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Abstract—In this paper, a bidirectional cognitive cross network
using spatial modulation (SM) along with physical-layer network
coding (PLNC) is proposed. In our model, a primary user
pair located far from each other, exchanges information in the
lack of a direct link so that a relay is required for a reliable
communication. A secondary user pair shares their relay with
the primary user in return for access to the licensed spectrum.
Both users exploit SM while the relay also applies PLNC. It is
assumed that each user pair can eavesdrop the signal of the
other user pair to use these signals as side information and
cancel them from the PLNC mapped signal broadcasted by the
relay. Optimum power allocation, in which two scenarios are
considered, is proposed for sources and the relay. In Scenario
1, the optimization is performed by minimizing the bit error
probability (BEP) of the primary user due to its priority in the
licensed band. Scenario 2, which minimizes BEP of both users,
provides the optimum results for the whole system. A theoretical
BEP analysis is performed and the results are supported via
computer simulation results, which are in perfect match with
theoretical findings.

Index Terms—Cognitive radio, spatial modulation, physical-
layer network coding.

I. INTRODUCTION

Cognitive radio (CR) techniques improves the efficiency
of radio resources by allowing unlicensed (secondary) users
(SUs) to access the frequency bands of licensed (primary)
users (PUs). SUs can operate in three different modes: under-
lay, interweave and overlay. In the underlay mode, SUs can
access the licensed band provided that the interference created
at the primary receiver is below a predefined threshold [1]. In
the interweave mode, SUs can find and operate in spectrum va-
cancies, where PUs are inactive, by using advanced spectrum
sensing techniques [2]. In the overlay mode, where cooperative
communications has a key role, SUs help PUs to improve the
primary performance by realizing spectrum sharing [3].

Physical-layer network coding (PLNC) benefits from the
broadcast nature of wireless communications by utilizing
interference efficiently instead of avoiding it. Therefore, signal
scrambling due to interference is eliminated. Through PLNC,
a node can receive signals from different users simultaneously,
i.e., with multiple access (MA), and broadcasts (BC) a PLNC
mapped symbol generated by the use of exclusive-or (XOR)
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operation [4], [5]. Two-way relay channels (TWRC), where
two nodes exchange information between each other through
a relay node, are the simplest structures exploiting PLNC [6].
Spatial modulation (SM), which provides both high spectral
and energy efficiencies, is a promising form of multiple-input
multiple-output (MIMO) techniques [7]. In SM, the index
of the transmit antenna, which is chosen according to the
information bits to transmit an M-ary modulated signal in
each signaling interval, carries the information along with
traditional A -ary modulation schemes. Since only one trans-
mit antenna is activated, only one RF chain is required for
transmission, which provides a low-complexity transceiver
design and eliminates the need for synchronization among
transmit antennas. In addition, SM avoids the inter-channel
interference. Due to its inherent advantages, different protocols
are considered for SM [8]-[10]. In [8], a differential spatial
modulation scheme adopting the denoise-and-forward proto-
col is proposed for TWRC, which outperforms differential
modulation in BER performance due to the provided diversity
gain. In [9], adaptive mapper design for SM and a mapper
solution, brute forth mapper, which provide the optimal error
performance in high signal-to-noise ratio by setting the binary
labels of all the closest symbol-pairs, are proposed. In [10],
the same authors have proposed a generalized joint 3-D
constellation design optimizing the constellation diagram in
the complex field, which enhances the transmission reliability
of SM. In this study, the authors have compared the proposed
method with the existing methods to show its superiority. SM
is also considered for both underlay and overlay CR networks
[11]-[14]. In [11], an underlay CR network, where secondary
transmitter using SM communicates with a secondary receiver
by the aid of secondary relays in the presence of multiple
PUs, is considered. In [12], adaptive SM is proposed for
CR underlay networks in an effort to improve the secondary
performance. In [13], a SU transmitter assists the primary
network as a relay by using SM to transmit primary and
secondary information by traditional modulation schemes and
antenna indices, respectively. In [14], an overlay CR cross
network is proposed, where an SU pair shares its relay with a
PU pair to realize spectrum sharing. In this study, it is assumed
that the receivers of PU and SU are closer to the transmitter
of the other user, while the distances to their own transmitters
are too large. Both transmitters and the relay adopt SM to
improve the error performance. To the best of our knowledge,
the bidirectional cognitive cross network design with optimum
power allocation has not considered yet in the literature.
Against this background, in this paper, a bidirectional cog-
nitive cross network where a PU pair exchanges information
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by the help of a secondary relay that belongs to a SU pair,
is proposed. Since all user pairs are close to the other user
pair and far from each other in this model, PU requires a
relay for a reliable communication. Therefore, SU shares its
relay with PU, in return for access to the licensed spectrum.
All nodes apply SM while the relay also uses PLNC along
with SM (PLNC-SM). To achieve higher spectral efficiency,
a three-time-slot protocol is considered. In this protocol, the
nodes of PU (SU) pair send their information bits to the
relay node by SM in the first (second) time slot and the
relay node applies PLNC to the information bits it received
before transmitting this PLNC mapped symbol by SM in the
third time slot. Since all nodes receive unintended information
along with their intended information from the relay node,
they eavesdrop the signals of the nodes belonging to the other
user pair to cancel the unintended side information and this
leads to the proposed CR cross network design. Furthermore,
optimum power allocation (OPA) is also adopted for the
relay and the users. Two scenarios are considered for OPA:
In Scenario 1, optimization is performed by minimizing the
bit error probability (BEP) of PU. However, the resulting
OPA parameters are not optimum in terms of the whole
system performance. Therefore, in Scenario 2, optimization is
performed to minimize the BEPs of both users. A theoretical
BEP analysis is performed and the results are supported via
computer simulation results, which are in perfect match with
theoretical findings.

