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Abstract

In this paper, we evaluate two-way relay communication systems in cognitive radio environments. The proposed
model includes two subsystems: a primary system and a secondary system. The primary system consists of a primary
transmitter and a primary receiver while the secondary includes two terminals exchanging their data via an
intermediate relay node. Each network node is equipped with a single antenna and operates under a half-duplex
mode. The channel state information (CSI) interference from the secondary node to the primary receiver is assumed
imperfect. Using analytical methods, this paper derives the interference probability from the secondary system to the
primary receiver and an optimal back-off control power coefficient for the secondary transmitter. To evaluate the
secondary system quality, an explicit expression for the system outage probability (OP) and its closed form in the high
signal-to-noise region (SNR) is presented. Theoretical results are verified using Monte-Carlo simulation.
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1 Introduction

Rapid development of wireless networks coupling with
a large number of users and requirements for high-
speed wireless services leads to radio frequency spectrum
scarcity. Many researchers have enhanced the spectrum
efficiency using various methods such as multiplexing and
modulation, which are also useful for overcoming fad-
ing severity. However, it appears that the current available
approaches only enhance a portion of the vast available
spectral efficiency rather than potentially being long-
term approaches for the next wireless generation sys-
tems. Recently, cognitive radio has been proposed as a
promising technique to address spectral efficiency prob-
lem. It is clear that cognitive radio techniques widen radio
spectrum access, where unlicensed users are allowed to
operate in the same frequency band allocated to licensed
users. Therefore, in the current cognitive radio medium,
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there are two main systems: the primary system and the
secondary system. To detect spectral opportunities, var-
ious spectrum sensing algorithms are presented, where
energy detection-based spectrum sensing is an effective
and simple detection technique [1-3].

Cognitive radio techniques have not only attracted
researchers from academia worldwide but also gaining
attention from the industry and governments. As such,
these techniques have increasingly become one of the
main research areas, and many findings have been pub-
lished on the topic including the use of (i) multiple input,
multiple output (MIMO) technologies [4, 5], (ii) relay
selection [6, 7], (iii) multi-hop relaying [8, 9], (iv) physi-
cal layer security [10], (v) energy harvesting technologies
[11, 12], and (vi) a new system model to analyze system
quality [13-15].

In conventional wireless systems, the two-way transmis-
sion technique not only enhances spectral efficiency but
also allows extended coverage [16]. Therefore, this tech-
nique has received considerable researchers’ attention in
recent years. For this technique, there are two basic signal
processing methods being employed at the intermediate
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relay node: AF (amplify and forward) and DF (decode and
forward). Most existing studies apply these methods in
two-phase two-way or three-phase two-way relay trans-
mission protocols [17]. Furthermore, some studies have
evaluated two-way systems in Nakagami-m fading [18]
and also in other fading channels [19].

Combining the two-way relay transmission technique
with cognitive radio, one significantly increases system
spectral efficiency. In [20], Duy et al. analyzed the quality
of two-way relay transmission secondary systems in which
their model includes three-phase DF relay intermediate
nodes. Furthermore, they obtained exact expressions for
the system outage probability in Rayleigh fading. For two-
way DF relaying systems in cognitive radio environments,
Afana et al. derived exact expressions for the system out-
age probability and bit error rate in a two-way system,
consisting of several relay nodes, primary transmitters
and primary receivers [21-23] which are important find-
ings for further developments on cognitive relay radio
techniques. However, Afana’s analytical results are only
correct for system models with a large number of relay
nodes and a limited number of primary receivers. To over-
come this bottleneck, the authors in [24] offered exact
expressions for the system outage probability where the
numbers of relay nodes and primary receivers are allowed
to be arbitrary in Nakagami-m fading. Considering AF
two-way relay transmission systems employing massive
MIMO, the authors in [25] solved for the optimal beam-
forming power allocation and optimal coefficients. One of
the most important contributions to the literature is pre-
sented by Zhang et al. [26], in which the authors evaluated
system quality and gave exact expressions for system out-
age probability when considering interference effects from
the primary transmitter to the secondary network nodes.
It is noted that the common feature of most current con-
tributions is only to consider two-way systems for perfect
channel state information (CSI).

