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Abstract

In this paper, we derive the theoretical Symbol Error Probability (SEP) of cooperative
systems with best relay selection for Nakagami-m fading channels. For Amplify and Forward
(AF) relaying, the selected relay offers the best instantaneous Signal to Noise Ratio (SNR) of
the relaying link (source-relay-destination). In cooperative networks using Decode and
Forward (DF), the selected relay offers the best instantaneous SNR of the link between the
relay and the destination among the relays that have correctly decoded the transmitted
information by the source. In the second part of the paper, we derive the SEP when all
participating AF and DF relaying is performed. In the last part of the paper, we extend our
results to cognitive radio networks where there is interference constraints : only relays that
generate interference to primary receiver lower than a predefined threshold T can transmit.
Both AF and DF relaying with and without relay selection are considered.
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1. Introduction

Cooperative diversity is a new promising concept [1-4] that allows to create a virtual MIMO
(Multiple Input Multiple Output) system without requiring multiple antennas at the transmitter.
It consists in using the antennas of neighboring relays to forward the transmitted signal by the
source. Cooperative protocols are usually classified into two categories : the Amplify and
Forward (AF) scheme in which the relay amplifies its received signal and the Decode and
Forward (DF) scheme where the relay decodes and re-encodes the received signal. Bit Error
Probability of cooperative systems using AF or DF strategy have been evaluated in [5]-[6].

2. Related Work

These conventional cooperative protocols require N+1 channel resources, i.e. one for the
source and N for the relays, which reduce the system spectral efficiency. To solve this problem,
a new cooperation protocol called Selection AF (S-AF) was introduced in [7]. In S-AF, only
the relay with the highest SNR of the relaying link (Source-Relay-Destination) is chosen as the
active relay. It has been shown in [7] that S-AF offers better performance than conventional
AF. An asymptotic BEP of S-AF for Rayleigh fading channels has been derived in [7]. A more
accurate lower bound of the BEP of S-AF for Rayleigh fading channels has been derived in [8].
However, the exact SEP of S-AF has not been yet derived and there is no study for
Nakagami-m fading channels.

In [9], the capacity outage probability of S-DF has been derived. In S-DF, the selected relay
has the highest SNR of the relay to destination link among the relays that have correctly
decoded. To the best of our knowledge, the BEP of S-DF has not been yet derived for Rayleigh
or Nakagami-m fading channels.

More recent papers studied the performance of cognitive radio networks in the presence of
Nakagami fading channels [23-30]. Cognitive radio networks improves the spectrum
utilization. Primary users (licensed users) and secondary users (unlicensed) share the same
spectrum. In underlay cognitive radio networks, the generated interference from secondary
users to primary users should be below a predefined threshold in order to not degrade the QoS
(Quality of Service) at the primary receiver. In [23-24, 26-28], AF relaying with a single AF
relay was considered. Multihop relaying was studied in [25] in the presence of interference
constraints. Secrecy performance of cognitive radio networks with DF relaying was
investigated in [30]. A network containing a single DF relay was studied in [30].

The innovation of the paper are as follows :

- Derive the exact SEP of cooperative systems using Selective AF or Selective DF relaying for
Nakagami-m fading channels. The different links are assumed to be i.ni.d. Exact SEP is not
available in the literature.

- Study both all participating relaying and relay selection and derive the diversity order.

- Derive lower and upper bound of the SEP when AF relaying is used.

- Study cognitive radio networks with multiple relays. Previous studies consider a single relay
[23-24, 26-30].

- Derive the diversity multiplexing tradeoff for underlay cognitive radio networks. To the best
of our knowledge it is not available in the literature.
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Sections 3 and 4 study selective AF and DF relaying for Nakagami channels. Sections 5 and 6
consider all participating AF and DF relaying. Cognitive radio networks are analyzed in
sections 7 and 8. Simulation and theoretical results are given in section 9. Conclusions and
perspectives are given in section 10.

3. BEP of cooperative S-AF

As shown in Fig. 1, we consider a wireless communication system with N relays Ri, a source S
and a destination D. In the first phase of the transmission, S broadcasts the signal x to D and all
the relays Ri. In the second phase, the relay which offers the highest total SNR of the relaying
link S-R-D is selected. The selected relay Rsel amplifies the received signal and forwards it to
D. Relay selection requires some signalization and is performed by a central node. Some
signalization is sent from the central node to activate the best relay. Both the Channel State
Information (CSI) of first and second hop of different relays are sent to the central node (2N
CSl are required were N is the number of relays). The central node uses the CSI of first and
second hop to deduce the end-to-end SNR for each relay using (3). Then, the central node
compares these end-to-end SNR and sends some signalization to activate the best one with the
largest end-to-end SNR. Signalization is the drawaback of relay selection.
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Fig. 1. System model.

