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Abstract

In this work, the issue of joint relay selection and power allocation in Underlay MIMO Cooperative Cognitive Radio
Networks (U-MIMO-CCRN) is addressed. The system consists of a number of secondary users (SUs) in the secondary
network and aprimary user (PU) in the primary network. We consider the communications in the link between two selected
SUs, referred to as the desired link which is enhanced using the cooperation of one of the existing SUs. The core aim of this
work is to maximize the achievable data rate in the desired link, using the cooperation of one of the SUs which is chosen
opportunistically out of existing SUs. Meanwhile, the interference due to the secondary transmission on the PU should not
exceed the tolerable amount. The approach to determine the optimal power allocation, i.e. the optimal transmits covariance
and amplification matrices of the SUs, and also the optimal cooperating SU is proposed. Since the proposed optimal
approach isahighly complex method, alow complexity approach isfurther proposed and its performanceis evaluated using
simulations. The simulation results reveal that the performance |oss due to the low complexity approach is only about 14%,

while the complexity of the algorithm is greatly reduced.

Keywords. Cognitive Radio Networks; Cooperative Communications; MIMO Systems; Low Complexity Approach.

1. Introduction

Since the issuance of the report of Federal
Communications Commission (FCC) in 2002, which
revealed the spectrum inefficiency in the incumbent
wireless communication systems, cognitive radio (CR) has
been regarded as one potential technology to activate the
utilization of spectrum resourcesin the recent evolution of
wireless communication systems [1]. As a consequence,
the overlay and underlay modes can be developed, based
on the definitions of spectrum holesin[1] and the operation
modesin [2, 3], to use the white and gray spectrum holes,
respectively.

To further enhance the system performance, a
cooperative relay network can be incorporated into
secondary system (SS). Thus, in the underlay CR system
with an IT limit, the cooperative relay networks can aso be
applied to have a better capacity and error rate performance
[5], trade-off between achievable rate and network lifetime
[6], maximum signal-to-interference-plus-noise ratio
(SINR) at the destination node [ 7], better channel utilization
by multi-hop relay [8], maximum throughput and reduced
interference via beam forming [9], and maximum SINR
using cooperative beam forming [10].

* Corresponding Author

Multiple-input/multiple-output (MIMO) systems have
a great potential to enhance the throughput in the
framework of wireless networks [11, 12]. Using M
transmits antennas at the transmitter and N receive
antennas at the receiver, the capacity of a MIMO single
user isequal tom  {M, N} times the capacity of asingle-
input/single-output  (SISO) system [11, 12]. Multiple
antennas can be applied to achieve many desirable goals,
such as capacity increase without bandwidth expansion,
transmission reliability enhancement via space-time
coding, and co-channel interference suppression for multi-
user transmission.

The method on relay selection and channel allocation
in [13] greedily searches the most profitable pair to
maximize system throughput, without considering the
interference with primary users, which is the case for CR
networks. The problem of joint relay selection and power
alocation to maximize system throughput with limited
interference to licensed (primary) users in cognitive radio
networks was investigated in [14]. In [15], the structure of
an optimal relay precoder design for Amplify-and-Forward
based Underlay MIMO cognitive relay was studied.

Joint problems of relay selection and resource
allocationin CR networks (CRNs) have attracted extensive
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research interests due to its more effective spectrum
utilization [13]-[18]. The authors in [13] consider a
cooperative cognitive radio network (CCRN) in which the
relays are selected among the existing SUs. For CCRNs
with decode-and-forward strategy, two relay selection
schemes, namely, full-channel state information (CSI)-
based best relay selection (BRS) and a partial CSl-based
best relay selection (PBRS) were proposed in[14]. In order
to obtain an optimal subcarrier pairing, relay assignment
and power alocation in MIMO-OFDM based CCRNSs, the
dual decomposition technique was recruited in [15] to
maximize the sum rate subject to the interference
temperature limit of the PUs. The issue of joint relay
selection and power alocation in two-way CCRN was
considered in[16]. A suboptimal approach for reducing the
complexity of joint relay selection and power allocationin
CCRN was proposed in [17]. The network coding
opportunities was exploited in [18].

The issue of resource allocation in MIMO CRNs was
explored in [19]-[22]. The authorsin [19] presented a low
complexity algorithm for resource allocation in MIMO-
OFDM based CR networks, using game theory approach
and the primal decomposition method. In [20], the authors
extended the pricing concept to MIMO-OFDM based CR
networks and presented two iterative algorithms for
resource allocation in such systems. To obtain an optimal
subcarrier pairing, relay assignment and power allocation
in MIMO-OFDM based CCRNSs; the dual decomposition
technique was recruited in [21] to maximize the sum-rate
subject to the interference temperature limit of the PUs.
Moreover, due to high computational complexity of the
optimal approach, a suboptimal algorithm was further
proposed in [21] and [22].

