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Abstract— We propose a novel two-timeslot two-way
full-duplex (FD) relaying scheme, in which the access link and
the backhaul link are divided in the time domain, and we
study the average end-to-end rate and the outage performance.
According to the user equipment capability and services,
we investigate two scenarios: three-node I- and four-node
Y -relaying channels. Among various relaying protocols, the wellknown amplify-and-forward and decode-and-forward are
considered. Closed-form expressions for the average end-to-end
rate and the outage probability, under the effect of residual
self-interference and inter-user interference, are presented. The
results show that the proposed two-timeslot two-way FD relaying
scheme can achieve higher rate and better outage performance
than the half-duplex one, when residual self-interference is
below a certain level. Therefore, this relaying scheme presents
a reasonable tradeoff between performance and complexity, and
so, it could be efficiently used in the fifth-generation wireless
networks.
Index Terms— Full-duplex, two-way relaying, time division
multiplexing, residual self-interference, Y -relaying channel.

I. I NTRODUCTION

R

ELAYING, which enables wireless networks to work in
a cooperative manner, is an efficient way to improve
spectrum efficiency and extend coverage. Half-duplex (HD)
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Fig. 1. Existing relaying schemes. a) 4-timeslot HD; b) 3-timeslot HD;
c) 2-timeslot HD; d) One-way FD (Protocol 1); e) FD (Protocol 2);
f) Two-way FD (Protocol 3).

relaying has already been adopted as one of the key features
in long term evolution-advanced (LTE-A) systems [1]. Field
tests show that it can improve the coverage in the holes
and the data rate in poorly covered areas of a donor
eNodeB (DeNB) [2], [3]. In order to satisfy the increasing
data rate demands, the research in fifth generation (5G)
wireless networks is on-going, both in academia and industry.
In the 5G era, wireless networks should offer up to
tens of Gbps data rate to support a variety of emerging
services [4], [5], which stimulates researchers to constantly
explore innovative techniques, with higher spectrum efficiency.
Recently, full-duplex (FD) radio was proposed as a promising
technique for the 5G networks, because it can double the spectrum efficiency, by achieving simultaneous transmission and
reception on the same carrier frequency [6]–[9]. Furthermore,
in order to satisfy the 5G requirements, relaying schemes with
high spectrum efficiency, such as two-way, and full-duplex
etc., have been recently attracted considerable attention.
A. Related Literature
Fig. 1 summarizes existing three-node relay transmission
schemes, which differ in the number of time slots required to
achieve the bidirectional data exchange.
• Four-timeslot HD relaying [10], [11]. As shown
in Fig. 1(a), this scheme needs four time slots to achieve
the bidirectional data transmission between the user
equipment (UE) and the donor base station (BS) via the
relay. In the first time slot, the UE transmits uplink data
to the relay, while the relay forwards the received data

0090-6778 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

2874

•

•

•

•

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 64, NO. 7, JULY 2016

to the BS in the second time slot. Similarly, in the third
time slot, the BS transmits downlink data to the relay,
while the relay forwards the received data to the UE in
the fourth time slot. Among all the relay transmission
schemes, this scheme presents the lowest complexity, but
its spectrum efficiency is the lowest one.
Three-timeslot HD relaying [12], [13]. Fig. 1(b) shows
that bidirectional data transmission between the UE and
the BS via the relay, can be achieved in three time slots.
In the first time slot, the UE transmits uplink data to
the relay, while the BS transmits downlink data to the
relay in the second time slot. In the third time slot, the
relay broadcasts a combination of the received data to
the UE and the BS. In general, network coding [14], [15]
is used to combine the received two data flows at
the relay. Therefore, the destination node receives not
only the desired data from the source node but also
its own previous transmitted data. The destination node
subtracts back-propagating interference (BI)1 [16] prior to
decoding.
Two-timeslot HD relaying [16]–[19]. The two time slots
bidirectional data transmission, between the UE and the
BS via the relay, is demonstrated in Fig. 1(c). This
scheme consists of the multiple access (MAC) and broadcast (BC) stages. At the MAC stage, the UE and the BS
simultaneously transmit their own data to the relay on
the same carrier frequency, while the relay broadcasts
a combination of the received data to the UE and the
BS at the BC stage. Similarly, both the UE and the
BS need to suppress the back-propagating interference
in two-timeslot HD relaying.
One-way FD relaying (Protocol 1) [20]–[24]. In this
scheme, unidirectional data transmission between the UE
and the BS via the FD relay is achieved in one time slot,
as shown in Fig. 1(d). In order to exchange the bidirectional data between the UE and the BS, it still needs
two time slots. In the first time slot, the UE transmits
uplink to the BS via the relay, while the BS transmits
downlink data to the UE via the relay in the second time
slot. In this scheme, only the relay operates in FD mode,
and suffers from residual self-interference2 [20]. When
the amplify-and-forward (AF) protocol is adopted, it is
also called as full-duplex repeater [25], [26], which has
widely been used in cellular networks. Unlike the BS
with whole baseband and radio remote units, a full-duplex
repeater consists of a radio receiver and a transmitter,
which can enable the signal to cover longer distances
without degradation, through retransmitting the received
weak signal at a higher power.
FD relaying (Protocol 2) [27]. As shown in Fig. 1(e),
two time slots are used to achieve the bidirectional data
exchange between the UE and the BS via the relay.

1 Back-propagating interference refers to signals previously transmitted by
a node, which they propagate back to the receiver via intermediate nodes.
2 Self-interference refers to co-channel signals that are transmitted by a fullduplex node and looped back to the receiver simultaneously. Due to imperfect
interference cancellation, loop signals still remains in the receiver and are
considered as interference, when decoding the desired data.

•

In the first time slot, the UE transmits the uplink data
to the relay. In the second time slot, the relay receives
the downlink data from the BS, then broadcasts a combination of the received data to the UE and the BS.
In this scheme, the relay and the BS operate in FD
mode, thus they suffer from residual self-interference
generated by the co-channel transmission and imperfect
interference cancellation. In addition, both the UE and
the BS need to cancel the back-propagating interference
as well.
Two-way FD relaying (Protocol 3) [27]–[29]. Fig. 1(f)
demonstrates the bidirectional data exchange between the
UE and the BS via the relay in one time slot. The
relay simultaneously receives two data flows from the
UE and the BS on the same carrier frequency, then
broadcasts their combination to the UE and the BS.
Compared with the above relaying schemes, two-way
FD relaying (Protocol 3) can achieve highest spectrum
efficiency, but it also presents the maximum processing
complexity. This is because the UE, the relay, and the
BS need to suppress residual self-interference, created
by the co-channel transmission and imperfect interference
cancellation, and the back-propagating interference needs
to be cancelled at both the UE and the BS.

