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Abstract—This paper studies the impact of in-phase and
quadrature-phase imbalance (IQI) in two-way amplify-and-
forward (AF) relaying systems. In particular, the effective
signal-to-interference-plus-noise ratio (SINR) is derived for
each source node, considering four different linear detection
schemes, namely, uncompensated (Uncomp) scheme, maximal-
ratio-combining (MRC), zero-forcing (ZF) and minimum mean-
square error (MMSE) based schemes. For each proposed scheme,
the outage probability (OP) is investigated over independent, non-
identically distributed Nakagami-m fading channels, and exact
closed-form expressions are derived for the first three schemes.
Based on the closed-form OP expressions, an adaptive detection
mode switching scheme is designed for minimizing the OP of
both sources. An important observation is that, regardless of the
channel conditions and transmit powers, the ZF-based scheme
should always be selected if the target SINR is larger than 3
(4.77dB), while the MRC-based scheme should be avoided if the
target SINR is larger than 0.38 (−4.20dB).

I. INTRODUCTION

Relaying-assisted transmission can offer significant perfor-
mance benefits to wireless networks, including extending net-
work coverage, improving the system reliability and providing
a homogenous quality of service over the communication
area [1]. In standard unidirectional or one-way relaying, the
spectral efficiency is inherently low since the transmission
from the source to the destination occupies two phases (i.e.,
time slots). To tackle this problem, bidirectional or two-way
relaying, which allows two sources to exchange data through
a relay simultaneously within two phases, was proposed and
studied in [2]–[4] among others.

The vast majority of works in the area of relaying adopt
the classical assumption of ideal transceiver hardware [5]–
[8]. However, in practice, due to the limited accuracy of the
analog components and the up/down conversion operations at
the transceivers, relaying systems always suffer from hardware
impairments, e.g., phase noise, power amplifier nonlinearities,
and IQI. In this paper, we elaborate on the impact of IQI,
which refers to the phase and/or amplitude mismatch between
the in-phase (I) and quadrature (Q) signals at the transmitter
(TX) and receiver (RX) sides. Such imbalance results in an
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additional image-signal, leading to significant performance
loss especially in high-rate systems [9].

To the best of our knowledge, up to now very few works
have investigated the impact of IQI on relaying systems. In
particular, the impact of IQI on one-way relaying was analyt-
ically investigated in [10]–[13], where analytical expressions
for the average symbol error probability (SEP), OP and ergodic
capacity were derived, considering different fading channel
models. The literature on two-way relaying impaired by IQI
is even more scarce. In this context, [14] elaborated on the
effects of IQI at two sources in two-way AF relaying, where
integral-based bounds on the average SEP were derived over
Rayleigh fading channels. Moreover, a baseband compensation
algorithm was proposed, which combines the received signal
with its conjugate for data detection. However, [14] did not
consider IQI at the relay, which is more prone to IQI, since
the hardware of the low-cost relay nodes is most likely to be
of low quality. Most recently, the effects of IQI at the relay
node in two-way relaying were investigated in [15] and [16].
The results of [15] and [16] include the development of power
allocation schemes that maximize the minimum SINR of two
sources, along with lower bounds on the OP over independent,
non-identically distributed Nakagami-m fading channels. Note
that [10]–[16] did not work out any detection mode switching
method to balance the I/Q-induced interference power and the
enhanced noise power, in order to further improve the outage
performance.

Motivated by the above discussion, we hereafter character-
ize the performance of dual-hop two-way AF relaying systems,
where IQI affects both the TX and RX front-ends of the relay
node. First, the effective SINR is derived for each source node,
considering four different linear detection schemes, namely,
Uncomp, MRC-based, ZF-based and MMSE-based schemes.
Then, exact analytical expressions for the OP are obtained
for the first three detection schemes, considering independent,
non-identically distributed Nakagami-m fading channels. With
the closed-form OP expressions in hand, an adaptive detection
mode switching method is proposed to minimize the OP of
both sources. We analytically show that IQI at the relay node
results in an SINR ceiling effect for the Uncomp and the MRC-
based schemes. Interestingly, it is observed that the MRC-
based scheme has a lower SINR ceiling, compared to the
Uncomp scheme. Moreover, both our analytical and numerical
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Fig. 1. Dual-hop two-way AF relaying with IQI at the relay node.

results show that, depending on the transmit powers and the
values of the target SINR, different detection schemes should
be selected to minimize the OP. In particular, when the target
SINR value is above 3 (4.77dB), the system will always
switch to the ZF-based detection scheme, while the MRC-
based scheme should be avoided if the target SINR is larger
than 0.38 (−4.20dB).