II. SYSTEM MODEL

The considered bidirectional CR cross network is given in
Fig. 1, where PU consists of nodes P; and P, whereas SU
includes nodes S;, So and the relay R. Let us denote the
distance between nodes k; and m by dj, ., where k; €
{PZ,SZ},Z = 1,2 and m € {Pl,PQ,R,Sl7SQ}. The number
of receive antennas at all nodes is denoted by /N;® while the
numbers of transmit antennas at PUs and SUs are denoted
by NP and N7, respectively, where the number of transmit
antennas are assumed to be equal for P; and P, as well as
for S; and So. The number of transmit antennas at relay
node is NP = max(N7,NF). H*>™ is the N* x N}
matrix of channel fading coefficients from node k; to node m,
whose entries are assumed to be zero-mean complex Gaussian
r.v.s with variance d; * , where v is the path-loss exponent.
All noise componentsf are assumed to be complex samples
of additive white Gaussian noise (AWGN) process with zero
mean and unit variance. Total transmission power Pr is equal
to the sum of source powers Py = Pp, + Pp, + Ps, + P,
and the power of the relay Pr as Pr = Ps + P, where
P, , Pp,, Ps, and Ps, are the transmission powers of P1, Py, S;
and S, respectively. Power allocation factor is defined as
B = Pg/Pp, which means that a power SPr is allocated
to the sources and (1 — 8)Pr to the relay. The powers

Notation: Bold capital and lower case letters denote matrices and vectors,
respectively. @ denotes bit-wise exclusive-or (XOR) operation. (.)* stands
for Hermitian transpose. The expected value and variance of a random variable
(tv) X are ¢x = E[X] and 0% = Var[X], respectively. Moment
generating function of the r.v. X is Mx (s) = [0 exp(sz)fx (z)dz, where
fx (z) is the probability density function (pdf) of X.
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Fig. 1. Considered bidirectional cognitive cross network

of aPs and (1 — «)Pg are destined to the primary and
secondary users, respectively, i.e., Pp, = Pp, = aPs/2 and
P51 = P52 (]. — Oé)Ps/2

