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Abstract: In this study, a new cooperative spectrum sharing protocol based on overlay system paradigm is proposed for
different relaying strategies. In the considered model, a single-antenna primary transmitter (PT) communicates with a primary
receiver (PR) by the assistance of a secondary transmitter (ST) which seeks an opportunity to realise spectrum sharing by
adopting spatial modulation (SM). The proposed protocol consists of two time slots. In the first time slot, primary M-ary
modulated signal is transmitted from PT to ST and PR. ST processes the received signal according to the relaying strategy it
adopts and transmits the processed signal by SM to PR and secondary receiver (SR) in the second time slot. Thanks to SM at
ST, primary information is carried by conventional M-ary modulation whereas secondary information is conveyed by antenna
indices. Therefore, the need for superposition of different users' information and power allocation at ST are avoided. Upper
bounds on bit error probability according to three different relaying strategies: fixed and incremental amplify-and-forward, and
selective decode-and-forward, are derived for both users. The theoretical results are supported via computer simulations and
error performance comparisons with two existing reference systems are performed to show the superiority of the proposed

protocol.

1 Introduction

Cognitive radio (CR) is an effective solution to cope with the
underutilisation and scarcity of the spectrum especially when the
growing demand for wireless communications and advancing
technologies are taken into account. Through dynamic spectrum
access, secondary (unlicensed) users (SUs), also called CRs, profit
by exploiting frequency bands of primary (licensed) users (PUs)
[1]. Since PUs have priority on frequency bands, SUs are able to
access licensed bands under certain conditions [2]. Consequently,
they must be smart devices that have the ability to recognise the
environment, adapt their transmission around them, and adjust their
transmission parameters such as waveforms, frequencies, access
strategies etc. [3]. Three main access strategies exist: underlay,
overlay and interweave. In underlay strategy, SUs are allowed to
utilise the licensed band through overlapping in frequency and time
with PUs if the interference level of SUs at the primary receiver is
below a given threshold. In overlay strategy, SUs realise spectrum
sharing by cooperation to improve the performance of PUs.
Therefore, transmission schemes of PUs and channel state
information are known by them. In interweave strategy, SUs need
to get information about the spectrum utilisation of PUs and exploit
space-time-frequency vacancies referred as spectrum holes to
communicate opportunistically without degrading the primary
transmission [4—6].

Spatial modulation (SM) is a promising multiple-input multiple-
output (MIMO) transmission technique to combat the drawbacks of
conventional MIMO systems such as inter-channel interference
(ICI) and inter-antenna synchronisation. In SM, only one transmit
antenna is activated during one signalling interval which prevents
ICI and reduces the receiver complexity. In addition, the need for
synchronisation between transmit antennas is avoided in SM [7, 8].
Since the activated antenna index conveys information along with
conventional M-ary modulation schemes, spectral efficiency is
improved by SM systems [9]. The bits conveyed by antenna
indices are mapped into spatial domain while the other bits are
mapped into M-ary constellation [10, 11]. Space-shift keying
(SSK) is a special form of SM which radiates a constant carrier
signal from the activated antenna, i.e. only antenna indices convey
information for SSK [12].
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Cooperative communications concept realises a virtual antenna
array by providing single-antenna nodes the ability to communicate
with their destination nodes through cooperation of another node
(relay). According to the behaviour of the relay, two main
cooperative signalling modes exist which are also called fixed
relaying strategies: amplify-and-forward (AF) and decode-and-
forward (DF) [13].

CR and cooperative communications are combined in [14-17]
where mitigation of mutual interference between PUs and SUs is
intended. In [14], a PU communicates with its receiver by a
secondary transmitter which acts as a selective DF relay for PU and
realises spectrum sharing. In [15], the same model is used;
however, SU adopts AF relaying. In both studies, SU exploits a
power partitioning coefficient to create a superimposed signal
which is composed of PU's and SU's information. At the secondary
receiver, through cancellation of PU's interference, the
performance of SU is improved; however, SU can allocate less
power to its own communication. Similarly in [16, 17], cognitive
two-way relaying systems have been proposed. While the former
proposes to exploit XOR-based DF, superposition based-DF and
AF relaying, the latter operates with network coding based DF
relaying. In all of these studies, a power partitioning is required due
to the superposition of users' information; therefore, mutual
interference becomes the main problem.

As expected, SM is gaining more and more attention for CR
networks and provides a solution to cope with mutual interference
in CR networks. In [18], several techniques such as adaptive
modulation, space-time block codes, power adaptation, transmit
antenna selection, and reconfigurable antennas, are combined with
SM and CR concepts. The trade-offs between performance, overall
complexity, energy and spectral efficiency are investigated. In [19],
the same authors have proposed adaptive SM for underlay CR
networks where energy efficiency is improved by SM and average
spectral efficiency is enhanced by adaptive modulation.

