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Abstract

In order to improve the system capacity of the primary user (PU) and secondary user (SU) of
multiple-input-multiple-output (MIMO) cognitive radio (CR) system, a signal to interference plus
noise ratio balancing ( SINR-balancing) based cooperative spectrum sharing ( CSS) scheme is pro-
posed, in which PU leases a fraction of its transmission time to SU in exchange for the SU relaying
the PU’ s data cooperatively. The SINR-balancing based corresponding beamforming vectors are de-
signed and time-division is also optimized for the proposed scheme. Simulation results show that
compared to conventional opportunistic spectrum sharing (0SS) scheme, the proposed CSS scheme
can effectively enhance the system performance of both PU and SU and provide an effective coopera-
tion mechanism for PU and SU to determine whether to request cooperation.
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0 Introduction

Due to the explosive growth in wireless services
and applications in the last decade, the available spec-
trum resources become more and more scarce. Re-
cently, cognitive radio (CR) in Ref. [1] has gained
significant attention as a promising technology for the
future wireless networks due to its potential ability to
provide highly efficient spectrum utilization while allo-
wing secondary users (SUs) to coexist with primary us-
ers (PUs). The idea of CR was first proposed for the
scenario in which SU can opportunistically access the
PU’ s licensed bands only when the spectrum holes are
detected, which mainly focus on time and/or frequency
domains. However, when service load of PU is high
and spectrum holes are quite limited, SU can hardly
get opportunity to transmit. Wireless transmissions via
multiple transmit antennas and multiple receive anten-
nas, or the so-called multiple-input multiple-output
(MIMO) transmissions, have received considerable at-
tention during the past decade. Naturally, the potential
of (MIMO CR) was anticipated in Ref. [2] for its ad-
ditional spatial degrees of freedom ( DOF ), which
brings more flexibility and performance gain. Generally
speaking, multi-antennas can be used to allocate trans-
mit dimensions in space and hence provide the second-

ary transmitter in a CR network more degrees of free-
dom in addition to time and frequency so as to balance
between maximizing its own fransmit rate and minimi-
zing the interference powers at the primary receivers,
which have gained explosive studies>”!.

In the early pioneer work™ , MIMO was iniro-
duced into the CR system, and the algorithm is based
on the singular-value decomposition (SVD) of the sec-
ondary MIMO channel after the projection into the null
space of the channel from the secondary transmitter to
the primary receivers ( thereby removing completely the
interference at all primary receivers). Based on the
idea of opportunistic interference alignment ( OIA) in
Ref. [4], the SU can further fully explore the spatial
DOF without interfering the PU’ s transmission. For the
MIMO CR downlink multiuser system, the linear pre-
coding designs are given in Ref. [5]. However, the
above schemes are essentially exploring the spatial
spectrum holes, which are to transmit in the dimension
orthogonal to the interfering channel of the PU, thus
limited to the spatial dimension. Some work relaxes the
restricted condition and design transmission schemes
under the condition of interference less than a certain
threshold. The SU’ s performance is optimized based
on the PU’ s rate constraint in Ref. [6]. However, it
is assumed that the SU transmitter knows channel state
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information (CSI) of all links, that is not true due to
the fact that the PU is not compulsory to share its relat-
ed CSL.

In this paper, the cooperative spectrum sharing
(CSS) scheme is studied based on the following obser-
vation; when the PU’ s link is relatively weak, it needs
longer time to finish its load transmission; at the same
time, the SU’ s performance is rather limited due to the
limited spatiall DOF and time/frequency spectrum
holes. Under this condition, PU may have the motiva-
tion to lease its partial spectrum resource to exchange
for SU’ s collaboration, and SU can also gain more
transmission opportunities by collaboratively relaying
the PU’ s information. There have been some works on
the cooperative spectrum sharing schemes'”®', in
which the frequency and power resource allocation
problem under the single-antenna scenario is mainly
considered. In this paper, a beamforming based coop-
erative spectrum sharing scheme for MIMO cognitive
radio systems is proposed, in which PU leases partial
transmission time to SU, and SU can have an opportu-
nity to transmit its information while relaying the PU’ s
information at the same time. In the scheme, PU can
optimize the slot allocation to maximize its perform-
ance, while SU will give the beamforming vectors de-
sign based on signal to interference plus noise ratio bal-
ancing ( SINR-Balancing) to guarantee the perform-
ance of PU and SU at the same time. The simulation
results show that compared to the conventional oppor-
tunistic spectrum sharing ( OSS) schemes, the pro-
posed cooperative spectrum sharing scheme effectively
enhances the overall system performance.

The paper is organized as follows. The system
model and the transmission scheme are introduced in

Section 1. In Section 2, the conventional scheme is
first given, then the proposed cooperative spectrum
sharing scheme is described. In Section 3, simulation
results are presented to illustrate the proposed algo-
rithm. Section 4 concludes the paper.

