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Abstract

This paper is concerned with wireless relay networks that employ K full-duplex (FD) decode-and-forward relays to
help a source to communicate with a destination. Each FD relay is equipped with multiple antennas, some for
receiving and some for transmitting. The paper considers joint relay-antenna selection schemes that are based on the
instantaneous channel conditions for two cases of antenna configurations, namely fixed antenna configuration (FAC)
and adaptive antenna configuration (AAC). Under FAC, the transmit and receive antennas at each relay are fixed,
whereas in the case of AAC an antenna at a relay can be configured to be either a transmit or a receive antenna.

In addition to equal power allocation between the source and selected relay, a power scaling approach to counteract
the effect of residual self-interference is also examined. Closed-form expressions of the outage probability and average
capacity are obtained and provide important insights on the system performance. The accuracy of the obtained
expressions are corroborated by simulation results. In particular, it is shown that under FAC and without power scaling,
the diversity order approaches K as the self-interference (SI) level gets smaller, while it approaches zero whenever the
Sl'level is nonzero and the SNR increases without bound. Under FAC and with power scaling, the diversity order
approaches K for any Sl level. For the case of AAC and without power scaling, the diversity order approaches 2K for

small Sl level. When power scaling is applied in AAC, the diversity order approaches 2K at any Sl level.
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1 Introduction
Full-duplex (FD) communications allow simultaneous
transmission and reception on the same frequency band,
which theoretically achieves twice the spectral efficiency
as compared to half-duplex (HD) communications [1].
A critical issue in FD communications is that the self-
interfering signal from the FD transmitter is much
stronger than the intended receiving signal. Thanks to
advanced self-interference cancellation techniques devel-
oped in recent years, both in analog and digital signal
processing, FD communications have been introduced in
recent fifth-generation (5G) standard proposals as an ap-
pealing technique to significantly enhance the attainable
spectral efficiency of communication systems [1-3].
Given that traditional HD relaying has been shown to
greatly extend the coverage and/or significantly reduce
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power consumption in wireless networks, it is natural to
consider FD communications in the context of wireless
relay networks [4]. Although various self-interference (SI)
cancellation schemes have been developed [5-7], residual
self-interference always remains in practice due to imper-
fect cancellation. The residual interference is modeled as
a Rayleigh distributed random variable in [8] and the out-
age performance of dual-hop FD relaying was analyzed
accordingly. Reference [9] further extends [8] to a mul-
tihop FD relay system and takes into account the path
loss factor. The authors show that, with effective self-
interference cancellation, FD relaying outperforms HD
relaying. To deal with severe self-interference, a sophisti-
cated hybrid FD/HD relaying scheme was studied in [10]
which adaptively switches between FD and HD modes
based on the instantaneous SI level. Various FD relaying
schemes were investigated in [11] that are based on the
codeword expansion technique. Such a technique bene-
fits from time diversity that is dependent on the efficiency
of the SI cancellation. The authors in [12] consider an
optimization problem to find the power and location
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of relays so that the effect of self-interference can be
minimized. Performance of MIMO FD relaying in the
presence of co-channel interference is analyzed in [13],
in which closed-form expressions for outage probability
and ergodic capacity are derived. Several antenna selec-
tion schemes have been investigated in [14, 15] to maxi-
mize the end-to-end performance of the multiple-antenna
amplify-and-forward (AF) relay systems. The authors in
[16] examines a FD two-way relay network that is made
up of one base station (BS), one FD AF relay, and one
user, and the BS is equipped with massive antennas (mas-
sive MIMO). To reduce complexity and cost of the BS,
the authors propose a practical antenna selection scheme
at the BS. They obtain closed-form expressions for the
outage probability and average BER under Nakagami-m
fading channels and demonstrate performance superior-
ity of their proposed antenna selection scheme over the
conventional scheme.

When multiple FD relays are employed, relay selec-
tion is an efficient and simple approach to achieve the
spatial diversity as compared to other alternatives, such
as distributed space-time coding. In [17], several relay
selection schemes were proposed to optimize the end-to-
end signal-to-interference-plus-noise ratio (SINR) in AF
cooperative FD relay networks that take into account the
residual self-interference. By analyzing the outage prob-
ability, the authors show that, although the effect of the
self-interference is reduced, the residual self-interference
is the main drawback of a FD relay system.