In this paper, through using SM at SU, a new cooperative
spectrum sharing protocol aiming to mitigate the mutual
interference and to eliminate power partitioning between users is
proposed. The proposed protocol is based on the overlay system
paradigm with two time slots. PU operates with conventional M-
QAM modulation; while SU which cooperates with PU, employs
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Fig. 1 Considered cognitive radio network configuration
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SM (N, antennas and M-QAM). Consequently, the need for
superposition of PU's and SU's information is eliminated since
information which belongs to different users, are carried in
different domains while the performance of PU is improved. ST
adopts three different relaying strategies:

* AF relaying in which ST amplifies and forwards the signal it
received to PR after a power normalisation.

o Incremental AF (IAF) relaying in which ST amplifies and
forwards the signal it received when the squared norm of
channel fading coefficients vector of PT—PR channel is below a
predefined threshold value. Otherwise, ST employs plain SSK
modulation to carry out its own transmission.

o Selective DF (SDF) relaying in which ST sends the decoded
primary signal along with its own information unless the
squared norm of the channel fading coefficients vector of
PT—ST channel is below a predefined threshold. Otherwise, ST
remains silent not to cause error propagation and interference at
PR.

Note that in IAF strategy, ST can amplify and forward the signal it
receives along with its own information when the link between PT
and PR is in outage; however, in SDF relaying strategy, ST remains
silent when the link between PT and ST is in outage in order not to
cause error propagation at PR, which is well-known for DF
relaying strategy leading to degradation at the bit error
performance.

The proposed protocol is compared with two existing reference
protocols of [14, 15] for BPSK modulation as a special case which
are modified for a fair comparison. The derivations are performed
for the general M-QAM constellations.

The paper is organised as follows. System model is presented in
Section 2. In Section 3, bit error probabilities (BEP) for PU and SU
exploiting different relaying strategies are derived. In Section 4,
performance evaluation results are given and comparisons are
provided with reference systems. Finally, Section 5 concludes the

paper.
Notation: Bold letters denote vectors as regular letters represent
scalar variables. E[.], |.]1and || . || stand for expectation, absolute

value and Frobenius norm operators, respectively. (.)T denotes
transposition while ()M stands for Hermitian transposition. fy(x)
and Fx(x) are probability density function (PDF) and cumulative
distribution function (CDF) of a random variable (r.v.) X,
respectively. Moment generating function (MGF) of a rv. X is
given as Mx(—s) = E[e™™] = [ foe"”‘ fx(x)dx. Laplace transform

0 -sx

of a function g(x) is denoted as G(s) = L{g(x)} = [/ e *g(x)dx.
K, (.) is the second order modified Bessel function while W), (. ) is
the Whittaker function. Y(.,.) denotes the upper incomplete

gamma function. erf(.) and erfc(.) are the error function and
a
complementary error function, respectively. (b) stands for the

binomial coefficient. €.4(0,6°) denotes circularly symmetric
complex Gaussian distribution with zero mean and variance ¢,
while I'(g, r) stands for Gamma distribution with a shape parameter
q and a scale parameter .
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2 System model and protocol description

In Fig. 1, the considered CR network, which is based on overlay
system paradigm, is given where transmitter-receiver pairs for PU
and SU are denoted as PT-PR and ST-SR, respectively. PT is a
single-antenna node while PR, ST and SR have N, N, and Ny
antennas, respectively. Complete transmission consists of two time
slots. Solid lines represent the first time slot while dotted ones
indicate the second time slot. The distances between nodes are
represented by d;,i = 1,2,3,4 which are normalised according to
the direct link, i.e. d, = 1. h, and h, denote vectors of the fading
coefficients for PT—PR and PT—ST links, respectively. h;; and
h,; are jth columns of the Ny X N; and N X N, channel matrices
H, and H, which are composed of channel fading coefficients
between ST—PR and ST—SR links, respectively. All fading

coefficients are assumed to follow €. (0,d;") where v stands for
path-loss exponent. We assume that the ideal channel state
information is available only at the receivers. All complex noise
components are assumed to be samples of zero-mean additive
white Gaussian noise (AWGN) process with variance N,,.

