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The system performance of mobile-to-mobile (D2D) cooperative communica-
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Guwahati, Assam, India. The proposed system employs decode and forward (DF) relaying technique

Email: a bhowal@iitg.ac.in along with physical layer network coding (PLNC); hence, it has been named as

SM-based decode and forward two-way relay (DFTWR). It enables full-duplex
communication thereby enhancing the system efficiency. Information bits are
exchanged between the two bidirectional nodes. For two bits of information
exchange, the antenna index is conveyed by the least significant bit (LSB) of
the data symbol while the most significant bit (MSB) carries the message. The
system performance has been investigated by analyzing certain performance
metrics like lower and upper bounds of outage probability and average data rate
for N-a-u cascaded fading channels. The change in the system performance by
varying certain parameters like relative geometrical gain, fading coefficients,

and number of cascaded components has also been put forth in this paper.
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1 | INTRODUCTION

D2D communication is a prevalent research topic that can be utilized for mobile ad hoc networks in wireless commu-
nication industry.! Cascaded fading models are used as a replacement for old classical models in order to provide better
accuracy. In D2D communication, relative motion exists between the transmitter and receiver, and both nodes possess
low-height antennas, which are located almost at the street level. Scatterers are also present at transmitter and receiver.
D2D communication varies from cellular communication in this aspect. The base station antenna in cellular communi-
cation is elevated and fixed, thereby being devoid of local scatterers. However, the mobile antenna is at a lower level and is
in motion. Traditional channel models are unsuitable for D2D communication as multiple scattering groups are present
in D2D communication.?

Abbreviations: D2D, device to device; PLNC, physical layer network coding; SM, spatial modulation
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Previous works list out several 2D and 3D channel models.>® The major concern with these models is that a solitary
or dual scattering group is considered in a majority of these models, whereas multiple scattering groups are present in
reality. Hence, in such scenarios, cascaded model is more suitable.

Previous researches have incorporated the utilization of N-Nakagami fading channel model® and cascaded Rayleigh
fading channel models.'® Weibull channel can be more appropriate for D2D communication'! as it generates more deeper
fades than conventional Nakagami and Rayleigh channel. Weibull channel describes a particular example of the N-a-u
channel model where the corresponding parameters are N=1and 4 = 1. Leonardo and Yacoub'*'* have proposed N-a-u
channel model, and it is a generalized version of the N-Nakagami model. Cooperative communication with various proto-
cols is implemented in D2D communication to provide good quality coverage and higher data rates. Decode and forward
(DF), a type of relaying protocol, has been used by Gong et al'* over double Nakagami (a specialized case of N-Nakagami
channel) fading channels. Incremental amplify and forward (AF) protocol for D2D cooperative communication has been
implemented, and evaluation of outage probability has been achieved in Xu et al.'* Cascaded a-u distribution has been
explained in Leonardo and Yacoub,'? and derivation of formulae for probability density function (PDF) and cumulative
distribution function (CDF) has been done by the authors. But performance evaluation for SM-based relay D2D model is
yet to be achieved using this cascaded model.

One of the generalized physical fading models is the a-u fading model consisting of multipath clusters propagating
in a nonhomogeneous environment.'**® Two variables are used to normally characterize it—a« and u. The propagation
medium has a nonlinearity index that is depicted by @, whereby u indicates the count of the multipath clusters. Rayleigh,
Gamma, and Nakagami distributions are some of the specialized cases of a-u distribution. In literature, Fox H function
has been utilized to describe a cascaded a-u model."” But because of the mathematical complexities, Meijer G function is
a better option because of its ease of availability in software packages like Mathematica and Matlab. Moment-generating
function (MGF) can be utilized to compute the PDF and CDF for cascaded channel models. The cascaded a-u distribution
has been utilized in this paper whose PDF and CDF have been evaluated by using the scheme of multiplication of random
variables.

