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Abstract

Distributed switch and stay combining (DSSC) has been considered as an effective technique to achieve spatial
diversity in a distributed manner with low processing complexity. In this paper, we incorporate DSSC into a
full-duplex dual hop relaying system, where two energy-constrained relay nodes assist the information transmission
from the source to the destination using energy wirelessly harvested from the source. By applying DSSC at the
destination, this efficient technique not only improves performance of full-duplex relaying systems and increases the
system diversity but also reduces the implementation and hardware complexity at the destination. We obtain tight
approximate expression for outage probability in the case of using decode-and-forward (DF) relaying protocol and
analytical expression for outage probability in the case of using amplify-and-forward (AF) relaying protocol. Numerical
results show that our DSSC full-duplex relaying with wireless information and power transfer (WIPT) system achieves
the full spatial diversity and has a better performance in terms of outage probability than that of the DSSC half-duplex
relaying and conventional full-duplex relaying with WIPT system.

Keywords: Dual-hop systems, Full-duplex relaying, Distributed switch and stay combining (DSSC), Wireless
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1 Introduction

Wireless energy transfer through radio frequency (RF)
signals has emerged as the promising and effective
solution to supply power and prolong the lifetime of
energy-constrained wireless networks. Since RF sig-
nals can carry both information and energy, it has
recently attracted a lot of attention on research activi-
ties, especially on investigating simultaneously wireless
information and power transfer (SWIPT) [1-3]. In [4],
an energy constrained relay node using amplify-and-
forward (AF) protocol was considered based on the
time switching and power splitting receiver architectures,
respectively. Specifically, the authors investigated both
the delay-limited and the non-delay-limited transmission
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and derived the analytical expressions for the outage
probability and ergodic capacity, respectively. Later on,
the same authors extended the analysis to the through-
put and ergodic capacity of DF relaying systems in [5].
Based on the time switching receiver architecture, the
authors in [6] proposed adaptive time switching protocols
for RF energy harvesting and information transmission
for both AF and DF networks. They obtained analyt-
ical expressions of the achievable throughput for both
the continuous and the discrete time switching proto-
cols. It is pointing out that these authors only consider
half-duplex relaying mechanism, where relay node can-
not receive and transmit data simultaneously in the same
frequency band.

With the advance of antenna and signal process-
ing technology, full-duplex (FD) has received signifi-
cant attention, where wireless nodes can receive and
transmit information simultaneously in the same fre-
quency band (see references [7-10] and therein). In
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[11], the authors investigated harvest-use (HU) relay-
ing system with half-duplex and full-duplex operation
mode. The main conclusion in [11] is that FD seems
to be an attractive and promising technology for HU-
based cooperative networks. In [12], the authors consid-
ered a time switching-based full-duplex wireless powered
relaying system, where the relay node operated in full-
duplex mode with simultaneously information reception
and information transmission. Specifically, they provided
an analytical characterization of the achievable through-
put of three different communication modes, namely,
instantaneous transmission, delay-constrained transmis-
sion, and delay tolerant transmission by optimizing time
splitting ratio. In [13], the authors examined a beam-
forming scheme in a time switching-based relaying energy
harvesting system with multi-antenna full-duplex DF
relays. Moreover, a full-duplex wireless-powered trans-
mission system with simultaneous information reception
and energy transmission was investigated in [14]. In [15],
the authors proposed a novel two-phase protocol for an
AF relay to activate full-duplex transmission. Especially,
they regarded the energy from the loopback—interference
channel as useful energy and integrated this energy into
the wireless-powered transfer process, and the optimal
power allocation and beamforming design at the relay
node were derived. However, the performance and diver-
sity of full-duplex relaying with WIPT networks can be
further improved.

There is a lot of research interest in the diversity com-
munity for diversity schemes and performance analyses
have recently appeared [16, 17]. Motivated by this, in this
paper, we utilize distributed switch-and-stay combining
(DSSC) technique at the destination for the case where
two relaying terminals are used to improve the perfor-
mance of full-duplex relaying with WIPT networks and
to reduce the implementation complexity at the destina-
tion. Our system may be the case in practical scenarios
where the destination may not support complex func-
tions, e.g., employing a diversity combiner due to a tiny
hardware constraint wireless node which has limited bat-
tery power and signal processing capability or the direct
link between the source and destination does not exist due
to deep shadowing [18-20, 22]. The term “swich-and-stay
combining ” is the efficient diversity-exploiting technique
that switches between signals from two branches based on
their instantaneous received signal-to-noise ratio (SNR).
SSC has received significant attention, and there have
been a lot of research works which investigate the per-
formance of this technique. In [21] and [22], the authors
proposed DSSC technique applied to one and two relays
with DE. The performance of such systems was derived in
terms of outage and error probability over Rayleigh fad-
ing channel. In [23], the end-to-end error performance
of Binary Phase Shift Keying (BPSK)-modulated DSSC

Page 2 of 16

scheme with a single antenna fixed-gain AF relay was
examined under Rayleigh fading conditions. The combi-
nation of distributed SSC and relay selection had been
proposed and investigated in terms of bit error rate in
[24]. In [25], the performance of distributed SSC and relay
selection in terms of outage probability was considered.
In [26], the authors examined DSSC and relay selec-
tion with the combination of signal space diversity to
further improve diversity and error performance gains.
Throughout these papers, it is pointing out that DSSC
has its ability to improve system performance and the
destination do not need to use a combiner, which sig-
nificantly reduces the complexity level at the destination.
The main contributions of our paper are summerized
as follows.

e We proposed the application of distributed switch
and stay combining (DSSC) to full-duplex relaying
with WIPT networks to improve system performance.
This is the first work of considering this combination.

e We derived the performance of our proposed system
in terms of the outage probability (OP) over Rayleigh
fading channels for both two typical relaying
protocols, AF and DF protocols. Through some
simulation results, it is shown that our proposed
protocol can attain the full spatial diversity if the
preselected switching threshold is chosen equal or
higher than the outage threshold. Otherwise, the
diversity of one is obtained. This is verified by
numerical results and diversity analysis.

® We showed that our proposed system has the better
performance than the DSSC half-duplex relaying
system and conventional full-duplex relaying one
according to the system outage probability obtained
by numerical results.

The rest of the paper is organized as follows. In
Section 2, DSSC full-duplex relaying with WIPT systems
is presented. In Section 3, we formulate the outage prob-
ability of our proposed system in two different cases: two
relays operate in DF mode and two relays operate in AF
mode. Section 4 provides diversity analysis of DF and AF
cases. In Section 5, we consider half-duplex relaying using
DSSC which serves as a benchmark. In Section 6, numer-
ical results are presented. Finally, Section 7 concludes the

paper.

