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The core aim of this work is the maximization of the achievable data rate of the secondary user pairs (SU pairs), while ensuring the
QoS of primary users (PUs). All users are assumed to be equipped with multiple antennas. It is assumed that when PUs are present,
the direct communication between SU pairs introduces intolerable interference to PUs and thereby SUs transmit signal using the
cooperation of one of the SUs and avoid transmission in the direct channel. In brief, an adaptive cooperative strategy for MIMO
cognitive radio networks is proposed. At the presence of PUs, the issue of joint relay selection and power allocation in underlay
MIMO cooperative cognitive radio networks (U-MIMO-CCRN) is addressed. The optimal approach for determining the power
allocation and the cooperating SU is proposed. Besides, the outage probability of the proposed system is further derived. Due to
high complexity of the optimal approach, a low complexity approach is further proposed and its performance is evaluated using
simulations. The simulation results reveal that the performance loss due to the low complexity approach is only about 14%, while

the complexity is greatly reduced.

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 sys-
tems, cognitive radio (CR) has been regarded as one potential
technology to activate the utilization of spectrum resources
in 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 holes in
[1] and the operation modes in [2], to use the white and gray
spectrum holes, respectively.

Cognitive radio (CR), MIMO communications, and co-
operative communications are among the most promising
solutions to improve spectrum utilization and efliciency.
Dynamic and opportunistic spectrum access allows CR
nodes to communicate on temporarily idle or underutilized
frequencies. MIMO systems boost spectral efliciency by
having a multiantenna node that simultaneously transmit

multiple data streams. To further enhance the performance
of cognitive radio networks, a cooperative relay network
can be incorporated. Thus, in the underlay CR system with
an interference temperature (IT) limit, the cooperative relay
networks can also be applied to have a better capacity and
error rate performance, trade-off between achievable rate
and network lifetime, maximum signal-to-interference-plus-
noise ratio (SINR) at the destination node, better channel
utilization by multihop relay, maximum throughput, and
reduced interference via beamforming and maximum SINR
using cooperative beamforming. A timely issue is to embrace
recent innovations of the three technologies into a single
system.

Joint problems of relay selection and resource allocation
in CR networks (CRNs) have attracted extensive research
interests due to its more effective spectrum utilization [3-
8]. The authors in [3] consider a cooperative cognitive
radio network (CCRN) in which the relays are selected
among the existing SUs. Moreover, the QoS of the relays



should be ensured. For CCRN with decode-and-forward
strategy, two relay selection schemes, namely, a full-channel
state information (CSI) based best relay selection (BRS)
and a partial CSI based best relay selection (PBRS), were
proposed in [4]. In order to obtain an optimal subcarrier
pairing, relay assignment and power allocation in MIMO-
OFDM based CCRN, the dual decomposition technique was
recruited in [5] 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 [5]. The
issue of joint relay selection and power allocation in two-
way CCRN was considered in [6]. A suboptimal approach for
reducing the complexity of joint relay selection and power
allocation in CCRN was proposed in [7]. The network cod-
ing opportunities existing in cooperative communications
that can further increase the capacity was exploited in [8].
Furthermore, the reformulation and linearization techniques
to the original optimization problems with nonlinear and
nonconvex objective functions were applied such that the
proposed algorithms can produce high competitive solutions
in a timely manner.

The issue of resource allocation in MIMO CRNs was
explored in [9-14]. The authors in [9] presented a low
complexity semidistributed algorithm for resource allocation
in MIMO-OFDM based CR networks, using game theory
approach, the strong duality in convex optimization, and the
primal decomposition method. In [11], the authors extended
the pricing concept to MIMO-OFDM based CR networks
and presented two iterative algorithms for resource allocation
in such systems. In order to obtain an optimal subcarrier
pairing, relay assignment, and power allocation in MIMO-
OFDM based CCRN, the dual decomposition technique was
recruited in [12] to maximize the sum rate subject to the
interference temperature limit of the PUs. Moreover, because
of high computational complexity of the optimal approach,
a suboptimal algorithm was further proposed in [12, 13].
An approach for resource allocation based on beamforming
with reduced complexity in MIMO cooperative cognitive
radio networks was presented in [14], where a suboptimal
approach with reduced complexity was further proposed
to jointly determine the transmit beamforming (TB) and
cooperative beamforming (CB) weight vectors along with
antenna subset selection in MIMO-CCRN. The problem
of resource allocation in a spectrum leasing scenario in
cooperative cognitive radio networks was addressed in [10],
where the SU pair allocates the whole of its transmission
power in a portion of transmission frame to relay the primary
signals. In return, the PU pairs lease their unused portion of
transmission frame to the SU pair.

The optimal resource allocation in MIMO cognitive
radio networks with heterogeneous secondary users and
centralized and distributed users was investigated in [15]. The
authors in [16] modeled the problem of joint relay selection
and power allocation in MIMO-OFDM based CCRN as a
two-level cooperative game problem with two objectives.
The first objective is to assign each weak SU to one of the
relays (rich SUs) through solving a problem achieved by a
nontransferable utility coalition graph game and the second
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one is to jointly allocate available channels to the SUs such
that no subchannel is allocated to more than one SU and
simultaneously optimize the transmit covariance matrices of
nodes based on the Nash bargaining solution, which is the
second level of the game.

