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Abstract—In this paper, low-complexity joint power assign-
ment algorithms are developed for multi-source multi-destination
relay networks where multiple sources share a common relay
that forwards all received signals simultaneously to destinations.
In particular, we consider the following power optimization
strategies: (i) Minimization of the total transmission power
of the sources and the relay under the constraint that the
signal-to-interference-plus-noise ratio (SINR) requirement of each
source-destination pair is satisfied, and (ii) Maximization of the
minimum SINR among all source-destination pairs subject to any
given total power budget. Both optimization problems involve K
power variables, where /X' is the number of source-destination
pairs in the network, and an exhaustive search is prohibitive for
large K. In this work, we develop a methodology that allows us
to obtain an asymptotically tight approximation of the SINR and
reformulate the original optimization problems to single-variable
optimization problems, which can be easily solved by numerical
search of the single variable. Then, the corresponding optimal
transmission power at each source and relay can be calculated
directly. The proposed optimization schemes are scalable and
lead to power assignment algorithms that exhibit the same opti-
mization complexity for any number (k') of source-destination
pairs in the network. Moreover, we apply the methodology that
we developed to solve a related max-min SINR based optimiza-
tion problem in which we determine power assignment for the
sources and the relay to maximize the minimum SINR among all
source-destination pairs subject to any given total power budget.
Extensive numerical studies illustrate and validate our theoretical
developments.

Index Terms—Cooperative networks, interference relay chan-
nels, max-min SINR optimization, multi-source multi-destination
relay networks, optimum power allocation.

1. INTRODUCTION

ECENT work on information-theoretic aspects of coop-
R erative relaying, as well as recent proposals of practical
cooperative relaying protocols ([1]-[10] and references therein)
suggest that cooperative relaying may lead to significant im-
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provements in detection reliability at destinations and overall
system performance. In cooperative relaying, a user/node may
serve as a relay and assist others by forwarding their signals to
destinations, thus enhancing detection reliability at the destina-
tion. Various relaying strategies have been studied in the liter-
ature for relay to forward signals. For example, relay may de-
code the received signal and forward the decoded information to
a destination, or it may simply amplify the received signal and
forward it to the destination.

More recently, there is increasing interest in investigating
the advantages of relaying in multi-source multi-destination
networks [11]-[18], [24]-[26], which promise significant
achievable rate improvement in shared-spectrum multiple
access wireless networks. The simplest multi-source multi-des-
tination relay network is modeled as an interference relay
channel (IRC) [11] where a relay helps two independent
source-destination pairs by using different relaying strate-
gies such as decode-and-forward, amplify-and-forward,
or compress-and-forward. Past literature on multi-source
multi-destination relay networks focused primarily on infor-
mation-theoretic studies including achievable rate regions or
bounds of capacity region [11]-[18]. For example, in [11] a rate
splitting technique is used to study the problem of achievable
rate region for a Gaussian IRC channel, where each message
is split into a common message which is decodable at all des-
tinations and a private message which is decodable only at the
intended destination [14]. Since the receivers are able to decode
part of the interference messages, the effect of interference
is reduced and the overall communication rate is therefore
increased. The achievable rate region of [11] was further
improved in [12] by considering both intended message and
interference forwarding at the relay (optimal relay strategies
were studied under the assumption that the relay is connected
to each source and each destination via orthogonal and finite
capacity links). The capacity region of the interference channel
with a single-relay was investigated in [15] and [16], where it
was shown that forwarding the intended message of just one
source, the achievable rates for both source-destination pairs
can be improved. By assuming that the relay knows the source
message a priori, a relaying strategy was proposed in [17] and
[18] where generalized beamforming with dirty paper coding
was considered for a two-source two-destination relay network
to further improve the capacity region of the network.

Power control is important to improve overall performance in
multi-source multi-destination relay networks [19]. While past
literature offers a significant amount of work on power alloca-
tion for single-source single-destination relay networks (see, for
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example [20]-[23] and references therein), there are rather lim-
ited studies on power optimization for multi-source multi-desti-
nation relay networks. In [24], power allocation was optimized
by exhaustive search for a two-source two-destination relay net-
work where a half-duplex decode-and-forward relay was con-
sidered. Unfortunately the exhaustive search is not scalable and
leads to prohibitive optimization complexity for networks with
larger number of source-destination pairs. In [25] and [26], a
power allocation scheme was proposed for a multi-source multi-
destination relay network based on geometric programming (the
scheme assumes that signals from different sources are sent
through orthogonal channels and the direct transmission link is
not involved in detection at destinations).

In this paper, we analyze and optimize a general multi-source
multi-destination relay network with K source-destination
pairs (K can be large). The network allows simultaneous
multi-source transmissions through nonorthogonal, in general,
channels. We examine two power optimization strategies: i)
Minimization of the total power consumption of all sources
and relay under the constraint that the signal-to-interfer-
ence-plus-noise ratio (SINR) requirement of each source-des-
tination pair is satisfied; and ii) maximization of the minimum
SINR among all source-destination pairs subject to any given
total power budget. Thanks to an asymptotically tight approxi-
mation of the SINR that we develop, we are able to reformulate
the original optimization problems, which involve K power
variables, to single-variable optimization problems. Then, the
resulting optimization problems can be easily solved by a
simple numerical search of the single variable. The proposed
optimization schemes are scalable and lead to power assign-
ment algorithms that exhibit the same optimization complexity
for any number (K') of source-destination pairs in the network.
Moreover, for the special case of transmission over orthogonal
channels, we are able to further simplify the single-variable
optimizations and obtain analytical solutions for a symmetric
system. Extensive numerical studies included in this paper
illustrate and validate our theoretical developments, and show
that, the proposed power assignment is almost identical to the
exhaustive search method, and the optimum power assignment
schemes, in general, can significantly improve the performance
of multi-source multi-destination relay networks compared to
an equal power assignment scheme.

