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Outage Probability of Two-Way Full-Duplex Relaying
With Imperfect Channel State Information

Dongwook Choi, Student Member, IEEE, and Jae Hong Lee, Fellow, IEEE

Abstract—In this letter, we investigate two-way full-duplex
(TWFD) relaying with a residual loop interference (LI). In the
TWFD relaying, two full-duplex users exchange data with each
other via a full-duplex relay, and each node attempts to subtract
the estimate of the residual LI from its received signal. We derive
the exact integral and approximate closed-form expressions for the
outage probability of the TWFD relaying in case of perfect and
imperfect channel state information. Monte Carlo simulations
verify the validity of analytical results.

Index Terms—Full-duplex, two-way relaying, outage probabil-
ity, imperfect channel state information (CSI).

I. INTRODUCTION

R ELAYING is an effective way to combat the performance
degradation caused by fading, shadowing, and path loss

[1], [2]. Two-way relaying, where two users exchange informa-
tion with each other via a single or multiple relays, provides
improved spectral efficiency compared to conventional one-
way relaying by using either superposition coding or physical
layer network coding at relays [3], [4].

A full-duplex scheme, where the transmission and the recep-
tion occur at the same time on the same channel, achieves up to
double the capacity of a half-duplex scheme [5]–[8]. Although
the full-duplex scheme suffers from loop interference (LI), it
has drawn attention due to recent advances on interference
cancellation and transmit/receive antenna isolation to mitigate
the LI [9]–[11].

Relaying and full-duplex schemes are combined together to
achieve higher data rates [6], [12]–[15]. In [6], the authors
investigate one-way full-duplex (OWFD) relaying and two-way
half-duplex (TWHD) relaying in order to minimize/recover the
spectral efficiency loss associated with owe-way half-duplex
(OWHD) relaying which requires additional resources (e.g.
time slots or frequencies) to transmit data. In [12] and [13],
the authors present OWFD relaying with multiple antennas in
order to provide a solution to overcome the spectral efficiency
loss in OWHD relaying. In [14], the authors investigate OWFD
relaying with opportunistic relay selection in order to enhance
the performance of OWHD relaying. However, most previous
works are focused on OWFD relaying, and there have been
few works on two-way full-duplex (TWFD) relaying. In [15],
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Fig. 1. System model for two-way full-duplex relaying.

the authors study TWFD relaying with power allocation to
maximize the average rate. However, they ignore the residual LI
at each node, which is one of the important factors that should
be considered in the performance analysis of the full-duplex
scheme. They leave it as an interesting open problem.

In this letter, we investigate TWFD relaying in the presence
of residual LI. The performance of the TWFD relaying with
LI is analyzed in case of perfect and imperfect channel state
information (CSI). Analytical results are verified by Monte
Carlo simulations.

II. SYSTEM MODEL

Consider TWFD relaying, where the users a and b exchange
information with each other via an amplify-and-forward (AF)
relay r as shown in Fig. 1. Assume that each of the users a, b,
and the relay r has a transmit antenna and a receive antenna, and
there is no direct path between the users a and b. Assume that
the relay r is located at the middle between the users a and b.

All the channels are assumed to be block fading, i.e., the
channel remains constant over a block but changes indepen-
dently from one block to another. Assume that the channel from
the node i to the node j at the block k has the channel coeffi-
cient hi,j [k], i, j ∈ {a, b, r}, which is a zero-mean circularly
symmetric complex Gaussian (CSCG) random variable with
the variance σ2

hi,j
.1 We model the channel hi,j [k] as the sum

of the channel estimate ĥi,j [k] and the channel estimation error
Δhi,j [k], i.e., [15]

hi,j [k] = ĥi,j [k] + Δhi,j [k]. (1)

1We model the channel coefficient of LI as a zero-mean CSCG random
variable under the assumptions that the line-of-sight component is effectively
reduced by the antenna isolation/interference cancelation but the scattering
multi-path components still remain due to imperfect cancellation [10], [14].
Assume that the channels are not reciprocal, i.e., hi,j [k] �= hj,i[k], since there
are two different links, i.e., (i node’s transmit antenna, j node’s receive antenna)
link, (j node’s transmit antenna, i node’s receive antenna) link.
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Assume that the channel estimate ĥi,j [k] and the channel
estimation error Δhi,j [k] are mutually uncorrelated, which is
valid for minimum mean-square error estimation. The channel
estimate ĥi,j [k] and the channel estimation error Δhi,j [k] are
zero-mean CSCG random variables with the variances σ2

ĥi,j
and

σ2
Δhi,j

= σ2
hi,j

− σ2
ĥi,j

, respectively.

