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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 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.

I. INTRODUCTION

COGNITIVE radio (CR) techniques improve 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: 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. (.)H stands for Hermitian transpose. The ex-
pected value and variance of a random variable (r.v.) X are
ςX = E[X] and σ2

X = V ar[X], respectively. Moment generat-
ing function of the r.v. X is MX (s) =

∫∞
−∞ exp(sx)fX (x)dx,

where fX (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 P1 and P2 whereas SU in-
cludes nodes S1, S2 and the relay R. Let us denote the distance
between nodes ki and m by dki ,m , where ki ∈ {Pi , Si} , i = 1, 2
and m ∈ {P1, P2, R, S1, S2}. The number of receive antennas at

Fig. 1. Considered bidirectional cognitive cross network

all nodes is denoted by Nm
r while the numbers of transmit an-

tennas at PUs and SUs are denoted by NP
t and NS

t , respectively,
where the number of transmit antennas are assumed to be equal
for P1 and P2 as well as for S1 and S2. The number of transmit
antennas at relay node is NR

t = max(NP
t ,NS

t ). Hki →m is the
Nm

r × Nki
t matrix of channel fading coefficients from node ki

to node m, whose entries are assumed to be zero-mean complex
Gaussian r.v.s with variance d−v

ki ,m
, 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 PT is equal to
the sum of source powers PS = PP1 + PP2 + PS1 + PS2 and the
power of the relay PR as PT = PS + PR, where PP1 , PP2 , PS1

and PS2 are the transmission powers of P1, P2, S1 and S2, re-
spectively. Power allocation factor is defined as β = PS /PT ,
which means that a power βPT is allocated to the sources and
(1 − β)PT to the relay. The powers of αPS and (1 − α)PS are
destined to the primary and secondary users, respectively, i.e.,
PP1 = PP2 = αPS /2 and PS1 = PS2 = (1 − α)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, P1 and P2 simultaneously transmit
their SM symbols zki

= (�ki
, xki

) to the relay, where �ki
and

xki
denote the active antenna index and the modulated symbol

from an MP -PSK constellation, for the node ki = Pi , i = 1, 2,
respectively. SU’s nodes S1 and S2 eavesdrop the transmitted
SM signals to utilize them as the side information. At the sec-
ond time slot, similarly, S1 and S2 simultaneously transmit their
own information bits through SM symbols zki

= (�ki
, xki

) to R,
where xki

is the modulated symbol from an MS -PSK constella-
tion and ki = Si , i = 1, 2. During this time slot, PU’s nodes P1

and P2 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

y(q)
m =

2∑

i=1

√
Pki

hki →m
�k i

xki
+ n(q)

m (1)

where hki →m
�k i

is the �ki
th column of Hki →m . In (1), q = 1, ki =

Pi and m ∈ {S1, S2, R} for the first time slot, while q = 2,
ki = Si and m ∈ {P1, P2, R} for the second time slot. n(q)

m

stands for the vector of noise samples at node m for the qth
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TABLE I
CALCULATION OF INTENDED INFORMATION AT DESTINATION NODES