PT operates with conventional M-QAM modulation while ST
exploits SM (N, antennas + M-QAM). In the first time slot, the
primary M-QAM signal x, is sent by PT to PR and it is also
received by ST which seeks to realise spectrum sharing by acting
as relay for the transmission of PU. The received signals at PR are
given as

Yeri = hix, + npry, 6))

where h, € C""' is the vector of channel fading coefficients

between PT and Ny, antennas of PR and npgr, € e represents
the vector of AWGN components at PR. Since it employs a single
RF chain, ST selects the antenna with the maximum squared
absolute valued channel fading coefficient for reception, i.e.

h, = [h2]h22"'h2N,]Tv hyp = max; - 1,2,...N, |h2k|2- The
signal at ST is given by

x1

received

Yst = hofx, + nst (@)

where ngt denotes the AWGN component at ST. ST processes this
signal with reference to the relaying strategy it adopts and
generates the signal xgr. For DF relaying, xst=x, which is
obtained from

- . T
X, = arg min |ysy — hjxy| . 3)
Xp
For AF relaying, xst = fysr where f is the normalisation
parameter given as

— 1 .
r= E|lystl’] @

In (4), E[|yST|2] denotes the average energy of ysr. In the second
time slot, ST activates its jth antenna according to its n = log, N,
bits and broadcasts xgt to both PR and SR from this antenna. The
received signals in the second time slot at PR are written as

Ypro = s jxsT + npR2 ®)
where h,; € Nt
antenna of ST and N, antennas of PR and npg, € cMerx! i the
vector of AWGN components at PR. When ST adopts incremental
or selective relaying, in some cases, PR must exploit only the direct
link to obtain the primary information. In this case, x,, is detected
from

is the vector of fading coefficients between jth

A . 2
X, =arg min || ypg, — hix, || (6)
Xp
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In the cooperation case where ST applies SM, the decision metric
at PR is given by

)?’-p = arg IIlll'l {”yPRJ - hlxp||2 + ” Ypr2 — h3ijT ”2} . (7)
Xps J

When ST cooperates in the second time slot, the received signal
vector at SR can be written as

Ysr = hyjxst + ngr (3)

where h,; € clNrt

jth antenna of ST and Ny antennas of SR, ngg € Mt s the
vector of AWGN components at SR. The information conveyed by
Jj is detected from

is the vector of fading coefficients between the

Jj=arg min || ysg — hyxst |I°. )
XpeJ

3 BEP analysis

In this section, BEPs of PU and SU are analytically derived for
each relaying strategy. Since the average pairwise error probability
(APEP) calculations are similar in all cases, we refer the readers to
Appendix 1 and 2 for its derivation for PR and SR, respectively.

3.1 BEP analysis for primary user

BEP analysis of PU for AF, IAF and SDF relaying is performed in
this subsection. Note that PU is interested in only M-QAM
modulated signal.

3.1.1 AF relaying: ST amplifies the signal ygt, received by its
selected antenna in the first time slot by using the parameter f, i.e.
xst = Pyst, and forwards this signal to both PR and SR. The
received signals at PR in the first and second time slots are given in
(1) and (5), respectively. For AF relaying strategy, (5) can be
rewritten as

Ypro = PBhsjyst + ner,
= phyjhix, + Phynst + ner, (10)
= fh;jhix, +n

where f = 1/4/(|hi’Es + Np) is a normalisation parameter to ensure
the unit energy transmission from ST and Ej is the average signal
energy of M-QAM signal constellation. In (10), n = phyjngr + npr,
is the AWGN vector with components distributed as
~GN O, {(F || hsj I INp) + 1}Ny). Equation (10) is rewritten
with some modifications as

Yery = Ahyjx, + 1t 11

where 1 = [(ﬁh3jnST + npRz)/\/(ﬂ2 I hs; I’ /Ny) + 1] is the AWGN
vector with components distributed as ~ €4 (0, N,) and
_ Phoi
VB By P /N + 1

PR decodes the primary signal according to maximum likelihood
(ML) detection from (1) and (11) as

x, = arg min || ypr, — bix, [I* + || Yero — Ahyjx, |I”. (12)

Xps J

APEP for the multiple access channel (MAC) to PR which consists
of PT—PR and ST—PR links, can be given by (from Appendix 1)

1 /2 _ 1 _ 1
ApEP=1 [ M M do 13
zr/o 7'(4N0sin20) yMAC(4Nosin29) (13)

where 7, = || hi(x, — %,) " and its MGF is given for Rayleigh
fading channel as

pr

My,(—s) = (14)

v
1+ slx, —x,l°

Furthermore in (13)

" _ 18926
MAC (74/Npr) +Egy, + Ny

where 7, = |mil, 7= Il hyjx, —haj%, I and y,= || by |>. To
calculate the APEP, CDF and then MGF of yy\ac are required;
however, it is not feasible to continue the analysis since yyac 1S
composed of three different r.v.s and two of them, y; and y,, are
correlated. For the analysis to be tractable, the expected power of
hyj, ie. E[ |l hy; 1= Npd;’, is used in spite of y, in yyac.
Therefore, ypac = (7.73/ (Esy, + C)) where C = d;" + N,. PDF of y,
can be given as fr(X) = N/ Qoexp( — x/€2,)
[1—exp(— M ,x>0 in  which Q,=d;" while
75 ~ T(Npr, €25) [20] where

if j=j
if j# ).