Assume that the users a and b communicate with each other
via the AF relay r. At the block k, the users a and b transmit
their signals to the relay r simultaneously, and, at the same time,
the relay r broadcasts its signal to the users a and b. Then, the
relay r receives not only the transmitted signals from the users
a and b but also the LI from the relay r itself. Then, the received
signal at the relay r is given by

yr[k] =
√

Eaha,r[k]xa[k] +
√

Ebhb,r[k]xb[k]

+
√

Erhr,r[k]xr[k] + nr[k] (2)

where xi[k] is the transmit signal from the node i with unit
power, Ei is the transmit energy from the node i, i ∈ {a, b, r},
nr[k] is the additive white Gaussian noise (AWGN) with zero
mean and variance N0 at the relay r, and the third term in the
right hand side is the LI from the relay r itself. The relay r
subtracts an estimate of the LI from its received signal which
yields

ỹr[k] = yr[k]−
√

Erĥr,r[k]xr[k]. (3)

From (1), (2), and (3), we have

ỹr[k] =
√

Eaĥa,r[k]xa[k] +
√

Ebĥb,r[k]xb[k]

+
√

EaΔha,r[k]xa[k] +
√

EbΔhb,r[k]xb[k]

+
√

ErΔhr,r[k]xr[k] + nr[k]. (4)

The transmit signal from the relay r is given by xr[k] = α[k −
1]ỹr[k − 1] where the amplification factor is given by

α[k − 1] =

(
Ea

∣∣∣ĥa,r[k − 1]
∣∣∣2 + Eb

∣∣∣ĥb,r[k − 1]
∣∣∣2

+ Eaσ
2
Δha,r

+ Ebσ
2
Δhb,r

+ Erσ
2
Δhr,r

+N0

)− 1
2

. (5)

The received signal at the user a is given by2

ya[k] =
√

Erhr,a[k]xr[k] +
√

Eaha,a[k]xa[k] + na[k] (6)

where na[k] is the AWGN with zero mean and variance N0

at the user a. The user a subtracts the estimates of the self-
interference (SI)3 and the LI from its received signal which
yields (7), shown at the bottom of the page.

By dividing the desired signal power by the interference and
noise power, the signal-to-interference-plus-noise ratio (SINR)
at the user a is given by

γa=ErEb

∣∣∣ĥr,a[k]
∣∣∣2 ∣∣∣ĥb,r[k − 1]

∣∣∣2
×
(
ErEbσ

2
Δhr,a

∣∣∣ĥb,r[k−1]
∣∣∣2+ErEaσ

2
Δhr,a

∣∣∣ĥa,r[k−1]
∣∣∣2

+ ErEa

∣∣∣ĥr,a[k]
∣∣∣2 σ2

Δha,r
+ErEaσ

2
Δhr,a

σ2
Δha,r

+ErEb

∣∣∣ĥr,a[k]
∣∣∣2 σ2

Δhb,r
+ErEbσ

2
Δhr,a

σ2
Δhb,r

+E2
r

∣∣∣ĥr,a[k]
∣∣∣2 σ2

Δhr,r
+E2

rσ
2
Δhr,a

σ2
Δhr,r

+Er

∣∣∣ĥr,a[k]
∣∣∣2 N0+Erσ

2
Δhr,a

N0

+|α[k − 1]|−2 Eaσ
2
Δha,a

+|α[k−1]|−2 N0

)−1

=
χ1

∣∣∣ĥr,a[k]
∣∣∣2 χ2

∣∣∣ĥb,r[k−1]
∣∣∣2

χ1

∣∣∣ĥr,a[k]
∣∣∣2+χ2

∣∣∣ĥb,r[k−1]
∣∣∣2+χ3

∣∣∣ĥa,r[k−1]
∣∣∣2+χ4

(8)

where

χ1=
Er

Erσ2
Δhr,a

+ Eaσ2
Δha,a

+N0
(9)

χ2=
Eb

Eaσ2
Δha,r

+ Ebσ2
Δhb,r

+ Erσ2
Δhr,r

+N0
(10)

χ3=
Ea

Eaσ2
Δha,r

+ Ebσ2
Δhb,r

+ Erσ2
Δhr,r

+N0
(11)

2In the following, we will focus on the user a since similar approach and
analysis can be applied for the user b.