In this paper, we consider the opportunistic spectrum
access in MIMO cognitive radio networks (MIMO-CRN)
to ensure the SUs’ continuous transmission and reduce its
outage probability without interfering the PUs. The desired
link is considered as the MIMO link between two SUs, SU
transmitter (SU TX), and SU receiver (SU RX). All the users
are assumed to be equipped with multiple antennas. We
recruit spectrum sensing technology to detect the presence
of the PUs. If the PUs are absent, the SU TX communicates
the SU RX straightly. Otherwise, the transmit power of SU
TX has to be reduced and SU TX transmits to SU RX using
the cooperation of one the existing SUs. The cooperating
SU is determined using the best relay selection algorithm.
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 CRN to
maximize the end-to-end achievable data rate of MIMO CRN
need to be considered. Our focus is on the amplify-and-
forward (AF) relay strategy. An obvious reason is that 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. Moreover, a more important reason is that AF
outperforms decode-and-forward (DF) strategy 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 [17].

To the best of our knowledge, the joint problems of relay
selection and power allocation in MIMO cognitive radio
networks has not been explored yet. The main contributions
of the paper are as follows.

(i) The optimal structure of amplification matrix at the
cooperating SU and transmit covariance matrix at the
transmitter are determined at the presence of PUs.

(ii) The optimal approach for solving the problem based
on the dual method is presented and then a low
complexity suboptimal approach is proposed to solve
the joint problems of relay selection and power
allocation in underlay MIMO CRN.

(iii) The outage performance of the desired SU link is
analyzed.

The remainder of this paper is organized as follows.
Section 2 presents the system model and general formulation
of the problem. In Section 3, the structure of optimal power
allocation matrices is studied. Based on these structural
results, we simplify and reformulate the optimization prob-
lem. The optimization algorithms, including the optimal and
suboptimal approach, are discussed in Section 4. In Section 5,
the outage probability of the desired link is analyzed. Numer-
ical results are provided in Section 6 and Section 7 concludes
this paper.
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Notation. Uppercase and lowercase boldface denote matrices
and vectors, respectively. The operators (), |-, Tr(-),and ()"
are Hermitian (complex conjugate), determinant, trace, and
pseudoinverse operators, respectively.

2. System Model

We consider a scenario where a secondary network, con-
sisting of Ngi; + 2 SUs coexists with a primary network,
consisting of Np; PU pair. 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. When the PUs are
absent, the SU TX simply communicates the SU RX directly.
However, in order not to induce intolerable interference on
the PUs, transmission from SU TX to SU RX at the presence
of PUs takes place in two consecutive time-slots using the
cooperation of one the existing SU.

2.1. The Transmission Process at the Presence of PUs. When
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 less interference is imposed on the PU
pairs. This is shown in Figure 1. The SU TX is equipped with
cognitive radio capabilities and senses the available spectrum
bands precisely.

The selected cooperating SU cannot transmit and receive
in the same channel at the same time, due to self-interference.
Thus, a transmission from SU TX to SU RX at the presence
of PUs takes two time-slots. This is also depicted in Figure 1.
In the first time-slot, the SU TX transmits signals to all the
existing SUs in the CR network. In the second time-slot,
one of the SUs is selected to cooperate with the SU TX by
amplifying its received signal and forwarding it to the SU RX.
All the transmissions in the SU system need to be regulated
in order to avoid excessive interference on the PU pair. The
set of candidate SUs to cooperate with the desired SU link is
denoted by &';. Besides, the set of PU pairs is also denoted
by &py. It is 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 all the candidate SUs to cooperate with desired
link are equipped with N, antennas and the PUs with N
antennas. The number of antennas at SU TX and SU RX is also
N;and N, respectively. H, ; € CNNs represents the channel
matrix form SU TX to SUiand H,4; € CNNe represents the
channel form SU i to SU RX. All the channels are modeled as
Rayleigh fading channels and they are invariant during one
time-slot.

Remark 1. In this paper, we assume that a central controller
is available, so that the network channel state information
and sensing results can be reliably gathered for centralized
processing. Notice that the centralized CRNs are valid in

PUTX | [0 . L |PURX

U,

Hppw,

SUy

su

First time-slot Second time-slot

—>SU RX, PURX
PU TX —>PU RX, SU RX

SUTX —>PURX, (SU,,---,SUy, ) || SU;
PU TX—>PU RX, SU RX

—> Information channel
--> Interference channel

FIGURE 1: System model with the two transmission hops, the desired
SU link, and other secondary and primary users.

[EEE 802.22 standard [18], where the cognitive systems
operate on a cellular basis and the central controller can
be embedded with a base station (BS). This assumption is
also reasonable if a spectrum broker exists in CRNs for
managing spectrum leasing and access [19, 20]. Such central-
ized approach is commonly used in a variety of CRNs (e.g.,
[19-24]). Compared with distributed approaches, a CCRN
having a central manager that possesses detailed information
about the wireless network enables highly efficient network
configuration and better enforcement of a complex set of
policies [20].