1 System model

This paper considers a MIMO cognitive radio net-
work consisting of a primary transmitter - receiver pair
and a secondary base station- receiver pair, in which
ST has the cognitive capability. This paper considers
the scenario where multiple antennas are equipped at
the PU transmitter (PT) and SU transmitter ( ST),
with M, and M, antennas respectively, while the PU re-
ceiver (PR) and SU receiver (SR) are configured
with single antenna (for practical communication sys-
tem, the counterpart of the transmitter can be the base-
station, while the receiver can be the user equip-
ment ). For comparison, the conventional spectrum
sharing model is presented first, as shown in
Fig. 1(a), where the PT and ST transmit at the same
time. For the proposed cooperative spectrum sharing
scheme , a half-duplex division frame structure with de-
code-and-forward ( DF) relay mode is considered, in
which the transmission period of each frame is divided
into two slots and the fraction of time used in the first
and second slots are accordingly denoted as ¢ and 1 —
a(0 < a < 1), respectively, as shown in Fig. 1(b).
During the first slot a, PT transmits signal to PR, and
the signal is received and decoded at the ST as well. In
the second slot 1 — a, PT keeps silent, while ST trans-
mits its own signal to SR and forwards the PT’ s signal
to PR.
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Fig.1 System model
In the first slot, PT transmits signal x, multiplied and Tr{w) w,} = 1 are to be satisfied for total power

by the beamforming vector w,, in which E[ xpxp ]| = 1

normalization. The received signal at PR, ST in the
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first slot can be expressed as

/P
Yer = ;UhPR,PwaP + Npg
(1)

P

PU
o Hg, pWpxp + By

Ysr =

/P
where [~ denotes the transmit power resulting in
o

equal power consumption in one transmission period
compared to conventional model and kpy , € G PP de-
notes the channel from the PT to PR with each element
being i. 1. d. complex Gaussian variable and follows the
distribution as hpe , ~ CN (O,d;;?PTI ). Accordingly,
the channel from PT to ST is denoted as Hg p ~

CN(0 ,ds_:f’PTI ). ng denotes the path-loss factor, dpg pr
denotes the distance between PT and PR, while dg; p;
denotes the distance between PT and ST. npp, g de-
notes the noise vector at the receiver PR and ST re-
spectively, which follows the distribution as CN(0,T1).
Then the achievable rate of the relay linking from PT to

ST in the first slot can be expressed as
P
Rsp = alog, |I + %HST’PwpnggT,P (2)

Signal x, for PU is first decoded at ST, then ST
designs the beamforming vectors of wpg 5, W s and al-
locates the power Py, p, Pg, ¢ for the PU’ s signal x,
and SU’ s signal x4 respectively, in which E[ xexf | = 1
and total power constraint is given as

Tr{WgR,SwPR,S} =1, Tr{w?x,swsms} =1 (3)

Pgyp + Psys < Pgy/(1 - a)

In the second slot, the received signal at PR and SR
can be expressed as

Yer = hm,s( N Py pWpr sXp + &/ PSU,SWSR,SxS) + Npg
Ysr = hsn,s( Pg; pWpp sXp + «/PSU,SWSR,sxs) + ngg
(4)
where hpp g ~ CN(0,dpg’;I) and hg s ~ CN(O,
dsg’srI) denote the channel from ST to PR and SR, re-
spectively. Similarly, dpg ¢ denotes the distance be-
tween ST and PR, while dg; ¢ denotes the distance be-
tween ST and SR, ng; denotes the noise vector at the
receiver SR with ng, ~ CN(0,1). Since cooperative
spectrum sharing is considered in this paper, the de-
fault precondition is that the PT-PR link is weak or the
PT-ST link is relatively more reliable, thus dg pr <
dpg pr is reasonably assumed. The SINR at the PR in
the second slot is calculated as
Pgyp| BppsWpgs | ?

Yru,css =

(5)
1 +Pgys| BppsWsps | ?
Then the achievable rate of the ST-PR link in the

second slot is given by

Rys = (1 -a) log, (1 + Yeu,css) (6)
Then PU’ s achievable rate is given by Rpy 55 =

min{ R p, Rps}. The SINR at the SR is denoted as
Psu,s | hSR,SwSR,S |*
2 (7)
+Pgyp | g sWpp s |
Correspondingly, the SU’ s achievable rate is giv-
en by

Ry css = (1 -a)log, (1 + Ysu,css) (8)
In this paper, it is assumed that PT knows hpy p,

Ysv,css = 1

and ST knows kg, 5 due to the nature of channel reci-
(361 Further, PT and ST can share partial
channel information under the mode of cooperative
spectrum sharing, and thus PT knows Hy; , while ST

procity

gets the rate requirement information of PU, based on
which the beamforming vectors Wy, Wpg 5, Wgg s are de-
signed as the following section.

