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ABSTRACT

In this paper, we study the problem of distributed relay beamforming for a bidirectional cognitive relay network which
consists of two secondary transceivers and K ognitive relay nodes and a primary network with atransmitter and receiver,
using underlay model. For effective use of spectrum, we propose a Multiple Access Broadcasting (MABC) two-way
relaying scheme for cognitive networks. The two transceivers transmit their data towards the relays and then relays re-
transmit the processed form of signal towards the receiver. Our aim is to design the beamforming coefficients to maxi-
mize quality of service (QoS) for the secondary network while satisfying tolerable interference constraint for the pri-
mary network. We show that this approach yields a closed-form solution. Our simulation results show that the maxi-
mum achievable SINR improved while the tolerable interference temperature becomes not strict for primary receiver.
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1. Introduction

With the explosive proliferation of wireless systems, the
demand for radio spectrum has been increasing rapidly.
As a result, the radio spectrum has become a scarce re-
source. Cognitive radio (CR) has recently emerged as a
promising technology to address the need for intelligent
spectrum allocation [1]. In cognitive radio networks, un-
licensed (secondary) users can access the licensed (pri-
mary) spectrum either on non-interference or interference
tolerant basis. There are three main cognitive radio net-
work paradigms: underlay, overlay, and interweave [2].
In the interweave approach, cognitive transmitters are
required to sense the spectrum and transmit signals only
when frequency holes are available. Spectrum holes are
the most obvious opportunities to be exploited by CR,
but higher spectrum utilization is anticipated in overlay
and underlay approaches where coexistence between the
primary user (PU) and secondary users (SUs) is permit-
ted. We have adopted the underlay paradigm due to its
advantages from an implementation viewpoint [3] in this
work. In the underlay approach, the SUs are alowed to
utilize the spectrum of the PU only if the interference
generated by the SUs at the primary receivers is below
some acceptable threshold which is commonly known as
interference temperature [2,4]. This constraint limits the
allowed transmit power of SUs and consequently the
QoS of the secondary network. To address this issue,
cooperation between SUs is a potential way to improve
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the secondary network QoS while performance of the
primary network is not affected. A variety of cooperative
strategies have been proposed with different design crite-
ria and assumptions. Among them, distributed beaform-
ing is an efficient technique to enable concurrent trans-
mission of SUs and PUs. Also, in the overlay approach,
the SU shares part of its power resources with the PU to
provide arelay-assisted transmission.

Recently, motivated by cognitive radio and coopera
tive communications, cognitive relay networks have gai-
ned considerable research interest. As we explained be-
fore, distributed relay beamforming, in which the objec-
tive is to determine the beamforming weights according
to some optimality criterion, have received alot of atten-
tion in non-cognitive relay networks [5-8]. However, the
literature on cooperative relaying techniques such as dis-
tributed relay beamforming with explicit incorporation of
cognitive radio concepts is very sparse. Especialy, the
use of beamforming in cognitive relay networks is much
more challenging because of the existence of the bidirec-
tional interferences between the primary and secondary
networks. In addition, two-way relaying technique along
with beamforming can further improve the spectrum ef-
ficiency in cognitive relay networks [9,10]. Two-way re-
laying scheme can be categorized in three main groups;
i.e. two one way relaying, time division broadcasting
(TDBC) and multiple access broadcasting (MABC). The
MABC approach which is used in this paper, provides a
throughput significantly higher than the other approaches
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and well investigated in [11]. A beamforming technique
has been proposed in [9] to maximize achievable sum
rate in a multi-antenna cognitive two-way relaying net-
work without considering the mutual interference. To the
best of our knowledge, the problem of optimal distrib-
uted beamforming for an underlay cognitive two-way re-
lay network has not been well addressed.

In this work, we propose a beamforming approach to
maximize QoS requirements for the secondary network
while satisfying interference temperature constraint for
the primary network in an underlay cognitive two-way
relay network. Our goal is to obtain beamforming coeffi-
cients of the secondary relays as the design parameters,
such that the secondary network QoS measured by the
signal-to-interference-plus-noise ratio (SINR) at the sec-
ondary destination is maximized while interference from
secondary network to primary network is constrainted to
apredefined value.

