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Spatially Modulated Bidirectional Cognitive Cross
Network Design With Physical-Layer Coding

Seda Ustiinbag ®@, Umit Aygoli @, and Ertugrul Basar ©, Senior Member, IEEE

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 sig-
nal 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 the-
oretical 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.

1. INTRODUCTION

OGNITIVE radio (CR) techniques improve the efficiency
C 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: underlay,
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 inter-
weave mode, SUs can find and operate in spectrum vacancies,
where PUs are inactive, by using advanced spectrum sensing
techniques [2]. In the overlay mode, where cooperative commu-
nications 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 in-
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terference 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)
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 M -ary
modulation schemes. Since only one transmit antenna is ac-
tivated, 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 protocol 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 pro-
vide 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 general-
ized joint 3-D constellation design optimizing the constellation
diagram in the complex field, which enhances the transmis-
sion 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 over-
lay 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 pres-
ence 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
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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 transmit-
ters are too large. Both transmitters and the relay adopt SM
to improve the error performance. To the best of our knowl-
edge, the bidirectional cognitive cross network design with
optimum power allocation has not been considered yet in the
literature.

Against this background, in this paper, a bidirectional cog-
nitive cross network where a PU pair exchanges information
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 reli-
able 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. Further-
more, 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 per-
formance. Therefore, in Scenario 2, optimization is performed
to minimize the BEPs of both users. A theoretical BEP anal-
ysis is performed and the results are supported via computer
simulation results, which are in perfect match with theoretical
findings.

Notation: Bold capital and lower case letters denote matri-
ces and vectors, respectively. & denotes bit-wise exclusive-or
(XOR) operation. (.)# stands for Hermitian transpose. The ex-
pected value and variance of a random variable (r.v.) X are
sx = E[X]and 0% = Var[X], respectively. Moment generat-
ing function of the r.v. X is Mx (s) = [*_exp(sz) fx (z)dx,
where [y (x) is the probability density function (pdf) of X.

II. SYSTEM MODEL

The considered bidirectional CR cross network is given in
Fig. 1, where PU consists of nodes P; and P, whereas SU in-
cludes nodes S;, S, and the relay R. Let us denote the distance
between nodes k; and m by dy, ,,,, where k; € {P;,S;},i=1,2
and m € {Py,P,,R,S;,S,}. The number of receive antennas at
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Fig. 1. Considered bidirectional cognitive cross network

all nodes is denoted by N while the numbers of transmit an-
tennas at PUs and SUs are denoted by N/” and N;?, respectively,
where the number of transmit antennas are assumed to be equal
for Py and P, as well as for S; and S,. The number of transmit
antennas at relay node is N = max(N/}", N). 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
Gaussianr.v.s with variance d, * ., where v is the path-loss expo-
nent. All noise components 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 Pg = Pp, + Pp, + Ps, + Ps, and the
power of the relay Pr as Pr = Ps + Pr, where P, Pp,, Ps,
and Ps, are the transmission powers of P;,P,,S; and S;, re-
spectively. Power allocation factor is defined as 5 = Ps/Pr,
which means that a power Py is allocated to the sources and
(1 — B)Pr to the relay. The powers of «Ps and (1 — «) Py are
destined to the primary and secondary users, respectively, i.e.,
Pp, = Pp, =aPs/2and Ps, = Ps, = (1 — a)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;, = (¢, , z, ) to the relay, where ¢;, and
xy, denote the active antenna index and the modulated symbol
from an Mp-PSK constellation, for the node k; = P;,i = 1, 2,
respectively. SU’s nodes S; and S, eavesdrop the transmitted
SM signals to utilize them as the side information. At the sec-
ond time slot, similarly, S| and S, simultaneously transmit their
own information bits through SM symbols zj, = (¢, , , ) toR,
where x;;, is the modulated symbol from an Ms-PSK constella-
tion and k; = S;,7 = 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 gth time slot as