In this paper, we consider the opportunistic spectrum
access in MIMO cognitive radio networks (MIMO-CRN).
More specifically, we propose a Cognitive Cooperative
communication protocol based on Beam forming (CCB) in
MIMO-CRN which ensures the SU’s continuous
transmission and reduces its outage probability without
interfering the PUs. The desired link is considered as the
MIMO link between two SUs, the SU TX and SU RX.
Meanwhile, CCB adopts beam forming at the SU RX and
the cooperating SU. As a result, the SU RX only receives
signals from the SU TX and the best relay, and the
interferences from the PUs are suppressed. The same story
applies to the cooperating SU as a result of beam forming.
To be more accurate, when a PU transmits signal in the
system, the joint problems of opportunistic relay selection
and power allocation in the context of MIMO CR networks
to maximize the end-to-end achievable data rate of
Underlay MIMO CR networks need to be considered. Our
focus is on the amplify-and-forward (AF) relay strategy.
An obvious reason isthat AF has low complexity since no
decoding/encoding is needed. This benefit is even more
attractive in MIMO-CRN, where decoding multiple data
streams could be computationally intensive. In addition to
simplicity, a more important reason isthat AF outperforms
decode-and-forward (DF) in terms of network capacity
scaling: in general, as the number of relays increases in

MIMO-CRN, the effective signal-to-noise ratio (SNR)
under AF scales linearly, as opposed to being a constant
under DF [30].

The remainder of this paper is organized as follows.
Section 2 presents the system model and general
formulation of the problem. In Sections 3, the structure of
optimal power allocation matrices is studied. Based on
these structural results, we simplify and reformulate the
optimization problem. The optimization agorithms,
including the optimal and suboptimal approach are
discussed in Section 4. In Section 5, the outage probability
of the desired link is analyzed. Numerical results are
provided in Section 6 to show the efficacy of the proposed
algorithms and Section 7 concludes this paper.

Notation: The following notation is used throughout
the paper. The operators ()“ e Tr() and () ae

Hermitian (complex conjugate), determinant, trace and
pseudo-inverse operators, respectively.

2. System Model

We consider ascenario where a CR network, consisting
of Ng +2 SUs, coexists with a primary network,

consisting of N, PU par. In this paper the

communication between two SUs is considered, which is
also referred to as the desired SU link. The SU transmitter
(SU TX) transmits signals to SU receiver (SU RX) either
in the direct link or taking advantage of the cooperation of
one of the SUs, depending on the presence of the PUs in
the system. When the PUs are absent, the SU TX simply
communicates the SU RX directly. Therefore, throughout
this and next sections, we assume that the PU pairs are
present and, as discussed in the previous section, it is
inevitable for the SU TX to take advantage of the
cooperation of one the SUs to keep the imposed
interference on the PUs in the allowed region.

2-1- The transmission process at the presence of PUs

When the PU pairs are present, the direct
communications between the SU TX and SU RX may
impose intolerable interference on the PUs. The
cooperation of one of SUs with the desired SU link can
provide the possibility of reducing the transmit power of
the SUs and thereby lessinterference isimposed on the PU
pairs. A transmission from SU TX to SU RX at the
presence of PUs takes two time-dlots. In the first time-slot,
the SU TX transmits signals to all the existing SUs in the
CR network and the SUs employ beamforming to only
receive signal of the SU TX. In the second time-dot, one
of the SUs is selected to cooperate with the SU TX by
amplifying its received signal and forwarding it to the SU
RX, without decoding the message. All the transmissions
in the SU system need to be regulated in order to avoid
excessive interference on the PU pair. Meanwhile, the
interference from the PUs in the SU TX is avoided by
employing beam forming. The set of candidate SUs to
cooperate with the desired SU link is denoted by s, .

Besides, the set of PU pairs is also denoted by S, . It is
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further assumed that all the users, including the SUs and
the PUs are equipped with multiple-antennas. Without loss
of generality and for ease of exposition, we assume that the
entire candidate SUs to cooperate with desired link are
equipped with N antennas and the PUs with N o

antennas. The number of antennas at SU TX and SU RX
ae aso N, and N, , respectively. H_, e ™"

represents the channel matrix form SU TX to SU i and
H,, e "~ represents the channel form SU i to SU RX.

All the channels are modeled as Rayleigh fading channels
and invariant during onetimeslot. It isfurther assumed that
all the instantaneous channel matrices are perfectly known
at the SU TX. The assumption of perfect knowledge of all
the channel gainsis a typical assumption in this area [31,
32]. In the presence of PUs, the amplify-and-forward (AF)
relaying protocol is used.

2-2- Problem Formulation

Thereceived signal at i-th SU can be written as
Y,i =Hg X, +n Vi e Sy 1)

s, s r,i?

where the transmit signal of SU TX, intended for SU i, is
denoted by x_; et n ; e ™ is the additive white

Gaussian noise at SU i. Note that in (1) the negative effect
of the PU signal on received signal of the candidate SUsis
canceled, due to employment of beam forming. Suppose
that SU i is selected to cooperate with the desired SU link.
Then, the received signal at SU RX from SU i is given by
Yo =Hugi Ay +1ng )

_H AHsrl S|+Hrd|A

where Ai represents the amplification matrix, used at SU

+Ny

I i

iin, e N+1 s the additive white Gaussian noise at SU

RX. Once again, it is presumed that the interference from
the PUs is eliminated at the SU RX, by recruiting the
appropriate beam forming. As a result of cooperation of
one of the SUs, SU i, the achievable datarate in the desired
link can be written as