B. Motivation and Contribution
Even though there are several available relaying schemes,
which are described above, it seems that they are not optimal
for the future needs of wireless networks. For one-way FD
relaying (Protocol 1), the BS operates in HD mode, and thus,
does not fully take the advantages of FD; In FD (Protocol 2),
the relay performs signal combining and the UE perfectly
cancel the back-propagating interference; the relay needs two
sets of FD transceivers to achieve simultaneous bidirectional
data exchange between the UE and the BS in two-way
FD (Protocol 3) and also performs signal combining. Besides,
in this scheme, both UE and BS are required to perfectly
cancel the back-propagating interference. In addition, the BS
cannot dynamically adjust the time resources to optimize the
performance for some scenarios, such as the signal-to-noise
ratio (SNR) imbalance between the access and the backhaul
links [30].
Motivated by the above, in this paper, we propose and
investigate a novel two-timeslot two-way FD relaying scheme,
based on time division multiplexing, where the access and the
backhaul links are divided in time domain, while FD operation
is introduced in each hop. The available time slots for each
hop depend on the configuration from the higher layers. In the
available time slots for the access link, bidirectional data are
exchanged between the UE and the relay, while the BS can
also use these slots to serve users in the BS macro cell.
Furthermore, bidirectional data transmission between the relay
and the BS is achieved in the available time slots for the
backhaul link. Compared with FD (Protocol 2) and two-way
FD (Protocol 3), there is no back-propagating interference in
two-timeslot two-way FD relaying scheme.
According to the UE capability and services, two
scenarios are considered: a) I -relaying channel (IRC);
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and b) Y -relaying channel (YRC) [31]–[33]. In I -relaying
channel, the UE, the relay, and the base station support FD
operation and the UE has concurrent uplink and downlink
data, while in Y -relaying channel, the BS and the relay, both
equipped with FD transceiver, serve the UE1 with uplink
data and the UE2 with downlink data. Among various relaying protocols, we consider the well-known AF and decodeand-forward (DF)3 [16]. In contrast to [34], we assume
that there is no direct link between the UE and the BS,
due to transmit power limitation or the severe shadowing
effect [18], [20]. Furthermore, we consider the effect of
residual self-interference and inter-user interference [35].
The contribution of this paper can be summarized as
follows:
• A novel two-timeslot two-way FD relaying scheme,
which divides the access and the backhaul links in time
domain, is proposed, and the scenarios of three-node
I - and four-node Y -relaying channels are studied;
• Closed-form expressions for the average end-to-end
rate and the outage probability of the AF and DF
based two-timeslot two-way FD relaying schemes, are
derived;
• Detailed analysis and performance comparisons between
the proposed scheme and the HD relaying, are also
presented.
C. Paper Outline
The rest of the paper is organized as follows. Section II
describes the system model and explains the main concept of the two-timeslot two-way FD relaying scheme.
A detailed derivation of the average end-to-end rate and the
outage probability of this relaying scheme for the I - and
Y -relaying channels, are presented in Section III. Analytical
results, Monte Carlo simulations and discussion are presented
in Section IV, followed by the conclusions in Section V.
II. S YSTEM M ODEL
A two-timeslot two-way FD relaying model is considered,
as in Fig. 2, with (a) I -relaying channel and (b) Y -relaying
channel. The hop between the UE and the relay is referred
to as the access link, while the backhaul link refers to the
hop between the relay and donor BS. Furthermore, no direct
link between source and destination nodes is assumed, due
to the transmit power limitation or the severe shadowing
effect [18], [20]. Also, we consider a simple 1:1 access/
backhaul link time slot configuration, where the odd time
slots are configured to the access link, while the backhaul
link uses the even time slots. To this end, in the odd time
slots, the simultaneous uplink and downlink data transmissions
between the UE and the relay on the same carrier frequency,
are achieved, while the data exchange between the relay and
the BS is implemented in the even time slots.
3 The compute-and-forward (CF) protocol enables relays to decode linear
equations of the transmitted messages using the noisy linear combinations
provided by the channel, which relies on codes with a linear structure, as the
nested lattice codes [15], [18]. Thus, CF protocol is based on a different
concept than AF and DF protocols. In this paper, we focus on DF and AF
here for their practical simplicity.

Fig. 2.
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System model of two-timeslot two-way FD relaying.

In scenario (a) of Fig. 2, all the nodes operate in FD mode,
thus they suffer from residual self-interference (SI), due to
the co-channel transmission and imperfect interference cancellation. In scenario (b), the relay and the BS operate in FD
mode, while the UE1 with uplink data and the UE2 with downlink data work in HD mode, thereby inter-user interference
between two UEs replaces self-interference generated at the
UE in scenario (a). In this scenario, UE1 as source, UE1 as
destination, the relay, the donor BS as source, and the donor
BS as destination are denoted as S1, D1, R, S2, and D2,
respectively. In scenario (b), UE1, UE2, the relay, the donor
BS as source, and the donor BS as destination are represented
by S1, D1, R, S2, and D2, respectively.
Although the detrimental effect of self-interference can
be mitigated by using multiple-stage interference cancellation [36], there is still residual self-interference due to
the imperfections of the radio frequency chains. According
to [7], [20], and [37], the variance of residual self-interference
is approximately proportional to the λ-th power of the average transmitted power, where, λ ∈ [0, 1], depends on the
effect of the adopted self-interference cancellation techniques.
In practice, the accurate relation between the transmitted
power and residual self-interference is still unknown [37].
Usually, it is set to empirical values, which are obtained from
field measurements and can be found in [7].
The involved channels are S1→R, R→D2, S2→R,
R→D1, S1→D1, R→R, and S2→D2, whose channel coefficients are denoted as h S1R , h R D2 , h S2R , h R D1 , h S1D1, h R R ,
and h S2D2, respectively. Note, that in scenario (a), S1→D1
and S2→D2 are the residual self-interference channels, while
S1→D1 is the inter-user interference channel and S2→D2
is the residual self-interference channel in scenario (b).
We consider that h S1R and h S2R are independent and the
channels are reciprocal, thus it holds that h S1R = h R D1
and h S2R = h R D2 for the I -relaying channel, while
h S2R = h R D2 holds for the Y -relaying channel. Similarly
to [20] and [38], the residual self-interference channels are
assumed to be free of fading, while the channels S1→R,
R→D2, S2→R, R→D1, and the inter-user interference (IUI)
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channel S1→D1 are subjected to Rayleigh fading. Thus,
the instantaneous SNR, γ , is an exponential random variable (RV), with probability density function (PDF) given
by [20]
f γ̄ (γ ) =

1 −γ /γ̄
,
e
γ̄

(1)

where γ̄ is the average SNR. The instantaneous channel SNR
is, γ = |h|2 P/σ 2 , where h is the channel coefficient and
σ 2 is the noise power, while the average channel SNR is,
γ̄ = ε{|h|2 }P/σ 2 , with ε{·} to denote expectation [20]. The
normalized transmitted powers of the source UE, the relay, and
the donor BS are, P1 = 1, PR = 1, and P2 = 1, respectively.
Also, the instantaneous SNRs of the involved channels are
denoted as γ S1R , γ R D2, γ S2R , γ R D1, γ S1D1, γ R R , and γ S2D2,
while their corresponding average SNRs are represented by
γ̄ S1R , γ̄ R D2, γ̄ S2R , γ̄ R D1, γ̄ S1D1, γ̄ R R , and γ̄ S2D2.
III. P ERFORMANCE A NALYSIS
A. I-Relaying Channel
In the odd time slots, k = 2n − 1, n = 1, 2, 3, ..., simultaneous bidirectional data transmission and reception is achieved
between the UE1 and the relay. In addition, since both the
UE1 and the relay operate in FD mode, they suffer from
residual self-interference, because of imperfect interference
cancellation. Therefore, the signals received at the relay and
UE1 can be respectively expressed as
y R [k] = h S1R x S1[k] + v R [k] + n R [k],

(2)

y D1[k] = h R D1 t R [k] + v D1 [k] + n D1 [k],

(3)

and
where x Si ∼ C N(0, Pi ) is the transmit symbol of the
source node i = 1, 2, v R ∼ C N(0, |h R R |2 PR ) residual selfinterference at the relay, n R ∼ C N(0, σ R2 ) the additive white
Gaussian noise (AWGN) at the relay, t R the relay’s transmit
signal, v Di ∼ C N(0, |h Si Di |2 Pi ) residual self-interference at
the destination node i = 1, 2, and n Di ∼ C N(0, σ D2 i ) the
AWGN at the destination node. Note, that t R depends on the
relaying scheme, and is given explicitly in the following pages.
Similarly, in the even time slots, k = 2n, n = 1, 2, 3, ...,
simultaneous bidirectional data exchange is achieved between
the relay and the donor BS. Both the relay and the donor
BS suffer from residual self-interference, because of FD
operation and imperfect interference cancellation. So, the signals received at the relay and donor BS can be respectively
written as
y R [k] = h S2R x S2[k] + v R [k] + n R [k],

(4)

donor BS, with the same processing as with the downlink
data forwarding.
In the odd time slots, k = 2n − 1, n = 1, 2, 3, ..., the relay
amplifies the input signal received in the even time slots
by an amplification factor β > 0, which induces a delay
of τ assumed to be one without loss of generality. Thus,
the transmit signal of the relay can be expressed as [20]
t R [k] = βy R [k − τ ]
= β(h S2R x S2[k − τ ] + v R [k − τ ] + n R [k − τ ]).