In this paper, SM along with PLNC? has been used for full-duplex communication. This will result in greater data rate
and bandwidth efficiency. In normal nonnetwork coding scheme, exchange of two packets takes four time slots to avoid
collision. Analog network coding scheme (ANC) uses three time slots to complete the same operation by pairwise XOR-ing
of the symbols over the two sources. In PLNC,?! time slots required to achieve the same operation is two only. This is
due to the network coding scheme implemented automatically in the superimposed electromagnetic (EM) waves. At the
relay, the symbol is decoded using mapping scheme. The proposed system evaluates the performance of D2D cooperative
system using DF and SM technique. This will reduce the inter-antenna interference and also exploits the natural mixing
of signals because of superposition of EM waves coming from two different sources.

PLNC?*** has been used effectively for classical channel models in previouse studies.”>*” Yang et al*® have used tech-
niques like transmit and receive beamforming and transmit and receive antenna selection for performance evaluation of
PLNC over relay-based system. Bounds for outage probability and diversity order has been calculated for independent
but not necessarily identical Nakagami distribution. Nasab et al*® have used PLNC over K relays with two antennas in
each relay and analyzed system performance over iid Nakagami-m fading channels. In Nasab et al,”’ transmit and receive
antenna selection has been used.

The idea of SM stems from the fact that simultaneous usage of multiple radio frequency (RF) chains both at the trans-
miter and receiver in PLNC system leads to unnecessary power consumption and escalates the system cost considerably.
Also, there will be inter-antenna interference because of the use of multiple RF chains for several antennas simultane-
ously. This can be overcome by SM technique where a single RF chain with a single antenna will be active at a time
depending on the selected transmit antenna index. In SM, information is divided into two portions—one is mapped to a
symbol using a particular constellation scheme, and the other is used for activating the transmit antenna.?-*

The bounds on outage probability, both at lower and upper levels, and average data rate for D2D relay system have
been evaluated and compared with other techniques available in literature. Monte Carlo simulations have been imple-
mented for various channel parameters to determine the validity of the analytical method. The effect of different channel
parameters on the system performance has been investigated and presented in this work.

Section 2 lists the details of N-a-u fading channel distribution along with all mathematical expressions. Section 3 vividly
illustrates the proposed system model, whereas the performance analysis with respect to average data rate and outage
probability has been illustrated in Section 4. The analytical results along with its validation through simulation results
have been explained in Section 5, while conclusion has been drawn in Section 6.
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2 | PDF AND CDF OF CASCADED a-y CHANNEL COEFFICIENTS

Let the random variable ¢ > 0 be the signal envelope of a-u distribution’*:

a'uupa,u—l (1)

F(/t)ﬁ"”éXp[—M(g)"]

fo(/’) =

where a > 0 signifies parameter of nonlinearity, Gamma function is depicted by I', the count of multipath clusters is
denoted by u >0, and p = {/E(¢%). Let ¢;, 05, ... , 0, be n > 2 positive random variables, which are statistically indepen-
dent in nature, and Z, = H?zl oi be their product. So PDF f (z) has to be evaluated to obtain the PDF of cascaded a — u
channel coefficients. Hence, the PDF of cascaded a-u distribution can be expressed as':

fz,(2) = 2

Ve

()
Qr) ”vPGvS,O -
Tk, zott % | b

(hp2)* ]

where G(V;';O(:l Z) is popularly known as the Meijer G function.’®* The derivations have been explained in details in

a

Leonardo and Yacoub.'®!* To evaluate the integral, certain assumptions have to be considered. The ratio of r = a—l =2 has

J J
been assumed where the two variables p, > 1 and g, > 1 are considered to be coprime integers, j = 2,...N. The count of
cascaded components is denoted by N. Here, r is the ratio between the « of the first channel and the « of the jth channel.
The variables in (2) are defined as

i N N
I
hl - P ) hp = Hhia V1 = qu’ V= _lvla
' I=1 1=2
N N U a1
v Ty T2
vi= Y, ve=[] ve=]]n "
=1 =1 =1
U= a1V = avy = ..... = auVyp, FM = HF(M}),
=1
b = AW, g+ 2),b = b, 5%, ... b®, and
A(k Q) = g a+l at+k—1

k k

Equation 2 is integrated to obtain the CDF and is written as in'>"
N-vg l
@0 5y 0 [ w L ()