State P1 P2 S1 S2 R

q = 1 Tx: zP1 Tx: zP2 Rx: ẑ
S1
P1

, ẑ
S1
P2

Rx: ẑ
S2
P1

, ẑ
S2
P2

Rx: ẑR
P1

, ẑR
P2

q = 2 Rx: ẑ
P1
S1

, ẑ
P1
S2

Rx: ẑ
P2
S1

, ẑ
P2
S2

Tx: zS1 Tx: zS2 Rx: ẑR
S1

, ẑR
S2

PLNC z̄P1 = ẑ
P1
S1

⊕ ẑ
P1
S2

z̄P2 = ẑ
P2
S1

⊕ ẑ
P2
S2

z̄S1 = ẑ
S1
P1

⊕ ẑ
S1
P2

z̄S2 = ẑ
S2
P1

⊕ ẑ
S2
P2

z̄R = ẑR
P1

⊕ ẑR
P2

Symbols ⊕ẑR
S1

⊕ ẑR
S2

q = 3 Rx: ˆ̄zP1
R Rx: ˆ̄zP2

R Rx: ˆ̄zS1
R Rx: ˆ̄zS2

R Tx: z̄R

Intended
Information

ẑP2 = zP1 ⊕ z̄P1 ⊕ ˆ̄zP1
R ẑP1 = zP2 ⊕ z̄P2 ⊕ ˆ̄zP2

R ẑS2 = zS1 ⊕ z̄S1 ⊕ ˆ̄zS1
R ẑS1 = zS2 ⊕ z̄S2 ⊕ ˆ̄zS2

R –

time slot. Maximum likelihood (ML) detection is performed at
node m ∈ {S1, S2, R} at the first time slot as,

(ẑm
P1

, ẑm
P2

) = arg min
�P1 ,xP1 ,�P2 ,xP2

∥
∥
∥
∥
∥
y(1)

m −
2∑

i=1

√
PPi

hPi →m
�Pi

xPi

∥
∥
∥
∥
∥

2

. (2)

At the second time slot, ML detection is performed at node
m ∈ {P1, P2, R} as,

(ẑm
S1

, ẑm
S2

) = arg min
�S1 ,xS1 ,�S2 ,xS2

∥
∥
∥
∥
∥
y(2)

m −
2∑

i=1

√
PSi

hSi →m
�Si

xSi

∥
∥
∥
∥
∥

2

. (3)

Then, the PLNC mapped SM symbols are generated at nodes
m ∈ {P1, P2, S1, S2} as z̄m = (�̄m , x̄m ) by applying bit-wise
XOR operation to the binary correspondings of (�̂m

k1
, x̂m

k1
) and

(�̂m
k2

, x̂m
k2

), which are enrolled as the side information at node
m except for R. A PLNC mapped SM symbol z̄R = (�̄R, x̄R)
is generated by applying bit-wise XOR operation to the binary
correspondings of ẑR

P1
, ẑR

P2
, ẑR

S1
and ẑR

S2
at R.

At the third time slot (q = 3), R broadcasts z̄R = (�̄R, x̄R) to
all nodes. The received signal vector at node m is given by

y(3)
m =

√
PRhR→m

�̄R
x̄R + n(3)

m (4)

where m ∈ {P1, P2, S1, S2} and hR→m
�̄R

is the �̄Rth column of

HR→m . ML detection is performed at node m as

(ˆ̄�m
R , ˆ̄xm

R ) = arg min
�̄R,x̄R

‖y(3)
m −

√
PRhR→m

�̄R
x̄R‖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.

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., q = 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., q = 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 Λ(�ki

, xki
) = ‖y(q)

m −∑2
i=1

√
Pki

hki →m
�k i

xki
‖2, ki ∈ {Pi , Si} and q = 1, 2, then the

conditional pairwise error probability (CPEP) is obtained as

P (Λ(�ki
, xki

) ≥ Λ(�̂m
ki

, x̂m
ki

)|Hk1→m ,Hk2→m )

= P (D ≥ 0|Hk1→m ,Hk2→m ) (6)

with the decision variable D given by

D = −γM AC

− 2�
{

nH
m

(
2∑

i=1

√
Pki

(

hki →m
�k i

xki
− hki →m

�̂m
k i

x̂m
ki

))}

where γM AC = ‖∑2
i=1

√
Pki

(hki →m
�k i

xki
− hki →m

�̂m
k i

x̂m
ki

)‖2 and

q, ki and m are as indicated in the paragraph below (1). The
expected value and variance of D are given as ςD = −γM AC

and σ2
D = 2γM AC , respectively. Then, (6) is calculated by

P (D ≥ 0|Hk1→m ,Hk2→m ) = Q

(

− ςD
σD

)

=
1
π

∫ π/2

0
exp

(

− γM AC

4 sin2 θ

)

dθ. (7)

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

APEPMAC = P (D ≥ 0) =
1
π

∫ π/2

0
MγM A C

( −1

4 sin2 θ

)

dθ

=
1
π

∫ π/2

0

(
sin2 θ

sin2 θ + Ω/4

)N m
r

dθ (8)