1
Ri:EIogz|INd+Hrd,iAiH QHE AMHE 3

X(Sdled +5 7 H o AATH, )71‘

where s ? and s 7 denote the variances of n ; and N,
and Q, denotes the transmit covariance matrix of SU TX,
intended for SU i. The transmit power of SU TX is

restricted to p,, i.e. Tr (Q, ) <R .
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Fig. 1 System Model

Furthermore, the maximum transmit power of the SU i, if
selected as the cooperative relay, is P, . The PUs must not
be disturbed as a result of transmission by SU TX and
further the cooperation of the selected SU with the SU TX.
In this way, the interference power constraints on the PUs

are provided by Tr( sanHspn) P, ad

Tr{H, o[ A (571, +Ha QHE, AT JHE, <R, for
al neS,,, where the SU i is selected to cooperate with
the SU TX. Moreover, H. and H represent the

i,p,n s,p.n

channel from SU i and SU TX to n-th PU RX, respectively.
Evidently, the maximum tolerable interference at the PUs
isP, ,+P, ,. One of the aims of this work is to optimally

select the cooperating SU and also calculate the optimum
power allocation in the proposed system, which can be
formulated as:

(Q1A)=argmex R (Q.A)
| —agmex R (QA)

st.Tr(Q .)

Tr[A (71, +Hy QHE, AT <P

Tr(HSpQHSHpn) P., VneSy

Tr{H,pn (21, +H,,QH!, )AY ]Hﬁp,n}ssz,Vnesﬁ,
A >0Q, >0

(4)

where Q' and A" are the optimum transmit covariance

and amplification matrices. For convenience, we define
two constraint sets according to the following:

31



32

Journal of Information Systems and Telecommunication, Vol. 3, No. 1, January-March 2015, Serial Number 9

@, L {Q [Tr(Q)<P,
Tr (H, ,Q H! )SP,,QiZO,VneSPU}

s,p,n
[ A (52, +H, QHE AT |<RA,
i 1:‘\ r{Hi,p,n[Ai (stNr+H5viQiH:Yi)AiHJHiypyn}sPl
(6)

It iseasy to verify that (4) can be decomposed into three
parts as follows:

max(max(max R (Q A ))j (7)

©®)

>0
Y
H

ieSg \ Q ed; \ A e,

Hence, solving (4) reducesto iteratively solving a sub-
problem with respect to A, , for all i e Sgand N € S,
(with Q, fixed), then another sub-problem with respect to
Q, (with A fixed, vi eS,and neS,, ) and findly a
main problem with respect to | . Directly tackling problem
(4) isintractable in general. However, we will exploit the
inherent special structure to significantly reduce the
problem complexity and convert it to an equivalent

problem with scalar parameters. In what follows, we will
first study the optimal structural properties of A, and Q, .

Based on these properties, we will reformulate (4).

3. Optimal Power Allocation in the SU TX
and Cooperating SU

In the first subsection, the structure of the optimal
amplification matrix in i-th SU for a given Q, is
investigated. Then, the optimal structure of Q, is studied

in second subsection. Finally, based on these optimal
structures, the problem in (4) is reformulated in third
subsection.

3-1- The Structure of the optimal amplification
matrices

For now, we assume that Q, is given. Let the
eigenvalue-decompositionof H_ HY . andH!, H,, be

i rd,i rd,i
Hs,iH:,i =U5r,izsr,i Ug,i' H:ﬁ,iHrd,i =Vrd,i2rd,ivr'c_i|,i ()

where Us, and Ve, @€ unitary  matrices,
Zgi =diag{a1,a2,...,aNr} with a, >0 and
34, =diag {b,,b,,....b, } with b, >0.

Proposition 1: The optimal amplification matrix of SU i,
A, , hasthe following structure

A =Vy J AAi U; i )

iopt

1. Positive Semi-Definite

Where Ug’i is obtained by eigenvalue decomposition of

-1

F'sr,il:':,i and Flsr,i :Hs,iQF ! ie.
F'sr,i F':m = Hs,iQi Hi,i = Osr,iisr,i 0:r| :
Proof. Pleaserefer to appendix A.
Let the singular value decomposition (SVD) of H_; and
Hy, be

Hsr,i = Us,i Ag; V:,i , Hrd,i = Urd,i Ay Vr:,i (10)

which satisfies (8). Then exploiting (9), (10) and (3), the
achievable data rates of the desired link can be written as

R (Q| A opt ) =

1 H AH H
E|092|I Ng + Hrd,iAi,optHsr,i Qi Hsr,iAi,optHrd,i (11)

x(sdly, +S PH g Al Al

iopt” i opt

HEL )

~ -1
2 2 2 272 2
INd +Ard,iAA‘Zsr,i (Sled +SrArd,iAA, )

1
:§|092

According to (11), the achievable data rate in the
desired SU link only depends on ig’i but not on Og’i .

Then, it can be concluded that for any matrix Qi which
satisfies H, QHY =0, &

«. 2., 0" theoptimal datarate

is the same as when the transmit covariance matrix in the

desired link is Q, . Therefore (9) can be written as

A opt = Vrd,i AA‘ Uer,i (12)

3-2- The Structure of the optimal transmit
covariance Matrix

In this subsection, the optimal structure of the transmit
covariance matrix of the desired link is determined.
Proposition 2: The structure of optimal transmits
covariance matrix of SU TX isasfollow:

_ H
Qi - Vsr i AQI Vsr J (13)

where Aq is a diagonal matrix and must be determined

such that the achievable data rate in the desired link is

maximized.

