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ABSTRACT The full-duplex (FD) and two-way relay are promising techniques for their high spectrum
efficiency. However, the incompletely self-interference cancellation may reduce the performance gain of
two-way relay networks, which operates in FD mode. In this paper, we propose an adaptive amplify-and-
forward (AF) and decode-and-forward (DF) selection scheme for FD two-way relay networks, where the
relay is allowed to operate in half-duplex (HD) mode. We first derive closed-form formulas of the outage
probabilities of the non-adaptive AF and DF schemes for two-way relay networks in both FD and HD
modes. To improve the outage performance, an adaptive AF/DF scheme will be proposed for two-way relay
networks. However, with the residual self-inference, adaptive FD scheme is not always the best choice for
achieving the optimal outage performance. Therefore, we also design an optimal switch scheme between FD
and HD modes. The closed form formulas of the outage probability are also derived. The simulation results
will not only verify the theoretical derivations, but also illustrate the significant performance gains compared
with existing non-adaptive schemes.

INDEX TERMS Full-duplex, half-duplex, two-way relay, outage probability, amplify and forward, decode

and forward.

I. INTRODUCTION

Spectrum efficiency is one of the key performance metrics for
wireless communication systems. In order to achieve higher
spectrum efficiency, two-way relay and full-duplex (FD)
techniques are proposed. The two-way channel was first stud-
ied by Shannon [1], who derived the inner and outer bounds
on their capacity region. To achieve the messages exchanging
between two terminal nodes via a relay node, two-way relay
half-duplex (HD) with three time slots and four time slots
attracts wide research interests [2], [3]. To further improve
the spectrum efficiency, a bidirectional two time slots two-
way relay scheme [4]-[8] was introduced where step 3 and 4
are combined as a broadcast. Because of high spectrum
efficiency, two-way relay HD scheme has been adopted in
4G mobile communication systems [9], [10]. On the other
hand, the FD technique, which has been regarded as imprac-
tical before for its strong residual self-interference (RSI),
comes into reality because of the development of the
self interference (SI) cancellation techniques [11]-[14].

Recently, due to the performance of nearly doubled spec-
trum efficiency, FD technique has the potential to offer a
higher spectrum efficiency to 5G mobile communication sys-
tems compared to conventional HD communications [15].
Combining the advantages of the FD and two time slots two-
way relaying, the FD two-way relay networks can further
improve the spectrum efficiency by achieving bidirectional
messages transmission and reception on the same frequency
band simultaneously.

The amplify-and-forward (AF) and the decode-and-
forward (DF) are the two common protocols in the two-way
relay networks. Many performance metrics such as achiev-
able rate, ergodic capacity, and outage probability are studied
in HD mode. In [8], the achievable rate of the two-way relay
is investigated. In [4], Rankov and Witineben analyzed the
ergodic capacity of AF and DF schemes in two-way relay
HD networks. Liang ef al. [16], [17], respectively analyzed
the outage probabilities of AF and DF in two-way relay
HD networks in the presence of multiple interferers at the
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terminal nodes. In order to increase the communication
throughput of two-way relay networks in DF scheme,
network coding technology was introduced. In [7], [18],
and [19], network coding technology was investigated for
two-way relay to exploit the broadcast nature of the wireless
communication systems. Li et al. [20], analyzed the outage
probabilities of AF and DF in two-way relay HD networks,
where an adaptive switching scheme between AF and DF
protocols are proposed. The proposed adaptive scheme out-
performs the non-adaptive schemes.

With the development of the SI cancellation techniques
in FD communications, the SI can be greatly suppressed by
several ways. In [21]-[23], various antenna-based solutions
were proposed. In [24]-[26], active analog domain cancella-
tion methods were proposed. In [14], [27], and [28], digital
baseband domain cancellation techniques were investigated.
Moreover, in [29], the overall performances of differ-
ent linear SI cancellation methods have been analyzed.
Korpi et al. [11], addressed the problem of self-interference
cancellation in FD direct-conversion radio transceivers,
where a novel linear digital SI cancellation method was pro-
posed. In [30], Masmoudi and Le-Ngoc presented a two-stage
SI cancelation for FD multi-input-multi-output (MIMO)
communications systems, in which the SI channel coefti-
cients can be perfectly estimated with no knowledge of the
intended signal and showed a remarkable SI cancellation
effect. Nevertheless, the RSI still needs to be considered in
FD communications.

The performance of FD scheme in two-way relay networks
are also investigated. Hu er al. [31], investigated the out-
age probability and ergodic capacity of the AF scheme in
two time slots FD two-way relay networks. Li et al. [32],
studied the outage performance of DF scheme for two-way
relay in FD scheme, which showed that the FD scheme is
not always the good choice with imperfect RSI cancellation.
Zhang et al. [33], studied the average rate and outage prob-
ability tradeoffs of AF and DF for two-way and one-way
relay in FD scheme. In [34], Choi and Lee investigated the
outage probability of the AF scheme in two-way relay FD
networks with perfect and imperfect channel state informa-
tion (CSI). Riihonen et al. [35], proposed a hybrid technique
which switches opportunistically between FD and HD two-
way relay schemes to maximize the spectrum efficiency.
However, there is no adaptive AF/DF selection with FD/HD
switching scheme in two-way relay networks for minimizing
the outage probability.