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

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Pk1d
−v
k1,m

|xk1 − x̂m
k1
|2 + Pk2d

−v
k2,m

|xk2 − x̂m
k2
|2, �k1 = �̂m

k1
and �k2 = �̂m

k2

Pk1d
−v
k1,m

|xk1 − x̂m
k1
|2 + Pk2d

−v
k2,m

(|xk2 |2 + |x̂m
k2
|2), �k1 = �̂m

k1
and �k2 	= �̂m

k2

Pk1d
−v
k1,m

(|xk1 |2 + |x̂m
k1
|2) + Pk2d

−v
k2,m

|xk2 − x̂m
k2
|2, �k1 	= �̂m

k1
and �k2 = �̂m

k2

Pk1d
−v
k1,m

(|xk1 |2 + |x̂m
k1
|2) + Pk2d

−v
k2,m

(|xk2 |2 + |x̂m
k2
|2), �k1 	= �̂m

k1
and �k2 	= �̂m

k2

. (9)

The closed form of (8) is given as [15]

APEPMAC =
1
2

⎡

⎣1 − μ

(
Ω
4

)N m
r −1∑

j=0

(
2j

j

)(
1 − μ2

(Ω
4

)

4

)j
⎤

⎦

(10)

where μ(c) =
√

c/(1 + c). Finally, BEP of MAC is upper
bounded by

PM AC
b ≤ 1

(MNt)2

∑

zk 1

∑

ẑm
k 1

∑

zk 2

∑

ẑm
k 2

APEPMAC n(zm , z̄m )
log2(MNt)

(11)

where M = MP and Nt = NP
t when PUs transmitted, M =

MS and Nt = NS
t when SUs transmitted. In (11) n(zm , z̄m )

represents the number of erroneous bits in detection of the
PLNC mapped SM symbol zm , when it is decided as z̄m at
node m. Note that an error occurs, if the PLNC mapped SM
symbol zm , which is obtained by applying XOR operation to
the binary correspondings of zk1 and zk2 , is different from the
PLNC mapped SM symbol z̄m detected at node m, which is ob-
tained by applying XOR operation to the binary correspondings
of ẑm

k1
and ẑm

k2
.

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 Λ(�̄R, x̄R) = ‖y(3)

m −√
PRhR→m

�̄R
x̄R‖2. CPEP can be

expressed as

P
(
Λ
(
�̄R, x̄R

) ≥ Λ
(

ˆ̄�m
R , ˆ̄xm

R

)
|HR→m

)
= P

(
D ≥ 0|HR→m

)

(12)

where

D = − γBC − 2�
{

nH
m

(√
PR

(

hR→m
�̄R

x̄R − hR→m
ˆ̄�m

R

ˆ̄xm
R

))}

(13)

where γBC = ||√PR(hR→m
�̄R

x̄R − hR→m
ˆ̄�m

R

ˆ̄xm
R )||2. The expected

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

P (D ≥ 0|HR→m ) =
1
π

∫ π/2

0
exp

(

− γBC

4 sin2 θ

)

dθ. (14)

APEP of BC is obtained as in (10). However, in this case,
Ω = PR|x̄R − ˆ̄xm

R |2 if �̄R = ˆ̄�m
R , Ω = PR(|x̄R|2 + |ˆ̄xm

R |2) else.

Then, BEP of BC is upper bounded by

PBC
b ≤ 1

MNt

∑

z̄R

∑

ˆ̄zm
R

APEPBC n(z̄R, ˆ̄zm
R )

log2(MNt)
(15)

where M = max(MP ,MS ), Nt = max(NP
t ,NS

t ) and
n(z̄R, ˆ̄zm

R ) 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 ∈ {P1, P2, S1, S2} is upper
bounded by

Pm
b ≤ 1 −

[(
1 − PM AC1→R

b

)(
1 − PM AC2→R

b

)

×
(

1 − PM AC→m
b

)(
1 − PR→m

b

)]
(16)

where PM AC1→R
b and PM AC2→R

b are BEPs of MAC at R for the
first and second time slots, respectively, while PM AC→m

b is the
BEP of MAC at node m and PR→m

b 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
∑N R

r

k=1 |y(k) −√
P (h�1(k)x1 +

h�2(k)x2)|2 for �1, �2 ∈ {1, 2, . . . , Nt}. Here h�i
(k)xi 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
NR

r × 2log2 M 2N 2
t , therefore, the total computational complex-

ity at the relay node is given as 10NR
r 2log2 M 2N 2

t .