2.2. Problem Formulation. The received signal at ith SU can
be written as

Yr,i = Hsr,ixs,i + nr,i’ Vi € CS)R’ (1)

where the transmit signal of SU TX, intended for SU i, is
denoted by x,; € CN';n,; € CN"*' is a Gaussian vector. The
entries of n, ; are assumed to be independent and identically
distributed random variables, having zero means and vari-
ances 07; that is, n,; ~ EA/(0, UfIN,)- To provide more clari-
fications, in order to take the effect from the PU transmission
into consideration and similar to [25, 26], the distribution
ofn,; is €N(0,(ay + Y . Tr(HP,i,nQP)anim))INr), where
Hp; , represents the channel matrix from the nth PU to the



ith SU; Qp,, denotes the transmit covariance matrix of the
nth PU; og is the noise power and we assume that all the links
have the same amount of noise power. Therefore, 2, = ag +
pIPI Tr(HPmen ;) denotes the power of noise and
interference in the hnk from SU TX to the ith SU. Without
losing the generality and for ease of exposition, we further
assume that (rrz)l- = crf, for all i € &,. Suppose that SU i
is selected to cooperate with the desired SU link. Then, the
received signal at the SU RX (destination) from SU i is given

by
Ya = Hg;Ajy,; + 0y
- Hrd zA H

)

sr,iXs,i +HrdzAz () + 1y

where A; represents the amplification matrix, used at SU i
similar to n,;, n; € CY' is also a Gaussian vector and

2 2 H
0,; =0y + Ye . Tr(Hp,s,nQp,an,s,n)’ where H,,, denotes
the channel matrix from the nth PU to SU RX. As a result
of cooperation of one of the SUs, for example, SU i, the
achievable data rate in the desired link can be written as
ser H A Hrdl

St,1” 1

1
R, = Slog, |1Nd +H,,,AH
3)
(UdINd +0 Hrth A Hrdt) | >

where Q; = E{x,;x st} denotes the transmit covariance matrix
of SU TX, intended for SU i. The transmit power of SU
TX to each SU is restricted to Pr; that is, Tr(Q;) < Py.
Furthermore, the maximum transmit power of the SU i, if
selected as the cooperative relay, is Pp; that is, Tr[Ai(ofINT +

S,lQngl)AH] < Pg. The coefficient 1/2 in (3) is due
to the fact that cooperative transmission only uses half of
resources (e.g., time-slots, frequency bands, etc.). 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(H, ,,Q; pr ,) < Ppyand

Tr(H, ,,,[A;(07 Ty + H,, ,QH; )ATH] ol < Pry, for all
n € &py, where the SU i is selected to cooperate with the SU
TX. Moreover, H; ,, and H; , , represent the channel from
SU i and SU TX to nth PU RX, respectively. Evidently, the
maximum tolerable interference at the PUs is P;; + P;,. One
of the aims of this work is to optimally select the cooperating
SU and also calculate the optimum power allocation (finding
the optimal Q; and A;) in the proposed system, which can be
formulated as

(Q/,A]) = arg maxR; (Q;,4,;),
QA;

i =arg maxR; (Q/,A),
i
st. Tr(Q) < Pr,
Tr [Az (0 Iy +H,;Q Hsrz) AIH] < Pe

Tr <H5>P)"Qinp,n) <Py,
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)AM ! <P,

Tr {Hi,p,n [A (U IN + Hser H i,p,n

styi

A; 20, Q=0

(4)

for alln € §py, where Q; and A are the optimum transmit
covariance and amplification matrices. For convenience, we
define two constraint sets according to the following:

2 {Q I Tr(Q) < Py
Tr (H, ,,QH;,,) < Pr;, Q =0},

y, 2 {A | Tr [A; (o2 +H,, ,QHT)A] < Py, A, >0,
Tr {H,,, [A; (0/Ty, + H, ,QHL,) A H] |

< P,
(5)

for all n € Spy. It is easy to verify that (4) can be decomposed
into three parts as follows:

max (max (maxR (Q;, A, )>> (6)

i€esy \Q€D; \ A;eY,

Hence, solving (4) reduces to iteratively solve a subprob-
lem with respect to A;, for alli € Sy and n € Spy (with Q;
fixed), then another subproblem with respect to Q; (with A;
fixed, Vi € &y and n € &py), and finally a main problem
with respect to i. Directly tackling problem (4) is intractable
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;. Then, we will reformulate (4).

3. Optimal Power Allocation

In the first subsection, the structure of the optimal amplifica-
tion matrix in ith SU for a given Q; is investigated. Then, the
optimal structure of Q; is studied in the 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 Matrix. For
now, we assume that Q; is given. Let the eigenvalue decom-
position of H Hsrt and Hfg’iHrd)i be

Hsr,szr i = Usr zzsr lUsr i’
. . 7)

Hrd,iHrd,i = Vrd,izrd,ivrd,i’
where U, ; and V,;; are unitary matrices, X, ; = diag{a,, a,,
.oy b witheg > 0,and 2,5, = diag{p,, B,, ..., By } with

B =0.



Journal of Optimization

Proposition 2. The optimal amplification matrix of SU i, A,,
has the following structure:

Ai, opt — Vrd zAA Usr i’ (8)
where U,,, is obtained by eigenvalue decomposztzon of H,,
1/2
srl and Hsrl = srth / that is, H STi srz’ that is, H sti
=H TH
Hsr i = S?’ IQI ST,i UST 1257’ lUsr it
Proof. Please refer to the Appendix. O

Let the singular value decomposition (SVD) of Hy, ; and
Hrd,z be

= USY lA ST ler i

. 9)
Hei = UM iV,

which satisfies (7). Then exploiting (8), (9), and (3), the
achievable data rates of the desired link can be written as

Ri (Qi’ Ai,opt)

1 2 2 S 2 2,2 2 \7L
= Elogz ’INd + Ard,iAA,.zsr,i(UdINd + UrArd,iAA,.) |
(10)

According to (10), the achievable data rate in the desired
SU link only depends on £, ; but not on U,,.;. Then, it can be
QH, =

styi N

concluded that for any matrix Q; which satisfies H

US”ZSHUS, ;» the optimal data rate is the same as when the
transmit covariance matrix in the desired link is any arbitrary
matrix Q;. Therefore, (8) can be written as

Ai,opt A A; Usr i (11)
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 3. The structure of optimal transmit covariance
matrix of SU TX is as follows:

Q =V, AV (12)

sr,i°

where A o is a diagonal matrix and must be determined such
that the achievable data rate in the desired link is maximized.

