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Abstract—We consider an underlay cognitive network with L
transmitter-receiver pairs and K relays in a two-hop half-duplex
cooperative scheme. While the transmitters use a shared channel
to transmit to the relays, the relays use either a shared channel
or L orthogonal channels to communicate with the L receivers.
For both second-hop-channel cases, we jointly determine the
transmitters’ powers and the relaying weights that maximize
the worst signal-to-interference-plus-noise ratio subject to the
transmitters’ total and individual and the relays’ total power
constraints while guaranteeing that the interference powers on
M existing primary users are below some required thresholds.

Index Terms—Cognitive network, cooperative system, multiple
source-destination system, power control, beamforming.

I. INTRODUCTION

There is a growing research interest in the applications
of multi-point to multi-point wireless cooperative networks
wherein multiple sources communicate with their dedicated
destinations through a set of relays [1]- [8]. It is likely
that such networks operate in a frequency band that is pre-
occupied by an existing wireless cellular system. This forces
the network to perform as a cognitive (secondary) network
whose inter-terminal communications should satisfy maximum
interference power admissible to the receivers in the existing
(primary) system. In this paper, we consider a cognitive dual-
hop multi-point to multi-point wireless network with L single-
antenna source-destination pairs with K relaying antennas
that operate in the presence of M primary receivers. In
the first phase, L sources transmit and the relay antennas
receive different faded and noisy mixtures of the sources’
signals. In the second phase, we consider two different relay-
ing schemes: 1) Common relay-destination channel (CRDC)
case. In this case, the relays multiply their received signals
with properly-selected beamforming weights and retransmit
them to the destinations through a shared channel; and 2)
Orthognal relay-destination channel (ORDC) case wherein
the relays transmit to each destination using a dedicated
channel. In both cases, the goal is to find the set of jointly
optimal sources’ transmit powers and relays’ beamforming
weights that maximize the minimum signal-to-interference-
plus-noise ratio (SINR) among all destinations while con-
currently satisfying constraints on sources’ and relays’ total
transmit powers, sources’ individual transmit powers, and the
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maximum interference power that is admissible to the M
primary users. We derive a joint-optimality condition and use
it to develop an efficient algorithm to iteratively optimize
the sources’ transmit powers and the relays’ beamforming
weights. Simulation results show that our joint optimization
technique for both CRDC and ORDC cases converge very
fast and outperform the conventional algorithms that try to
optimize the sources and relays separately.

The rest of this paper is organized as follows. The system
model and the problem formulation are presented in Section II.
The sources’ transmit power and relays’ beamforming weights
are jointly optimized in Section III. Simulation results are
presented in Section IV and concluding remarks are drawn
in Section V.

Notation: Uppercase and lowercase bold letters denote
matrices and vectors, respectively. (-)7, (-)*, and () denote
the transpose, the conjugate, and the Hermitian transpose,
respectively. | - | is the absolute value, || - || is the 2-norm
of a vector, and tr(-) is the trace of a matrix. E{-} stands
for the statistical expectation and Iy is the K x K identity
matrix. 1 is the vector with all entries equal to 1 and e; is the
vector with 1 at the i-th position and zeros elsewhere. [-]; and
[-]su stand for the Ith entry of a vector and the entry at the nth
row and the [th column of a matrix, respectively. Apax(-) is
the maximum-modulus eigenvalue and Q(+) is the eigenvector
associated with the maximum-modulus eigenvalue normalized
such that its last entry is 1. D(a) is a diagonal matrix whose
diagonal elements are the entries of a. aj is the L — 1 x 1
vector obtained by removing the [-th entry of the L x 1 vector
a and A,; is the N x (L — 1) matrix obtained by removing
the /th column of the NV x L matrix A. vec(A) is the NL x 1
vector obtained by stacking the columns of A on top of one
another. ® is the Kronecker product.

II. SYSTEM MODEL AND PROBLEM REPRESENTATION

A. CRDC case

Consider the dual-hop multipoint-to-multipoint cognitive
network shown in Fig. 1 with L source-destination pairs
(S1,Dy), 1 =1,...,L and K relays all operating in a fre-
quency band allocated to M primary users U,,, m =1,..., L.
All terminals involved are single-antenna and there is no
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case.

