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Orthogonal frequency-division multiplexing (OFDM) is
one of the most widely used technologies in current
wireless communication systems and standards. Cognitive
radio (CR) provides a robust solution to the problem of
spectrum congestion as it offers opportunistic usage of
frequency bands that are not occupied by primary users.
Due to the underlying sensing, spectrum shaping, scaling,
and interoperable capabilities of OFDM, it has been
adapted as a best transmission technology for CR wireless
systems. However, the performance of an OFDM-based
CR wireless system is affected by the existence of
narrowband interference (NBI) from other users. Further,
due to carrier frequency offset in NBI sources, NBI energy
may spread over all subcarriers of an OFDM signal. In
this paper, a fixed Amplify-and-Forward (AF) relay that
operates at a frequency band that is different from that of
direct mode is introduced to suppress the effect of NBI.
Analytical expressions are derived for outage probability
in direct, AF-relay, and incremental relaying modes. The
outage performance of the proposed AF relay—based CR
network is proven to be better than that of direct mode.
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1. Introduction

Cognitive radio (CR) uses the available radio spectrum
opportunistically to cope with the growing number of
bandwidth-limited wireless services [1]. In a CR network,
secondary users effectively utilize the unused spectrums of the
primary users. Orthogonal frequency-division multiplexing
(OFDM) is employed in a CR system due to its inherent
characteristics of spectrum sensing, spectrum shaping, scaling,
and interoperable capabilities [2]. Further, OFDM reduces
fading caused by multiple receptions of a signal and hence
improves spectral efficiency.

However, the performance of an OFDM-based CR system is
affected by narrowband interference (NBI) from other wireless
users. The following interference cancellation techniques are
widely used in wireless communication systems: filter-based
approach, cyclostationarity-based approach, higher-order
statistics—based approach, transform domain approach, joint
detection/multiuser detection (MUD), and spatial processing
(for example, beamforming) [3]. Filter-based approaches were
used to suppress NBI in OFDM-based conventional CR
networks in [4]-{6]. In a coded OFDM system, NBI is
suppressed by whitening the NBI spectrum using a prediction-
error filter [4]. In [5], an interfering carrier frequency is
estimated and cancelled using a notch filter. The success of this
is dependent upon the accuracy of the estimation of the
interfering carrier frequency. In [6], the active interfering tones
in a multiband OFDM CR network are tumed off and the
resultant inter-carrier interference is suppressed using a notch
filter A higher-order statistics—based Bayesian decision
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theoretic approach is used to suppress partial-band interference
in a frequency hop communication system [7]. However, this
cannot be directly extended to an OFDM-based high-data-rate
communication system due to its computational complexity. In
[8], NBI is estimated by measuring the output signal energy,
and receiver windowing is proposed to reduce the effect of
NBI in an OFDM system.

In [9], using a linear minimum mean square error—based
estimator, unmodulated subcarriers are employed to measure
NBI power. As the energy of NBI is different at each subcarrier,
it is considered as a colored noise, which is then compensated
for using an iterative decoder based on an expectation—
maximization algorithm [10]. A constrained minimum mean-
output-energy—based algorithm is developed for NBI
estimation under the assumption that the second-order statistics
of a received signal are known at the receiver [11]. The major
issue with this method is its high computational complexity.
Compressive sensing is used to estimate an NBI signal by
exploiting its sparsity in the frequency domain [12]. The effects
of NBI are analyzed in an ultra-wideband cooperative relay
network in [13].

Joint detection and MUD-based approaches were used for
detecting secondary user symbols in the presence of a primary
user signal, at the cost of high complexity [14]. In [15] and [16],
interference is minimized in a CR system using the methods of
opportunistic interference cancellation and phase adjustment,
respectively. Amplify-and-Forward (AF) and Decode-and-
Forward (DF) relaying protocols are used in cooperative
communication networks to improve throughput and quality of
service by exploiting spatial diversity [17]. The success of such
a spatial processing technique has inspired us to use a co-
operative AF half-duplex relay for interference cancellation. In
this paper, the first major contribution is the introduction of a
half-duplex AF relaying protocol in an OFDM-based CR
network to suppress NBI. The use of such a relaying protocol
provides spatial diversity and maximizes the output signal-to-
interference-plus-noise ratio (SINR) of the CR network at each
subcarrier of the OFDM signal. The second major contribution
of this work is the derivation of the analytical expressions for
analyzing the outage performance of the proposed OFDM-
based cognitive AF relay network in the presence of NBI.

