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Abstract— In this paper, the Filter-and-Forward strategy is developed for cooperative relays in Cognitive Radio
networks with underlay structure and frequency selective fading channels. A cost function is defined to minimize the
required transmitting power of the relay networks and the secondary user. This is performed subject to keeping the
power of noise and interferences at the primary receiver less than a predefined limit and an SINR above a given
threshold. In this structure, a power control is also carried out on the secondary transmitter. Simulation results show
that the proposed algorithm converges to an optimal solution based on the interior point method. The results show
that compared to the Amplify-and-Forward strategy, we achieve a higher SINR threshold in the secondary receiver
and need a lower transmitting power at the relays and secondary transmitter.
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interference on primary users is a challenging problem

L. INTRODUCTION [4]. One of the main strategies for interference control

Cognitive radio (CR) network is used as a key
strategy to overcome the problem of radio spectrum
restriction [1]. Three well-known approaches of CR
are interweave, overlay, and underlay structures.
Since, the underlay structure has a higher spectral
efficiency [2], secondary users make use of the radio
spectrum of primary users simultaneously subject to
the interference leakage on them less than a specified
limit [2], [3]. Thus, in this structure, the control of

is beamforming using multi-antennas in transmitters
and receivers. However, due to the required power and
the large size of these antennas, their use is not
preferred. Instead, incorporation of relay networks has
recently received increasing attention. Several
signaling techniques used in relay nodes and
cooperative networks are Decode and Forward (DF),
Detect and Forward (DetF), and Amplify and Forward
(AF) methods. On the other hand, one of the efficient
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processing techniques in cooperative networks is
based on beamforming [5], [6].

Cooperative beamforming in CR with the AF
technique and underlay structure has recently been
studied for flat fading channels. For instance, in [7],
cooperative beamforming is employed to maximize
the network throughput. To do so, the best relay is
selected and AF beamforming is then performed by
that relay. In [8], a cooperative beamforming scheme
is developed in which all relay nodes are involved in
beamforming and the goal is to maximize the SINR in
the secondary receiver. In [9], cooperative
beamforming is designed to obtain beamforming
weights such that the SINR in the secondary receiver
is maximized while the interference on the primary
receiver is eliminated.

On the other hand, for frequency selective fading
channels, the AF should be used with the OFDM
which has some disadvantages like the high Peak to
Average Power Ratio and carrier frequency offset
[10]. To cope with such channels, the Filter-and-
Forward (FF) technique has been suggested [11] in
which an FIR filter is used in each relay to compensate
for the channels distortion between "the transmitter
and relays" and also "relays and the receiver".

In this paper, we consider a frequency selective
channel and extend the FF technique for a CR network
with an underlay structure. The goal is to minimize the
sum of the power of relays and secondary transmitter.
This strategy is interesting from the network power
efficiency viewpoint. In this structure, we control the
power of the secondary transmitter and perform a
beamforming scheme. Also, an iterative algorithm is
proposed to solve this optimization problem.

The reminder of this paper is organized as
follows. In Section II, we introduce the cognitive radio
network model. In Section III, we define optimization
criterion and propose an algorithm for optimization.
Section IV presents simulation results and finally
Section V concludes the paper.

II.  COGNITIVE RADIO NETWORK MODEL

A CR network with a primary transmitter-receiver,
a secondary transmitter-receiver, and R relays is
shown in Fig. 1. In the 1¥ time slot, signals are
transmitted to the relays and in the 2™ time slot relays
transmit the signals to the receivers by beamforming
according to a defined objective.

The received signals at the relays are defined as

r(n) :Li\/ﬁf,x ®)(p —1)+L§\/Ef,'x O (n—=1)+v(n)
(1)

wheref, = [f,,l,...,fl,R ]T A2 [f}tl""’fl:R T

L - [fl’l’""f“‘ ]T A/ £ [fltl»-..,fltR ]T

and x® (n) and x (n) show the symbols transmitted
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Figure 1. A cognitive radio model with FF relays.

by the primary and secondary transmitters,
respectively, P, and P are their respective powers,
and f; and f', are the impulse response vectors
corresponding to the [-th coefficients of the channels.
Also, fi;, 1=0, wo Ly =1 show the channel
coefficients between the primary transmitter and the i-
th relay and f');, [=0,..,L'y—1 denote the
channel coefficients between the secondary transmitter
and the i-th relay, and v(n) is a zero-mean complex
white Gaussian noise vector with a variance of 2.