All the works on FD relaying systems discussed above
assume that the roles of the transmit and receive antennas
are unchanged in the relaying process. When the chan-
nel link from the source to the relay’s receive antenna
and/or from the relay’s transmit antenna to the destina-
tion is in deep fading, the system performance will be
seriously degraded. Based on this observation the authors
in [18] consider a FD relaying system in which the anten-
nas of each FD relay can be configured to transmit (Tx)
or receive (Rx) the signal. In particular, the authors pro-
pose a joint relay and Tx/Rx antenna mode selection
scheme (RAMS), where the optimal relay with its optimal
Tx/Rx antenna configuration is selected jointly based on
the instantaneous channel conditions. Only the optimal
relay is active to forward the information from the source
to the destination using the AF protocol. In doing so,
the proposed scheme provides an additional dimension
of selection process, which introduces an extra degree of
freedom compared to the conventional FD relay selection.
The authors in [18] obtain the CDF of the end-to-end
SINR for their proposed RAMS scheme, as well as closed-
form expressions of the outage probability and ergodic
capacity. In addition, they also propose an adaptive power
allocation to mitigate the self-interference and reduce the
error floor.

(2020) 2020:16 Page 2 of 14

Regarding relay networks that employ multiple FD
relays and the decode-and-forward (DF) protocol, the
authors in [19] analyze the outage performance over
Nakagami-m fading channels. More recently, perfor-
mance of the FD system with DF relay selection is ana-
lyzed in [20], in which the authors demonstrate that the
error floor in the high SNR regime can be mitigated. How-
ever, the scheme considered in [20] requires decoding at
all relays and knowing whether the decoded symbols at
relays are correct. This implicitly assumes decoding to bits
and powerful CRC codes are used, which leads to higher
complexity as well as reduced bandwidth efficiency.

From the above discussion and particularly motivated
by the work in [20], this paper considers a FD relay sys-
tem that employs multiple FD relays and the DF protocol.
As in [20], it is assumed that each FD relay is equipped
with multiple antennas and two cases are examined. In
the first case, referred to as fixed antenna configuration
(FAC), the transmit and receive antennas at each relay are
fixed. On the other hand, in the second case, called adap-
tive antenna configuration (AAC), an antenna at a relay
can be configured to be either a transmit or a receive
antenna, which implies that there are flexible connection
switches between the antennas and the RF chains [20].
In either case, joint relay-antenna selection is performed
based on the instantaneous channel conditions so that
the minimum SINR via any relying link is maximized. By
taking into account the residual self-interference, outage
performance of the considered joint relay-antenna selec-
tion is derived and ergodic capacity results are obtained.
Furthermore, a power scaling approach is investigated
to mitigate the outage error floor at the high SNR
regime.

It is pointed out that, in addition to consider the integra-
tion of FD communications with relaying technology and
joint antenna-relay selection, it would be very interesting
to also integrate energy harvesting into the system model
considered in this paper. Indeed, energy-harvesting tech-
nology has been extensively studied in various communi-
cation systems, including relay-antenna selection in coop-
erative MIMO/NOMA networks [21], simultaneous wire-
less information and power transfer in dual-hop relaying
networks [22], and UAV relay-assisted IoT networks! [23].

The remainder of the paper is organized as follows.
Section 2 describes the methods used in the paper.
Section 3 introduces the system model. Sections 4 and
5 present performance analysis of the FAC scheme
without and with power scaling, respectively. Section 6
investigates performance of the AAC scheme. Section 7
provides numerical results. Finally, section 8 concludes
the paper.

1The abbreviations of NOMA, UAV, and IoT stand for “non-orthogonal
multiple-access”, “unmanned aerial vehicle”, and “Internet of things”,
respectively.
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2 Methods

The research methodology in this paper involves system
modeling, theoretical analysis, and computer simulation.
System modeling uses tools and insights from information
and communication theories to develop simplified but
meaningful mathematical models of the design problems.
Theoretical analysis is carried out to provide valuable
insights into possible design choices and intuitive under-
standing of the impacts of different design parameters
on the system/network performance. To corroborate the
theoretical results, simulation models are developed and
implemented.

3 System model

Figure 1 illustrates the FD relaying system considered in
this paper. This system model is similar to that studied
in [18] but with a major difference that DF relays are
employed instead of AF relays. Here, K FD relays assist
one source (S) to communicate with one destination (D).
It is assumed that, due to blockage and/or large distance
separation between S and D, the direct link between them
is not available. Each relay is equipped with Q anten-
nas, among which M are designated as receive antennas
and the remaining L = Q — M are transmit anten-
nas. On the other hand, both source and destination are
equipped with a single antenna. Such an assumption is
applicable for scenarios when there are size, power and/or
cost constraints to put multiple antennas on information-
exchange devices (source and destination), while there are
no such constraints (or much more relaxed) for the relay.
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The channel coefficients from S to antenna m (m =
1,2,...,M) of relay i ( = 1,2,...,K), R;, and from
antenna [/ (/. = 1,2,...,L) of R; to D are denoted by
h(m) and h(), respectlvely Moreover, the effect of resid-
ual self—mterference (RSI) at relay R; is represented using
the residual self-interference channel Il_’m All wireless
channels are subjected to flat fading and additive white
Gaussian noise (AWGN). As in [18], all links are assumed
to be independent and characterized with Rayleigh fad-
ing. As a result, the squared amplitudes of channel fading
coefficients are exponentially distributed.