It is also clear that because of continuous random vari-
ation of fading channels and channel estimation errors,
perfect CSI is practically difficult to acquire. For cog-
nitive radio systems, if the transmitters in the sec-
ondary system do not have perfect CSI, these equipments
don’t effectively and efficiently control their required
transmit power, increasing interference to the primary
receivers and subsequently affect the primary system
operation. Therefore, cognitive radio system quality eval-
uation under imperfect CSI conditions is necessary as
the findings can be used to verify theoretical prediction
against practical data. In [27], the authors considered a
system model that has two secondary terminals and a
number of intermediate relay nodes in cognitive radio
environments. Their proposed system is mathematically
modeled and solved to obtain optimal beamforming for
two cases: perfect CSI and imperfect CSI. However, these
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authors did not consider interference effects from the pri-
mary transmitters to the secondary system. Considering
mutual interference between the primary network and
the secondary network, the authors in [28] focused on
analyzing the system under imperfect CSI condition. In
addition, relay systems’ quality is analyzed in cognitive
radio environments for imperfect CSI such as [29] evalu-
ated the multi-stage secondary system quality, while [30]
studied a cooperative transmission secondary system in
Nakagami-m fading.

To the best of our knowledge, the findings on evaluating
two-way relay transmission system’ quality in cognitive
radio environments considering interference from the pri-
mary transmitters to the secondary system with imperfect
CSI from the secondary network nodes to the primary
receivers are not yet available. The contribution of the
paper thus are:

¢ Deriving the interference probability from the
secondary system to primary receivers for imperfect
CSL

e Obtaining power back-off coefficients for secondary
network nodes’ transmitters to ensure satisfactory
interference probability from primary receivers is
achieved;

e Deriving an exact expression for the secondary
system outage probability;

e Offering an asymptotic outage probability (OP)
formula for the secondary system in the high SNR
region and determining the system diversity order.

The paper is organized as follows: Section 2 outlines
the proposed system model. The outage probability for
the secondary system is studied in Section 3 while
Section 4 presents simulation results. Section 5 con-
cludes the main findings of this paper and gives possible
future work.

2 System model

Figure 1 shows the system model which includes network
nodes of the primary network and the secondary network.
The primary network consists of a primary transmitter
PU-Tx and a primary receiver PU-Rx while the secondary
network consists of two terminals A and B exchanging
data via the intermediate relay node R. It is assumed that
each network node is equipped with a singe antenna and
operates in the half-duplex mode.

The channel coefficient from node X to node Y is
denoted as iy, where X, Y € {A, B, R, P}. The interference
channel from the secondary nodes to the primary receiver
(PU-Rx) is hxp, and the interference channel from the pri-
mary transmitter (PU-Tx) to secondary nodes is #px with
X € {A,B,R}. It is assumed that all channels experience
flat independent Rayleigh fading. Therefore, the channel
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Fig. 1 Cognitive underlay two-way relaying networks with
interference and imperfect channel state information

gain from node X to node Y, lhxy|%, is an exponential-
distributed random variable having the cumulative distri-
bution function (CDF) and probability density function
(PDF) given as

Flyz@=1- e *xv, (1)
Sz @ L ony 2)
z) = —e ,
Ihxy|? AXY
where Axy = E{|hxy|?} with E{} being expectation
operator.

The two-way relay transmission process between node
A and node B occurs in three phases, and relay node R
processes its received signals using DF relaying. In the
first phase, node A transmits its signals to node R. Then,
node B transmits its signals to node R in the second phase.
Finally, the relay decodes and encodes its received signals
from node A and node B before broadcasting these signals
to the two terminals in the third phase.