II. SYSTEM AND SIGNAL MODEL

We consider a two-way AF relaying system where two
source nodes, S1 and S2, communicate with each other
through a single relay node. All nodes are equipped with a
single antenna, and transmission at all nodes is constrained to
the half-duplex mode, i.e., no node can transmit and receive
at the same time. The data transmission is carried out in
two phases, as depicted in Fig. 1. In phase 1, S1 and S2

simultaneously transmit their information to the relay node. In
phase 2, the relay amplifies the received signal and broadcasts
it to both sources. The RF front-ends of the source and the
destination are assumed to be perfect. In this paper, we focus
on the impact of the IQI at the relay node, since it normally
deploys lower-quality hardware.

A. IQI Model

In general, IQI refers to as the phase and amplitude im-
balance between the I and Q signal paths at the transceivers.
Here, we consider an asymmetrical IQI model, where the I
branch is assumed to be ideal and the errors are modeled in
the Q branch [9], [17]. In the case of TX IQI, the baseband
representation of the up-converted TX signal can be given as

x̂ = G1x+G∗2x
∗ (1)

where x is the baseband TX signal under perfect TX I/Q
matching. In turn, G1, G2 are given by

G1 ,
(
1 + gT e

jφT
)
/2 and G2 ,

(
1− gT e−jφT

)
/2 (2)

where gT and φT model the TX amplitude and phase
mismatch, respectively. Regarding the RX IQI, the down-
conversion of the RF RX signal is given by

ŷ = K1y +K2y
∗ (3)

where y denotes the down-converted baseband RX signal
under perfect RX I/Q matching. The coefficients K1 and K2

are

K1 ,
(
1 + gRe

−jφR
)
/2 and K2 ,

(
1− gRejφR

)
/2 (4)

where gR and φR denote the RX amplitude and phase mis-
match, respectively. The x∗ and y∗ terms in (1) and (3) are of-
ten referred to as the mirror signals introduced by IQI [9]. The

severity of TX IQI and RX IQI can be determined by the image
rejection ratios, which are defined as IRRT , |G2|2 / |G1|2
and IRRR , |K2|2 / |K1|2 respectively [18]–[20]. It is noted
that for perfect I/Q matching, these imbalance parameters
reduce to gT = gR = 1 and φT = φR = 0; thus, in this
case, we will have G1 = K1 = 1, G2 = K2 = 0 and
IRRT = IRRR = 0.

B. End-to-End SINR without IQI Compensation

Let hi denote the channel coefficient for the Si-to-relay
link for i = 1, 2. The complex Gaussian receiver noises at
S1, S2, and the relay are distributed as n1 ∼ CN (0, N1),
n2 ∼ CN (0, N2), and nr ∼ CN (0, Nr), respectively. We will
now use the relationships (1) and (3) to derive the end-to-end
SINR for each source, considering the two-phase, two-way
AF relaying protocol. We assume that the channels between
the sources and the relay are reciprocal, and remain constant
during these two phases.

In phase 1, S1 and S2 simultaneously transmit their informa-
tion to the relay node. Under RX I/Q mismatch, the baseband
RX signal after down-conversion at the relay node, yr, is

yr = K1 (h1x1 + h2x2 + nr) +K2 (h1x1 + h2x2 + nr)
∗

(5)
where x1, x2 ∈ C are the transmitted signals from the S1

and S2, with average transmit power E
{
|x1|2

}
= P1 and

E
{
|x2|2

}
= P2, respectively. Here, the operator E {·} stands

for expectation. In phase 2, the relay node amplifies the
received signal at baseband with an amplification factor G,
up-converts it to RF, and then broadcasts it to both sources.
With TX IQI at the relay, the baseband RX signal at Si is

yi = hi
(
Gi (Gyr) +G∗j (Gyr)