With the considered joint relay-antenna selection, sup-
pose that relay R; with antenna m for receiving and
antenna / for transmitting is selected to assist data trans-
mission from S to D. At time #, the source broadcasts its
unit power symbol x(n) to all the relays. The received sig-
nal at R; with receive antenna m and transmit antenna /
can be written as

o™ = /Psx(mh? + \/Pri(n — no)Ii7 ™ + wi(m), (1)

where Ps is the transmitted power at the source, x(n — 1)
is the decoded symbol at relay i and ng indicates the pro-
cessing delay at R;, and w;(n) is an AWGN sample with
zero mean and unit variance. In this paper, the informa-
tion symbols belong to PSK constellation V¥, i.e., x(n) € W,

{exp (;”ﬁ(;f“ W] — 1} and ||

is the cardinality of W. Therefore, the received SNR at each

where ¥ = ),k:O,...

Fig. 1 System model
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ED relay operating on receive antenna m and transmit
antenna / can be written as

2
(m)
l—m Ps‘hs’i
Ysi = o2 (2)
Pr Ii,i_)m‘ +1

The received signal at the destination is

~ )

Y™ = V/Pr (n — no) B + wo(n), 3)
where PR is the transmitted power at the selected relay
and wp(n) is an AWGN sample with zero mean and unit
variance. With PSK constellation, the received SNR at the
destination is

2
[
yio™ = Pa|hip| . (4)

2

Under Rayleigh fading, the squared magnitudes ’h(sy;') ,
2

, and

i
variables with parameters As;, A;p, and A;;, respectively.
This means that the average power gains of these channels
are 1/As;, 1/1;p, and 1/A;; and they do not depend on the
particular pair (/,m) of receive/transmit antennas at the
selected relay.

This paper considers joint relay-antenna selection in
order to maximize the minimum SINR via any relaying
link connecting S and D. In particular, the joint relay-
antenna selection schemes studied for the two cases of
antenna configurations are as follows:

2
Illfm‘ are exponentially distributed random

e Fixed antenna configuration (FAC): In this case, the
sets of M Rx and L Tx antennas are fixed. The
considered joint relay-antenna selection is as follows:

ST G

{i,l,m} = arg mljaxrr}ax} min {ysll_)m

Note that the number of all states for i, [, m is KLM.

e Adaptive antenna configuration (AAC): In this case
the sets of Rx and Tx antennas are not fixed, but the
optimal Rx and Tx antennas are selected jointly based
on the instantaneous channel conditions. This means
that each antenna of the FD relay is able to transmit
or receive the signal and the relay node has flexible
connection switches between the antennas and two
RF chains (one for transmitting and one for
receiving). The joint relay-antenna selection is
performed as follows:

{i, k, Iy, my} = arg maxmaxmax
l k lk,mk

Wlk—>lk
Yip } }’

kep={12....9}. ©)

—>m, ly—m . mg— 1,
k y k k] , min [ys,ik k,

. I
miny yg; YiD

(2020) 2020:16 Page 4 of 14

where D is the set that contains all permutations to
select two antennas among Q antennas at each FD
relay. For permutation k, also called mode k, /x and
my denote the indices of the transmitting and
receiving antennas at each FD relay. The size of D is
((22) = @ Because there are two ways to use a
pair of antennas for transmitting and receiving, the
number of all states for max-min function (i, k) is

KQ(Q —-1).

4 Performance analysis under FAC and without
power scaling

Let y; = min {ysl;’m, yi{;m} be the minimum SINR of the
ith relay link. Then the CDF of y; is calculated as

Fy,(x) =Pr{y; <x} =1-Pr{y; >«
=1-Pr {ysll_’m > x} Pr (yi{E’m > x) . @

By substituting the following expressions

) 1
Pr {ysll_)m > x} = exp (—xl);z’) (1 + x%;ii’) (8)

Pr [yil,g”” > x] = exp (—);:x> 9)
into (7), one has
on(- i+ 8)1)
F)/l‘(x) =1- ) (10)
1+ xn;
where
As ;P Pr/A;;
i = AS,tpR _ R/ l,l‘ (11)
iiPs  Ps/ks,

The parameter 7; quantifies the amount of residual self-
interference power as a percentage of the power received
from the source at the selected relay. For example, if n; =
0.01, then the residual self-interference power is 1% of the
power received from the source.