F, =—G
Z, 2) F(u)(hpz)"” 1yg+1

(3

3 | PROPOSED MODEL

Figure 1 depicts a simple three-node bidirectional cooperative model, where the two mobile source nodes (MS1 and MS2)
exchange information through a mobile relay node (MR) located in between the two source nodes. This is the system
model that has been proposed for this paper. All the nodes are spatially modulated full-duplex (SMFD) nodes with N4
antennas. To mitigate self interference, it is considered that the nodes have independent RF chains for transmission and
reception purpose. For this proposed system, each source node exchanges bits of data with the other source node using
PLNC at the relay employing DF technique. All the links have corresponding relative gains,**** which can be expressed as
Gs r ( dsp )’ Gs,r ( dsp )T where the relative gain of MS1 to MR link is denoted by G,z while the relative gain of MR

to MS2 hnk is denoted by Gs,r, and 7 is the coefficient of path loss, dsp, dsg, and dgp, which are the distances between

1

G

MS1 and MS2, MS1 and MR, and MR and MS2 links, respectively. Relative geometrical gain factor x = % indicates
SR

the position of MR node as compared with the locations of MS1 and MS2 nodes. x, when expressed in dB, is negative if

drp < dsg, whereas « is positive in dB if dgp > dsg, and if both distances are equal, then « is 0 dB.
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FIGURE 1 Proposed system model

TABLE1 Spatial modulation for Ny =4
Input Bits  Antenna Index = BPSK Symbol

000
001
010
011
100
101
110
111

AW N H A WD =

For N4, = 2, the transmit antenna, which is made active, is chosen as

. { 2, if c-Bn] = 1
Jie=

4
1, ifciSB[n] =0 “

where n represents the nth time slot and k indicates the source node, which may be 1 or 2 in this case. ci[n] represents

the bits, which may be 0 or 1 for BPSK (binary phase shift keying). If N4 > 2, then log,N4 number of bits (from LSB side)

will be used for transmit antenna activation, and log, M message bit will be used for M-ary modulation scheme. Note that

N, = 2" where n is any integer and n = 1,2, 3, .... We will consider BPSK modulation scheme for our case. The table of

antenna activation depending upon the message bits has been listed in Tables 1 and 2 for Ny =4 and N4 = 8, respectively.
Both the sources transmit data to relay node simultaneously using BPSK as

X Pnl =26l ~1 (5)

where k = 1, 2. At the relay node, the signal received in nth time slot at the jz antenna is computed as

2
YEnl = Y \/PiGs,k i, ;P [n] + iggl[n] + weln] . (6)
k=1

Suppose j, is the selected transmit antenna from which message would be transmitted at the source node and j is the
selected receive antenna at the relay node. Then |y ;, ; | represents cascaded a-u channel coefficients between the selected
transmit and receive antenna at the source and relay nodes, respectively. The variables with a bar indicate receive antenna
while those without bar indicate transmit antenna. Py indicates the power of transmission at the source nodes S, k=1, 2.
wg[n] represents complex Gaussian random noise with variance Ny and a mean of zero at relay node MR . The relay node,
undergoing full-duplex operation, suffers from self interference indicated by igg[n]. The term is described as Gaussian
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TABLE 2 Spatial modulation for Ny = 8
Input Bits Antenna Index BPSK Symbol

0000 1 -1
0001 2 -1
0010 3 -1
0011 4 -1
0100 5 -1
0101 6 -1
0110 7 -1
0111 8 -1
1000 1 1
1001 2 1
1010 3 1
1011 4 1
1100 5 1
1101 6 1
1110 7 1
1111 8 1

random variable with zero mean and power Iz = Np[107/1° — 1], # > 0 where the signal to noise ratio (SNR) loss factor
in dB is denoted by p.>* The parameters jy, j,, X}***[n], and x}/*®[n] are obtained by applying the principle of maximum
likelihood (ML) detection® and can be estimated as /i, /2, £)"*?[n], and £)/*?[n] respectively, as shown below:

Vi[n] - Zizl \/I%Tsk,zehk,jk,ﬁexzy Fin]

The transmit antenna selection is done according to the formula jz = j; @ j,. For bitwise XOR operation, the antenna
index would be coded, for example, in case of Ny = 2, antenna index 1 would be denoted by 0 and antenna index 2 would
be denoted by 1. The encoded symbol forwarded by the relay to the source nodes is given by

2

(1o J2, 2P [), 5P [n]) = 9

min
(122 XMSP[n] XM5B[n])

XS] = 2P [n] @ 5P (n] . ®)

The source nodes receive the signals, which are given by

Vi =[PrGs.r i kB In] + iln] + wilnl, k=1,2 . ©)

wy[n] represents complex Gaussian random noise with variance Ny and a mean of zero at source node Sk . The particu-
lar source node, because of its full-duplex nature, undergoes self interference, which is indicated by ix[n]. This term is
described as Gaussian random variable with zero mean and power Iy = Ny[107/1° — 1], § > 0 where the SNR loss factor
in dB is denoted by f, as described earlier. Assuming that the source nodes have knowledge about channel state informa-
tion (CSI), the parameters jg, xﬁ‘e”SB [n] are detected at the source nodes using maximum likelihood (ML) method and can

M5B respectively.
Yl = A/ PrG, rhucj, "]

be estimated as jg and X
The source nodes already have the values of j, and xl’cWSB[n] as they transmit the respective bits. Hence, the bits estimated
at the kth source node are denoted by £"*" and °".

2
(Ur.2F%8[n) =  min

(10)
(XS [n])

2Pl =jr@ix k=12 , (11)

25Pn] = 2 nl @ Fnl, k=12 . (12)
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4 | PERFORMANCE ANALYSIS

Derivations for analytical expressions of outage probability bounds have been performed and verified in this section.

4.1 | Lower bound of outage probability

Assume 7, = B be the source node SNR while 5z = 17 k =1, 2 be the SNR at mobile relay (MR) node. The j; antenna
of MR node w111 possess a signal to interference plus noise ratio (SINR), which can be evaluated as

- mGs, gl j, . |I*
e k=12 . (13)
170 +1
The source node S will have a SINR, which can be evaluated as
- nrGs, rlhic ;.1
Vs, = —— k=12 . (14)

I
~+1

The outage probability of the SM-based DFTWR system will be bounded at a lower level for a data rate of Ry bits/s, which
can be defined as

. N, N
Py (Ra) = Pr[210g2(Np) + l0g2(1 + min(max(yg p. 73 go -+ Vs p)s MO o V5 go - Vs ) <Ral . (15)

The prelog term 2log,(N,) is used because of the capacity generated due to the spatial domain part.® Assuming there is

no error in estimating the transmitting antenna, log,(IN4) bits are used for activating the antenna, and since the system is

bidirectional, the term is multiplied by 2. The max-min criteria has been used for selecting the optimum SNR for lower
. . . N, N, D%

bound in this case.’’® Assume yy = mm(max(yg’l,R, 7’§1,R’ ,J/S:R), max()/éz’R, YEZ’R, ,J/S:R)), and yy, = 2Ra=2+ 108N 1,

In this case, Ny = 2. Hence, the outage probability can be rewritten as

Poil(vi) = Prlyw <yl (16)

The CDF of y is written as

. N, N,
FWR(]/th) =P { min [maX(V;I,R, Y;l’R, S, VS:R), WIaX(Y;bR, J’iyR, S, J’S;}R)] S }’th}