Proof. Suppose that £, ;, is 7 x r, and then

QH! =0, 5 U

ST, it sri ST st Y sri

H

= [651’,1',1 t\Isr,i,Z] [Zsr,i 0] [ﬁsr,i,l i\Isr,i,Z]H
(13)

where Q; is any PSD (positive semidefinite.) matrix which

satisfies HS,,Q Hfr[ ; Usr,iisr,iﬁg,i' Hence, the singular

value decomposition of matrix H,; with rank r can be

expressed as

ST,i

H,,, = U, A,V

14)
A, H (
= [Usr,i,l Usr,i,Z][ srbt 0:| [Vsr,i,l Vsr,i,Z] ’
where A, ;, is r x r. It can be shown that Ug,;, is
orthogonal to ﬁsr,i,z- Moreover, U, ; , is orthogonal to ﬁsr’i,l.

The pseudoinverse of H
HSTIQ sri - USfIZSflU

o is denoted by H{, ;. Then, from

o> We have

+H
HST lHST' IQ HST IHSf i
A_

H
= [Vsr,i,l Vsr,i,Z][ sbl 0] [Usr,i,l Usr,i,Z]

X [6sr,i,1 ijsr,i,Z] [Zsr,i,l 0] [Gsr,i,l ijsr,i,Z]H

Al

H 15
sl 0:| [Vsr,i,l Vsr,i,Z] ( )

X [Usr,i,l Usr,i,Z] [

= [Vsr,i,l Vsr,i,Z]

-1 H 77 S 17 -1
X [A sty 1 Usr,i,l Usr,i,ZZST,i,lUSTJ)l USf,i,lA sri,1
0

X [Vair Vol "

It can be verified that UY, U

sri,1 st
because Usr ,US,,- is unitary. Recall that if A and B are two
positive semidefinite M x M matrices with eigenvalues \,(A)
and A;(B), arranged in the descending order, respectively,

then

1 is a unitary matrix,

M M
YA (A) Ay (B) < Tr (AB) < Y A, (A) A, (B).  (16)
i=1 i=1
Then, using the second inequality in (16) and knowing

that HY, H!TH, H,,; is a project matrix with eigenvalues

being only 1 and 0, we have
Tr(Q) = Tr (H;, H,,, QHG HT)

=Tr (ASM lUsrz lUerZZsrz lUsrz lUsrz lAsrz 1)
17)

Also, using the first equality in (16), we can conclude that

Tr(Q) = Tr (isr,i,lA_sf,i,l) : as)

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

SeitNors
optz [Vsrzl VsrtZ][ ST sri] 0:|
(19)
H
X [Vsr,i,l \4 ]

ST,1,2



which satisfies

st,i

H S H
Hsr,iQOPt,iHsr,i = Usr,i [ smbl 0] U i (20)
and the proposition is proved. O

3.3. Problem Reformulation. In the previous subsection, 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

st,i°

zopt VrdzAA U
(21
Q srzAQ Vsrz’

where Hsr i Usr 1A sr lvsr i and Hrdz Urd,iA Vd,ivfil,i' Recall
that the received signal in SU RX, due to the cooperation of
SU i, is given by

ys = H,y,A;H +H,,;An, ; +n,. (22)

STI Sl

Using (21), y; in (22) can be rewritten as

Yd_U A A A Vsrzxst+U A AAUsrz ri T g
(23)
- H < H
Suppose that y; = U, 5.y, X;; = Vi, X, 0, = Umn,,, and
n, = UZ)ind. Then,
Vd =Ard,iAAiAsr1 51+A AA +ﬁd' (24)

Clearly, the relay channel between the SU TX and SU RX
has been decomposed into a set of parallel SISO subchannels.
Therefore, the achievable data rates in the desired link, as a
result of the cooperation of SU i, can be expressed as

1
= log, [ Ly, + A2 % A, A g (070 + olly,) |

(25)
Suppose that the eigenvalue decomposition of H i < P
and Hﬁm ipn is
Hsanspn UspnAspn spn’
(26)
H,anzpn UzpnAzanzpn
for all n € &py. We further assume that
2 .
AA,- = diag {al,i, ceo aNﬂi} ,
A, ; = diag {bu, ceo bN,,i} ,
2 .
Ay = diag {cl)i, . ,CNM-} ,
(27)
A, = diag {dl)n, . ,st’n}, Vn € Spy»
Nipn = diag {el’i’n, ... ,eNr’i’n} , VneSpy,
A q, = diag {‘h,i’ co qNs)i} .
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Then, using (27), (25) can be rewritten as

N,
r a. b, .c..q,
R, = Y log, (1 4 i o i P ) (28)
o
k=1

P i + 0
Moreover, the transmit power constraint of the SU TX
and SU i will become
NS
Tr(Q) < Pr = qu,i < Pr,
k=1

Tr (A, (021 +H,, ,QHI ) Al]

=Tr (07 A% + A% AQA%) < Pp

STI

(29)