The rest of the paper is organized as follows. A system
model for an OFDM-based cognitive AF relay network is
described in both the time domain and the frequency domain
for direct and AF relay modes, in Section II. The analytical
expressions are derived for the SINR of the direct and AF relay
modes, in Section III. The outage performance of an OFDM-
based CR network is analyzed for direct, AF-relay, and
incremental relaying modes, in Section IV. Numerical results
are presented in Section V, and concluding remarks are given in
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Section VL.

Notations. Time-domain and frequency-domain vectors and
matrices are denoted by a'™, a™ and A™, A™, respectively,
and scalars are indicated by lowercase letters. An N x N
discrete Fourier transform (DFT) matrix and an N % N identity
matrix are denoted by Fy and I, respectively. An all-zero
matrix of size m % n is denoted by 0,,,. The matrix complex
conjugate transpose, complex conjugate, transpose, and inverse
operations are denoted by ()", ()", ()", and ()",
respectively.

II. System Model

Consider the OFDM-based cognitive AF relay network with
three secondary users shown in Fig. 1. Such a network can
operate in two modes; namely, direct mode and AF relay mode.
In direct mode, SU1 transmits data to SU3 in the first time slot.
In AF relay mode, SU1 transmits data to SU2, which acts as a
relay, during the first time slot. The signal at SU2 is amplified
and forwarded to SU3 in the second time slot. The frequency
bands FB1, FB2, and FB3, which are available for
transmission/reception at each secondary user, are also indicated
in Fig. 1. The received signals at SU2 in relay mode and SU3 in
direct/relay modes are affected by NBI from other sources in the
scenario. It is assumed that the first secondary user, SU1, has to
transmit an OFDM signal to the third secondary user, SU3,
through a frequency-selective fading channel. The OFDM signal
has N subcarriers and uses v zero-padded guard subcarriers to
suppress intersymbol interference [18].

1. Direct Mode

In direct mode, SU1 transmits the OFDM signal to SU3
using the band FB1. The L, x 1 channel impulse response
(CIR) vector between SU1 and SU3 is defined as hy3= [/3(0),
his(1), ..., his(Li=1)]". The L, x 1 CIR vector of NBI source
two at SU3 is defined as hb3 = [/’lb3(0), hb}(l), ey hb3(Lr1)]T

NBI source 1

NBI source 2

— First time slot
“““ Second time slot

[ Available band
[ Unavailable band

Fig. 1. AF relay—based CR network.
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The P x 1 time-domain received vector at SU3 is given by

TD _ gy TD FD (1), TD gy TD}, TD D
Yis _H13 szxl +Afo,3 Hb3b3 +Zs > (1)

where P=N+v; HY and H,; are P x P circulant matrices
of an CIR vectors h;3 and hy;, respectively; F, is a P X N zero-
padded inverse DFT matrix at SUl (it is defined as
F, =[F,0,,, ]" )% x™ isa N x 1 data vector at N subcarriers
of an OFDM symbol; and b;" isa P x 1 NBI signal vector at
SU3. The interference power per subcarrier (IPPS) of an NBI
signal is denoted by o,,; 2. isa P x 1 zero-mean complex
white Gaussian noise vector with elements that are independent
and identically distributed with variance o7,. The carrier
frequency offset (CFO) for an NBI signal in band FBI1 is
represented by a P x P diagonal matrix Ay = diag
{Lexp(j2nB(1)/P), ..., exp(j2nB(P—1)/P)}, where § is
a uniformly distributed random variable over the interval
[-1/2,1/2] [19]. By taking a DFT, the frequency-domain
representation of the received vector y|, in (1) is given by

iy =Fy =F, (HPF,x” +ADPH D" +2" ). (2)
Since H;Y and H,, are circulant matrices, they can be
decomposed as H/y =F,HF, and H,; =F,H,JF,
[20], H? and H,> are diagonal
Let A,= [113(0), A5 (D), ... ,ﬂ,n(P—l)]T and A, = [ﬂ% (0),
Ay (D), ., 4 (P=1)]" be P-point DFTs of hy; and hys,
respectively. Then, H? and H,? are
defined as Hj; =diag{4;(0),4;(1), .., 4;(P-1)} and
H? = diag{2,,(0), A, (1), .. . 4,;(P—D)}. Now, (2) can be
simply written as