The whole transmission of all nodes is completed in
three time slots, which is minimum for half-duplex operating
nodes [5]. At the first time slot, P; and P, simultaneously
transmit their SM symbols z;, = ({x,,zr,) to the relay,
where ¢, and x, denote the active antenna index and the
modulated symbol from an Mp-PSK constellation, for the
node k; = P;,¢ = 1,2, respectively. SU’s nodes S; and S,
eavesdrop the transmitted SM signals to utilize them as the
side information. At the second time slot, similarly, S; and
So simultaneously transmit their own information bits through
SM symbols zj,, = (¢k,,xk,) to R, where xy, is the modulated
symbol from an Mg-PSK constellation and k; = S;,¢ =1, 2.
During this time slot, PU’s nodes P; and P, eavesdrop the
secondary nodes’ transmission to acquire the side information.
The received signal vectors at node m are given for the qth
time slot as

7(73) _ Z /Pk hk —>nL n?(g) (l)

where hk ~™ is the f;,th column of H*~™ In (1), ¢ =
1,k = P ‘and m € {S1, Sz, R} for the first time slot, while
q =2, ki =S; and m € {P1,P2,R} for the second time
slot. n(q) stands for the vector of noise samples at node m
for the gth time slot. Maximum likelihood (ML) detection is
performed at node m € {S1,S2,R} at the first time slot as,

Z V/Pp, b} ”mxpin? )

=1

(3}, 2;) = argmin [ly[) —
Loy 5Py lpy TRy

At the second time slot, ML detection is performed at node
m e {P17P27R} as,

(%45, %5;) = argmin ||y() Z,/ hs —m,.

S1 1287 85, Ts,

3)

Then, the PLNC mapped SM symbols are generated at nodes
m € {P1,P3,81,S2} as Z,, = ({, Z,n) by applying bit-wise
XOR operation to the binary correspondings of (A}fl , i};“l) and
( ks Z1v ), which are enrolled as the side information at node
m except for R. A PLNC mapped SM symbol zg = (g, Zr)
is generated by applying bit-wise XOR operation to the binary

correspondings of 2§ , 28 28 and Z§ at R.
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TABLE 1
CALCULATION OF INTENDED INFORMATION AT DESTINATION NODES
State P, P2 S1 So R
S1 25 -S2 S
g=1 Tx: zp, Tx: zp, Rx: zpi zP1 Rx: zpf zP2 Rx: zPR1 zgz
P1 P Py P
q=2 Rx: Zsi Zszl Rx: Zsf ng Tx: zs, Tx: zs, Rx: Z§1 zgz
PLNC _ P _ P B S B S ZR = 3R @ 3R
Zp, = Zs &) Zs; Zp, = Zs ) zsg Zs, = zP ) zP; Zs, = zP ) ZP;" P1 P2
Symbols @zsl ® ZS2
q=3 Rx: 2! Rx: 252 Rx: 2! Rx: 532 Tx: 2R
Intended N B 2P, . _ 2Py . _ 28 X _ 2S5
. 2p, = zp; D 2p; O 2 2p, = zp, @ 2p, O 2 zs, = 23, D Zs; D2 25, = 25, D Zs, D 2R -
Information
. . _ 7 = 2 N
At the third time slot (¢ = 3), R broadcasts zr = (fg,Zr) Where yarac = || > i1 v/ Pr, (h’;;ﬁm h’C ™ a)||? and
[3

to all nodes. The received signal vector at node m is given by

y3) = V/Prh§ Mg + n(3) 4)

where m € {P;,P5,S;,S2} and h‘gk_’m is the fxth column of
HR—™, ML detection is performed at node m as

\/I:TRhRam R||2

Finally, all destination nodes apply bit-wise XOR operation
to the binary correspondings of their own information, the
side information and the PLNC mapped SM signal detected
from (5), to access the intended information. A table for the
intended information at destination nodes is provided in Table
L

(&)

(Zgl’ ‘%g ) - arg mln“Ym
Ir, @R

IITI. BIT ERROR PERFORMANCE ANALYSIS

In this section, analytical expressions are derived for the
BEPs of PU and SU. At the first and second time slots,
ie., ¢ = 1,2, multiple access channels (MAC) occur at all
receiving nodes since they receive simultaneously two signals
from two other nodes. At the third time slot, i.e., ¢ = 3, only
R broadcasts a PLNC mapped SM symbol to all other nodes,
which forms a broadcast channel (BC). Therefore, in the
following subsections, BEPs of MAC and BC are considered
for the generic case.