2 System model

2.1 System description

We consider a dual hop full-duplex relaying system, which
is illustrated in Fig. 1, consisting of one source S, one des-
tination D, and two relays R; and Rj. We assume that
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Feedback channel

Fig. 1 System model, where S, Ry, Ry, and D denote the source, relay
1, relay 2, and the destination, respectively
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the direct transmission link between the source and the
destination is not available and communication from the
source to the destination is only conducted through the
help of two relays. The source and the destination are
equipped with single antenna and each relay is equipped
with two antennas, i.e., one for information transmission
and one for information reception. The source and the
destination have their own energy, while two relays only
have limited power supply, and rely on external charging
through harvesting energy from the source. The model is
practical since the relay only harvests energy to help the
source transmission and uses its own energy for its own
data transmission.

All wireless links exhibit fading and addictive white
Gaussian noise (AWGN) [11]. The channels are modelled
to be frequency-flat, independent, and identically
distributed Rayleigh block fading. This means that the
channel coefficients are constant over a single block
time 7, but vary independently from block to block.
Let hggr,, hr,Dshsr,> HR,D>fRy» and fr, be the channel
coefficients from the source to relay Ry, relay Ry to the
destination, the source to relay Ry, relay R to the destina-
tion, the loopback interference channel of relay R; and the
loopback interference channel of relay Ry, respectively.
Due to Rayleigh fading, the channel powers, denoted by
hsg, 1, 1hr,pl% [Asr, 1%, 1r,DI?, [fi, 1% and |fg,|?, are inde-
pendent and exponential random variables, whose means
are Apgg,» Mig s Mise, s Miggps Mg, » and A, respectively.
Further, the SNR of two branches S — R; — D and
S — Ry — D arerepresented by yr, and yr,, respectively.

In this paper, information is transmitted between the
source and the destination through either R; (S — R; — D)
or Ry (S — Ry — D) link. Therefore, some technique
need to be applied at the destination to combine two sig-
nals from two links or select one of the twos from two
links. To increase the system diversity and also to reduce
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the complexity at the destination, we propose distributed
switch and stay combining (DSSC) technique. The opera-
tion of this technique in our model is described as follows.
In each transmission block time 7, only one link (either
S - Ry - DorS — Ry — D) is active. To deter-
mine the active link, depending on which link is active
in the current block time 7T, the destination node com-
pares the received SNR (which equals to yr, or yr,) with
the given threshold «. The switching occurs (the alter-
native link will be used in the next block time T) when
the instantaneous SNR of the currently selected link falls
below the threshold « regardless of the current instanta-
neous SNR of the alternative link. The switching process
will be implemented by an appropriate feedback signal
sent from destination to the source and relays through
the dedicated feedback channel, indicating a switching on
the transmission path. We assume that there exists an
error-free feedback channel between the source and the
destination. More specifically, the source signal reaches
the destination through either S — R; — D link or
S — Ry — D link and in each transmission block time T,
only one link is active.

To activate full-duplex transmission at two relays, we
use the two-phase protocol in [15], which is described
in Fig. 2. In the first phase of duration T/2, the source
transmits information to relay R; or Ry. In the second
phase of duration 7/2, depending on the AF or DF pro-
tocol which is used at the selected relay, the selected relay
processes information and then forwards this informa-
tion to the destination, and concurrently, the selected relay
also receives dedicated energy signal from the source for
energy harvesting. Therefore, full-duplex transmission is
conducted in the second phase, which the selected relay
simultaneously harvests energy and transmits information
to the destination. Besides that, the loopback signal cre-
ated from the transmitting antenna at the selected relay,
which is regarded as loopback interference, thus requires
additional energy to apply interference cancellation meth-
ods to mitigate this problem. As same as in [15], we
also consider that self-interference link as beneficial link
because the loopback energy can be recycled by the relay

A
v

The source transmits the energy
signal to the relay for harvesting
The source transmits the energy
information signal to the relay
Concurrently. the relay forwards
the source information signal to
the destination

A

T T

2 2
Fig. 2 Block time T for full-duplex dual hop relaying systems
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and the relay harvests and uses this energy for informa-
tion transmission in addition to harvested energy from
the source signal. For simplicity, in this paper, we assume
that there are no interference signals from the transmit-
ting antenna of relay R; /Ry to the receiving antenna of
relay Ry /R; since only one relay is active when using DSSC
technique, so we do not need to consider the link between
two relays [18-20, 22]. We further assume that the relay of
the inactive link will keep idle, i.e., no energy is harvested.

2.2 Signal modeling

In this section, we analyze signal modeling in two phases.
In each phase, we consider two cases: relay R; is used for
information transmission (S — R; — D is active) and
relay Ry is used for information transmission (S — Ry — D
is active).

2.2.1 Inthe first phase
In case of using relay Ry, the received signal at relay R; can
be expressed as

h

SRy

YSR; = xs + nR;» (1)

m
SRy

where dsg, is the distance between the source and relay
Ry, m is the path loss exponent, xg is the information
symbol with E{|xs|?} = Ps, E{.} denotes the expectation
operation, Ps is the source transmit power and ng, is the
zero mean additive white Gaussian noise (AWGN) with
variance Nj.

Hence, the instantaneous SNR of S — R; link is given by

- |hsr, *Ps sy, |*7 ©
1 - - )
Nodg”R1 dg”Rl

wherey = E—g is the average transmit SNR.
In case of using relay Ry, the received signal at relay R;
can be expressed as
|isw, |*
YSR, =

xs + Ry, (3)
SRy

Hence, the instantaneous SNR of S — R; link is given by

lhsr, I*Ps  |hsr, >y
e = L Vo7 g
0%gR, SR,

2.2.2 Inthe second phase
In this paper, we consider both AF and DF relaying
protocols.
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In case of using relay Ry, with the AF protocol, the relay
R; amplifies the input signal by a factor Bg,, which is given
by [27]

Pr,
|hsr, |*Ps/ddy + No’

(5)

2
,3[{1 =

where Py, is the transmit power of relay R;.
Hence, the transmit signal of relay R; is given by [27]

XR; = ﬂRJSRl . (6)

With the DF protocol, the relay first decodes the original
signal from the source and then forwards the re-encoded
version to the destination. Hence, the transmit signal of
relay R; can be expressed as [27]

P
x&=/i%m. 7)

The received signal at the destination can be expressed
as

thD

YDr, = xR, + 1D, (8)

m
RiD

where xg, is the transmit signal of relay Ry with E{|xg, |}
= Pr,, Pr, is the transmit power of relay Ry, dg,p is the
distance between relay R; and the destination and #p is
the zero mean AWGN with variance Np.

Hence, the instantaneous SNR of R; — D link is given by

_ |hR1D|2pR1
D= T Npal
0%R:D

)

In case of using relay Ry, with the AF protocol, the relay
R, amplifies the input signal by a factor Sr, which is given
by [27]

Pr,
|hsr, | Ps/dgg, +No’

BR, = (10)

where Pg, is the transmit power of relay Rj.
Hence, the transmit signal of relay R, is given by [27]

XRy = ,BRZJ’SRZ- (11)

With the DF protocol, the transmit signal of relay Ry can
be expressed as [27]

Pr,
XRy = P—st.