=1-P {min [max(y;PR, Vs po yg'fR), Max(ys g Vs go" yg’fR)] > m}
=1 — P(max(vg, g, 72 g0+ Vs %) > YPUMAX(S .73 o Vs ) > Vi)
= 1= [{1 - POmax( v o rar) < v |
(1= POmaxrl 72 g7 < a7

N
=1- [{1 = Prg, g S vm)P(r§ g < 1) P(rg/y < yth)}

N,
{1-POL g < 1IPOE 5 < 1 POY < 70 }]
2

=1-Jla-Fy 0wFy Gu). - Fp ()

k=1
By referring to Equation 13, the CDF of SINR can be computed as
71kGSk,R|]’lk,jk,j;2 |2 <

J (yth’) SV |
Sl,:R Iy +1 ! (18)
Ny

jr=1,2,..Na, k=12
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2
|hij,.;, | follows cascaded a-u distribution, as given in Equation 2, with N = 2. Let y = |hk’ juin| - After taking into

consideration the change of random variable (RV), the PDF of y is evaluated as®

'y E] , (19)

Ve

(27r)(%)uv v _
fr¥) = ————Gy)

2M (kS

b

The PDF is integrated to obtain the corresponding CDF, which can be written as®

Novs 1 u
Qo) T vy o | w T Ry

Fy(y)= ———G, (20)
TGohy"ys 7| by | Ve
Using Equations 13, 18, and 20, we can write
N-vg 1 u
(2”)(T)vp .1 q +1 hpu(ythﬁabs/ (”]kGSk,R))2
Fy/-R (J/th) = o a 1Lyg+1 1 ) (21)
Siek C()hy™ (vinPabs/ MiGs, r)) > b, . Ve

where f,,, = 107/1°. The values obtained from Equation 21 is put into Equation 17 to compute F,, (ys). Now, the source
node Sy (k=1, 2) will have an outage probability that can be computed as®

S . N
PS (Rg) = P, [2log2(NA) + log, (1 + min (y;_sk, Vag: - ,yR’§k>) < Rd] L k=12 . 22)
The prelog term is used because of the same reason as explained earlier in Equation 15. Assume ys, =
min(yé 5 yﬁ S e ggk). Thus, the outage probability can be expressed as
S
Pm‘;t(yll’l) = Pr[lI/Sk S yth]s k = 1a 2 . (23)

The CDF of ysg, is written as

. N,

Fyy, (i) = P{ minGrl g .72 g oo 1) < v}

— : 1 2 N,

=1-P {mm(yR!Sk, Yrsy 0 TRs) > Vth}

— 1 2 N,

=1-P (yR,Sk > yth) P <VR,5k > yth) ..P <yR,Sk > yth) (24)

N,
=1- [(1 —P{yi,sk < m}) (1 —-P <7§,5k < J/m)) <1 —P(J/ngk < m))]
NA
=1-] <1—Fy,-k (m)) . k=12

Je=1 %
By referring to Equation 14, the CDF of SINR can be computed as

2

. o p NRGs, R [Pk ji g

- (ythy =P, | —— L |

yllzl.{sk (yth) r I{—’; 1 Yth 25)
0

k=1,2,jy=0,1, ...,Ny

|P.j,.j, | follows cascaded a-u distribution, as given in Equation 2, with N = 2. Let y = |k, ,fR|2' After taking into
consideration the change of random variable (RV), the PDF of y can be written as shown in Equation 19. Again, using
Equations 14 and 20, we can write CDF of SINR as

N-vs

1 u

@) 3 )y, w1 | o 1" GnBabs/ (1rGs, 2))2
Fy/;c (}/th) = " 0 1+l b 1 "
T()hyp® (vinBavs/ (NG, »)) 2 o e

; (26)
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where depending upon the value of k, Gs r or Gs,r is chosen. The values obtained from Equation 26 is put into
Equation 24 to obtain F,, (yx). The total system outage probability can be computed by taking into account the outage
probabilities at the source and relay nodes. The terms obtained from Equations 17 and 24 are used, and the final outage
probability is expressed as