Nr
- Z4b <P
Aei\Op T Oibdki) = LR

k=1

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

Tr (Hs,p,nQinp,n) Tr (Hs Dy an p,nQi)
=Tr (Uspn sanspn srzAQ Vsrz)

=Tr (ViU puh g5, U, Vi)

STI

(30)
= viyu

styi S

for all n € Spy. Let M;,

o Then, (30) can be
expressed as

N,

Tr (M AspnM A ) Z(Zlmzklnl dl>qk1’ (31)

where m;; ;. denotes the element of kth row and Ith column

of matrix M;,. Let f;;, = le\:]‘l Im; 1 41d,,,. Therefore, the
interference constraint on PUs, due to transmitting by SU TX,
is expressed by

NS
H
Tr (Hs,p,nQiHs,p,n) = Zf kindki < Pr1- (32)
k=1

The interference constraint on PUs, due to the coopera-
tion of SU i with SU TX, is written by

Tr{HzpnAl (G IN +HsrtQ Hsrz)A Hzpn}

=Tr (VrdzU1 p.n Azp, UzpnvrdiA A;

X (GrZIN +Asr1A Asm)UsrlA )SPI,Z
(33)

foralli € Spandn € Spy. LetS;, = Vz)iULP’n. The element
of kth row and Ith column of §; , is denoted by s;  ; ,. Hence,
it can be shown that (33) can be rewritten as

N, N,
Z (Urz + bk,iQk,i) i <Z|Si,k,l,n|261,i,n> < Ppy. (34)

k=1 =1
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Let gy le\jl |5i,k,l,n|231,i,n- Thus, the interference
constraint on PUs, due to the cooperation of the selected SU
in relaying the signals of the SU TX, is stated as

N,
2

Z (Gr + bk,iqk,i) OeiTrin < Pra- (35)

k=1

Note that, without loss of generality, it was assumed in
(35) that Ny > N,. If this assumption is not applicable, the
only necessary modification in (35) is to change the upper
limit of the inner sum to min(N,, N,), instead of N,. Let a; =
[@y...,ay ;] and q; = [qy ..., qy;]. Finally, the problem
(4) can be expressed according to the following:

N,
q’,a" =arg maleog (1 + Dy G )
i2%i = 2 2 - L2
[T 0, 05iCi + 0y

Nr * *
. O b iG i
i =arg maleog2 1+ ——"——= |,

2 4% 2
i g1 0y iGi t 0

N;
subject to qu’i < Py,
k=1

N,

Xak,i ("rz + bk,i‘ik,i) < Py,

k=1

N
ka,i,nqk,i <P, VneSpy,
k=1

N,

5 2
ng,i,nak,i (% + bk,iqk,i) <P, Vne Sy
k=1
(36)

Let hy; = a;(07 + b qy,)- By some simple derivations,
the problem in (36) is equivalent to

(1 + Ck,ihk,i/as) (1 + bk,i‘]k,i/arz)
1+ ¢y / 05 + beigiil o}

NV
* *
q;,h; =arg maleog2
wh k=1

(1 + Ck,ihz,i/aé) (1 + bk,iqz,i/arz)
L+ g by /oy + bedy /o]

NY
i =arg maleog2
i k=l

>

N,

subject to quﬂ- <P
k=1

NV
Y hy; < Py,
k=1

NS
ka,i,nqk,i < PI,1> Vn € SPU,
k=1

NY
ng,i,nhk,i < PI,Z’ Vn € £PU'
k=1
(37)

4. Optimization Algorithm

In this section, we develop approaches for joint relay selec-
tion and power allocation in cooperative cognitive radio
networks. At first, we provide an optimal approach and then
develop a low complexity suboptimal approach.

4.1. Optimal Approach. Using the Lagrange multipliers
method [27], the Lagrange function for (37) is given by

< (hi’ QA AgAs,, A4,n)

2 2
(1 + Ck,ihk,i/ad) (1 + bk,iqk,i/ar)
1+ Gy, /05 + by g,/ 07

Ny N;
+A <qu,i - PT) +A, (th,i - PR)
k=1 k=1 (38)

Npy N,
+ Z)‘in < ka,i,nqk,i - PI,l >
n=1

k=1

Nf
= —Zlogz
k=1

NPU N‘r
+ Z Ain ( ng,i,nhk,i - P 1,2) >

n=1 k=1

where A, A,, A3, and A, are the Lagrange multipliers and
Vn € §py. According to the KKT conditions, we have

AL 20, Ay >0, A3y >0, Ay =0,
q;20, h;>0, I=1,...,N, k=1,...,N,

N,
Ay <qu,z‘ _PT) =0,
k=1

NS
Ay <th,i - PR) =0,
k=1

(39)

N$
A3 <ka,i,nqk,i - P1,1> =0,
k=1

N"
Ay (ng,i,nhk,i - P 1,2> =0,

k=1

oL

— =0, k=1,...,N,
94y :

27 _
oh;



foralln € Spy and i € $y. It can be shown that iy ; and gy ;
can be obtained using the following equations:

2
Qs = o iy 4byiGi h
M2 [ N ob M (A fiinhs) 0203 In2
+
Cri
-2+ —=h )
2 TPk >
( 9
(40)
2
h = ‘7,3 b 7 4b; i q
ki = 5. 9~ k
" 2q ot (A + Grinha) 0203102
+
b
(2 + _qkl >
where [-]" = max(-,0). Using dual-domain and subgradient

methods [28], we can further obtain A, A,, A5, and A,

through iteration,
( >
(m) z )

4
A(MH) I:A(m) + [/l (Zh(m) )] ,

N, +
(m+1) (m) (m) (m)
’\;,r; = [’\;,:lz +u <ka,i,nqky,’i1 —PI,1>] >
k=1

N’V‘
) (m)
" ( zgk,i,nhkrj - P1,2>
k=1

for all n € &pyy, where m is the iteration index and u™ is a
sequence of scalar step sizes. Once A, A,, A3, and A, , are
obtained, we can get the optimal power allocation matrices
Q; and A, and the corresponding achievable data rate R; when
the ith SU acts as the relay for the SU TX. Repeating the above
procedures at all SUs, we then find the one with the maximum
achievable data rate.