2  Cooperative spectrum sharing scheme
design

2.1 Conventional opportunistic spectrum sharing
For comparison, in this subsection we first give
the beamforming design for the scheme of conventional
opportunistic spectrum sharing[z"s] , in which the PU
neglects the existence of SU and maximizes the achiev-
able rate of the direct PT-PR link, while SU should
generate zero-interference to PR. Apparently, the PU
will take the maximum ratio transmission ( MRT)
scheme to maximize its own data rate, accordingly the
beamforming vector is denoted as
_ th,P
I Bpr,p |
Thus the PU’ 5 achievable rate is given as
Rpy,0ss = logy (1 + Py | Brr pWp,o0ss |l i")
= log, (1 + Ppy | hPR,P | i") (10)
The beamforming design criterion of SU is to max-

(9)

Wp oss

imize its own data rate while generating no interference
to PR. According to the matrix projection theory™""!
the beamforming vector of SU is expressed as
P;‘Uth,S
TPLRE (11)
I PoAY |
where Py, = (I _th,S(hPR,Sth,S _thR,S)' Then the
SU’ s achievable rate is given as

Wsoss =

2
Rgy o5 = logz(l + Py || Bsg sWs 055 |l 1;) (12)
Ppy | hSR,PwP,OSS | &
2.2 Cooperative spectrum sharing
Since the direct PT-PR link is relatively weak,
and the optimization of time division may result in une-
qual duration of two slots, it is not practical for PR to
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take the maximum ratio combining (MRC) algorithm.
Thus for simplicity, receiver PR will only decode the
signal from ST in the second slot. Accordingly, in the
first slot the PT will take the transmission scheme of
maximizing the achievable rate of relay link of PT-ST.
LetHg p, = U ST’,,AST,,,V?T,,, be the SVD of the relay
link, where Ag;, = diag(A,---,A,,) is a diagonal
matrix with descending ordered singular value. Then
the beamforming vector at the PT is denoted as wp 4
=9y

max ¥

where v, is the right singular vector corre-
gponding to the maximum singular value. The achieva-
ble rate of the relay link PT-ST is given as

Rsp = alog,

I+ %HST,PWP,OSSWg,OSSHgT,P
+ =det(I+ 2
da(1+AB) ~del BA)a logz(l . M) (13)
o

In the second slot, it’ s a typical multiuser MIMO
downlink system for ST according to Eqs (6) and
(8), for which the available precoding schemes such
as dirty-paper coding ( DPC) and zero-forcing ( ZF)
can be used to solve the problem. However, although
the sum-rate can be maximized through DPC, it is
complexity prohibitive for practical implementation,
while ZF cannot fully explore the spatial DOF and is
prone to be limited by the number of antennas. In this
paper, we will still consider linear beamforming vector
design and guarantee that the cooperation will not de-
generate the performance of PU and SU compared to
0SS scheme.

According to Eqs (6) (10) and the constraint
ofRp s = Rpy gss , We have
(1 —a) log, (1 +YVpu,css) = log, (1 + Py || hpgp || i")

SYrucss = Vru, = (1 + Py | hpgp | i")llT“ -1
(14)

Considering the sufficiency of cooperation condi-
tion, the cooperation should not degenerate the SU’ s
performance , thus Ry 55 = Ry gs5 should be satisfied.
According to equation and , we have
(1 - @) log, (1 + ys,ess)
Py || hsg sWs 055 |l i")

2
Ppy | hSR,PwP,OSS (s

= logz(l +

1

2
Pgy || Bsg sWs 055 |l F)l'“ -1

2
Ppy || hSR,PwP,OSS | &

SYsu,css = VsU, tar = (1 +

(15)

Based on Eqs (14) and (15), the system can be
regarded as a typical downlink scenario, where users
must achieve individual target SINRs for successful
communication and fairness guaranteed. Thus the
problem of beamforming vectors design and power allo-
cation can be transformed into SINR balancing problem

max min (

Yru,css ’}’su,css)
Psy,psPsy,5:WsR,5sWPR,S

Yru, tar ’ Ysu, tar (16)
s. t. PSU,P +PSU’S$PSU/(1—(X)
Note that the problem can be solved by using up-

[12]

link-downlink duality iteratively ™, which is omitted

here for simplification. According to Lemma 1 in

Ref. [12], the optimal solution of problem satisfies

Yru,css _ Y su,css Y

Yru, tar Ysu, wr (17)

Psyp + Psys = Pgy/(1 - a)

From Eq. (17), we can see that when A > 1 the
PU’ s performance and SU’ s performance in the CSS
mode will outperform the corresponding performance in
the OSS mode. While when A < 1 both the perform-
ance of PU and SU are degenerated, certainly neither
PU nor SU will request cooperation. Thus, the pro-
posed SINR-balancing based beamforming design pro-
vides an effective cooperation mechanism or guideline
for PU and SU to determine whether to request cooper-
ation.