The paper is organized as follows. In Section II, we introduce
briefly the system model of a multi-source multi-destination
relay network where transmissions occur over nonorthogonal,
in general, channels. In Section III, we determine the maximum
ratio combining of the received signals at each intended destina-
tion and exploit the resulting SINR. In Section IV, we determine
the optimum power assignment for the sources and the relay that
minimizes the total power consumption under the condition that
the SINR requirement of each source-destination pair is satis-
fied. In Section V, we determine the optimum power assignment
that maximizes the minimum SINR among all source-destina-
tion pairs subject to any given total power budget. Numerical
studies are provided in Section VI, and finally, some conclu-
sions are drawn in Section VII.

The following notation is used in the paper. Bold letters in
uppercase and lowercase denote matrices and vectors, respec-
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Fig. 1. Multi-source multi-destination relay network.

tively. (-)*,(-)T and (- )* represent the conjugate, the trans-
pose and the Hermitian transpose operation, respectively. | - |
and || - || represent the absolute value of a complex number and
the Frobenius norm of a vector/matrix, respectively. I, is an
L x L identity matrix. diag(hq, ha,...,hr) isan L x L diag-
onal matrix with diagonal elements %1, ho, ..., hr. Af denotes
a sub-matrix of A obtained by deleting the kth column and kth
row of A. If aj, represents the kth column of the matrix A, then
ay, denotes the vector obtained after removing the kth entry from
ag.

II. SYSTEM MODEL

For illustration purposes and simplicity in presentation, we
consider a single relay code division multiplexing system with
K sources and K destinations as shown in Fig. 1, where trans-
missions occur over nonorthogonal, in general, channels. Our
developments can be generalized to multiple-relay systems and
other multiplexing schemes in frequency and/or time. Let S
denote the kth source and Dy, the corresponding destination,
k=1,2,..., K, and let R denote the relay. The relay forwards
simultaneously the signals received from all sources. Let by, de-
note the transmitted information symbol of the source .Sy with
unity average energy, i.e., £{|bx|?} = 1, Vk. The signal sent by
the source Sj can be expressed as

Sk = Crb,
where ¢;, = (c,il)7 c,iz) e ,cgﬁL))T is the code/signature of the

source S§, which is a unit-energy column vector with length
L. The codes/channels of different sources are, in general, cor-

related. Let py; 2 c{cj denote the cross-correlation between
codes/channels k and j, where pi; € [0,1) for k& # j, and

A .
pri = 1. Let R = (pg;) denote the K x K cross-correlation
matrix, i.e.

., CK). (1)

We consider the following two-phase amplify-and-forward
relay strategy with L time slots in each phase. In Phase 1, each
source Sy transmits the signal s, with transmitted power P.
Then, the received signals at the destination Dy, and at the relay
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R during the ith (1 < ¢ < L) time slot can be modeled, respec-
tively, as
K

= VRN

=1

W = S VAR, b+ i< L )
=1

Do+nl) 1<i<L @

=

In Phase 2, the relay amplifies the received signals and forwards
them to the destination with an amplification factor « and trans-
mission power P,.. The received signal at the destination Dy
during the 7th (1 < 4 < L) time slot can be written as

1 = VB, g4, i

In (2)—(4), hg oh hg)r and hffzik ,(I,k=1,...,K) are the co-
efficients of the channels between the source Sl and the desti-
nation Dy, between the source .S; and the relay R, and between
the relay IR and the destination Dy, respectively, during the sth
(1 <4 < L) time slot. n(21 and n d represent noise at the
destination Dy, during the ith time slot of Phase 1 and Phase
2, correspondingly, while ngl represents noise at the relay R
during the ith time slot. The channels h( ) h?,),,, and h(l)
are assumed to be 1ndependent Gaussian random variables w1th
zero-mean and variances Us,, 4y Os,,rs and Un 4, +» respectively.
All noise terms are assumed to be independent Gaussian random
variables with zero-mean and variances o2. Without loss of gen-
erality, we assume o2 = 1.

The channel coefficients in matrix format can be
written as Hg, 4, = diag(hs’)dk./...,hIE,IL’zik)7 H,, =
diag(hl}y, ... . hE)) and Hy g, = diag(hl) ... h{%).
Then, the received signals can be expressed as follows:

1L2,....L. 4

K
Vede = Z vV PH,, 4, ciby +n,4,, )]
=1
K
Ysr = Z V Plel,rclbl + ng o, (6)
=1
Yrd, = V P'r'aHr,dk Ys,r + n,d,, (7)
1 2 L
where Ys.d; = (yg (L 7y£ 31 .. 7y§ d),\) y Ys,r =
R )T and g, = 0w
In (5)-(7), the noise vectors n, g4, ,ns, and nr,dl have

elements that are independent Gaussian random variables with
zero mean and unit variance. The amplification factor in (7)
is specified as

1 1
a? = = 3
E{llys I’} S, PBas+ L
where G, » = ¢ E{HQl H,, . }c;. By substituting (6) and (8)
into (7), we obtain

K
= \/FraHr,d;\, Z \/FZHS],Tclbl
=1

+ V P'r'aHr,d;\.ns,r + n,q,- (9)

At each destination Dy, it combines the signals received in
Phase 1 and the signals received from the relay in Phase 2 to

r

Yr.d,
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jointly detect the information transmitted by the source Si. The
combined signal from Phase 1 and Phase 2 at destination Dy
can be expressed in vector form as follows:

Ys.d
Y = (yh k)

where

K
= Hy pcibr + Z H; rcib; + ng,
=11k

H _ \/FIHSI,(J)\,
bk = V PlP’I‘aHSI,’I‘H’I‘,dk

is a 2L x L virtual channel matrix from the source S; to the
destination Dy, and

ng = N 4,
Vv P'r'aHT,dk ng, + n, 4,

is an equivalent noise vector of length 2. We note that Hyy, is
the channel matrix associated with the desired source Sy, while
H;;., (I # k) are the channel matrices of the interfering sources.
Based on maximum ratio combining (MRC) detection [28], the

transmitted signal from the source Sy, is detected as
- 2

by = arg min |w y, — b 10

k gbkeA| woye —br|” (10)

where A is the set of transmitted symbols. For BPSK symbols,
the detection is reduced to

b, = sign(Re {wl,yi}),
while for 4-QAM symbols, the detection can be elaborated as
b, = sign (Re {WJZOYk}) + sign (Im {w,’zoyk}) 75

in which j = y/—1. The combining weight vector wy, , in (10)
of size 2L is chosen to maximize the SINR at the destination
Dy, which is given by

E {lWEHkkckbk |2}

2 )
E {‘WkH (Z{il7l#k Hy peibr + nk)‘ }
(11)

SINR(Wy) =

i.e.,

Wi,o = arg max SINR(wy,).
W

Note that in (11), the expectation in the numerator is taken over
the random variable by, while the expectation in the denomi-
nator is taken over the random variables b;,[ # k and all inde-
pendent noise terms in ng.

III. SYSTEM PERFORMANCE ANALYSIS

To determine the maximum SINR weight vector wy, , and the
corresponding SINR at the destination Dy, we first define

A
Ui = Z H, wcic/ HY, + Ty,
I=1,1£k
A my_ (1o 0
Ti = B {nyny } = ( 0 Po’H,,HY, + IL,> '
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Then the SINR in (11) with any given combining weight vector
W}, can be written as

H
SINR(Wk) M (12)

Wi Uka

It is easy to check that Uy is Hermitian, so are US/ 2 and

U;(l/ 2 According to Schwartz inequality, we have

1 1 2
W]SIHkykck|2 _ WI?Ulj Uk QHk’vkck‘
- 1 1
wilUpwy wHUZUZwy,
P | 2
i o e
<
i
1 2
= [% e
where the equality holds when wf U,(cl/ ?)

(U;(I/Q)Hk,kck)H. Thus, the maximum SINR weight
vector wy, , is given by

-1
Wi o = Uk Hkykck.

The corresponding maximum SINR at the destination Dy, with
the optimum weight vector wy, ,, is equal to

SINRy, = cf/ HY U, "Hy, jcp. (13)

In order to optimally allocate power to all sources,
we further exploit SINR; in (13) as follows. We de-
fine C 2 diag(e1,...,Ck—1,Ckt1,--.,CK), Which is a
L(K — 1) x (K — 1) block diagonal matrix formed by
placing all code vectors except ¢ in the diagonal positions,
and I:Ik é [Hl,k; N 7Hk71,k7 Hk+1,k; ceey HK,k] which is a
2L x L(K — 1) interference channel matrix. Using the above
notation, SINR;, can be expressed as

-1
Hk,kck-

(14)

SINRk = CkHHkH’k (I:IkaCfI:If + I‘k)

Accordmg to the Woodbury matrix inversion lgmrpa [27], we
have (HkaCHH +T) ' =T = T HRCr (T +
CHHHI‘_lHka) ICHHAT; !,

Let us now define the following matrix F(*) 2 ( (k)) where

S8 = VPP [elHE L H e,

2 HyyH 2 H
+ P« CmH HT dy (Pra Hr,dkHr,d
X HrﬂdkHSn ,Tcn]

L)

15)

'We may represent Uy, in terms of its eigenvalues A1, Ao, . .., Ax and their
corresponding eigenvectors qi, gz, ..., qx as: U, = Z,K:l Arquqf?, where
M >0frl <1< K and af’qy = 0,VI,I',1 # 1'. Then, U(*/? =
K ADq,qf and UL/ = 70K /\ (1/2)q qi?. It is easy to check

=1 =1
that both U _1/ 2) and U, 1/ 2) are Hermitian.
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and denote by f(*) the kth column vector of the matrix F(*),
Then, after some algebraic calculations, we can see that

i) = ' HIL T3 Hy ey
£*) = CHHIT 'Hy, e (16)
F = CIHIT AL Gy,

where f,—gk) contains the channels and the cross-correlation be-
tween the intended source S, and the interfering sources, while
Fl(;k) contains the channels and the cross-correlation among in-
terfering sources. Based on (14)—(16), we can represent SINR,
as
SINR; = f{y) — £ (I L+ R )) f,%’“) (17)
where the superscript ( - )(k) indicates the corresponding desti-
nation Dy,.
Note that if the channels are quasi-static (i.e., constant)

over each information symbol period, i.e., h( Cap = hsadis
WDy = he,pand b)) = hug Vi = 1.2,.... I and
Vn,k=1,2,..., K, then fr(,fr)l in (15) is reduced to

fr(nk13: mn\/PmPn
X (h;mdkhsmdk + ) . (18)

As an illustration example, when there are only two source-des-
tination pairs with one relay in the network, i.e., K = 2, the
SINRy, in (17) with quasi-static channels can be specified as

()
o P’r‘ |h'r,d;\. |2 |hsk,'r|2
a?Py |y g, | +1
hs i \r

a?Py|h,, dkl hSk phsj,
a?P, \hrd [+1

&Pyl a, | hi,. +hs,,
e Pr|hr,d;\.| +1

1
SINRj, = ‘

=D (|h’5kadk |2

p2PkPj

2

*
hsk,dk hs] yd g +

| 2

1+Pj +

2 a2 P,
hs.iadkl

a?P, |hT,dk| +1

where p = p12 = po1 and the subscript j = 2 if £ = 1 while
7 = 1 if k = 2. Furthermore, when the code/channel vectors
cy are orthogonal to each other, ie., py; = CZ:C]' = 0, for
j # k, then f—< ) = 0 for quasi-static channels. Hence the SINR
at destlnatlon Dy, is given by

a%P, |hya, |* Pi b, |

_ k) _ 2
SINRg = f) = Pic sy a 2P, |hp g, |* + 1

19)

which is the sum of the SINRs of the direct link and the relay
link.