FD _ yyFDy /o FD (1.FDyyFDJ.FD | _ FD
Yis =H VX" + A" H by 42y, 3

where matrices.

the matrices

where V=F,F  is the precoding matrix; A"

=F,A{""’F,' is a circulant matrix of CFO at SU3; and b}"

and z.” are the NBI signal and noise vectors in the frequency
domain, respectively. The P x 1 NBI signal vector the vector
biP is sparse in nature and indicates that b}" contains only a
few non-zero elements. The kth subcarrier element b, (k) # 0

if kel,,, where I; is a set that contains an index of the non-
zero elements which is NBI affected subcarriers.

2. AF Relay Mode

In AF relay mode, SUI transmits an OFDM signal to SU2
using the band FB2 in the first time slot. The L; x 1 CIR
vector between SUl and SU2 is defined as
hy, = [, (0),h, (1), ... ,h,(L,~1)] . The Lyx 1 CIR vector

between NBI source one and SU2 1is defined as
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h,, = [A,,(0), 4, (1), ... ., (L, ~1)] . The Px 1 time-domain
received vector y|, at SU2 is given by

YD HIE XD+ ADPHIRY 20 @)
where H/Y and H, are the P x P circulant matrices of the
CIR vectors hy; and hy, respectively. In addition, b)” and
z," are the NBI signal and noise vectors at SU2, respectively,
and AR, is the CFO of the NBI signal in band FB2. By
taking a DFT, the frequency-domain representation of the

received vector y|) is given by

FD __ ™D __ TD FD (2),TD gy TDy, TD TD
y]Z - pylz _Fp (HIZ szxl +A; HthZ +Z2 )' (5)

fo,2

Since H|, and H,) are circulant matrices, (5) can be
simplified as

FD _ yyFDy7o FD @),FDyyFD.FD | . FD
vy, =H, Vx;" +A7""H,, b, +2z,°, ©)

where H;) and H,> are the diagonal matrices of the
vectors A,, and A,,, respectively, and AV’ =F,AY"°F}'
is a circulant matrix.

In the second time slot, the node of SU2 plays as an AF relay.
It amplifies the received signal y|, and forwards it to SU3
using the band FB3. The Lsx 1 CIR vector between SU2 and
SU3is defined as h,, =[/,,(0), hy(1), ..., iy (Ls —1)]T. The
Ls x 1 CIR vector of NBI source two at SU3 is defined
as hy; =[h,(0),h;(1), ... ,h;(L;—1)]. The time-domain

received vector y.> at SU3 is given by

VE=pHE (vi2)+ AQPHEDE +nl, ()

where p = \/PS / (Psof +o,, + o-fz) is the amplification
factor at SU2;0; = E[|h12|2J is the instantaneous squared-

norm of the CIR vector h;; P, = EUXIFDFJ is the transmitted

source power, which is the same as in SU2; o-,fz is the IPPS of

the NBI signal vector b,” ; o7, is the variance of the noise

>¥z2
vector z,”; and H); and H,? are the circulant matrices
of the CIR vectors hy and hy;, respectively. In addition,
AP, bi°, and n;” represent the CFO for NBI in band

FB3 and the NBI signal and noise vectors at SU3, respectively.
Substituting (4) in (7), the received vector y,. is written as

™ _ TD gy TD FD TD A (2),TDyyTD}, TD
Y —szs le szxl +pH23 Ay Hb2 bz

fo,2

(3),TD gy T}, TD D, TD |, TD
+Agy Hyby" +pHy 'z, +ny.