Since the secondary system operates at the primary sys-
tem frequency band, the transmit power of the secondary
network nodes has to be adjusted to ensure that interfer-
ence 7}) to the receiver PU-Rx is kept under a threshold.
Thus, if the secondary nodes fully possess the interference
CSI at the primary receiver, the best transmit power of the
secondary nodes can be defined as

1
pX_7P|2,

= X € {A,B,R}. (3)
|/xp

However, in practice, perfect CSI of the interference links
from secondary transmitters to the primary receiver is
not available at the corresponding secondary transmit-
ters because of channel estimation errors or time-varying
impairments, is possibly caused by the combination of
channel estimation error, mobility, feedback delay, and
limited feedback. Therefore, interference channel coeffi-
cients from the secondary node X to the primary receiver
Y are often estimated as ljzxp, which are different from
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the exact channel coefficients, mathematically described
as [31]

hxp = phxp + /1 — p2&xp, (4)

where &xp is a complex symmetric zero-mean Gaus-
sian random variable with the variance Axp, and p is
a correlation coefficient between the real channel and
the estimated channel. This correlation coefficient can be
determined using a pilot symbol modulated parameter
(PSAM) [32]. For Rayleigh fading channels, the joint PDF

2
of ’hxp‘ and |hxp|? is defined as [31]

_ x+y
e (1—ﬂ2))\XP 2p /xy
~ 3 = 1 )
f|hxp|2,\hxp)2 (7) 1= p2) 2%, " ((1 — p?) Axp
(5)

where Iy (x) = % foﬂ €590 is the zeroth-order modi-
fied Bessel function of the first kingl.
From (5), we obtain the PDF of |/xp|? as [33]

x+y

< e_ (l—pz))xxp 2p /xy
L2 = 1 d.
i =] e (e

= —=¢ *XpP, 6)

As a result, the best transmit power of the secondary

network nodes for imperfect CSI can be defined as

b
2’

Px=—
‘hxp

X € {A,B,R}. (7)

In the first phase, the received signal at node R from
node A can be written as

Ip

‘hAP

VAR = ‘ZhARxA + vPou_txhorap + 1y, (8)

where xx is the transmit symbol of node X with
E {|xx|2} =1; nﬁ ~ N (0, Np) is additive white Gaussian
noise (AWGN) at phase k with zero mean and variance
of Np. In addition, xp and Ppy_1x are the transmit symbol
and the transmit power of the primary transmitter PU-TX,
respectively, with E {prlz} = 1. Similarly, we can write
the received signal at node R from node B in the second
phase as

1
yBR = | ——hprap + /Pou_txhprap + 1y (9)
e

Therefore, the signal power to noise and interference
ratio of the received signal at R in the first and second
phases can be given, respectively, by
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Tolharl?
VAR = —5— (10)
‘hAP’ (No + Ppu—txlhpr|?)
and
T, hpr|?
vB : (11)

R=—> )
‘hBP’ (No + Ppu—rxlhpr)?)

In the third phase, relay node R adjusts its transmit
power to keep interference at the primary receiver input
under a threshold 7p. The received signal at terminal X
with X € {A, B} in the third phase is given as

IP
e

(12)

YRX = lthxxR + v/Pou_thpxxe + nx,

where nx ~ N (0,Np) is AWGN at the receiver input of
terminal node X, and xg is the transmit symbol of relay
node R with E {IxR|2} =1

Thus, the simultaneous signal power to interference
ratio at the two terminals A and B can be given by

T, lhgal?

=— (13)
’hRP’ (No + Ppu—txlhpal®)

YRA

and

Tl hrs

= . (14)
‘hRP‘ (No + Pou—1x|hpg|?)

VRB

3 Performance analysis

In this section, we study the performance of primary
and secondary networks. For the primary networks, we
consider the interference probability. For the secondary
networks, we derive the system outage probability and its
asymptotic expression at high SNR regime.

3.1 Primary networks: interference probability analysis
The interference probability is defined as the proba-
bility that the interference from secondary transmitters
received at the primary transmitters is greater than the
interference threshold, I,. Considering three communica-
tions phases for the secondary networks, we may write
the primary interference probability using the theorem of
total probability as follows:

P] =Pr (PA|hAP|2 > 7p)

+ Pr (Palhapl* < Tp) Pr (Pglhppl* > I)
+ Pr (Palhapl? < T,) Pr (Pglhppl* <T,)
x Pr (Prlhrel* > T) . (15)
Using the result in [29], we straightforwardly arrive at
P; = 0.875, (16)
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where Pr (hxplz > 1) = % is for Rayleigh fading

|hxp|
channels.