∗)
+ ni (6)

where j = 2
i with i = 1, 2. Substituting (5) into (6), we can

write the received signal at Si as

yi = GAh2ixi + GB |hi|2 x∗i + GAhihjxj + GBhih
∗
jx
∗
j

+ GAhinr + GBhin
∗
r + ni (7)

where

A , G1K1 +G∗2K
∗
2 and B , G1K2 +G∗2K

∗
1 . (8)

We assume that each source node Si has perfect instantaneous
information of the channel between itself and the relay, hi,
i = 1, 2. This information is then forwarded to the relay. Let
Pr be the power of the transmitted signal at the output of the
relay node. The variable amplification factor G can be selected
at the relay node as

G =

√√√√ Pr

D
(
|ρ1|2 P1 + |ρ2|2 P2 +Nr

) (9)

where ρi , |hi|2 and

D ,
(
|G1|2 + |G2|2

)(
|K1|2 + |K2|2

)
. (10)



The IQI parameters (A, B and D) and the gain factor G

are broadcasted from the relay to both sources. Recall that
the channel hi is known at Si, i = 1, 2. Therefore, each
source can cancel the corresponding self-interference terms,
i.e., GAh2ixi + GB |hi|2 x∗i for Si, such that

ỹi = GAhihjxj +GBhih
∗
jx
∗
j +GAhinr +GBhin

∗
r +ni. (11)

Without IQI compensation and by treating the IQI-induced
interference as noise, the end-to-end SINR at Si can be
obtained as

γUncomp
i,e2e =

ρiρjPj

κρiρjPj + (1 + κ) ρiNr + 1
|A|2G2Ni

. (12)

In this paper, this detection scheme is named as the Uncomp
scheme. The ratio κ , |B|2 / |A|2 is referred to as the joint
image-leakage ratio of the considered relaying system [13],
[15]. Note that for the case of perfect I/Q matching at the
relay node, we have A = 1, B = 0 and κ = 0. In practice,
the value of κ satisfies 0 < κ < 0.1 [17].

III. LINEAR DETECTION SCHEMES

In order to reduce the IQI effects in two-way AF relaying,
in this section, we consider linear detection at each source Si
by combining the signal ỹi with its conjugate ỹ∗i , such that

ŷi = w∗i,1ỹi + w∗i,2ỹ
∗
i (13)

where wi,1 and wi,2 are weighting complex coefficients to be
designed for data detection at source Si, i = 1, 2. Substituting
(11) into (13), we get

ŷi = GwH
i aihjxj + GwH

i bih
∗
jx
∗
j

+ GwH
i ainr + GwH

i bin
∗
r + w∗i,1ni + w∗i,2n

∗
i (14)

where wi ,
[
wHi,1, w

H
i,2

]H
, ai , [A∗h∗i , Bhi]

H and bi ,

[B∗h∗i , Ahi]
H . Here, (·)H denotes the conjugate transpose.

Thus, the end-to-end SINR at Si becomes

γi,e2e =

∣∣wH
i ai

∣∣2∣∣wH
i bi

∣∣2 +
G2

(
|wH

i ai|2+|wH
i bi|2

)
Nr+‖wH

i ‖2Ni
G2ρjPj

.

(15)
Without loss of generality, we assume that ‖wi‖ = 1 for i =
1, 2. Based on the selection of wi, in the following, we present
three different linear detection schemes.

A. MRC-based Scheme
The MRC-based detection scheme tries to maximize the

received SNR, by ignoring the IQI-induced interference. The
signal ỹi and its conjugate ỹ∗i are co-phased such that the
useful signals add up coherently. The complex weighted
coefficients are selected as [21, Eq. (3.33)]

wMRC
i = ai/ ‖ai‖ . (16)

Substituting wMRC
i and (9) into (15), the end-to-end SINR can

be obtained as

γMRC
i,e2e =

ρiρjPj
4κ

(1+κ)2
ρiρjPj + ρi

(
1 + 4κ

(1+κ)2

)
Nr + 1

|A|2G2(1+κ)Ni
.