S
PL2(rm) = Pl (vm) + (1 = PRtP(ya))P, (Yin)
2

=1-Jla-Fy GwFs Gu). oo Fyp ()

k=1
2
+ lH(l ~Fy a)F;: (). ... Fyu (m))]
k=1 k.R
N,
2 27
X ll -[la-£, (m))] @7
Geml RS

2
=1- l]‘[(l ~F, wFp (). . ,F,gkffR(m))]

k=1
Ny

X l]‘[(l —F (m))]
Jk=1 K5

The total transmission comprises of two phases. The first phase involves message transmission to the relay from the source
nodes for which the term PflftB defines the outage probability of the first phase. The second phase is the broadcasting stage
from the relay. The second term in Equation 27 given by (1 —PRLB(yth))POS,’;I(ym) yields the outage probability for this phase.

out
In Equation 27, we can observe that the term Fy,*k (ym) does not vary with SNR as 75, is fixed. So the outage probability
RSy
iz (ym)- This term contains the Meijer G function, as can be seen from Equation 21, which depends
Si.R
on the SNR #;. As SNR increases, the Meijer G function decreases resulting in a decrease in value of the overall term

Fy,;e (y#)- Hence, the product of such terms also decreases. The subtraction of the resulting product term from 1 gives
Si-R

an increase in the result, which is again subtracted from 1, thereby causing an overall decrease in the outage probability
value with increase in SNR.

depends on the term Fy

4.2 | Upper bound of outage probability

Now, the SM-based DFTWR system will have its outage probability bounded at an upper level for a data rate of R, bit/s,
which can be defined as

. N, N,
PlIfLHB(Rd) = PV[ZIOgZ(NA) + lng(l + mm(V;l,R’ }/‘52‘1,R9 ) ysz’ 7;2,13, V;z’R’ ) }/S;,‘R)) < Rd] . (28)

The other steps would remain the same as that of lower bound computation. The minimum SNR has to be chosen
. . . . N, N,
for the upper bound as explained in Liu et al.*® Assume w5, = mm(ygl,R, J/;,R»' ) ySSR’ }/;zqR’ Yi,R" T }’S;R) and y, =
2Rd—2*log2(NA) —1.

Png(Yth) = FI[/Sk (yn)

— (ol 2 N 1 2 N,
=P { mm(]/Sl,R, Ysl’R, ) ]/Slij» VSZ’R’ }/SZ*R7 ) ys;’lR) S Yth } (29)

N -
=1—||i:1 [T (1-Fix w) ), JR=1,2,-,Ns, k=12,
Jr=1 7SR

where Fy;k (ym) is defined in Equation 21. So the total outage probability upper bound, after using the terms from
SR

Equations 29 and 24, can be defined as
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S
Pﬁfﬁ(m) = ngB(Vth) +(1 - ngB(Yth))PoZ[(Yth)

2 Ny 2 Ny
=1-TIdIa-Fx Gwy+ l]‘[(]’[(l - F,/;R’R(m))]

k=1 jy=1 Siek k=1 jo=1 5

N, 2 Ny
X ll -TJa- Fi (m))] =1- [H(H(l - Fyéiﬁ(m)))]

J=1 k=1 jp=1

Ny
x lH(l—ijk (m))] ,

Gl RSy

(30)

where the term Fy i (ym) can be obtained from Equation 26. During the first phase, message is transmitted by the source
RSy

nodes to the relay, and the term PfLZB defines the outage probability for this phase. The second phase is the broadcasting
RUB(yZh))P(f;t(ym) yields the outage probability for this

stage from the relay. The second term in Equation 30 given by (1 - P,

phase.

4.3 | Average data rate

The average data rate for this proposed system is computed and compared with other existing models. Amplify and for-
ward two-way relaying (AFTWR), amplify and forward one-way relaying (AFOWR), ANC, and PLNC are the methods
available in literature. Average data rate of the proposed system deploying DF relaying technique can be written as

5 . N, N,
R = E[ZZOgZ(NA) + lOgZ(l + mln(max(y’sl’bRa 7;1,13, Y yS:,‘R)’ max(J/;z,R, ViyR, S yS:R)))] 5 (31)

where E[ ]| denotes expectation. All the terms have been explained while deriving lower bound expression.