-V A2
dy"1xp — X,

& (Ix, P + 1%,P)

CDF of yyac can be calculated with the help of (3.471.9 in [21]) as
(see (15) and (16)) where F,(.|p,) is the CDF of the rv. y,

conditioned on y,. M, (—s) can be calculated from the Laplace

(z) (by using 6.643.3 in [21]) as (see (16)) where

N,(ES)m [(C/Qz)(k —-m+1)

\/le+m+k>(n + l)m—k+1

transform of F, , .

(= 1Y'(m + 1)!( )(N’_l
n

k
m

A=

Since a closed-form solution cannot be found when (14) and (16)
are substituted in the APEP of (13), the integral in (13) can be
calculated numerically and the BEP of PU is given approximately
as

MAC 1 n(x,, x,)
PYAC —MNt; ZX:APEP—”k L 17

Fpunc@) = _[ an[z(Es +%)|yz] £, dx

Ny —1

=1- Z

b)) DB N S )
k=0 m:071:0k!(\/n+1)m7k+]m n Qz

m+k+1
z Es zC
W) ool [2fmge )
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where k = log, M and n(x,,x,) denotes the number of erroneous
bits related to x,, when the SM symbol x = (x,, j) is transmitted and

%= (&, j) is decided.

3.1.2 IAF relaying: In this strategy, if the squared norm of channel
fading coefficients vector of PT—PR link is below a given
threshold, PR requests ST to forward the amplified primary signal,
i.e. xsT7 = Pyst, and exploits MAC to PR. In this case, ST uses SM
to simultaneously send the primary and secondary information.
Otherwise, PR uses only the direct link to obtain the primary
information and ST exploits SSK modulation to transmit its own
information to SR in the second time slot.

When the squared norm of channel fading coefficient vector of
PT—PR link is below a given threshold, an outage event occurs for
this link whose probability is given as

Per_pr = Pr(l b I’ <y = Pr(y, <y = F, (i) (18)
where y, = || h, ||> ~ ['(Np, 1), and 7 is the optimum threshold
value which gives minimum BER and determined via experiments.

BEP of PU for IAF relaying is calculated as

Py = PRTprPy 4 (1 = PR b)Y (19)

AC is obtained using (17) and P is the BEP of direct link
conditioned on y, > yiiF

M
where Py
which is expressed as

« Fn(®
PP = / Ppr_, yl—d .
b 7[1}<\F PT PR(elx)(l — FV](}’[AF)) (20)

and BEP of the PT—PR link conditioned on x, is given as

Ppr_pr(elx) =

— Derf’(yax)}

M -1
M(rlo—gzM){(W — 1) + 2erfe(yJax)- (VM o

where @ = 3Es/(2No(M — 1)). The result of (20) is obtained as

M -1 =
pt?=m\/l_o—g2m{(\/ﬁ—l)+2:.—(\/ﬁ—l)6} 22)

where
= 1 IAF
BE= erfc(yJayi )Y (N, i)
(-F (yIAF))(Np,—m[ (Vark P e
M Y (m + 0.5, 721 + )
_(Npr_l)!\/% Z ylhm+0.5
e m!(1+a)

and U= fylAFerfz(\/a_x)fn(xl;/] > yitF)dx which is numerically

th

calculated. APEP for IAF relaying is given as

APEP ]/MM —byp = &P, ( )de (23)
T wJe  ANgsin’d | M 4Nsin’e

where M, .(—s) is the same as defined in (16) and M,,(—s) can

be calculated from

IAF

Yth IAF
M, (=s) = f e, Gy, < 740 dx 24)
0

where f,(.ly, < yi") is the PDF of y, conditioned on y, < "
and is obtained from [22] as

e
Frxly, < 7 = F,; T < 7.

With the help of (3.351.1 in [21]), the closed-form solution of (24)
is found as

v (1 +59)

Npe
! ) ’ ! 1—exp[—

T+s) F, o0

S
; ol [78F(1 +9)]

Mh(—s) -

(25)

APEP is obtained by substituting (25) in (23) and calculating the
integral numerically. PMAC can be found from (17) by using the
result of (23). After PYAC is substituted in (19) with PD of (20),
BEP of PU is finally obtained for IAF relaying.