In this paper, we first derive the closed form expressions
of the outage probabilities for the non-adaptive AF and DF
in two-way relay FD networks in the presence of the RSI.
We then consider an adaptive AF and DF selection scheme
in two-way relay FD networks. However, the RSI can not
be completely eliminated by self-inference cancellation tech-
niques, which limits the performance gain of the FD scheme.
Therefore the adaptive FD scheme is not always the best
choice for minimizing the outage probability. In high signal-
to-noise ratio (SNR) regime, the corresponding RSI may be
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too large to achieve a small outage probability, which will
lead to an outage. In this context, the outage performance of
the adaptive HD scheme is getting better with the increase
of the SNR [20]. Hence we consider an adaptive selection
scheme between AF and DF in two-way relay networks with
FD and HD scheme. When the SNR is smaller than a thresh-
old 28 \e choose the adaptive FD scheme. Otherwise, we
choose the adaptive HD scheme. If it still in outage, we try
the DF scheme in FD mode. The simulation results will not
only verify the theoretical derivations, but also illustrate the
significant performance gains when comparing to existing
non-adaptive schemes.

The rest of the paper is organized as follows. Section II
presents the system models of two-way relay in both FD and
HD schemes. Non-adaptive outage probabilities of AF and
DF schemes for two-way relay in both FD and HD modes
are derived respectively in Section III. Section IV deals with
the outage probabilities of the proposed adaptive AF/DF
selection with FD/HD switching for two-way relay channels.
Simulation results are presented in Section V. Finally, the
main conclusions are drawn in Section VI.

(2)

(b)

FIGURE 1. The system model of two-way relay networks. (a) Multiple
access (MAC) stage. (b) Broadcast (BC) stage.

Il. SYSTEM MODEL

As shown in Fig.1, node A and B exchange messages with
the help of node C. All nodes switch between FD and HD
schemes, and C switches between AF and DF protocols.
Due to the path loss and shadowing effect, the direct link
between A and B can be neglected. The transmit power
at A, B, and C is assumed to be equal and denoted by P. The
independent channel fading coefficients between A and C,
B and C are denoted by h; and h;, respectively. The channels
with iy ~ CN(0, A1), hy ~ CN(0, 1) are reciprocal and
subject to block fading. Then x = |A1]? and y = |ho|?
follow the exponential distribution with the parameters
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1/x1 and 1/X,, whose joint probability density function is
given by fx y(x,y) = AAoe M¥7*2Y Also, we assume the
CSI can be estimated perfectly. The variances of zero-mean
additive white Gaussian noise (AWGN) n4, ng, and n¢ at the
nodes A, B, and C are assumed to be equal and denoted by o2,
It should be noted that there are two kinds of self-interference
in this model: one from FD transmission and one from two-
way relay networks. Moreover, the self-interference from
two-way relay networks is ignored in both FD and HD
systems. A two-way relay network consists of the multiple
access (MAC) and broadcast (BC) stage [4]. In the MAC
stage, A and B transmit signals x4 and xp to C simultaneously.
After a certain signal processing operations, C broadcasts the
received signals xc to A and B in the BC stage. The received
signals of A, B, and C are denoted by y4, yg, and yc.

A. TWO-WAY RELAY IN FD MODE

In FD mode, all nodes transmit and receive signals in the same
frequency band simultaneously. In each time slot, node C
receives the signals from nodes A and B along with the RSI
generated from its own. While A and B receive the forwarded
signals, which are amplified or decoded by C, along with its
own RSI. As A and B know the signals they transmit and have
perfect CSI, they can subtract the self-inference to obtain
the target signals. Considering the imperfect self inference
cancellation (SIC), the accurate relation between the RSI
and transmit power is still unknown [36]. But according to
previous works [13], [32], we model the RSI as a random
Gaussian variable with zero mean and variance proportional
to the local transmit power, i.e. z4,zg,zc ~ CN(0,&P).
In the k-th time slot, the signals received by A, B, and C can
be expressed as

yelk]l = hixalk] + hoxplk] + nclk] + zclkl (1)
yelk] = hoxclk] + nglk] + zplk] (2)
yalkl = hixclk] + nalk] + zalk]. 3)
In the AF scheme, after receiving the signals in the MAC

stage, node C amplifies the received signals with its transmit
power. Hence the transmit signals xc can be written as

xclkl = plklyclk]
= p1lk] (hixalk] + hoxplk] + nclk] + zck]), (4)

where p; is an amplification coefficient and can be written as

P
k] = .
pilkl \/Plhl[k]|2+P|h2[k]|2+02+€P

In the BC stage, by substituting (4) into (2), the received
signal of node B can be written as

®

yelk] = hap1[k1(hixalk] + hoxglk] + nclk] + zc[k])
+ nplk] + zglk]l. (6)

Since node B knows its own transmitted signals and has a
perfect CSI estimation, it can subtract the self-interference
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in (6) before decoding the received signal. The remained
signal at node B can be written as

yelk] = hap1lklhixalk] + hopr1[k](nc k] + zc[k])
+nplk]l +zglk]l. (7)

