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ABSTRACT:

This paper proposes an outage analysis
framework for cooperative cognitive networks
with proactive relay selection and selection
combining (SC) under licensed outage
constraint, maximum  transmit  power
constraint, independent non-identical (i.n.i)
fading distributions, erroneous channel
information, and licensed users’ interference.
Towards this end, we firstly suggest power
allocation for unlicensed transmitters to
satisfy power constraints and account for
erroneous channel information and licensed

users’ interference. Then, we propose an
exact closed-form outage probability formula
for the unlicensed network to promptly
evaluate system performance and provide
useful insights into performance limits.
Multiple results show performance trade-off
between the unlicensed network and the
licensed network, error floor in the unlicensed
network, considerable system performance
degradation owing to erroneous channel
information and licensed users’ interference,
and significant performance enhancement
due to the increase in the number of relays.

Keywords: Proactive relay selection, erroneous channel information, cognitive radio.

1. INTRODUCTION

Currently, many emerging wireless services
such as high definition video streaming, video
calling, file transferring and high-speed internet
access demand more and more radio spectrum
while the conventional allocation of frequency
bands by means of fixed licensed users (LUSs) is
not efficient, causing spectrum shortage. This
shortage conflicts with a severe spectrum under-
utilization as reported in an extensive survey on
frequency spectrum utilization carried out by the

Federal Communications Commission [1]. A
cognitive radio (CR) technology has been recently
proposed to resolve this contrast [2]. The
philosophy behind this technology is the co-
existence of unlicensed users (UUs) and LUs on
the frequency band inherently allotted to the LUs
subject to an acceptable quality of service (QoS)
at LUs. However, the interference from UUs on
LUs becomes a great challenge to the CR
technology. To control this interference, UUs
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wisely limit their transmit power to ensure that the
induced interference at LUs remains below a
controllable level, ultimately reducing their
communication range. To extend the
communication range for UUs, relaying
communications technique should be integrated
into UUs [3]. In relaying communications, relay
selection criteria plays a very important role in
improving system performance in terms of
spectral efficiency, power consumption, and
transmission reliability.

To optimize system design such as optimum
power allocation, channel information is required
to be available. Nevertheless, this information is
inevitably erroneous, inducing the study on the
impact of channel information error on the outage
performance of relay selection criterions in
cooperative cognitive networks to be essential.
The effect of channel information error on the
proactive, reactive, partial relay selection criteria
was investigated in [5], [6], and [4], [7], [8],
respectively. However, [4]-[8] assumed no
licensed users’ interference, independent and
partially-identical fading distributions, and no
licensed outage constraint.

Motivated by the above, this paper proposes
an outage analysis framework for the proactive
relay selection in cooperative cognitive networks
under practical operation conditions such as
maximum transmit power constraint, channel
information error, i.n.i fading distributions,
licensed outage constraint, and licensed users’
interference to evaluate system performance
quickly and to expose performance limits.

The structure of this paper is as follows. The
next section presents the system model under
investigation. Power allocation for UUs is
discussed in Section 3. An exact closed-form
outage probability formula for the unlicensed
network is elaborately derived in Section 4.
Results for validating the proposed formulas and
demonstrating the outage performance of the

proactive relay selection in cooperative cognitive
networks are presented in Section 5. Finally, the
paper is closed with useful remarks in Section 6.

2. SYSTEM MODEL

Figure 1 shows a cooperative cognitive
network with the proactive relay selection where
the best unlicensed relay Ur, in the group of J
relays, R ={UR,,UR,,...,UR,}
assists communication between the unlicensed
source ys and the unlicensed destination yp .
Independent, frequency-flat, and Rayleigh-

distributed fading channels are considered and
hence, the channel coefficient, Py between the

unlicensed

transmitter k and the receiver | in the phase p can
be modelled as a circular symmetric complex
Gaussian random variable with zero mean and Do
-variance, i.e. hep ~ CN (0,4,,) » @S illustrated
in Table 1.

To support performance analysis in presence
of channel estimation error (CEE), we applied the
well-known CEE model (e.g., [9]) where the
relation between the real channel coefficient,

Mo , and its estimated one, ;7 , is given by

kil klp

ﬁKIp = phklp +y1- ngklp (1)

where € is the CEE and p is the correlation
coefficient, 0< p <1,

average quality of channel estimation. Similarly

characterizing the

to [9], all random variables {hy,, n

modelled as ON (O,Zmp).

hip ! gklp} are

Figure 1 shows that the proactive relay
selection in cooperative cognitive networks takes
place in two phases. In the phase 1, ys sends the
signal  x, with transmit power p. (i.e,

P :EXS{]XS|2} where E {x} stands for the

expectation operator over random variable X)
while LT issimultaneously sending the signal x ,

with transmit power P - The signals from ys
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and LT cause the mutual interference between the
licensed network and the unlicensed network.
Therefore, the received signals at the licensed

receiver LR and the unlicensed receivers (i.e.,
UR and yp ), respectively, can be given by

Yiu = hLleLl + hsuxs + Ny (2)

Yo =hynXs +RXa +0y | G{Dﬂ] } 3
where n, ~ CN (0, N,) is the additive

white Gaussian noise (AWGN) at the
corresponding receivers.