A. BEP of Multiple Access Channel

When two different SM symbols are received by a node,
BEP of this MAC is derived as follows: From (2) and (3),

the decision metric is written as A(lg,,xr,) = ||ym)
2 /Prhb _mxk I%,k; € {P;,S;} and ¢ = 1,2, then

the cond1t10nal pa1rw1se error probability (CPEP) is obtained
as
P(A(y,,xy,) > A(g?7jzn)|Hk1am’Hk2am)

= P(D > oM™ HR= ™) (6)

with the decision variable D given by

D = —ymac

(i

ki—m ~m
i

q,k; and m are as indicated in the paragraph below (1). The
expected value and variance of D are given as sp = —yarac

and 0,23 = 2vpm Ac, respectively. Then, (6) is calculated by
P(D Z 0|Hk1—>m7Hk2—>m) _ Q (_
TMAC

1 /2
7/ exp (— — )d@
7 Jo 4sin” 0

Average pairwise error probability (APEP) is derived by taking
the expectation of (7) over the matrices of channel fading

coefficients as
-1
MAC
APEP = P D > 0 / 'YJ\/IAC <4$11129> d9
N™
sin? 0
(3

1 w/2 r
) Geevan)
T Jo sin“ 6 + Q/4

where (2 is given on the top of the next page in (9).
The closed form of (8) is given as [15]

SD
0D

)

N1 J
@) 2 2y (12 (9)
APEPMAC=— |1y | — — 4
(3 5 () (4
7=0
(10)
where u(c) = +/¢/(1+ c¢). Finally, BEP of MAC is upper
bounded by
PMAC APEPMAC n Zm? Zm)
’ MNt 2 ZZZZ logy (M Ny)

Zkl Zk 2k2 Zk

(1)

where M = Mp and N; = NtP when PUs transmitted,
M = Mg and N; = N when SUs transmitted. In (11)
n(zm, Zm ) Tepresents the number of erroneous bits in detection
of the PLNC mapped SM symbol z,,, when it is decided
as Z,, at node m. Note that an error occurs, if the PLNC
mapped SM symbol z,,, which is obtained by applying XOR
operation to the binary correspondings of 2, and zg,, is
different from the PLNC mapped SM symbol Zz,, detected
at node m, which is obtained by applying XOR operation to
the binary correspondings of ;" and 2.

0018-9545 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2018.2815818, IEEE

Transactions on Vehicular Technology

4 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. XX, NO. XX, XXX 2018

Prdy ok — 012+ Proydy) ok, — 35017 ly, = ffﬁ and (g, = EZZ
Pkl k1, m‘xkl - xk‘ | + szdk:m(‘x’%P + ‘i’g|2)> élﬁ = Em and ékz 7& ZZ;

Py d;"

ko, m (|5, [+ 1272 ) + Prpd om0 | T — |3,

Piydpel (w4 1301%) + Peydy ) (e, [P + 1201%), Ley # G

X K ©)
ékl 75 Em and ék‘z = fz;

and l, # 572”2

B. BEP of Broadcast Channel

When R broadcasts the PLNC mapped SM symbol to node
m, BEP of BC is derived by similar steps to that of MAC
given in the previous section as follows: From (5), the decision
metric is given by A(fg, Zg) = |y — VPrhE ™ zg||?. CPEP
can be expressed as ¢

P(A(lg,ZR) > A(ém )| HR™™) = P(D > 0|HR™™)

(12)
where
D =— YBC — 2R {Il,,l;ll(\/ PR(h%R*}mi‘R _ hll;?mi]rzn)}
R
(13)

where vpc = [|v/Fr(hi "™ Tx hR_”” 7)||2. The expected
value and variance of D are calculated from (13) and CPEP
BC

is obtained by
1 7T/2
— — de. 14
77/0 exp( 4sin29> (14

APEP of BC is obtained as in (10). However, in this case,
Q= PR|{ER — i’ﬂl|2 if ER = fm, Q= PR(|CER|2 + |i‘§n|2) else.
Then, BEP of BC is upper bounded by

PBC < - APEPBC n(ZR’ZR)
- MNt ZZR Z ].Og (MNt)

where M = max(Mp, Ms), Ny = max(NF,N7) and
n(zr, zx") represent the number of erroneously detected bits
of the SM symbol at node m.