(6)

Considering the average transmit power of the relay,
ε{|t R [k]|2 } = PR = 1 [29], the amplification factor β can
be written as [20], [21]
β = (|h S2R |2 + |h R R |2 + σ R2 )−1/2 .

(7)

By substituting (6) into (3), y D1[k] can be expressed as
y D1 [k] = h R D1 (β y R [k − τ ]) + v D1 [k] + n D1 [k]
= βh R D1 (h S2R x S2[k − τ ] + v R [k − τ ]
+ n R [k − τ ]) + v D1 [k] + n D1 [k].

(8)

Therefore, the instantaneous SNR of the signal received at
the UE1, can be expressed as
β 2 |h R D1 |2 |h S2R |2
γ IAF
=
. (9)
RC,D1
2
β 2 |h R D1 |2 (|h R R |2 + σ R2 ) + |h S1D1|2 + σ D1
Finally, by substituting (7) into (9)
γ IAF
RC,D1

γ R D1γ S2R
.
(10)
γ R D1(γ̄ R R + 1) + (γ̄ S1D1 + 1)(γ S2R + γ̄ R R + 1)
Similarly, in the even time slots, k = 2n, n = 1, 2, 3, . . .,
the instantaneous SNR of the signal received at the donor
BS is
=

γ IAF
RC,D2

γ R D2 γ S1R
.
(11)
γ R D2 (γ̄ R R + 1) + (γ̄ S2D2 + 1)(γ S1R + γ̄ R R + 1)
Compared with HD relaying, the denominator of (10)
contains the terms of γ̄ S1D1 and γ̄ R R , while the denominator
of (11) contains the terms of γ̄ S2D2 and γ̄ R R . This means
that the two-timeslot two-way FD relaying deteriorates the
instantaneous SNRs of the end-to-end link, due to residual
self-interference at all nodes.
In the AF based two-timeslot two-way FD I -relaying,
the average end-to-end rate is defined as
=

R̄ IAF
RC =
=

AF
ε{log2 (1 + γ IAF
RC,D1 ) + log2 (1 + γ I RC,D2 )}

2
AF
ε{log2 (1 + γ IAF
RC,D1 )} + ε{log2 (1 + γ I RC,D2 )}
2

.

(12)

and
y D2[k] = h R D2 t R [k] + v D2 [k] + n D2 [k].

(5)

1) Amplify-and-Forward: In the odd time slots, the relay
receives and buffers uplink data from the UE1, and forwards
the buffered downlink data to the UE1 by amplifying the
signals, based on the channel gains. Similarly, in the even
time slots, the relay receives and buffers downlink data from
the donor BS, and forwards the buffered uplink data to the

Due to no spectral loss in FD operation, the pre-log factor is
equal to one, which is different from the average end-to-end
rate for HD relaying. Considering channel reciprocity and
identical self-interference assumption, R̄ IAF
RC can be further
written as
AF
AF
R̄ IAF
RC = ε{log2 (1 + γ I RC,D1 )} = ε{log2 (1 + γ I RC,D2 )}.

(13)
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Theorem 1: The average end-to-end rate for the AF based
two-timeslot two-way FD I -relaying over Rayleigh fading
channels, can be expressed as
⎧

 

1 γ̄ S1R + γ̄ R R + 1 γ̄γ̄R R +1
γ̄ R R + 1
⎪
⎪
S1R
e
E1
−1 ,
⎪
⎪
⎪
ln 2
γ̄ S1R
γ̄ S1R
⎪
⎪
⎪
γ̄ R D2
γ̄ S1R
⎪
⎪
⎪
=
⎪
⎪
⎪
R + 1 γ̄ S2D2 +1
⎪
 γ̄ γ̄ R+1
⎨
S2D2
γ̄ S2D2 + 1
1
AF
R̄ I RC =
c1 e γ̄ R D2 E1
⎪
(ln
2)(c
−
c
)
1
2
⎪
γ̄ R D2

⎪
⎪
γ̄ R R +1
⎪
γ̄ R R + 1
⎪
γ̄ S1R
⎪
−c2 e
,
E1
⎪
⎪
γ̄ S1R
⎪
⎪
⎪
⎪
γ̄ R D2
γ̄ S1R
⎪
⎪
⎩
=
,
γ̄ R R + 1
γ̄ S2D2 + 1
(14)
 ∞ e−xt
=
where E1 (x) =
1
t dt [20], [40], [44], c1
γ̄ S1R (γ̄ S2D2 + 1), and c2 = γ̄ R D2 (γ̄ R R + 1).
Proof: See Appendix A.

If each hop of the two-timeslot two-way FD relaying is
allocated two orthogonal channels, e.g., using two time slots
to transmit data, then it is degraded to HD relaying. Thus,
the average rate can be determined from (14) by setting
γ̄ R R = 0 and γ̄ S2D2 = 0 and pre-log factor 21 . Therefore,
the average end-to-end rate for the AF based HD relaying
can be written as [39], [40]




⎧
1
1
1
1
⎪
γ̄ R D2
⎪
E1
e
−1 ,
1+
⎪
⎪
2 ln 2
γ̄ S1R
γ̄ R D2
⎪
⎪
⎪
⎪
⎨
γ̄ S1R = γ̄ R D2
AF
1
1
R̄ H
=
1
1
D
γ̄ S1R
γ̄ R D2
γ̄ S1R e
E1 γ̄ R D2 − γ̄ R D2e
E1 γ̄ S1R
⎪
⎪
⎪
⎪
,
⎪
⎪
(2 ln 2)(γ̄ S1R − γ̄ R D2)
⎪
⎪
⎩
γ̄ S1R = γ̄ R D2.
(15)
Note, that compared with (15), the denominator of (14) in
Theorem 1 does not contain the constant 2, which indicates
that the two-timeslot two-way FD relaying can achieve an
extra rate gain due to time multiplexing. However, it also
suffers from a certain loss in the rate resulting from residual
self-interference, because (14) contains the self-interference
terms of γ̄ R R and γ̄ S2D2. Therefore, if the rate gain from time
multiplexing can compensate the rate loss caused by residual
self-interference, the two-timeslot two-way FD relaying can
achieve better performance than that in the HD case.
An outage occurs when the transmission rate is below the
target rate, Rt h . Thus, the outage probability of the AF based
two-timeslot two-way FD I -relaying can be expressed as
AF
Pout,I
RC

=

AF
Pr (log2 (1+γ IAF
RC,D1) <Rt h )+ Pr (log2 (1+γ I RC,D2) <Rt h )

2
AF
Pr (γ IAF
RC,D1 < γt h ) + Pr (γ I RC,D2 < γt h )

,
(16)
2
where γt h is the SNR threshold for the outage, and we
have γt h = 2 Rth − 1. The outage probability for the AF
based HD relaying can be obtained from (16) by replacing γt h by 22Rth − 1. Considering channel reciprocity and
=
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AF
identical self-interference assumption, Pout,I
RC can be further
written as
AF
AF
AF
Pout,I
RC = Pr (γ I RC,D1 < γt h ) = Pr (γ I RC,D2 < γt h ). (17)

Theorem 2: For a given target rate, Rt h , the outage probability of the AF based two-timeslot two-way FD I -relaying
can be expressed as

AF
Pout,I
RC = 1 − 2

×e

−

×K 1

γt h (γt h + 1)(γ̄ S2D2 + 1)(γ̄ R R + 1)
γ̄ S1R γ̄ R D2

1
2

γth (γ̄ R D2 (γ̄ R R +1)+γ̄ S1R (γ̄ S2D2 +1))
γ̄ S1R γ̄ R D2


1
γt h (γt h +1)(γ̄ S2D2 +1)(γ̄ R R + 1) 2
2
,
γ̄ S1R γ̄ R D2
(18)

where K v (.) is the modified Bessel function of the second
kind [38], and γt h = 2 Rth − 1.
Proof: See Appendix B.