In the high transmit power regime, Ps and Pr approach
infinity, hence F), (x) in (10) approaches

1
14xn;

FPO®x) =1— (12)
The above expression shows that, in the high SNR regime,
the distribution of the minimum SINR for any relay link
only depends on the self-interference level at the relay
node. This means that, in the high SNR regime, increasing
the transmitted powers of the source and selected relay is
ineffective to enhance the system performance.

4.1 Outage probability

In the joint relay-antenna selection scheme considered
in this paper, the combination of relay and Rx/Tx anten-
nas that yields the largest minimum SINR is selected for
relaying information from S to D. Therefore, the outage
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probability of the network with K relays can be calculated
as

K

VYK < %) = EPT{Vi < x}

RS

Pout(x) = Pr (max{yy,...

1+xn;

Consider equal transmitted power at the source and
selected relay and define the average SNR as y = % =

Pa — pg where 02 = 1 is the variance of AWGN noise.

Oy
The finite-SNR diversity order is defined as [18, 24]

_alnpout @)

14
dlny (14)

d(y) =

where Pyt () is the outage probability of the FD relaying
system at SNR y.

Given the expression of the outage probability in (13)
and applying the recursive rule, the finite-SNR diversity
order of the considered system can be shown to be

L s (o 2gy o))
= z; PiR ()LL,D + )\S’l) 1+xni—exP(j(M7’RDs"‘APis‘i)x>

Furthermore, using Taylor series expansions, (15) can be
approximated as

K 1
d~ 16
.Z 1+« (16)
i=1
where k; = MID)‘I’;;S_.

In the case of small self-interference level, one has n; —
0 and d — K. Furthermore, as long as the residual self
interference level is nonzero, i.e., n; # 0, then in the high
SNR regime, PR — oo and k; — oo. This leads to a diver-
sity order of zero, which is a direct consequence of the
irreducible floor of the outage probability caused by the
self-interference at the FD relay.

4.2 Average capacity
The outage probability in (13) can be rewritten as [18]:

Pod = 3T — P (_ <)}3RD * %) x).

17
1+ xn; (17)

ACS ieA

In the above expression, S = {1,2,...,K}, A denotes a
subset of S and the summation is over all possible subsets
of S. Therefore, the ergodic capacity can be calculated as
(18]
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C= i *1 _Pout(x)dx
In2 Jy 1+x
A, As,i
3 (=DM /°° 1 HQXP (-(3+ %)x)d
= X
e In2 0 1+xi€A 1+ nix
A#D
—(=]IAlI poo A Ac
= Z 7(1 2) / T (x) exp(—Z(I;’D+PS’l>x) dx,
Acs " 0 ieANTR TS
A#D
(18)
where | A| denotes the cardinality of set .4 and
1
T (x) = . (19)
14+ [] A+ nx)
icA
Using the residue theorem, the function T'(x) can be
written as
a b,‘
Tx) = + ) (20)
1+x g 14+ nx
where a and b; are given by
1 1
a=———, b= . (21)
]_[ 1 —n) <1 — l) I <1 _ ﬂ)
ieA N7 e it i
By using the following identity [25],
e = k-1 —k
——dx = k—1D (=)™ "=
/0 xt+ v (n—l)!;(( JHERTE
" g >2 R 0
me i (—vu), n>2, arg(v)’ <, Re{u} > 0,

(22)
the average capacity is finally expressed as

i A b,
c=y U [aeﬂEl B +Y B (f)} (23)

AcS icA !
AZD

where 8 = Y ()\IéRD + %’) and E;(-) is the exponential
icA
integral function.
When the link SNRs approach oo, the exponential term

in (18) becomes 1 and the average capacity can be evalu-

ated as
Z(00) —(=DlAl peo
c =3 g | T@wda (24)
Acs 1 0
A#(

Using the identity [ ﬁdx = % In |ax + b|, the indefinite
integral evaluates to:

b:

g(x)=/T(x)dx:alnll—l—xl+Z—llln|1+nix|—I—C.
icA

(25)
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Furthermore, by comparing 7'(x) in (19) and (20) at x —

00, it can be shown that a + Z = 0. Using this
1€A
relationship, g(oo) is calculated as

b‘
g(00) = lim > = [In |1+ n| — In |1 + x|] (26)
X—>00 4 i
ieA
b; 1+ b;
= lim Y~ [m‘ 1+ 1% } =Y Zlnnp (27)
e icA i +x icA i

Finally, substituting (26) and g(0) = 0 into (24) yields

g ~(-pH [ bi
C= 3" Y —lInm|.
jig In2 iea ni

(28)

The above analysis reveals that there is a hard limit on the
capacity even when the transmit powers at the source and
selected relay are the same and increase without bound.
Again, this is a direct consequence of the nonzero residual
self interference.