P(D > 0[HR™™) =

15)

C. End-to-End BEP

Finally, BEP at each end node m € {Py,P2,S1,S2} is upper
bounded by

Pm<1-|(1
(1 _PR%m)]

_ PJ\/[AC1~>R)(1 _ Pb]\/[ACQHR)(l _ Pb]MAC—Wn)

(16)

where PbMAClHR and PbMACZHR are BEPs of MAC at R for
the first and second time slots, respectively, while PbMACHm
is the BEP of MAC at node m and PbRHm is the BEP of
BC from R to node m, which are calculated from Subsections
III-A and III-B.

D. Complexity Analysis at the Relay Node

To calculate the receiver complexity of the relay node, we
consider the number of the real multiplications [16] performed
during the maximum likelihood (ML) detection by (2) and (3),
which are equivalent in terms of computational complexity.

(2) and (3) can be rewritten as foﬁl ly(k) =/ P(hg, (k)xy +

he,(k)z2)[? for £1,05 € {1,2,--- N;}. Here hy,(k)x; re-
quires a complex multiplication, which is equivalent to 4 real
multiplications. Another 2 operations is required to evaluate
the squared absolute value. These operations are repeated for
NRxlogs M*N? therefore, the total computational complexity
at the relay node is given as 10NR2log> M*NE

IV. OPTIMUM POWER ALLOCATION

Two scenarios are considered for OPA: Scenario 1 for which
the optimization is performed to minimize BEP of PU, which
has priority and Scenario 2 to minimize the total BEP of both
users.

In Scenario 1, the convex objective function F; is taken as
the average of P; ' and P; 2 to provide priority for PU. The
minimization problem is given as follows:

(Bs,ad) = Iélin F = rgin {05 (P*+P2)). (A7)
The optimal pair (33, ) for PU is not the optimal solution
for the whole system performance. Since PU has the priority in
the licensed spectrum, performance of SU, which degrades in
this case, is not taken into account. Therefore, another convex
objective function is considered in Scenario 2.

In Scenario 2, optimization is performed by minimizing the
sum BEP of both users, which is obtained by averaging the
total BEP of end nodes as

(83, 08) = min F> = min 0.25 (PP + PP+ P+ P52
(18)

For both scenarios, it is very difficult to obtain an analytical
solution for the above power allocation problem due to the
complicated mathematical steps involving several power allo-
cation parameters. Hence, numerical optimization is applied.

V. PERFORMANCE EVALUATION

In this section, theoretical BEPs derived in Section III
are compared with computer simulation results for v = 4
and N = 2. The effects of Mp, NI, Mg, N7 and the
relay position on the BEP performance of PU and SU are
investigated and the performance of PU is compared with
that of the direct transmission in the absence of SU. OPA
parameters are numerically obtained for both scenarios in the
next subsection.

A. Optimum Power Allocation

OPA parameters (3}, ad) and (82, a2) for Scenario 1 and
2, respectively, are obtained as follows: 5 and « in F; and
Fo are varied in the interval 0 < 3, a < 0.99 by the step size
0.01 and the pair (3, «), which gives the minimum value of
the convex objective function is chosen for each scenario.
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Fig. 2. Meshgrid of Scenario 1 for Mp=Mg=NF =N7=4
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In Figs. 2 and 3, the convex objective functions F; and
Fo of (17) and (18), respectively, are given in 3-D plane for
Mp = Mg = 4, NI’ = Nf = 4 and Pr = 40 dB when
unit distance is assumed between every node pair. In Fig. 2
for Scenario 1, more power is allocated to SU to improve the
BEP performance of four links, which convey side information
to P; and Py from S; and S,. However, this degrades the BEP
performance of SU. In Fig. 3 for Scenario 2, the BEP of the
whole system is minimized by increasing o compared to its
value in Scenario 1, i.e., a(l) < a%. In the case where all links
have unit distance, OPA parameters for different settings of
modulation orders and the numbers of transmit antennas are
given in Table II, for both scenarios, when Pr = 40 dB. As
the spectral efficiency increases, so does (3. Therefore, more
power is allocated to the sources compared to R. The effect
of relay position is investigated in Table III for Mp = Mg =
NP = N =4 and Pr = 40 dB, where R is assumed on
the same plane as P1,P5,S1,So and when R moves on the
vertical direction from the midst of P; and S; to the midst of
P, and S;. From this table, we conclude that more power is
allocated to the sources when R is equidistant to four sources.
However, as R moves to the midst of P; and S; or the opposite
side, R requires more power.