In the DF scheme, after receiving the signals from nodes
A and B, node C attempts to decode both x4 and xp. If suc-
cessfully decoding the signals, node C implements network
coding [18] technique with bit-level XOR operation to recode
the data stream. The forwarded signal x¢ is the bitwise XOR
of the x4 and xp data streams, i.e. xc[k] = xa[k] P xplk].
After receiving and decoding the broadcasted signals,
nodes A and B perform bit-level XOR to obtain the desired
data streams. Therefore, the remained signal at node B can be
written as

yBlk] = haoxalk] + nplk] + zg[k]. ®)

B. TWO-WAY RELAY IN HD MODE

In HD mode, the procedure of signal transmission is similar to
that in FD mode. But the MAC and BC stages are finished in
two time slots. Moreover, there is no RSI in the HD scheme.
In the k-th time slot, node C receives the signals from nodes
A and B, simultaneously. In the (k + 1)-th time slot, A and B
receive the forwarded signals from node C. Then they subtract
the self-inference to obtain the target signals. The signals
received by A, B, and C can be expressed as

yelk] = hixalk] + hoxglk] + nclk] 9
yalk + 1] = hoxclk + 1] + nglk + 1] (10
valk + 11 = hixclk + 11 4+ nalk + 1]. (1D

Similarly, the remained signal at node B in the AF scheme
can be written as

ylk + 11 = hopalklhixalk] 4 hopalklnclk] 4 nplk + 1],
(12)

where p is an amplification coefficient and can be written as

P
k] = -
p21k] \/P|h1[k]|2 + P[] + 02

(13)

The remained signal at node B in the DF scheme can be
written as

yelk + 1] = hoxalk] + nplk + 1]. (14)

Ill. NON-ADAPTIVE OUTAGE PROBABILITY ANALYSIS

In this section, we investigate the non-adaptive outage perfor-
mances of the AF and DF schemes for two-way relay in both
FD and HD mode. The target transmission rate is denoted
by Ry,. For simplicity, we only consider the high rate case
where Ry > 1. We let I} = 2fn — 1,1, = 22Rn — 1,
=0+ EP, 1 = o2 for convenience.
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A. OUTAGE PROBABILITY OF NON-ADAPTIVE FD SCHEME
Proposition 1: The non-adaptive outage probabilities of the
AF scheme for two-way relay in FD mode (FDAF) are respec-
tively given by

qn@aty | At 2 + 1)
Pgﬁ/ﬁx =1-2\e P St kbt S W

At 20 + 1
“ K.y \/ 1At h 2L+ 1)

2 (15)
2
" _nh@aotip [Atyh 2L+ 1)
pff,),_lzg =1-2xe r K2P2
A’ 20 + 1)
[5pt] x K| \/ 3 . (16)

where K_(-) is the modified Bessel function of the second
kind [31] given by

K,(xz) = (ZV/Z)/ exp(—(x/2)(t + @/ON ™" dr.  (17)
0

Proof: See Appendix A.

Proposition 2: The non-adaptive outage probabilities of
the DF scheme for two-way relay in FD mode (FDDF) are
respectively given by

pFDDF o A 6_1111('\1*-;2“2’1)
out—A )\1 +)»2l1 N
2 _tlll()»1+)uz+)»11|)
——e P (18)
M+ Al
pFDDF o MM ei’]ll()‘]iﬁ‘z*hll)
t—B —
o A+ A2l N
2 _nhGgtra+aly)
—— e P . (19
Ax + Al

Proof: See Appendix B.

B. OUTAGE PROBABILITY OF NON-ADAPTIVE
HD SCHEME
There are two main differences between FD and HD scheme.
The first one is that the HD scheme uses two time slots to
finish message exchanging while the FD scheme only uses
one time slot. Therefore the pre-log factor of the transmission
rates are % due to the spectral loss in the HD scheme. The
other difference is that there is no RSI in the HD scheme.
Therefore we can easily get the corresponding outage prob-
ability of the AF and DF schemes for two-way relay in
HD mode.

Proposition 3: The non-adaptive outage probabilities of
the AF scheme for two-way relay in HD mode (HDAF) are
respectively given by

_'2’2<2;1 +22) )L2f2212(212 + 1)
A1 P2

A rat2 (20 + 1
WKy \/ 12285020 + 1)

pHPAR — 1 23 e

= . (20)
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nb@nti) | A2k + 1
A 1tyb(20h + 1)
Ksz

A hat2h (2l + 1
WKy \/ 122;2(2 )

. @

Proposition 4: The non-adaptive outage probabilities of
the DF scheme for two-way relay in HD mode (HDDF) are
respectively given by

HDDF )q _ by +r+rlh)
Pour—-A = 1— e r
A+ A2l
)\2 b gtiotiih)
-t P (22)
M+ A

IV. OUTAGE PERFORMANCE ANALYSIS FOR ADAPTIVE
AF/DF SELECTION WITH FD/HD SWITCHING

As all the nodes can select AF and DF and switch between
FD and HD, we are wondering whether there is an adap-
tive forwarding scheme to improve the outage performance.
An adaptive AF/DF selection in HD mode was proposed,
which illustrates an better performance under all channel
conditions and all transmit SNR values [20]. However, in
FD mode the results show that the outage probability of
the DF scheme for two-way relay FD scheme monoton-
ically increase and converge to 1 as the transmit power
exceeds a certain threshold [32]. Besides, it shows that the
outage probability of the DF scheme is lower than that
in the AF scheme for two-way relay in FD mode [33].
In other words, the FD technique is not always the best
choice in outage probability because of the existence of RSI.
Therefore, we propose an adaptive AF/DF selection with
FD/HD switching. Due to the computational analogous of
nodes A and B, we will only present the outage probability of
node A.