Throughout this paper, we use the following standard
notations: ()T and ()H represent the transpose and
the hermitian transpose, respectively. The notation
diag(A) isavector which contains the diagonal entries
of the square matrix A and diag(a) is a diagonal ma-
trix whose diagonal elements are different entries of the
vector a. A, (A)and v, (A) represent principal
eigenvalue and eigenvector of matrix A, respectively.
E{} denotes the statistical expectation and I is the
identity matrix.

The reminder of paper is organized as follows. In the
next section system model and problem formulation for
cognitive two-way relaying scheme are described. In
Section 3, the SINR balancing under interference con-
straint is developed. Simulation results are given in Sec-
tion 4 and finaly, the main results are summarized in
Section 5.

2. System Model

As shown in Figure 1, we consider a set of SUs coexist
and operate in the licenced primary band. The secondary

SU-Tx1

SU-Tx2

Figure 1. A Two-way cognitive relay network.
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network consists of a pair of source node exchange in-
formation with the assistance of K randomly located re-
lay nodes via MABC two-way relaying scheme. As we
consider the underlay paradigm in the model, the secon-
dary network utilizes the primary network’s spectrum to
transmit its data under a simple two-phase amplify-and-
phase-adjust-and-forward protocol simultaneously with
the primary transmission. It is reasonable for secondary
network that have the full channel state information (CSl)
by a band manager that interpose between the primary
and secondary networks[12].

We denote the channel vector between the n'th
(n=1,2) transceiver and the relays by
f,=[f,fof] andchannel coefficients between the
primary transmitter and receiver by h,. We also consider
mutual interference between the primary and secopdary
networks in this work. Hence f, = f, f, - f,| de
note the interference channel vector rom PU transmitter
to the relays, while g, =[g,,0,,-- 0y, | isthe channel
vector between relays and PU receiver. We assume that
the forward channels from each transceiver to the relay
nodes are reciprocal to the backward channels from the
relay nodes to each corresponding transceiver [13]. Also,
a flat fading condition is considered so that the channel
realizations vary independently from one frame to an-
other while they remain fixed within each frame. Any
interference from the secondary transceivers at the pri-
mary receiver in the first time slot as well as interference
from the primary transmitter at the secondary transceiv-
ersin the second time slot is considered as additive white
Gaussian noise (AWGN) [4].

During the first time slot (multiple access phase), both
transceivers simultaneously transmit their data to the
relays. Thereceived signalsin relays from transceivers as
well as interference from PU transmitter can be repre-
sented, in vector form, as

=B LS - B e (L)

where x is the Kx1 complex vector of the received
signals at the relays, P;, P, and Py are the transmit pow-
ers of Transceivers 1, 2 and PU transmitter, respectively.
Let S, S represent the information symbols transmitted
by transceivers 1, 2 and s, s represent the infor-
mation symbols transmitted by PU transmitter in the first
and second time slot respectively. v is the Kx1 com-
plex vector of the relay noises with covariance matrix
o’l.

In the second time dot (broadcasting phase), the i'th
relay multiplies its received signal by a complex weight
w and transmits the so-obtained signal can be ex-

pressed as
t=Wx (1.2
where W =[ W, wj,--,W, |. The received signal in two
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transceivers can be written as:
y, =f Wx+n,
N B (1.3
=1 W(\/Elf1§+\/€f282 Jr\/prpsp +n)+ n
Y, = szWx +n,
= fZTW(\/Elfls_l +Pt,s, +,[P f s +1)) +1,

Using a'diag(b)=b"diag(a), werewrite (3) and (4)

1.4

as
:\/7WHFf13‘+\/EWHFfZSZ 15
+\/7w Ef s +WHF1)+r11 .
Y, = \/EWHszls_L +\/32WHF2f252 (16)