Assuming that D combines the signals received from the source and the selected relay using a
Maximum Ratio Combining (MRC) approach, the SNR at D is given by [5,7]

I'p=Isp+Tskr..D (1)
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where
r‘quSEFrD — lI‘:_Ii]iH‘:__f?\']_—“QRED‘ (2)
I'srIr;.D
I'sr.p= : (3)
- Tsp+Trop+1
I's.p = \;.o |qu\ Ls R = \;R \fﬂ?\ TRi.D = \R .D ‘fmﬂ\

I'xv is the SNR between nodes X and Y, fxy is the channel coefficient, Eq (resp. E;) is the
transmitted energy per symbol by source (resp. relay Ri), Nx v is the noise power spectral
density of link X-Y. The BEP is therefore given by

pS—AF 4//@ \/B(J +u)) prop(@)pres  p(wdedu, (4)

where A and B depend on the considered modulation (for example, A=1,B=2 for BPSK), Q(x)
is the Marcum Q-function, px(X) is the Probability Density Function (PDF) of X.
For Nakagami-m fading channels, we have

]}
—

o msp _mg p—l1 _mS.D‘r

mag T L=

Prsp(®) = <——5’D) e 'SP,z >0 (:
I'sp I'(mg p)

I'(.) is the gamma function, ms is the fading figure and

Tsp=E[sp)

E(Y) is the expectation of Y.

N
pfs.ﬁ__ﬂ.p(m): ZPTGR .D H PT‘;H (@), (6)
i=1 Jj=lji

Px(x) is the Cumulative Distribution Function (CDF) of X. The CDF has been derived in [10]
(equation (12)). By taking the derivative of the CDF, we obtain
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where
CL=k/(IN(k=1)!), K,(.) is the n-th order modified Bessel function of the second kind.,

msgr,—Ll p mp . p—1 [ i (l—r—1)/ T
o : { Ckcr]ng_,__g—l N G 1)/2 — (2k—l+r+1)/2
PRI DI Sl Sip it -
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4. BEP of cooperative S-DF

For S-DF relaying, each relay having correctly decoded sends to the central node some
signalization so that it can be a candidate relay. The destination sends the CSI of second hop of
all candidate relays to the central node. Then, the central node compares the SNR of second
hop of all candidate relays and activate the best one with largest second hop SNR.

The BEP of S-DF can be written as
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PS=PE =% Iﬂff pr(A), (8)
P

where A is the set of relays that have correctly decoded,

pr(A) = [[(1 = Per,) || Pex, (9)

icA jgh
Pe i is the average SEP at relay Ri,

. : ms. R, i
5 I l—psR | 18R, .
Pep, = A {T} Z Cfnqﬁk I (T) : (10)
BT’ /2 .
US.R = il . (11)

\,- ms g, + BTs.r, /2

and

PsilDF =4 / / Q) (\,.-'B(J: 4 u]) pfs_D[.1:]p1—5,_8£|_\‘_5(ujd.}:du. (12)

Reea IS the selected relay in set A. This relay offers the highest SNR among relays that have
correctly decoded :

l-Rsei_‘-l-D = max l-R._.D- (13)

-
—

Therefore, the PDF of the SNR is given by

pIRSEAD ZPIRD ) H Pl"Rj,D(‘r)v (14)

i€A JEA jFEI

C(mg D.TR Du)
R.i._D

I'(mg, D)

G( m,u) is the incomplete gamma function, prg;p IS written similarly to (5).