5 Performance analysis under FAC and with
power scaling
The analysis in the previous section for the case when
equal power is assigned at the source and selected relay,
i.e.,, Ps = Pg, shows that the diversity order is zero and
there is a hard limit on the capacity in the high SNR
regime. This section analyzes the system performance in
which power scaling is performed at the source in order
to overcome zero diversity order and remove the hard
capacity limit. The power scaling considered here is sim-
ilar to what investigated in [19], but it is pointed out
that only relay selection, not joint relay-antenna selec-
tion, is examined in [19]. In particular, the source power
is scaled according to the instantaneous channel between
the source and selected relay and the transmit power of
the relay as follows:
A — p2 |pom]?
bs = P2 ‘hsyi (29)
With the above power scaling, the instantaneous SINR at
relay i becomes

P2

_ Z
T Y41

Al—-m __
S,i -

Pr

(30)
l—>m 2
Izz

+1

4 2
where Z = P& || and Y = Pq |/7|". The CDF of Z
and the PDF of Y are given as follows:

Fz() =1-exp (— 52 2)
o) = exp (—3y)

(31)

(32)
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5.1 Outage probability
In this case, the outage probability is derived as

K
Pout®) = [ [ Fiymi (), (33)
i=1
where
Fimi() =1 — (1 - FféTm(x)) (1 - Fyl;;m(x)) (34)
A
Fyi{;m(x) =1—exp (—P’RDx) (35)

Fypom(x) = P < x) =Pr(Z < (Y +1)x)

<
Y+1
=/ Pr(Z < (Y +D)x)fy (9)dy
0
=12 [ AT 2 )
Pr Jo

(36)
The above integral can be evaluated in a closed form by

making change of variable # = ,/y+ 1 and using the
following identity [25]:

o
/ X exp (—mx — nxz) dx
1

_exp(— (m+n)
== (37)

imen(5)a(353%)

3
2n?

The final expression for Fj,, ;(x) is given as

)LSM/—

Ali
Fppmi) =1 —exp [ — ’
1m,i (%) exp< < Pr Pr ))
A As,i A As,i
exp (3 + G5 ) exp () 5l v
A
Pr
\/7)"5L\/>+2\/_)"ll

2 )"tl

+

(38)

By using the inequality Q (x) < 2 exp (——) an upper
bound on the outage probability is obtained as

(UB)

Pout(x) =< Pout (x) (39)

K
=[] Gimi
i=1

where g; and Gy ,,,;(x) are defined as
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s/ PR

;= 40
= o (40)
)"SL )"z D
Glm,i(x) =1 — exp <— ( Va+ ))
AR, i,
ot (555

Furthermore, in the high SNR regime, ¢; — 0 and the
outage probability can be upper bounded as

K A A
Poyt(x) SH(l—exP (—( IR x4 22 ))) (42)
i=1

Using the definition of finite-SNR diversity order in (14),
the diversity order can be obtained as

K (KS,L’\/Q_C + )»,',Dx) exp (— (ASL[ + )L;;ix>)

i=1 PR (1 — exp (— (As’f + A},E;x)))

In the high SNR regime, 1 — exp (— (ks“[ + )‘;,ix)) ~
(laf

d= (43)

+ A},E;x) Therefore, the full diversity order d = K

can be achieved, regardless of the RSI level »;.
The above analysis is with respect to the relay power,
i.e., the SNRy = % Note that, depending on the instan-

2
taneous channel gain ’h(sr?) , the instantaneous source

power in (29) might be larger or smaller than Pg. When
the total power is constrained to be P, then

P2
R ipr="r (44)
)“Sz
—hsi+/AE; + 4Phs,;
Pr = 5 (45)

Therefore, the diversity order with respect to the SNR y =

L is obtained as

w

alnpout _
dlnp

dlnPy,y OJIlnPr 9PR aP K
X X — X —— = —.
d In Pg PR P dlnP 2

(46)

Thus, in this case the diversity order is twice smaller.
Therefore, there is a tradeoff between the diversity order
and how the source power is scaled with respect to the
total power.
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5.2 Average capacity
The upper bound of outage probability in (39) can be
written as

MW= 3 [n(—exp(-( i )

AUBCS LieA
AUB#Y
ANB=0
A A
jeB

(47)

The corresponding lower bound on the average capacity
can then be computed as follows:

L [®1-Pyl @)

C - out 48
B = Tn2 1+x (48)
—< DM T g 1B

_ Z ]EB X 2
AUBCS ln 2 0 1 +x
AUB#AY
ANB=0
AiD As,i
exp (—Z( x—l—’\/;))dx
ics \ R Pr
(49)

where the summation is employed over all possible sets for
Aand Bsuchthat AUB €S, AUB #@and ANB = 0.