©)

By taking a DFT, the frequency-domain representation of the
received vector y1 is given by
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V2 =E T =, (PHIIZE A pHEADHEDY
A(S) TDHTDbTD'f'pH—;DZz

fo,3 +n3 }’

where H'> H'™® H'P

2oH[Y,H,Y, and H}Y are circulant matrices. By

decomposing them, (9) can be simplified as
V= HPHPVA® + pH AP D
+ ADPHEDP 4 pHP 7D 4.
by =[5 (0), A5 (1), ..
Az (1), ...,/”Lb3(P—1)] be P-point DFTs of hy; and hy;,

respectively. The elements of the diagonal matrices H}Y and
(3),FD
A3

(10)

Let /123(P—1)] and A, :[lb3(0),

H,;? are the vectors Ay and My, respectively;
=F,AY""F;' is a circulant matrix.
III. SINR Analysis

In this section, the analytical expressions for the SINR of the
received signals at relay and destination nodes are derived at
each subcarrier in both direct and AF relay modes.

1. Direct Mode

From (3), the direct-mode receive signal y!; at the kth
subcarrier is given by
N-1
Vi3 (k) = A5 (k)v(k, k)x, (k) + 4,5 (k) vk, q)x,(q)
q=0,q#k
P-1 1
+ Z Az (m)a, (k, (m—k), )b3 (m)+z, (k)
m=0,mel;;

fork=0,1,2,..,P—1. an

In this expression, the first term is the desired signal, where
x1(k) is the kth subcarrier source data. The second and third
terms denote the residual zero-padded interference and NBI
signal, respectively. Since A{"™ is a circulant matrix, the
third term is written as a circular convolution. The fourth term
represents the noise at the kth subcarrier.

Assuming that the CIR vectors A3 and A, are perfectly
known, the instantaneous SINR of the direct-mode receive
signal y,; at the kth subcarrier is given by

s GO [t O E (|, G

> A(mal (ky(m—F), )by (m)

m=0,mel}y

L=

N-1

v(k,q)x,(q)

q=0,g#k

A () E[

+E (|2, (0]*)}.

(12)
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Using the Cauchy—Schwartz inequality, the first term in the
denominator of (12) can be expressed as

N-1 2 N-1 5 N-1 )
E vk, )x,(q)| <Y (k,q)| E( |x,(q)] j
q=0, g#k q=0, g#k q=0, g#k
13)
. N-1 2 N-1 )
Since Z|v(k,q)| =1, the term |v(k,q)| can be
q=0 q=0,q#k

simplified as 1 : ; then (13) can be written as

E {
Similarly, the second term in the denominator of (12) can be

expressed as
2
P-l 2
[ ] z Mbs(m)‘ G303
m=0,mely;

where ¢, =

N-1

v(k,q)x,(q)

9=0,g#k

]s(l—|v(k,k)|2)1>s. (14)

z Ay (m)ay (k,(m = k), )b, (m)

m=0,mely;

15)
P-1
> |a; (k,(m—k), )|2 is the squared-norm of

m=0,mel};

P-1

the CFO term and o7, = E[ > |, (m)|2J is the IPPS of
m=0,mel,;

the NBI term. Now, substituting (14) and (15) in (12), the

lower bound of I';(k) is simply written as

B2 |2 () [v(k. k)P,

s (1= )P+ S st + 0

m=0,mel};

(16)
where o2 =E(| z,(k)[) is the noise variance. Dividing the

numerator and denominator by the source power P, we get

I, (k)2 Iﬂas(k)lzlv(" ol
13 - 2 2 1
ERGIHIEER] )*m Oz%,ml/lm(m)' “SIR1 SIRI SNR
an

where SIR1= PS/O':3 and SNR = PS/0'223 .