3.1.3 SDF relaying: In this scenario, ST decodes the primary
signal in the first time slot, i.e. xg7 = X,, and activates jth antenna
among its NV, transmit antennas based on its own information, then
forwards the primary regenerated signal from its jth antenna if the
squared norm of chosen channel fading coefficient of PT—ST link,
i.e. I, is above a predetermined optimum threshold, i.e. 75,
which minimises the BER for PU, found via experiments, i.e.
Ihi* > ySPF. Otherwise, an outage event occurs for PT—ST link.

The outage probability of the PT—ST link can be expressed as
P st = Pr (il <7 = F,(ri™)
SoF\ N (26)
=1 - exp|— Yth
Q,

|h,il>. When ST cooperates, PR decodes x, by the ML

where y, =
detector as

A . 2
Xp = arg min {|| Yori — hux, |17+ | ypro —

Xp

by 17} 27y

APEP of the PU for SDF relaying is given by

1 [ 1 _1
APEP = — M M, —|dé
z .[ n ( 4N()Si1120 ) VMAL( 4NOSiIl'9)

2 Nor
f H( sin* 0 ) 40
Ahlisin®0+¢

where n=1 G, =31
¢ =(lx,— x,,l /4N,), and ¢, =

mvac = |l hjx, — hyjx, I,
(A/4N,) with

if j=j
& (1, P+ 15,0) 0f j# .

-V A2
dy"lx, — x|

My, s)_sff{ VMAC(Z)}
Npe—1 &

&' Aexp((C(n + 1))/(2Qu(Es + 5Q.)))

k=0 m=0n=0

o | S5 _ContD
C(n+ 1) ((m +k +2)12),(m -k + 1)/2) QZ(ES+SQ3)

1762
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The closed-form expression for (28) is given [23] as

_ Ny —1
ApEP = @/ D (a2 )ks Ii(e»
2(er—e)le)™ | Gy e )T
. (29)
_ﬁ pz (Cz )ERka(c)
C =0 G !
where

N,

(= )M N, = 1= 0! 1-*’[

Sk = — —
N —k = D!2Np = D!

(2Npr_n)
n=1ln#k+1

k(N — 1
Nw-l(—l)”w“‘(n)( " ) Ny
Re= ) N1 I @ve-m
n=0 (Npr_l)’( pr ) m=1lm#n+1
n

and

Lc)=1-

2 @n— DN

i n!12"1 + )"
with double factor denoting the product of only odd integers from 1
to 2n — 1. PMAC is upper bounded by using (29) in

(%2 %)
PQ/IAC < M_N,Z ZAPEP L (30)

BEP of PU for SDF relaying is calculated as
Py = PR 1Py + (1= PR sIPy Porop + (1 = PROPYT (31)

where Py is the error propagation probability, which is equal to

d;" /(1 +d;") for Ny =1 and, it is also numerically verified that

Pyop = d5"/(1 +d;") for Ny > 1. Py" is the BEP of PT—ST link

SDF

given that y, >y~ which is calculated as

I
pST = / Ppp . ) —227 4
b /SDF PT ST(e )l —F (},SDF 7 (32)

where Ppr _, s7(elx) is the error probability for M-QAM modulation
conditioned on x which is given in (21). The closed-form solution
of (32) can be calculated by computer software.

PP is the BEP of direct link over Rayleigh fading channels
which is given as

- il - -]

where

0

3Ey(log, M) 4 2 (= D" gnsr
o' .

= 3Eydog, M) + 2N =1 © 7 7 2+ 1

3.2 BEP analysis for secondary user

In this section, BEP analysis of SU for AF, IAF and SDF relaying
scenarios is performed. Note that SU is interested in only antenna
indices.

3.2.1 AF relaying: Similar to the PU's analysis, (8) can be
rewritten as

Ysr = Phyjhix, + Phynst + nsg = Phyjhix, +n (34)

where h,; € ¢! is the vector of fading coefficients for the
channel between jth antenna of ST and Ny antennas of SR,
n = ph,nsr + nsg € ¢! is the AWGN vector with components
distributed as ~ G4 (0, (5 || hy; |I* /Ng) + 1)Ny). Equation (34) is
rewritten as

1

ySR = Bh4jxp + ﬁ (35)
where

_ Bhii
VB R P INg) + 1

with = 1/4/|i’Es + N,. SR detects the secondary information by
the ML detector as

Jj = arg min || ysg — Bhyx, ||’ (36)