IV. OpTIMUM POWER ASSIGNMENT UNDER SINR
CONSTRAINTS FOR ALL SOURCE-DESTINATION PAIRS

In this section, we determine the optimum power assignment
for the sources and the relay that minimizes the total power con-
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sumption under the condition that the SINR requirement of each
source-destination pair is satisfied. First, we consider the power
optimization for the relay network in a general setting where
codes/channels of different sources may have arbitrary correla-
tion. Then, we discuss a simplified power optimization scheme
for a special case where codes/channels of different sources are
orthogonal, and provide an intuitive interpretation for the pro-
posed scheme.

A. Minimization of Total Power Consumption

Let us assume that the SINR requirement for the source-desti-
nation pair (S, D) is v, kK = 1,2, ..., K. Then, the problem
of optimizing power to minimize the total power consumption
and satisfy all source-destination SINR requirements can be for-
mulated as

. K
minp, .. py:P Qg1 Pk + P (20)
s.t. SINRy > Vi, 1 <E<K

where the transmission power terms Py, P, ..., P, and P, are

all nonnegative.
Let us define an auxiliary parameter, which can be viewed as
a normalized power factor at the relay, as follows:

A
x = a?P,

21

where « is the amplification factor specified in (8). The auxiliary
parameter z will play a key role in the optimization procedure.
Let us also denote by G(*) = (ggf%) a matrix with elements

(k) A HyyH HyyH H
Imn = Cm sm,dk.HSn,dk Cn + xcmHsm,rHr,dk

-1
X (I'Hr,d;‘. H,,Ifdk + IL) H’I’,(ik Hsn,TCn (22)

for any m,n = 1,2,..., K. Then, from (15), we can represent
each entry in F(*) by
£ = VP Pagli).

It is straightforward to verify that

K
®) = )
det (F) (HPI) det (G™) (23)
K
det (F(") = II’I[#P, det (GI). @4

From (17), we know that T, | + F]%k) is invertible. So, based
on the Schur complement formula2, we have

det (IK + F<k>)

k k
(g
£5 Ix

= det (IK—l + F%k))
" " _1
. [1 + f - gWH (IKfl + Ff{”) fék)}
2If matrix D is invertible, then [27]

A B
det = det(D) - det(A — BD~'C).
C D
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— det (IK,l + F,i’”) (1 + SINRy) (25)

where the last equality follows from the expression of SINRy
in (17). Thus, we have
det (Tie—y + F(Y)

1+ SINRy, = (26)

We note that for moderate or high SINR, we may approximate
1 + SINR, ~ SINRg and 1 + ) ~ f, V1 =1,... K.
So, from (26) we may approximate SINR, as follows:

det (F(®))  Ppdet (G)

T (F) T e (@)

27)

The above approximation is asymptotically tight for high SINR.
Based on this approximation, the optimization problem in (20)
can be written as

minp,  pe;p, Dopy Pk + Pry
Prdet(GH)
s.t. dct(G(})) 2 Yk 1<k<K
E
(28)

Let V denote the set of feasible solutions for the optimization
problem in (28), i.e.
V:{P17....PK,PT|SINR.]C Z’an V1 SkSK}

We may further partition the set V' into disjoint subsets such as

V={JW

x>0

where

Vz:{Pl7~-~7PK7Pr OéZPr:JZ

SINRj, > Vi, VlSkSK}

for any z > 0.

We note that for any given value of the auxiliary parameter x
in (21), according to (8) the transmission power at the relay P,
can be determined as

K

X

== 2> Pufar+al.
k=1

P, = (29)

Thus, for any given > 0, the optimization problem in (28)
over the feasible set V,, becomes

minp,,. . Py Zszl (117[7).9,‘.,7* + 1) Py + 2L,
wk,dct(Gﬁk)) 30)
s.t. szm7lgkgj(
We observe that in (30), for any given z > 0,
(’ykdet(G%k)))/(det(G(k))) is a constant which is in-
dependent of Py (k = 1,2,..., K). Hence the minimal value
in (30) is obtained when all constraints hold with equality, i.e.

Yrdet (ch))

M= "qet (@®)

k=1,2,... K. 31)
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Then, the corresponding minimal total power of (30) is

K det G(*k)
v(x) 2 Z% (2Bsy r + 1) %

k=1

+zL  (32)

which is a function of z > 0. Let us denote v* as the minimal
value of the objective function over (28) in the feasible set V.
Then, we can see that

(33)

.
v —quzugv(:v)

The above discussion shows that we are able to convert the
optimization problem in (20) over a multidimension space to
the minimization problem in (33), which depends only on one
variable x > 0, i.e., over a one-dimension space. The minimiza-
tion of v(z) in (32) can be easily solved by a numerical search
for the optimal value of the parameter z > 0. With the optimal
value z* that minimizes the function v(z) in (32), we can obtain
the corresponding optimal power ;' and P based on (31) and
(29), respectively.

B. Simplified Optimization With Orthogonal Codes/Channels

In the previous subsection, we solved the optimization
problem for a general multisource multi-destination relay
network with arbitrary correlation among user codes. In this
subsection, we are able to further simplify the optimization
when the signatures of different sources are orthogonal and the
fading channels are quasi-static during the transmission period
of a signature code.