(12)
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The received signal at destination can be expressed as

hr,D

YDr, = XR, + 1D, (13)

RoD
Hence, the instantaneous SNR of Ry — D link is given by

|ARyD > Pr,
L N T (14)
RoD
Concurrently with information transmission by active
relay in the second phase, the relay harvests energy from
the energy signal which is transmitted from the source.
Here, we assume that the relay harvests dedicated energy
from the source, but the relay also recycles its own energy
from loopback self-interference channel [15].
In case of using relay R;, the received signal by the
receiving antenna of relay R; is expressed as

hsr
IRy = — = xE +fj ARy R (15)
SRy
where x is the energy symbol from the source.
The transmit power at relay R; is given by [15]

Pr, = (T/2)77(|hs;r1n\239;/'*2‘1fk1 *Pry)

SRy (16)
nlhsg, 1*Ps

& =i, P

where 7 is a constant and denotes the energy conversion
efficiency. Since we consider the self-interference link as
useful link, thus from (16), the selected relay not only har-
vests energy from the source but it also scavenges energy
from the self-interference link. Note that, we take into
consideration particular case that the average energy used
for transmission by the selected relay is equal to that being
harvested [15]. Further, we ignore the negligible energy
harvested from the receiver noise since the energy har-
vested from the source is much larger than that of the
receiver noise [12].

In case of using relay Ry, the received signal by the
receiving antenna of relay R; is expressed as

hsr
YRy = 7;7% + fRo%R, + 7Ry (17)
SRy
The transmit power at relay Ry is given by
Pe, = (T/2)n(lhsry I*Ps+|fRy [*Pry)
2 g, (T/2) (18)
_ nlhsg, I*Ps

= g, —nlfe
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2.3 Mode of operation

At the beginning of each transmission block time 7, one
link needs to be activated. Specifically, suppose that the
S — R; — D link is used in the current transmission
block, the destination compares the current SNR yr, with
a preselected threshold «. The branch switching occurs
when

Vedor, = MIN(¥sr,, YR,D) < K, (19)
for the case of DF, and
VSR; YR D
VEEA2€,R1 = ————— < K, (20)

Ysr, + Yr;D +1

for the case of AF.

Note that ygcp and yfcr, are the end-to-end SNRs
of relay R; when relay R; uses DF and AF protocols,
respectively.

Otherwise, the S — R; — D link continues as the active
link for information transmission in the next block time 7.
Similarly, when the S — Ry — D link is activated in the
current transmission block, the branch switching occurs
when

ye%z,Rz = min(ySRz; VRzD) <K, (21)
for the case of DF and
AF YSR, YRyD
Y = ————— <K, (22)
2R ™ yer, + VoD + 1
for the case of AF.

Note that y27 p and yg&ep, are the end-to-end SNRs
of relay Ry when relay Ry uses DF and AF protocols,
respectively.

The switching process will be implemented by appropri-
ate feedback sent from the destination to the source and
relays, indicating a switching on the transmission path.

3 Performance analysis

In this section, we will study the performance analysis
of the considered system in terms of outage probabil-
ity. Depending on AF or DF protocol which is used at
relays, we need to study outage probability of the proposed
system in a separated manner.

3.1 Two relays operate in DF mode

We first derive the system outage probability when two
relays operate in DF mode. With DF protocol using at
two relays, the signal reaching the destination has to
be demodulated two times, i.e., at the relay and at the
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destination. To characterize the system outage probability,
we need to evaluate the steady state selection probability
of each activating link, which is defined as the propor-
tion of time that link will be used as the active link. Let
us denote the steady state selection probability of S —
R; — D link and S — Ry — D link are pg, and pg,,
respectively, which have been derived in ([28], Egs. (6) and
(7)) as

F or (K)

yeZE,Rz

PRy (23)

= )
Fygry, W)+ Fppe ()

F or (K)

J/EZe,R 1

PRy = (24')

Fyé’zi,kl () + F,or (k)

J/eZe,Rz
where F)pr  (x) and F,or (k) are the cumulative distri-
e2e,Ry yeZe,Rz

bution functions (CDFs) of y¢ , and y ¢, evaluated at
the preselected switching threshold «, respectively.

To calculate (23) and (24), we first need to derive the
cumulative distribution functions (CDFs) of y5ep and
Veoor, €valuated at the preselected switching threshold «.

Lemma 1 F or () is given by
e2e,Ry

m
KdSRl

~
kK)y~1l-—e 7Ry

kdr (25)
SR
de{"lDl" (0,%) (dg"Rl —nkle )

U?XthDAhSRl

FDF

yeZe,Rl

+

Proof See Appendix.
Similarly, we also obtain FyréFR (x), which can be
e2e,Ry

expressed as

m
KdSR2

Iz
Fpor (k) ®1—e ""hsry

yeZe,Rz
wd (26)
SR
dg o7 (0, Ths;z ) (2, ~1r1e, )

'77)»th D )LhSRZ

+

O

By plugging (25) and (26) into (23) and (24), we will
obtain the steady state selection probabilities of S —
R; — Dlinkand S — Ry — D link.

Next, we study outage probability of our proposed sys-
tem. Using the law of total probability and the steady
state selection probability of two links, which is derived in
Egs. (23) and (24), the outage probability of the system is
given by
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PRE ) = pry [ (1= Bz, 00)) Pr(vBig, < vealvBig, > )
+Eyoe (P (Veger, < VenlVezer, < K)}

+om [(1-Fpzz

o (K)) Pr{yer, < Venlvoer, > ¢}
+FVeDzi,R2 (1) Pr (VeDzz,Rl = Vth|)’eDle,R2 =< K):| .
(27)
Then, we need to derive the conditional outage proba-
bilities, which can be expressed under the general form as
follows

Fy ren)=Fyy ®© -,
Pri{ym < Yenlym > t} = 1=Fy, @ 7 L= ven
) > Ytn,
(28)

where conditional outage probabilities in (27) can be
obtained by replacing yar and ¢ in (28) with the suitable
values, i.e., yu € {ye%z,Rl,yg’;,Rz} and ¢t € {«,0}. In
this paper, we adopt the cumulative distribution function
(CDF) of y evaluated at the outage threshold SNR yiy,
which is expressed as yrn=2"-1 with r representing the
target rate, coincides with the conditional outage proba-
bility when M link is selected with M € {R1, Ry}, it means
that Fy,, (ven) = Pri{ym < yenl(ym > 0)} and Fy,, () =
Pr(ym < t) =1 —Pr(ym > t). We note that since y37 p
and g p, are independent, 5o Pr(ygep, < VenlVeyor, <
©) = Fyoe (ven) and Pr(yeer, < VenlVeper, < %) =
Fyegg'Rl (Yen)-

By plugging conditional outage probabilities (which are
calculated by (28)) and state selection probabilities (which
are derived in (23) and (24)) into (27), we obtain the sys-
tem outage probability as in (30) (on top of the next page)
with F,or (yen) and F,or  (ytn) can be calculated by

e2e,Ry e2e,Ry
replacing « in (25) and (26) with y¢p.