By introducing the transmitted signals vectors
xP) (n) and x®(n), which indicate the effect of ISI
on the transmitted signals, (1) is expressed in vector
form as

r(n) = [P, Fx” () +BFx () +v(n) ()

where

Accordingly, the transmitted signals vector of relays is
given by

Ly -1

y(n)=Y W (\/ﬁFx@)(n D)+ P.FxY(n-1)

+v(n —1))
3)

where W; is a diagonal matrix containing
beamforming coefficients corresponding to the [-th
coefficients of FIR filters. By including the effect of
FIR filters on x® (n) and x® (n), (3) is expressed as
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L,-1

y(n)_Zw”(\/>Fi<P>(n)+fF'x<s>(n)+v(n—1))

“)

where

W= (L +L, =27
xW(n-(L;+L, =2)]

Rxl>° E 90R><19""0R><]]
Rxl Roxly RxL, —1-1
r A '
F/ =[04,0500,, E_J N USSR
Rxl RxLf RxL, —1-1

in which Ogzy; is @ R X 1 zero matrix. To simplify
computations, the following definitions are used.

V) 2V (1) V (0= (L, ~D)T

y(n) = [P, W'ZX® (n) + [P W'E'KY (n) + W (n).

)

The received signals by the primary and secondary
receivers are expressed respectively as

L,-1

z®(n)= Zg/ (\/7W”'"(")(n—l)
+\/7SW

XY -1)+W'v(n-1)+v®(n)
(6)

2O =Y g (B WIERY (n-1)

PSWHE’)NK(S)(n ~D+W'S(n=1)+v® (n)
(7

where g, 2 [g,1, ., 8r]" and g1 2 [g'1, ., 8 1R]"
are the impulse response vectors corresponding to the
l-th coefficients of the channels between the relays
and the receivers and v® (n) and v® (n)show the
noise of the primary and secondary receivers with
variances o*f(s) and aj(p), respectively. Using the
Kronecker multiplication properties and a” diag(b) =
bTdiag(a), we can write

g W =[g/ W' .gr W ]
=[0,"G,,r0! |G, ]=0" (I, ®G,)
g/ W' =0"(1, ®G)),

G, 2diag{g,}, G, £diag {g,}, ©, £ diag {W,}
where I, is an L,, X L,, identity matrix, & represents

the Kronecker product, and diag(A) shows a vector
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of the diagonal elements matrix A. Then, (6) and (7)
are respectively presented as

Le-1
M) =Y (JP0" (1, ®G)EX"(n-)
1=0

+Po" (1, ®G)EX" (n-1) (8)

+o” (I, ®G)V(n-1)+v ® (1)

(”(n)—i(\fm (I, ®G)EX" (n-1)
+Po" (1, ®G)EX" (n-1) )

+o (1, ®G))V(n-1)+v(n).

To simplify (8) and (9), the effect of the frequency
selective channels on the relay transmitted signals and
noise are defined as

i(p)(n) A

X (n) 2

[x P (n),...,x
[x “(n),...x

W(n—(L, +L, +L, -3)]

(L) +L, +L, -3)I

O ()2 P (n)yesx P (n = (L, +L, +L] =3[

M) A1), x(n (L +L, +L,=-3)
V) AV (1)oea¥' (0= (L, +L, ~2)]

WICTRIIEEIR

I~ Ar T T ' T
v(n)=[v' (n),...v (n—(L, +L; —2))]
I A
Il = [ORLH x1 ""’ORL“ x12 IRLW ’ORLW xl""’ORLu x]]
[
RL, xI RL, xRL, RL, x(L, ~1-1)
- A —
= = [ORLW x1 9""0RLW x12 = ’ORLW xl""’ORLw ><1]
RL, %(L; +L, ~1)
RL, x| RL, x(L, ~1-1)
— A =l
E —[ORwal, ..... ,ORLMI, g ,ORwal,...,ORwal]
RL, x(L} +L,, -1
Xl o (L L =) RL, x(L, ~1-1)
—
- [ORL x]oree ORL x1 2 = 0RLW xl""’ORLw ><l]
— i, ><(L/ +L, -1) ‘
RL, xI RL, x(L'y ~1-1)
- A -l
B =[0p, 5 ’ORLW x1 2 = > 0RLW xl"'.’ORLW al

RL, xI

where Ip;
(8) and (9) are expressed as

is an RL,, X RL,,

RL, x(L] +L, 1)
v RL, (L', ~1-1)

identity matrix. Then,

L1
z"(n) = z (’\,PP(DH (ILW ®G, Eli(p) (n)
=0

+\/Fsmh’ I, ®G,)=EX" (n) (10)

+o” (ILW ®Gl )iIV(n))J,_v (P)(n)
(i)(n) Z(\/_(y) (I ®G’)—‘”V(p)(}’[)

+Po” (1, ®G)EX"(n) an

+o (1, ®G)L V(1) +v ) (n)
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To remove out the summation operator from (10) and
(11) for more simplicity, we substitute the following
term