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 F1 is taken as
the average of P P1

b and P P2
b to provide priority for PU. The

minimization problem is given as follows:

(
β1

0 , α
1
0

)
= min

β ,α
F1 = min

β ,α

{
0.5

(
P P1

b + P P2
b

)}
. (17)
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Fig. 2. Meshgrid of Scenario 1 for MP = MS = N P
t = N S

t = 4.

The optimal pair (β1
0 , α

1
0) 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
(
β2

0 , α
2
0

)
= min

β ,α
F2 = min

β ,α
0.25

(
P P1

b + P P2
b + P S1

b + P S2
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
Nm

r = 2. The effects of MP ,NP
t ,MS ,NS

t 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 (β1
0 , α

1
0) and (β2

0 , α
2
0) for Scenario 1 and 2,

respectively, are obtained as follows: β and α in F1 and F2 are
varied in the interval 0 < β,α ≤ 0.99 by the step size 0.01 and
the pair (β, α), which gives the minimum value of the convex
objective function is chosen for each scenario.

In Figs. 2 and 3, the convex objective functions F1 and F2

of (17) and (18), respectively, are given in 3-D plane for MP =
MS = 4, NP

t = NS
t = 4 and PT = 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 P1 and P2 from S1 and

Fig. 3. Meshgrid of Scenario 2 for MP = MS = N P
t = N S

t = 4.

TABLE II
PARAMETERS (β0, α0) WHEN ALL DISTANCES ARE UNIT

MP N P
t MS N S

t Scenario1 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 (β0, α0) FOR MP = MS = N P

t = N S
t = 4

dR,P1 dR,P2 dR,S1 dR,S2 Scenario 1 Scenario 2

√
2/2

√
2/2

√
2/2

√
2/2 (0.91, 0.28) (0.92, 0.5)

1/2
√

5/2 1/2
√

5/2 (0.83, 0.4) (0.84, 0.5)√
5/2 1/2

√
5/2 1/2 (0.83, 0.4) (0.84, 0.5)

S2. However, this degrades the BEP performance of SU. In Fig. 3
for Scenario 2, the BEP of the whole system is minimized by
increasing α compared to its value in Scenario 1, i.e., α1

0 < α2
0.

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
PT = 40 dB. As the spectral efficiency increases, so does β.
Therefore, more power is allocated to the sources compared
to R. The effect of relay position is investigated in Table III
for MP = MS = NP

t = NS
t = 4 and PT = 40 dB, where R is

assumed on the same plane as P1, P2, S1, S2 and when R moves
on the vertical direction from the midst of P1 and S1 to the midst
of P2 and S2. 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 P1 and S1 or the opposite
side, R requires more power.
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Fig. 4. BEP performance of P2 when MP = MS = N P
t = N S

t = 4.

Fig. 5. BEP performance of S2 for MP = MS = N P
t = N S

t = 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 P2 is provided to com-
pare Scenarios 1 and 2 with the direct transmission between P1

and P2 when MP = MS = NP
t = NS

t = 4 and dR,P1 = dR,S1 =
dR,P2 = dR,S2 =

√
2/2. Scenario 1 provides the best BEP per-

formance for P2 as expected, which provides a BER value of
10−5 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 = MS = NP

t = NS
t = 4 and dR,P1 = dR,S1 =

Fig. 6. The effect of the relay position on the BEP performance of P2 for
MP = MS = N P

t = N S
t = 4 and Scenario 2.

dR,P2 = dR,S2 =
√

2/2. The best BEP performance is achieved
by Scenario 2 for SU, which provides a BER value of 10−5 at
34 dB while Scenario 1 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 P2 is depicted for Scenario 2 by moving R through
the vertical direction from the midst of P1 and S1 to the midst
of P2 and S2 when MP = MS = NP

t = NS
t = 4. The best bit

error performance is provided when the relay is equidistant to
all sources. When R moves to the midst of P2 and S2, the per-
formance becomes worse; however, a better performance com-
pared to the direct transmission between P1 and P2 is obtained.
If R is in the midst of P1 and S1, 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 10−4 for P2 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 PR/2 power per time
slot to limit the total power consumed by relay to PR. More-
over, 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 P1 and P2

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 P2 for Scenario 2.