Dual-hop multipoint-to-multipoint network in the shared RD channel

direct link from any source to any destination and all required
Si— Dy, 1 =1,...,L channel links are established through
the use of the following dual-hop cooperative scheme: In the
first phase, S;, [ =1,..., L transmit and the K relays receive
a faded and noisy mixtures of the transmitted signals. In the
second phase, each relay multiplies its received signal with a
properly-selected beamforming weight and forwards the result
towards the destinations D;, { =1,..., L.

Let s; denote the transmitted signal from .S; where we must
have E{|sl|2} =yp < P, forl = 1,..., L. Further, due to
regulation it should also hold that Zlepl < Pr+1 where
Pri < Zlel P,. The above source power constraints can be
represented in a unified manner as

u/p< P l=1,...,L+1 (D
where w, £ e, | = 1,...,L, upy; = 1, and p 2
[p1 .. pL]T. Denote the channel gain from S; to the m-
th primary user U,, as t,,. Then, the interference power
inflicted from S;, [ = 1,...,L on U,, is u€+1+mp where
T
2 2
Urfi4m = [\tm1| ooy [tmi] } . Let Pr414, be the max-

imum admissible interference power caused by the cognitive
sources S;, [ =1,...,L to U,,. Then, p should also satisfy

uw'p<P I=L+2..,L+M+1. )
Assume that gi; denote the channel gain from S; to k-th

relay and introduce g; £ [g11 - .. gKl]T and G £ g1 ... gL]

Then, the K x 1 received signal vector at the relays is

y=Gs+v 3)

where s 2 [s; ... sp]T and v 2 [u; ... vk]T is the relays’
noise vector. Let w;, denote the beamforming weight at the
k-th relay and introduce the beamforming weigh vector w £
[wy ...wg]T and W 2 D(w). Then, the transmitted signal
vector from the K relays in the second phase is

x 2z ... 2]t = Wry. 4)

From (3) and (4) it can be shown that the relays’ total transmit
power is

E{xx} = tr (W* (GD(p)G" + =,) W)
=wl A (p)w 6))

where A1(p) £ D (GD(p)G” + %,) with %, £ E {vv}.
Due to regulations, the relays’ total transmit power is also
constrained by P, that is, we must have

wi A (p)w < Pp. 6)

Let 7, stand for the channel gain from the k-th relay to U,
and introduce 7, = {rm1 ... ™m K}T. Then, the interference
power afflicted by the relays on U,,, can be shown to be equal
to

E {’raxf} =wl A, 1(p)w 7

where Ay, 11(p) £ D(r,) (GD(p)GY + %,) D(r,,, ). As-
suming that the acceptable threshold of the latter interference
power is P, 1, it should hold that
wi A, (p)w < P, oM 41, 8)
Let hg; be the channel gain from the k-th relay to D; and
introduce h; £ [hy;. .. iLKl]T. The received signal at D is
z] = thx +ny

l=1,...,L )

ny*

where n; is the noise at D; with E {|nl|2} = o2 . Using (3)
and (4) in (9), it can be readily shown for [ = 1,..., L that

L
2 = WHfl(l)sl + Z walgl)sk +wi (h; ® v)+mn; (10)
k=1,k#l

where f,gl) £ h; ® gi.. Using (10), the SINR at D is

2
m ’WHfl(U )

m(w,p) = (11)

- He(l) 2 H(l) 2
Z pk‘w f, ’ +w T)w+ oy,
k=1,k#l

where T\ £ D(h;)XZ,D(h;). We use 7 (w,p) =
m (w,p) /v as the S; — D; communication performance
metric where 7; is a normalization factor that can be selected
proportional to the target SINR at D;. We aim to derive the
jointly-optimal power vector p and the beamforming vector w
that maximize the worst normalized SINR 7; (w, p) subject to
the L + 2M + 2 constraints imposed by (1), (2), (6), and (8).
The problem can be mathematically represented as:

max @i& 7 (w,p) (12a)
s.t. (1),(2),(6),and (8). (12b)
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B. ORDC case