(17)

Comparing (17) with (12), we see that the MRC-based scheme
can reduce the noise power from source Si by a factor of
(1 + κ). However, this is achieved at a cost of increasing
IQI-induced interference with a factor of 4

(1+κ)2
. Thus, this

detection scheme is more efficient for the noise-limited regime.

B. ZF-based Scheme

The ZF based detection scheme aims to completely cancel
the IQI-induced interference by choosing [21, Eq. (3.100)]

wZF
i =

1√(
|A|2 + |B|2

)
ρi

[A∗h∗i ,−Bhi]
H (18)

yielding wH
i bi = 0. The end-to-end SINR in (15) becomes1

γZF
i,e2e =

ρiρjPj

ρiNr + 1+κ
|1−κ|2|A|2G2Ni

. (19)

Comparing (19) with (12), we see that by applying the ZF-
based scheme, the IQI-induced interference has been com-
pletely eliminated. However, from (19), we see that the
noise power from the source Si is increased by 1+κ

|1−κ|2 -
a phenomenon known as noise enhancement for ZF-type
of transformations [22]. Therefore, the ZF-based detection
scheme is more efficient for IQI-limited systems.

C. MMSE-based Scheme

The MMSE-based detection scheme provides the optimal
linear IQI compensation that maximizes the end-to-end SINR.
Define the full-rank matrix

Ri , bib
H
i +

Nr
ρjPj

(
aia

H
i + bib

H
i

)
+

Ni
G2ρjPj

I2. (20)

Then, the SINR expression in (15) can be rewritten as a
generalized Rayleigh quotient, γi,e2e =

wH
i aia

H
i wi

wH
i Riwi

, which is
maximized by selecting [21, Eq. (8.61)]

wMMSE
i =

R−1i ai∥∥R−1i ai
∥∥ . (21)

The corresponding maximum end-to-end SINR is

γMMSE
i,e2e = aHi R−1i ai =

ρiρjPj + ρiNr + (1+κ)Ni
|1−κ|2|A|2G2

ρiNr

(
1 + Nr

ρjPj

)
+ J

(22)

where

J ,
(1 + κ)Ni

|1− κ|2 |A|2 G2

(
1 +

2Nr
ρjPj

+
Ni

|A|2 G2 (1 + κ) ρiρjPj

)
.

Remark 1: Compared to the MRC and ZF-based schemes,
the MMSE-based scheme has a higher computational com-
plexity, since it requires matrix inverse calculations to obtain
the compensation vector wMMSE

i . Moreover, for the MMSE-
based scheme, each source node Si needs to have instanta-
neous channel state information (CSI) of both h1 and h2 in

1Note that in practice, we have κ < 0.1, thus, |1− κ|2 6= 0, and the
received SINR in (19) is always defined.



order to construct the matrix Ri. On the contrary, for the
MRC and ZF-based schemes, only local instantaneous CSI
is required, that is, Si only needs to have the instantaneous
information of the channel between itself and the relay, i.e.,
hi. Therefore, the MMSE-based scheme also requires more
channel knowledge. For the case of perfect IQ matching at
the relay node (i.e., κ = 0), the received SINRs in (12), (17),
(19) and (22) reduce all to the standard expression [3]

γideal
i,e2e =

ρiρjPj

ρiNr + 1
G2
Ni
. (23)

IV. ADAPTIVE DETECTION MODE SWITCH

In this section, we propose an adaptive detection mode
switching method, which minimizes the OPs of both sources.
We start by deriving the OP expressions for the considered
detection schemes. Since the OP performance analysis for the
MMSE-based scheme is challenging, if not impossible, we
hereafter focus on the Uncomp, MRC-based and ZF-based
schemes.

A. Outage Probability Analysis

The amplitudes |h1| and |h2| are modeled as independent,
non-identical Nakagami-m random variables with fading pa-
rameters mi ≥ 0.5, and average powers Ωi = E

{
|hi|2

}
for

i = 1, 2. Therefore, ρi , |hi|2 is a Gamma random variable

distributed with shape parameter mi and scale parameter
Ωi
mi

.