In AFTWR, the system performance is worse than AFOWR because of the presence of self-interference because in
AFTWR, the source and relay nodes transmit and receive messages simultaneously, but in case of AFOWR, only the relay
operates in full-duplex mode. The average date rates of the systems are defined in Zhang et al.*°

5 | RESULTS AND DISCUSSION

In this section, bounds on outage probability have been plotted analytically for various system parameters, and the results
have been validated by Monte Carlo simulations. All the nodes have been assumed to have two antennas, ie, Ny = 2. The
parameters considered are § = 0dB, N = 2,r = 1,and x = 0 dB for all cases unless explicitly specified.

The proposed system is investigated according to performance metric of outage probability, and comparison has been
done with the methods existing in literature by evaluating all the lower bounds. It is evident from Figure 2 that outage
probability value is least for SM-based DFTWR (DFTWR_SM) followed by AFOWR, PLNC, AFTWR, and ANC. Itisclearly
evident that the simulation results follow a tight lower bound for the proposed method, thereby validating our analysis.
The parameters used for comparison are § = 0 dBand N = 2 while n; = #;.

The different SNR values required to achieve certain target outage probability values for different methods have been
tabulated in Table 3. Three different target outage probability values are chosen as 0.1, 0.05, and 0.03. It is evident from
the table that least SNR value is required to achieve the target outage value for our proposed method (SM-based DFTWR).
For example, in case of 0.1 outage value, SM-based DFTWR requires 14 dB of SNR while PLNC requires 23 dB. As the
outage value decreases, the gain in SNR for our proposed method is much more, which is beneficial. This is due to the
fact that extra bits are used for activating the transmitting antenna thereby causing only one RF chain to be active at a
time that reduces the interantenna interference. The SNR gain over PLNC is 8 dB while it is 3 dB over AFOWR for outage
probability value of 0.03.
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DFTWR_SM

[AFOWR

Outage probability
=
!

SNR (dB)

FIGURE 2 Outage probability analysis of the proposed and existing systems. (Solid line represents analytical results while = sign indicates
simulation results)

TABLE 3 Comparison of outage probability of different techniques

SNR for Various Techniques, dB
Py DFTWR_SM AFOWR PLNC AFTWR ANC

0.1 14 18 23 25 26
0.05 18 21 26 29 30
0.03 21 24 29 32 33

10°;

Outage probability
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%9
1

DFTWR_SM

3 4 5 6 1 3 9 10
Data rate (bps)

FIGURE 3 Upper bound on outage performance comparison between the proposed system and the existing PLNC system in terms of data
rate. (+ sign indicates f = 0 while e sign indicates g = 3)

The upper bounds on outage performance of the new method and PLNC have been compared in Figure 3 analytically.
The bounds show improvement in performance for SM-based DFTWR for both f =0and f =3. N = 2and ; = 40dB
have been considered for this case. It can be seen that the proposed system has 2-bps data rate more than that of PLNC.
This is due to the bits that are required for antenna selection, which in our case, is 1. Since the communication is full
duplex, hence the increment factor will be 2. This can be explained with an example. For § = 3 and outage probability
value of 0.1, PLNC has a data rate of 3.2 bps while SM-based DFTWR has a data rate of 5.2 bps.