From (30), it is obvious that choosing preselected
threshold « will affect the outage probability of system.
Noting that the system outage probability in (30) is mini-
mized when y;;, = «, this will be validated by simulation
result in Section 6. Therefore, POlet(yth) in this case can be
expressed as

Pout(vin) = Fyor

yeZe.Rl

(Yen)Fype  (Ven)- (29)

J/e2e,R2

We can see that the minimum outage probability in (29)
is equal to the outage probability of the system which
selects the better link between S — Ry — D and S —
Ry — D link for source information transmission.

3.2 Two relays operate in AF mode

Let us now consider that both relays use AF protocol to
forward the source information to the destination. The
corresponding SNRs of two branches are given on the top
of next page,
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E, bF ()F, oE (K)(F DF (J/th)+FVDF (Vth))
Ye2e,R 1 e2e,Ry
DE F DQFR (K)+FVDZFR (k) ’ Yeh < K
Pout(yth) = . . Ye2eR; . e2e.Ry . , i . . )
YO R, (%) YOE R (K)( YRy (Yen)+ Y& R, (Yen)— ) YR, (Yen) oF (K)+ oF (Vth) YR, (k) -
F DF (K)+F pr (k) F or (K)+F DF (K) » Yeh Z K
Ye2e,R 1 Yede, Ry Yede,R Vede, Ry
(30)
JAE _ _ VSRVRD 72\ hsy, |*|hr;p|?
2e,R; — - — —
SO ysry Fyrip + 1 hsy, PYdgp(dgy, — nlfR, 12 + v p Pnlhsy, 1V déy, + Ay diyp(dge, — 1l 12
(31)
VAF _ YSR, YRyD _ U72|hSR2|4|hR2D|2
2e,Ry —
EOR T s, + vRD + 1 Lhisk, 12V dRp(dly, — 0lfjo|?) + Ry 2 0lhisw, 2V A, + A, dit b (dee, — 1lfra 1)
(32)

17> hsr, |*hr,p|?

(33)

K
VZeR ( ) <|hSR1| ydeD(dSRl

nlfr, 1%) + lhr,p*nlhsg, 1*Vdggy +

m <K]].
dSRldle SR, ﬂlfR1|) )

where the last results in (31) and (32) are obtained by plugging (16) and (18) into (9) and (14) and using (2) and (4).
Next, we need to derive the cumulative distribution functions (CDFs) of yjéz’Rl and VQZ,RZ evaluated at the

predesigned switching threshold k. F 2 o

Lemma 2 Far (k) is given by
e2e,Rq

Kdg;{l
Nz ducdg p (g —nu)
F ar (K) ~]l —e SR} f 2R D sr, T
YezeR 0 Mhgp, TV g, p
died? (AT —nu) -
R; D (4sR
hsr, 1Y Mg, D ey

Proof See Appendix.

Similarly, we also obtain F)/AZF . (), which can be expressed as
eze,ky

m
«d, Ry

— 2 00
~] — SRy
FV?ZE,RZ (k) 1l —e f

0
X1<1 (

dx dﬁnzD(dSRz 1)
Mhigpy TV Mgy >

4de{"2D(d§"R

i) -
S ) e T d
sy T *hryD ™

(x) is expressed as follows in (33).
1

(34)

(35)

O

Similar to the DF case, the system outage probability for AF mode is obtained directly from Eq. (30) by plugging (34)

and (35) into (30), which can be expressed as follows.

FyAF (K)FVAF (K)<F AF (Vch)"‘FyAF (Vth))
2e,R e2e,R; e2e,Ry <K
F ar (K)+F aF (k) ’ Yth
PAF _ Yede, Ry Vede,Ry
out(yth) -
F F F F -2 F F F F
VeAzFe,R] () VEE & (K)( o ()/th)+ V?zi,Rz (Yen) ) VeAZFe,Rl (Yen) VEE & (K)+ AF (}’th) V£2Fe,R1 () -
FVAF (K)+F ) 3 ae (K)+p oF (K) » Yeh Z
e2e,R Ye2e, Ry Ye2 Vede Ry

(36)
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Noting that FyeAzE’R

culated by replacing « in (34) and (35) with ycp. In the
case of yrn = «, the system outage probability is also
minimized and calculated as in (29), which can be derived
as follows (this will be validated by simulation result in
Section 6)

(Yen) and Fyar  (yen) can also be cal-
1 e2e,Ry

Pouc(vn) = Fyzz  (ven)Fyae  (Ven). (37)

We can see that the minimum outage probability in (37)
is equal to the outage probability of the system which
selects the better link between S — R; — Dand S —

Ry — D link for source information transmission.

4 Diversity analysis

In order to present insights into the obtained system
outage probabilities, the diversity analysis of DF and AF
cases is examined. The diversity gain, D, achieved by a
cooperative scheme can be shown as [29, 30]

log Pout (¥
D= — lim 28Pou® (38)
y—oo logy
4.1 DF case

Considering at the high SNR (y — 00), using (e7™* =~
1—x%) and I'(0,x) = —Ei(—x) ~ —Cg — 1n(x) ([34],
Eq. (8.359.1) and Eq. (8.214.1)) when x — 0%, where Cg
denotes the Euler’s constant ([34], Eq. (8.367.1)), (25) can
be derived as

wd™
Foe () ~1—(1- N
2R} V)‘hsrzl

Kkd
wdy (cE +1n <,V4A;;11 >> (dgfm - nxﬁh)

UVA‘hRID}“hSRI

kdd
m SRy m
_ kdgy kdyp (CE +1n <7*th1 )) (dsm - ”)‘fm)

7)“!5[{1 777)%1110)%51{1

(39)

Similarly, F,,or (k) is given by
e2e,Ry

ag s (Ce+1 Kdgn‘” an —
wdfp, " ET 0\ $hhg (SRZ ”fRz)

Fyoe (1)~ —
etz V)‘hsnz 7”/}“hR2D)“hSR2
(40)
dm dm
Denoting o7 = —L & = fiD = dr -
& Mg, & ”)‘hle)‘hSRl ’ SRy
dm dm
_ SRy — RyD N -
n)"le 102 = A R ’;’:2 - n)LhRZDAhSRZ and X2 = dSRz n)\'fRz’

(39) and (40) can be rewritten as
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1231 (CE+1n(w1 ))x1

Ak
VeZeRl (K) 2 V2
5 (051 —&Cex1 — %‘1111('(%))(1) (41)
~ 7 (é‘l Vlln( 7 )) 3

where £} = a1 — &1 Cgpx1and vy = &1 1

(k) ~ k@2 _ KEz(CEnLln(mz))Xz
Ve2eR2 14 Y
5 (o2 = §2Cex2 — Szln(%)m) (42)
~ K — Ko
~ 7z CZ Vzln( v )) )

where §» = ay — & Cegxz and vy = & (2
For the case of yrp < «, PODLi(yth) can be given by