The OP at Si, i = 1, 2, is defined as the probability that
its instantaneous equivalent SINR, γi, falls below a certain
threshold γth, that is,2

Pout,i(γth) = Pr {γi ≤ γth} (24)

where Pr {·} denotes probability.
For convenience, we denote γ̄i , Pi/Nr and γ̄r,i , Pr/Ni

for i = 1, 2. Substituting (9) into (12), (17) and (19), the
received SINRs at Si for the uncompensated case and the cases
with MRC and ZF-based compensation can be written in a
general form as

γi,e2e =
aiρiρj

biρiρj + ciρi + diρi + 1
(25)

where j , 2
i for i = 1, 2. The positive values ai, ci, di and

non-negative value bi are given in Table I, where αZF ,
|1−κ|2|A|2
(1+κ)D . Based on the received SNR expression in (25), we

present the following exact closed-from OP expression.
Proposition 1: For Nakagami-m fading channels with inte-

ger mi, the OPs at Si for the Uncomp and the MRC-based

2The value of γth is usually predefined in order to satisfy a certain quality-
of-service requirement, e.g., to achieve log2 (1 + γth) bits/channel use.

Table I
SINR PARAMETERS

Uncomp MRC-based ZF-based

ai
|A|2
D

γ̄j γ̄r,i
(1+κ)|A|2

D
γ̄j γ̄r,i αZFγ̄j γ̄r,i

bi
κ|A|2
D

γ̄j γ̄r,i
4κ|A|2
(1+κ)D

γ̄j γ̄r,i 0

ci
|A|2(1+κ)γ̄r,i

D
+ γ̄i

(1+6κ+κ2)|A|2γ̄r,i
(1+κ)D

+ γ̄i αZFγ̄r,i + γ̄i

di γ̄j γ̄j γ̄j

schemes can be expressed as

Pout,i (γth) = 1− 2

Γ (mi)

(
mi

Ωi

)mi
exp

(
−miγ̃i

Ωi
− ciγ̃imj

diΩj

)

×
mj−1∑
k=0

k∑
l=0

mi−1∑
ν=0

1

k!

(
cimj

diΩj

)kk
l


mi − 1

ν


× γ̃k+mi−ν−1i

(
γ̃i +

1

ci

)k−l
×
(

(ciγ̃i + 1) γ̃imjΩi
dimiΩj

) l+ν−k+1
2

×Kl+ν−k+1

(
2

√
(ciγ̃i + 1) γ̃imimj

diΩiΩj

)
(26)

for 0 ≤ γth <
ai
bi

, and Pout,i(γth) = 1 for γth ≥ ai
bi

, i = 1, 2.
Here, γ̃i , diγth

ai−biγth
. Also, Γ(x) =

´∞
0
tx−1 exp (−t) dt is the

Gamma function, and Kv (·) is the v-th order modified Bessel
function of the second kind. For the ZF-based scheme, the
SINR ceiling vanishes and the OP at Si is given as in (26) for
all γth ≥ 0, where γ̃i , di

ai
γth.

Proof: See Appendix I.
Proposition 1 shows that, due to the effect of IQI, the OP

at each source node is always 1 if γth ≥ 1
κ for the Uncomp

scheme, and if γth ≥ (1+κ)2

4κ for the MRC-based scheme. The
values 1

κ and (1+κ)2

4κ can be regarded as the SINR ceilings
in the high SNR regime, caused by IQI at the relay [13],
[23], [24]. This implies that, for the Uncomp and MRC-
based schemes, outage will always happen if the target SINR
threshold is above their corresponding SINR ceilings. Note
that in practice, we have 0 < κ < 0.1, thus, 1

κ >
(1+κ)2

4κ , i.e.,
the MRC-based scheme has a lower SINR ceiling, compared
to the Uncomp scheme. This implies that, in the high SNR
regime, the MRC-based detection performs worse than the
Uncomp scheme. This result, though unexpected, makes very
good sense because in the high SNR regime, the system be-
comes IQI-limited, and the MRC-based scheme increases the
IQI-induced interference (Section III-A). From Proposition 1,
we also observe that the ZF-based compensation scheme
does not have the SINR ceiling effect, since the IQI-induced
interference is completely canceled. However, as discussed in
Section III-B, this IQI compensation scheme enhances the
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Fig. 2. Adaptive detection mode switch for two-way relaying.

noise power. Thus, the ZF-based scheme should be avoided
when the system is noise-limited.