Following similar procedure, the outage probability of
the AF based half-duplex relaying can also be determined
from (18) by setting γ̄ R R = 0 and γ̄ S2D2 = 0. Therefore,
the outage probability can be expressed as [41]
1
γt h (γt h + 1) 2 − γth (γ̄γ̄ R D2γ̄ +γ̄ S1R )
S1R R D2
= 1−2
e
γ̄ S1R γ̄ R D2

1 
γt h (γt h + 1) 2
×K 1 2
.
(19)
γ̄ S1R γ̄ R D2


AF
Pout,H
D

Note, that for HD and FD relaying, the SNR thresholds for
the outage are different. For HD relaying, the SNR threshold
for the outage is, γt h = 22Rth − 1, while γt h = 2 Rth − 1 is
used for FD relaying.
2) Decode-and-Forward: In the odd time slots, the relay
decodes and buffers the received uplink data from the UE1,
then forwards the buffered downlink data from the donor BS
to the UE1, while the relay decodes and buffers the received
downlink data from the donor BS, then forwards the buffered
uplink data from the UE1 to the donor BS in the even time
slots.
In the odd time slots, k = 2n − 1, n = 1, 2, 3, ..., the signal
transmitted by the relay, t R [k], is
t R [k] = x S2[k − τ ].

(20)

The instantaneous SNR of the signal received at the relay can
be expressed as
|h S1R |2 |x S1[k]|2
|h R R |2 |t R [k]|2 + |n R [k]|2
|h S1R |2
γ S1R
.
=
=
γ̄ R R + 1
|h R R |2 + σ R2

γ S1→R =

(21)

By substituting (20) into (3),
y D1[k] = h R D1 (x S2[k − τ ]) + h S1D1t S1[k] + n D1 [k].

(22)
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The instantaneous SNR of the signal received at the UE1 can
be expressed as
|h R D1 |2 |x S2[k − τ ]|2
|h S1D1|2 |t S1[k]|2 + |n D1 [k]|2
|h R D1|2
γ R D1
=
=
.
2
2
γ̄ S1D1 + 1
|h S1D1| + σ D1

F
γ IDRC,D1
=

(23)

Similarly, in the even time slots, the instantaneous SNRs of the
signals received at the relay and the UE2 can be respectively
expressed as
|h S2R |2 |x S2[k]|2
|h R R |2 |t R [k]|2 + |n R [k]|2
|h S2R |2
γ S2R
,
=
=
γ̄ R R + 1
|h R R |2 + σ R2

γ S2→R =

self-interference propagation, while the last one not. This is
evident through the comparison of the instantaneous SNRs
in (11) and (25).
The outage probability of the DF based two-timeslot
two-way FD I -relaying, is defined as
DF
Pout,I
RC =

1
F
(Pr (min(γ S2→R , γ IDRC,D1
) < γt h )
2
F
+Pr (min(γ S1→R , γ IDRC,D2
) < γt h )). (30)

Considering channel reciprocity and identical self-interference
DF
assumption, Pout,I
RC can be further expressed as
DF
Pout,I
RC = 1 − (1 − Pr (γ S2→R < γt h ))

(24)

F
×(1 − Pr (γ IDRC,D1
< γt h ))
= 1 − (1 − Pr (γ S1→R < γt h ))
F
×(1 − Pr (γ IDRC,D2
< γt h )).

and
|h R D2
S1 [k
|h S2D2|2 |t S2 [k]|2 + |n D2 [k]|2
|h R D2 |2
γ R D2
.
=
=
2
2
γ̄ S2D2 + 1
|h S2D2| + σ D2

F
=
γ IDRC,D2

|2 |x

− τ ]|2

(25)

The average end-to-end rate for the DF based two-timeslot
two-way FD I -relaying is defined as4
F
=
R̄ IDRC

1
F
(ε{log2 (1 + min(γ S2→R , γ IDRC,D1
))}
2
F
+ ε{log2 (1 + min(γ S1→R , γ IDRC,D2
))}). (26)

Assuming channel reciprocity and identical self-interference,
the average rate for the DF based two-timeslot two-way FD
I -relaying can be further written as
F
R̄ IDRC

= ε{log2 (1 + min(γ S2→R ,
= ε{log2 (1 + min(γ S1→R ,

F
γ IDRC,D1
))}
DF
γ I RC,D2 ))}.

(27)

Theorem 3: The average end-to-end rate for the DF based
two-timeslot two-way FD I -relaying over Rayleigh fading
channels can be expressed as
F
=
R̄ IDRC

γ̄ R D2 (γ̄ R R +1)
1 γ̄ S1R (γ̄ S2D2γ̄ +1)+
S1R γ̄ R D2
e
ln 2 

γ̄ S1R (γ̄ S2D2 + 1) + γ̄ R D2 (γ̄ R R + 1)
× E1
. (28)
γ̄ S1R γ̄ R D2

Proof: See Appendix C.

In the same way, the average end-to-end rate for the DF
based HD relaying over Rayleigh fading channels, can be
determined from (28) by setting γ̄ R R = 0 and γ̄ S2D2 = 0
and pre-log factor 12 . Therefore,


γ̄ S1R +γ̄ R D2
1
γ̄ S1R + γ̄ R D2
DF
γ̄ S1R γ̄ R D2
e
R̄ H D =
E1
.
(29)
2 ln 2
γ̄ S1R γ̄ R D2
Note, that a similar conclusion on the rate performance of
the DF protocol can be observed as the AF one. However,
the effect of residual self-interference on DF protocol is less
than that of the AF, because DF protocol suppresses residual
4 Note, that in order to achieve the average rate, min(ε{R }, ε{R }) [11],
R
D
an idealistic setup is required, with an infinite buffer at the relay. This can
avoid overflows and underflows but suffer from large end-to-end delay.

(31)

Theorem 4: For a given target rate, Rt h , the outage probability of the DF based two-timeslot two-way FD I -relaying
is given by
DF
Pout,I
RC = 1 − e

−γth (γ̄ S1R (γ̄ S2D2 +1)+γ̄ R D2 (γ̄ R R +1))
γ̄ S1R γ̄ R D2

,

(32)

where γt h = 2 Rth − 1.
Proof: See Appendix D.

For the same reason, the outage probability of the DF based
HD relaying can be determined from (32) by setting γ̄ R R = 0
and γ̄ S2D2 = 0. Thus, the outage probability can be written
as [41]
DF
Pout,H
D =1−e

−γth (γ̄ S1R +γ̄ R D2 )
γ̄ S1R γ̄ R D2

.

(33)

Note, that for HD and FD relaying, the SNR thresholds for
the outage are different. For HD relaying, the SNR threshold
for the outage is, γt h = 22Rth − 1, while γt h = 2 Rth − 1 is
used for FD relaying.
B. Y-Relaying Channel
For Y -relaying channel, in the odd time slots, the relay
receives the uplink data from the UE1 and forwards the
buffered downlink data to the UE2 on the same carrier
frequency, simultaneously. Note, that the relay suffers from
residual self-interference due to the co-channel transmitted
signal and imperfect interference cancellation, while the UE2
suffers from inter-user interference because the UE1 transmits
signal on the same carrier frequency. In the even time slots,
simultaneous bidirectional data exchange is achieved between
the relay and the donor BS.
1) Amplify-and-Forward: In the odd time slots, the relay
receives and buffers uplink data from the UE1, then forwards
the buffered downlink data to the UE2 by amplifying the
signal, based on the channel gains, while the UE2 receives
downlink data forwarded by the relay and inter-user interference from the UE1. In the even time slots, the relay receives
and buffers downlink data from the donor BS, then forwards
the buffered uplink data to the donor BS by amplifying the
signal, based on the relaying channel gains.
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R̄YAF
RC,D1






⎧
1 γ̄ R R + 1
γ̄ S1D1 + 1
1
1
⎪
⎪
F
F
−
,
⎪
1
1
⎪
⎪
ln 2  γ̄ S2R
γ̄ R D1 
γ̄ S1D1 γ̄ S1D1
⎪




⎪
⎪
1
1
c3
γ̄ S1D1 + 1
γ̄ R R + 1
1
⎪
⎪
⎪
1−
−
F1
− F1
,
F1
⎨
ln 2   γ̄ S1D1
c4
γ̄ R D1