Xps j

APEP is expressed for AF relaying as

1 [™ —1
APEP = — M, |———|dé 37
7 [ ySR( 4Nosin29) 37
where ysg = IBI'|| hyjx, — h,j%, ||°. Substituting B into ysg, we
obtain
_ |hzlg|2” h4jxp - h4/A')ACp ”2 _ VoV
VSR =

|th€|2Es + (|| hyj ”2 /Ng) + Ny " 1Es + (rs/ Ny + No
where 7, ~ T(Ng, Qy), Q = d;"(Ix,I” + 1x,I°) and y; = || hy; |I°. For
the analysis to be tractable, we use the expected power of h,j, i.c.
E[ || hyj II* 1 = Nyd;". Therefore

il b, = R, I
T hifE+ "+ N,  rE+C

where C = d;" + N,. Following the similar steps as in the APEP
calculation of PU when AF relaying is adopted, the MGF of ysg
can be obtained as (see (38) and ) where (see equation below)

Ng—-1 k N,—-1 0.0
MySR( -s)~1l-s kZo mgo nZ Aﬂﬁwf((mkn)/z) (m-k+1)/2)

(38)
Cn+1)
Q) (Es + sQ,)
n k Nf -1 m k-m+1
(= D'(m+1)! IN(Es)"\/(C/Q,) Vexp((C(n + 1))/ 2Q(Es + 5Q4)))
m n
A= .
VO P+ 1R EST) + )"
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APEP is calculated by substituting (38) in (37). Since a closed-
form solution cannot be found for the integral of (37), it can be
calculated numerically. Finally, the BEP of SU can be
approximated as

~ MLN, >y APEP@ (39)

where k = log, N, and n(j, j) is the number of erroneous bits related

to j when the SM symbol x = (x,, j) is transmitted and x = (%,,, j)is
decided.

3.2.2 IAF relaying: There are two different transmission scenarios
for SU with IAF relaying strategy:

* Scenario 1: When the direct link between PT and PR is in
outage, ST cooperates and broadcasts the amplified primary
signal from its jth antenna by using SM as in AF relaying.
Secondary information is detected for this scenario from

j= arg H}in | ysg — Bhux, |I” (40)

P> J
which is given in the previous subsection.

» Scenario 2: When an outage event does not occur for PT—>PR
link, PR does not need the amplified copy of the primary signal
from ST. Therefore, ST exploits SSK modulation for its own
information and sends an SSK signal to SR. In this case,
secondary information is detected from

Jj=arg min || ysg = hu; |I°. (1)
j
BEP of SU for IAF relaying is given as

Py = PP _pr + PoN(1 — PRY p) (42)
where PEM stands for Scenario I and is obtained from (39). PS¥_ pr
is the outage probability of the direct link which was given in (18).
PS% is upper bounded for Scenario 2 by

N( A
Pk < Z APEPSSKlO(j ) (43)

] =1 j=
where n(j, j) is the number of the erroneous bits in detection of

antenna indices when the SSK symbol ; is transmitted and ] is
decided, and APEPgs is given as

l /2 _ 1 1 /2
APEPs=— | M, |——|do=—~
K™ 7 [ m( 4N,sin® 0) T [

s

where yor = || hyj— by} I, w(e) = eI+ 0), ¢ = (A/4N,) and
A =2d;". Finally, BEP for SU in case of IAF relaying is obtained
by (42) after (44) is substituted in (43).

sin’ 6
sin’ @ + ¢

]d@

3.2.3 SDF relaying: When SDF relaying is adopted, ST
cooperates only when PT—ST link is not in outage. Otherwise, ST
remains silent. When ST cooperates, the secondary information is
detected from

Jj=argmin || ysg — hyx, |I*. (45)

XpJ
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APEP is given by
1 2 _ 1
APEP = — M, | ———
7 J, ’SR(4anin29)
1 2l sin0 Ny
=— ————| do
T, |sin®@+c (46)
1-—
- Z ( )( “‘))]
where ysg = I| hupx, = hijx, I, () = V(c/(T+0)), ¢ = (A/4N,)

and 2 = d;"(Ix,I” + 1x,I°). BEP can be upper bounded by

PM< MN, ZAPEP (jk / ) 47

4 Performance evaluation

In this section, we provide theoretical and computer simulations
results for the proposed protocol and make comparisons with two
reference systems in [14, 15], respectively, where both users
exploit conventional M-QAM modulation and superposition
coding. As aforementioned earlier, ST adopts SDF and AF relaying
in [14, 15], respectively; however, we have modified these
reference systems and protocols to make fair comparisons by
adopting receive antenna selection at ST and exploiting multi-
antenna receivers. Comparisons are made in terms of Ep/N, where
E, is the average energy per bit at PT for all relaying strategies.
BER performances of the considered systems are compared for
M = 2,4 and 16 and the distance between PT and ST is taken as
d, = 0.5 for all modulation orders. d, = 0.8 is also considered for
the M = 4,N; = 4 and N, = 2 case. It is assumed that d; = |d, — d,|
and d, = d, = 1. The distance between PT and SR in [14, 15] is
considered as ds = 0.5. Note that in both modified reference
systems, ST allocates 75,93.75 and 99.6% of its power for the
transmission of primary signal for M = 2,4 and 16, respectively.