B. Adaptive Mode Switch

Let PUncomp
out,i (γth), PMRC

out,i (γth) and P ZF
out,i (γth) denote the

OPs for the Uncomp, MRC-based and ZF-based schemes,
respectively. Based on the derived exact OP expression in
(26), we now present the following insightful guidelines for
the design of adaptive compensation mode switch:

Proposition 2: For Nakagami-m fading channels with inte-
ger mi, we always have

1) PMRC
out,i (γth) > PUncomp

out,i (γth) if γth ≥ 1+κ
3−κ ;

2) PUncomp
out,i (γth) > P ZF

out,i (γth) if γth ≥ 3−κ
1+κ .

Here, κ is the joint image-leakage ratio defined in Section
II-B, with 0 < κ < 0.1 in practice.

Proof: See Appendix II.
Proposition 2 implies that, depending on the value of the

target SINR γth, different detection schemes should be selected
to minimize the OPs. Based on Proposition 2 and notice that
1+κ
3−κ < 3−κ

1+κ for 0 < κ < 0.1, the optimal model switch be-
tween the Uncomp, MRC-based and ZF-based schemes can be
interpreted in Fig. 2. We see that the optimal switching point
between the MRC-based scheme and the Uncomp scheme is
1+κ
3−κ − ∆1, while 3−κ

1+κ − ∆2 is the optimal switching point
between the Uncomp scheme and the ZF-based scheme. The
differences, ∆1 and ∆2 are caused due to the fact that different
schemes have different values of ci.

From Table I, we see that when the transmit SNRs of the
relay-to-source links is much less than the transmit SNRs
of the source-to-relay links (i.e., γ̄r,i � γ̄i), the differences
between the values of ci are negligible. In these cases, the
values of ∆1 and ∆2 converge to 0. Then, the two points
γth = 1+κ

3−κ and γth = 3−κ
1+κ become very close to the

mode switching points. As γ̄r,i− γ̄i increases, the differences
between the values of ci for different schemes increase. Then,
∆1 and ∆2 become the dominating terms that affect the
optimal switching points. When γ̄r,i � γ̄i, the two switching
points will disappear, and the ZF-based scheme will always
outperform the other two schemes.

Moreover, note that 1+κ
3−κ < 0.38 and 3−κ

1+κ < 3 for 0 < κ <
0.1. Then, we have the following corollary:

Corollary 1: Regardless of the channel conditions and trans-
mit SNRs, the ZF-based scheme should always be selected
if γth ≥ 3 (4.77dB), and the MRC-based scheme should be
avoided if γth ≥ 0.38 (−4.20dB).
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V. NUMERICAL RESULTS

In this section, we present a set of numerical results to
evaluate the performance of the proposed adaptive mode
switching scheme and to verify our analytical results. Figure 3
shows the OP at each source node as a function of the trans-
mit SNR. The exact analytical expression (26) is compared
with Monte-Carlo simulations for different detection schemes.
The simulated OP with the MMSE-based scheme is also
depicted for comparative purposes. We consider symmetric
IQI at the relay node with TX and RX image rejection ratios
given as IRRT = IRRR ≈ −20dB, which correspond to
20 log10 (gT ) = 20 log10 (gR) = 1.58dB amplitude imbalance
and φT = φR = 5◦ phase imbalance. The joint image rejection
ratio of the system is κ = 0.04. As can be seen, the exact
analytical OP expression agrees perfectly with the numerical
results. In agreement with Corollary 1, we observe that when
γth = 3 (4.77dB), the ZF-based scheme achieves the lowest OP
over the entire range of SNRs, compared to the Uncomp and
the MRC-based schemes. Moreover, as anticipated, the MRC-
based scheme has the worst performance for both γth = 3
(4.77dB) and γth = 1 (0dB), since γth > 0.38 (−4.20dB) for
both cases.