For the sake of notational simplicity in the ORDC case,
we consider a K-relay antenna (compare with the K single-
antenna relays in the CRDC case). Moreover, we ignore the
presence of the primary users. Including the primary users’
effect in the ORDC case is straightforward and is discussed
in [8]. In the second phase of the ORDC scheme, the relay-
destinations transmissions are carried out in L dedicated
channels. In particular, the relay multiplies its K -dimensional
received signal vector by a relaying matrix WO and for-
wards the resulting signal vector to the /th destination in the
[th dedicated channel for [ = 1,..., L. The signal transmitted
from the relay in the [-th dedicated channel can then be
expressed as

x = WOy, (13)

From (3) and (13) it follows that the relay’s transmit power
in the [-th channel is

O =E {XmHX(n}
—tr (WO (GD(p)G" +x,) W)
= W(l)HA(p)W(l) (14)

where A(p) £ (GD(pP)GH +3%,) ® Ig, and wl) 2
vec (W(l)). The following power constraint must be upheld:

wOTAPWD < PO =1L (15)

where P() is the upper-bound on the relay’s transmit gower

in the /th channel. Introducing h® 2 hg” hg? , the
received signal at the /th destination in its dedicated channel
is

2 =hO xO 4y,

l=1,...,L. (16)

Using (3) and (13) in (16), it can be readily shown for [ =
1,..., L that

L
z = w(l)Hfl(l>.sl + Z w(l)Hf,El)Sk + wd (v ® h”)) +ny
k=1,
kil
(17)
where f,sl) Lo ® h®. From (17), it is direct to obtain the
SINR at the [th destination as

m (W”% p) =

2
DI ‘W(” Hfl(l) ‘

ny

L
k=1
k£l

(18)
where TV 2 3, ® h®Oh®" . Introducing 7, (wh),p) £
m (W(l),p) /71, our problem of interest in the ORDC case
can be formally expressed as

)H

in 7 (w®
hax . min 7 (W ,p) (192)
subject to (1) and (15) (19b)

where W 2 [W®) | W),

III. JOINTLY-OPTIMAL SOURCES’ TRANSMIT POWER AND
RELAYS’ BEAMFORMING WEIGHTS

A. CRDC case

In the first subsection, we derive a necessary and sufficient
condition for the jointly-optimal sources’ transmit power vec-
tor p, and relays’ beamforming vector w,. In the next two
subsections, we assume the knowledge of w, (p,) and use the
necessary and sufficient joint-optimality condition to obtain p,
(wW,). Our results will then be used in the last subsection to
introduce an efficient iterative algorithm to jointly optimize
the sources’ transmit power and relays’ beamforming vectors.
The proofs of all results are outlined in [13].

1) Necessary and sufficient joint-optimality condition:
Theorem 1: (w,,p,) are the jointly-optimal solutions to (12)
if and only if C1, C2, and C3 are satisfied.

C1: (w,,p,) balances all normalized SINRs, that is,

7 =1 (Wo, Po) l=1,...,L (20)
C2: w, is the solution to
in 7 o 21
max min (W, Po) (21a)
st. WA, (po)W < P, m=1,...,M+1. (21b)

C3: There is a constraint in (1) and (2) that is satisfied with
equality, that is,

ulp, =P foran I*c{l,...,L+M+1}. (22)

C1 is the necessary SINR-balancing property [9]- [12]. If
C2 does not hold, then (w,, p,) results in a smaller objective
function in (12) than (W, p,) where W is the solution to (21).
This is in contradiction with the optimality of (w,, p,). Note
that C2 implies that at least one of the constraints in (21b) is
satisfied with equality. C3 is proved in [13].

2) Deriving p, for the given w,: Assuming the knowledge
of w,, p, can be obtained using C1 and C3. Let the L x L non-
g0 ’2

negative matrix ¥ (w) such that [¥ (w)], = ‘w for

I # k and [¥ (w)], £ 0, the L x L positive diagonal matrix
2

Q (w) such that [ (w)], £ v/ 'wal(l)) ,and the L x 1

positive vector o (w) such that [o (w)], £ wAT w + on,.