Z\/ﬁhk —m . 7(73)

where hk ™ is the ¢}, th column of H* =™ . In(1),q = 1,k; =
P; and m e {S1,S,,R} for the first time slot, while ¢ = 2,
k; =S; and m € {P;,P,,R} for the second time slot. nsn)

stands for the vector of noise samples at node m for the gth

ey
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TABLE I
CALCULATION OF INTENDED INFORMATION AT DESTINATION NODES

State Py P, Si S, R

_ . . 281 551 252 55 . 3R 2R
q=1 Tx: zp, Tx: zp, Rx: zP s 2p, Rx: Zp] ,sz Rx: Zp, s 2p,

o P AP Py sPo . . . 2R 2R
q=2 Rx: zS ,zsz Rx: zS 125, Tx: zs, Tx: zs, Rx: 25, 25,

_ _ +Py _ 4S1 = 2So 25 .
PLNC Zp, = 51 S5} zs2 Zp, = Zsl S5} zs, Zs, = zp 55} Zp, Zs, = Zp; D Zp, ZR = zPl 55} sz
. sR o 3R
Symbols D25, %,
qg=3 Rx: EP‘ Rx: ZPZ Rx: ZS‘ Rx: ’lsf Tx: Zg
N ~P 5 <P, N =S N =S

Int\ended‘ Zp, = zp, @ Zp, @ 2y Zp, = zp, @ Zp, ® 2’ Zs, = z5, ® Zs, D Zy' zs, = zs5, ® Zs, O Z* -
Information

time slot. Maximum likelihood (ML) detection is performed at
node m € {S,S,, R} at the first time slot as,

Z \/ﬁhp —m .

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

2

am oamy\ .
(%p, 2p,) = argmin

lpy e lpy 2P,

y’nl (2)

2
( Zg? Z \/7 hS, —m .
Then, the PLNC mapped SM symbols are generated at nodes
m € {P;,P5,S1,8:} as z, = ({,,Tn) by applying bit-wise
XOR operation to the binary correspondings of ([,’(”7 ;") and

arg min
ls) sy lsy,Ts,

- (3)

) =

(E}f’ﬂ &)%), which are enrolled as the side information at node
m except for R. A PLNC mapped SM symbol Zg = ({r,Zr)
is generated by applying bit-wise XOR operation to the binary
correspondings of 2§ , 25 , 28 and z§ atR.

At the third time slot (¢ = 3), R broadcasts zZr = ({r, Zr) to
all nodes. The received signal vector at node m is given by

/ hRHm TR + nm) (4)

where m € {P;,P,,S1,S,} and h?;m is the fxth column of
HR=" ML detection is performed at node m as

\/>hR~>m ”2 (5)

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 I.

y Nl

(eln

TR) = arg minHym
KR-,J?R

III. 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, i.e., ¢ = 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 sections,
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(¢y,,xy, ) = ||y£,§1) -
7 \/PTZhj’;f'"mki |2, k; € {P;,S;} and ¢ = 1,2, then the
conditional pairwise error probability (CPEP) is obtained as

P(A(ly, ) > A(E ap [HE - )
_ P(D Z OlHk’l—wn’sz—mz) (6)

with the decision variable D given by

D = —vyuac
_ 25}% { (Z /Pk (hk‘ —m Ty, — hzm~>777 i’;’f)) }

k; —m k; —m Am
where var a0 = || Y0, VP, ( hy "y, — hgm 7)||* and
q, k; and m are as indicated in the paragraph below (1). The

expected value and variance of D are given as <p = —Yarac
and a%) = 27 Ac, respectively. Then, (6) is calculated by
P(D > 0[H"—™ HF~™) = Q (gD)

ap
1 /2
= —/ exp (—
™ Jo

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

coefficients as
1 [7/? —1
— M —— | df
7.‘./0 YMAC <4sin29>

| e L2 Ny
. / ( S0 ) do ®)
T Jo sin“ 0 + Q/4

where € is given in the top of next page in (9).