Figure 4 demonstrates the OP of the two sources versus the
target SINR γth, for 0.05 ≤ γth ≤ 0.5 and considering the same
IQI parameters used in Fig. 3. We see that for the case where
the transmit SNRs of the relay-to-source links is much less
than the transmit SNRs of the source-to-relay links (i.e., γ̄i =
γ̄j = 15dB, γ̄r,i = γ̄r,j = 5dB), there is a switching point
between the MRC-based scheme and the Uncomp scheme.
The value of γth corresponding to the switching point is around
1+κ
3−κ ≈ 0.35 , which is in agreement with Proposition 2. As
expected, this switching point moves towards left and then
disappears as γ̄r,i and γ̄r,j increase. We also observe that, for
the low target SINRs (0.05 ≤ γth ≤ 0.5), the ZF-based scheme
performs the worst for the two cases when γ̄r,i = γ̄r,j = 5dB
and γ̄r,i = γ̄r,j = 10dB. This is expected because in both



0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
10

−5

10
−4

10
−3

10
−2

10
−1

SINR threshold, γth [linear scale]

O
u
ta
g
e
P
ro
b
a
b
ili
ty

Uncomp

MRC
ZF
MMSE

γ̄i = γ̄j=15dB
γ̄r,i = γ̄r,j=5dB

γ̄i = γ̄j=15dB
γ̄r,i = γ̄r,j=10dB

γ̄i = γ̄j=15dB
γ̄r,i = γ̄r,j=20dB
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Fig. 5. Outage probability vs. SINR threshold γth. The channel fading
parameters are m1 = m2 = 2 and Ω1 = Ω2 = 1.

cases, the OP is dominated by the value of γ̃i for all schemes.
Over the considered range of γth, the ZF-based scheme has
the largest γ̃i, thus, resulting in the worst outage performance.
Similar behavior for the mode switching between the Uncomp
scheme and the ZF-based scheme can be seen in Fig. 5.

From Fig. 5 we see that the OP becomes equal to 1 for
the MRC-based scheme once the SNR threshold, γth, reaches
its SINR ceiling, i.e., (1+κ)2

4κ ≈ 6.78. This implies that the
system is in full outage due to the effect of IQI, which cannot
be avoided by improving the transmit SNRs [13], [23], [24].
The ceiling effect of the Uncomp scheme can also been seen if
γth ≥ 1

κ ≈ 25.1 (14dB). Note that comparing to the Uncomp
scheme, the performance gain achieved by selecting the MRC-
based scheme at low SINR thresholds is negligible. Therefore,
an alternative mode switching method would be to remove
the first switch point in Fig. 2, and only switch between the
Uncomp and the ZF-based schemes.
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Fig. 6. Outage probability vs. the phase mismatch parameter φT = φR.
The channel fading parameters are m1 = m2 = 2 and Ω1 = Ω2 = 1. The
transmit SNRs are γ̄i = γ̄j = γ̄r,i = γ̄r,j = 25dB.

Finally, we investigate the impact of IQI on the outage
performance for different detection schemes. The ideal hard-
ware case is used as our performance baseline. Figure 6
shows the OP as a function of the phase mismatch, with
the same amplitude imbalance parameters used in Fig. 3. We
consider two target SINR thresholds, i.e., γth = 3 (4.77dB)
and γth = 7 (8.45dB), in order to achieve 2bits/channel
use and 3bits/channel use, respectively. As expected, the
ZF-based scheme outperforms the Uncomp and MRC-based
schemes over the entire range of the phase imbalance, since
γth ≥ 3 (4.77dB). Therefore, the ZF-based scheme should be
selected for both cases. Moreover, we see that the Uncomp
and the MRC-based schemes are very sensitive to the IQI
levels at the relay, especially when the target SINR is high.
On the contrary, the ZF-based scheme is more robust to the IQI
effects, and it performs very close to the optimal MMSE-based
scheme for both cases. We also observe that, compared to the
Uncomp scheme and the MRC-based scheme, the performance
gain achieved by the ZF-based scheme increases significantly
as γth increases. This implies that IQI cancellation plays an
important role for reducing the OP for high data-rate systems.