Proof. Supposethat = ., is I xT , then

Hs,iQiH:,i =0 z 02.

s, <

. ’ (14)
= Os,i,l LAJs.r,i,z P Oy,i,l lAJsr,i,Z "
0

where Q, is any PSD ! matrix which satisfies
Hy,QHY =0, £, 0 . Hence the singular value

s e

decomposition of matrix Hq, with rank r can be
expressed as
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Hy =Ug Ag; VY,

£ s

=[Ugs Ug,i,z]{[\“” 0}[%1 Vool

It can be shown that U

(15)

where A isrxr.

gl

is orthogonal to

sl

orthogonal to U, , . Moreover, U

o,i,2
05” 4+ The pseudo-inverse of H_; is denoted by H_ , .
Then from
Hsr,iéi H
we have
H, Hg, Q HS”H*H =

Srl

[Vsr,i 1 \/sr,i,2:||:ASrll . O:|[Usr,i 1 Usr,i ,Z]H
><|:05r,i,1 Osr,i,z:||:isr'i'l o:||:05r,i,l LAJsrvivz:|H (16)

-1
><|:Usr,i,l Usr,i,2j||: s 0:||:Vsr,i,1 Vsr,i,ZjIH

= |:Vsr il Vsr,i ,2:'
|:Asrl| 1U:r i losr,i ,Zisr i ,losr,i ,1U E lA;rll 1 :|
0

:,i = Usr,iisr,i U:,i

><|:\/sri1 Vsri 2:|H
It can be verified that U ,U
is unitary. Recall that if A and B are

two positive semi-definite M xM  matrices with
eigenvalues I (A) and |i(B) , aranged in the

iS a unitary matrix,

sl

because U U

i

d&cending order r&epectively, then

Zl M+1— <Tr il i

i=1

(B) 17

Then using the second inequality in (17) and knowing
that HJ HMHS H is a project matrix with
eigenvalues being only 1 and 0, we have

Tr(Q)=Tr (H; Hy QHY HE )

=Tr (A Ut

E

(18)

sl §|1U i

0,259 i, 1U§ i lUS i 1Asl| 1)

Using the first equality in (17) we can conclude that
Tr(Q ) =Tr (£4,,A54) (19)

Therefore, the structure of the optimal transmit covariance
matrix in the desired link is given by

T A
Qopt,i :[Vs,i,l Vsr,i‘2:||: T o:||:vsr,i,l Vsr,i,Z]H

(20)
which satisfies

s
Hsr,iQopt,iH:',i =Usr,i|: s O:|U:r,i (21)

and the proposition is proved.

3-3- Problem reformulation

In the previous section we proved that the structure of
the optimal amplification matrix in SU i and transmit
covariance matrix in the SU TX can be expressed as

Ai,opt VrdlA Ug,, Qizvsr,iAQiV:,i (22)
where Hei =Ug Asrlv:l and Hrd,i :Urd,iArd,in'c_j',i :
Recall that the received signal in the SU RX, due to the
cooperation of SU i , is given by
Yo =H4;AH +Hg AN +ng (23)

Using (22), Y4 in(23) can be rewritten as
Ya =UiAgiAn Ag Vo' X U Ay Ay UG in 40,

S’ISI

(24)

Suppose that yd :Uer,iyd ’ _V:u X5 o
_U:r. n,; and A, =U% n,. Then,

Yo =AiAa Ag i Xsj + A Ap 0 +0 (25)

Clearly, the relay channel between the SU TX and SU
RX has been decomposed into a set of paralel SISO sub
channels. Therefore, the achievable datarate in the desired
link as result of the cooperation of SU i can be expressed
as

R =log, I, +A% AL A2 Ag (SPAZ AL +s31y,) ‘(26)

Suppose that the eigenvalue decomposition of

H?an s,p.n and H|Han| p.n is
H:p an :U USHpn (27)
HalnHi,pn UlpnAIanIHpn

For al neS,, . We further assume that
A% =dieg{a1vi,...,aN i}, A%, =diaglby.....by, ; }

Ar2d| d|6g{ i N i }’ As,p,n :diw{dln""'st,n} (28)
| ,p.n dl@{%l ne N i n} Q.i :dlw{qh ""'qNs,i}
Then, using (28), (26) can be rewritten as
N, b .C, . .
Ri =Z|ng 1+ ak2,| ki k,|qk,|2 (29)
k=1 Srak,iCk,i +sd

Moreover, the transmit power constraint of the SU TX
and SU i will become

Tr (Q. )5 P = iQK,i <k (30)

Tr[A ({1, +He QHE AN ]

_ 242 2 2 (31)
=Tr (STAA‘ +A2 Ag AL )s P, =

N,
Zak,i (Sr2+bk,iqk,i )S P
k=1

The interference constraint on PUs, due to transmission
by the SU TX, can be written as

Tr (HapnQ I ) =TT (VEL U, s Ul Ve Ag

s,p.nits,p,ns,pn Vi

)32

33



Journal of Information Systems and Telecommunication, Vol. 3, No. 1, January-March 2015, Serial Number 9

fordl nesS,,
expressed as

Tr (MI nAs pan nAQI ) —1(|Z—;|ml k,I,n I,n}k,i (33)

denotes the element of k-th row and I-th

Ng 2
:Z|mi,k,l,n d

1=1
Therefore, the interference constraint on PUs, due to

transmitting by SU TX, is expressed by
Ng
Tr( san Hspn) kalnqkl_F)ll (34)
k=1

The interference constraint on PUs, due to the
cooperation of SU i with SU TX, iswritten by

Tr{H, oA (71, +He QHE JATH, |

i,pn’ti i,p.n

.Let M, =V U, . Then, (32) can be

s,p,n

Where ml k.l

column of matrix M, . Let .