: (15)

H1Ri,D(u) =1-

5. AF with all participating relaying

The SNR at D is the sum of SNRs from all N relays [21-22] since MRC combination is
performed
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N

Ilp=1lgp+ Z l'sr..D (16)
k=1

e s T _

I's ..o = Sl k. L (17)

1+ I'sg, +1'r..D

In order to obtain simple equations, the following lower and upper bounds will be used
up

I t‘?-lj?;_--D = 5??’.‘??‘.‘{1 5-&.—‘1}?;.--5} < l-‘;-EJ.--D <l SR.D — mm{l S, Ry I E.l.--D} (18)

We have

Y
Lo <T% =Tsp+ 3 [ o (19
k=1

5.1 Lower bound on SEP

In the following, we derive a lower bound of the Symbol Error Probability (SEP) using the
above upper bound on SNR. In next subsection, we explain how we can easily plot an upper
bound of the SEP using the above lower bound on SNR. The MGF of SNR can be written as

N
}.Llr;p (8) = Mr. ,(s) H f\ll—;ﬂnﬂ (s) (20)
k=1 )
where
T —mg o
Mr. ,(s) = (1 + 3 ”-D) (21)
ms.p
The CDF is equal to [11]
Free (v ) = 1-P(l'sp, =7)P(U'p.p>7)

Mz R, mg,. .0
G (”"'59-3;.--'_&'1—_ ~ G'(mgk_p.-—*-—r ~
51, Ry, D

|:m_=,‘_}?h — 1:]![??1'5:}___}3 — J.II

(22)
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where G(.,.) is the upper incomplete gamma function
oo
Glz,y) = / e T dt (23)
Sy
The PDF is obtained by a simple derivative of above equation

mg TSRy L
Prue fn) = |:( __h.ﬂ.,u,-) J_:I,ms_nk—le R |

ER,.D"

8.R,
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g, 1
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(24)

A Laplace Transform (LT) of the PDF gives the MGF (Moment Generating Function) [19]

Mypur rs-}=(h“5‘.n-*) HIE-RA(I”H.&.D) T (msm + map = 1)!
T, 0 Tsn, Tr.p (ms.p, — 1) (mp,.n—1)

| LS N
[ 1 > |- ; s n, té
aF1|1,ms R, + ma, pimsr, + 1 ST +
]

mR, . D
M3, Ry = =k 4
s n, Um,.D

TI'lRJ‘..D + .

5 o &
1 -y ) ) ; Ury.o

aFy | Lomsg, + ma, pime, o+ s 2

Mp,. D = & Z TR
SRy, Ry.D

1
(m_c_'_nk + mE,. D +8

Us.a, Cg,.n

X

)mg_nk +mpR,. D

(25)

oF1(.,.,.) is Gauss' hypergeomeric function.
If the fading figure of the first hop is equal to that of the second hop and average SNR of first
hop is equal to that of the second hop, we have

mg g, =mpg..p=mgand U'sp, =Tgr, p=pi

2m,. R
Mpr  (s) = (”“f) (2my — 1):

I

$: Ry, D my ((mg — 1))
2 —k o+ s
X kagFl (l?mkmk—lgfn‘tk—) .
()-) e

(26)
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Our results are valid for any channels and the above equation is provided for the case that the
fading parameter of the first hop m is equal to that of the second hop.

The Symbol Error Probability (SEP) for I-PSK modulation is equal to [19]

ap _ 1 pU=I/d gPSK -
IE’D = — _l_frl-'ﬂ T df ItEI_J
1]

oo\ gin“ ()

o =

where gpsrx=sin’r /I and Mrpur is computed using (20), (21) and (25).

5.2 Upper bound on SEP

Let
Y =T »
X = r S.R..D
We have
Y=X 2

Therefore, the CDF, PDF and MGF of Y can be deduced from the following simple equations
Py(u) = Px(2u), CDF

py(u) = 2px(2u), PDF

My(s) = E(e™) = Mx(s/2), MGF

Having the MGF of relaying link, we can easily deduce an upper bound of the SEP using
results of previous subsection.

6. DF with all participating relaying

Let 0 be the set of relays that have correctly received the transmitted symbol by the source. It is
assumed that all relays transmit over orthogonal channels. The symbol error probability at D is
equal to

PPF =" PPf, P(O). (28)
=]
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P©) =[]0 = Pep) [] Pes, (29)
26 j£e
Peg; is the SEP at relay Rj.