2. AF Relay Mode

In AF relay mode, a transmit signal passes through the two
different channels h;; and hy; with amplification factor p at
SU2. The SINR between SU1 and SU3 at the th subcarrier in
AF relay mode, I'),;(k), isgivenby [21] as

i (k) =L (T, (O]/[C, () + Ty () +1], (18)
where I';, (k) is the SINR of the link joining SUI and SUJ,
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1,J €(1,2). The SINR of the link joining SU1 and SU2 is
determined as follows. From (6), the received signal ;.
from SU1 to SU2 at the kth subcarrier is given by

N-1

Yo (k) = 2, (R)v(k, ko )x, (k) + Ay, (k) v(k,q)x,(q)

9=0,g#k

+ Z Ay (m)a; (k,(m—1k), )b, (m)+z, (k),

m=0,mel},

k=01,..,P-1. (19)

In this expression, the first term is the desired signal. The
second and third terms denote the residual zero-padded
interference and the NBI signal, respectively. The fourth term is
the noise. The instantaneous SINR of the received signal y;»(k)

Z Ay (m)a; (k,(m—k), )b, (m)

m=0,mel,,

is given by

(O vk, o E(|x, (k)|?
(= POl P DL E(5 ®F)
{Iﬂn(k)FE(

u

|
+E<|zz(k)|2)}

The first and second terms in the denominator of (20) can be

simplified as
2] < (1= 00f )P,

E(
P-1

> Ay(ma; (k(m—k), )b, (m)

m=0,mel,,

N-1

> vk, q)x,(q)

q=0,9#k

(20)

N-1

v(k,q)x,(q)

q=0,q9#k

@n

and
i

respectively, where ¢, =

Pl
ZJS z Mhz(m)‘zgzo-:za

m=0,mel,,

22

S e (km-k),)[ is the

m=0,mel},
P-1 )
2 [pa(m)

m=0,mel,,

squared-norm of the CFO term and o, = (

is the IPPS of the NBI term. Substituting (21) and (22) in (20),
we get

Mz(k)\z [k 2
At (1= k0 o 3

m=0,mely,

T2 .(23)

1 1
sz( )‘ S T oo

SIR2 SNR
where SIR2=P_/5;,, SNR=P, /c’,, and o7, is the noise
variance. The instantaneous SINR of the received signal y}),
can be expressed as
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|2y (O [y, ) B, (0)|)

{MB )|’ E(
i |
+E<|n3(k)|2)}

The first and second terms in the denominator of (24) can be

simplified as
2] < (1Pt 00f )P,

d

P-1

z /‘Lbs(m)as3 (k,(m - k)P)b3(m)

m=0,mel,;

[ (k)=

N-1

> vk, q)x,(q)

9=0,g#k

Z Ay (m)a; (k,(m -k)p )b3 (m)

m=0,mel,;3

@4

N-1

v(k,q)x,(q)

q=0,q9#k

25

and
o

respectively, where ¢ =

Pl
2] < z ‘/Ibs(m)‘z 6-3”‘7133’

m=0,mel,;

(26)
P-1
S el (km-k),)[ i the
m=0,mel};
P-1 2 .
Z |b3(m)| is

m=0,mel,3

squared-norm of the CFO and o, =(

the IPPS of the NBI term. Substituting (25) and (26) in (24),
we get

[y (k) 2

\ﬂ%(k,kﬁv(k K[

o (1 ) 5 ol s

@7
where SIR3=P, /o7,, SNR=P /o, and o.,=E(|n,(k)]*)
is the noise variance. In AF relay mode, the maximum data
transfer rate depends on the minimum value between I',, (k)
and I');(k). Hence, the SINR T',;(k) in AF mode is
written as

I, () (k)

P = T +1

< min(l"]z(k),FB(k)). 28)

IV. Performance Analysis

In this section, the outage performance of the OFDM-based
cognitive AF relay network is analyzed at the subcarrier level
in direct and AF relay modes for the data rate of R b/s/Hz. In
addition, outage of the incremental AF relay is analyzed.

1. Outage Probability Analysis in Direct Mode

In direct mode, the upper bound of the outage probability of
'3 at the kth subcarrier for the given data rate of R b/s/Hz is
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defined as

Py (R)< P(log, (1+T;(k)) < R).

out,

29

Let the threshold SINR y, = 2% —1. Then, the upper bound
of P

>k (R)  canbe written as

Py (RS P(T (k) <7,).

out,

(30)