Threshold values are obtained by a semi-analytic method as
follows: In the first time slot, the received signal-to-noise ratio
(SNR) values at ST and PR, which are Ih,; > E/ N, for SDF relaying
and || k, ||* E¢/N, for IAF relaying, respectively, are compared with
a positive number y to determine whether ST will be active or not.
The comparison is made for all values of y in the range of 1 to 500
for SDF relaying and of 100 to 500 for IAF relaying. The BEP of
PR is calculated by substituting all values of yN,/E instead of
YiAFSDE) for each SNR value in (19) and (31). The 7 value, which
provides the minimum BEP at PR, is obtained. Finally, the
threshold value for SDF or IAF is obtained as yy, = yNy/E;.In
Figs. 2-5, the BER performance curves of PU are provided for
M = 2,4 and 16, and compared with the case without spectrum
sharing in addition to the modified two reference systems. It can be
seen from Figs. 2-5 that the BER performance of PU is improved
by cooperation and the proposed protocol which adopts SDF
relaying provides the best BER performance, while the proposed
protocol with AF and IAF relaying provides equivalent BER
performances. In Figs. 2 and 3, the BER performance curves of PU
are depicted for M =2, d,=0.5 when N, =1 and Ny =2,
respectively. In Fig. 2, the best BER performance is obtained when
SDF relaying is adopted for the proposed protocol. In Fig. 2, PU
for IAF and AF relaying exhibits equivalent BER performances
since PR requires an amplified copy of the primary signal
frequently. Compared with the modified reference system in [14],
the proposed protocol adopting SDF relaying provides better BER
performance in all cases. When ST adopts AF or IAF relaying, it
provides a better BER performance than that of [15] in all cases.

In Fig. 3, the BER performance of PU is given for N, = 2. The
proposed protocol using SDF relaying exhibits the best BER
performance in Fig. 3 since the probability of correct decisions at
PR increases as the number of antennas at PR increases. It is
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observed from Fig. 3 that the proposed protocol outperforms the
modified schemes of [14, 15] in all cases.

In Fig. 4, the BER performances of PU are provided in terms of
the distance (d,) between PT and ST. BER performances of PU are
provided for M = 4, N, = 4 and N, = 2 whend, = 0.5 and d, = 0.8
It can be seen from Fig. 4 that the proposed protocol adopting SDF
gives the best BER performance. As d, increases from 0.5 to 0.8, it
provides the worse BER performance since the quality of PT—ST
link decreases.

In Fig. 5, the BER performance curves of PU are given for
N;=4 when M =4 and 16 and N, = 2. The proposed protocol
adopting SDF relaying with M =4 provides the best BER
performance. It exhibits 2.25 dB improvement compared with that
of AF and IAF relaying at a BER value of 107°. When M = 16, the
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proposed protocol for SDF relaying provides 5 dB enhancement
compared with that of AF and IAF relaying at a BER value of 10~°.
Note that when M > 2, the reference schemes cannot realise
spectrum sharing since ST must allocate its 93% or more of its
power to PU. Hence we only consider the case of BPSK.

Finally, in Figs. 6 and 7, the BER performance curves of SU are
provided for M = 2 and 16, respectively. Note that Ny, = 2 while
N, =2 for Fig. 6 and N, =4 for Fig. 7. In Fig. 6, the proposed
protocol using SDF, AF and IAF relaying strategies are compared
with two modified reference schemes. It can be seen from Fig. 6
that IAF relaying provides the best BER performance. AF relaying
reaches the BER value of 107° at 16 dB while the modified
reference scheme of [15] reaches this value at 17 dB. SDF relaying
provides about 1.2 dB enhancement in Ey/N, compared with the

modified reference scheme of [15] for a BER value of 107°. In
Fig. 7, SDF relaying exhibits the best BER performance for SU.
Moreover, by operating IAF relaying, the BER performance of SU
approaches to that of SDF relaying at high SNR values since ST
switches to SSK modulation. As seen from Fig. 7, for higher values
of as above 20 dB, which provide much lower BER values,
computer simulation results and upper bound curves are in perfect
match for AF and IAF relaying. In AF relaying, the SU realises
spectrum sharing in all cases. Note that for M =16 in two
modified reference schemes, SU cannot realise spectrum sharing
since ST allocates 99% of its power for the PU's transmission.