To reduce P;, we adopt the back-off technique, i.e.,
reducing the secondary transmit power to obtain accept-
able interference. Denoting §x with 0 < §x < 1 as the
back-off power control coefficient of node X, the transmit
power of node X can be rewritten as

x1p

Py = 8xPx = (17)

|ixp]

Applying Lemma 1 in [29], after tedious manipula-

tions, we finally obtain the closed-form expression for the
interference probability as

_l14+ea  14+¢sl—9pa 14+¢rl—@al—gs
2 2 2 2 2 2

:1_<1_‘PA>(1_‘PB) (1_¢R>, (18)
2 2 2

——21___ withX € {A,B,R}.
N Sx+1)%—4p25x

Applying the arithmetic-geometric inequality ([34], Eq.
(11.116)) for three positive numbers 172‘/)‘*, 1;” ,and 1;‘”

in (18), we have

1— 1— 1—¢g\ 3
1—¢a\(1=9¢B\(1—-¢r) _ SA 4 2B 4 SOR
2 2 2 ) 3 '

(19)

Py

where ¢x =

From (19), it appears that the interference probability
can achieve its minimum if and only if 54 = dg = 6r =6,
where ¢ = -1

VE+1)2—4p2s

The minimum of P; may be given as

1—g03
p=1-—2),
! (2>

for an equi-correlation coefficient p in all interference
channels.

Although the back-off power control technique is useful
in obtaining satisfactory Py, it also degrades the secondary
network performance. Thus, it is necessary to calculate
the back-off power control peak coefficient for a given
Py. Using the analysis method as in [29], we can find the
back-off power control peak coefficient as follows:

(20)

_2K2p2_2\/K2_K2p2_,{4p2_|_,{4p2
1—«2

1+ «2

Smax = )

(21)
where k =231 —P; — 1.

3.2 Secondary two-way relaying networks

In this section, the performance of cognitive underlay
two-way relaying networks over Rayleigh fading channels
is studied starting with the instantaneous SNRs at the
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receiving nodes using the back-off coefficient. In particu-
lar, we obtain the SNR at R in the first and second phase,
respectively, as follows:

YAR = SAVAR, (22)

and

YBR = OBVBR. (23)

For the third phase, we have the SNRs at A and B,
respectively, as

YRa = SRVRA (24)

and

YRB = SRYRB- (25)

For two-way DF relaying, the secondary system outage
probability can be written as
OP =1—Pr(y'ar > 7th, ¥'Br > Vth» Ve > Vin), (26)
where v, is defined as

Ye = min {y’RA, y’RB} (27)

and yy, is the given SNR threshold.
Assuming that ’zp, ¥'gr, and ye are independent of
each other, we may write

OP =1 —Pr(y g > 1) Pr(¥'pr > ¥tn) Pr (Ve > 1in)
=1—[1—Fp,, )] [1— Fpry )]
x [1=Fy, (yw)],
where F7(z) is the CDF of Z.

In order to derive the exact expression of the system
outage probability, we consider the following Lemma.

(28)

Lemma 1 Let X and Y are exponentially distributed ran-
dom variables with means Ax and Ay, respectively, and Z is

a random variable defined as Z = %ﬂ, whereP > 0, P e
R. The CDF of Z can be given as
Ax _z
F =1——Fe¢ *x, 29
z (@) Pzhy +x. @9
Proof We have
Fy;(z) =D X
z) = Pr <z
z PY + 1
o0
= /Pr(X <z+Pzy) fy () dy
0
o0
_ ztPzy 1 Yy
=1—fe X —e *rdy
, Y

(30)
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Applying ([34], eq. (3.310'1)), we obtain the CDF of Z
as (29). O

Then, the exact closed-form expression for the system
OP is stated in Theorem 1.