B. Bit Error Rate

In this subsection, the bit error performances are evaluated
by considering the system configuration in 2-D and 3-D
plane. The OPA parameters given in Tables are considered.
In all figures, straight lines and markers represent theoretical

TABLE II
PARAMETERS (B0, &) WHEN ALL DISTANCES ARE UNIT
Mp th Mg Nts Scenariol Scenario 2
2 2 2 2 (0.83, 0.44) | (0.83, 0.5)
2 4 2 4 (0.84, 0.44) | (0.84, 0.5)
4 4 4 4 (0.86, 0.44) | (0.86, 0.5)
2 8 2 8 (0.86, 0.44) | (0.86, 0.5)
4 8 4 8 (0.88, 0.44) | (0.88, 0.5)
4 16 4 16 (0.90, 0.44) | (0.90, 0.5)
TABLE 111
EFFECT OF RELAY POSITION ON (80, ) FOR Mp=Mg=NF =N; =4
dr.p, dR.p, dr,s, dR,s, Scenario 1 Scenario 2
V2/2 | V2/2 | V2/2 | V2/2 | (091,0.28) | (0.92,0.5)
1/2 VB2 | 1/2 V5/2 | (0.83,04) | (0.84,0.5)
V5/2 | 1/2 VE/2 | 1/2 (0.83,0.4) | (0.84, 0.5)

and simulation curves, respectively. In Figs. 4 - 6, system
configuration is considered in 2-D plane and OPA parameters
given in Table III are adopted.

In Fig. 4, the BEP performance of P is provided to compare
Scenarios 1 and 2 with the direct transmission between P, and
P2 when Mp = MS = NtP = Nts =4 and dR7p1 = d&sl =
drp, = drs, = V/2/2. Scenario 1 provides the best BEP
performance for Py as expected, which provides a BER value
of 10~° at about 29.5 dB. However, the BEP performance
becomes worse, when Scenario 2 is adopted and it provides the
same BER value at 32.7 dB. Note that both scenarios exhibit
better performance compared to that of direct transmission.

In Fig. 5, the BEP performance of SU is given for Scenarios
I and 2, when Mp = Mg = N = N7 =4 and drp, =
dr,s, = drp, = dr s, = \/5/2 The best BEP performance is
achieved by Scenario 2 for SU, which provides a BER value of
10~° at 34 dB while Scenario I reaches this value at 37.8 dB.
Therefore, adopting Scenario 2 provides fair solutions for both
user pairs.

In Fig. 6, the effect of the relay position on the BEP
performance of Py is depicted for Scenario 2 by moving R
through the vertical direction from the midst of P; and S; to
the midst of Py and So when Mp = Mg = NtP = NtS =4.
The best bit error performance is provided when the relay is
equidistant to all sources. When R moves to the midst of Ps
and So, the performance becomes worse; however, a better
performance compared to the direct transmission between P;
and P5 is obtained. If R is in the midst of P; and Sq, the
performance is equivalent to the direct link, which does not
provide any improvement in terms of PU. For example, it
provides a BER value of 10~ for P, at 28 dB, when R
is equidistant to all sources, while the direct transmission
provides the same BER value at 29.8 dB.