A. OUTAGE PROBABILITY OF ADAPTIVE AF/DF
SELECTION SCHEME IN FD MODE
In the adaptive FD scheme, node C attempts to decode the
two-way signals firstly. If it fails, node C will switch to AF
scheme.

Theorem 1: The outage probability of node A for the
adaptive AF/DF selection for two-way relay in FD mode is
given by

_tonly
FD—adapt _ FDDF 4 M€ T —uhaln
out—A out—A )\1 _"_)\'211
Xl
Alie” 7 —(A1+)l‘—12)x2 _ @yt
i e—— — Ale
M+ Al
2110 261
s VH (xo = 220 —Hy (= 222
{ 1(2 P 1| x 3

(23)
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where Hj(x) can be written as

L OIE)

—A1C]
Hi(x) =e P2c

[2
. 22 +1)\ ~rie - 2T ()2
_ -1 - 7 <1 - 7
1 PZC% ¢ 2

2
N Mtfh 2l + 1) 20t 2L +1)
+ 1= P22 o P263
1 1
i @l +1) 3
7A‘IC17T (_x — Cl)
—

X e

(24)

and ¢; = . The abscissae of the intersection
points x1 and x; are respectively expressed as

x1+x2 24l
2 P

QL+ 1)
=5 (25)
o= nh@G+ 4+ v+ D +5)) (26)

2P
Proof: See Appendix C.

B. OUTAGE PROBABILITY OF ADAPTIVE AF/DF
SELECTION SCHEME IN HD MODE
In the adaptive HD scheme, the relaying process is similar to
that in the adaptive FD scheme. Node C attempts to decode
the two-way signals firstly. If it fails to decode, node C will
switch to AF scheme [20].

Theorem 2: The outage probability of node A for the
adaptive AF/DF selection for two-way relay in HD mode is
given by

where H(x) can be written as

13hCh+1)
_1162_27
Hy(x) =e Prey
2
ML+ 1)\ —e— 2222200 ()2
X )»1——2 e Py =
P2¢5 2
2
Mmt3h(2h + 1) 201320+ 1)
1 P2 2 - P2 3
C2 C2
a2 ehH) 3
—Mo-—“557— ((x —c
xe ng Lol 28)

6

and co = % — %. The abscissae of the intersection

points x3 and x4 are respectively expressed as
n2h +1)

P
hB+ b+ /(b + 1) +5))
2P '

(29)

X4 = (30)
C. OUTAGE PROBABILITY OF FD/HD SWITCHING

The proposed adaptive AF/DF selection with FD/HD switch-
ing scheme is shown in Fig. 2 which always provides the
best outage performance among the possible combinations
of AF/DF scheme in HD/FD mode within all transmit SNR
values. In this two-way relay system, node C makes the

decision to choose the operating schemes by estimating the
transmit SNR (SNR = %). When the SNR is smaller than a

threshold 21:;_—”' , the two-way relay system chooses the adaptive
FD scheme. Otherwise, it chooses the adaptive HD scheme.
If it is still in outage, it chooses the DF scheme in FD mode.
Below we will investigate the closed form formulas for the
proposed scheme.

Theorem 3: The outage probability of node A for the
adaptive AF/DF selection with FD/HD switching in two-way
relay networks is given as follows.

N er;glz Case 1: When % < %, i.e. SNR < 2R—’h, the outage
AD—adapt _ \HDDF | 21 °  —(a+dal)vs probability of node A for the adaptive FD/HD scheme is
out—A out—A * + Aol .
1 22 given by
_Mah dapt FD—adapt
_)\1126 P e*()tl‘F%)M i )\'1@_7(2)‘1+})‘)2)t2l2 quffA :poutff\ . 3D
A Ml
2+ Mi Case 2: When % < % < min{x3, y4}, i.e. ZRT”' <
26l 211 - [T DTS
X {Hz <x4 - %) —H (x3 - %) } SNR < min 2122111‘""1, b 2l‘+1+2 §f2+1)(12+5)}’ the outage
probability of node A for the adaptive FD/HD scheme is given
27 by Eq. (32), as shown at the bottom of this page, where H>(x)
_hanl _lanh
pldant _ phD—adapt _ Are” 7 (E_M _ e—(A1+A211)x5> IR L (E_M _ e—(A1+Azlz)x3>
out —. out—. A+ Al A+ Aol
_rinh
—i—)»le_(MH;Z)QIZ Ay (xs — @ (s 201y ke 7 (e_(xzﬂllpzl)r,ll B e—(kz+k111)ye)
P P M+ Al

_Mnb
e TP

+—
A2+ Mib
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(g trq byl i (4221 )tnl l l
(87% _ e*(kz+x1lz)y4) + )»267% {H3 <)’6 — 2) — H;3 <y4 - %)} (32)

P
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FIGURE 2. The flow chart of the proposed adaptive AF/DF selection with
FD/HD switching.