6. 1 SEP at the relay
The PDF of the SNR at Rk, is equal to

prsg, (v) = f(v, ;i M8, ) (30)
where
_ =1 ) |
flv,a,l) = ﬂ"l(é—_l]!ﬁ_;‘n} =) (31)

The SEP at k-th relay is equal to

IJF R, = A4 / (2 (ﬁ\“ﬁj pl—E.Rk |:'~I_ | d'“l.
= W IITT?L:;_R}__.S.IIJ;{-:] (32I

where A and B depend on the considered modulation (for example, A=1, B=2 for BPSK),

Q(]| = “"2_-— E_LITdu (33'

and

I —puxy ; 1+ pxy '
|:|F _k. } |— "'1 [T] chl-'_i_l (T) [3—.“
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|
T
Ch= 2
klin —k)!
/ _HT_};_}»' .
Exy =4/ — (35)
\' Em_};_y ~ Bl Xy
6.2 Conditional SEP at the destination
When the set of relays having correctly decoded is 0, the conditional SEP at D is equal to
DF o f=— : .,
Ppe=4 / @ (m H“.-) Prpe () dn (36)
where
l'pe=1lsp— Z gD, (37)

kel
To obtain the PDF, we can use the Moment Generating Function (MGF) of SNR. In fact, the MGF of
sum of independent random variable is equal to the product of MGF :

Mr,, o (s) = Mre,(s) || Mrg, »(s) (38)
ke
where
T —Mxyv
Mr, ,(s) = (1 +s ”) (39)
My y

A fraction decomposition gives

msn

Mryo () = > LI

-3y . (40)
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where the residues are

ma n—I
T W —— ( -}'D) L
i I'sp (ms.p — 'F__l!
T _m.'?..;__.D :m.‘?.D_lljl
< 1] (1—£3) : (41)
ke MRy, D |g=_ 8.0
s,
and
MR,D Ay D
Tr,.D ( Tsp )—I’V'.H: I
Ky = - 1+
(ma.,p —1)! ms.p
J"‘".'RL__D—J
(- Do) ™
« L, R
== mR'—'D
ik __MR..D
= FR.‘."D
(42)
f™ is the n-th derivative of f and g(x)[x=c=g(c).
The PDF is deduce by making an inverse LT
ms o
priely) = Z o f (7 > 1)
=1 ms,D
m
o Tr.pD . ..
= Z ki f (7 ===, ) (43)
ke® =1 Re, D
By using previous equations, we have
mg D
DF [
PPEs = > aps¥(LS,D)
=1
MRy, D
=3 ) ag; V() R D) (44)
kee  j=1

7. SEP of cooperative AF relaying for cognitive radio networks

The system model is shown in Fig. 2. In the primary network, there are primary transmitter
and receiver denoted by PT and PR. In the secondary network, there are a secondary source S,
secondary destination D and N relays Ri. Only relays that generate interference to PR lower
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than a predefined threshold T are activated, i.e.,

IRiPR — Ei|ergPR|2 <T.

\

Interference

Useful Signal

Fig. 2. System model for cognitive radio networks

For all participating relaying, all relays that verify interference constraint transmit over
orthogonal channels.

For Selective AF, the best relay among those that verify interference constraints transmits.
Interference measurements are done at primary receiver PR. Then, the PR sends some
signalization to central node to inform it about candidate relays (i.e. those that generate
interference to PR lower than T). The CSI of first and second hop of these candidate relays are
sent to the central node. Finally, the central node activates the candidate relay that verifies
interference constraints and offers the highest end-to-end SNR (3).

The SEP is written as

PAF = Z PAE. P(O). (45)

gy B

P.i"|0 is given in equations (4) and (27) respectively for selective AF and all participating AF.
We have only to replace the set of available relays (1,...,N) by 0, P(0) is the probability that
only relays in set 0 verify interference constraints

P©)= [ PUrp, <T)[[ Plg;p, > T). (46)
i€ jge



94 Ben Halima et al.: SEP of cooperative systems for Nakagami channels

where

mep.pP T
& (-m_,R?pr fzﬁ>

IR:'PR

P(Ip,p, <T)=1-
( R ) r(m.phpﬁ)

where

- B
IR, pr = E(IRQ'PR) - d;ii?'
R; Pp

is the average interference that depends on the distance between Ri and PR, dgipr, P is the path
loss exponent.

8. SEP of cooperative DF relaying for cognitive radio networks

The system model is shown in Fig. 2. Only relays that have correctly decoded the symbol and
generate interference to PR lower than a predefined threshold T are activated.

For all participating relaying, all relays that verify interference constraint and having correctly
decoded, transmit over orthogonal channels.