In Figs. 7 and 8, the proposed protocol is compared with a
four-time-slot reference scheme in terms of BEP performance
of PUs and SUs by considering system configuration in 3-D
plane. In the reference scheme, during the first and second
time slots, PUs and SUs transmit their SM symbols to the
relay and the relay applies PLNC, respectively. In the third
(fourth) time slot, R transmits the PLNC mapped SM symbol
of PUs (SUs) to PUs (SUs). Due to the use of an additional
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time slot compared to our protocol, R consumes Pg/2 power
per time slot to limit the total power consumed by relay to
Pr. Moreover, since the reference scheme is a four-time-slot
system, and Scenario 1 considers only minimizing the BEP of
primary user pair, it allocates the whole of the available power
to P; and P, for the reference scheme. Therefore, it would
be pointless to compare the reference and proposed schemes
under Scenario 1. For Scenario 2, symmetric data rates for
PU and SU pairs are considered when Mp = Mg = M
and N/ = N = N;. To make comparisons under the same
spectral efficiency, the parameter values of M = 16, Ny, = 4
and M = 64, N; = 4 are chosen for our scheme and the
reference scheme, respectively. Since it is more difficult to
increase the number of transmit antennas in practice, the
number of transmit antennas are assumed to be equal, while
modulation orders are varied for these two protocols. The
distances are taken as drp, = drp, = drs, = drs,

dp, s, = dp, s, = dp, s, = dp,,s, = 1. OPA parameters are
adopted as 8 = 0.9 and o = 0.5, for both schemes. Note that,
for the same spectral efficiencies, there is not much difference
between the OPA parameters of the proposed protocol and
the reference scheme. In Fig. 7, the BER performances of
the proposed protocol and the reference scheme are given for
PU pair under equal spectral efficiency. For high values of
Pp,, the proposed protocol provides better BER performance

Fig. 6. The effect of the relay position on the BEP performance of Py for
Mp=Ms=NF =N7 =4 and Scenario 2

m Proposed: Sim. Mp =16, N/ =4, Mg =16, N7 =4
—4— Reference: Sim. Mp = 64, Nf =4, Ms = 64, NS =4

10° . . . . .
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Fig. 7. BER performance comparison of P2 for Scenario 2

TABLE IV
PARAMETERS (B0, a0) FOR dr p, = dr p, = dr.s; = dr.s, = V2/2
AND dp, s, = dp, s, =dp,,s; =dpy .5, =1

Mp th Mg Nts Scenario 2
2 4 2 4 0.91, 0.5)
4 2 8 2 (0.9, 0.37)
2 4 8 4 (0.9, 0.3)

than the reference scheme. For example, the proposed protocol
provides a BER value of 3 x 1073 at 29.3 dB, while the
reference scheme provides this value at 38.4 dB. In Fig. 8§,
the BER performances of proposed protocol and the reference
scheme in terms of SU pair are given under the same spectral
efficiency. As expected, the proposed protocol gives a BER
value of 3 x 1072 at 30.9 dB while the reference scheme
reaches this value at 40 dB. From Figs. 7 and 8§, it can
be concluded that the proposed protocol outperforms the
reference scheme in terms of BER performance at high data
rates.

In Fig. 9 and 10, BER performance of PUs and SUs for
different rates and Scenario 2 are provided, where the OPA
parameters given in TABLE IV are considered. For example, in
Fig. 9, a BER value of 10~ is reached at 30.3 dB when Mp =
2,Nf' = 4, Mg = 2, N° = 4 while for Mp = 2, N}’ =
4, Mg = 8, Ny = 4, this value is reached at 32.2 dB. It can
be concluded similarly from Fig. 10 that when the data rate
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increases, BER performance degrades, as expected.

VI. CONCLUSION

In this paper, a bidirectional cognitive cross network design
utilizing SM along with PLNC has been considered, where
OPA is adopted. Considerable gains in power consumption
have been obtained with respect to the equivalent reference
systems. The effect of the relay position on the BEP perfor-
mance of P, is also investigated. The best BEP performance of
P- has been reached when the relay is equidistant to all other
nodes. As a future work, energy harvesting relaying through
multiple access channels at the first and the second time slots
can be considered, which seems to be a promising approach
to the proposed bidirectional cognitive cross network design,
in terms of power efficiency.
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