γ̄ S1D1  c3 −
 γ̄ S2R
≤
1
1
γ̄ S1D1 + 1
1
γ̄ R R + 1
⎪
⎪
F1
− F1
+
−1 ,
c5 F1
⎪
⎪
⎪
ln 2    γ̄ R D1 
γ̄ S1D1 
γ̄ S2R   γ̄ R D1
⎪




⎪
⎪
⎪
1
1
c3
γ̄ S1D1 + 1
γ̄ R R + 1
1
⎪
⎪
c5 F1
− F1
−
F1
− F1
,
⎩
ln 2
γ̄ R D1
γ̄ S1D1
c3 − c4
γ̄ R D1
γ̄ S2R

Compared with the I -relaying channel, in the Y -relaying
channel, the destination UE suffers from inter-user interference, which is due to other UEs’ co-channel uplink data
transmission, instead of residual self-interference. Thus, the
instantaneous SNRs at the destination node UE2, can be
expressed as
γYAF
RC,D1
=

γ R D1(γ̄ R R

γ R D1 γ S2R
,
+ 1) + (γ S1D1 + 1)(γ S2R + γ̄ R R + 1)

(34)

while the instantaneous SNRs at the destination donor BS is
written as in (11). Note, that comparing (34) with (10), γ S1D1
is the main difference between the Y and the I cases, where
instead of γ S1D1 we have γ̄ S1D1.
Theorem 5: For the S1→R→D2 link, the average
end-to-end rate for the AF based two-timeslot two-way FD
Y -relaying over Rayleigh fading channels, is expressed as
in (14). For the S2→R→D1 link, the average end-to-end
rate can be upper bounded as in (35), shown at the top of
this page, where F1 (x) = e x E1 (x), c3 = γ̄ R D1(γ̄ R R + 1),
c4 = γ̄ S2R (γ̄ S1D1 + 1), c5 = γ̄ R D1γ̄ R−D1
:
γ̄ S1D1 , C1
γ̄ S2R
γ̄ R D1
{γ̄ R D1 = γ̄ S1D1 and γ̄ R R +1 = γ̄ S1D1+1 }, C2 : {γ̄ R D1 =
γ̄ S1D1 and
and γ̄γ̄RS2R
R +1
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γ̄ S2R
γ̄ R R +1

=

=

γ̄ R D1
γ̄ S1D1 +1 },

C3 : {γ̄ R D1 = γ̄ S1D1
γ̄ R D1
γ̄ S1D1 +1 }, and C4 : {γ̄ R D1  = γ̄ S1D1

γ̄ R D1
and γ̄γ̄RS2R
= γ̄ S1D1
+1 }.
R +1
Proof: See Appendix E.

Note, that if there is no inter-user interference, according
to (14), by substituting γ̄ S2R and γ̄ R D1 for γ̄ S1R and γ̄ R D2,
respectively, and removing γ̄ S2D2, the average end-to-end rate
for the S2→R→D1 link is

R̄YAF
RC,D1
⎧




1
γ̄ R R + 1
γ̄ S2R + γ̄ R R + 1 γ̄γ̄R R +1
⎪
⎪
S2R
e
E
−
1
,
⎪
1
⎪
⎪
ln 2
γ̄ S2R
γ̄ S2R
⎪
⎪
⎪
⎪
γ̄ S2R
⎪
⎪
= γ̄ R D1
⎪
⎪
⎪
γ̄ R R + 1
⎨




γ̄ R R +1
1
=
1
γ̄ R R + 1
γ̄ R D1
γ̄ S2R
⎪
γ̄
e
E
e
E
−
c
S2R
1
3
1
⎪
⎪
γ̄ R D1
γ̄ S2R
⎪
⎪
,
⎪
⎪
⎪
(ln
2)(
γ̄
−
c
)
S2R
3
⎪
⎪
⎪
⎪
γ̄ S2R
⎪
⎪
⎩
= γ̄ R D1 .
γ̄ R R + 1
(36)

C1
C2
(35)
C3
C4 .

Theorem 6: For a given target rate, Rt h , the outage probability of the S1→R→D2 link in the AF based two-timeslot
two-way FD Y -relaying can be formulated as in (18), while
the outage probability of the S2→R→D1 link can be upper
bounded as
Y RC,AF
Pout,D1



γt h (γt h + 1)(γ̄ R R + 1)(γ̄ S1D1 + 1)
≤ 1−2
γ̄ S2R γ̄ R D1
×e

−

×K 1

1

γth (γ̄ R D1 (γ̄ R R +1)+γ̄ S2R (γ̄ S1D1 +1))
γ̄ S2R γ̄ R D1



γt h (γt h + 1)(γ̄ R R + 1)(γ̄ S1D1 + 1)
2
γ̄ S2R γ̄ R D1

2

1 
2
,

(37)

where γt h = 2 Rth − 1.
Proof: See Appendix F.

Note, that if there is no inter-user interference between two
Y RC,AF
can be further simplified as
UEs, Pout,D1

Y RC,AF
Pout,D1
= 1−2

×e

−

×K 1

γt h (γt h + 1)(γ̄ R R + 1)
γ̄ S2R γ̄ R D1

1
2

γth (γ̄ R D1 (γ̄ R R +1)+γ̄ S2R )
γ̄ S2R γ̄ R D1



γt h (γt h + 1)(γ̄ R R + 1)
2
γ̄ S2R γ̄ R D1

1 
2

.

(38)

2) Decode-and-Forward: In the odd time slots, the relay
decodes and buffers the received uplink data from the UE1,
and forwards the buffered downlink data to the UE2, while
the UE2 receives downlink data forwarded by the relay and
inter-user interference from the UE1. In the even time slots,
the relay decodes and buffers the received downlink data from
the donor BS, and forwards the buffered uplink data to the
donor BS.
Considering γ S1D1 as inter-user interference, the instantaneous SNRs of the DF based two-timeslot two-way FD
Y -relaying at two destination nodes, can be obtained from the
corresponding I -relaying one. The instantaneous SNR at the
destination UE2 is expressed as
γ R D1
F
.
(39)
=
γYDRC,D1
γ S1D1 + 1
The instantaneous SNR at the destination donor BS can be
written as in (25).
Theorem 7: For the S1→R→D2 link, the average
end-to-end rate for the DF based two-timeslot two-way FD
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Y -relaying over Rayleigh fading channels, can be expressed
as in (28), while for the S2→R→D1 link, the average
end-to-end rate is lower bounded as
γ̄ R D1 (γ̄ R R +1)
1 γ̄ S2R (γ̄ S1D1γ̄ +1)+
F
S2R γ̄ R D1
≥
R̄YDRC,D1
e
ln 2 

γ̄ S2R (γ̄ S1D1 + 1) + γ̄ R D1(γ̄ R R + 1)
× E1
.
γ̄ S2R γ̄ R D1
(40)
Proof: See Appendix G.

Theorem 8: For a given target rate, Rt h , the outage probability of the S1→R→D2 link in the DF based two-timeslot
two-way FD Y -relaying is expressed as in (32), while
the outage probability of the S2→R→D1 link can be
formulated as
Y RC,D F
=1−
Pout,D1

γ (γ̄
+γ̄ R D1 (γ̄ R R +1))
γ̄ R D1
− th S2R
γ̄ S2R γ̄ R D1
e
,
γt h γ̄ S1D1 + γ̄ R D1
(41)

where γt h = 2 Rth − 1.
Proof: See Appendix H.