For Selective DF, the best relay among those that verify interference constraints and having
correctly decoded transmits. The PR sends some signalization to central node to inform it
about candidate relays (i.e. those that generate interference to PR lower than T). The relays
that have correctly decoded send also some signalization to inform the central node about it.
The destination sends also the CSI of second hop of different relays. Finally, the central node
activates only the relay that has correctly decoded, verifies interference constraints and offers
the highest SNR of second hop.

The SEP is written as

g B

-PE%F — Z IJ'DF .PIZC')l I:—lgl
2

where PP 5|0 is given in equations (12) and (36) respectively for selective DF and all
participating DF. We have only to replace the set of available relays (1,...,N) by 6, P(6) is the
probability that only relays in set 0 verify interference constraints and have correctly decoded
the symbol

P(O) = H P(Ig,p. <T)(1 - Peg,) H[l — P(Ip,p, <T)(1 - Pep,)] (49)
i ige

10. Asymptotic analysis and Diversity-Multiplexing Tradeoff

10.1 Asymptotic analysis of all participating DF

The CDF of the SNR of the Rk-D link is equal to
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mp,Dx
( (mR}‘D TR}‘ ; )
g xz)=1-— k 50

Tsm, (@) (mpep —1)! (50)

Series representation of the incomplete Gamma function gives

m - ??’IR}‘,D‘HI
(;(TIJ..R D TR DT 'Dx) l)n |: B ]
77 Tryp 7 1 — Z Ir,p (51)
(mp,p —1)! (mp,.p—1)! n!(mpr.p +n) -

n=0
Using (50) and (51), we obtain an approximation of the CDF at high SNR by using the first
term of (51) :

1 mp, px | EP _
Freg, (2) = - : 1 { - ] : (52)
rl’?..R}{D(rl’lR}{D —1)! I—R;;D
For all participating DF relaying and at high SNR, all relays are active and the SNR is equal to
N
I'p=Tsp+ Z Ir.D. (53)
k=1

We have to derive the CDF of the total SNR to deduce the diversity order. We begin by
considering the case of a single relay. The CDF of the SNR is given by

4
- A Prop(z — 2)prg, p(2)de. (54)

Using (52) which is also valid for the direct link, we obtain

Mg, D -
1 m
?nRIDl ?n_r,'D:| S50

T'riD . I'sp

PT (Z) ~ zmS'D"‘leD [
D

('m..gD -+ 'm_.RlD)!

which shows that the diversity order is equal to msp+mgip. In case of many relays, a similar
approach shows that the diversity order is equal to

N

(;d = mgp + Z MRp.D (
k=1

ot
N
—

10.2 Opportunistic DF

We first derive the statistic of
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Pusax = max (U, 0. Trzp) (57)
Using (52), we obtain
Prmax(‘l‘) = PrﬁlD(m)PrﬁzD(m)

1 {rraRle ] MRy D 1 {m..RQD;r:]mRZD (53)
— — 5
mp,p(mr,p —1)! Ur,D mp,n(mpr,n — 1)! Ir,p

¥

At high SNR, all DF relays have correctly decoded and the SNR is equal to

I'p =T'gp +max (rglp,...,rg_\.j_}) (")9)

Using the same steps as previous section, we easily show that the S-DF protocol offer the same
diversity as all participating DF given in (56).

10.3 All participating and opportunistic AF

For AF relaying, the SNR is given by

I'srl'rD .
T = ' I'sp.T 50
SRD = 7 T Ten+Trp < min(I'sr.Trp) (60)

At high SNR, the upper bound is very tight and the CDF can be approximated by

Propp(2z) = 1= P('sg > z)P(T'rp > z) (61)

Series representation of incomplete Gamma function gives

PTS’RD[ ‘) ~ jl +12 IlIQ (62)
where
—l)” _”/l m}mRD—I—n
TED ~
I = = 63
! (mrp — 1)! HZ;] n!(mrp + n) (63)
_]_)” _F?’I_C;;?Ei| msr+n
TC,'H
I, = 4
2 mqg—l 12 (msgr +n) (64)

n=Il)

At high SNR, the CDF can be approximated by the term corresponding to the
lowest power of x :
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1 ma ™ .