I,n

35
=Tr (Vi Ui pnAi pnU o Vig A, (3)

i,p,n*ri,p,n~i,p,n Vrd,i
X(SrZIN, +Asr,iAQlAsr,i)Us,iAA,)SPI,Z
for al i €Sy and neS,, . Let S =V U, . The
element of k-throw and I-thcolumnof S | isdenoted by

S k1 o - Hence, it can be shown that (35) can be rewritten

as
N, N, )
(Sr2+bk,iqk,i )ak,i [Z|Si,k,l,n € ,n]g P 2 (36)
k=1 1=1

2elin . Thus, the interference

N,
Let O¢iin :IZ|Si Kkln
-1

congtraint on PUs, due to the cooperation of the selected
SU in relaying the signals of the SU TX is stated as

N,
Z(Sr2+bquk|)aklgkln SF)IZ (37)
k=1
Let g :[al,i ""'aN,,i] and q; :|:q1,i ""YqNs,i:|
Finally, the problem (4) can be expressed according to the
following

N
- : a ;b ic . ay;
q;.a =argmax Y log, | 1+ i mel k*'qk*'z
g k-l S &iCki TSgq

a, b, .c, .q,.
i =ar max lo 1+M
’ kzl 92[ S (8 Cy +5¢12J (38)

s t. A <P

M=z

& (Sr2+bk,iqk,i )S Pr

N

=~

finOei <P 4, Vne§g,

N

==

gkll’\akl(s +bk|qk|)—Pl,2v vnESpU

x
N

Let h,; =a (Sr2+bk,iqk,i)
derivations, the problemin (38) is equivalent to

By some simple

h, . b .q, .
(1+Ck,| 2k,| J[Jﬁ— k,|q2k,| j
Sg S

Cih b ay,
T2 Tz
s S’

c ih*i b iq*i
; s} s;

i =argmax log : 2
i kZ:; ? Ck,ihk,i+bk,iqk,i

N,
q;.h; =argmax ) _log,

g .h; k=1 1+

1+
Sd2 Sr2
NS
S.t. qu,l SPT
k=1
Nf
thl SF)R
k=1
NS
sz,i,nqk| —Plla vn ESPU
k=1
N’
Jeinhki <P vneS,,

(39)

x
I
i

4. Optimization Algorithm

In this section, we develop approaches for joint relay
selection and power alocation in cooperative cognitive
radio networks. At first, we provide an optimal approach
and then develop alow-complexity suboptimal approach.
4-1- Optimal approach

Using the Lagrange multipliers method [26] the
Lagrange function for (39) is given by

L(hi e A P P 3,n7| 4,n):

h, . b, .q, .
. £1+Ck; 2I<,| j(1+ k;('lij
d r
- _log,

i hk,i l:)k,iQk,i

PU Nf
Z SH[kalnqkl_Pl,lJ
NT
4n(zgk|n J
=1 k

where | and | 4 e the Lagrange multipliers,

1 1|21|3’n

vn €S, . According to the KKT conditions, we have
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1,20,1,20,1,,20,1,, >0,

G, 20 h, >01=1.. N, k=1.,N,

[qu.— T]=
()

JuN

N
SH(kalnqkl_ I,1j:0
k=1
N,
4n[ gkln i ,ZJZO
k=1
0, k=1..N,
aqk.
L _o k=1..N
o, @)

For dl neS,,and i eS;. It can be shown that h, ; and
q,,; can be obtained using the following equations

q. = s? Cip2 b, ;Cy; h
Y| Vsd Y (1rfgals)ssEin2 Y g

C '
—|2+XLnh i]
4bk,ick,i

52 ;
h = d ki 2 _
« 2, [\/Sr4 % (I 2T 9 4)5 rzsdzlnzqk (43)

b, ’
- 2+?QK'i

where  []" =max(.,0) -
gradient methods [27], we can further obtain | , |

Using dual-domain and sub-

2! I3,n

and | , = through iteration,
_ . .
e Sl - |
k,

N, +
LA =S g™ hyji” ~ Py H
- (44)

N[

| (m+1)

|3(,r:+1): |3(f:)+n{m szuanu - Ilﬂ ,VneS,,
=1
4n = Im)"'”{m zgkln |2ﬂ ,Vn e Sy,

where m is the iteration index and m™ is a sequence of

scalar step sizes. Once| and | , . are obtained,

vyl
1 2 3,n
we can get the optimal power alocation matrices Q, and
A, and the corresponding achievable data rate R; when
the £th SU acts as the relay for the SU TX. Repeating the

above procedures at al SUs, we then find the one with the
maximum achievable data rate.