Theorem 1 For a given p, the closed-form expression
for the system outage probability over Rayleigh fading
channels is

SAalph
OP =1 — —APTAR ki gi (k)
YthPADPRAAP
SplpA
OBIABR by iy Y
YthPAPRABP ARP (X2 — x1)

[ aao- )

0 ) g <—x2 (¢ + 1))} . (31)
ARP

where Ei(-) is the exponential integral [27, Eq. (8.211)],

_ dablar _ Jslpisr _ VY 1 —
M1 = 3yPim’ = yabPer’ “1 T Salpiar + 2ap’ ky =
Yth Loy = SRIpARA _ Srlpirp ¢ =
oBlpABR Agp’ VehPApa’ YthPApB’ SrIpARA
272
Y apd o = SrlprrArRE
OrlpArp’ yt%\P2)LPA)LpB

Proof From (26), we can see that the explicit expression
for the system outage probability in (28) can be defined
after determining the CDF of y,p, ¥pg, and ye.

We first consider the CDF of y, . Using the conditional
probability, we can write the CDF of y, ; as

e e]

FVJ\R(yth) = /F}/AR||hAp|2(Vth|x)ﬁhAP|2(x)dx
0

(32)

where FVAR' iapi2 (7th %) is the CDF of YAg conditioned on

|hap|* and fij,, 2 (x) is the PDF of |iap|?.
Recalling (10) and (22), we can write

har|?
1+ Plhpr|?

- XVth . (33)
Salp

FVAR“hAPP (Ythlx) = Pr <

where Ip = I,/Np and P = Ppy_tx/No.
Applying the result of Lemma 1, where X,Y, and z
correspond [har|%, |hpr|%, and 222 respectively, we have

oalp’
SaAlpAAR
P
' ‘il ‘2 D) =1- Salprar
v aR|[ap VihPApr (x + Vth;’APR )

_ _*rth
X e 5A1P)"AR‘

(34)
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Substituting (34) and (2) into (35), we have

oo

Fyro (Zth) =1 — /
o YthPAPRAAP (x +

dadprar

BAIP)“AR
YthPAPR

—(th 1
X e (5A1P)‘AR trar )xdx'

(35)
Using ([34], Eq. (3.352.4)), we obtain
SalpAAR k
F, .. (ym) =14+ ——2—"—e™NEi(—mky), (36)
Va2 YthPAPRAAP
SalpAar 1
where r1; = Vth;))\PR and ky = (SAIyptRAR + hap”

Here, we note that y, and yg take the same form.
Similarly, the CDF of yf can be given by

3l ABR &
Fyrp (7n) = 1+ ——=———€"™2Ei (-myky), (37)
7R YthPAPRABP
_ SBlpimr _ ¥ 1
where n1 = Vth;’)»PR and k = ‘SBI;)\BR + D"

We are now in a position to derive the CDF of F,, (yin).
Making use the fact that yra and yrp are correlated due

2
, we can write the

to the common random variable ‘/:IRP
CDF of F, (yw) as

Ey, = /FVe\\thlz(yth|x)ﬁhlzp|2(x)dx’ (38)
0

where F

‘2 (#th |x) denotes the CDF of y, condi-
Ye

RP

)
tioned on ‘th‘ given by

F
Ye

2 (Vth %)

]

—pr | min Srlplhral® Srlp|hs|® v
= ’ t
x (14+Plhpal?) " x (1+Plhpg )

|hral? XYth
=1-—Pr PE—— > —
1+ Plhpa| Orlp

p hrg | XVth
r 72 > — .
1+ Plhpg| Orlp

Applying Lemma 1 for the second term in (39), where
X, Y, and z correspond \hral?, |hpal?, and g—}}l‘,, respec-

tively, we have

h 2
Pr |ARA| _ >
1 + Plhpa|

(39)

XYth \ SRIpARA
Srlp ythPApa (x + x1)

_ _Vth*
SRIpX
X e C°RIPARA

(40)
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(SRIPA.RA
YthPhpa

h 2
Pr |rB| >
1+ Plhps|

where x; = . Similarly, we have
Ay ) __ ORbphr
Srlp ) ynPAp (x + %2)

__Vth*
X e ‘SRIP)‘RB’

(41)

SRIpARB
where x, = yth;’?»ps'

Substituting (40), (41), and (39) into (38), we obtain

Fy (yn) =1 — e e @ 9%

r 1
‘”O/(x+x1><x+xz)

e ((Hﬁ)xdx

v fl
ARP (X2 — x1) ) (x +x1)

e (¢+ﬁ)xdx,

S A
?»RP(xz—xl)o (% +x2)