Fpor  (€)F,DF (K)(FyDF (ven)+F,DF (yth)>
PDF ( ) _ e2e,Rq e2e,Ry e2e,Rg e2e,Ry
out(Vth) = F or

(K)+F. DFR (x)
_ () imsanh) rominh)
(e ”11n<”“1>+cz—vz1n(%>>
x (§1 — v In(PE) + 6 — vzln(iyt;‘m)) )
(43)

From (38) and (43), we obtain the limitation straightly as
follows

log PPE (v1n)

lim
logy

y—>00

= -2 (44)

When yrp > «, Polet(yth) can be written as

Pouc(Vth) = i, 8, ) (Fye%};, (ven) + Fype, (ven) — 2)
out F OF (K) + FVDFR (k)
FV%FR (Yen) FVDZFR (k) + F}/DZFR (]/th)FyDZFR («)
FV%FR () +FVI;FR (k)

[ (o nty)
(=) -6 (7)

oy
x (é’l —viln <LE 1) 4+ ¢ —vpln <7)/tzolz) — l>:|
Y Y Yth

N 1 |:(Vth§1 — Yenv1ln (%)) (KQ —Kkvln (%))

v (K{l —Kvlln(’“’”) + K8 —:cvzln(’“"2 )
(Vthfz — Yenv2ln (yt%az)) (K§1 — KV lrl W‘ }
+

(K{l —kviln (7) + Ky — szln '“12

From (38) and (45
limitation as follows

), it is straightforward to derive the

log Pout (yth)

lim
logy

Y=o

—1. (46)
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In case of yen, = «, Polet(yth) can be shown as

Pour(¥tn) = Fyzz  (ven)Fyge  (Ven)
2
Yth Ko
=\ = 1 —viln <)>
(5) (= (5 @
Koo
X <§2 —wvln ()) .
Y
From (38) and (47), we obtain the result as follows
1 PDF
lim 08Pour(rih) _ (48)
y—>oo  logy

From (44), (46), and (48), we can see that the system full
diversity can be achieved with order of two when « > y¢p,
whereas the diversity order of the system only attains to
one when k < Ytn.

4.2 AF case
Since (34) and (35) involve an integral, which in general do
not admit closed-form solution, hence, it is not amenable
to further processing and diversity order analysis. How-
ever, we will conduct diversity order analysis for AF case
by using numerical results, which are shown in Fig. 6.
According to [33], the diversity order can be indicated
by the slope at high SNR regions of an outage performance
curve. As shown in Fig. 6, we can see that the performance
curves of two cases Yty < K (corresponds to x = 11)
and ytn = « (corresponds to k = 7) are parallel to the
curve that is proportional to ﬁ, which provide the full
diversity order while the per?ormance curve of the case
Yen > Kk (corresponds to k = 3) is parallel to the curve
that is proportional to ﬁ, which results in the diversity
order of one.

5 HDrelaying

In this section, we consider the existing Power Splitting-
based Relaying (PSR) protocol [4], which serves as a
benchmark for performance comparison. The purpose of
using PSR protocol is that since PSR has a better perfor-
mance than time switching-based relaying (TSR) protocol,
which is shown in [4]. Some of the results have been
derived in [4]; however, we present here to make our work
self-contained.

Energy harvesting
P S——» R

Information transmission

R—— D

Information transmission
S——» R

».
»

v

<
<

72 i)

<
<

Fig. 3 Power splitting-based wireless-powered relaying [4]

(2016) 2016:285
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We begin with a brief description of the half-duplex
(HD) relaying model. As shown in Fig. 3, the PSR proto-
col consists of two phases. In the first phase of duration
T /2, the source transmits information to the selected relay
with the power Ps. The selected relay uses the fraction p
of the received signal power for energy harvesting and the
remaining (1 — p) portion of the received power for infor-
mation processing, where 0 < p < 1.In case of using relay
Ry, the harvested energy at the relay is given by
_ npPslhsg, |*

m
dSR1

Er, T/2. (49)
Note that, unless otherwise stated, all notations in this
section have the same meaning as they have in Subsec-
tion 2.2.
Thus the energy scavenged at relay R; is shown as
_ npPslhsg, |

m
dSRl

Pr, (50)

In this HD model, we consider the pessimistic case of
PS receiver where the power splitting receiver only utilizes
the signal power, but not the antenna noise power, as done
in [31, 32]. The received signal at relay R; for information
processing is given by

_Vi- phsg,

IR, p
NS

Hence, the instantaneous SNR of S — Ry link is shown as

(1= p)Pslhse, > (1 — p)lhsg, I*¥

YSR; = m = m
dSR1N0 dSRl

XS + Hg;. (51)

(52)

In the second phase of duration 7/2, using the energy
harvested in the first phase, the selected relay forwards
the source information to the destination. In case of using

%  AF: DSSC—FD (sim)
AF: DSSC-FD (ana)
O  min point

Outage probability

-6 L L L L L L

2 4 6 8 10 12 14
Preselected threshold «

Fig. 4 Outage probability of DSSC full-duplex system with AF
protocol versus k when yxy = 7,7 =50 dB
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relay Ry, the received signal at the destination is expressed
as

(53)

Hence, the instantaneous SNR of R; — D link is given by

b= |hr, 1> Pr, _ \hr,p [*107 |hsr, > (54)
' dﬁDNO dgandIrﬁD ,

where the second equality is obtained by using (50) and
7=5

The system model for the case of using Ry is similar to
the case of using Ry, so we skip this description for brevity.

5.1 DF case
The end-to-end SNR for HD using DF is presented as (19).
Substituting (52) and (54) into (19), Yo, is expressed as

DF . (A= p)lhsg, 1Y |hr,pI*no7 |hsg, |*
Ve2e,R; — MiN .

m ’ m m
dSR] dSRl R;D
(55)
Lemma 3 F. K) is given b
Yo, () is given by
Exact analysis
1 o0 o _Kdgi{l dng
A, npxy Ay,
FVDF K)y=1———1]e ™t RiD dx, (56)
e2e,Ry khSR
1 V1
Kkdg;
— SRy
where vi = =
Approximation analysis
_ Kdgan
T
Fpor (k) ~1—e sk,
e2e,Ry
m m Kdgan (57)
Kdg, 4R pl'| O, T
+ _
N0V Mg, pMhsg,

Proof The proof follows the same step used in Lemma 1.
Thus we skip the proof for HD using DF for brevity.

Similarly, FszE,RZ (k) is expressed as

Exact analysis

ug ug
o0 2 “sR,RyD

1 T hen. TRV,
F)/DF K)y=1-———1_e )‘hSRZ " MhR2D dx, (58)
e2e,Ry AhSRz
%)

Kdg"Rz
A-p)y*

where vy =
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Approximation analysis

rcdl

_ SRy

A=p)7A,
For (k) ®1—e isry
VeZe,Rz
o Kdg'fzz (59)
KdSdeRzDF 0'(17,9)7»\,151{2
+ _
1Y M hgyp s,

The system outage probability P(]))Et(yth) for HD using
DF is calculated using (30), where FyeDZl:z,Rl (k) and FVe%E,RZ (k)
are derived in (57) and (59), FVE%E,RI (Yen) and FV?zi,RZ (Yen)
can be calculated by replacing « in (57) and (59) with
Yth- O

5.2 AFcase

The end-to-end SNR for HD utilizing AF is expressed in
(20). Substituting (52) and (54) into (20), we obtain yJ; ¢,
which is shown as follows.