The probability density function (PDF) of I',(k) is
determined as follows. Let (17) be defined as

aX

—_— 31
bY +cZ+d 6D

Ir,k)=

where X=Y=|4,(k)|’, Z = Pi |4y (m)

m=0,mel};

b:(1—|v(k,k)|2), c=¢,(I/SIR1), and d =1/SNR . The

5 a=|vk,b)|

random variables X and Y are exponentially distributed, and Z
is chi-square distributed with 27 degrees of freedom [22]; the
cardinality of the NBI signal vector is ». The PDF of the
variables X, Y, and Z are given, respectively, by

fy(x)= (I/ZGX2 ) exp(—x/ZGX2 ),x>0,

[y () =(1/26})exp(-=y/207),y 20,

1 i _
fZ(Z):mZ exp( %G:],ZZO (34)

Since the desired signal channel and the interference channel
are negatively quadrant dependent [23], the outage probability
of X for the given random variables Y and Z is given by

(by+cz+d)
T| Y=y,Z=z

(32)
(33)

P, (R)sﬁf{)« 71
00

Sy f,(2)dydz.

(35)
Since [v(k,k)|~1 and a =1, (35)can be simplified as

by+cz+d)y,

scoo(
P[] [ £ /O (2)dxdydz.  (36)

Evaluating the inner integral by substituting (32), it becomes
P (R)<[ [[1=exp (= (by+ez+d)) ] £, () £ (2) dydz
00

(37
Now, (37) can be rewritten as

©

P (R)<l—e [ f(n)dy[e " f,()dz.  (38)
0 0

Substituting (33) and (34) in (38), then integrating, the outage

probability is determined as

P (R = 1-expl-ay DL

out, (1 + ]/lb) (39)
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Substituting b, ¢, d, and y,, the outage probability of the
direct-mode SINR in terms of the data rate is given by

Py (R) <1-exp(—(2" ~1)/SNR)

) [1+((2R —1)g3/rs1R1)T |
(2" 1) (1= )|

(40)

2. Outage Probability Analysis in AF Relay Mode

The outage probability for AF relay-mode SINR, I
the kth subcarrier is defined as

P (R) = P((1/2)log, (1+T . (k)) < R).

Ap> at

4D

Since maximal ratio combining is applied at the destination in
the second time slot, the AF relay-mode SINR I',. is
defined as I',.(k)=T;(k)+I,;(k) . Now, (41) can be
written as

PN (R)=P(T (k) + T, (k) < 2" —1). 42)

Given the threshold SINR y, for I'},(k),the lower bound of
the AF outage probability is given by
22k
PAF

(R = [ P(D(k) <27 =1=,) fr () dy, . (43)

0
Lety, = 2** —1—y, . Then, (43) can be written as

2R 21—y

PYRE [ [ f 0, ) dndy,, (4

0
where f. (7,) and f; (y,) are PDF functions of I',,;(k)
and I}, (k) , respectively.
Since I'\,,(k) is the minimum of I'\,(k) and I, (k),
the cumulative distribution function (CDF) of I'},,(k) canbe
written as [21]

B ) =1=|(1-F, ) (1-F, )| @)
Using (39), the CDF of I'}, (k) is computed as
(o [1+ (7,5, /rSIR2) |
Fru(yz)—l eXp( SNR] (+7,b) . (46)

By using the approximations (1+(a/r))" ~exp(—a) and
|v(k, k)|2 ~ 1, (46) can be simplified as

F, () =1-exp(~(//SNR)~(c, /SIR2))7,.  (47)
Similarly, the CDF of TI',,(k) canbe expressed as
F,_ (7,)=1-exp(—(1/SNR)—(g//SIR3))y,. (48

Substituting (47) and (48) in (45), the CDF of T, (k) is
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obtained as

2 s S
K =1-exp| - 22423 . (49
s (72) Xp( [SNR SIR2 smaDy2 )

2 L6, o
SNR  SIR2 SIR3

Let g, = [ j . Then, it can be written as

FrI23 (7,) =1-exp(-g,7,) - (50)

Differentiating (50) with respect to y,, the PDF of I'},;(k)
is determined as

S ) =d(F (7)) [dr, = g, exp(-g,,) - (51)
Using (39), the CDF of I'\;(k) is given by
1+ SIR17) |
R () =1- exp(— Z j el SR
SNR [1 (1=, ) )}
It can be simplified as
Frn(71):1_exp(_g171): (53)

where g, =(1/SNR +¢,/SIR1). Then, the PDF of T';(k)
is determined as

frI3 (71) = d(Fr,3 (71))/d71 =& exp(_g171) .