can be written as

. _Mez_xzrgtzz(zzzﬂ)
Hyx)=-¢e P
2(x) A2 . MhhH) A N2
N 25 (20 +1) L P )
— 1— —PZE-% e —2
2
NI MiL2L+DY  2h15b(2hL+1)
: P22 P23
.~ Zhh+]) A3
—A = 55— —
we T Mg Wzl (33)

6 ,
x3+xs 201
2

and ¢, = P

is expressed as

The abscissa of the intersection point

2rly+ il —11 + /@by + 1l —1)? + 4Qn112 +31)
xS = k)
2P
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FIGURE 3. The outage probabilities of the non-adaptive FDAF and FDDF,
and adaptive FD scheme in different transmit SNRs.

where H3(x) can be expressed as

Aac3 ML +1)
_ e
Hi(x) = e 23 M 3h@h+D) )
s _K1t2l2(2l2+1) 67AZC37W(X—C3)
! P23 2
2 2 2
A, - K1t212(212+1) B 2A1t212(212+1)
2 P22 P23
2 3
M3HCL+1) 3
RS —(x—c
< e PZC% ( 3) , (34)
6
and ¢z = y“% — @. The abscissae of the intersection

points are respectively expressed as

(1l + 1 + /(I + DL +5))
2P
dial+ialy =11 4/ Qial + 12l —11? + 4112l +31)

Yo = 2P )

and where [ = I /1.
Case 3: When % > max{x3, y4}, i.e. SNR >

2h—hitl Lh=2h+1+Vh+ DB | he gutage probabil-
& 280 > gep

max

ity of node A for the adaptive FD/HD switching scheme is
given by
adapt HD—adapt
Pout—a = Pour—a . (35)

Proof: See Appendix D

V. SIMULATION RESULTS AND DISCUSSIONS
In this section, some simulation results are presented to
investigate the outage performances of the proposed adaptive
AF/DF selection with FD/HD switching and the conventional
non-adaptive scheme. We evaluate the outage performances
both in theoretical and Monte Carlo simulation results.

In Fig. 3, we consider the adaptive FD scheme. The self
inference and channel coefficients are chosenas & = 1x 1073
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FIGURE 4. The outage probabilities of the adaptive FD, adaptive HD, and
adaptive FD/HD switching scheme in different transmit SNRs.

and A; = Ay = 1 respectively. The noise variances at all
nodes are chosen as 0> = 1. The rate threshold is chosen as
Ry, = 1b/s/Hz. If there is no specific explanation, we will
use these parameter settings below. We compare the outage
probabilities of the non-adaptive FDAF and FDDF, and the
adaptive FD scheme. We observe that the FDDF scheme is
better than the FDAF scheme. But the outage probabilities
tend to be uniform as the transmit SNR increases to infinity.
Moreover, the proposed adaptive FD scheme is superior to
the conventional non-adaptive AF and DF scheme in all SNR
values. However, even if the adaptive FD scheme is chosen,
there still exists a floor when the SNR is larger. The reason is
that RSI grows with the increase of the SNR.

InFig. 4, we consider the adaptive AF/DF selection scheme
for two-way relay networks in FD and HD mode. The sym-
metric channel Ay = X, = 1 and asymmetric channel
A1 = 10,1, = 1 are considered. We compare the outage
probabilities of the adaptive FD and HD scheme, and the
adaptive AF/DF selection scheme with FD/HD switching.
It is observed that the adaptive FD scheme is better than the
HD scheme when SNR is smaller. But it shows an opposite
result when SNR is larger. This result indicates the adaptive
FD scheme is not always the best choice despite the high
spectrum efficiency. It also shows that the outage perfor-
mance of the proposed adaptive AF/DF selection with FD/HD
switching is the best choice compared with both the adaptive
FD and HD schemes. In addition, the outage performances
of all the three adaptive forwarding schemes are worse in the
asymmetric channels with the higher attenuation A; = 10.

InFig. 5, we consider how the RSI coefficient £ impacts the
outage performance of the proposed adaptive AF/DF selec-
tion with FD/HD switching. The RSI coefficient is chosen as
£ € (0,6 x 1073]. We see that outage probabilities of the
adaptive AF/DF selection with FD/HD switching scheme go
worse with the increase of RSI coefficient. However, they
approach to a constant in the high SNR since we choose

11600

FIGURE 5. The outage probability comparisons of the adaptive FD,
adaptive HD, and adaptive FD/HD switching scheme in the different RSI
coefficients and transmit SNRs. (The curves and markers in this figure are
consistent with these in Fig. 4).

adaptive HD scheme in this case. Therefore it is not difficult
to conclude that the adaptive FD scheme is the best choice
with the excellent RSI cancellation technique.

VI. CONCLUSION

In this paper, we proposed an adaptive AF/DF selection
with FD/HD switching to improve the outage performance
for two-way relay networks. In order to obtain the optimal
adaptive scheme, we first derived the closed form expres-
sions for the non-adaptive and adaptive FD scheme. However,
due to the RSI, the adaptive FD scheme is not always the
best choice. Then we consider an adaptive AF/DF selection
scheme in FD and HD schemes. By using this switching
scheme, approximation optimal closed form formulas are
obtained. The simulation results verify the correctness of
theoretical derivations. It is also shown that the proposed
scheme provides significant outage performance gains in all
channel states and SNR values. Due to the error floor of the
curves in Fig. 3 and the gain of the outage probability of
adaptive FD scheme is not obvious, future work may further
look into some parameters, e.g. power allocation, to increase
the outage performance.