+PW'Ef sV + w'E,u+n,

where w édiag(WH) , F, 2diag(f,), F,=diag(f,).
The noise process is assumed to be zero-mean and spa
tially white with variance 6°. We will later explain how
each relay can compute its own optimal beamforming
weight. Since the knowledge of f; and s, are available at
Transceiver 1, thus transceiver 1 can subtracts the first
termin (5) and manipulate the remaining term to have

y éYl_(wHFflﬁ
—\/7WHFf2§+\/7wHFfs +w'Fo+n &7
| —

desi redsgnd |ntefference noise

and similarly

y. é yz_waF f,S,

—fw“Fflq+fw“Ffs +w"Fu+n, (18
| —

desi redsgnal |ntetference noise

The received signa at the primary receiver can be ex-
pressed as

Y, =[Pohs? + gl Wx+n,
—\/T)h +g, TW
x(\/ﬁflsﬁ\/ﬁfzg +\/prps(pl)+v)+n
~JRhs 19

deﬂ redsignal ”0'59

+\/EWHpr1$_ +\/szHpr232 +w"G v

interferencefrom secondary network

H 1
+\/pr prps(p)

self interference

3. SINR Balancing

In this section, our goa is to find the beamforming
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weight vector W in order to SINR balancing at the sec-
ondary network subject to an interference power con-
straint at the primary network. Mathematically, the opti-
mization problem can be represented as follows

max min (SINR, SINR, )
Subjectto

where SINR,, is defined as the ratio of the desired signa
power to the interference plus noise power at the m'th
transceiver for m = 1, 2 and P, denotes the interference
power. These parameters can be calculated as follows

(1.10)
R <l

P
SNR =—"—m=12 111
R, = R P L (1.11)
P, = E{RW"Ef,s,SE'F"w|
= RE{W'ELLF W) E{|§|2}
=P,w"hh"w
=Pw"Aw
where h=Ef, =F,f, A=hh".
P =E { RWHEf Vs £ E! w}
2
= P,E{W"Ef,fF'w} E{‘s(pl)‘ } (113)
=1
=Pw"kk"w
where K £Ff .
P, = E{wHFlm)H | O w} + E{|nl|2}
= wHFlE{m)H }Fle+02 (114
=o’w'Dw+o’
where D, =FF", similarly
P, =Rw"Aw
R =Pw'LL'w
P, =c’w'D,w+o’
where L2F,f,, D, 2FF, .
Pw" Aw
SINR = 2
R o’ +o’w'Dw+ PpwHkkHw
= R Aw (1.15)
o +wh <02D1 + P Kk" )w
_ Pw'Aw
o’ +w"'Bw
and similarly
IJCNS
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Pw" Aw

SINR =
R o’ +o’w'D,w+ PpWHLLHW

H
- hw Aw (116)
o’ +w" (o’D,+ BLL" )w

_ Bw'Aw
o’ +w'Cw
where
B=0°D, + Pkk"
C=0°D,+P,LL"
Using (9) so the interference component power which

consists of secondary network interference and self in-
terference can be written as

P 2E{RW"G fssf'G)w|

+E{RW"G f,5,5f,'Gliw|
{w G, w"Gw }
H ) H
{ prpsp o f G, } (1.17)
~ W' UU"w E{|s[*} + Pw"YY* WE{|s’]
T T
2
+Ppszz“wE{s§) }+w“GpE{nn”}G';w
T/ 0_2
:WHQW
where
U=G,f,
Y=G.f,
Z=G,f,
and
Q=RUU"+RYY" +PZZ" +5°G G!,  (1.18)
Note that at the optimum, it is required that
SINR = SINR, (1.19)

Otherwise, if, for example, SINR; > SINR,, then P,
can be reduced such that SINR; = SINR, and this reduc-
tion of P, will not violate the power constraint. Using (15)
and (19) the optimization problem (10) can be written as

max Pw" Aw
o’ +w"Bw (1.20)
St. whQw<I,,
to solve (20), let us write the weight vector w as
\/7 Q W (1.21)
whw =
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then we can rewrite the optimization problem as