In the high SNR regime, the lower bound of the average
capacity can be written as

—(= 1)‘“4' l_[BLI/ \TB\
(00) _ j€ X
C > / dx — 0o (50)
(LB) —
AUBCS In2 o lx
AUBED
ANB=¢

where |A| and |B| are the cardinalities of sets A and B.
As can be seen, the lower bound increases without bound.
Thus, there is no capacity limit when power scaling is
performed.

6 Performance analysis under AAC: with and
without power scaling

6.1 Without power scaling

Focusing on the case Q = 2, define y; as follows:

yie max{mln{)/sl?m»yi{D }mln[ygfiﬁl,ylrgﬁl}] (51)

For notational convenience, let )151 = MAs,i/Ps, AZD =
Aip/Pr, and A,, = A;;i/Pr. In essence, )\Su AL D, and A,,
are the exponentlal parameters of scaled random variables
Ps‘ hg’?) Pr <l>
ing to the mcludmg—excluding principle [18], the CDF of
y; can be obtained as in (52).

2
, and PR‘Ime‘ , respectively. Accord-
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P 5‘ Si o|?
Fy,(x) = Pr | min — Pz hz,D
PRiIL7™ +1
2
< X, min 7,PR’h% <X
mpg*)+1
| 2
= Pr | min 5 , Pr hl(.,%
Pﬂﬂﬁm +1
Ps 2
> X, min h% >x
PR Ll
P ‘ ?
S S,i 2
+ 1 —Pr | min 712,PR h% > X
PRlIL7™ +1
‘h(m)
. o2
— Pr | min hi’D > X
PR L
2 exp (— (S\S,i + 5»,',[)) x)
=1-
14 xn;
exp (—2 (Xs,z‘ + Xf,p) x)
+ .
14 2nx

(52)

Next, define ymax = max{yl, ..., Yk}. Then, the CDF

of Ymax is Fy,, (x) = ]_[

age performance of the system Based on the definition of
finite-SNR diversity order, it is obtained as in (53).

1 (%), which is also the out-

d=

K
2x
FR )‘Sz +)\1D
i=

1

roe (o2 (- (2 + ) )~ ok (e (-2 + %))

= v (o (= (5 + 80) )+ oot (o (2 (3 + 82 )
(53)
By employing Taylor series expansion, the diversity order

in this case can be approximated as

K

d%ZZ

i=1

14+ ¢

- 4.
1+ 2¢; +2¢7 (54)

where {; = Asfi';"m. It can be seen thatas ; — 0,¢; — 0

and d — 2K. Thus, by the fact that having adaptive con-
figuration between the transmit and receive antennas, the
number of effective channels between the source and K
relays or between K relays and the destination becomes
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2K, which explains the diversity order d — 2K when the
RSI approaches zero.
Next, rewrite F.

Ymax

(x) as

Z 1_[ _2exp (— ()25,,« + ii,D) x)

F, (x)=
¥Ymax ,
AUBCS | ieA 14 xn;
ANB=0
exp (—2 (5»5,1- + Xi,D> x) ]
- 14 2xn; |

(55)

where A, BB, and S were defined as before. Therefore, the
average capacity is

- —(=)lAl
C= ( ) / H (x)
AOB
AUBCS
AUBEY
xexp|— Z(Xs,i-f—ii,o)-f—zz(5»5,]'-1—5»}‘,[)) x |dx
icA jeB
—(=2)IAl b: m
> o aexp () + ) —Ei(
ANB=f ieal N\
AUBCS
AUBE)

Tt ()
jeB 27’1 2’7/

(56)
where H (x), a, b;, cj, and p are
Hx) = !
T (L) TT @+ ) TT (1 + 27%)
icA jeB
a bi Gj
= — 57
1+x+§1+mx+;1+2n]x 67)
1
[Ta—mn)[1Q-2m)
icA jeB
1
b, = (59)
_1 _ 2nj
(RN
i #i
1
b= 1 ni nj (60)
(=) I (1=3) 1T (1-7)
i jeB
J'#
=y (5\5,1 + Xi,D) +2)° (5\5,; + 5»;',0) (61)
icA jeB
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6.2 With power scaling