For different SNR loss factors, # = 0 dB, f# = 3 dB, and f = 7 dB, the lower bounds on outage probabilities have been
shown in Figure 4. The target data rate is 3 bps, and the SNR at relay node is assumed to be equal to the SNR at source
node. N = 2 has been considered for this case. It can be deduced from the graph that system performance is degraded
by an increment in SNR loss factor because of the increase in interantenna interference. For example, for # = 0 dB and
outage probability value of 0.01, SNR required is 26 dB, while, for f = 3 dB, SNR required is 27 dB and, for f = 7 dB,
SNR required is 30 dB. We can observe that an increment in SNR loss factor also leads to a rise of the outage probability
value.
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FIGURE 5 The impact of N on lower bound of outage performance. (Solid line represents analytical results while * sign indicates
simulation results)
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FIGURE 6 The impact of fading factor 4 on lower bound of outage performance. (Solid line represents analytical results while = sign
indicates simulation results)

The lower bounds on outage probability have been plotted for various channel parameters like N, u, k, and « where
the parameters have been defined earlier in Section 2. The impact on lower bounds of outage probability by varying N, 4,
and « has been shown in Figures 5, 6, and 7, respectively. The impact of varying relative geometrical gain («x) is depicted
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FIGURE 7 The effect of a; on lower bound of outage performance. (Solid line represents analytical results while * sign indicates
simulation results)
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FIGURE 8 The impact of relative geometrical gain x on lower bound of outage performance. (Solid line represents analytical results while
+ sign indicates simulation results)

in Figure 8. SNR values at relay node, MR, and source nodes (MS1 and MS2) are considered to be equal, while § = 0 dB
and r = 1 for all the cases. For Figure 5, the parameters are taken as data rate (R) =3 bps, a; =2, u =1, and k =0 dB
for all links. For Figure 6, where variation of fading parameter () is analyzed, the values are taken as R = 3 bps, a; = 2,
N =2, and x = 0 dB. For comparison of x values, the remaining parameters are taken as R = 3 bps, 4 = 1, N = 2, and
a1 = 2. In Figure 7, the parameters are R = 3 bps, 4 = 1, k = 0 dB, and N = 2. It can be observed from Figure 5 that as
the value of number of cascaded components (NN) increases, the lower bound on outage probability increases resulting in
degradation of system performance. This is due to the reason that fading increases with increment of N factor. A rise in
u value improves the system performance as displayed in Figure 6. Performance also improves with increase in value of
a1 as can be seen in Figure 7. The relay location is also varied, and its effects have been illustrated in Figure 8. From the
graph, it is evident that x = 0 dB provides the optimum performance. k is varied between 0 to 30 dB with increments of
10 dB, ie, relay is brought much closer to MS1. Performance gradually worsens with increase in « value.

The outage probability lower bound has been compared for different values of data rates in Figure 9. The values are
taken as a3 =2, N=2, k =0dB, nz =40dB, f = 0dB, and u=1 for all links. As the target data rate value is increased,
the outage probability increases resulting in inferior system performance. This is because achieving a higher data rate is
difficult and may lead to more errors.

The average data rate of the proposed system has been compared with other algorithms, and the results have been plot-
ted in Figure 10 after performing Monte Carlo simulations. The observation that can be drawn is that the proposed model
outperforms PLNC. AFOWR performs the worst followed by ANC and PLNC. SM-based DFTWR has higher average data
rate than AFTWR in case of lower SNR values where our proposed system is able to suppress the interantenna interfer-
ence. However, as the SNR value crosses a certain threshold point, the interantenna interference dominates in case of
SM-based DFTWR, and hence, AFTWR gives better average data rate than our proposed system.
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FIGURE 9 The impact of data rate R on outage performance. (Solid line represents analytical results while = sign indicates simulation
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FIGURE 10 Simulation results for comparison of average data rate of various systems

6 | CONCLUSION

The analytical expressions for outage probability of SM-based DFTWR system has been derived and verified by imple-
menting Monte Carlo simulations. The cascaded a-y channel model has been utilized for this purpose. This system will
be beneficial for D2D communication, where two devices located far away from each other can interact through a relay.
The SM-based DFTWR system outperforms the systems available in literature. Also, it takes only two time slots to perform
the SM-based DFTWR operation thereby doubling the efficiency of a conventional AF/DF system. The increase in system
complexity for this method is compensated by the improvement in outage performance and data rate. The self-interference
is mitigated because of the inherent network coding operation, thereby justifying the need for this method.
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