3For the SI cancellation, each node has to obtain the necessary CSI. At the
beginning of each block (e.g., k), the CSI acquisition is achieved in four steps.
In the first step, the user a transmits its pilot signal to the relay r, and the relay
r estimates ha,r[k]. In the second step, the user b transmits its pilot signal
to the relay r, and the relay r estimates hb,r[k]. In the third step, the relay r
broadcasts the pilot signal, and the users a and b estimate hr,a[k] and hr,b[k],

respectively. In the fourth step, the relay r feeds back ĥa,r[k − 1], ĥb,r[k − 1],
and α[k − 1] to the users a and b. In order to reduce the feedback overhead,
the relay r can feed back their quantized version to the users a and b [16].

ỹa[k]= ya[k]− α[k − 1]
√

ErEaĥr,a[k]ĥa,r[k − 1]xa[k − 1]−
√

Eaĥa,a[k]xa[k]

=α[k − 1]
√

ErEbĥr,a[k]ĥb,r[k − 1]xb[k − 1] + α[k − 1]
√

ErEbΔhr,a[k]ĥb,r[k − 1]xb[k − 1]

+ α[k − 1]
√

ErEaΔhr,a[k]ĥa,r[k − 1]xa[k − 1] + α[k − 1]
√

ErEaĥr,a[k]Δha,r[k − 1]xa[k − 1]

+ α[k − 1]
√

ErEaΔhr,a[k]Δha,r[k − 1]xa[k − 1] + α[k − 1]
√

ErEbĥr,a[k]Δhb,r[k − 1]xb[k − 1]

+ α[k − 1]
√

ErEbΔhr,a[k]Δhb,r[k − 1]xb[k − 1] + α[k − 1]
√

ErErĥr,a[k]Δhr,r[k − 1]xr[k − 1]

+ α[k − 1]
√

ErErΔhr,a[k]Δhr,r[k − 1]xr[k − 1]+α[k−1]
√

Erĥr,a[k]nr[k−1]+α[k − 1]
√

ErΔhr,a[k]nr[k−1]

+
√
EaΔha,a[k]xa[k] + na[k] (7)
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χ4=
(
ErEaσ

2
Δhr,a

σ2
Δha,r

+ ErEbσ
2
Δhr,r

σ2
Δhb,r

+ErErσ
2
Δhr,a

σ2
Δhr,r

+ Erσ
2
Δhr,a

N0

+EaEaσ
2
Δha,a

σ2
Δha,r

+ EbEaσ
2
Δha,a

σ2
Δhb,r

+ErEaσ
2
Δha,a

σ2
Δhr,r

+ Eaσ
2
Δha,a

N0 + Eaσ
2
Δha,r

N0

+Ebσ
2
Δhb,r

N0 + Erσ
2
Δhr,r

N0 +N0N0

)
×
(
Erσ

2
Δhr,a

+ Eaσ
2
Δha,a

+N0

)−1

×
(
Eaσ

2
Δha,r

+ Ebσ
2
Δhb,r

+ Erσ
2
Δhr,r

+N0

)−1

. (12)

Note that for perfect channel estimation, i.e., when σ2
Δhi,j

=

0 for i, j ∈ {a, b, r}, (9)–(12) reduce to χ1 = Er/N0, χ2 =
Eb/N0, χ3 = Ea/N0, and χ4 = 1.

III. OUTAGE PROBABILITY

The cumulative distribution function (CDF) of the SINR at
the user a is given by

Fγa
(γ)=Pr

(
χ1|ĥr,a|2χ2|ĥb,r|2

χ1|ĥr,a|2 + χ2|ĥb,r|2 + χ3|ĥa,r|2 + χ4

< γ

)

=

∞∫
0

γ
χ2∫
0

Pr

(
|ĥr,a|2 >

γχ3y + γχ2x+ γχ4

χ1(χ2x− γ)

)
× f|ĥb,r |2(x)f|ĥa,r |2(y) dx dy

+

∞∫
0

∞∫
γ
χ2

Pr

(
|ĥr,a|2 <

γχ3y + γχ2x+ γχ4

χ1(χ2x− γ)

)

× f|ĥb,r |2(x)f|ĥa,r |2(y) dx dy (13)

where, for notational simplicity, the block indices k and k −
1 in ĥr,a[k], ĥa,r[k − 1], and ĥb,r[k − 1] are omitted. Since
|ĥr,a|2, |ĥa,r|2, and |ĥb,r|2 are independent, exponentially dis-
tributed random variables with parameters 1/σ2