Licensed network

Ly}

T

phase 1 hSD1

Unlicensed network

Figure 1. System model

Table 1. Notations for channel coefficients:
J ={,..3}.

Channel coefficient

Notation between

LT and LR in the

by, ~CN (0, 4,,)

phase p
Ny ~ON (0, 4,) LT and UR;,
jel
ho ~ON (0, Ap,) | LT and UD in the
phase p
r‘%Ll - O\I (O, zsu) LEand LR
an UR.
h’Sjl ~N (01 A‘Sjl) l}Ee ] d N
ho, ~ON(0,4g,) | UR; aa  UD,
jel
hSDl ~(N (O’ %Dl) WSana UD

Notation Channel coefficient
between
hjLZ ~N (01 ;thZ) URJ and LR ,
jel

Using (1) to rewrite (2) and (3) as

~

2

h 1-p

Yiu = — X~ &uXut hsuxs +Ny (4)
h 1-p°

Ysi1 = %Xs - Egi1Xs (5)

+h,,x,+n,, 1e{D,J}

which result in the signal-to-interference plus
noise ratio (SINR) at the licensed receiver and the
unlicensed receivers in the phase 1 as

~ 2
v = hy,| P
Ly = 2
(1_p2)ﬂ‘LLlPL +|h3|_1| pzps +p2N0
(6)
P2
v - hg,| Ps
sit = 2
(1_92)/15|1Ps +p° |h|_|1| P+ p*N,
Je{D,]}
)

This paper analyzes the outage performance
of the proactive relay selection in cooperative
cognitive networks. According to the proactive
relay selection criterion, the selected relay UR
is the one that obtains the largest end-to-end
SINR, i.e.

b =arg max min(‘l’sjl,‘l’,m) (8)

where ¥ o is the SINR of the signal received at
up from yRr J_ in the phase 2. This signal can be

represented in the same form as (5), i.e.

Yi Zthz Xi — L-p’ Ei5,X;
D2 P 0 jp2” 9)

+ hLDZXLZ + nDZ

where jeJ , X2 is the signal transmitted by LT
with the power P, and x; is the signal transmitted
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by UR J_ with the power P;. As such, ¥, can be
computed in the same way as (7), i.e.

~ 2

hipa| P,

jbD2

Y. o=
jb2 2

(1_ pz)ljDZPj +p° |hLD2| P.+p*N,

(10)

In the phase 2, LR also receives the desired

signal from LT and the inference signal from

UR, - Therefore, the SINR at LR in the phase 2

can be expressed in the same form as (6), i.e.

~ 2
hLLZ‘ R (]_]_)
(1_p2)/lLL2PL +‘th2‘2 p°R+ PN,

To recover the source information with low
implementation complexity, both signals received
from US and UR, can be selection-combined at

UD , which results in the total SINR at UD as

V,=

\I’totzmax(‘P max min (¥ ‘PJ.DZ))

sp1 sj1

(12)

3. POWER ALLOCATION FOR
UNLICENSED USERS

To guarantee QoS for LUs [10], the power of
unlicensed transmitters must be properly allocated
to meet the licensed outage constraint. To this
effect, the transmit powers of US and UR, must

be limited to satisfy the following two licensed
outage constraints, correspondingly:

Pr{ log, (1"""P|_|_1) < 77|_} = F\Pm (@) <u
(13)

Pr{ log, (1+\PLL2) < 77L} = F\pm (@) <u

(14)

where Pr{X} stands for the probability of the
event X, r =27 —1 with » being the required
transmission rate in the licensed network, Fx(x)
signifies the cumulative distribution function

(cdf) of X, and p is the required outage probability
of LUs.

Moreover, unlicensed transmitters (i.e., S
and UR, are constrained by their designed
maximum transmit powers (i.e., Psm and Ppm).
Therefore, the transmit powers of US and UR,

are also upper-bounded by Psn and Pyn,
respectively, i.e.
(15)

IA

R<R,
R<k: (16)

Theorem: For the maximum transmission
range, the transmit power of a unlicensed user
that satisfies both the licensed outage constraint
and the maximum transmit power constraint is
given by

A

P, =min

(17)
where [x]* denotes max(x, 0) and the phase 1

corresponds to (k, p) = (S, 1) while the phase 2
corresponds to (k, p) = (b, 2).