Substituting the PDF of I'|,,(k) in (44) and evaluating the
inner integral, we get

(54)

2R _

BBz [ [1=exp(-gy (2" =17, )) | r, 047, 59)

Substituting the PDF of I';;(k) in (55), the lower bound of
the outage probability for AF relay mode is determined as

B (R 1-exp g, (1)) |- (s /(8- 2.))

><exp(—g2 (22R - 1))}[1 - exp(—(g] -g )(2” - 1))}

(56)

3. Outage Probability for Incremental AF Relaying

In AF relay mode, a relay transmits the amplified received
signal at the data rate of R b/s/Hz through a specified channel
for the duration of the signal transmission. Indirectly, it reduces
the number of degrees of freedom of the channel. But, in
incremental AF relaying protocols, data is transmitted at either
R/2 b/s/Hz or R b/s/Hz. The AF relay transmits data at the rate
of R/2 b/s/Hz only if the direct-mode transmission fails to send
the data at the data rate of R b/s/Hz, thereby an incremental
AF relay network utilizes the relay channel effectively and
improves the system performance [17]. The outage probability
of the incremental AF relay mode is given by

466  Samikkannu Rajkumar et al.

P™ (R) = P(T, (k)< R)

xP((1/2)log, (14T, (k) < (R/2)

In an incremental AF relaying protocol, the intersection of the
direct mode and AF relay mode outage probabilities is exactly
the AF relay mode outage probability at half the rate of the data
rate. Therefore, it can be written as

P (R) = P((l/Z) log, (1+T (k) < (R/z)) )

Using (56), the lower bound of the outage probability of the
incremental AF relay mode is given by

R (R) = [ 1-exp( g, (2" 1)) |- (2/(2, - £2)
><exp(—g2 (2R —l))[l—cxp(—(g1 —gz)(2R —1))}.
(59

(7

T3 (F)<R )

(38)

V. Numerical Results

The outage performance of the proposed OFDM-based CR
relay network is analyzed in the presence of an NBI signal
for direct, AF relay, and incremental AF relay modes. The
simulation parameters are listed in Table 1.

The outage performance of the proposed cognitive AF relay
network in direct mode is shown in Fig. 2 for the data rate of
1 b/s/Hz. The SIR is varied from 10 dB to 25 dB. It is observed
that the analytical results are very close to the simulation results.
As the noise dominates NBI at low SNR, the effect of NBI is
more significant at high SNR. In direct mode, as the SIR
increases from 20 dB to 25 dB, the outage probability
decreases from 1 x 102 to 3 x 10 at the data rate of 1 b/s/Hz
and SNR per subcarrier of 30 dB.

Figure 3 shows the outage performance of the OFDM-based
cognitive AF relay network in direct mode for the data rates
1 b/s/Hz and 2 b/s/Hz. It is observed that when the data rate is
increased from 1 b/s/Hz to 2 b/s/Hz, the minimum SNR
requirement increases from 20 dB to 25 dB in the absence of

Table 1. Simulation parameters of cognitive AF relay network.

S. No Parameters Value
1 | Number of subcarriers in OFDM signal, N 64
2 | Guard sequence length, v 16
3 | Number of channel taps, L 10
4 | Number of subcarriers with NBI, 1,3,5
5 | CFO parameter of NBI signal, 0.5
6 | Datarates (in b/s/Hz), R 05,1,2,3
7 | Signal to NBI interference ratio (in dB) 10, 15,20, 25
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Fig. 2. Outage performance of proposed cognitive AF relay
network in direct mode at 1 b/s/Hz.
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Fig. 3. Outage performance of proposed cognitive AF relay
network in direct mode at 1 b/s/Hz and 2 b/s/Hz.

NBI to operate the network at the maximum outage probability
of 1 x 102 The minimum SNR requirement rises to 30 dB
SNR with a data rate of 1 b/s/Hz at an SIR of 20 dB.