AF _
yeZe,Rl -

(1 — p) npv>Ihsg, [*1hr,p|?
(1 = p) ydZ di plhsk, > + noyddy, Ihsy, 12hr,pl? + dgg. dit
(60)

This case has been studied in [4] and we present the
result here for the purpose of completeness.

Lemma 4 Far (k) can be shown as
e2e,Ry

1 (o¢] _( z + azz+E3 >
A, X 22—v3z)A
FVAF K)=1— —— e sry - (a2 2) "D/ e,
e2e,Ry )\'hSRl
z=v3/x3

(61)
where a3 = k(1 — p)?dé’}hdfﬁn’?s

(1 — p)pny* and v3 = ny pdgy .
Similarly, FVAZFR (k) can be given by
e2e,Ry

_ 2m gm —
= Kkdgg dR\p X3 =

o] z ayz+Ey
1 - AhSR + (X4227u4z))xh
Fnr K)y=1-— —— e 2 RaD / dz,
e2e,Ry AhSR2
z=v4/Xa

(62)
where ay = k(1 — p)Vdé’{deﬁ”zD’&

(1 — p)pny* and vy = ny pdy k.
The system outage probability for HD using AF is cal-
culated using (36), where FyAZFR (k) and FVAZFR (k) are
e2e,Ry e2e,Ry

_ 2m gm _
= KdSdeRgD’X4 =

shown in (61) and (62), FyAZFR (Yen) and F)/AZFR (Yen) can
eZe, Ry eze,kp
be calculated by replacing « in (61) and (62) with yyp.

6 Numerical results

In this section, we present numerical simulation results
to verify our analytical expressions derived in the previ-
ous section. Unless otherwise stated, we set the source
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transmission rate as R, = 3 bps/Hz; hence, the outage
threshold is expressed as yrn, = 2R _1 = 7. The distances
dsr,, dr,D> dsr,, and dr,p are normalized to unit value.
The path loss exponent is set to be m = 3, while the energy
conversion efficiency is set to be n = 0.4. The power split-
ting ratio p is set to be p = 0.6, which is the optimal value
in [4]. We also set Ay = L Apgp = LAy = 0.1, 4, =
l,thzD = l,kfz =0.1.

In Fig. 4, we investigate the impact of preselected
threshold « on the performance of DSSC full-duplex sys-
tem in terms of outage probability when the relay uses
AF protocol. It is obvious that our simulation and analyt-
ical results are well matched, confirming the correctness
of our analysis. The switching threshold « is an important
parameter for the performance of DSSC which determines
which branch is active in each transmission session. It can
be observed from Fig. 4 that the system outage probabil-
ity decreases significantly when the preselected threshold
k increases and obtains the lowest value when k = yy, =
7, which verifies our formulation in Section 3. This is
because the rise in k¥ makes the branch switching more
likely occur so that the performance of DSSC improves,
which in turn, decreases the outage probability. Besides,
we see that the optimal outage probability achieves when
k = yth = 7 which represents the optimal case of DSSC
that a system selects the best link between R; and R
links for each transmission session, which is shown as
(37). However, when swiching threshold « continues to
increase, the system outage probability also goes up. This
makes sense since if the switching threshold is chosen as
too high, the source is continuously switching between
two relays, which results in poor outage performance.

Figure 5 presents the change in outage probability of
DSSC full-duplex systems in terms of predesigned thresh-
old ¥ when the DF protocol is used at the selected relay.

*  DF: DSSC-FD (sim)

DF: DSSC-FD ana (exact)
+  DF: DSSC-FD ana (approx)
O min point

10°F E

Outage probability
5

Preselected threshold x

Fig. 5 Outage probability of DSSC full-duplex system with DF
protocol versus k when yxn = 7,7 =50 dB
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Similar to the case of AF, the system outage probability
decreases significantly when the predesigned threshold «
increases and obtains the lowest value when k = y, = 7,
which verifies our formulation in Section 3. This makes
sense as the « increases, the branch switching rate hap-
pens more often and thus the outage performance is
improved. Especially, when x = yy, = 7, we obtain the
best outage performance since DSSC system functions as
a system which choose the best of R; and R; links for each
transmission slot, which is presented in (29). However, the
system outage probability increases when « continues to
go up since the source has to switch continuously between
two relays, which in turn, causes a negative effect on the
outage performance. We can see that the exact analyti-
cal expression result, which is derived in (67), perfectly
matched with simulation result and the tight approxima-
tion curve, which is expressed in (25), nearly matched
with simulation result, thus verifies the correctness of our
analysis.

In Fig. 6, we examine the outage probability between
DSSC full-duplex and the conventional full-duplex sys-
tems with y, = 7,k = 3,7,11 when the relay uses
AF protocol. It can be shown from Fig. 6 that the sim-
ulation results are matched with the analytical results,
confirming the correctness of our analysis. As can be read-
ily observed, the outage probability of DSSC full-duplex
system is much smaller than that of the conventional
full duplex, confirming the positive effect of distributed
switch and stay combining (DSSC) technique in improv-
ing the performance of the full-duplex relaying system.
When the transmit SNR increases, the outage probability
of both systems decreases. This is intuitive since when the
transmit SNR increases, it means that the destination can

O AF:con FD (sim)
AF: con FD (ana) ~
O  AF:DSSC FD (sim), k=3

*  AF: DSSC-FD (sim), k=7
10 +  AF:DSSC-FD (sim), k=11

Outage probability
S

AF:

AF

: DSSC-FD (ana), k=7

DSSC-FD (ana), k=3

AF: DSSC-FD (ana), k=11

— - — acurve for 1/(SNR)

0 a curve for 1/((SNR)?) ‘ ‘
0 10 20 30 40 50

SNR (dB)

Fig. 6 Outage probability comparison between DSSC full-duplex
system and the conventional full-duplex system with AF protocol
when yen =7, =3,7,11
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receive the better quality of the source information sig-
nal from the selected relay and the destination can decode
the source signal more correctly, hence reduces the outage
event at the destination. Besides that, once again we can
also see that the outage probability of DSSC full-duplex
system is minimum when yc, = k = 7. Further, the
diversity order achieved by our schemes is examined and
compared. Recalling the diversity order can be indicated
by the slope at high SNR regions of an outage perfor-
mance curve [33]. This figure shows that the performance
curves of two cases yrn < k (corresponds to k = 11)
and Yty = k (corresponds to k = 7) are parallel to the
curve that is proportional to ﬁ, which provide the full
diversity order while the performance curves of the case
Yen > k (corresponds to k = 3) and the conventional
full duplex are parallel to the curve that is proportional
to ﬁ, which results in the diversity order of one. This
makes sense when « > yy, the system full diversity
can be achieved with order of two since a large switch-
ing threshold makes the switch mechanism effective and
the two branches can be efficiently exploited. In contrast,
when « <y, the diversity order of system gradually
goes down to one because a small ¥ makes the branch
switching less likely happen so that diversity can not be
efficiently used.