IV. N UMERICAL R ESULTS , S IMULATIONS
AND D ISCUSSION
In this section, numerical results for the average
end-to-end rate and the outage probability of the two-timeslot
two-way FD relaying scheme are presented, together with
Monte Carlo simulations. We consider that the average SNR
of the access link is the same with that of the backhaul link,
and also for both inter-user interference and residual selfinterference. In simulations, we first fix each node’s transmit
power, then adjust the distance and location between two
nodes, so that we can change the average SNRs of their
end-to-end link.
Fig. 3(a) and Fig. 3(b) compare the average end-to-end
rate for the AF and DF based two-timeslot two-way FD
I - and HD relaying over Rayleigh fading channels,
respectively. The results clearly show that the two-timeslot
two-way FD I -relaying can achieve higher average rate than
HD relaying, but double rate cannot be obtained. In addition,
there is a cross point between the two curves, and this
point shifts to the right with the increase in residual selfinterference. This is because FD operation can achieve an
extra rate gain by time multiplexing, but it also suffers from
residual self-interference, which results in a loss in the rate
performance. With the increase of residual self-interference,
the rate gain from time multiplexing cannot compensate for
the rate loss, caused by the residual self-interference. It is
also shown that DF protocol can achieve higher average
rate than the AF one, because AF relaying propagates residual self-interference, while the DF one can suppress this
propagation.
Fig. 4(a) and Fig. 4(b) depict the outage probability of the AF and DF based two-timeslot two-way FD
I - and HD relaying with Rt h = 1 b/s/Hz, respectively. The
results show that the outage performance of the two-timeslot
two-way FD I -relaying is better than that in HD relaying, when residual self-interference is below a certain

Fig. 3. Average rate for two-timeslot two-way FD I - and HD relaying:
a) AF protocol; b) DF protocol.

Fig. 4.
Outage probability of the two-timeslot two-way FD I - and
HD relaying: a) AF protocol; b) DF protocol.

level (e.g. < 3dB). DF protocol can achieve better outage
performance than the AF one in two-timeslot two-way FD
I -relaying.
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Fig. 5.
Average rate for the AF two-timeslot two-way FD Y - and
HD relaying: a) 2-ts YRC D1 and D2 ; b) 2-ts YRC vs. HD relaying.

Fig. 5(a) shows the average rate for the unidirectional
links in the AF based two-timeslot two-way FD Y -relaying.
Fig. 5(b) compares the average rate for the AF based
two-timeslot two-way FD Y - and HD relaying. The results are
similar as those in corresponding I -relaying shown in Fig. 3,
but the average rate for the downlink (i.e., S2→R→D1 link)
is slightly better than that in uplink, when self-interference is
very severe. This is because inter-user interference is assumed
to be Rayleigh fading, while residual self-interference is free
of fading. Thus, the effect of inter-user interference on the rate
is less than that of residual self-interference, under the same
average SNRs.
Fig. 6(a) depicts the outage probability of the unidirectional
links in the AF based two-timeslot two-way FD Y -relaying.
Fig. 6(b) depicts the outage probability of the AF two-timeslot
two-way FD Y - and HD relaying with Rt h = 1 b/s/Hz.
Similar results can be obtained as those in I -relaying shown
in Fig. 4, but the outage probability of the downlink is slightly
better than that in uplink, when self-interference is very
severe.
Fig. 7(a) illustrates the average end-to-end rate for the
unidirectional links in the DF based two-timeslot two-way
FD Y -relaying. Fig. 7(b) compares the average end-to-end
rate for the DF two-timeslot two-way FD Y -relaying and HD
relaying. The results are similar as those in the AF one shown
in Fig. 5.
Fig. 8(a) depicts the outage probability of the unidirectional
links in the DF based two-timeslot two-way FD Y -relaying.
Fig. 8(b) depicts the outage probability of the DF based
two-timeslot two-way FD Y - and HD relaying with
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Fig. 6. Outage probability of the AF two-timeslot two-way FD Y - and
HD relaying: a) 2-ts YRC D1 and D2 ; b) 2-ts YRC vs. HD relaying.

Fig. 7.
Average rate for the DF two-timeslot two-way FD Y - and
HD relaying: a) 2-ts YRC D1 and D2 ; b) 2-ts YRC vs. HD relaying.

Rt h = 1 b/s/Hz. Similar results can be obtained as those in
the AF one shown in Fig. 6.
Fig. 9 compares the average end-to-end rate for the
AF and DF based two-timeslot two-way FD I -, Y -,
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is same as self-interference. Compared with two-timeslot
two-way FD I -relaying, Y -relaying can achieve a slight
rate gain, only when the average SNRs of interuser interference and self-interference are at very high
region.
Fig. 10 depicts the outage probability of the AF and DF
based the two-timeslot two-way FD I -, Y -, and HD relaying
with Rt h = 1 b/s/Hz. Similar results can be obtained as the
rate performance shown in Fig. 9.
V. C ONCLUSIONS

Fig. 8.
Outage probability of the DF based two-timeslot two-way
FD Y - and HD relaying: a) 2-ts YRC D1 and D2 ; b) 2-ts YRC vs.
HD relaying.

Fig. 9.
Average rate for the AF and DF based two-timeslot two-way
FD I -, Y -, and HD relaying.

A two-timeslot two-way FD relaying scheme, which was
based on dividing the access link and the backhaul link in time
domain, was proposed and investigated. Closed-form expressions for the average end-to-end rate and the outage probability, were derived. According to UE capability and services, two
scenarios of I - and Y -relaying channels, were considered. The
results clearly showed that the proposed scheme could achieve
higher rate and better outage performance than HD relaying,
when residual self-interference was below a certain level.
It was also shown that DF protocol could achieve higher rate
than that in the AF one in the proposed relaying scheme.
In addition, the effect of inter-user interference on the average
rate and the outage probability was slight weaker than selfinterference, when considering that inter-user interference is
Rayleigh fading and self-interference is non-fading. Furthermore, there were tradeoffs between FD and HD modes, I - and
Y -relaying schemes. If residual self-interference was not very
severe, FD mode should be adopted, while Y -relaying scheme
with weak inter-user interference was superior to I -relaying
scheme, if UE could not suppress residual self-interference
very well. In summary, the two-timeslot two-way FD relaying
scheme can achieve reasonable tradeoff of performance and
complexity, thus it will be a potentially efficient solution for
5G systems. In a future work, the effect of the access/backhaul
link time slot configuration on the proposed scheme, will be
investigated.
A PPENDIX A
P ROOF OF T HEOREM 1
Combining (11) and (13), the average rate for the AF based
two-timeslot two-way FD I -relaying over Rayleigh fading
channels is written as in (42), shown at the top of the next
page.
By using [40, eq. (12)], the average rate can be expressed
as in (43), shown at the top of the next page. After some
simplifications, R̄ IAF
RC can be obtained as in (14) and the proof
is completed.
A PPENDIX B
P ROOF OF T HEOREM 2

Fig. 10. Outage probability of the AF and DF based two-timeslot two-way
FD I -, Y -, and HD relaying.

and HD relaying. The results demonstrate that two rate curves
of two-timeslot two-way FD I - and Y -relaying are basically
overlapped, when the average SNRs of inter-user interference

For the AF based two-timeslot two-way FD I -relaying,
the instantaneous SNR of the signal received at the donor BS
can be rewritten as
γ IAF
RC =

γ R D2
γ S1R
γ̄ R R +1 γ̄ S2D2 +1
γ S1R
γ R D2
γ̄ R R +1 + γ̄ S2D2 +1 +

1

.

(44)
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ln 2 γ̄ R R +1 − γ̄ S2D2 +1
After combining (17) and (44), and by using [41, eq. (20)],
the outage probability can be expressed as
1
+1
γt h (γt h + 1) 2 −γth γ̄γ̄R R +1 + γ̄ S2D2
I RC,AF
γ̄ R D2
S1R
Pout
= 1 − 2 γ̄
e
γ̄
S1R

⎛

R D2

γ̄ R R +1 γ̄ S2D2 +1

×K 1 ⎝2

γt h (γt h + 1)

1 ⎞
2

γ̄ R D2
γ̄ S1R
γ̄ R R +1 γ̄ S2D2 +1

⎠,

(45)

which can be simplified as in (18) and the proof is
completed.
A PPENDIX C
P ROOF OF T HEOREM 3
We first consider the random variable, w, with PDF


+1
γ̄ R R + 1 γ̄ S2D2 + 1 − γ̄γ̄R R +1 + γ̄ S2D2
w
γ̄ R D2
S1R
f (w) =
+
.
e
γ̄ S1R
γ̄ R D2
(46)
According to (21), (25), and (27), the average rate for
the DF based two-timeslot two-way FD I -relaying can be
rewritten as
 ∞
DF
R̄ I RC =
log2 (1 + w) f (w)dw


0 ∞
γ̄ R R + 1 γ̄ S2D2 + 1
log2 (1 + w)
+
=
γ̄ S1R
γ̄ R D2
0
−

=

×e
 ∞
0

×e

−

γ̄ R R +1 γ̄ S2D2 +1
γ̄ S1R + γ̄ R D2

w

dw

γ̄ R R + 1 γ̄ S2D2 + 1
1
ln(1 + w)
+
ln 2
γ̄ S1R
γ̄ R D2
γ̄ R R +1 γ̄ S2D2 +1
γ̄ S1R + γ̄ R D2



w

dw.