4-2- Low-complexity approach

The optimal approach performs joint opportunistic
relay selection and power alocation and results in the
maximum datarate. However, the optimal approachiswith
very high complexity. Here, we aim to develop an alternate
low-complexity suboptimal approach for problem (39). At
first, we assume that the available source power is
distributed uniformly over the spatial modes, i.e

uni Pr

g N

S

Similar assumption applies for hy . (

P . Also assume that the

interference introduced to the PU by each spatial mode of
SU TX is equal and hence the maximum allowable power

that can be allocated to the k-th mode is gma — Pa ,
qk,l N f max
s k,i

Therefore, the allocated power to

k=1...,N,) ie ho =

Wherefk":axzmsax fkin'
, NESe, i

the k-th mode in the SU TX, intended for SU i, is
qkl _mm{qlun',qiz"’?"} for k=1...,N, and Vi eS,

Similarly, we assume that the interferenceintroduced to the
PU by each spatial mode of SU i isequal. Therefore, it can

be concluded that ™ = P2

N, g™
. Therefore, the power allocation in the

, where

g¢r =max g, ,
SU i is given by h; :min{hi“”i,hﬂ?x} for k =1,...,N,
and Vi €S, . Afterwards, the SU i is selected as the
cooperative relay such that the following is maximized

h b a .
et
|—argmax Zlog2 S -

C;hy, +bk,iqk,i

k=1 1+ , L
Sd Sr

After determining the cooperative SU, we calculate the
optimal transmit covariance matrix, Q, , and amplification

matrix, A

approach subsection. As we can see from the simulation
results, this approach is ailmost as good as the optimal
approach. However, it is with much lower complexity.

using the approach provided in the optimal

5. Outage Analysis

In order to analyze the outage behaviour of the
proposed system, we consider the scenario where the PU

transmitters,  PU TX,,...,PU Xy, , randomly
communicate  with  their  respective  receivers,
PU RX,,...,PU RXNFU The interval between two

transmissions of PUs and the duration of one PU
transmission are assumed being random and obeying
Exponential distribution with two parameters q and t ,
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respectively. According to queuing theory, the probability
of the absence of the PUs, P(A), and the probability of

the presence of the PUs, P(,&) , can be expressed

n -1
respectively as p(a)— = Ng! (QJ _g and
(A) ;(Npu—n)!t
p(,&)zl_a . Inorder to facilitate the analysis of outage,

we modify the system model as explained below. First of
all, we assume that the transmit signa at the SU TX is
white and thereby Q=r1, , where | represents the

N, xN, identity matrix and r N isthe transmit power of

the SU TX. Moreover, the cooperation strategy of the
selected SU is assumed to be Decode-and-Forward (DF)
strategy. This strategy switch isintended for some reasons,
which among them is to obtain a lower bound for the
outage capacity of thedesired MIMO link. Meanwhile, this
assumption facilitates the outage probability analysis, as
will be shown below.

In the first time-dot, the spectrum sensing is used to
detect whether the PUs are absent. When the PUs are
absent, SU TX transmits datato SU RX directly. When the
PUs are present, the transmit power of SU TX, rN_,

should be limited. However, if rN, is too low, the data

from SU TX cannot reach SU RX. Thus, we use
cooperative relaying to transmit signal from SU TX to SU
RX through the best relay which is selected out of available
SUs. In the sequel, we derive the approximate outage
probabilities of the desired SU link, when the PUs are
present and when no PUs transmit signals or in other
words, the PUs are absent.

5-1- Absence of PUs

Wefirstly assumethat no PU link istransmitting signal.
Hence, the SU TX communicates directly with the SU RX
and the received signal in the SU RX can be written as

Ya =HgXs +ny (46)

Based on the assumptions expressed at the beginning of
this section, the achievable data rates of the desired link
using the direct channel is given by

R® =log, (47)

r "
INd 4——2HsdHSd
sd

where H_, e "+*"« represents the direct channel in the

desired link. It is obvious that the achievable data rates in
the desired link, R, isarandom variable which depends

on the random nature of H, . In a full-rank system, (47)
can be simplified by using singular value decomposition
(SVD) as

Ng
R® =Z|092[1+Srz|sd,m] (48)
m=1

d

where | wm i =1 ,N, are the non-negative eigenval ues
of the channel covariance matrix H_H", . The joint pdf
of | 4 ,»i=1..,N, isgivenby [11]

01w |m,Nd):(Nd!KNMS)1(1:-“[1|;;m~aJ )
(Tt oo 351

m<n

where K, , isanormalizing factor. To ensure QoS for

the desired link, it needs to support a minimum rate. When
than the instantaneous achievable data rate is less than the
minimum rate, R ., an outage event occurs. In quasi-

static fading, since the fading coefficients are constant over
the whole frame, we cannot average them with an ergodic
measure. |n such an event, Shannon capacity does not exist
in the ergodic sense [28-30]. The probability of such an
event is normally referred to as outage probability. As
described in[31], the distribution of the random achievable
data rate can be viewed as Gaussian when the number of
transmit and/or receive antennas goes to infinity. It isaso
a very good approximation for even small N, and N,

eg. N, =N, =2 [24]. As such, for a sufficiently large
N, and N, the achievable data rate of the desired link
is approximated as [31]
N r?