YMAC
do. 7
4sin20> M

APEPMAC = P(D > 0) =
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Py d;.’ |z, — 2 >+ P, d, kz m T, — , by, = € and by, = 0!
0= Pkl kl m "rkl - ‘i;cn ‘2 + P/fzdkzum ("rk2|2 |2)’ ekl = gzll and ek’z 7é gTz 9)
Pedy ! (1w, P+ 18 )+ Prodiillow, — 3P, ey # 07 and £, = 07,
Pk dklv'm (|xkl |2 + |'Tk1‘ ) + szdk; m (‘xk2|2 + |xk'2|2)7 gkl 7& e;gnl and gk‘z 7& e;gné
The closed form of (8) is given as [15] Then, BEP of BC is upper bounded by
N" -1 J 5. Zm
1 O\~ (29 (1= (%) pBC Be (2R 2R
MAC _ 1 _ 2s 4 < APEP (15)
APEPMAC = |1 u(4) Z) (J) ( 1 By MN,Z Z log, (M N;)
j=
(10) where M =max(Mp, Ms), N; = max(N/",Nf)  and

where pu(c) = +/c/ ). Finally, BEP of MAC is upper
bounded by
PM'AC’ APEPMAC Zm 5 Zm )
V< Gy ZZZZ log(MN,)

zl” Zky 2
1

an

where M = Mp and N; = th when PUs transmitted, M =
Mg and N; = N7 when SUs transmitted. In (11) n(2,,, Zn, )
represents 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 zj, and zy,, is different from the
PLNC mapped SM symbol z,,, detected at node m, which is ob-
tained by applying XOR operation to the binary correspondings
of 2 and ;.

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(fr, 7r) = |[y) — V/PRhi =" 7 |*. CPEP can be
expressed as

P (A (fr,7r) = A ( R *ﬁ") IHRW) = P (D> 0H"")

12
where
D= —7pc ~ 23%{115 <JFR (hR*m- ~hy e R>)}
(13)

where ypc = ||V (b} " 7r hRH"‘ Z3)|[*. The expected

value and variance of D are calculated from (13) and CPEP is
obtained by
BC

1 /2
P(D > oHR—™ zf/ — dg. (14
= omtm) = - [ (<25 Y a9

APEP of BC is obtained as in (10). However, in this case,
0= PleR — l‘m ‘2 if ZR = fﬁL, 0= PR |$R‘2 + |£Um 2) else.

n(Zzr, Z8') represent the number of erroneously detected bits of
the SM symbol at node m.

C. End-to-End BEP

Finally, BEP at each end node m € {Py,P,,S;,S,} is upper
bounded by

P <1- {(1 _ prACwR> (1 _ PbMACZ~>R>

MAC,—R
Pb

(16)

where and PbMACﬁ]2 are BEPs of MAC at R for the
first and second time slots, respectively, while PMA¢ =™ is the
BEP of MAC at node m and P/t~ is the BEP of BC from R
to node m, which are calculated from Sections 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 Zi\z] ly(k) — VP(hy, (k)x; +
he,(k)zo)|* for £1,4, € {1,2,..., N, }. Here hy, (k)z; requires
a complex multiplication, which is equivalent to 4 real mul-
tiplications. Another 2 operations is required to evaluate the
squared absolute value. These operations are repeated for
Nf x 2logy M2N? , therefore, the total computational complex-
ity at the relay node is given as 10 NR2log: M*N7 |

IV. OPTIMUM POWER ALLOCATION

Two scenarios are considered for OPA: Scenario I 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 PbP ' and P,})z to provide priority for PU. The
minimization problem is given as follows:

(66, 0%) = min F = min {0.5 (P,f" +P,f’2)}. (17)
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Fig. 2. Meshgrid of Scenario 1 for Mp = Mg = NtP = NtS =4.

The optimal pair (£}, o) 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

(3. 03) = min £, = min 0.25 (PP + B+ P + B,
(18)

For both scenarios, it is very difficult to obtain an analytical
solution for the above power allocation problem due to the com-
plicated mathematical steps involving several power allocation
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, N and the relay po-
sition on the BEP performance of PU and SU are investigated
and the performance of PU is compared with that of the di-
rect transmission in the absence of SU. OPA parameters are
numerically obtained for both scenarios in the next section.

A. Optimum Power Allocation

OPA parameters (3}, o) and (33, o) for Scenario 1 and 2,
respectively, are obtained as follows: 3 and « in F; and F, are
varied in the interval 0 < (5, < 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.

In Figs. 2 and 3, the convex objective functions F; and F,
of (17) and (18), respectively, are given in 3-D plane for Mp =
Mg =4, N = N7 = 4and 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 P, from S; and
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Fig. 3.