In particular, for multi-source multi-destination relay net-
works with orthogonal transmissions, the cross-correlation
matrix R in (1) is an identity matrix, so both G%k) and G*) in
(27) are diagonal matrices, and

(k) K k
det (GE ) -~ Hl:l,l;ékgl(l) 1

et (GP) [, @ B (34)

19 Ikk

(k)

where g;,” is specified in (22). With the assumption of quasi-

: o p() @ _
static channels, we can write hs;r = hsy s by g0 = sy s

and b} = h.4,,Vi = 1,2,....L,and Vk = 1,2,... . K.
We note that in the minimal total power in (32), Bs, » = JSZMT,
where JEH is the variance of the source-relay channel h;, ,,

ie., 02 = E{|hs, »|?}. Thus, by substituting (34) into (32),

Sk,T

we have

Vi (xa?lmr + 1)

v@) =)

|, |2|, |2 +zL

2 xlhra, | sy r

k=1 ?

|hsk,d1\-| + Z|h7‘,dk|—+1
K a

) | ) k 35
27k<ck+ k$+x+dk> .

where

2
_ |h8k,7‘|2 |h5k‘udk| Ug,‘,,r
ar = 21 2 - T . 2z |
A |h7’7d1\< | A |h7“7dk |
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L USQk T
b = 4 T
K’}/k A
1 |h5k;"’|2agk ™
cp = - + ———H,
A Ak, |
P e
dk — | 'l\'sik| 5 (36)
A|h7’,dk|

and A = |hs, a,|* + |hs, »|2

We note that for any & = 1,2,..., K, if a; > 0, each term
ck+brx+(ar)/(x+dy) in (35) is convex with respectto z > 0,
and it can be minimized by

T = max <0, —dy + a—k> .
\ b

Ifap <0, cp+brz+ (ar)/(x+dy) is increasing in [0, +00), it
implies that the minimum point occurs at x = 0. Let us denote

Trnin 2 min(z1, 2, ..., LK) (37)
Tmax é maX(z17$27"-7$K) (38)
where
_ ar ) .
5y = { WX (0, di + 4/ bk) if ax > 0; (39)
0 if g S 0;
forany k = 1,2,..., K. Then, each term ¢ + bpz + (ar)/(z +

dy,) in (35) is decreasing in the range [0, 2 i, ] and increasing in
the range [ max, +00), which implies that the optimal solution
x* that minimizes the function v(z) in (35) is bounded as

Lmin S z* S Tmax- (40)
Thus, to find the optimal solution z*, we only need to search
within the range [Zmin, Tmax]. We note that z,,,;, = 0 if there
exists k € {1,2,..., K} such that a;, < 0.

From (39), we can see that the necessary condition for z;, > 0
is

ap > bkdi7

which implies that

|hSk,7‘|2 |h7‘,dk |2
2

> |hapa|” - (41)

Sk,T

In a nonfading or slow-fading scenario, where the coherence
time of the channel is much longer than the delay requirement
of the channel, the channel gain remains roughly constant over a
period of processing time (for example, transmitting several data
packets) [28]. In this case, we may safely assume that |h; ;|
Jz ; during the processing period, where 03 ; 1s the variance
of the channel h; ;. With such an approximation, the necessary
condition in (41) is reduced to

(42)

2 2
Or,dy > Ospdi*

If the necessary condition in (42) does not hold, i.e., 03’ 4, <
o? 4 forallk =1,2,... K, then & = 0, which implies
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that the optimal solution z* = 0. So, the corresponding op-
timum power at the relay is P¥ = 0, which means that the relay
is not needed in this case. In other words, if each relay-destina-
tion channel link is weaker than the intended source-destination
channel link, then the use of the relay is not helpful.

In addition, if ar < 0,Vk = 1,2,..., K, then each term
¢k + brx + (ar)/(z + di) in (35) is an increasing function of
x € [0,400), therefore the optimal solution is z* = 0. Given
that a;, < 0 is equivalent to

ol 0% o 2 (Ihowan + oy rl?) o,

it implies that if all channels |hs, 4, |* (k = 1,2,..., K) that
correspond to direct links are strong enough or all channels
of the relay links |, q4,1* (k = 1,2,...,K) are weak, then
avoiding use of the relay can leads to power savings. In other
words, if there is at least one relay-destination link that is better
than the corresponding source-destination link, the relay should
forward its received signal to the destinations in order to help
reduce the overall power consumption while maintaining at the
same time the target performance level.

(43)

Finally, for a symmetric system where 02 , = o2 , =

_ 2 2 _ 2 _ _ 2’ 2

C T OspdiOsir T Tspr = 0 T Osper and Ordi =

o2, = =0 , we are able to obtain an analytical solu-
r,d2 r,d

tion for the minimization of v(x). In this case, all dj, are equal,
denoted by d = dy, Vk. Then

v(at):c—l—b:n—{—L

" (44)

K K K
where ¢ = > i VkCk,b = Y i Wbk, @ = D i1 YeGk-
Consequently, the value z* that minimizes v(x) in (44) is

x*:{—d—l—\/% }fa>0, (45)
0 if a <0.

Substituting (45) into (31) and (29), we obtain the optimal power
P} and P}, respectively.

We note that for a symmetric system, all a;, are equal. When
the SINR requirement is high enough at each destination,
L/(K~y) is relatively small compared to (o2, ,.)/(A), so all
bi’s are approximately the same (k = 1,2,..., K). As a con-
sequence, the ratio a/b in (45) is independent of ;. Hence, the
optimal value z* in (45) is independent of the SINR thresholds

v in this case.

C. Equal Power Allocation Scheme

In this subsection, for comparison purposes, we discuss the
equal power allocation scheme where all the sources and the
relay are allocated the same power P. In this case, the corre-
sponding parameter x in (21) is

1

=sF 5 oI
Zk:l 0—5;\,,7’ + P

To find the optimal power P that minimizes the total power
of the system under the constraints that the SINR requirements
of all source-destination pairs are satisfied, we can follow the
procedure described in the previous subsection, i.e.

T 46)

minp PZ?’:1 (zo2, . +1) +aL,
Wkdet(G(k))

5
s.t. PZ—dot(G(k))’

47
k=1,2,....K. @D
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‘We note that the objective function in (47) is increasing in terms
of increasing P > 0. Thus, the optimal solution P* of (47) is
given as

max idet (G%’k)>

= k=1,,K | det (G(#))

(48)

Since the channel quality is not the same, in general, for all links,
it is implied that the terms (fykdet(GE—ck)))/(det(G(k))), k =
1,2,..., K in (47) are not equal in general, which means that
the equality in (47) might not hold for all k. As a result, the
equal power allocation strategy generally spends more power
than what is needed.