Similar to the case of fixed antenna configuration, when
power scaling is employed in adaptive antenna configura-
tion, define

P; = max lmin {ysffm, yllg’m} min iy”’_)l, ylmDﬁl}} ,
(62)

where p. Vs " is defined as in (30). Then the CDF of y; can
be derived similarly as done in (52) and the result is given

2
in (63), where ¥ = ’Illl_’m’ implies a specific value of
) 2
random variable ‘ .
13
Fp.(x) = Pr | min h(l) ‘
Pr
b
< X, min 7S,PR hf% <x
PRl
. 13
= Pr | min
PR
. Ps
> X, min D) > X
Y iing ‘ +1
. P
+1—Pr | min 3 > x
PR Il{?’”‘ +1
Pr | mi b
— I'r | min 72 > X
PR‘I;'}” ’ +1

~ 0o ~ ~

—1- 2exp(—)»i,Dx)/ exp (—/\,;m ~Jo+ 1)x,\5,,-)dﬁ
0

~ 00 ~ ~

+ exp(—27;px) / exp (—,\mﬁ 2/ + 1) xks,i)dﬁ
0
=1-2exp (— ():,;Dx + XSJﬁ))
%MW< Mlmg4mwwm)

2 Xi,i
+ 4

Agi

+ exp (—2 (iiYDx + sti\/;c>)

Jﬂks ;exp ( ZXi,Dx> Q (ﬁxs’“/?'—ﬁki‘i )
Aiji
—4

Aiji

g

(63)

Finally, define Pmax = max{yi,..., yx}. Then, the out-
age probability is simply calculated as

Poyt(x) = (64)

K
Fpo@ = [ Fy ).
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In the high transmit power scenario, the outage probabil-
ity can be written as

K

L\/_ sz)>
Pouc () ~ [ [ (1= 2exp (- (22
¢ (®) 1}( exp( ( B B

oo ({55 4225

Based on the definition of finite-SNR diversity order, it is
obtained as in (66).

(65)

2
d= Z R (Asivx + Aipx)
i=1

oo (- (45 + 7)) oo (2 (5 + 7))
1—exp (— <ASL[ + },';x>> + exp (—2 ()‘S“f + })';x>)

(66)

X

Again, in the high transmit power scenario, employing
the Taylor series expansion can easily show that d — 2K.

7 Results and discussion

In this section, numerical results are given to corroborate
the theoretical analysis carried out in previous sections.
Without loss of generality, suppose that all channels have
unit power gains, ie, As; = A;p = 1,i = 1,...,K.
When no power scaling is performed, the transmit pow-
ers of the source and selected relay are set to be equal, i.e.,
Ps = Pg. Throughout this section, AWGN noise power is
set to unity.

Figure 2 plots the finite-SNR diversity orders of the pro-
posed joint relay-antenna selection schemes under both
cases of FAC and AAC and with different self-interference
levels and K = 3. Observe that when there is nonzero self-
interference, the finite-SNR diversity order under either
AAC or FAC approaches zero in the high transmit power
region. In the low-to-medium transmit power region the
diversity order under AAC is always greater than that
under FAC. As expected, in the absence of the self-
interference at relay nodes, the diversity order under AAC
approaches 2K, whereas the diversity order under FAC is
K

Figure 3 shows the outage performance versus the trans-
mit power for the considered FD relay systems with K =
2,3,5 and the self-interference level = 0.01. The per-
formance is included under both cases of FAC and AAC.
As can be seen, the outage probability obtained by sim-
ulation matches very well with the expressions in (13)
and (52). It can also be seen from the figure that there
is a performance floor which agrees with the theoretical
analysis. Under the same self-interference condition, the
outage performance under AAC outperforms that under
FAC. Also, as the number of relays increases, the outage
performance gets better.
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Fig. 2 Finite-SNR diversity orders of the proposed joint relay-antenna selection schemes versus the transmit power with different self-interference

Figure 4 shows the outage probability under AAC with
the proposed power scaling for different values of 1;; and
when K = 3. Recall that with the proposed power scaling,
the transmit power of the source varies with the instan-
taneous CSI. For comparison, performance under AAC
scheme with equal power allocation between the source
and selected relay is also plotted. For all values of the

self-interference, the system with power scaling achieves
higher diversity order. Specifically, compared to the case
of FAC, the case of AAC with equal power achieves twice
the diversity order at low-to-medium SNRs and a much
lower outage floor at high SNRs. This figure also shows
that the outage probability under AAC and with power
scaling changes very little with the increase of A;;. This

Outage probability
S
8

SNR y (dB)