Proof: The proof for (k, p) = (S, 1) is
presented, which is straightforwardly extended to
(k, p) = (b, 2) for completing the whole proof of

Theorem.
2

Let X =

hLL1

P and

Y 2(1_ PZ)ALMPL +|hSL1|2 PP+ p°Ny.

Since FL,J ~ON (0, ﬂu_l) and

hyy ~ON(0,Ay,), the probability density

function (pdf) of X and the pdf of Y,
correspondingly are given by

fy (%)

X

eiPL/lLLl X > 0 (18)

1
PAw
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X=u
1 Y
f, (x)= g PR x>u  (19)
2PS)“SLl
where U = (1—p2)ALL1PL +p°N, .
Given ¥ =X /Y in (6), it immediately
follows that

Fo (7)= Tﬁ-y f, (x)dx}fY (y)dy (20)

ul 0
Substituting (18) and (19) into (20) and
performing simplifications, one obtains the
closed-form expression of F\pLL1 (TL) as

“T Py
F\P (TL ) — 1_ F)L;LLLle > (21)
LLl PALu+7p Psdg,

where P, =1-p"+ pzNo TP AL,
Using (21), we deduce Ps that meets (13) as
TP
PS S I:>L/’]2‘LL1 [e _1] (22)
T p A\ 1-u
When g7aw 4 <1, the right-hand side of

(22) becomes negative. As such, the constraint in
(13) is equivalent to

TP *
p, < {e —1} (23)
T p Ay | -
Finally, combining (23) with (15) results in

TP *
P, < min{ A, {e _1} ,PSmJ (24)

TLpzlsu 1-u

To maximize the communication range, the
equality in (24) must hold, and hence, Ps is
reduced to (17) for (k, p) = (S, 1), completing the
proof.

! Due to the two-phase nature of the proactive relay selection,
15 is related to the required transmission rate, ns, in the
unlicensed network as Ty = 2215 _ 1.

4. OUTAGE ANALYSIS

This section presents a formula of outage
probability, which is defined as the probability
that the total SINR is below a predefined !
threshold s, i.e.

OP = Pr{‘Ptot<TS}
Pr{ SDl,maxmm(‘I’SJl,‘I'JDZ))
<7}
=Pr{Wgp; <75}
M,
Pr{njjgxmln(‘l’sjl,q’m) S} (25)
M,

Before presenting closed-form expressions of
M, and M, for completing the analytic evaluation
of (25), we introduce the cdf of ¥ . =~ where

| ={D,J }.Similarlyto (21), one obtains the cdf
of y, as

g e @
Sl1
where Gy = PAg, / pZPL’ILu and

(ps|1:1—p2+p2N0/PS;tS|l-

It is seen that M . is the cdf of

SD1

evaluated at ts, i.e.

M,=F,_ () 27)
We rewrite M , in (25) as

M, :I%w {Pr{maxmm(‘{'sjl,‘{’m)

jel

STS||hLD2|2}}
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‘hm‘ {HPr{mln(‘Psu,\ijz)

28
STS||hLD2| }} )
= E‘hmz‘2 {I_J[ (1_Q1TJ‘ )}
J€
where
Q= Pr{‘{—’ sit 2 TS}z 1- FWSI‘ (TS)(ZQ)

T =Pr{¥,,> rs||hLD2|2}
(30)
Using (10) to compute T, in (30) as

2
‘%[‘/’pz*%‘hwz‘z]
T. =e 27 (31)

J

where P; has the same form as (17) with
changing k to j and
PN,

Ppp =1-p* +—2 TP (32)

D2

Using the fact that

[T(2-u;)=2+ (27 I v,

JE‘\]]—I J—i+l J-i+2 J (33)
+>(-1) Z > Iy

i=1 W=l wy=w+l  wi=wi g+l jeK
where y _ (5 [w,].0 [w,].....d [WI]}Z, to
expand the product in (28), one obtains
M, =1+(-1)" Y, +
J-1 S J—it+l J-i+2 J

SIS LD

i=1 wy =1 wy=w; +1 Wi =W;_; +1 (34)

where C={KJ } and

YC - ﬁhmz : HQJTJ (35)
‘ jeC

2] [J] is the value of the | element inthe J  set.