VI. CONCLUSIONS

In this paper, the performance of two-way AF relaying
in the presence of IQI at the relay node was analyzed with
different detection schemes at sources. More specifically,
considering Nakagami-m fading, closed-from OP expressions
have been derived for the Uncomp, MRC and ZF-based
detection schemes. Our theoretical analysis indicated that, for
the Uncomp and MRC-based schemes, IQI at the relay node
results in an SINR ceiling effect, which depends merely on
the IQI parameter. Furthermore, an adaptive detection mode
switching method was proposed to reduce the OP over all
target SINRs. Compared to the Uncomp and MRC-based
schemes, it is always better to select the ZF-based detection
scheme when the target SINR is above 3 (4.77dB). Then,
depending on the transmit SNRs of the relay-to-source and the



source-to-relay links, the system may switch to the Uncomp
scheme, as the target SINR decreases.

APPENDIX I
PROOF OF PROPOSITION 1

Let pρi(x) and Fρi (x) denote the PDF and CDF of ρi,
respectively, for i = 1, 2. Plugging (25) into (24), the OP at
Si becomes Pout,i (γth) = Pr

{
aiρiρj

biρiρj+ciρi+diρi+1 ≤ γth

}
. If

bi 6= 0, then, we have γi,e2e <
ai
bi

. Thus, Pout,i (γth) = 1 for
γth ≥ ai

bi
. When 0 ≤ γth <

ai
bi

, the OP can be rewritten as

Pout,i(γth) = Eρi
{

Pr
{

(ρi − γ̃) ρj ≤
γ̃i (ciρi + 1)

di

∣∣∣∣ ρi}}
(27)

where γ̃i , diγth
ai−biγth

. Note that

Pr
{

(ρi − γ̃) ρj ≤
γ̃i (ciρi + 1)

di

∣∣∣∣ ρi}
=

{
1, 0 ≤ ρi ≤ γ̃i,
Fρj

(
γ̃i(ciρi+1)
di(ρi−γ̃i)

)
, ρi ≥ γ̃i.

(28)

Hence, (27) can be further expressed as

Pout,i(γth) =

ˆ γ̃i

0

1 · pρi(ρi)dρi

+

ˆ ∞
γ̃i

Fρj

(
γ̃i (ciρi + 1)

di (ρi − γ̃i)

)
pρi(ρi)dρi.

The result in (26) can then obtained by following the same
methodology used in [13, Appendix II].

APPENDIX II
PROOF OF COROLLARY 1

Note that γi,e2e in (25) is a monotonically decreasing
function of ci. Thus, Pout,i (γth) increases as ci increases for
all cases. Also, γ̃i defined in Proposition 1 is a monotonically
increasing function of γth for each case. Thus, we can show
that Pout,i (γth) in (26) increases as γ̃i increases. Let cUncomp

i ,
cMRC
i and cZF

i denote the values of ci for the Uncomp,
MRC-based and ZF-based schemes, respectively. Similarly, let
γ̃i

Uncomp, γ̃iMRC and γ̃i
ZF denote the corresponding values of

γ̃i for these different schemes. From Table I, it is easy to show
that cZF

i < cUncomp
i < cMRC

i for 0 < κ < 1. Moreover, we have

γ̃i
MRC

γ̃i
Uncomp =

1− κγth

1 + κ− 4κ
1+κγth

(29)

and
γ̃i

Uncomp

γ̃i
ZF =

|1− κ|2

(1 + κ) (1− κγth)
. (30)

Therefore, if γth ≥ 1+κ
3−κ , then, from (29), we get γ̃iMRC ≥

γ̃i
Uncomp. Note that 1+κ

3−κ is smaller than the SINR ceilings

of the Uncomp and MRC-based schemes, i.e., 1
κ and (1+κ)2

4κ ,
respectively. Now, recall that cUncomp

i < cMRC
i and Pout,i (γth)

increases as ci or γ̃i increases. Thus, if γth ≥ 1+κ
3−κ , we

have PMRC
out,i (γth) > PUncomp

out,i (γth). Similarly, we can prove that
PUncomp

out,i (γth) > P ZF
out,i (γth) if γth ≥ 3−κ

1+κ .
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