APPENDIX A

PROOF OF PROPOSITION 1

Substituting (5) to (7), the instantaneous signal to interference
plus noise ratio (SINR) at node B can be expressed as

Plphihy|?
|ph2|* (02 +£P) + 02 + £P
P2
= 2 (36)
2t1Py + 11 Px + 1
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FIGURE 6. The non-outage region of the node A.

Therefore, the instantaneous rate from A to B is given by

P2
RIPAF _ ¢ ( il ) 37)

24Py + 11 Px + 1}
Similarly, the instantaneous rate from B to A is given by

P2
REPAF — ¢ =), (38)
261 Px + 1Py + 1

where C(Z) = logy(1 + Z). We define two non-outage
sets AfP and AfP that A transmits signals to B and in the
reverse direction successfully relayed by C. Hence they can
be respectively expressed as

AP = [ IR = R} = (069l 2 i) 39)

ASP = | IREPY = Ra} = (e 9l 2 i), @40)
where f1(x) = gzlipx;tl " The corresponding region of AF D
is the blue shadow 0% the Fig. 6. Next we will present the
outage probability of the AF scheme for two-way relay in FD
mode.

By double integral, we get the outage probability of the AF
scheme for two-way relay in FD mode. The integral domain
for the non-outage probability is the set Af D Therefore, the
outage probability of node A is derived as in (41).

P = 1= PrAT?)

o oo
o [ St ady
l 1 ‘(X

Ax—A2y
,/2”[1 ﬁlllp’f*’zll Are dxdy

PZx—2111, P

o
— —Ay
= /;’111 ﬁmpm%“ Ae” " dxdy

P2x—211 1 P

_ —A2
=1 —/ rie M¥e
201
h

2
M2l +1)
00 r,11(2m+)\2> —(Al +%)
= re” e dx
0

11/1P,x+1 I
P2x72z111P dx

3
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nh@n) [ At (21 + 1
R L e 1L+ 1)
)\.1P2

4)»1)&21‘ LhQR2L+1)
K 4 i

(41)

Similarly, the outage probability of node B is derived as
in Eq. (42).

B =1 - AL

1111<2;2+M> Mtlzll(le +1)
Ao P?

A2t 20 + 1
WK \/ 121;514-)

=1-2\e"

(42)

The proof of the Proposition 1 is completed.

APPENDIX B

PROOF OF PROPOSITION 2

In the MAC phase, if one data stream is deemed as interfer-
ence to the other, then the instantaneous rates are respectively

given by
Plh|?
R =cC > (43)
Pl +0-+ &P
Plha|*
RV = C : 44
23 Plhi|> 4 0% 4 &P 9

We define two non-outage sets B and B{? that node C can
directly decode the signals from A and B with the other signal
as interference. Hence the non-outage sets can be respectively
expressed as

B? = (. DIRTY = R} = {(x. lx = 2100} (45)
BYP = (. MIRGTY = Ry} = ((x, p)ly = g1(0)}.  (46)
where g1 (x) = l1x + %. If node C successfully decodes the
signals from one node, and use the interference cancelation

technique to decode the remaining signals, then the non-
outage sets are respectively given by

Plhy|?
CiP = 1(x,n|RIPIC = C (A) > Rth}

o2 +EP
— Nyl z 1 7
=P
P|hy|?
e = ol e (225 -
1l
= 1(x, > —1, 48
e,y > P} (48)

where Rf 5’ € and R;DIC are the instantaneous rates after the
interference cancelation from nodes B and A.

In the BC phase, node C decodes the signals and then
broadcasts the recoded signal to A and B. The corresponding
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non-outage sets are respectively given by

P3|k |?
DIP =L@ R =C | 5———) = Ru
o + &P
oyl = 10 (49)
={x, x> —
Y P
P3|hy?
D;” = J@. R =C > Rih
o5 + &P
o ply > A (50)
= X, - 5 [
Yy P
where RQFDF and RngF are respectively the instantaneous

receiving rates of nodes A and B.

Since there is no outage in the transmission, node C must
decode both the signals in the MAC phase and transmit the
recoded signals to nodes A and B in the BC phase success-
fully. Therefore the non-outage sets of the whole transmission
can be respectively given by

EP = {(BfD N CéjD) U (BgD N C‘fD)} BN
Ef? = { (B c”) J (B?C?) | PP 52)

The corresponding non-outage region is the red shadow of
the Fig. 6. By double integral, we can get the outage prob-
ability of the DF scheme for two-way relay in FD mode.
The integral domain for the non-outage probability is the set
EfP. Therefore, the outage probability of node A is derived as
in Eq. (53).

FDDF
out—A

= 1 - Pr{E{")

oo poo
zl_f
nh

Sx, v (x, y)dxdy
g1(x)

/ . AMAze™ hx— Azydxdy
11x+t1 1

k])nze Aix— )‘zydxdy

N US
-, Ape MY M) gy

nlh
P

Al 1l Oqthgtigl)
= —_ —e P
AL+ A2l
Ao g +rotagl)
———¢ P . (53)
A2+ Al

Similarly, the outage probability of node B is derived as in
Eq. (54).