To complete the derivation of the exact
closed-form representation of M 2, we firstly
substitute (31) into (35):

P
1_[ TS[W]D2+L‘h DZ‘ZJ

‘hmz‘

(36)
—‘hmz‘ TSPLZ P
jeC Ajp2 HQ e “TsPjp2

jeC

~QN (0, Ap,), the pdf of
IS f‘hLDZ‘Z (X) = e*xuwz /;]"LDZ’ x20.

=E ,qe

h ‘hmz‘

Since h,_D2

2
i
Using this fact in (36), one then obtains

—xrsP

P
jeC AJDZ PJ f

x)dx] JQ,e ="

‘ LDZ‘ jeC

P
—x/Apa
jZ;AJDzP e

:J.e < dXHQ e “TsPjp2
0 b2 jeC
“TsPip2
[[Qee™”

jeC

1+7,4,,,P
s’MD2 ;CAJDZPJ

@37)

Plugging (37) into (34) and then, inserting the

result together with (27) into (25), one obtains the
exact closed-form representation of OP.

5. ILLUSTRATIVE RESULTS

This section presents various results with
arbitrary fading powers as{,1 D2}5 ={11.7757,
j=1

11.6284,5.0188,11.96939. 2398} ,
Ao, = Ay, =0.6905,
{3.5696,1.6902,

{/11"-2 }Sj:]_ -

LD1
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4.1890, 5.3979, 36321} , A

e = A =
14.2668,
{2}, ={1.7106,0.9601, 25613,
2.1784, 1.84% ,
{21}, = (5:5479, 4.6852,
11.8926, 4.6987, 6.7476}, A, =1.2761,

hoor =11 P =P Vke{S3 }; n =05
bits/s/Hz and ns = 0.2 bits/s/Hz. In the sequel,
three different relay sets ({UR,}. {le}?Zl,

{URj}‘j-’:l) are illustrated for J = 1, 3, 5,
correspondingly.

Figure 2 illustrates OP with respect to the
variation of p for P./No = 16 dB, Pw/No = 14 dB,
4 =0.05. It is observed that the simulation and the
analysis are in a perfect agreement. Also, the
unlicensed network is complete in outage for a
wide range of p (e.g., p < 0.935 in Figure 2).
When the channel estimation is better (e.g., p >
0.935 in Figure 2), the outage performance of the
unlicensed network is dramatically enhanced.
Moreover, the increase in the number of relays
significantly improves the outage performance.
This comes from the fact that the larger J, the
higher chance to select the best relay, and hence,
the smaller the outage probability.

° oy
10°g N
W
- NN
-
2
E
S 10?
5 N
% @ Sim.:J=1 \ 6\
s Ana.: J=1 \
o O
@ sim.J=3 \ g
07 e Ana.: 3=3 > E
¢ sim. =5 AN
— —Ana: J=5 ~
o
10°F ~
. . . . . . . . M
09 091 092 093 094 095 096 097 098 099 1

o
Figure 2. Outage probability versus p

Figure 3 demonstrates OP with respect to the
variation of u for Pn/No = 14 dB, p = 0.97, P./Ng

=16 dB. It is observed that the analysis perfectly
matches the simulation. Additionally, the system
performance is significantly better with larger
number of relays. Moreover, some interesting
comments are observed as follows:

e The high QoS (e.g., u < 0.025 in Figure 3)
requirement in the licensed network causes
the unlicensed network to be complete in
outage.

e When the licensed network requires the
moderate QoS (e.g., 0.025 < u < 0.08 in
Figure 3), the outage performance of the
unlicensed network is drastically improved
with the increase in .

o When the licensed network is not stringent
in the QoS (i.e., low QoS requirement), the
unlicensed network suffers error floor for
large values of p (e.g., ¢>0.08 in Figure 3).
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u
Figure 3. Outage probability versus u

The results in Figure 3 demonstrate that better
performance of the licensed network (i.e., lower
values of x) induces worse performance of the
unlicensed network (i.e., larger values of OP) and
vice versa. Therefore, the performance trade-off
between the unlicensed network and the licensed
network should be accounted when designing
cooperative cognitive networks.

Figure 4 illustrates OP with respect to the
variation of P./No for Pn/No =14 dB, p=0.97, and
u = 0.05. Results expose a perfect agreement
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between the analysis and the simulation.
Additionally, the outage performance is
significantly enhanced with larger number of
relays as expected. Moreover, some interesting
comments are observed as follows:

— For small values of P_ (e.g., P./No < 15 dB
in Figure 4), the increase in P, substantially
enhances the outage performance. This can
be interpreted as follows. According to (17),
P, is proportional to L. while the power of
unlicensed transmitters is controlled by the
minimum of L and Py, and hence, at small
values of P. and the fixed value of Py, the
power of unlicensed transmitters is
proportional to P, ultimately improving the
performance of the unlicensed network as P,
increases and the interference caused by the
licensed network to the unlicensed network
is not significant (due to small P,).