(42)
_ Yth Yth _ ‘SIZJE%)‘RA)‘RB
where ¢ = 8R1pt)LRA + 5 Ipt/\RB and ¥ = Y PThonin
Applying ([34], Eq. (3.352.4)), one has
¥ X1 (¢+~i)
Fy (i) =1+ ———— "\
ve ARP (%2 — %1)
B 1\
x Ei | —a1 (d) + )
i Arp / |
¥ (o)
ARP (X2 — x1)
| 1\]
x Ei | —xo (gb + ) . (43)
! Arp / |

Substituting (36), (37), and (43) into (28), we obtain an
exact expression for the secondary system outage proba-
bility, when the interference CSI to the primary receiver is
imperfect as in (31).

O
3.2.1 Asymptotic system outage probability at high SNR
regime

By using 1 —e™* xzox, the approximate CDF expression
for ;x> ¥gr» and ye over the high SNR region can be calcu-
lated, so that the corresponding asymptotic system outage
probability can be found.

Theorem 2 Over Rayleigh fading channels, the asymp-
totic system outage probability at high SNR regime is of the
form as (44,).

I,—+00 A A
op P <1 _ Vhhap (1+P}»PR)) (1 _ vwhee +P)LPR)>
Sadprar SalpABR
“ (1 Y (L +Prpa)Are v (1 +P)»PB))»RP)
BRIP)LRA (SR[P)LRB '

(44)
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Proof We start the proof from the definition of
Fyr,x (7h) as

Salplharl?

Fyx (vn) =Pr < Yth

< 2 N
’hAP‘ (14 Plhpr|?)

// (1l <

in |2 (x)fhpRR () dxdy.

%Yt (1 + Py)
ol

x (45)

Based on the exponential approximate property, we are
able to find the approximate CDF for y,; as

IP_’+°° thh X¥th (1 + Py)
)/ AR (Vth)

SalpAAR

1
X —e TR e *PRdxdy
AAp APR

(46)
Using ([34], Eq. (3.351.3)) for the inner integral of (46),
we have

e e]

1 —>+oo 1 _»
b YthAAP f(1+Py)—e 7 dy
dadpAiar ) APR

y AR (Vth)
VthAAP

= — (14 PApr).
SalpAar

(47)

Utilizing similar analytical steps, we find the approxi-
mate CDF expression for yg; as

IP—’+°° YthABP

(14 Pipr),
dIpABR

Fyron (th) (48)

For the approximate CDF expression for ye, from (39),
we have

2
|RA

< 2 (Yx)=1—|1-Pr{ ——
h ‘ " <1+P|hPA|2

XVth
Lz
vel|hap 5R1P>

hI

h 2
x| 1-pr el
1+ Plhpg|

b

XVth
Srlp

(49)
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We first calculate 7 as follows:

h 2
I = Pr |/rAl - < XVth
1+ Plhpal®  Orlp

o0
(1 + Py) xywn
< )fthAlz (y) dy

= | Pr( |hral®
/ ( orlp

0

o0
>+
p—; 00 (1 + P_)/) XVth Le_ﬁdy
OrIPARA  ApA
_ Vth (1 + PApa) (50)
SRIPARA
Similarly, we have I, given by
lhrs|* XYth
1+ P|hpg| orlp
__¥th (1 + Phpp) 51)

OrIPARB

Substituting I; in (50) and I in (51) into (49), we can
define the approximate CDF expression for y, as

FVe (Vth)
T P P
1 A 1 A
=/ Yeh (1 + PA)x+Vth( + PApp) )
SRIPARA SrIpARB RP
0
o0
_/ Yth (1 + PApa) yen (1 + PAp) , 2 () d
SRIPARA SrIpARB Ihre| '
0
(52)

With the help of ([34], Eq. (3.351.3)), we derive the
closed-form CDF expression for y. in the high SNR
region as

koo (yan (1 + Phpa)
F.
ve (Vth) < SelphEn

Yen (1 + PKPB)) N
RP

SrIpARB
(53)

Substituting (47), (48), and (53) into (28), we obtain the
approximate expression for the system outage probability
in the high SNR region as in (44).