V. OPTIMUM POWER ASSIGNMENT UNDER A TOTAL POWER
BUDGET CONSTRAINT

In this section, we apply the methodology that we developed
in Section IV to solve a related max-min SINR based power
optimization problem for multi-source multi-destination relay
networks. Specifically, we design a power assignment scheme
that maximizes the minimum SINR among all source-destina-
tion pairs subject to any given total power budget. We note that
such a scheme introduces a type of fairness among different
source-destination pairs. The optimization problem can be for-
mulated as follows:

maxp, . p;p, Ming—i . x{SINRy}
’ K 5 (49)
s.t. Zk:1Pk+PrSPtotal
where P, 1s the given power budget of the system.
Let us denote
2 2 ming_; i {SINR;} (50)
then (49) is equivalent to
maxp,,.. Pyg;P. %,
{sm. S P+ P, < Piogal, (51)
SINR, > z,k=1,...,K.
According to (27), we may approximate SINRy as
Prdet (G™)
SINR, ~ ——~Z (52)

det (G{")

where the matrices G*) and G%k) are specified in (22). If we

- A .
define an auxiliary parameter z = «2P,, then for any given
x > 0, the transmission power at the relay P, is determined as

K

x

== 2> Pifar +al.
k=1

P, = (53)

As a consequence, we can reformulate the problem in (51) as

maxp,..,Px %

s.t. Zf:l (#8s,,r + 1) P + 1L < Piotal
k
P>Z'det(G%)) 1<k<K
=2 det(am)r - ==

(54)
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For any z > 0, we denote the maximal value of the objective
function in (54) as z(x). Then, z(z) must satisfy

det (G
( ’(“) Vk=1,2,...,K.

Doz 20) G@my

(55)

Substituting the above constraints into the total power constraint
in (54), we have

S

k=1

(80,0 +1)

( ) + zL S Ptotal-

det (G
E . (56)

det G(k))

Thus, for any fixed > 0, the maximal value of the objective
function in (54) is

Ptotal xL

(57)

We can see that the maximization of z(x) can be implemented
by a numerical search of single (one-dimension) parameter (x >
0). If we denote the optimal parameter of (57) as z*, then the
optimum power assignment to the sources is

det (G7)

_ =1,2,..., K
det (G * PR

P = z(x%) - (58)

and the corresponding power assigned to the relay is

K
- 2* <Z Py Bsp . + L) . 59)

k=1

We note that z(z) in (57) should be nonnegative for any given
x, which implies that Piota; — 2L > 0, ie., 2 < (Piota)/(L)-
Thus, we only need to search the single variable x over the in-
terval [0, (Piota1)/(L)] to obtain the optimal solution z* that
maximizes the function z(x).

From (52) and (58), we can see that forany k = 1,2,..., K,
SINR;, = z(x*), which implies that the optimum power as-
signment achieved through the max-min SINR based optimiza-
tion in (49) leads to the same SINR values for all source-des-
tination pairs. We recall that for the total power minimization
problem in (20), the optimal power assignment ensures that the
resulting SINR for each source-destination pair is equal to the
SINR requirement of the corresponding source-destination pair,
ie,, SINR, = v, k = 1,..., K. It is natural to expect that
when all source- destlnatlon SINR requirements v in (20) are
the same, the power assignment strategy for the max-min SINR
based optimization and that for the total power minimization
based optimization should be the same. This intuitive interpre-
tation can be seen from the derivations in (32) and (57). We note
that for reasonably high power budget Pt.,1, the term z L in (57)
can be ignored, and the maximization of z(z) in (57) is equiv-
alent to the minimization of the dominator which is related to
the objective function in (32). If all the source-destination pairs’
SINR requirements in (32) are the same, i.e.,yx, k =1,..., K,
then the optimal solutions z* of z(x) in (57) is also optimal in
minimizing v(z) in (32).

For comparison purposes, in the following we illustrate the
max-min SINR problem under an equal power allocation. The
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optimization problem in (49) with an equal power assignment
can be expressed as

{ maxp mink:L___’K{SINRk},

s.t. (K+41)P < Ptar, (0

where all the sources and the relay are assigned the same trans-
mission power P. With the SINR approximation in (52) and
z = IniIllSkSK{SINRk}, we have

maxp 2,

s.t. PS—Pt““l‘
pro (@) o O
_Z'm =1,..., 8.

Thus, the optimal solution is P = (Piota1)/(K + 1) and the
maximal value of the worst-case SINR is given by

Ptotal
K+1

det (G))
det (G{)
We can see that in the equal power assignment scheme, the min-

imum SINR value among all source-destination pairs is directly
determined by the given total power budget value.

z = - MaX]<k<K (62)

VI. NUMERICAL RESULTS

In this section, we perform numerical studies to illustrate the
proposed optimum power assignment algorithms. In our studies,
we consider a slow fading scenario where the coherence time of
the channel is much longer than the delay requirement of the
channel and then approximate |h; ;|? by 02 [28]. The channel
gain for each channel link is assumed to follow a path loss
model where the variance of channel coefficient is given by

=6 7 (4,5 € {sk,dk,}) with ¢; ; as the distance of the
channel hnk and ) as the path-loss exponent (A = 3 in our nu-
merical studies).

A. Total Power Minimization

In the first set of numerical studies, we illustrate the optimum
power assignment that minimizes the total power consumption
under the condition that the SINR requirement of each source-
destination pair is satisfied. First, we consider a system with
two source-destination pairs and one relay, i.e., K = 2, and the
cross-correlation of the two source codes is p = 0.25. We study
two cases of SINR requirements for the two source-destination
pairs: (i) [y1,72] = [10, 10] dB, and (ii) [v1, v2] = [10, 20] dB.