+

>

(m+1) _
A [

(41)

+

A(erl |:A(m

4.2. Low Complexity Approach. The optimal approach per-
forms joint opportunistic relay selection and power allocation
and results in the maximum data rate. However, the optimal
approach is with very high complexity. Here, we aim to
develop an alternate low complexity suboptimal approach for
problem (37). At first, we assume that the available source
power is distributed uniformly over the spatial modes; that
is, ;™ = Pr/Nj. Similar assumption applies for ;s (k =

.,N,); that is, B/™ = Pg/N,. 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 kth mode is g’ = Pp,/N, £
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where f%* = max,cs,fi;, Therefore, the allocated power
to the kth mode in the SU TX, intended for SU i, is g ; =
mln{qum qf‘lax} fork = 1,...,N, and Vi € &Y. Similarly, we
assume that the interference introduced to the PU by each
spatial mode of SU i is equal Therefore, it can be concluded
that B)™ = Pr,/N,g;;", where g7 = max,, Sou Tk
Therefore, the power allocation in the SU i is given by hy; =
min{h™, 7} for k = 1,...,N, and Vi € &y. Afterwards,
the SU i is selected as the cooperative relay such that the
following is maximized:

(1 + Ck,,-hZ,,-/Gﬁ) (1 + bk,i%t,i/af)‘

- . (42)
1+ ck,ihk’i/aﬁ + bk,,-qk’l./ar2

i=arg maleog2
i k=1

After determining the cooperative SU, we calculate the opti-
mal transmit covariance matrix, Q;, and amplification matrix,
A,;, using the approach provided in the optimal approach
subsection. As we can see from the simulation results, this
approach is almost as good as the optimal approach. However,
it is with much lower complexity.

A comparison between the computational complexity of
the optimal and suboptimal methods is presented here. For
the optimal solution derived in the previous section, 2(Np; +
1) dual variables are updated in every iteration. Using these
values, N function evaluations are performed to find the
power allocation. Therefore, the optimal solution derived in
the previous section has a complexity of @(er +2(Npy+1)T),
where T is the number of iterations required to converge,
which is usually high [28]. In the suboptimal scheme, every
spatial mode in the source side requires not more than (Ng; +
N¢yN,) function evaluations. Therefore, the complexity of
the proposed algorithm is O(Ng;N,).

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 TXy, , randomly communicate with their
respective receivers, pU RX,,...,PU RXy, . 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 6 and 7, respec-
tively. According to queuing theory, the probability of the
absence of the PUs, P(A), and the probability of the presence
of the PUs, P(A), can be expressed, respectively, as P(A) =

(ZNPU(NPU'/(NPU nN(O/1)") "~ aand P(A)=1-«a

In order to facilitate the analysis of outage, we modify
the system model as explained below. First of all, we assume
that the transmit signal at the SU TX is white and thereby
Q = ply,, where Iy represents the Ny x N; identity matrix
and pN; is the 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 is
intended for some reasons, which among them is to obtain
a lower bound for the outage capacity of the desired MIMO
link. Meanwhile, this assumption facilitates the analysis of the
outage probability analysis, as will be shown below.
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In the first time-slot, the spectrum sensing is used to
detect whether the PUs are absent. When the PUs are absent,
SU TX transmits data to SU RX directly. When the PUs are
present, the transmit power of SU TX, pN, should be limited.
However, if pN 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, as described in the previous section. 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. We firstly assume that no PU link is
transmitting signal. Hence, the SU TX communicates directly
with the SU RX and the received signal in the SU RX can be
written as

Ya = Hygx, + 0. (43)

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

P
R® = log, Ty, + 5HyHy|, (44)

o
where H; € CNe*Ms represents the direct channel in the

desired link. It is obvious that the achievable data rates in
the desired link, R”, are a random variable which depends on
the random nature of H_;. In a full-rank system, (44) can be
simplified by using the singular value decomposition (SVD)
as

Zlog2 (1 4 ”zAsdm> (45)

m=1 d

where A ;,,,, m = 1,..., N, are the nonnegative eigenvalues
of the channel covariance matrix H;H. The joint pdf of

Asgm»m = 1,..., Ny is given by [29]

p (Asd,l’ creo Asd,Nd) = (Nd!KNd,NS) 1 exp (_ Z Asd,m)
m=1
()
(H(Asdm - sdn )’
m<n

(46)

where Ky, v is a normalizing factor. To ensure QoS for the
desired hnk it needs to support a minimum rate. When the
instantaneous achievable data rate is less than the minimum
rate, R,;,, an outage event occurs. In quasistatic fading, since
the fading coefficients are constant over the whole frame, we
cannot average them with an ergodic measure. In such an
event, Shannon capacity does not exist in the ergodic sense
[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 is also a very good approximation for even small
N, and N; for example, N, = N; = 2 [31]. As such, for a
sufficiently large N; and N, the achievable data rate of the
desired link is approximated as [31]