ĥr,a
, 1/σ2

ĥa,r
,

and 1/σ2
ĥb,r

, respectively, we have

Fγa
(γ)=1−

∞∫
0

∞∫
γ
χ2

e
− x

σ2

ĥb,r

− y

σ2

ĥa,r

− γχ3y+γχ2x+γχ4
σ2

ĥr,a
χ1(χ2x−γ)

σ2
ĥa,r

σ2
ĥb,r

dx dy. (14)

Putting x = (1/χ1χ2)(z + χ1γ) into (14), we get

Fγa
(γ)

= 1− e
− γ

σ2

ĥr,a
χ1

− γ

σ2

ĥb,r

χ2

σ2
ĥa,r

σ2
ĥb,r

χ1χ2

∞∫
0

e
− y

σ2

ĥa,r

∞∫
0

e
− γχ3y+γ2+γχ4

σ2

ĥr,a
z

× e
− z

σ2

ĥb,r

χ1χ2

dz dy

(a)
= 1− 2e

− γ

σ2

ĥr,a
χ1

− γ

σ2

ĥb,r

χ2

∞∫
0

e
− y

σ2

ĥa,r

√
γχ3y+γ2+γχ4

σ4
ĥa,r

σ2
ĥb,r

σ2
ĥr,a

χ1χ2

×K1

(
2

√
γχ3y + γ2 + γχ4

σ2
ĥr,a

σ2
ĥb,r

χ1χ2

)
dy

(b)
= 1− e

− γ

σ2

ĥr,a
χ1

− γ

σ2

ĥb,r

χ2
+

γ+χ4
σ2

ĥa,r
χ3

×

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩
ψ1γe

ψ1γΓ(−1, ψ1γ)−
1

4ψ1γ

ψ2∫
0

e−
y

4ψ1γ
√
yK1(

√
y) dy

︸ ︷︷ ︸
Δ
= Ξ(γ)

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

(15)

where K1(·) is the first order modified Bessel function
of the second kind in [17, eq. (8.407.1)], ψ1 = σ2

ĥa,r
χ3/

(σ2
ĥb,r

σ2
ĥr,a

χ1χ2), ψ2 = (4γ2 + 4γχ4)/(σ
2
ĥb,r

σ2
ĥr,a

χ1χ2), and

Γ(·, ·) is the incomplete gamma function in [17, eq. (8.350.2)].
In (15), (a) follows from the fact that

∫∞
0 exp(−(p/x)−

qx) dx = 2
√
p/qK1(2

√
pq) in [17, eq. (3.471.9)]; (b) follows

from the fact that
∫∞
0 exp(−λx)

√
κx+ ηK1(μ

√
κx+ η)dx =

(κμ)/(4λ2) exp ((κμ2/4λ) + (ηλ/κ)) Γ(−1, (κμ2/4λ)) −
(1/κ) exp(ηλ/κ)

∫ η

0 exp(−(λx/κ))
√
xK1(μ

√
x) dx in [18,

vol. 4, eq. (1.1.2.3)] and [18, vol. 4, eq. (3.16.2.4)]. The
evaluation of the integral in (15) is difficult due to the product
of the first order modified Bessel function of the second kind
and the exponential function. We thus make an approximation.

By the M -th order Taylor series approximation of the expo-
nential function e−x �

∑M
m=0(−xm/m!), the integral in (15)

is given by

Ξ(γ) �
M∑

m=0

(
− 1

4ψ1γ

)m
ψ2∫
0

(y)m+ 1
2

m!
K1(

√
y) dy

(c)
=

M∑
m=0

(
− 1

4ψ1γ

)m
ψ2∫
0

(y)m+ 1
2

2m!
G20

02

(
y

4

∣∣∣∣12 ,−1

2

)
dy

(d)
=

M∑
m=0

(
− 1

4ψ1γ

)m
1

2m!
ψ
m+ 3

2
2

×G2
1
1
3

(
ψ2

4

∣∣∣∣ −m− 1
2

1
2 ,−

1
2 ,−m− 3

2

)
(16)

where Gp
v
q
u(·) is the Meijer’s G-function in [17, eq. (9.301)].