Then, it is straightforward to show from (11) and C1 that

1
Q(wo) ¥ (W) Po + Q2 (W,) o (W) = %Po- (23)
Using (22) in (23), it also follows that
1 1 1
_*qu (WU) R4 (Wo) Po + _*u;]:Q (Wo) g (Wo) = —.
b B 7
(24)

Introducing

s 2WTW) 2w (w)
O,(w) = L»%UITQ (W) ¥ (w) FulQ(w) O'(W):| , (25

it holds from (23) and (24) that

O (wo) ﬁ] = (26)

[
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It follows from Eq. (26) that 1/7 and [pl 1] are a jointly-
positive eigenpair of @« (w,). As ©;(w) are nonnegative
primitive matrices, it can be shown that [14, Ch. §]
Po| _
{ 1 } =Q (O} (wy,)). 27
It remains to obtain [*. p, is required to satisfy all inequalities
in (1) and (2). This requirement is met if and only if [8], [13]

"= argmax Apax (0;(w,)). (28)

1<ISL+MA+1
3) Deriving w, for the given p,: When p, is known,
w, may be obtained using C2. Let F £ [fl(l) ...fg)}

and E;(p) £ F.;p;FfIl— + T Then, (11) can be used to
equivalently represent (21) as

max z (29a)
st. wi@,,(p,)w < P, m=1,...,M +1 (29b)

2
2 (WEi(po)w + 02,) < [Poli ‘wala)‘ I=1,...,L (29¢)

Problem (29) is NP-hard. We can find (an approximate)
solution to (29) in a polynomial time using a semi-definite re-
laxation (SDR) approach [3], [15], [16] along with a bisection

H
method as follows. Let X £ wwH and F; £ fl<l)fl(l) . Then,
the SDR version of (29) can be rewritten as

(30a)

s.t. tr (XO,,(po)) < Py m=1,...,.M+1 (30b)
z (tr (XEBi(po)) + 07,) < [Politr (XFy) 1=1,...,L (30c)
X >~ 0. (30d)

max 2z
X

For a fixed z = z,, the associated feasibility problem of (30)

Find X (31a)
s.t. t1 (X0, (po)) <Py m=1,...,M +1 (31b)

zq (tr (XEi(po)) + 07,) < [Politr (XFy) 1=1,...,L (3lc)
X>0 (31d)

is comprised only of convex constraints and, hence, can be
efficiently solved using standard convex optimization tools.
Let X, and z, be the optimal variable and the optimal value
of the objective function in (30), respectively. Then, (31) is
feasible if and only if z; < z,. This property can be used to
obtain X, with an arbitrary accuracy as follows. First, find
Zmin and zmax such that zpin < 2z, < Zmax. Then, solve (31)
with zg = (Zmin + Zmax) /2 for ¢ = 1. If (31) is feasible, set
Zmin = Z1, if not, set zmax = 21 and solve (31) with z, =
(Zmin + Zmax) /2 for ¢ = 2. Continue this procedure until
Zmax — Zmin < € Where € is an arbitrarily-selected accuracy
measure. The last feasible X is an approximation to X,, the
solution to (30). X can become arbitrarily close to X, by
selecting smaller thresholds e. If the so-obtained X, turns out
to be rank-one, then w, is a properly-normalized principal
eigenvector of X, [13]. Otherwise, an efficient approximation
of w, can be obtained by applying standard randomization
techniques [15] on X,.
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4) Jointly optimizing p and w: Based on our results
in Sections III-A2 and III-A3, we propose Algorithm I to
optimize p and w.