2
N_p> )
p)

RP — | Nlog, (1+p),
< alog, (1 +p) I 27N.(15

Then, we proceed by considering the distribution of the
achievable data rate in the desired link as Gaussian with the
pdf given in (47). Consequently, it can be shown that the
outage probability of the desired link in the absence of the
PUs can be written as

D
P out

=P(R” < Ryy)

Nlog, (1 +p) - (48)

\/Ndpz/(ln 2)’N,(1+ p)°

-Q

where Q(-) denotes the Q-function. We emphasize that (48)
provides only an approximation of the outage probability in
the desired link in the absence of the PUs.

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 ith SU can be expressed as

Va = HygX; + ny. (49)

Thus, the achievable data rates of the desired link is given
by

C P
R = —log2 Iy, + 5Hy Hrdl
d

1

(50)

The coeflicient 1/2 is due to the cooperative transmission
and the transmission in two consecutive time-slots. Similar to
the previous subsection, it can be concluded that for the case
of present PUs, the achievable data rates in the desired link,
Ric, can be expressed as

rd i m) (51)

Z log, (
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where A, ;;..,,m = 1,..., N, are the nonnegative eigenvalues

of the channel covariance matrix H,d,in,;)i. The joint pdf of
Avaimsm = 1,..., Ny is given by [29]

— Na
p (Ard,i,l’ LR Ard,i,Nd) = (Nd!KNd,N,) 1 €Xp <_ Z Ard,i,m)
m=1
Ny
(T
m=1
X (H(Ard,i,m - Ard,i,n)2> 4
m<n

(52)

where Ky . is a normalizing factor. Once again and similar
to the previous discussions, the achievable data rate of the
desired link is approximated as [31]

Ngp’*
. (53
4(In2)*N,(1 + p)’ > &)

Note that the coefficient 1/4 in the variance of the pdf in
(53) is due to the multiplication of 1/2 in (51). Therefore, the
outage probability of the desired link in the presence of the
PUs can be written as

Pit=P(RY < Ryy)

out

RiC — N (Ndlog2 (1+p),

Ndlogz (1 + P) B Rmin (54)

- Q
VNP2 /4(In 21N, (1 + p)’

5.3. The Outage Probability. In this subsection, the outage
probability of the system is obtained. However, in the case
that the DF cooperation strategy is employed and the PUs
are present, another possible case in the system is when no
SU can decode the signal from SU TX. This may be due to
detrimental effects of fading and path loss in the link from the
SU TX to SUs. In this case, the SU TX indispensably transmits
data to SU TX directly with limited power p’ N in order not
to disturb the PUs. Assume that A, is a nonempty subset of
the Ny, secondary users who can decode the data of SU TX;
that is, A, C Sy, and assume that A, is the complementary
set of A ,. Suppose that ¢ is a null set. Then, the probability

of no existing SU to decode the data of SU TX, P, ut, can be
written as
NU
out = P(A ¢) H ou:n (55)
m=1

and P®™ where m € &y denotes the outage probability in
the link from SU TX to the SUs in the first time- slot Similar

to previous subsections, a good approximate for PX™ can be
obtained as
N,log, (1+p') =R,
P = 108U +F) R (56)

N, /an 27 N,(1+ ')’
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In the following theorem, we derive the outage probability
of the desired SU link.

Theorem 4. The outage probability of the desired SU link is

2Nsu—1
A D
(1 - OC) < out Z out> + aPaut’

(57)
where Pam is the outage probability of the desired link in the
presence of PUs and when the one SUs in the subset A,
cooperating with desired link.

Proof. Consider the case that the PUs are present. Then, the
probability of event {A = A}, that is, there exist some SUs
which can decode the signal from SU TX, can be written as

Om)ngO—

The outage probability of the desired link in the presence
of PUs and when the one SUs in the subset A , is cooperating
with desired link is given by

w o C,i
Pout H Pou; (59)
i€A,

ra-00=( ] 0-

(58)

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

2Nsu 1

Pout = P(()Put + Z p (A A out (60)

Finally, it can be concluded that the outage probability of
the desired link is given by

P

= P(A) +P(A) P

out

2Nsu_1

(l—oc)< P+ Z P(A=A,)

(61)
out> + “Pout’

where P? is the outage probability of the desired link, when
the PUs are absent, and is given in (48) and the proof is
complete in this way. O

6. Simulation Results

In this section, the performance of the proposed MIMO
cooperative cognitive radio system is evaluated using sim-
ulations. More specifically, we evaluate the performance of
the proposed low complexity approach and compare it with
the optimal approach. 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
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FIGURE 2: Achievable data rate in the desired link versus the
maximum transmit power of SU TX (P;).

allocation matrices (transmit covariance matrix and amplifi-
cation matrix), referred to as RS-OPA (random SU-optimal
power allocation) and nonoptimal power allocation; that is,
the amplification matrix of the randomly selected SU and
the transmit covariance matrix are obtained as described
in Section 4.2, respectively, which is referred to as RS-
EPA (random SU-equal power allocation). The simulation
assumptions are as follows, otherwise stated.

(i) All users are assumed to be equipped with the same
number of antennas, denoted by N.

(i) We set interference limits, P;; = P, = 0.01W,
otherwise stated.