(42)

(43)

Finally, by using [42, eq. (19b)], the average rate can be
written as in (28) and the proof is completed.
A PPENDIX D
P ROOF OF T HEOREM 4
Combining (21), (25), and (31), the outage probability of
the DF based two-timeslot two-way FD I -relaying can be
expressed as

 γth (γ̄ R R +1)
1 − γ̄ x
DF
Pout,I RC = 1 − 1 −
e S1R d x
γ̄ S1R
0

 γth (γ̄ S2D2+1)
1 − γ̄ y
× 1−
e R D2 d y
γ̄ R D2
0
 ∞

1 − γ̄ x
S1R
= 1−
e
dx
γ (γ̄ +1) γ̄ S1R
 ∞th R R

1 − γ̄ y
R
D2
×
e
dy .
(48)
γth (γ̄ S2D2 +1) γ̄ R D2
By using [41, eq. (21)], the outage probability can be written
as in (32) and the proof is completed.
A PPENDIX E
P ROOF OF T HEOREM 5
For the S1→R→D2 link, the average rate for the AF
two-timeslot two-way FD Y -relaying over Rayleigh fading
channels is written as in (14), while for the S2→R→D1
link, since the average rate, R̄YAF
RC,D1 , has the similar form
as in (13), replacing γ IAF
in
(13) by γYAF
RC,D1
RC,D1 in (34),
the average rate is expressed as in (49), shown at the bottom
of this page. Function g(x, y, z) in (49) is defined as
g(x, y, z) =

(47)

e−x/γ̄ R D1 e−y/γ̄ S2R e−z/γ̄ S1D1
.
γ̄ R D1
γ̄ S2R
γ̄ S1D1

(50)

AF
R̄YAF
RC,D1 = ε{log2 (1 + γY RC,D1 )}


 ∞ ∞ ∞
xy
g(x, y, z)d x d ydz
log2 1 +
=
x(γ̄ R R + 1) + (z + 1)(y + γ̄ R R + 1)
0
0
0
 ∞ ∞  ∞
1
=
ln(x y + x(γ̄ R R + 1) + (z + 1)(y + γ̄ R R + 1))g(x, y, z)d x d ydz
ln 2 0
0
0





−
0

∞ ∞ ∞
0

0

I5,1

ln(x(γ̄ R R + 1) + (z + 1)(y + γ̄ R R + 1))g(x, y, z)d x d ydz


I5,2


(49)
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After merging the same terms and integrating, the triple
integral, I5,1 , can be rewritten as
 ∞
e−y/γ̄ S2R
ln(y + γ̄ R R + 1)
dy
I5,1 =
γ̄ S2R
0



+

∞ ∞

0

0

I5,1−1

e−x/γ̄ R D1 e−z/γ̄ S1D1
ln(x + z + 1)
d x dz .
γ̄
γ̄ S1D1
 R D1

I5,1−2

(51)
The integrals I5,1−1 and I5,1−2 can be respectively solved as
follows: By using [43, eq. (2.6.23.5)], the integral, I5,1−1 , can
be solved in closed-form as


γ̄ R R +1
γ̄ R R + 1
γ̄ S2R
I5,1−1 = ln(γ̄ R R + 1) + e
E1
.
(52)
γ̄ S2R
Regarding the integral I5,1−2 , after integration by parts for x,
it can be written as
 ∞
e−z/γ̄ S1D1
I5,1−2 =
ln(z + 1)
dz
γ̄
0
 S1D1 

+
0

I5,1−2−1
∞ ∞
1

e−z/γ̄ S1D1
e−x/γ̄ R D1
d x dz .
x +z+1
γ̄ S1D1



0

I5,1−2−2

(53)
Following similar procedure, according to [43, eq. (2.6.23.5)],
I5,1−2−1 can be expressed as


1
1
γ̄ S1D1
E1
I5,1−2−1 = e
,
(54)
γ̄ S1D1
while the integral I5,1−2−2 can be evaluated as follows. When
γ̄ R D1 = γ̄ S1D1, I5,1−2−2 can be written as
 ∞ ∞
t = x+z+1
1 − (z+1)(t−1)
1
− z
z+1
e γ̄ R D1 e γ̄ S1D1 dtdz
I5,1−2−2
γ̄ S1D1 0
t
1



∞
1
1
z+1
−( 1 − 1 )z
=
e γ̄ R D1
e γ̄ S1D1 γ̄ R D1 E1
dz,
γ̄ S1D1
γ̄ R D1
0
(55)
or
I5,1−2−2




1
γ̄ R D1
1
γ̄ R D1
=
E1
e
(γ̄ R D1 − γ̄ S1D1)
γ̄ R D1


1
1
− e γ̄ S1D1 E1
.
γ̄ S1D1

I5,2 =

∞ ∞

0

0


+
0

(56)

When γ̄ R D1 = γ̄ S1D1, I5,1−2−2 can be written as

 ∞ 
1
x +1
1
γ̄ S1D1
I5,1−2−2 =
d x.
e
E1
γ̄ S1D1
γ̄ S1D1
0

(57)

By using [44, eq. (4.1.9)], I5,1−2−2 can be expressed as



1
1
1
γ̄ S1D1
I5,1−2−2 =
E1
γ̄ S1D1 − e
. (58)
γ̄ S1D1
γ̄ S1D1
Next, we solve the triple integral I5,2 . First, through integration by parts for x, it can be rewritten as in (59), shown at
the bottom of this page.
According to [43, eq. (2.6.23.5)], I5,2−1 in (59) can be
evaluated as


γ̄ R R +1
γ̄ R R + 1
γ̄ S2R
I5,2−1 = ln(γ̄ R R + 1) + e
E1
γ̄ S2R


1
1
+ e γ̄ S1D1 E1
.
(60)
γ̄ S1D1
Note, that in order to obtain the bound for the average
end-to-end rate, we apply Jensen’s inequality during deriving the integrals. We first discuss the convexity of integral
function
f (z)
=

1 − γ̄ y
(γ̄ R R + 1)
− x
e γ̄ R D1
e S2R .
x(γ̄ R R + 1) + (z + 1)(y + γ̄ R R + 1)
γ̄ S2R
(61)

It can be further transformed into such form,
f (z) = a(bz + c)−1 , where a, b, and c are constants.
Its second derivative is, f  (z) = 2ab2(bz + c)−2 > 0.
Therefore, the integral function f (z) is convex. After
applying Jensen’s inequality to eliminate the z-dimension,
and perform variable substitution, I5,2−2 can be written as
 ∞  ∞ (γ̄
S1D1 +1)(y+γ̄ R R +1) 1 − t (γ̄ S1D1 +1)(y+γ̄ R R +1)
γ̄ R D1 (γ̄ R R +1)
e
e γ̄ R D1 (γ̄ R R +1)
I5,2−2 ≥
t
0
1
1 − γ̄ y
×
e S2R dtd y
γ̄

 ∞S2R(γ̄ +1)(y+γ̄ +1)
S1D1
RR
γ̄ S1D1 + 1
γ̄ R D1 (γ̄ R R +1)
y
=
e
E1
γ̄
(γ̄ + 1)
0
 R D1 RyR
γ̄ S1D1 + 1
1 − γ̄
+
e S2R d y.
(62)
γ̄ R D1
γ̄ S2R
We further discuss the integral in the following two special
cases:

e−y/γ̄ S2R e−z/γ̄ S1D1
(ln(z + 1) + ln(y + γ̄ R R + 1))
d ydz
γ̄ S2R
γ̄ S1D1


I5,2−1

∞ ∞ ∞
0

0

x(γ̄ R R

(γ̄ R R + 1)
e−y/γ̄ S2R e−z/γ̄ S1D1
e−x/γ̄ R D1
d x d ydz
+ 1) + (z + 1)(y + γ̄ R R + 1)
γ̄ S2R
γ̄ S1D1