107 !
—%—-FAC,K =2
—a—-FAC,K =3
6 —9—-FAC,K =5
10 O AAC, K =2, simulation
AAC, K = 2, analytical
L AAC K = mulation
-7 "
10 > analytical
mulation X
. ~
, analytical S
-8 ; hS ~N
10
0 5 10 15 20 25 30

Fig. 3 Outage performance versus transmit power for the FD relay system with different values of K and the self-interference level n = 0.01
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Fig. 4 Outage probability of the proposed joint relay-antenna selection versus transmit power with different values of A;; and K = 3

means that the proposed scheme is robust to the varia-
tion of self interference. In fact, the diversity order of the
proposed scheme under AAC and with power scaling is
equal to 2K even when A;; changes. Therefore, the diver-
sity order is not influenced by the self-interference under
AAC and with the proposed power scaling. Furthermore,
performance of the conventional FD system considering

the availability of the direct link, proposed in [19], is also
included in this figure. As can be seen, our considered FD
system under AAC (with or without power scaling), even
without the availability of the direct link, outperforms the
system in [19].

The ergodic capacity is shown in Fig. 5 under AAC
(with and without power scaling) with K = 2 and 1;; =

151
@ AAC, K =2, A;; = 100
—-©--AAC, K =2, \;; =500
—p— AAC, with power scaling, K = 2, \;; = 100
—~ 10
N
jas}
~
0
N
IS
ey
3
<
[N
<
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Fig. 5 Ergodic capacity under AAC with K = 2 and different values of A;;




Shirzadian Gilan and Nguyen EURASIP Journal on Wireless Communications and Networking

(2020) 2020:16 Page 12 of 14

Capacity (bps/Hz)

—6—FD, K =2, SNR = 10 dB

SNR = 20 dB
SNR = 20 dB

44444 - HD, K =5, SNR =10 dB

—%—HD, K =2, SNR = 10 dB

1 I I

0 0.1 0.2 0.3 0.4

Fig. 6 Capacity performance of the FD and HD relay systems versus n;

0.5
Self- loop interference level (1;)

0.6 0.7

100,500. It can be seen that when X;; increases, the
ergodic capacity under AAC improves. There is a capac-
ity ceiling for the case of AAC without power scaling,
whereas under AAC and with power scaling, capacity ceil-
ing does not exist, which agrees with the analytical results
obtained in previous sections.

Figure 6 compares the capacity performance of FD and
HD relay systems obtained by simulation versus ;. The

transmit power of the source and relay is considered equal
in both FD and HD systems. The performance of the
FD relay system with AAC is simulated for two differ-
ent SNRs. The simulation results indicate that when the
self-interference is small, the capacity performance of the
ED relay system outperforms that of the HD relay system.
Also, as SNR becomes larger, the capacity performance of
both FD and HD systems can be improved.
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Fig. 7 Outage performance comparison for AAC and FAC versus the number of relays K for different SNR values (0,5 dB) at n = 0.01
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Fig. 8 Outage performance versus n; for different values of K: FAC, AAC, and AAC with power scaling

Figure 7 compares outage performance between the
cases of AAC and FAC versus the number of relays K
for two different SNR values (0dB, 5dB) at n = 0.01. It
can be seen that the outage performance improves when
K increases and the performance gain becomes larger
when SNR increases. Therefore, in large-scale relay sys-
tems with a large number of relays, the outage probability
quickly approaches zero. Moreover, the variation of K
on the outage performance is very small when SNR is
very small and there is very little difference of outage
performance between the two cases at small values of
SNR.

Finally, Fig. 8 depicts the outage performance versus 7;
at SNR = 10 dB for different values of K under FAC, AAC
without power scaling, and AAC with power scaling. We
can see that when 7, increases, the outage performance
degrades. Also, the variation of K has a strong effect on
the outage performance in all cases.

8 Conclusions

This paper has considered wireless relay networks that
employ K full-duplex decode-and-forward relays to help
a source to communicate with a destination. Joint relay-
antenna selection schemes are proposed and analyzed for
two cases of antenna configurations, namely fixed antenna
configuration (FAC) and adaptive antenna configuration
(AAC). Closed-form expressions of the outage probability
and average capacity were derived and provide impor-
tant insights on the system performance. In particular,
under FAC and without power scaling, the diversity order

approaches K as the self-interference level gets smaller,
while it approaches zero whenever the SI level is nonzero
and the SNR increases without bound. Under FAC and
with power scaling, the diversity order approaches K for
any SI level. For the case of AAC and without power
scaling, the diversity order approaches 2K under small SI
level. When power scaling is applied in AAC, the diver-
sity order approaches 2K at any SI level. All the analytical
results are validated by computer simulations.
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