— For large values of P_ (e.g., P./No > 15 dB
in Figure 4), the L term in (17) is larger
than Pn and hence, the transmit power of
unlicensed users is fixed at the value of P,
(e.9., Pw/No = 14 dB in Figure 4).
Meanwhile, as P, is large and increases, the
interference that the licensed network
imposes on the unlicensed network
dramatically increases, ultimately
deteriorating the performance of the
unlicensed network (i.e., increasing the
outage probability). At the very large values
of P. (e.g., P./No > 37 dB in Figure 4), the
unlicensed network is complete in outage.
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4 4
| i,
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© Q@ @ J ¢ sim.:J=5
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Figure 4. Outage probability versus PL/No
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Figure 5. Outage probability versus Pm/No

Figure 5 demonstrates OP with respect to the
variation of Pn/No for PL/Ng = 16 dB, u = 0.05,
and p = 0.97. It is seen that the analysis and the
simulation are in a perfect agreement. Also, the
increase in J dramatically enhances the system
performance.  Furthermore,  the  system
performance is significantly improved with the
increase in Py. This can be interpreted as follows.
Since P upper bounds the power of unlicensed
transmitters (e.g., (17)) and hence, the larger Pn,
the larger the transmit power, ultimately
remedying the corresponding outage probability.
Nevertheless, the unlicensed network experiences
performance saturation at large values of Pn/No
(e.9., Pm/No > 15 dB in Figure 5). This comes from
the fact that the power of unlicensed transmitters
in (17) is controlled by the minimum of Py, and P,
and hence, as P, is larger than a certain level (e.g.,
Pw/No > 15 dB in Figure 5), the power of
unlicensed transmitters is completely determined
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by P, making the outage performance unchanged
regardless of any increase in Pn. However, the
error floor level is drastically reduced with respect
to the increase in J.

6. CONCLUSION

This paper analyzes the outage performance
of cooperative cognitive networks with the
proactive relay selection and the selection
combining under channel information error,
licensed users’ interference, i.n.i fading channels,
licensed outage constraint and maximum transmit
power constraint. To meet these power constraints
and account for channel information error and
licensed users’ interference, we proposed an
appropriate  power allocation scheme for
unlicensed users. Then, to analytically assess the
system performance in key operation parameters

without exhaustive simulations, we suggested an
exact closed-form outage probability formula.
Various results demonstrate that i) mutual
interference between the licensed network and the
unlicensed network establishes a performance
trade-off between them; ii) channel information
error dramatically degrades system performance;
iii) the unlicensed network suffers the error floor;
iv) the relay selection plays an important role in
system performance improvement as well as
system resource savings.
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Hiéu nang cua mang nhan thirc hop tac co
chon lwa relay chu déng va két hop chon

loc

= Ho Van Khwong
= V3 Qué Son

* Lwu Thanh Tra

Trwdng Dai hoc Bach Khoa — DHQG-HCM, Viét Nam

= Pham Héng Lién

Dai hoc Sw pham Ky Thuat, TP. H5 Chi Minh, Viét Nam

TOM TAT
Bai béo nay dé xuat mét khung phan tich
xac suét dirng cho mang nhén thire hop tac
c6 chon lwa relay cha déng va két hop chon

loc duéi rang budc xac suét ding so cép,
rang budc céng suét phat téi da, phan bé
fading khéng déng nhét, thong tin kénh
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truyén sai, va can nhiéu cta nguoi ding so
cép. Huéng dén muc tiéu nay, trudc hét
chuing t6i dé xuét phan bé cong suét cho cac
may phét thir cdp dé ddm béo céac rang budc
cong suat va tinh dén théng tin kénh truyén
sai va can nhiéu clia nguéi dung so cép. Sau
do, ching té6i dé xuat mét biéu thirc xac suét
deeng chinh xac dang kin cho mang thir cép
dé danh gia nhanh hiéu ndng hé théng va

cung cép cac hiéu biét hiru ich vé giéi han
hiéu ndng. Nhiéu két qua cho thdy su tuong
nhwong hiéu ndng gilta mang so cép va
mang thir cép, nén 16i trong mang thir cap, sw
suy gidm hiéu ndng hé théng dang ké do
théng tin kénh truyén sai va can nhiéu cda
nguoi dung so cép, va s céi thién hiéu néng
dang ké do su gia téng vé sé lirong relay.

T khéa: Chon lwa relay chd ddng, Thong tin kénh truyén sai, Cognitive radio.
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