its path loss
is greater than the existing relays’ path losses, and hence,
it is less likely to be selected. On the other hand, at high
SNR (above 30 dB) and as shown by Eqn. (22), the outage
probability floor is independent of path loss and the relays’

positions while it is directly proportional to
∣∣∣ νμ ∣∣∣2Nr

. With
seven relays, the outage probability floor is almost eliminated
for the considered SNR range.

For further assessment of the derived expressions for AF
OR without DRL, we show in Fig. 5 the outage probabilities
for a different scenario where the S and D nodes suffer from
the same IQI level with amplitude and phase imbalances of
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Fig. 5. Analytical and simulated AF OR outage probabilities for amplitude
imbalance of 0.15 dB, phase imbalance of 5◦ , rth = 4 bps/Hz, and assuming
no DRL.
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Fig. 6. Analytical and simulated AF OR outage probabilities with SNR=20
dB, rth = 4 bps/Hz, and assuming no DRL.

0.25 dB and 5◦, respectively, while the three relays are IQI-
impaired with the same phase imbalance of 5◦ and amplitude
imbalances of 0.1, 0.15, and 0.2 dB. This figure confirms
the accuracy of the derived expressions even when the nodes
suffer from different IQI levels and the relays are not at
an equal distance from the S and D nodes. Furthermore,
it is worth mentioning that the outage probability floor is
independent of the channel gain, which depends on the relative
distances between the relays and the S and D nodes, since
the channel gain scales the signal and the interference power
levels by the same amount.

In Fig. 6 we assume that the nodes involved in the first
time slot transmissions are IQI-free while those involved in
the second time slot transmissions are IQI-impaired. In other
words, the source is IQI-free, the relays have IQI-free receiv-
ing RF front-ends and IQI-impaired transmitting RF front-
ends, and the D node suffers from IQI. This implicitly assumes
that the relays use different RF front-ends for receiving and
transmitting where the former is IQI-free while the latter is
IQI-impaired. Although this is not a practical assumption since
the relays use the same RF front-end for both transmitting and
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Fig. 7. Analytical (solid lines) and simulated (dashed lines) AF OR outage
probabilities for different IQI levels, for Nr = 3 relays, d1 = 0.5, rth = 4
bps/Hz and assuming DRL with SC at the D node.
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Fig. 8. Analytical outage probability (solid lines) and simulated outage
probability (dashed lines) versus IQI leakage and θ = 2o for AF OR with
SC and assuming SNR = 40 dB.

receiving, we make this assumption to validate our outage
expressions for different scenarios. Moreover, we assume the
same IQI level at the relays and the destination nodes. As
shown in Fig. 6, the simulations and the analytical expressions
coincide over the whole range of d1. It is well-known that the
best position for the relays is to be midway between the S
and D nodes for the IQI-free scenario [32]. Interestingly, Fig.
6 demonstrates that this is still the best position even if the
nodes suffer from IQI. However, as the IQI level increases, the
sensitivity of the outage probability to the exact relay location
decreases since it becomes dominated by IQI effects.

Figures 3 to 6 assume no DRL, while in Figures 7 and 8
we assume the AF OR protocol with DRL and SC at the D
node. We plot the outage probability versus the SNR and the
IQI leakage levels which is

∣∣∣ νμ ∣∣∣, respectively, for the special
case of interest described at the beginning of this section.
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Fig. 9. AF OR analytical outage probability floor (dashed lines) and
simulated outage probability (solid lines) for different IQI levels, with DRL
and MRC at the D node.

The outage probability simulations and analytical expressions
coincide over the entire range of SNR. Furthermore, Eqn.
(26) accurately illustrates the outage probability functional
dependence on the IQI level, input SNR, and number of relays.

Figures 9 and 10 depict the AF OR outage probability in
the presence of the DRL and assuming ideal MRC at the D
node. Moreover, all the relays are assumed to lie on the per-
pendicular bisector between the S and D nodes with d1 = 0.5.
Specifically, Fig. 9 illustrates the accuracy of the outage prob-
ability floor expression derived in Eqn. (36) in Section III-B3
for two simulation scenarios. The circle and diamond markers
refer to the first scenario where all nodes suffer from the same
IQI level with amplitude and phase imbalances of 0.15 dB and
5◦, respectively. The second scenario is represented by square
markers where all nodes are impaired with the same phase
imbalance of 5◦ and different amplitude imbalance levels.
The S and D nodes’ amplitude imbalances are 0.2 dB and
0.15 dB, respectively, while those of the relays are (0.1 dB,
0.15 dB), (0.15 dB, 0.2 dB), and (0.2 dB, 0.3 dB) where
the first and second elements of each pair are the transmit
and receive amplitude imbalances, respectively, of each relay
node. Fig. 10 shows the outage probability versus the IQI
leakage level,

∣∣∣ νμ ∣∣∣, at SNR = 40 dB assuming three relays on
the perpendicular line midway between the S and D nodes.
This figure clearly demonstrates how increasing the IQI level
severely degrades the outage performance especially for bigger
signal constellations. Moreover, it confirms the valid range of
our asymptotic outage probability floor approximation in Eqn.

(39), which is governed by the condition
∣∣∣ νμ ∣∣∣2 (2rth − 1) << 1.

As shown in the figure, this condition is satisfied over practical
outage probability levels, less than 10−2, which reaffirms
the insights discussed in Section III-B3 and their value in
designing practical communication systems.

Finally, Fig. 11 depicts the outage probability versus the
IQI leakage level for AF OR with and without DRL in the
high-SNR regime (SNR = 40 dB) for the special case
of interest where all nodes suffer from the same IQI level,
rth = 6 bps/Hz, θ = 2o, and the three relays lie on the
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Fig. 10. Asymptotic analytical outage probability (solid lines) and its
approximation (dashed lines), in Eqn. (39), versus IQI leakage for θ = 2◦,
for AF OR scheme with DRL and MRC at the D node.
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Fig. 11. AF asymptotic analytical outage probability (solid lines) and
simulated outage probability (dashed lines) with/without DRL probability
versus IQI leakage level, rth = 6 bps/Hz, θ = 2o and SNR=40 dB.

perpendicular bisector between the S and D nodes. As shown
in Fig. 11, performing MRC at the D node in the presence of a
DRL results in a lower outage probability and more robustness
against IQI than SC. We conclude by noting that Fig. 11 also
demonstrates that performing either SC or MRC at the D node
in the presence of a DRL achieves lower outage than the case
of no DRL which matches our with our asymptotic analysis
in Section III.

V. CONCLUSIONS

In this paper, we studied the outage performance of OFDM
opportunistic relaying, both with and without direct link, in
the presence of IQI in all nodes. We derived an accurate
approximation for the outage probability for the general case
where each node suffers from a different IQI level and without
restricting the distance between the source and the relay to
be the same for all relays. Our simulations demonstrated the
accuracy of the derived analytical expressions and illustrated
that the detrimental IQI effects on outage can be significantly



1468 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 62, NO. 5, MAY 2014

reduced using only few opportunistic relays. Furthermore, we
considered a special but insightful scenario where there is
no direct link, all nodes suffer from the same IQI level and
the relay nodes lie on the perpendicular bisector between the
S and D nodes. In this case, we showed that the outage
probability floor is proportional to the product of the signal
constellation size and the IQI interference to signal ratio
raised to a power equal to the number of relays. Finally, we
demonstrated that AF OR with direct link and ideal MRC at
the D node has a higher tolerance to IQI effects compared
to AF OR with direct link and SC at D node or AF without
direct link.
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