Fig. 8. BER performance comparison of S2 for Scenario 2.

considered when MP = MS = M and NP
t = NS

t = Nt . To
make comparisons under the same spectral efficiency, the pa-
rameter values of M = 16, Nt = 4 and M = 64, Nt = 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 dR,P1 = dR,P2 = dR,S1 =
dR,S2 = dP1,S1 = dP1,S2 = dP2,S1 = dP2,S2 = 1. OPA parameters
are adopted as β = 0.9 and α = 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 PP1 , the
proposed protocol provides better BER performance than the
reference scheme. For example, the proposed protocol provides
a BER value of 3 × 10−3 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

Fig. 9. BER performance of P2 for Scenario 2

Fig. 10. BER performance of S2 for Scenario 2

TABLE IV
PARAMETERS (β0, α0) FOR dR,P1 = dR,P2 = dR,S1 = dR,S2 =

√
2/2 AND

dP1,S1 = dP1,S2 = dP2 ,S1 = dP2,S2 = 1

MP N P
t MS N S

t 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)

pair are given under the same spectral efficiency. As expected,
the proposed protocol gives a BER value of 3 × 10−3 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 10−5 is reached at 30.3 dB
when MP = 2, NP

t = 4,MS = 2, NS
t = 4 while for MP = 2,

NP
t = 4,MS = 8, NS

t = 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 P2 is
also investigated. The best BEP performance of P2 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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Ümit Aygölü received the B.S., M.S., and
Ph.D. degrees all in electrical engineering from
Istanbul Technical University, Istanbul, Turkey, in
1978, 1984, and 1989, respectively. From 1980 to
1986, he was a Research Assistant and a Lecturer
from 1986 to 1989, with Yildiz Technical University,
Istanbul, Turkey. In 1989, he became an Assistant
Professor with Istanbul Technical University where
he became an Associate Professor and Professor in
1992 and 1999, respectively. His current research in-
terests include MIMO systems, cooperative commu-

nications, cognitive radio, energy harvesting, and spatial modulation.

Ertugrul Basar (S’09–M’13–SM’16) received
the B.S.(Hons.) degree from Istanbul University,
Istanbul, Turkey, in 2007, and the M.S. and Ph.D.
degrees from Istanbul Technical University, Istanbul,
Turkey, in 2009 and 2013, respectively.

From 2011 to 2012, he was with the Department of
Electrical Engineering, Princeton University, Prince-
ton, NJ, USA, as a visiting research collaborator. He
was an Assistant Professor with Istanbul Technical
University from 2014 to 2017, where he is currently
an Associate Professor of Electronics and Commu-

nication Engineering. He is an inventor of three pending/granted patents on
index modulation schemes. His primary research interests include MIMO sys-
tems, index modulation, cooperative communications, OFDM, and visible light
communications. Recent recognition of his work includes the Young Scientists
Award of the Science Academy (Turkey) in 2018, the Turkish Academy of Sci-
ences Outstanding Young Scientist Award in 2017, the first-ever IEEE Turkey
Research Encouragement Award in 2017, and the Istanbul Technical University
Best Ph.D. Thesis Award in 2014. He is also the recipient of four Best Paper
Awards including one from the IEEE International Conference on Communica-
tions 2016. He was a TPC member for several IEEE conferences and is a regular
reviewer for various IEEE journals. He is currently an Associate Editor of the
IEEE COMMUNICATIONS LETTERS and the IEEE ACCESS, and as an Editor of
Physical Communication (Elsevier).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