In (16), (c) follows from the fact that K1(
√
y) = (1/2)G20

02

((y/4)|(1/2),−(1/2)) in [17, eq. (9.34.3)] and (d) follows
from the fact that

∫ x

0 ym+(1/2)G20
02((y/4)|(1/2),−(1/2))dy =

xm+(3/2) G2
1
1
3 ((x/4) |

−m− (3/2)
(1/2),−(1/2),−m− (1/2)) in [18, vol. 3,

eq. (1.16.2.1)].
From (15) and (16), the CDF of the SINR at the user a is

given by

Fγa
(γ)� 1−e

− γ

σ2

ĥr,a
χ1

− γ

σ2

ĥb,r

χ2
+

γ+χ4
σ2

ĥa,r
χ3{

ψ1γe
ψ1γΓ(−1, ψ1γ)+

M∑
m=0

1

2m!

(
− 1

4ψ1γ

)m+1

×
(

4γ2+4χ4γ

σ2
ĥb,r

σ2
ĥr,a

χ1χ2

)m+ 3
2

× G2
1
1
3

(
γ2+χ4γ

σ2
ĥb,r

σ2
ĥr,a

χ1χ2

∣∣∣∣ −m− 1
2

1
2 ,−

1
2 ,−m− 3

2

)}
. (17)
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An outage occurs when the SINR at the user a falls below a
SINR threshold γth. The outage probability of the user a is
given by

Pout,a(γth) = Pr(γa ≤ γth) = Fγa
(γth). (18)

In the high signal-to-noise ratio (SNR) regime (Ea = Eb =
Er = E → ∞), the diversity order determines the slope of
the outage probability of the user a versus E/N0 [1], [2].
From (15) and (18), using ex � 1 + x, Γ(−1, x)/x−1 � 1, and
K1(x) � 1/x as x → 0, the outage probability of the user a is
approximated as

Pout,a(γth)≈
γth

σ2
ĥr,a

χ1
+

γth
σ2
ĥb,r

χ2
− ψ1γth

≈
γth

(
Eσ2

Δhr,a
+ Eσ2

Δha,a
+N0

)
σ2
ĥr,a

E

+
γth

(
Eσ2

Δha,r
+ Eσ2

Δhb,r
+ Eσ2

Δhr,r
+N0

)
σ2
ĥb,r

E

−
σ2
ĥa,r

(
Eσ2

Δhr,a
+ Eσ2

Δha,a
+N0

)
σ2
ĥb,r

σ2
ĥr,a

Eγth
. (19)

When perfect channel estimation is available (σ2
Δhi,j

= 0, i, j∈
{a, b, r}), (19) is rewritten as

Pout,a(γth)≈
(

γth
σ2
ĥr,a

+
γth
σ2
ĥb,r

−
σ2
ĥa,r

σ2
ĥb,r

σ2
ĥr,a

γth

)(
E

N0

)−1

(20)

which is a function of (E/N0)
−1. Therefore, the diversity order

is one. When perfect channel estimation is not available, we can
expect that the error floor appears at high E/N0 region.

IV. NUMERICAL RESULTS AND DISCUSSION

Consider TWFD relaying where users a and b exchange
information with the help of an AF relay r. Suppose that the
transmit energy at the users a, b, and the relay r is same,
i.e., Ea = Eb = Er = E. And the transmit SNR is defined
as SNR = E/N0 [2]. For simplicity, we will use the notation
(σ2

Δha,r
, σ2

Δhr,r
, σ2

Δhb,r
, σ2

Δha,a
, σ2

Δhr,a
) in the figure to denote

the variances of the channel estimation errors.
Fig. 2 shows the outage probability of the user a versus

SNR for the TWFD relaying when σ2
ha,r

= σ2
hb,r

= σ2
hr,a

= 1,

σ2
hr,r

= σ2
ha,a

= 10, and γth = 1 dB. The analytical results are
generated based on (17) and (18). It is shown that the analytical
results perfectly match the simulation results. In case 1, all
variances of the channel estimation errors are set to 0. In cases
2–6, one of the variances of the channel estimation errors is set
to 0.1. In case 7, all variances of the channel estimation errors
are set to 0.1. It is shown that the outage probability of cases 2–4
is lower than that of cases 5–6. The reason is that, due to power
normalization (5) at the relay, the effects of σ2

Δha,r
, σ2

Δhr,r
, and

σ2
Δhb,r

on the outage probability are reduced. It is shown that, as
SNR increases, the difference in the outage probability between
case 1 and cases 2–7 increases. The reason is that the outage
probability of case 1 decreases as SNR increases and that of
cases 2–7 exhibits error floors at high SNR region.