In addition, upper-bounds become tighter for lower modulation
order (M) and number of transmit antennas at ST (&) in SM and,
asymptotically converge to the computer simulation curves at high
SNR values. We observe from Figs. 2, 3 and 6 that the theoretical
curves are in very close agreement with the computer simulation
curves for smaller constellations.

5 Conclusion

In this paper, a new cooperative spectrum sharing protocol for CR
networks using SM at SU has been proposed where ST
communicates with its receiver by also acting as relay for PU.
Under three different relaying strategies, BEP performances of
both users have been investigated and compared with two modified
reference systems and the non-cooperation case. Thanks to SM,
antenna indices carry secondary information as ordinary M-ary
modulation conveys the primary information at ST. Therefore, ST
can use its whole transmission power for both PU's and its own
transmission. Moreover, the need for superposition at ST and the
link between PT and SR is eliminated. Consequently, SU's
transmission takes place in favourable conditions while the BER
performance of PU is improved due to cooperation. In terms of the
considered relaying scenarios, it has been shown that SDF relaying
provides the best BER performance for PU. By adopting
incremental relaying in AF, ST can switch to the use of SSK
modulation to convey its own information. Furthermore, the
proposed protocol has shown better BER performance compared
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with two modified reference schemes based on superposition
coding. The extension of the proposed protocol to the case of

multiple secondary transmitters employing beamforming methods
for interference cancellation can be considered as a future work.
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8 Appendix

8.1 Appendix 1: APEP calculation at PR

The received signals at PR in the first time slot and the modified
received signals in the second time slot are given, respectively, by

YprR1 = h]xp =+ npRr, (48)
Ypro = Ahyjx, + 1. 49)

When the SM signal x = (j,x,) is transmitted and it is detected as

)%:(]A',)%p), APEP is calculated as follows. PR decodes x,
according to the ML detector from

x, = arg min {|| ypr, — 2x, *+ || Ypro — Absjx, |1} (50)

Xpy J
Then, CPEP is calculated from (50) as
CPEP = P(|| ypr, — lx, |I” + || Ypro — Ahsj, ||

> || yer, = I, I+ 1| Yoro = Ahjx, V| ) (1)
= P(D > Olhy, hy)

with the decision variable given by

D= — | hx,—h3, |* = |AF| hyjx, — hyj%, | )
—2Re(nbk,(hix, — hix,) + Aii (B, — hijx,) )

The expected value and variance of D are given, respectively, as

A 2 A 2
mp= — || hlxp - hlxp "= |A|2|| h3jxp - hsfxp I

op = 2Nl hix, — hix, |I” + AP hyjx, — hyjx, 1) .

Using Craig's formula
1 7T/2 x2
== ———|dé,
o) n[ exp ( 2sin29)

IET Commun., 2017, Vol. 11 Iss. 11, pp. 1759-1767
© The Institution of Engineering and Technology 2017



we obtain

CPEP = P(D > 0|y, b)) = Q(_@)

op
/2 +
= lf exp(——yl Y,Mfc)dﬁ
zJ, 4N,sin @

By calculating the expected value of (53) over channel fading
coefficients, APEP is obtained as

APEP = — M M. do 54
n [ 71(4Nosin20 MMAC\ 4 N,sin’d (54)

where 7, = [| 1, = ) I, rmac = APl hyjx, = haji, |I°. Note
that for SDF relaying, ypr, = ¥pr, and A = 1.

(53)

8.2 Appendix 2: APEP calculation at SR

When ST exploits SM, the modified received signal vector at SR in
the second time slot is given by

ySR = Bh4jxp + ﬁ . (55)
The antenna index is detected from

J = arg min || ysg — Bhyx, || (56)

Xps

With some modifications in APEP calculation of the PU, decision
variable for the SU can be written by

D= —BP|| hyx, - hx, |’ — 2Re{BﬁH(h4jxp - h4})Acp)} . The
expected value and variance of D are given, respectively, as

2 N
mp= — |B|7” h4j-xp - h4jxp II°

> A2
0'%) = 2N0|B|7|| h4j-xp - h4;xp 1"

CPEP can be written as
CPEP = P(D > Olh,) = Q(—@)
op

1 712
= ; [ €xXp

For SU, APEP is obtained as

] /2 _ 1
APEP = — M, |———|dé@ 58
b4 [ VSR( 4Nosin29) (58)

where ysg = |B[|| h4jx,,—h4})%p II. Note that for SDF relaying,
yse=ysg and B=1. In addition, when ST exploits SSK
modulation as in IAF relaying, B = x,, = 1 can be considered.

A 57
CIBPI g, — B, I e

4N,sin® 0

Joo.
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