Algorithm I: Joint optimization of the sources’
power and the relays’ beamforming vectors in the
CRDC case

l: Initialize: n=0; Plo] >0
22n=n+1

%% Finding wy,) given py,_1:
3: Substitute pj,-1) in lieu of p, in (30) and
obtain the solution X,
4A: X|,) rank-one: Normalize the principal
eigenvector of X[n] to obtain wi,
4B: X[, higher rank: Approximate wp,
using a randomization technique

%% Finding py,) given w,:

5: l[*n} = argmax Amax (@l (w[n])) .
1<ISL+M+1

6: [pgn]] =< (Gl[*n] (w[”]))

7: Go back to step 2 until Hp[n] *P[nq]H <6
where § is a small number or n = Nmax

Simulations show that when X[, is rank-one in all itera-
tions, Algorithm I converges very rapidly. However, if X{,,; is
not rank-one, pp, and w,,; may not converge in Algorithm I
and one may have to stop the algorithm after the number of
iterations reaches n,.«. In the latter case, Plrmax] @04 W
are only approximates of the optimal pair of p, and w,

B. ORDC case

Similar steps as in the CRDC case can be followed to jointly
optimize W and p. However, unlike in the CRDC case, when

Po is known, W, can be found in closed form as [8]
w® = G(po)Ri(po) Y 1=1,...,L (32a)

—1/2
)HRz<p>*1A<p>Rz<p>*1ff”)

I n !
PO (FUD(p)F) +1‘5,>> + 02, A(p)

where ¢;(p) £ VPO ( £

and Ry(p) =

with F() 2 ffl) e fg) . The above result along with our
discussion in Section III-A2 give rise to Algorithm II that
iteratively finds W, and p,. As W, and p, are closed-form
functions of one another, the convergence of Wy, and pyy
to W, and p, is guaranteed in Algorithm II [8]. Note that in
Algorithm II we have

Q2 (W) ¥ (W)
HU (W) ¥ (W)

2(W)o (W)
U 2(W)o (W)
(33)

0,(W) £ {

where the L x L non-negative matrix W (W) is such that
b

o (W), 2 w(”Hf]il)‘ for | # k and [@ (W)], 2 0,

the L x L positive diagonal matrix € (W) is such that
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Fig. 2. 7 (W[y), P[n—1]) V-- the iteration index n for M = 1 in the CRDC
case.

2
QW)], £ n/ ’w(”Hfl(l)’ , and the L x 1 positive vector
o (W) is such that [0 (W)], = wO PO ® 4 o2,

Algorithm II: Joint optimization of the sources’
power and the relays’ beamforming vectors in the
ORDC case

:Initialize:

. Repeat

n=n+1

<l) Cl (p[n 1]) Rl( Pn— 1])7

:W[ w= Wi wil]

A | = argmax Amax (@l (W ))
1<I<L+1

p%ﬂ] =0 (@z[*"] (W['n])>

8:until Hp[”+1] —
number.

n=20;pp =0

D =1L

[n

~

p[n]H < ewhereeis a small

IV. SIMULATIONS
A. CRDC case

A numerical experiment is conducted to investigate the
performance of Algorithm I. In this example, L = 4, K = 20,
Uil =c¢g2forl=1,...,L, and ¥, = 0?Ig. The individual
sources’ transmit power constraints P, [ = 1,...,L are
such that 10log;,(P;/0?) = 15. In turn, the sources’ total
transmit power constraint is Pri; = 0. 921 1 P;. Maxi-
mum admissible interference power levels of primary users
P,l=L+2,....L+M+1and P,, m=2,...,M +1
are all equal and 10log,,(P/0?) = 5. Finally, the re-
lays’ total transmit power constraint P, = LP;. The target
SINRs are set to 7 = 15 (dB) for [ = 1,...,L. All
source-relay, relay-destination, source-primary user, and relay-
primary user channel gains are randomly and independently

drawn from zero-mean circular complex Gaussian distributions
with E{|gk1|2} = 1602, E{|gkl\2} — 02 1 =2 L

i’} = 0% 1= 1, L B { ) = B { i} =
o, 1l=1,...,L.