Figure 7 illustrates the comparison between DSSC full-
duplex and the conventional full-duplex system in terms
of outage probability when yry = 7,k = 3,7,11 in case of
using DF protocol at the relay. As can be seen from Fig. 7,
our simulation results are perfectly matched with the ana-
lytical expressions. From Fig. 7, the outage probability of
DSSC full-duplex system is smaller than that of the con-
ventional full-duplex one, which is the same as in the
case of AF. The increase in transmit SNR also makes the
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decrease in outage probability of both DSSC full-duplex
and the conventional full-duplex systems which improves
the system performance. The reason of this is the same as
in the case of AF. Similar to the case of AF, this figure indi-
cates that two cases yn, < k (corresponds to ¥k = 11) and
Yen = k (corresponds to k = 7) provide the full diver-
sity order while the case Yty > « (corresponds to x = 3)
and the conventional full duplex have only diversity order
of one. This verifies our correctness of diversity analysis
which is conducted in Section 4.

Figure 8 compares the outage probability of DSSC
full-duplex, DSSC half-duplex, and the conventional full-
duplex systems for both AF and DF protocols when yp, =
k = 7.1t can be shown from Fig. 8 that for all systems, the
outage probability of DF protocol is slightly smaller than
that of AF protocol. Besides that, when SNR increases, the
performance of the DSSC full-duplex for both AF and DF
protocol is significantly better than that of the DSSC half-
duplex and conventional full-duplex system. This makes
sense since with FD technique, the selected relay can
simultaneously harvest energy from the source and for-
ward the source information to destination, whereas with
HD technique the selected relay has to separate energy
harvesting process and information processing by using
power splitting ratio p, which is clear advantage of FD
compared with HD. Further, we can see that the per-
formance of FD and HD can be improved significantly
with the use of DSSC compared with the conventional FD
system without DSSC.

Next, the impact of energy conversion efficiency n on
the performance of the DSSC full-duplex and the conven-
tional full duplex with AF protocol is considered in Fig. 9.
As shown in Fig. 9, the outage probability of both schemes
goes down along with the increase of 1. This is intuitive

O DF:con FD (sim)
1072 DF: con FD (ana)
O DF: DSSC-FD (sim), k=3
DF: DSSC-FD (exact), k=3
— — — DF: DSSC-FD (approx), k=3
*  DF: DSSC-FD (sim), k=7
DF: DSSC-FD (exact), k=7
— — — DF: DSSC-FD (approx), k=7
+  DF: DSSC-FD (sim), k=11
DF: DSSC-FD (exact), k=11
10 °| — — — DF: DSSC-FD (appox), k=11
— —acurve for 1/(SNR)

. a curve for 1/((SNR)?)

]
&

Outage probability
=

_.
o\
L

0 10 20 30 40 50
SNR (dB)

10°

Fig. 7 Outage probability comparison between the DSSC full-duplex
system and the conventional full-duplex system with DF protocol
when yen = 7,6 =3,7,11

——&— DF: DSSC-FD (sim)

DF: DSSC-FD ana (exact)

— — — DF: DSSC-FD ana (approx)
% AF: DSSC-FD (sim)

AF: DSSC-FD (ana)

v DF: DSSC-HD (sim)

DF: DSSC-HD ana (exact)

_4| — — — DF: DSSC-HD ana (approx)

AF: DSSC-HD (sim)

AF: DSSC-HD (ana)

5 O DF:con FD (sim)

DF: con FD (ana)

AF: con FD (sim)

6 AF: con FD (ana)

Outage probability
=

0 10 20 30 40 50
SNR (dB)

Fig. 8 Outage probability comparison between the DSSC full-duplex,
DSSC half-duplex, and the conventional full-duplex system with DF
and AF protocol when yen, =k =7
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0 O AF:con FD (sim)

AF: con FD (ana)

O AF: DSSC-FD (sim), k:

107 *  AF: DSSC-FD (sim), k:

+  AF: DSSC-FD (sim), k=11

AF: DSSC-FD (ana), k=3
: DSSC-FD (ana), k=7

: DSSC-FD (ana), k=11

Outage probability

10 I I I I I I I I

01 02 03 04 05 06 07 08 09 1
Energy conversion efficiency n
Fig. 9 Effects of energy conversion efficiency n on outage probability
of the DSSC full-duplex and the conventional full-duplex system with
AF protocol when yen = 7,k = 3,7,11

since when 7 goes up, the amount of energy converted
and used for the source information transmission at the
selected relay also increases. It leads to the better received
signal quality at the destination and thus improves the sys-
tem performance. From Fig. 9, we also see that when 7
increase, the performance of the DSSC full duplex is much
better than that of the conventional full duplex in both
cases ytn < k (corresponds to x = 11) and yen = k
(corresponds to k = 7).

Further, we also investigate the effect of energy conver-
sion efficiency 7 in the case of DF protocol for both the
DSSC full-duplex and the conventional full-duplex system
in Fig. 10. Similar to the case of DF, the increase in 7 also
improves the performance of both systems and in both
cases yrn < k (corresponds to k = 11) and yp, = «
(corresponds to k = 7) the performance of the DSSC full-
duplex system is much better than that of the conventional
full-duplex system.

7 Conclusions

In this paper, we investigated the performance of DSSC
technique in dual-hop full-duplex relaying systems with
wireless information and power transfer (WIPT). We
obtained tight approximate expression and analytical
expression of the system outage probability for DF and
AF protocols over Rayleigh fading channels, respectively.
Compared to the DSSC half-duplex relaying and conven-
tional full-duplex relaying with WIPT system, our results
show that DSSC technique can substantially boost the
operational performance of full-duplex relaying systems
and achieves the full spatial diversity in cases of the

O DF:con FD (sim)
DF: con FD (ana)
O  DF: DSSC-FD (sim), k=3
DF: DSSC-FD (exact), k=3
1 — — — DF: DSSC-FD (approx), k=3
3 *  DF: DSSC-FD (sim), k=7
DF: DSSC-FD (exact), k=7
— — — DF: DSSC-FD (approx), k=7
+  DF: DSSC-FD (sim), k=11
DF: DSSC-FD (exact), k=11
— — — DF: DSSC-FD (approx), k=11

e

e = S

= %—:—@%ei&f

107 E

Outage probability

01 02 03 04 05 06 07 08 09 1
Energy conversion efficiency n

Fig. 10 Effects of energy conversion efficiency n on outage

probability of the DSSC full-duplex and the conventional full-duplex

system with DF protocol when yep = 7,k = 3,7,11

preselected switching threshold is chosen equal or higher
than the outage threshold.