Fig. 2. Outage probability of the user a versus SNR for TWFD relaying.

REFERENCES

[1] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity—
Part I: System description,” IEEE Trans. Commun., vol. 51, no. 11,
pp. 1927–1938, Nov. 2003.

[2] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity in
wireless networks: Efficient protocols and outage behavior,” IEEE Trans.
Inf. Theory, vol. 50, no. 12, pp. 3062–3080, Dec. 2004.

[3] B. Rankov and A. Wittneben, “Spectral efficient protocols for half-duplex
fading relay channels,” IEEE J. Sel. Areas Commun., vol. 25, no. 2,
pp. 379–389, Nov. 2007.

[4] T. Koike-Akino, P. Popovski, and V. Tarokh, “Optimized constellations
for two-way wireless relaying with physical network coding,” IEEE J.
Sel. Areas Commun., vol. 27, no. 5, pp. 773–787, Jun. 2009.

[5] T. Riihonen, S. Werner, and R. Wichman, “Optimized gain control for
single-frequency relaying with loop interference,” IEEE Trans. Wireless
Commun., vol. 8, no. 6, pp. 2801–2806, Jun. 2009.

[6] H. Ju, E. Oh, and D. Hong, “Catching resource-devouring worms in next-
generation wireless relay systems: Two-way relay and full duplex relay,”
IEEE Commun. Mag., vol. 47, no. 9, pp. 58–65, Sep. 2009.

[7] T. M. Kim, H. J. Yang, and A. J. Paulraj, “Distributed sum-rate optimiza-
tion for full-duplex MIMO system under limited dynamic range,” IEEE
Commun. Lett., vol. 20, no. 6, pp. 555–558, Jun. 2013.

[8] T. Riihonen, S. Werner, and R. Wichman, “Hybrid full-duplex/half-duplex
relaying with transmit power adaptation,” IEEE Trans. Wireless Commun.,
vol. 10, no. 9, pp. 3074–3085, Sep. 2011.

[9] Y. Fan, H. V. Poor, and J. S. Thompson, “Cooperative multiplexing
in full-duplex multi-antenna relay networks,” in Proc. IEEE Globecom,
New Orleans, LA, USA, Nov. 2008, pp. 1–5.

[10] T. Riihonen, S. Werner, and R. Wichman, “Mitigation of loopback self-
interference in full-duplex MIMO relays,” IEEE Trans. Signal Process.,
vol. 59, no. 12, pp. 5983–5993, Dec. 2011.

[11] T. Snow, C. Fulton, and W. J. Chappell, “Transmit-receive duplexing us-
ing digital beamforming system to cancel self-interference,” IEEE Trans.
Microw. Theory Tech., vol. 59, no. 12, pp. 3494–3503, Dec. 2011.

[12] T. Riihonen, S. Werner, R. Wichman, and J. Hämäläinen, “Outage prob-
abilities in infrastructure-based single-frequency relay links,” in Proc.
IEEE WCNC, Budapest, Hungary, Apr. 2009, pp. 1–6.

[13] D. W. K. Ng, E. S. Lo, and R. Schober, “Dynamic resource allocation
in MIMO-OFDMA systems with full-duplex and hybrid relaying,” IEEE
Trans. Commun., vol. 60, no. 5, pp. 1291–1304, May 2012.

[14] I. Krikidis, H. A. Suraweera, P. J. Smith, and C. Yuen, “Full-duplex relay
selection for amplify-and-forward cooperative networks,” IEEE Trans.
Wireless Commun., vol. 11, no. 12, pp. 4381–4393, Dec. 2012.

[15] F. S. Tabataba, P. Sadeghi, C. Hucher, and M. R. Pakravan, “Impact of
channel estimation errors and power allocation on analog network coding
and routing in two-way relaying,” IEEE Trans. Veh. Technol., vol. 61,
no. 7, pp. 3223–3239, Sep. 2012.

[16] D. J. Love et al., “An overview of limited feedback in wireless commu-
nication systems,” IEEE J. Sel. Areas Commun., vol. 26, no. 8, pp. 1341–
1365, Oct. 2008.

[17] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and Prod-
ucts, 7th ed. San Diego, CA, USA: Academic, 2007.

[18] A. P. Prudnikov, Y. A. Brychkov, and O. I. Marichev, Integrals and Series.
New York, NY, USA: Gordon and Breach, 1992.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