The outage performance for the proposed OFDM-based CR
network in AF relay mode transmission is shown in Fig. 4 at
the data rate of 1 b/s/Hz for different SIR values. Since the
maximal ratio combining provides diversity gain at the
destination node, the minimum SNR requirement decreases to
15 dB from 20 dB in the direct mode transmission at the
outage probability of 1 x 102 In AF relay mode at 30 dB SNR,
as the SIR increases from 20 dB to 25 dB, the outage
probability decreases from 1 x 107 to 1 x 10 at the data rate
of 1 b/s/Hz.

The outage performance of the proposed cognitive network
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Fig. 4. Outage performance of AF mode transmission at 1 b/s/Hz.
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Fig. 5. Outage performance in AF relay mode at 1 b/s/Hz and
2 b/s/Hz.

in AF relay mode for the data rates of 1 b/s/Hz and 2 b/s/Hz is
shown in Fig. 5. It is observed that when the data rate moves
from 1 b/s/Hz to 2 b/s/Hz, the minimum SNR requirement to
operate the network at the maximum outage probability of
1 x 102 increases from 15 dB to 22 dB in the absence of NBI,
and for the SIR level of 20 dB, it further rises to 17 dB SNR
with a data rate of 1 b/s/Hz and exceeds the limit at a data rate
of 2 b/s/Hz.

The outage performance at the direct and AF relay modes is
compared in Fig. 6. It is observed that the AF mode provides
5 dB SNR gain compared to the direct mode in the absence of
NBI. At 30 dB SNR, when the mode is switched from direct to
AF relay, the outage probability decreases from 1 x 107 to
1 x 107 at a data rate of 1 bit/s/Hz with 20 dB SIR.

In Fig. 7, the outage performance of the proposed OFDM-
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Fig. 6. Comparison of outage performance in AF relay mode and
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Fig. 7. Comparison of outage performance in AF relay and direct
modes at 1 b/s/Hz, with and without NBI at relay.

based CR network in AF relay mode is compared with direct
mode for various relay interference values. The data rate is
1 b/s/Hz. In this Figure, RY and DS denote the relay and
destination nodes, respectively. It is noted that the outage
probability decreases from 1 x 10 to 4 x 10~* when relay node
operates with no NBI, at 30 dB SNR per subcarrier. In direct
mode, the outage probability of the network is 1 x 10 for an
SIR of 20 dB and an SNR of 30 dB. It indicates that the
proposed network with limited interference at the relay
performs better than the direct mode.

In Fig. 8, r represents the number of subcarriers that are
directly affected by NBI. The outage performance of the
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proposed CR network in direct mode is shown in Fig. 8 at a
data rate of 1 b/s/Hz for different » values. At 30 dB SNR,
when 7 decreases from five to three, the outage probability
decreases from 4.4 x 10 to 2.7 x 10°%; furthermore, it reduces
to 1 x 10 whenr=1.

The outage performance of the AF relay and incremental AF
relay modes is compared in Fig. 9. It is observed that for the
outage probability of 1 x 10, the incremental AF relay mode
provides 5 dB SNR gain compared to the AF relay mode, in
the absence of NBI. This is due to the additional degree of
freedom in the incremental AF relay mode.

The outage performance of the AF relay mode for the data
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rates between 0.5 b/s/Hz and 3 b/s/Hz is shown in Fig. 10. Ata
low data rate, the outage is exactly reduced by 1 x 10" for
every 5 dB increase in SIR level. For the maximum outage
probability of 1 x 102, the CR network supports a data rate of
up to 2 b/s/Hz at 25 dB SIR.

VI. Conclusion

In this paper, a fixed AF relaying protocol is introduced in an
OFDM-based CR network to suppress the effect of NBI. The
performance of the CR network with an AF relay is analyzed
in terms of outage probability. It is shown that the use of the AF
relay suppresses the effect of NBI and that the outage
performance is improved by 5 dB per subcarrier compared to
the direct-mode transmission at a data rate of 1 b/s/Hz. Further,
the outage performance is improved by the incremental AF
relaying, where the system is operated at variable rate nature. It
is found that for no NBI at the relay node, the outage of the
system is significantly reduced. Finally, we conclude that the
effect of the NBI can be reduced by the AF relay protocol in an
OFDM-based cognitive radio system at constant data rate.
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