Appendix

The proof of Lemma 1

FVDZFR (k) is expressed as follows
e2e,Rq

Fype, () =Pr YereRr, <)

(ve2
=DPr (m {VSRIVVRID} < K)

— pr [ min \hSRl\ZV lhg,pl*nlhsy, 1?7 —y
dg'f{l dly{ll])(ds[{l ﬂllel )

(63)

Denoting X = |hsg,|%, Y = |hg,p|?> and U = |, |%, (63)
can be rewritten as

| Xy YnXy
oe («) = Pr | min | ——, — ™ <K
! dgp, g p(dgg, —nlh)

o0
/Pr min VSR1|X7 leDp(} < K|X:x)
0

X fX (x) dx:
(64)
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— X7 — Ynxy
where YSR1|1X = K and YRiD|IX = W

Ysr;1x and yr,p|x are independent, after some algebraic
manipulations, we have

Since

Eyor 1(K) / [1 = Pr(ysr,x = &) Pr(yr,pix = &) ] fx (®)dx
0
/fx(x)dx—/Pr (y > K>
; dgg,

Ynxy

Pr| ——1——— d.
X r(qulD(dg,,Rl D = )fx(x) x.

(65)

o0
Since [ fx(x)dx = 1, (65) can be further expressed as
0

r a7 o (d u
Eye (o) = 1_/ |:1—Pr<Y< KRID(SR‘M):|fX(x)dx
ery 1y

n
=)

i ar o (dn —nl
—1- / Fedx + / Fy (KRID(SRI"))fx(x)dx,
5 g nxy

(66)

m

Kd.
where p = —-1

. Since X = |hsg,|? and Y = |hg,p|? fol-
1

low exponentlal distributions with parameters ;—— and
Ry

#, respectively, (66) can be expressed as
Ry D

00 X
1 -
h
FyDF K)y=1- —e SR dx
e2e,R] )"h
SRy
nw
00 KdeD(dSRl nl) 1 s
RGN Ap,
+ / hRyD e "SRy gy
2 hsr,
) 00 M Rln(dgﬁl*””)
_)‘h - nxy iy
=1—-——[e ™h RiD dx.
)"hSRl
"
@
(67)
Using Maclaurin’s series for e"/* and with small x, we

—a/x

have the approximation as e ~1—a/x, ®in (67) can

be rewritten as

tedg, p (dgp, —nll) 00

)‘h
f e SRl
MY g, p

w_-x
A
O~ [e "Mdx—
m

(68)
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With the help of ([34], Eq. (3.381.3)) and after some
manipulation steps, the integral ® can be solved as

B de{”lD(dg"R1 — r;L[)F 0 w
NY Mg, p Mgy,

e_ kh:Rl . Kdlr{llDdgnIh rlo 1%
n?)”hle }‘hSRl

“rfo, ).
)"hSRl
Now, conditioned on U, 6 in (69) can be shown as

e m __u
6 = / ':dRIDMF O,L Le Ry dy
0 V)‘hle )‘hSRl )"fkl

de{llDr (0, 7)%/;{1 > )\le

VAthD

(69)

(70)

where 0 can be solved by using integration by parts and
after some simple manipulations, we obtain the last result
in (70).

Plugging (70) into (69) and then plugging (69) into (67),
we obtain as follows

g deDdSRl M
Fpor ()~1—e "4 4 r{o,
! NV Mg, pMhsy, Mg,
wdg, pl" ( ’Ah >)‘le
7}‘111211))‘145[{1
"

e il (0’ xf) (%5, = 12,
~Nl—e 4 : .

NY Mg, pMhsy,
(71)
. . _ Kdg, .
Finally, plugging u = =+ into (71), we obtain the
desired result as in (25).

The proof of Lemma 2
First, we denote a = K?df{”lD(dg”Rl —
Kdgledm p (dg] SR; nlfr, %), ¢ = 7772 andd = Kﬁ7d§"R
can be rewritten as

n[le |2)rb -
.(33)

Eype (k) = Pr (clhsg, |*lim,pI* < alhsy, |* + dlhsk, [’ 1w, pI + b)

= Pr ((clhsr, |* — dlhsg, | |hr,p|* < alhsg, |* + b))
(72)
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Then, (72) can be derived as

2 a\hSR1|2+b
F Pr{ 1ol < G g ) sl > dfe
K)= .
i, () Pr (i pf2 > — PN g e 2 < dye
Dl > G Fdlse P ) = b Vswil
(73)

where the second equality in (73) is true since if |/gg, 12 <
d/c, clhsr, |+ — d|hsr, |2 will be a negative number and the
probability of | /g, p|? is always greater than negative num-
ber. Therefore, the probability of |1z, p|? is always 1. Next,
denoting X = |hgR, 2, (73) is further given by

d/c

Fagy, )= [ Pr (il >
0

o0
+ / Pr <|hR1D|2 < szi)fx(x)dx

b
7—}_ )fx (x)dx
Cx

d/c
d/c oo ax+b
T (2 —dxyy,
= [ fxx)dx+ l1—e RiP ) fy (x)dox
0 d/c
S ax+b S
—1_ i e ((cx2—dx)AthD )LhSRl )dx,
)‘hSRl
d/c
(74)
x
where f fxx)dx + f Sx@dx = [fx(x)dx = 1 and
d/c 0
fxx) = Ahl e_ hSRI , the last equality in (74) can be
SRy
achieved.
Plugging a = KydeD(dSR1 n[fR1|2) b =
"dSRldeD(dgan ey ®),c=ny?andd = KndeRl into

(74), (74) can be rewritten as

) =1-—
K)=1— —
)"hSRl

yeZe Ry
wdf e, iRy |2>(7x+dg}{l)

o0 — — X
A
77252 = M h
ny2x*—knyd x)kh SR
X / e ( SRR D dx.

ug
KdSRl
v

(75)

The integration in (75) cannot be further simplified. At
high SNRs, we can apply a approximation, so dgfh can be
neglected. Thus, (75) can be expressed as
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2\—
o Kdl-TlD(dg’{zlnt/i{l\ Y 4=
1 (n?zxfm]?dm ))‘h )LhSRl
},2 (K)~1 - e SRy )R D dx.
e,R
hsr,
Kdg”Rl
3
(76)

Let we define v = ny2x — knydgy
rewritten as

. Thus, (76) can be

Kdgfil m m 2\
-7 oo [ *dg;pUsr, ~liR, 7
V% hsr - L +—
e 1 vth D i 2
e2e,Ry )“hSRl ny
0
us
o qiedt s (dih, — nlf, 1)
~l—e v hSRI SRy
Ahsg, MY Mgy p
2
4'KdR1D SR; Ulle )

X I(l
)‘hSRl V}“thD

(77)

where K7 () is the first-order modified Bessel function of
the second kind ([34], Eq. (8.432.1)) and the last equality
is obtained by using the formula in ([34], Eq. (3.324.1)).

Next, denoting U = |f,|> and conditioned on U from
(77), we obtain the desired result as in (34).
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