(IN2°N, (L+1 )’

Then, we proceed by considering the distribution of the
achievable datarateinthe desired link as Guassian with the
pdf given in (50). Consequently, it can be shown that the

outage probability of the desired link in the absence of the
PUs can be written as

POLDn = P(RD < Rmin)
Nglog,(1+r1)-Ry

R® >N [Ndlogz(1+r), (50)

(51)

N, r?
\/(Inz)er(ler)2

where g () denotes the Q-function.

5-2- Presence of PUs

As described in the previous section, when PUs
transmit signals, the direct communication in the desired
link must be avoided and the cooperation of the best SU is
employed instead. The received signal in the SU RX using
the cooperation of i-th SU can be expressed as

Yo = Hrd,i Xgi Tty (52)

Thus, the achievable datarates of the desired link is given by
1 r

RiC :§|092 |Nd +¥Hrd,iH:l,i (53)

It can be concluded that for the case of present PUs, the
achievable data rates in the desired link, R, can be

expressed as
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Zlogz(hszlrd,mJ (54

ml d

where | ., m=1..,N, ae the non-negative
eigenvalues of the channel covariance matrix H ; H:,, .
Thejointpdfof | ;. » m=1...,N, isgivenby [11]

Pl e iy ) = (N !KNG,N,)lap(—:le rd,i.mJ (55)
[Hl i J(H( wn s

m<n

where K is a normalizing factor. Once again and
d r

similar to the previous discussions, the achievable datarate
of the desired link is approximated as [24]

N,r?
4(In2)°N, (L+r1 )’
Note that the coefficient 1/ 4 in the variance of the pdf
in (56) is due to the multiplication of 1/2 in (54).
Therefore, the outage probability of the desired link in the
presence of the PUs can be written as
Pe =P (Ric < Rmin)

9 Nglog, (1+r1)-R

(56)

R® —N {Nd log, (1+7 ),

(57)

min

N,r?
4(In2)°N, (1+r )
5-3- The outage probability

In this subsection, the outage probability of the
proposed Cognitive Cooperative communication protocol
based on Beam forming (CCB) is obtained. However, in
the case that the DF cooperation strategy is employed and
the PUs are present, another possible case in the proposed
protocol iswhen no SU can decode the signal from SU TX.
This may be due to detrimental effects of fading and path
lossinthelink from the SU TX to SUs. In this case, the SU
TX indispensably transmits data to SU TX directly with
limited power r'N_in order not to disturb the PUs.

Assume that A, is a non-empty sub-set of the N,

secondary users who can decode the data of SU TX, i.e.
A, =Sy, ad A, is the complementary set of A,

Suppose that f is a null set. Then, the probability of

existing no SU to decode the data of SU TX Pofm , can be
written as
NSJJ
Pl =P(a=f)=]]Pa" (58)

m=1
and PX™ (where m e S, ) denotes the outage probability
in the link from SU TX to the SUs in the first time-dot.
Similar to previous subsections, a good approximate for
PR can be obtained as

out

min

Nrr 2
(In2)2 N, (1+r')

In the following theorem, we derive the outage
probability of the desired SU link using the CCB.

PRn _Q N, log,(1+r')-R, (59)
out

Theorem 1: The outage probability of the desired SU link
using the proposed cognitive cooperative communication
protocol based on beamforming is

oNsU 1

P, :(l—a)[ 4 Z P(A=A )Poﬁ;J+aPofl (60)

where P is the outage probability of the desired link in

the presence of PUs and when the one SUs in the sub-set
A, iscooperating with desired link.

Proof. Consider the case that the PUs are present. Then, the
probability of event {A:Au} , 1.e. there exist some SUs

which can decode the signal from SU TX, can be written
as
e(a-0)-[ [T0-02) | TR -
meA, meA (61)
The outage probability of the desired link in the
presence of PUs and when the one SUs in the sub-set A, is
cooperating with desired link is given by
Pt =] 1P (62)
ieA,

Then, the outage probability of the desired SU link in
the presence of the PU signal's can be written as

PA =P/ + z’ P(A=A,)PY (63)

Finally, it can be concl uded that the outage probability
of the desired link using the proposed cognitive
cooperative communication protocol based on beam
forming is given by

P =P(A)Ps +P(A)P,

out out

:(1—a)[P;m + Z P(A:Au)Poﬁ;]+aPoﬁ

u=1

(64)

where PS> is the outage probability of the desired link,

when the PUs are absent and is given in (51) and the proof
iscomplete in this way.