(iii) There exist 5 PU pairs in the system, otherwise stated.

(iv) The elements of the channel matrices follow a
Rayleigh distribution and are independent of each
other.

(v) The SUs are uniformly located between the SU TX and
SU RX.

(vi) The path-loss exponent is 4, and the standard devia-
tion of shadowing is 6 dB.

(vii) The number of existing SUs in the system, Ny, is 20,
otherwise stated.

(viii) The level of noise is assumed identical in the system
and orz = O'; =10"° W/Hz.

The achievable data rate in the desired SU link versus the
maximum transmit power of SU TX for different number
of antennas and various scenarios is shown in Figure 2.
The maximum transmit power of each SU i, for all i €
Sg 18 Pg = 0.2W. Using the low complexity approach
(LCA), 50% achievable data rate gain over the RS-OPA is
obtained, when N = 2. Moreover, LCA leads to only 14%

1

—
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) e =)
T T T

—_
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T

Achievable data rate (bps/Hz)

107 107 107" 10°
Maximum transmit power of cooperating SU (Pg) (W)
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—— LCA (N =3)
—+ OA(N=2)

—— LCA (N =2)
—— RS-OPA (N =2)
-8 RS-EPA (N =2)

FIGURE 3: Achievable data rate in the desired link versus the
maximum transmit power of cooperating SU (Py).

data rate degradation compared with OA, with much lower
complexity. When P is small, the achievable data rate in
the desired SU link increases rapidly with P.. However, for
large amounts of Py, due to restrictions by the interference
limits, the achievable data rate is not sensitive to the Pr. As
another observation, it can also be seen that the random SU
and optimal power allocation scheme (RS-OPA) achieves a
significant gain in the achievable data rate over the random
SU and nonoptimal (equal) power allocation scheme (RS-
EPA), especially when Py is small.

The achievable data rate of the desired SU link versus
the maximum transmit power of the cooperating SU (Py) is
depicted in Figure 3. The maximum transmit power of the SU
TX is fixed at P = 0.4 W and the number of existing SUs in
the secondary network, Ny, is 20. It can be concluded that
the achievable data rate in the system is mainly determined
by the transmit power of the cooperating SU, when the
maximum transmit power of the SU TX is a constant.

As shown in Figure 4, the achievable data rate in the
desired link grows with the number of the existing SUs in the
CR network. However, this growth saturates from a particular
number of SUs which shows that the increasing 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, that is, 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.

As a final note, all the simulation results are indicating the
undeniable effect of the deploying multiple antennas at the
SUs and cooperation of other SUs on the performance of the
secondary spectrum access in the cognitive radio networks.
The results provided in this paper suggest that it is inevitable
to take advantage of MIMO systems and cooperation of other



12

—
o}
T
L

—_
(o))
T

Achievable data rate (bps/Hz)
=

_E—EI—EI—EI—E-EI—E—B—EI—E'—E—E-D-{
12
[
10
X
g X . A A A A A A A A
2 4 6 8 10 12 14 16 18 20

Number of existing SU; (Ngy)

-8 OA,N=3,P =P =07W
~B- LCA, N =3,Pp = P =07W
—e OA,N=2,Pp=2,P, =07W
—e- LCALN=2,P =2,P = 07W
> OA,N=2,P =P =07W
-x- LCA,N=2,Pp = P = 0.7W
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SUs, for the aim of opportunistic and dynamic spectrum
access and to achieve larger data rates without inducing
intolerable interference on the PUs.

7. Conclusions

In this work, an adaptive transmission strategy for underlay
MIMO cooperative cognitive radio networks was proposed.
It is assumed that when the PUs are present, the direct
transmission by the SUs introduces intolerable interference
on PUs. As a remedy and to maintain the performance quality
of the SUs, the cooperation of one of the existing SUs was
proposed not only to reduce the imposed interference on
PUs but also to maximize the data rates in the desired SU
link. Afterwards, the optimal solution of the joint problems
of power allocation (both in the SU TX and the cooperating
SU) and relay selection was presented. However, due to high
complexity of the optimal approach, a suboptimal approach
with less complexity was further proposed. Meanwhile, the
expected degradation in the system performance due to
suboptimal approach was proved to be negligible, using
simulations. Finally, an outage probability analysis was pro-
vided to examine the performance of the proposed MIMO
cooperative cognitive radio network.

Appendix

Proof of Proposition 2. Our convention is that all eigenvalues
are arranged in descending order. It was shown in [32] that if
the SU TX works in spatial multiplexing mode, that is, the
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SU TX transmits independent data streams from different
antennas, the amplification matrix of SU i can be written as

A=V, A, U (A)

st,i°

where A , is a diagonal matrix. Therefore, A; can be con-
sidered as a matched filter along the singular vectors of
the channel matrices. In order to use the results of [32]
for the case of nonwhite transmit data of the SU TX and
equivalently the transmit covariance matrix which is any
arbitrary matrix Q;, we define the equivalent channel matrix
H,,, = HW-Q;I/ ?. Hence, by adopting the same method, as
in [32], for any given pair of A; and Q;, there always exists
another pair A, and Q; that achieves better or equal data
rate in the desired link. In this case, for the case of known Q;,
(A.1) must be modified as

Ai,opt = Vrd,iAAiUg,i’ (A.2)
where ﬁsr,i
ﬁsr’iﬁg’i; that s, H,, ;H!

St

is obtained by eigenvalue decomposition of
=H,,,QH!, =0, 5, U O
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