From (44), for I, — +00, we have

IP—>+oo 1
OoP ~ —M, (54)
I,
where
A
Vth AP (1 + Pipp) + Vth BP (1 + Pipg)
 Sakar
Yth (1 + PApa) )»RP Vth (1 4 Prpp) Arp
SRARA SRARB '
(55)

O
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Therefore, it can be seen that over the high SNR region,
the system outage probability is proportional to i It
can be shown that over the high SNR region, the system
diversity is one.

4 Numerical results and discussion

In this section, the analytical results are verified using
Monte-Carlo simulation. It is assumed that the system
network nodes lie on a plane coordinate system Oxy,
and the distance between node A and node B is nor-
malized to 1. Therefore, for simulation purposes, the
two secondary terminals are placed at A[O; 0], B[1; 0],
PU-Tx[0; 1], and PU-Rx[1; 1], respectively, and the relay
node is located at R[0,5; O]. dmn is the physical dis-
tance between two network nodes M and N, where
M,N € {A,B,R,PU — Rx, PU — Tx]}. For free-space path
loss transmission, we have Ay = d;,&, where 7 is a path
loss exponent, 2 < n < 6. For simulation purposes, the
following are also used: n = 3, yn = 1.25,87 = g = 0r =
Smax, and P = 20 dB.

Figure 2 shows the secondary system interference prob-
ability to the primary receiver (Py) as a function of p for
three cases: § = 0.35,§ = 0.5, and § = 0.75. It can be seen
that our theoretical prediction and the simulation results
are consistent, verifying our analyses. Furthermore, Py is
an inverse function of p, and there appears a singularity
for p — 1L

In Fig. 3, the secondary system outage probability for
(i) when the correlation coefficient p is varied and (ii) P;
=0.05, P = 20 [dB] is presented, from which our analytical
results are consistent with the simulation results, verifying
our derivation approach. Furthermore, the severity of the
correlation coefficient p to the secondary system quality

Interference probability

0.2

—— analysis
o simulation

0 0.2 0.4 0.6 0.8 1
p

Fig. 2 Effect of the correlation coefficient on the interference
probability P, to the primary receiver
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Fig. 3 Effect of the correlation coefficient on the secondary system
outage performance

is revealed when the secondary transmitters adjust their
power following the back-off power 8yax.

Figure 4 presents the secondary system outage probabil-
ity when the interference channel to the primary receiver
is imperfect with a correlation coefficient p = 0.98 for
P = 20 dB. The system is also simulated for P; = 0.2, P; =
0.1, and P; = 0.05. It can be seen from Fig. 4 that reduc-
ing the interference probability degrades the secondary
system quality. This is because the decrease in the inter-
ference probability Py leads to the decrease of the back-off
factor. Therefore, the secondary network nodes’ transmit
power decreases, hence increasing the secondary system
outage probability.

P =20 [dB], § = 0.98

I
E
<
=]
[<] —1
a 10
(5]
o0
g -
8 Pr=0.2,0.1,0.05
P
]
—— analysis
- - - asymptotic i
O simulation
10°? - : -
0 5 10 15 20 25 30 35

I, [dB]

Fig. 4 Effect of P; on the secondary system outage performance
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5 Conclusion

This paper studies the DF two-way relay transmission sys-
tem in cognitive radio environments. Furthermore, our
proposed model considers the primary transmitter inter-
ference to the secondary system and evaluates the system
quality when the interference CSI from the secondary
transmitters to the primary receiver is imperfect. This
paper has derived the interference probability to the pri-
mary receiver, the maximum back-off power factor which
is used to keep interference under a threshold level. For
the secondary system, an exact expression for the system
outage probability and its asymptotic expression for the
high SNR region have been obtained. These new find-
ings have been verified using the Monte-Carlo simulation
results. Further studies on two-way relay systems with
imperfect CSI at the primary transmitters will be reported
in a separate publication.

Endnote
! p can be assumed less than 1 to avoid the singularity.
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