6. Simulation Results

In this section, the performance of the proposed CCB
protocol is evaluated using simulations. For better
comprehending the merit of the proposed low complexity
approach (LCA), we will also compare the proposed
approach with the approaches using random cooperative
SU selection with optimal power allocation matrices
(transmit covariance matrix and amplification matrix),
referred to as RS-OPA (Random SU-Optima Power
Allocation) and non-optimal power allocation, i.e., the
amplification matrix of the randomly selected SU and the

37



Journal of Information Systems and Telecommunication, Vol. 3, No. 1, January-March 2015, Serial Number 9

transmit covariance matrix are obtained asdescribed in 4.2,

respectively, whichisreferred to as RS-EPA (Random SU- S OAN=3) |1 1 i ddiiit T
Equal Power Allocation). All users are assumed to be 16H 3 oain=oy R LR Rl EEEEE RS
equipped with the same number of antennas, denoted by N. RV v BN R S A S S S ORI
We st interference limits, P,=P,=01mwW , ;212“-5;R78-‘§PA<N=2> s sa A TOTAN ST
otherwise stated. There exist 5 PU pairs in the system, 2 ol K e 1y et T
otherwise stated. The eements of the channel matricesfollow g 5 i e L I o oy
aRayleigh digtribution and areindependent of each other. The o S At T i L ek T S A
path-loss exponent is 4, and the standard deviation of 8 Gl/E s N R NS
shadowing is6 dB. The number of existing SUsin the system £ SRS o (Y-
is 20, otherwise stated. The level of noiseisassumed identical < e
in the system and equal to 10 W/Hz. /et R
The data rate in the desired SU link versus the = T L
maximum transmit power of SU TX for different number 10 Maximum1'lpransmit powerofsJ%( Py W) 10
of antennas and various scenarios is shown in Fig. 2. The !
maximum transmit power of each SU i, for all | S, is Fig. ZAChie"ab'etg‘r‘:;ie g‘v\fge(g&g&ei;”k versus the maximum
P,=0.7 W . Using the Low Complexity Approach P (Pr)
(LCA), 50% achievable data rate gain over the RS-OPA is 18 T T T T T
obtained, whenN = 2. Moreover, LCA leads to only 14% T a0 A IR N B %
data rate degradation compared with OA, with much lower 14“$ng'§;3;) R it
complexity. When P, issmall, the achievable datarate in TSRsOPAN=2) . el
12 (N=2) -

the desired SU link increases rapidly with p, . However,
for large amounts of p. , due to restrictions by the
interference limits, the data rate is not sensitive to thep, .

Asanother observation, it can also be seen that the Random
SU and Optimal Power Allocation scheme (RS-OPA)
achievesasignificant gain in the datarate over the Random
SU and Non-Optimal (Equal) Power Allocation scheme
(RS-EPA), especially when p, issmall.

The data rate of the desired SU link versus the maximum

Achievable data rate (bps/Hz)

Maximum Transmit Power of Cooperating SU (PR) (W)
Fig. 3 Datarate in the desired link versus maximum transmit power of

—%—OAN=2,P =P =07W |
—%—LCAN=2,P =P =07W

transmit power of the cooperating SU (P, ) isdepicted in cooperating SU (P, )

Fig. 3. The maximum transmit power of the SU TX isfixed

a p. =0.7w and the number of existing SUs in the TN TRE Y 1T

secondary network, N, , is 20. marwsveacu R
As shown in Fig. 4, the achievable data rate in the (1S L 1*"3*"3*"3"%"

desired link grows with the number of existing SUsin the
CR network. However, this growth saturates from a
particular number of SUs which shows that the increasing
the number of existing SUs will not necessarily result in
the similar increase in the data rate of the desired link.
Moreover, deploying larger number of antennas in users,
i.e. larger N, compensates for the less maximum transmit
power of SU TX and the cooperating relay. It must also be
noted that the achievable data rate in the system is
increased with the number of existing SUs due to multiuser
diversity.

Achievable data rate (bps/Hz)

Number of Existing SUs (NSU)

Fig. 4 Datarate in the desired link versus the number of existing SUs
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7. Conclusions

In this work, an adaptive transmission protocol based
on beam forming for underlay MIMO cognitive radio
networks was proposed. It is assumed that when PUs are
present, the direct transmission by PUs introduces
intolerable interference on PUs. As a remedy, the
cooperation of one of SUswas proposed to not only reduce
the imposed interference on PUs, but also to maximize the
datarates in the SU link. Based on the proposed Cognitive
Cooperative  communication protocol based on
Beamforming (CCB), the joint problems of optimal power
allocation and relay selection were solved in the optimal
manner. However, due to high complexity of the optimal
approach, a suboptimal approach with less complexity was
further suggested. Finaly, an outage probability analysis
was provided to examine the performance of the proposed
CCB protocol.

Appendix

Proof of Proposition 1.

It was shown in [25] that if the SU TX worksin spatial
multiplexing mode, i.e., the SU TX transmits independent
data streams from different antennas, the amplification
matrix of SU i can be written as

A = Vrd,i AAi U:,i (65)
where A, is a diagonal matrix. Therefore, A, can be

considered as a matched filter along the singular vectors of
the channel matrices. In order to use the results of [25] for
the case of non-white transmit data of the SU TX and
equivalently thetransmit covariance matrix isany arbitrary
matrix Q, , we define the equivalent channel matrix
-1
H,, =H, Q2. Hence, by adopting the same method as
in [25], for any given pair of A and Qi , there always
and Q, that achieves better or

equal datarate in the desired link. In this case, for the case
of known Q, , (65) must be modified as

A opt = Vrd,i AA, O'S_'(I (66)
where (_, is obtained by eigenvalue decomposition of

F'sr,i':':,i e I:|sr,i|:|er,i :Hsr,iQiH:i :Us,iisr,iUH )

]

exists another pair A.

i opt
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