Prspp() = m(m —1)! [ Iy } (65)
where

m = min(mggr. mprp) (66)

f_qgffﬁl_qg < MRrp

=
I

(67)
rRDf fmgep < msp

Using the same steps as previous sections, we easily show that the diversity order of all
participating AF and selective AF are equal to

N
Gqg=msp + Z min(msg,, Mr.D) (68)
k=1

10.4 Diversity multiplexing tradeoff for Non cognitive network

At high SNRs, the outage probability can be approximated by

Pyt = a ( 1 )Gd (69)

-

where a is a constant, yy, is the outage threshold,

Py — ES
" No

is the average SNR, Es is the transmitted energy per symbol, N, is the noise power spectral
density (PSD).
The outage threshold yy, is related in terms of the spectral efficiency R as follows [1]

Yth = QER -1 (Tl)

for opportunistic relaying since we have two transmitter S and selected relay.

Yo = 2N TR 1 (72)
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for all participating relaying since we have N+1 transmitters [1].
In addition, from the definition of [1], the spectral efficiency R can be written with respect to
the normalized spectral efficiency r as

R =rloga(1 +7) (73)
Therefore, we can write
-~ J— Y 2;’\ r &Y
fth — (l + j' -1 (‘r“lj'
for opportunistic relaying and

yn = (1 4+7) N 1 (75)

for all participating relaying.
The diversity multiplexing tradeoff can be formulated as

log Py (%, r
d(r)=lim - 99 Fout (7: 7)

T—oe log™
Using equations (69)-(76), the diversity multiplexing tradeoff is written as

d(r) = Gg(l —2r) (77)

for opportunistic relaying.
d(r)=Gg(l = (N +1)r) (78)

for all participating relaying.

The maximum diversity Gd defined in (56)-(68) is reached for r=0.

The diversity order of DF-Distributed Space Time coding (DSTC) is the same as all
participating DF and opportunistic DF [2]. It is well known that DSTC achieves full diversity
[2]. In DSTC, all relays transmit over the same channel [2]. Two orthogonal channels are
required : one for the source and one for relays' transmission. Therefore, the DMT of
DF-DSTC is similar to that of opportunistic DF : same diversity and same number of orthgonal
channels required (i.e. 2).

10.5 Diversity multiplexing tradeoff for cognitive network

The diversity order depend on the set of relays that verify interferenc constraints. When the set
of available relays that verify interfference constraints is 0, the diversity order is equal to

Ga(f) = mgp + Z min(msg,. Mg, D) (79)
ke

for all participating AF and opportunistic AF.
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Gy (9) = msp + Z MR, D [80}
keo
for all participating and opportunistic DF.
Using the results of previous section, the diversity multiplexing tradeoff is written as

dr) =Y Ga(0)p(6)(1 —2r) (81)
(7]

for opportunistic relaying.

d(r) =3 Ga()p(6)(1 — (N + 1)r) (82)
(7]

for all participating relaying. p(0) is defined in (46) and (49) respectiverly for AF and DF.

11. Theoretical and simulation results

This section provides some numerical and simulation results of both AF and DF protocols for
BPSK modulation. Fig. 3-5 corresponds to relay selection with AF and DF relaying. Fig. 6-8
correspond to all participating relaying. We have allocated the same transmitted energy per
symbol to the source and the selected relay, Ei=Es/2 where Es is the transmitted energy per
usefull symbol for relay selection. Ei=Es/(N+1) for all participating relaying. We have used
the same fading figure in all links denoted by m. The distance between all nodes is equal to one
but our results are valid for any network and channel configuration. We can model the power
of channel coefficient as being proportional to 1/d® where B is the path loss exponent.

10°

Theory S-AF : Zhao
Theory S-AF : kki

Theory S-AF : Our analysis
u} S-AF

| | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
EyN, (48)

Fig. 3. BEP of Cooperative Selective Amplify and Forward protocol for Rayleigh fading channels

Fig. 3 shows the BEP of S-AF protocol for Rayleigh fading channel (m=1). We have plotted
the theoretical BEP as derived by Zhao [7] (equation (7), Ikki [8] (equation (14)) and the
proposed study (equation (4)). As expected, the proposed study is in perfect accordance with
the simulation results.
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Fig. 4. BEP of Cooperative Selective Amplify and Forward protocol for Nakagami-m fading channels
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Fig. 5. BEP of Cooperative Selective Decode and Forward protocol for Nakagami-m fading channels

Fig. 4 and Fig. 5 show respectively the BEP of S-AF and S-DF protocols for Nakagami-m
fading channels for m=1, 2 and 3. We notice that the simulation results are in accordance with
the derived theoretical BEP. We also verify that the performance improves as m increases and
that S-DF offers better performance than S-AF.
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— Theory DF, N=1,m=1
— Theory DF, N=1,m=2
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Fig. 6. BEP of Cooperative DF relaying for Nakagami-m fading channels