Meshgrid of Scenario 2 for Mp = Mg = NtP = Nts =4.

TABLE II
PARAMETERS (39, cvg) WHEN ALL DISTANCES ARE UNIT

Mp N, tP Mg N i'; 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 III

EFFECT OF RELAY POSITION ON (S, atg) FOR Mp = Mg = NP = NP =4

dr.p, dg,p, dR,s, dr,s, Scenario 1 Scenario 2
V2/2  V2/20 V2/2 0 V2/20 (091,028)  (0.92,0.5)
1/2 V53/2 12 V/5/2 0 (0.83,04)  (0.84,0.5)
V5/2  1/2 0 V52 1/2 0 (0.83,04)  (0.84,0.5)

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., oz(l) < ad.
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 =40dB. 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 = NI’ = N = 4 and Pr = 40 dB, where R is
assumed on the same plane as P, P,, S;, S, 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.
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Fig. 5. BEP performance of S, for Mp = Mg = N,P = Nfs =4,

B. Bit Error Rate

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

In Fig. 4, the BEP performance of P, is provided to com-
pare Scenarios 1 and 2 with the direct transmission between P
andP, when Mp = Mg = NP = Nf = 4anddrp, = dr s, =
dr.p, = dr.s, = V/2/2. Scenario I provides the best BEP per-
formance for P, as expected, which provides a BER value of
1072 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 perfor-
mance compared to that of direct transmission.

In Fig. 5, the BEP performance of SU is given for Scenarios 1
and 2, when Mp = Mg = th = NtS =4anddrp, =drs, =
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Fig. 6. The effect of the relay position on the BEP performance of P, for

Mp = Mg = NI’ = N{ = 4 and Scenario 2.

drp, = drs, = V2 /2. The best BEP performance is achieved
by Scenario 2 for SU, which provides a BER value of 1073 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 perfor-
mance of P, is depicted for Scenario 2 by moving R through
the vertical direction from the midst of P; and S| to the midst
of P, and S, when Mp = Mg = NP = N = 4. The best bit
error performance is provided when the relay is equidistant to
all sources. When R moves to the midst of P, and S,, the per-
formance becomes worse; however, a better performance com-
pared to the direct transmission between P and P, is obtained.
If R is in the midst of P; and S;, the performance is equiv-
alent to the direct link, which does not provide any improve-
ment 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 time slot
compared to our protocol, R consumes FPg/2 power per time
slot to limit the total power consumed by relay to Pz. More-
over, since the reference scheme is a four-time-slot system, and
Scenario I 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
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Fig. 7. BER performance comparison of P, for Scenario 2.
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Fig. 8. BER performance comparison of S, for Scenario 2.

considered when Mp = Mg = M and N = N = N,. To
make comparisons under the same spectral efficiency, the pa-
rameter values of M = 16, N, =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 an-
tennas 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, = dr;s, =
drs, = dp, s, = dp, s, = dp, s, = dp, s, = 1. OPA parameters
are adopted as # = 0.9 and o = 0.5, for both schemes. Note
that, for the same spectral efficiencies, there is not much differ-
ence 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 Fp,, the
proposed protocol provides better BER performance than the
reference scheme. For example, the proposed protocol provides
aBER 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
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TABLE IV
PARAMETERS (39, o) FOR dg p, = dr,p, = dr.s, = dr.s, = ﬂ/z AND
dp,,s, = dp,,s, = dp,.s;, = dp,s, = 1

Mp NP Ms N  Scenario?
2 4 2 4 (091,05)
4 2 8 2 (09,037
2 4 8 4 (09,03

pair are given under the same spectral efficiency. As expected,
the proposed protocol gives a BER value of 3 x 1073 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 Figs. 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 ex-
ample, in Fig. 9, a BER value of 1073 is reached at 30.3 dB
when Mp =2, NP =4, Mg =2, N = 4 while for Mp = 2,
NP =4, Mg =8, N =4, this value is reached at 32.2 dB.
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It can be concluded similarly from Fig. 10 that when the data
rate 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 performance 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 fu-
ture work, energy harvesting relaying through multiple access
channels at the first and the second time slots can be consid-
ered, which seems to be a promising approach to the proposed
bidirectional cognitive cross network design, in terms of power
efficiency.
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