As for PU, there also exists a time-division opti-
mization problem to optimize its own performance,
which is expressed as

Pyt
mfx{ (44 10g2(1 + T) ,(1 —a) 1032(1 + ’}’Pu,css) }
(18)

Since « is a real value between 0 and 1, it can be
easily found through one-dimension linear search. The
proposed scheme can be summarized as follows: Step
1, PU or SU request cooperation, and then partial CSI
can be exchanged. Step 2, for a given value of , the
PU’ s and SU’ s achievable rate can be obtained based
on equation and. Step 3, PU can search the optimal
time division value to maximize its own rate by itera-
tively calculating the achievable rate based on Step 2.

3 Simulation results

We now present numerical results for the PU and
SU for the proposed CSS scheme and conventional 0SS
scheme as well for comparison. Since cooperative spec-
trum sharing is considered in this paper where dg; pr <
dpg pr is reasonably assumed, without loss of generali-
ty, we assume that ST is located between PT and PR,
and define SNR = P, = Pg; as the signal to noise rati-
o at the PT and ST. We first give the cooperative per-
formance of PU and SU versus SNR with different an-
tenna configuration and other parameters fixed as dpg pr
=3, dST,PT =1, dPR,ST =2, dSR,PT =1, dsn,sr =2,

simple time division & = 0. 5" and path-loss factor n,
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= 4. The achievable rate of PU and SU versus SNR is
presented in Fig. 2 and Fig.3 respectively with M,

1. As shown in Fig.2 and Fig. 3, compared to the con-
ventional 0SS mode, in which the PU’ s performance
is limited by the weak direct link while the SU’ s per-
formance is limited by the interference from PU, the
proposed €35 scheme can effectively enhance the per-
formance of both PU and SU, and the performance gain
increases as M, inereases. As SNR increases, lo guar-
antee that the PU " 5 performance in the CSS mode is
always better than in the 055 mode, ST will allocate
more power bo PL " s data, thus the SU” s performance
gaining in the CSS mode will drop, as shown in Fig. 3.
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The cooperative performance with M, > 1 is fur-
It is seen that when SNR is
relatively low, the CSS scheme can still bring obwious
performance gain. However, as SNR increases, limited
by the spatial DOF of ST and loss of duty cyele due to
time division, the cooperative performance of PU is
worse than in the 0S5 mode, that is ypp cs < Vaur car
Based on the SINR halancing in equation , the SU’ s
cooperative performance is also worse than in the 0SS
mode, as shown in Fig. 4. As a result, when SNR is

ther presented in Fig. 4.

relatively high, neither PU nor SU will consider coop-
eration. As was expected,
provides an effective cooperation mechanism for PU

the proposed CCS scheme

and SU to determine whether to request cooperation,
which can also be referred as mode switch.
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Fig. 5 shows the cooperative performance versus
d s pr with optimal time disision @ under a linear sys-
tem tapology as in Ref. 11], where ST is located be-
tween PT and PR while PT is located between ST and
SR. Thus we have dpg pr = dgp pr + dpg 5r and dgg o =
dpr sy + dgg pr with other parameters as M, =2, Mg =
3, dpger =3, dagpr =1, dg s =2, SNR = 14dB.
Since the PU’ s performance is limited by the minimom
achievable rate of PT-ST relay link and ST-FR coopera-
tive link, according to the equation, there always exist
an optimal 45 - to maximize PU’ s performance for
each time division valee ¢, as can be seen from Fig.
6, and vice versa. Apparenily, compared to conven-
ticnal 0S5 scheme, the proposed CSS scheme can ef-
fectively enhance the performance of both PL and SU.
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comparison in Fig. 6 is also given, from which we can
see that with optimal « the PU’ 5 performance is further
enhanced, while the SU’ s performance with optimal o
is also better than the one with fixed @ = 0. 5 in most of
the range of dg;, pr.

4 Conclusion

This paper proposes a SINR-based cooperative
spectrum sharing scheme for MIMO cognitive radio sys-
tems, in which PU leases a fraction of its transmission
time to SU in exchange for SU cooperatively relaying
the PU’ s data. In the scheme, the SINR-balancing
based corresponding beamforming vectors are designed
and time-division is also optimized. Thus compared to
conventional opportunistic spectrum sharing scheme,
the proposed cooperative spectrum sharing scheme can
effectively enhance the achievable rate of both PU and
SU and provide an effective cooperation mechanism for
PU and SU to determine whether to request coopera-
tion. Future work in this direction can take into ac-
count the specific revenue models of PU and SU to es-
tablish incentive mechanism of cooperation and opti-
mize the corresponding time-power allocation problem.
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