FDDF FD
out—B — - PI"{EZ }
)ﬂ gt taglp
= B — P
A+ A2l
_Le_qll(xﬁ;zﬂlzl) (54)
A+ Al

The proof of the Proposition 2 is completed.

APPENDIX C

PROOF OF THEOREM 1

In the adaptive FD scheme, node C tries to implement the
DF scheme firstly. If it fails, i.e. node C can not decode both
signals from A and B with the other signal as interference,
node C performs the AF scheme. Therefore, the non-outage
region of node A is the union set of A and Ef” which
is corresponding to the red and blue shadow of Fig. 6. The
outage probability of node A is derived as

—Pr [BFD BN AFD}, (55)

where Pr {B’lv DABEP M AP | can be derived by the double
integral in the region enclosed by y = g1(x), x = g1(y), and
y = f1(x). Therefore they can be calculated by the expression
as follows in Eq. (56), as shown at the bottom of this page,
where 11 can be expressed as

x2
I :/ e M¥e
x1
X2 —
=/ e M¥e
x1
x _
:/ re M¥e
x1

FD—adapt
out—A

FDDF
out—,

—2fi) g

1l Px-H%ll
2Py P gy

Az(zrlzllz+r1211)
PZx—2111P

LU

Podx

211y

00 @by (2R, RanhPrel
zl_ﬁ[ ppetree () = e 7 / iy C P dx (5T)
k hi(x)
- X  rgi(x) oo rgix)
Pr{BfDﬂBgDﬂAfD} = / f AAoe ME TR dxdy + / / AMAze ¥R dxdy
x1 Jfi(x) X2 @)
X2 Px—t11y
— / )\le*klx (e*)»Zfl(x) *lzgl(X)) dx / e~ Aix (e_)‘Z P _ elzgl(X)> dx
x|
= /‘Xz )\'le—)ﬂxe—)ﬂfl (X)dx _)"—e M—(A]—‘,-)Ql])}(] Ae—)\z%—()»r'r%z)xz (56)
1 A1+ A2l A+ Al

I
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As there is no closed solution of Eq. (57), we consider a
second order Taylor series expansion to approach the true
values. The error in this approximation is R(n) = o[(x —c} )3].
Hence A (x) can be expressed as

2
Ay t201 2y +1)
g 2@+

hl(_x) = e P2x

2 ()
h
%2 ﬂ(x—cl)"
n!
n=0

hot21y (21 +1)
7A1C17721Plz.1
= e ‘1
21,21y +1
ML) —rje— 200D
X )\.1 - T e Prey ()C—Cl)
P-cy

Mt 21+ D\’  2hatfh QL+
- 2,2 2
P P

at21 QI +1)
—Aic1— L (X _ 01)2
X e — (58)

where the convergent point for the Taylor series is chosen as
1 = % — %. Denoting H;(x) = [ hi(x)dx, then it can

be expressed by
Hi(x)
)
h
:/Z 1 (Cl)(x—cl)"dx
n!
n=0
2 (n)
c
/Z ( 1) Cl)nJrldx
(n+ 1)‘
e a2y @l +1)

chl

=e
2
(M Aot} 11(211+1)>e =2 (- cp)?
2

Mtth(2l + 1) 201321 + 1)
Tyl\A - 2— T 3
P P

At21) 21y +1)
e
X e Poe — (59)

Substituting Eq. (59) to Eq. (57), and then substituting
Eq. (57) to Eq. (56), we can easily get the Eq. (60), as shown
at the bottom of this page. Therefore, the outage probability

(@ (b)

(© (@
FIGURE 7. The non-outage region of node A for the adaptive AF/DF

selection with FD/HD switching in two-way relay networks. (a) Case 1.1.
(b) Case 1.2. (c) Case 2. (d) Case 3.

of node A can be expressed as

FD—adapt FDDF A _20h 40
out—A = Pour—a T A Gl
A t
_ b 21 (A1+ ) +)\1€_(2A1+;2)f111
A+A1l
2111 2114
X {AH{xp—— )| —Hi|x1—— ) ¢.
P P

The proof of the Theorem 1 is completed.

APPENDIX D
PROOF OF THEOREM 2
As shown in Fig. 7, the non-outage region of node A for
the adaptive AF/DF selection with FD/HD switching in two-
way relay networks can be classified in four cases. Since the
the blue shadow region in Fig. 7(b) is too small to calculate
the integral, we can ignore it and merge it to the first case.
Therefore we analysis the outage probability in three cases.
Case 1: When % < % as shown in Figs. 7(a) and 7(b),
i.e. SNR < QRT'h, we choose the adaptive AF/DF selec-
tion scheme in FD mode. Therefore, the outage probability
of node A for the adaptive FD/HD switching scheme is
given by

adapt ___FD—adapt
Pout—A = Pour—A . (62)

pr{BP(BIP(MAP} = L e
! m 2 m ! A+ A2l

dotyl
L;} L—(n+2r20)x; + Ml

Aot s IPENY
—%—(M+%)Xz ( 1+P2)t111

A + e
A2+ Ml !