PIW" AW
max e

o+ 1w Bw (1.22)
st.  |W[=1 1<,

It is easy to show that the inequality constraint in (22)
will be satisfied with equality at the optimum. As the
objective function in (22) is monotonically increasing in
1, for any value of w, this objective function is maxi-
mized for | - I,

Pl Ww" AW
max ——=
o’ + 1, W' BW (1.23)
st. W[ =1

It is obvious that the optimization problem (23) isin
the form of Rayleigh-Ritz ratio, in which objective func-
tion is globally maximized when W* chosen as the con-
stant factor 7of~ the principal eigenvector of the matrix
(1,B+ 0'21) A.

. {( I B+o1) A} (1.24)
as aresult, the beamforming weight vector can be written
as

—12
I th Q Umax

.{(IthQﬂ/ZBQ*]/Z +021)71 QY AQ’]/Z} (1.25)

and the maximum achievable SINR can be expressed as
SNR,, =Rl

- 1.26
X e {(ImQ*MBQ*“ +o°1) 1Q’”2AQ’”2} €29

As the level of interference temperature can be esti-
mated at the secondary network [2] and we assume that
the secondary network have full CSl, optima beam-
forming coefficient in each relay can be calculated from
(25).

4. Simulation Results

In our simulation results we consider a secondary net-
work with K = 20, 30, 40 relay nodes, and the channel
coefficients are generated independently as complex
Gaussian random variables with unit variance in each
simulation run. All noise powers including relay noises,
secondary and primary receiver noisesis assumed to be 0
dBW. Throughout our numerical examples, the transmit
power of transceivers and PU is also considered to be
equal to 0 dBW. The average value of each quantity is
obtained by averaging the corresponding quantity over
10* simulation runs.

Figure 2 illustrates the average values of the maxi-
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mum achievable SINRs versus the maximum interfer-
ence power that primary receiver can tolerate for three
different values of K. As can be seen from this figure, as
we increase K, the maximum achievable SINRs increase.
The achieved improvement from 30 relays to 40 has be-
come lower than the improvement of 20 to 30.

Figure 3 shows the average values of the relay trans-
mit power for three different values of K. It is reasonable
that, as we increase the number of relays, total power
dissipated in the relays doesn’t change considerably for
fixed tolerable interference. However because of the
beamforming effect and phase compensation, SINR of
each transceiver’ sisimproved.

Figure 4 illustrates the average values of the maxi-
mum achievable SINRs versus the maximum interfer-
ence power that primary receiver can tolerate for 30 re-
lays and two dlfferent scenarios. 1) o-f —o-f =0dB
and 2) o-f o-f =3dB . As can be seen from th|sf|gure

SINR, (dB)

SINR,

I, (dB)

Figure 2. The average values of the maximum achievable
SINRs versus the interference temperature for three dif-
ferent values of K.

14

12}

1, (dB)

Figure 3. Total relay Power dissipated in the network ver-
sus the interference temperature for three different values
of K.
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SINR, (dB)

SINR,

—0—K=30and o = ¢%,= 0 (dB)| |

04 —e—K=30and o, = o%,= 3 (dB) |
2 3 i : :
-20 -15 -10 -5 0
l,, (dB)

Figure 4. The average values of the maximum achievable
SINRs versus the interference temperature for two different
scenarios; 1) ajl =aj2 =0dB ;2) ajl =aj2 =3dB.

by increasing the interference temperature and improving
the quality of secondary channels, SINR improvement
decreases. Because the interference constraint become
strict.

5. Conclusion

In this paper, we developed the distributed relay beam-
forming for an underlay bidirectiona cognitive network
which consists of two transceivers and K relay nodes
between them all equipped with single-antenna in the
presence of primary network. For effective use of spec-
trum, MABC two-way relaying which needs two time
dots to swap two symbols between the two transceivers
proposed for cognitive networks. We study SINR balanc-
ing technique where the smaller of the two transceiver
SINRs is maximized while keeping the interference
power below interference temperature. We herein have
shown that this approach leads to a closed-form solution.
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