Lg -1 _

>, ®G,)E =GF

1=0
which

G é[ILw ®Gy,.... ’ILH. ®GL¥—1]RLW *RL, L,

O A el [— r
F=[5,...5,

- —

F=[f,F]

T AYT T 9T

I—[Io perene 9ILg—l] RL, L xR (Lg +L, ~1)*

Then, by separating the desired signals of the primary
and secondary users from the ISI and noise
components, we get

p u _ x(P)(n)
e G[f’F]LWnJ
+P.0" GF'X" (n) + 0" GIv(n) +v * (n)
=\/§m”Gfx“’)(n)+\/ﬁmﬁ(;l_q(p)(n)

Desired signal component

+/P.0" GF'X® (n) + 0" GIv(n) +v ™ (n)

Noise component

ISI component

Interference from secondary
transmitter component

(12)

z29(n)=P.0" GV (n)+ P 0" GF"X"(n)
Desired signal component
+ 20" GF'X” (n)+0" G'Wn)+v (n)

Noise component

ISI component

Interfrence from primary
transmmiter component

(13)

in which the structures of GF', G'F", G'F", G',
F',F",F", and I are defined similar to those of GF, G,
F,and I.

III.  POWER MINIMIZATION

To compute the beamforming vector; containing
the FIR filters coefficients and the secondary
transmitted power, an objective function is defined as

1}1)1in P.+P
st. SINR® >y (14)
n<¢é

where Pr is the total relays transmitted powers, Py is
the secondary transmitted power, SINR® is the SINR
in the secondary receiver, y is the SINR threshold, 7 is
the total interference and noise power on the primary
receiver, and ¢ is the interference limit.

The individual transmit power of the i-th relay is
obtained using (4) and incorporation of (14) as

P, =E(|y,[)=P,0" (I, ®E,)Z="(I, ®F,)" o
+Po’ (I, ®F)EE" (I, OF) o
+ole” (I, ®E)(1, ®F) o
(15)
where
e W =[e; W,/ ,.....ef W, "]
=[0,"E,,.....,0, "E =0"(I, ®F,)

i

and e; is the i-th column of the identity matrix and
Ei = dlag(el)

Then, the total relays transmit power is given by

R R
P, = Z P =" ().D, +PD))o=0" (D+P.D)o.

(16)

i=1 i=1

The power of the desired signal of the secondary
receiver is obtained from (13) as

— 2
P;”:E(‘\/Em”c'f"sc © ) )
=Po"Gf"f""G"0=P0o"Q 0.

(17

The interference power at the secondary receiver;
which is the sum of the ISI and the interference caused
by the primary transmitter, is obtained from (13) as

_ - 2
PI(s) :E(‘\/EmHG!Fmi(S)(n)_i_\/E(DHGani(P)(n) )
_ PSO)HG’FWimHG’H(D-FPP(DHG’F”F”HG’H(X)

=P0"Q) 0+0"Q} o

(18)
where Qﬁ;) and QE?Z) indicate the interference from the
primary transmitter and the ISI, respectively. Also,
from (13), the noise power in the secondary receiver is
given by

PY = E(0” GTV(n) +v (1) 8
(19)

=c0"'GNI"G"w+s’, =0"QVw+o’,.
v v

In a similar manner, the interference power in the
primary receiver is defined as
(14)
— - 2
PP = E(‘\/P—p 0" GFX? (n) +/P.0" GF'x” (n)| )
=P 0" GFF'G"0+P0"GFF"G" o
=0" QN 0+P 0" Q) o

(20)
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while QEI(J;) and QEI(JS)) are the interferences caused by

the ISI and the secondary transmitter, respectively.
The noise power in the primary receiver is given by

PO =E(o” GIV(n)+v ' (n)] ) on

=00"GII"G"w+0’, =0"Q"0+57,
where Q](,p)

Using (19)-(21), (14) is reformulated as

is related to the additive noise at relays.

min P +o0”"Do+Po’D'o
®,pg
Po"Q%w®
H (s) H (s) H (s) 2
Po" Q0 +o Q,(p)m+w Q, 0+o,
H y(p) H ) Hy(p) 2
0" Q,0+Po"Qjlo+o Q‘,pm+av(p, <&
(22)

Next, to solve (22), we intend to change the non-
convex model of (22) to a convex form. In so doing,
an iterative algorithm is developed by considering a
fixed secondary transmitted power P;, and optimizing
the beamformer coefficients vector. In this way, by
using an auxiliary variable defined as T = mw', (22)
is stated as

st.