X{Hl (xz—%)—Hl (xl—%>}. (60)
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adapt __HD—adapt HD HD HD FD
Pout—A = Pour—a - Pr{Bl ﬂ B2 m Al m El 5
X3 r&x) x5 rfa(x)
HD—adapt —Ax— —Aix—
= Dow—p |~ ﬁ ! / Mhoe MYV dxdy + / / Mhae M T2 dndy
Bt Jg1(x) x3 Jgi(x)
4 r&0) P Yo rf'o) O
— ﬁl / ApAge T 2ydxa’y—l—/ / AAge YT dxdy
Ik Jei») 4 Je1(y»)
A ~ 220 A +roltyl A o Aol
_ pHszdapt _Me 7 (e_% _ e—(A1+Azl1)X5) e F (e_% _ e—(/\|+kzlz)X3)
out= M+ Al A+ Ab
LU
_@q+inb | oA 220 A 2120 Aye” P _ Oy _ !
+ Aie P Hy|xs — ——= | —Hy|x3— — (e P —e ()‘2“‘111)’6)
P A2+ A1l
Al l l
Aoe” TP _ Gotnipnl _ : _ G20l %Y%) il
+— e i B Y. P Hy\ye — — )| —H3\ya— — ) (63)
M+ A P P
Case 2: When % < % < min{xg, y4} as shown [7] Y. Wu, P. A. Chou, and S. Y. Kung, “Information exchange in wireless
. . . 2R . networks with network coding and physical-layer broadcast,” in Proc. 39th
in Fig. 7(c), ie = SNR = min Annu. Conf. Inf. Sci. Syst. (CISS), 2004, pp. 1-7.
2b—=l1+1 L=2L+1+/(L+D(+5) : - [8] P. Popovski and H. Yomo, “Physical network coding in two-way wire-
{ &l ’ 281 . First we choose the adap less relay channels,” in Proc. IEEE Int. Conf. Commun., Jun. 2007,
tive AF/DF selection scheme in HD mode and then choose the pp. 707-712.
. .- [9] Relay Radio Transmission and Reception, document 3GPP TR 36.826,
DF scheme in FD fn'ode. Similar to the proof of Theorem 1, Tl 2013,
the outage probablhty of node A for the adaptlve FD/HD [10] Relay Architectures for E-UTRA (LTE-Advanced), document 3GPP
switching scheme is given by Eq. (63), as shown at the top TR 36.806, Mar. 2010.

. TWHD THD [11] D. Korpi, L. Anttila, V. Syrjala, and M. Valkama, “Widely linear digital
of this page, where B1 and B2 are the Outage sets that self-interference cancellation in direct-conversion full-duplex transceiver,”
node C can not decode both the signals from A and B with IEEE J. Sel. Areas Commun., vol. 32, no. 9, pp. 1674-1687, Sep. 2014.
the other signal as interference in the HD scheme. AII’-ID is the [12] J. R. Krler' and I. F Akylld.lz, “Active se}f—mterference cancellation of

. . passband signals using gradient descent,” in Proc. IEEE 24th Annu. Int.
outage §et of node A in AF scheme for two-way relay in HD Symp. Pers., Indoor, Mobile Radio Commun. (PIMRC), London, U.K.,
mode. Hy(x) can be expressed as in Eq. (33) and H3(x) can Sep. 2013, pp. 1212-1216.
1 [13] D. Bharadia, E. McMilin, and S. Katti, “Full duplex radios,” ACM
be expressed as in Eq. (34). p
. nly N . . SIGCOMM Comput. Commun. Rev., vol. 43, no. 4, pp. 375-386, 2013.
Case 3: When P = max{x3, Yy 4} as shown in Flg' 7(d), [14] E. Ahmed and A. M. Eltawil, “All-digital self-interference cancella-
T v ey g
i.e. SNR > max 212g1111+1 s 12_211+1+255f2+1)(l2+5) ] Since the tion technique for full-duplex systems,” IEEE Trans. Wireless Commun.,
. . J vol. 14, no. 7, pp. 3519-3532, Jul. 2015.
red shadow region is too small to calculate the integral, we 5 7" 0¥ "Chai. K. Long, A. V. Vasilakos, and L. Hanzo, “Full
ignore it and choose the adaptive AF/DF selection scheme in duplex techniques for 5G networks: Self-interference cancellation, pro-
HD mode. Therefore, the outage probability of node A for the tocol design, and relay selection,” IEEE Commun. Mag., vol. 53, no. 5,
adaptive FD/HD switching scheme is given by pp. 128-137, May 2015. . .
[16] X. Liang, S. Jin, W. Wang, X. Gao, and K.-K. Wong, “Outage probabil-
adapt ___HD—adapt (64) ity of amplify-and-forward two-way relay interference-limited systems,”
out—A — Fout—A . IEEE Trans. Veh. Technol., vol. 61, no. 7, pp. 3038-3049, Sep. 2012.
. [17] X. Liang, S. Jin, X. Gao, and K. K. Wong, “Outage performance for
The pI‘OOf of the Theorem 2 is Completed' decode-and-forward two-way relay network with multiple interferers and
noisy relay,” IEEE Trans. Commun., vol. 61, no. 2, pp. 521-531, Feb. 2013.
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