Fig. 2 plots the total power consumption with varying param-
eter x > 0 for an asymmetric system, where the values of the
distance between nodes are set as follows: 65, 4, = 2,05, 4, =
3, 55177» = 55277» = 5527(11 = 5,«7,11 = 1, 5527(12 = 3 and
0rd, = 2. The optimal values of the parameter that minimize
the total power consumption are z* = 0.63 and x* = 1.52
for [y1,72] = [10,10] dB and [10, 20] dB, respectively. Based
on the optimal value xz*, we obtain the corresponding optimal
power assignment P;, P, and P, according to (31) and (29),
as listed in Table I. In this table, we also compare the optimal
power values obtained by our proposed approximation method
and those obtained by exhaustive search based on the optimiza-
tion in (20). We observe that the optimal power values obtained
by the two methods are almost indistinguishable. In Fig. 3, we
plot the total power consumption with varying parameter x > (
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Total power vs. variable x, K=2
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Fig. 2. Minimization of the total power consumption under varying parameter
a for an asymmetric multi-source multi-destination relay network with given
SINR constraints (K = 2).
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Fig. 3. Minimization of the total power consumption with varying parameter
for a symmetric multi-source multi-destination relay network under given SINR
constraints (' = 2).

for a symmetric system, where the values of the distance be-
tween nodes are set as: s, 4, = 0sy,dy = 0Osy,dy = 0sy,d; = 2
and 05, » = 0syr = Opd, = 0r4, = 1. The optimal values
of the parameter are * = 0.32 and z* = 0.59 for [y1,72] =
[10,10] dB and [10, 20] dB, respectively. Based on the optimal
value x*, we obtain the corresponding optimal power alloca-
tion Py, P, and P, again according to (31) and (29), as listed
in Table II. We observe that when the SINR requirements of the
two source-destination pairs are equal, the power assignments to
the two sources are the same. However, when the SINR require-
ments are different ([y1,v2] = [10,20] dB), the equal power
assignment is not optimum anymore. We can see in Table II that
the optimal power values obtained by our proposed approxima-
tion method are indistinguishable from those obtained by the
exhaustive search based on the optimization in (20).
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Total power vs. variable x, K=3
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Fig. 4. Minimization of the total power consumption with varying parameter
a for an asymmetric multi-source multi-destination relay network under given
SINR constraints (K = 3).
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Fig. 5. Minimization of the total power consumption with varying parameter
for a symmetric multi-source multi-destination relay network under given SINR
constraints (K = 3).

We now repeat our studies for a system with three source-des-
tination pairs and one relay, i.e., K = 3, where the signa-
tures of the three sources are orthogonal to each other. We ex-
amine both an asymmetric case (Fig. 4) and a symmetric case
(Fig. 5). In both figures, we consider three sets of SINR re-
quirements for the three source-destination pairs, namely: (i)
[717 Y2, 73] = [20/ 20, 20] dB’ (11) [’Ylv Y2, ry.?)] = [107 207 20]
dB, and (iii) [y1,72,7v3] = [10,10,20] dB. In Fig. 4, we con-
sider an asymmetric system where the distance values are set as
6Sk’r = 1, (l{; = 1, 2, 3), lsr,dl = 1, 67‘,(12 = 2, 6r,d3 = 3 and
0s1,di = 2,0s,.4, = 3 and 05, q, = 4. In this case, the optimal
values of the parameter that minimize the total power consump-
tion are z* = 2.34, x* = 2.77 and z* = 3.17 for the three
sets of SINR requirements, respectively. Based on the optimal
values, the optimum power assignments P;, P,, P3 and P, can
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TABLE 1
OPTIMUM POWER ASSIGNMENT THAT MINIMIZES THE TOTAL POWER UNDER
GIVEN SINR CONSTRAINTS USING THE PROPOSED METHOD AND THE
EXHAUSTIVE SEARCH METHOD FOR AN ASYMMETRIC SETTING (K = 2)

I [ (31,72)@B) | Pi(dB) | P2(dB) | Pr(dB) |

Proposed method (10,10) 13.14 19.89 20.54

Exhaustive search (10,10) 13.22 19.91 20.41

Proposed method (10,20) 11.59 27.34 29.74

Exhaustive search (10,20) 11.76 27.28 29.70
TABLE II

OPTIMUM POWER ASSIGNMENT THAT MINIMIZES THE TOTAL POWER UNDER
GIVEN SINR CONSTRAINTS USING THE PROPOSED METHOD AND THE
EXHAUSTIVE SEARCH METHOD FOR A SYMMETRIC SETTING (K = 2)

| [[ (31,72)dB) | P1(dB) | P»(dB) | P.(dB) |

Proposed method (10,10) 14.56 14.56 15.86

Exhaustive search (10,10) 1491 1491 15.31

Proposed method (10,20) 13.25 23.25 22.44

Exhaustive search (10,20) 13.32 23.32 22.34
TABLE III

COMPARISON OF THE TOTAL POWER CONSUMPTION RESULTING FROM THE
OPTIMUM POWER ASSIGNMENT SCHEME AND THE EQUAL POWER ASSIGNMENT
SCHEME (K = 3)

¥1,72,73 (dB) Total Power Consumption (dB)
Optimum | Equal
Asymmetric [20,20,20] 37.15 41.58
System [10,20,20] 36.82 41.58
[10,10,20] 35.63 41.58
Symmetric [20,20,20] 29.79 30.30
System [10,20,20] 28.25 30.30
[10,10,20] 25.85 30.30

be obtained accordingly based on (31) and (29). In Fig. 5, we
consider a symmetric system with 65, » = 6,4, = 1,(k =
1,2,3) and 65, 4, = 2,(k = 1,2,3). The optimal values of
the parameter are * = 0.77, z* = 0.76 and 2* = 0.75 for
the three sets of SINR requirements, respectively. We can see
that the optimal values z* in the symmetric system are almost
the same for the three sets of SINR requirements. This result is
consistent with the theoretical discussion that the optimal value
x* is independent of the SINR requirement -y, but it depends on
the channel condition.