>y

rnrin P +tr(I'D) + P tr(I'D")

st tr(C(RQY - y(P.Q), Q5 + Q7)) 2 yo7,
tr(F(Qjf, +P.Q)+ Q"N <& -0,

rank(I' =1LT' >0
(23)

where tr(.) shows the trace operator. In the preceding
relationship, due to the symmetry and Positive Semi-
Definite property of I, the cost function and all of its
constraints except the constraint rank(I') =1 are
convex. To have a complete convex for (23), we relax
the constraint rank(I") = 1 to obtain a convex form
[12]. The latter problem is then solved by the interior
point method which is an efficient and reliable
solution. A well-used MATLAB file for numerical
solution of this problem is CVX [13]. After computing
I'(i) (T at the i-th iteration) for a fixed Ps(i — 1) (Ps at
the (i — 1)-th iteration), if the rank(T(i)) =1, the
beamforming coefficients vector w(i) (w at the i-th
iteration) is equal to the normalized eigenvector
corresponding to nonzero eigenvalue of I'(i).
Otherwise, one of the randomization methods in [14]
must be used. Using the Lagrange and dual Lagrange
method, we can prove that the relaxation problem and
original problem have the same responses. This comes
from the fact that the duality gap between the relaxed
and original problems is zero and our problem
converges to an optimal value [15].

Then, optimization should be performed with
respect to P for the estimated w (i) as

Volume 5- Number 2- Spring 2013
min P+ o" (i) Do@)+Po” (i)D'o()

N 70, tre” ()Q), o) +ye” (HQMa(i)
: o (HQVe(i)-yo' (i)QL, o)
p ST o’y —0" (HQN o) -0 (1)HQw()

st.

WICTRIEF

* o (1)QiY,0)
24
In this way, minimization with respect to P has a

linear form and its solution for a feasible case is given
by an iterative relationship as

_y0., Hre” ()Q),e6) + ye’ (1)Q w(i)
0" ()QYe()-yo" ()QY o)

P.(0)
(25)

As a convergence criterion, (25) stops when P(i —
1) —P(i) < e.

In the proposed algorithm, the computational
complexity  is  O((RL,)*(RL,, +2)**)  and
8(RL,)* +4(RL,) +3 for the beamforming
optimization and power allocation problems,
respectively. Therefore, each step of the algorithm
requires the number of O((RL,)*(RL, + 2)*° +
8(RL,,)? + 4RL,,) operations.

IV. SIMULATION RESULTS

We define the channels impulse response
coefficients between transmitters-relays-receivers as
complex Gaussian random variables with zero mean
and exponential power delay profile as [11]

L -1
p(t) = L De S —IT,)

Gy i=0

(26)

where L, € {Ls, Ly, L';, L'y} and Ly = L, =L =
L'y=5, T, is the symbol length, and o, = 2T
denotes the delay spread. The noise variances is 0.1,
the number of relays is 10, and € = 0.01.

In the first experiment, the convergence behavior
of the proposed algorithm is presented for different
filters lengths. The SINR threshold is y = 5dB and
the interference limit is & = 0dBw. Note that for the
filter length L,, = 1, the FF in equivalent to the AF.
As seen in Fig. 2, the curves converge to their optimal
values after some iterations. Meanwhile, by increasing
the FIR filter length, the minimum sum of the total
relays transmitted power and the secondary transmitter
power decreases. Moreover, the AF (L,, = 1) total
power is much higher than that of the FF structure.
Note that in our simulations, we have never dealt with
the case that the rank of I"is higher than one. Hence,
we use the normalized eigenvector for w.
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o
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o

Total Transmit Power ,PS+ PT (dBw)

Iteration

Figure 2. Convergence behaviour of the proposed algorithm for
different filters lengths.

In Fig. 3, the minimum total power (Ps+ Pr)
versus the SINR threshold is shown. As seen, the
transmitted power is decreased for the FF case
compared to the AF. Also, by increasing the SINR
threshold in the secondary receiver, the total
transmitted power is increased. In addition, in Fig. 4,
we see that by increasing the filter length, the
probability of feasibility is increased and a higher
SINR threshold is achieved. A problem is called
feasible, if it is solvable for more than a half of
simulation runs. Otherwise, it is infeasible and the
corresponding points are discarded [11].

In Figs .5 and 6, we inspect the effect of
interference limit on the total transmit power. We
consider the filter lengths of 1 and 5. As observed, the
FF needs a lower power compared to the AF (L,, = 1)
and also achieves a higher SINR threshold in the
secondary receiver. Furthermore, by increasing the
interference limit, a higher SINR threshold is
achieved.

V. CONCLUSION

A Filter-and-Forward strategy was applied to
cooperative CR networks with an underlay structure.
A cost function was defined subject to keeping the
power of noise and interferences on the primary
receiver less than a predefined limit, and the SINR
above a given threshold. An iterative algorithm based
on the interior point method was developed. Using
simulation results, it was shown that the proposed
algorithm compared to the AF strategy achieves a
higher SINR threshold in the secondary receiver and
needs a lower transmitted power in relays and the
secondary transmitter.
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