Fig. 6 shows the BEP of all particiapting DF relaying for BPSK modulation in the presence of
a single relay N=1 and different values of fading parameter m=1,2,3. We notice that the
performance improves as m increases. Simulation results agree well with theoretical ones.
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Fig. 7. BEP of Cooperative DF relaying for Nakagami-m fading channels :
different number of relays and m=2
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Fig. 7 shows the results for m=2 and different number of all participating DF relays N=1,2 and
3. As the number of relays increases as the BEP decreases due to cooperative diversity. The
signal is received through different relays and an MRC (Maximum Ratio Combination) of
signals is performed at Destination.

Svsing,
.....

N=2

BEP
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—— Theory Lower bound : N=2 N
e — Theory Lower bound : N=3 NG
F 0 Sim:N=1 ' )

O Sin:N=2 ~., U

% sin:N=3 oy
"""" Theory Upper bound : N=2 N=3 '
10F Theory Upper bound : N=3

F — Theory Upper bound : N=1 V.

o x x x x x x x x x
0 2 4 6 8 10 12 14 16 18 20
EbINO dB

Fig. 8. BEP of Cooperative AF relaying for Nakagami-m fading channels :
different number of relays and m=2.

Fig. 8 shows the BEP for all participating AF relaying and N=1,2,3 with m=2 (fading
parameter of Nakagami channel). The simulation results are between the lower and upper
bound of BEP. It is well known that the upper bound of SNR (see equation 18 ) is very
accurate at high SNR.



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 12, NO. 1, January 2018 103

100 | T T T T T T T T T ]
[ Theory : T=1 ]
-———=——Theory : T=0.5 |1
== Theory : T=0.1 |]
Egv O Sim:T=1 ]
_________________________ & ‘ g O Sim:T=0.5
P T g Sim : T=0.1

..
~.
~
..
~.
~.

10"

BEP

......
~~~~~
..
.

AF, m=3, N=2 relays, All participating relaying

D
10'2 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Eb/No(dB)
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Fig. 9 and Fig. 10 show respectively the BEP of all participating AF and DF relaying for
cognitive radio networks. The distance between relays and primary receiver PR is equal to one.
If this distance decreases (resp. increases), the performance degrades (resp. improves) since
there are less (resp. more) available relays. We notice that the performance improves as the
interference T threshold increases due to cooperative diversity since there are more available

relays.

d : diversity

d : diversity

Ben Halima et al.: SEP of cooperative systems for Nakagami channels
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Fig. 11 and Fig. 12 show the DMT respectively for non cognitive and cognitive radio
networks. There are N=3 relays and m=2 (fading parameter of Nakagami channel). Since the
fading parameter of first and second hop is 2 for all links, the diversity order of AF is the same
as DF (see (56) and (68)). Therefore, the DMT shown in Fig. 11 and Fig. 12 are valid for both
AF and DF. In Fig. 11, the maximum diversity (N+1)*m=8 is reached for normalized spectral
efficiency r=0. The DMT of relay selection is better than all participating relaying. In Fig. 12,
the diversity order reached for r=0 depends on the interference threshold T. The distance
between secondary nodes and primary receiver is equal to one. For example, for T=1, the
diversity is lower than (N+1)*m=8 because relays are not always available and some of them
generate an interference larger than T. However, for T=10, the obtained diversity is equal to 8
for r=0 and almost all relays are available since the interference threshold T is large.

10. Conclusion and perspectives

In this paper, we have derived the exact and approximate SEP of cooperative systems using
AF or DF relaying with best relay selection for Nakagami-m fading channels where the
different links are assumed to be i.ni.d. We have verified that the derived SEP expressions are
in accordance with the simulation results. In the second part of the paper, we studied the
performance when all relays participate using AF and DF relaying. Results of DF relaying are
exact and we have presented a lower and upper bounds of the SEP when AF relaying is used.
Finally, in the last part of the paper, we have extended our results to cognitive radio networks
where there is interference constraints : only relays that generate interference to primary
receiver lower than a predefined threshold T can transmit. Both AF and DF protocols with and
without relay selection were considered. As a perspective, we can study AF relaying with
blind relays that don't need to estimate the channel. Also, it will be interesting to study
Distributed Space Time Coding (DSTC) with AF relaying and derive its DMT.
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