I5,2−2

(59)
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Case (1): When γ̄ R D1(γ̄ R R + 1) = γ̄ S2R (γ̄ S1D1 + 1), I5,2−2
can be written as
 ∞
γ̄ S1D1 +1
+1
1 γ̄ S1D1
−( 1 −
)y
I5,2−2 ≥
e γ̄ R D1
e γ̄ S2R γ̄ R D1 (γ̄ R R +1)
γ̄ S2R
0


γ̄ S1D1 + 1
γ̄ S1D1 + 1
y+
× E1
d y, (63)
γ̄ R D1(γ̄ R R + 1)
γ̄ R D1
or
γ̄ R D1(γ̄ R R + 1)
I5,2−2 ≥
γ̄ R D1(γ̄ R R + 1) − γ̄ S2R (γ̄ S1D1 + 1)




 γ̄
γ̄ R R +1
S1D1 +1
γ̄ S1D1 + 1
γ̄ R R + 1
γ̄
γ̄
− e S2R E1
.
× e R D1 E1
γ̄ R D1
γ̄ S2R
(64)
Case (2): When γ̄ R D1(γ̄ R R + 1) = γ̄ S2R (γ̄ S1D1 + 1),
the integral, I5,2−2 , can be written as
I5,2−2 ≥

1

e

γ̄ S1D1 +1
γ̄ R D1

γ̄ S2R
 ∞ 
×
E1
0

Note, that applying Jensen’s inequality during deriving the
integral, a bound for the outage probability can be obtained.
We first discuss the convexity of integral function
f (z) =

γ̄ S1D1 + 1
γ̄ S1D1 + 1
y+
d y,
γ̄ R D1 (γ̄ R R + 1)
γ̄ R D1
(65)

I5,2−2

Finally, by using (52), (54), (56), (58), (60), (64) and (66)
into (49), R̄YAF
RC,D1 can be written as in (35) and the proof is
completed.
A PPENDIX F
P ROOF OF T HEOREM 6
For the S1→R→D2 link, the outage probability of the AF
based two-timeslot two-way FD Y -relaying can be expressed
as in (18). For the S2→R→D1 link, the integral domains
for its outage probability consist of D1 = {(x, y, z) | 0 <
x < ∞, 0 < y < γt h (γ̄ R R + 1), 0 < z < ∞} and
γ̄ R R +1)
D2 = {(x, y, z) | 0 < x < γth (z+1)(y+
y−γth (γ̄ R R +1) , γt h (γ̄ R R +1) <
y < ∞, 0 < z < ∞}. Thus, the outage probability of the
AF based two-timeslot two-way FD Y -relaying can be written
as in (67), shown at the bottom of this page.

γ̄ S2R

e

− γ̄

y
S2R

e

γth (z+1)(y+γ̄ R R +1)
R D1 (y−γth (γ̄ R R +1))

− γ̄

.

(68)

Y RC,AF
Pout,D1
(γYAF
RC,D1 < γt h )
 ∞
+1)(y+γ̄ R R +1)
1 − γ̄ y − γthγ̄ (γ̄ S1D1
R D1 (y−γth (γ̄ R R +1)) d y
e S2R e
≤ 1−
γ (γ̄ +1) γ̄ S2R
 th∞ R R
1 − γ̄ y + γth (γth +1)(γ̄γ̄S1D1y+1)(γ̄ R R +1)
R D1
=1−
e S2R
γ̄ S2R
0
−

γth (γ̄ R D1 (γ̄ R R +1)+γ̄ S2R (γ̄ S1D1 +1)
γ̄ S2R γ̄ R D1

d y.

(69)

After solving the integral, the outage probability can be written
as in (37) and the proof is completed.

or
γ̄ R R + 1
≥
γ̄ S2R (γ̄ S1D1 + 1)



γ̄ S1D1 +1
γ̄ S1D1 + 1
.
× γ̄ R D1 − (γ̄ S1D1 + 1)e γ̄ R D1 E1
γ̄ R D1
(66)

1

It can be transformed into the form, f (z) = ae−(bz+c),
where a, b, and c are constants, and its second derivative is,
f  (z) = ab2 e−(bz+c) > 0. So, integral function, f (z), is convex. By using Jensen’s inequality and variable substitution, the
outage probability can be upper bounded as

×e
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For the S1→R→D2 link, the average end-to-end rate
for the DF based two-timeslot two-way FD Y -relaying over
Rayleigh fading channels, can be expressed as in (28). For the
F
, has the
S2→R→D1 link, since the average rate, R̄YDRC,D1
D
F
similar form as in (27), replacing γ S2→R and γ I RC,D1 in (27)
F
by (24) and γYDRC,D1
in (39), respectively, the average rate can
be written as




γ R D1
γ S2R
F
.
,
= ε log2 1 + min
R̄YDRC,D1
γ̄ R R + 1 γ S1D1 + 1
(70)
Since
the
log2 1 + min

integral

function,
f (γ S1D1)
=
, is convex, by applying

γ S2R
γ R D1
γ̄ R R +1 , γ S1D1 +1

Jensen’s inequality, the average rate can be written as




γ R D1
γ S2R
F
,
R̄YDRC,D1
≥ ε log2 1 + min
.
γ̄ R R + 1 γ̄ S1D1 + 1
(71)
F
can be finally
Similar to Theorem 3 and its proof, R̄YDRC,D1
expressed as in (40) and the proof is completed.


γ R D1γ S2R
< γt h
< γt h ) = Pr
γ R D1(γ̄ R R + 1) + (γ S1D1 + 1)(γ S2R + γ̄ R R + 1)
 ∞   γth (γ̄ R R +1)

∞
1 − γ̄ y
1 − γ̄ x
=
e S2R
e R D1 d x d y
γ̄
γ̄
S2R
R D1
0
0
0

 ∞
 γth (z+1)(y+γ̄ R R +1)
y−γth (γ̄ R R +1)
1 − γ̄ y
1 − γ̄ x
1
− z
S2R
+
e
e R D1 d x d y
e γ̄ S1D1 dz
γ̄ R D1
γ̄ S1D1
γth (γ̄ R R +1) γ̄ S2R
0
 ∞ ∞
γ̄ R R +1)
z
1 − γ̄ y − γ̄γth (z+1)(y+
1
−
= 1−
e S2R e R D1 (y−γth (γ̄ R R +1))
e γ̄ S1D1 d ydz
γ̄ S1D1
0
γth (γ̄ R R +1) γ̄ S2R


Y RC,AF
Pout,D1
(γYAF
RC,D1

(67)
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A PPENDIX H
P ROOF OF T HEOREM 8
For the S1→R→D2 link, the outage probability of the DF
based two-timeslot two-way FD Y -relaying is expressed as
in (32). For the S2→R→D1 link, similar to (31), the outage
probability of that can be written as
Y RC,D F
= 1 − (1 − Pr (γ S2→R < γt h ))
Pout,D1
F
×(1 − Pr (γYDRC,D1
< γt h )),

where

(72)



γ S2R
Pr (γ S2→R < γt h ) = Pr
< γt h
γ̄ R R + 1
 γth (γ̄ R R +1)
1 − γ̄ y
=
e S2R d y
γ̄ S2R
0
= 1−e

−

γth (γ̄ R R +1)
γ̄ S2R

,

(73)

and according to (39) and [23, eqs. (2) and (6)],
F
Pr (γYDRC,D1
< γt h ) can be written as
F
< γt h ) = 1 −
Pr (γYDRC,D1

γ
γ̄ R D1
− th
e γ̄ R D1 .
γt h γ̄ S1D1 + γ̄ R D1

(74)

Y RC,D F
By substituting (73) and (74) into (72), Pout,D1
can be
written as in (41) and the proof is completed.
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