The following two-step technique to optimize the sources’
transmit power and relays’ beamforming vectors is also ex-
amined and is compared to the proposed technique: 1) Let all
sources transmit with a common power P.. Maximize P, such
that the sources’ transmit power vector p. = P.1 satisfies all
L+ M +1 constraints in (1) and (2); 2) Find w, as the solution
to!

max 121211 71 (W, Pe) (34a)
st. WA, (p)w < P, m=1,....M+1.  (34b)

Note that obtaining (an approximate of) w,. also requires
using a SDR technique to solve an NP-hard problem. The
above algorithm can be viewed as a “separated” optimization
technique of p and w in contrast to our proposed technique
to jointly optimize p and w.

In Fig. 2, Algorithm I is used to plot 7 (w[n] , p[n_l]) , L=
1,..., L versus the iteration index n for M = 1 and two
different . As can be observed from the figure, all normalized
SINRs converge to a common value in a few iterations. The
dashed lines show min,<;<y, 7 (W, Pc). For both examined
o, the proposed algorithm offers a considerably larger min-
imum normalized SINR than the above-described separated
optimization technique.

B. ORDC case

In the ORDC case, we consider K = 8 relay antennas and
L = (K/2)+1 = 5 source-destinations pairs and assume that
the noise power at all relay antennas and all destinations is o2
and set PO =~ = 1002 for I =1,..., L.

Fig. 3 shows 7 (wfi)],p[n_”) from Algorithm II for [ =
1, ..., L versus the iteration index n in the case that the upper-
bounds of the source powers are equal and are given by P, =
1.1 -7, = 11062, I = 1,...,L and the upper-bound on the
sources total transmit power is Pr.1 = Ly, = 5002, As can
be observed from Fig. 3, all normalized SINRs converge to
the same value in n = 4 iterations. This verifies the efficiency
of Algorithm I to obtain W, and p,.

In the next numerical example, it is assumed that P, = ¢-p
forl =1,...,L and Pr4+1 = Lp = 5p. Then, Algorithm II
is used to obtain the optimal balanced normalized SINRs
m wo),pi). Fig. 4 shows 7 (wg),po) versus p/o? for
several . For the sake of comparison, we have also shown
with the dashed line the minimum of the normalized SINRs
when only the relaying matrices are optimized and the transmit
powers of all sources are equal to p. Note that in the latter
case the sources total transmit power is equal to P, and,
hence, is always larger than or equal to the sources total
transmit power in the case when the sources’ powers and
the relaying matrices are jointly optimized. Despite the above
fact, Fig. 4 shows that our joint optimization approach always
performs better than the case that the sources transmit with
equal powers.

I'See, for instance, [15] for a similar approach to optimize the beamforming
vector.

1220



0 L L L L
1 2 3 4 5 6

Tteration (n)

Fig. 3. 7, gwfyll)],p[”_l]) v.s. the iteration index n for K =8 and L =5

in the ORDC case.

o

HE6666
[
[N

JAL TRANSMIT POWERS

Q01

p/o® (dB)

Fig. 4. 7 (wff)

,po> v.s. p/o? for several ¢ for K = 8 and L = 5 in the
ORDC case.

V. CONCLUSIONS

We considered a cognitive cooperative network wherein
K relaying antennas receive faded and noisy mixtures of
the transmitted signals from L sources, multiply them with
a properly-selected beamforming weights, and forward the
results towards L destinations. Both common relay-destination
channel (CRDC) and orthogonal relay-destination channel
(ORDC) cases were studied. Aiming to maximize the mini-
mum signal-to-interference-plus-noise ratio among all L desti-
nations, we jointly optimized the sources’ transmit powers and
the relays’ beamforming weights while concurrently satisfying
all the following constraints: 1) The sources and the relays
total transmit power constraints; 2) The sources individual
transmit power constraints; and 3) The maximum interference
power that the cognitive sources and relays are allowed to
inflict on the M existing primary users. In both CRDC and
ORDC cases, the sources’ transmit powers and the relays’
beamforming weights are optimized using efficient iterative
algorithms. While unlike in the ORDC case the proposed

algorithm for the CRDC case does not guarantee the globally
optimal solution, simulation results verified in both cases that
the performance of the proposed joint optimization techniques
are still superior to the technique that separately optimizes
the sources’ transmit powers and the relays’ beamforming
weights.
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