In Table III, we show the power efficiency of the proposed
optimum power assignment scheme by listing the resulting total
power consumption, compared to the total power consumption
that results from the equal power assignment scheme. We con-
sider both an asymmetric case (the system setup is the same as
that in Fig. 4) and a symmetric case (the system setup is the same
as that in Fig. 5). We can see that in the asymmetric system,
the power savings of the optimum power assignment scheme is
4—6 dB for the three sets of SINR requirements. The more un-
balanced the SINR requirements of the three source-destination
pairs are, the more power savings of the optimum power assign-
ment scheme compared to the equal power assignment scheme
can be achieved. In the symmetric system, the power savings
of the optimum power assignment scheme is 0.5—4.5dB for the
three sets of SINR requirements. Comparing the results between
the asymmetric system and the symmetric system, we observe
that the optimum power assignment scheme gains more power
savings in the asymmetric system than in the symmetric system.
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The worst SINR vs. variable x, K=2, Ptota|=30dB
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Fig. 6. Maximization of the minimum SINR among all source-destination pairs
under given total power budget Pyoia1 = 30 dB (K = 2).

TABLE IV
OPTIMUM POWER ASSIGNMENT THAT MAXIMIZES THE MINIMUM SINR
AMONG TWO SOURCE-DESTINATION PAIRS UNDER GIVEN TOTAL POWER
BUDGET P;ota1 = 30 DB, BY USING THE PROPOSED METHOD AND THE
EXHAUSTIVE SEARCH METHOD (K = 2)

| [ Pi(dB) | P>(dB) | P(dB) |

Asymmetric | Proposed method 19.22 25.34 27.59
System Exhaustive search 19.37 25.45 27.66
Symmetric Proposed method 24.49 24.49 26.41
System Exhaustive search 24.64 24.64 26.50

Also, we observe that the total power consumption of the equal
power assignment scheme is the same in each of the asymmetric
and symmetric systems, which is consistent with our previous
discussion that the equal power assignment depends only on the
most challenging/weakest source-destination pair.

B. Max-Min SINR Optimization

In the second set of numerical studies, we illustrate the op-
timum power assignment algorithm that maximizes the min-
imum SINR among all source-destination pairs under a given
total power budget. We consider a system with two source-des-
tination pairs and one relay, i.e., K = 2, with a total power
budget Piota1 = 30 dB. We assume that the cross-correlation of
the two source codes is p = 0.25. We consider both an asym-
metric case (the system setup is the same as that in Fig. 2) and a
symmetric case (the system setup is the same as that in Fig. 3).

Fig. 6 shows the maximization of the minimum SINR with
varying parameter x > 0 for both the asymmetric and sym-
metric systems, respectively. The optimal values of the param-
eter that maximize the minimum SINR of all source-destination
pairs are z* = 1.16 for the asymmetric system and z* = 0.69
for the symmetric system. For both the asymmetric and sym-
metric cases, the optimum power assignments P;, P, and P,
are determined based on (58) and (59) with the corresponding
optimal value z*, listed in Table IV. In the table, we also com-
pare the optimal power values obtained by the proposed approx-
imation method and those obtained by exhaustive search based
on the optimization in (51). We observe that the optimal power
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The max-min SINR vs. total power budget, K=2, non-orthogonal
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Fig. 7. Comparison of the minimum SINR resulting from the proposed op-
timum power assignment scheme and the equal power assignment scheme with
any given total power budget (K = 2).

values of the power assignment obtained by the two methods
are indistinguishable. We note that for the symmetric case, the
sources are allocated equal power under the max-min SINR op-
timization scheme, while the relay utilizes transmission power
which is some what different from that allocated to the sources.

Finally, in Fig. 7, we compare the minimum SINR resulting
from the proposed optimum power assignment scheme and the
minimum SINR resulting from the equal power assignment
scheme. We consider both an asymmetric case and a symmetric
case, and the system setup is the same as that in Fig. 6. We can
see that in the asymmetric case, the minimum SINR of the two
source-destination pairs is improved significantly (by at least
2 dB) when we use the proposed optimum power assignment
scheme instead of the equal power assignment scheme. In
the symmetric case, we can see that the performance of the
equal power assignment scheme is very close to that of the
optimum power assignment scheme (actually, in this case all
the source-destination pairs have the same performance).

VII. CONCLUSION

In this paper, we analyzed and optimized a multi-source
multi-destination relay network where a relay amplifies and
forwards simultaneously the signals received from all sources.
We developed optimum power assignment schemes for two
scenarios. The first scheme minimizes the total power consump-
tion of all sources and the relay under the constraint that the
SINR requirement of each source-destination pair is satisfied,
while the second scheme maximizes the minimum SINR of
all source-destination pairs with any given total power budget.
Clearly, both optimization problems as stated above involve K
power variables, where K is the number of source-destination
pairs in the network, which implies that an exhaustive search
approach is prohibitive for large K. In this paper, we derived
an asymptotically tight approximation of the SINR that allows
us to reformulate the original optimization problems, and even-
tually reduce them to single-parameter optimization problems,
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which can be easily solved by numerical search of the single pa-
rameter. Then, the corresponding optimal transmission power
at each source and at the relay can be calculated directly. Each
of the proposed optimization scheme is scalable and the power
assignment algorithm has the same optimization complexity
for any number of source-destination pairs in the network.
For the special case of transmission over orthogonal channels
under quasi-static channel conditions, we were able to further
simplify the proposed single-variable optimization scheme, and
obtain an analytical solution for a symmetric system. Numerical
studies were provided to illustrate and validate our theoretical
developments.
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