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show that the problem can be formulated as a quasiconvex problem, while for AF and CF we show that the problem can be made
quasiconvex if the signal-to-noise ratios of the direct channels are at least —3 dB. Therefore, efficient algorithms can be used to
obtain the jointly optimal power and channel resource allocation. Furthermore, we show that the convex subproblems in those
algorithms admit a closed-form solution. Our numerical results show that the joint allocation of power and the channel resource
achieves significantly larger achievable rate regions than those achieved by power allocation alone with fixed channel resource
allocation. We also demonstrate that assigning different relaying strategies to different users together with the joint allocation of
power and the channel resources can further enlarge the achievable rate region.
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1. INTRODUCTION

In multiple access relay (MAR) systems, several source nodes
send independent messages to a destination node with the
assistance of a relay node [1-4]. These systems are of interest
because they offer the potential for reliable communication
at rates higher than those provided by conventional [5] and
cooperative multiple access schemes [6-8] (in which source
nodes essentially work as relays for each other.) For example,
in [4] a comparison was made between the MAR system
and the system that employs user cooperation, and the
MAR system was shown to outperform the user cooperation
system. Full-duplex MAR systems, in which the relay is
able to transmit and receive simultaneously over the same
channel, were studied in [1-3, 9], where inner and outer
bounds for the capacity region were provided. However,
full-duplex relays can be difficult to implement due to the
electrical isolation required between the transmitter and
receiver circuits. As a result, half-duplex relays, which do not
simultaneously transmit and receive on the same channel,
are often preferred in practice. The receiver at the relay and

destination nodes can be further simplified if the source
nodes (and the relay) transmit their messages on orthogonal
channels, as this enables “per-user” decoding rather than
joint decoding.

In this paper, we will consider the design of orthogonal
multiple access systems with a half-duplex relay. In partic-
ular, we will consider the joint allocation of power and the
channel resource in order to maximize the achievable rate
region. Four relaying strategies will be considered; namely,
regenerative (RDF) and nonregenerative (NDF) decode-
and-forward [6, 8], amplify-and-forward (AF) [8, 10], and
compress-and-forward (CF) [11, 12]. The orthogonal half-
duplex MAR system that we will consider is similar to that
considered in [13]. However, the focus of that paper is on
the maximization of the sum rate, and, more importantly,
it is assumed therein that the source nodes will each be
allocated an equal fraction of the channel resources (e.g.,
time or bandwidth).(This equal allocation of resources
is only optimal in the sum rate sense when the source
nodes experience equal effective channel gains towards the
destination and equal effective channel gains towards the
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FIGURE 1: A simple multiple access relay channel with two source
nodes.

relay.) In this paper, we will provide an efficiently solvable
formulation for finding the jointly optimal allocation of
power and the channel resources that enables the system to
operate at each point on the boundary of the achievable rate
region.

Although the problem of power allocation for an equal
allocation of the channel resource was shown to be convex in
[13], the joint allocation of power and the channel resource
is not convex, which renders the problem harder to solve.
In this paper, we show that the joint allocation problem
can be formulated in a quasiconvex form, and hence, that
the optimal solution can be obtained efficiently using stan-
dard quasiconvex algorithms, for example, bisection-based
methods [14]. Furthermore, for a given channel resource
allocation, we obtain closed-form expressions for the optimal
power allocation, which further reduces the complexity of
the algorithm used to obtain the jointly optimal allocation.

The practical importance of solving the problem of the
joint allocation of power and channel resources is that
it typically provides a substantially larger achievable rate
region than that provided by allocating only the power
for equal (or fixed) channel resource allocation, as will be
demonstrated in the numerical results. Those results will also
demonstrate the superiority of the NDF and CF relaying
strategies over the RDF and AF strategies, respectively, which
is an observation that is consistent with an observation in
[13] for the case of power allocation with equal resource
allocation. We will also demonstrate that joint allocation of
the relaying strategy together with the power and channel
resources, rather assigning the same relaying strategy to all
users, can further enlarge the achievable rate region.

2. SYSTEM MODEL

We consider an orthogonal multiple access relay (MAR)
system with N source nodes (nodes 1,2,...,N), one desti-
nation node (node 0), and one relay (node R) that assists
the source nodes in the transmission of their messages to
the destination node. (The generalization of our model
to different destination nodes is direct.) Figure 1 shows a
simplified two-source MAR system. We will focus here on
a system in which the transmitting nodes use orthogonal
subchannels to transmit their signals, and the relay operates
in half-duplex mode. This system model is similar to that
used in [13]. The orthogonal subchannels can be synthesized
in time or in frequency, but given their equivalence it is
sufficient for us to focus on the case in which they are

synthesized in time, that is, we will divide the total frame
length into N nonoverlapping subframes of fractional length
r;, and we will allocate the ith subframe to the transmission
(and relaying) of the message from source node i to the
destination node. Figure 2 shows the block diagram of the
cooperation scheme and the transmitted signals during one
frame of such an MAR system with two source nodes. As
shown in Figure 2, the first subframe is allocated to node 1
and has a fractional length r;, while the second subframe is
allocated to node 2 and has a fractional length r, = 1 — 1.
Each subframe is further partitioned into two equal-length
blocks [13]. In the first block of subframe i of frame ¢, node
i sends a new block of symbols Bj(wj¢) to both the relay and
the destination nodes, where w;, is the component of the ith
user’s message that is to be transmitted in the £th frame. In
the second block of that subframe, the relay node transmits
a function f(-) of the message it received from node i in
the first block. (The actual function depends on the relaying
strategy.) We will let P; represent the power used by node i
to transmit its message, and we will constrain it so that it
satisfies the average power constraint (r;/2)P; < P;, where
P; is the maximum average power of node i. We will let
Pri represent the relay power allocated to the transmission
of the message of node i, and we will impose the average
power constraint Zfil (ri/2)Pp; < Pg. (The function f(-)
is normalized so that it has a unit power.) In this paper, we
consider the following four relaying strategies.

(i) Regenerative decode-and-forward (RDF). The relay
decodes the message wje, re-encodes it using the same code
book as the source node, and transmits the codeword to the
destination [6, 8].

(ii) Nonregenerative decode-and-forward (NDF). The
relay decodes the message wj,, re-encodes it using a different
code book from that used by the source node, and transmits
the codeword to the destination [15, 16].

(iii) Amplify-and-forward (AF). The relay amplifies the
received signal and forwards it to the destination [8, 10]. In
this case, f(wj) is the signal received by the relay, normalized
by its power.

(iv) Compress-and-forward (CF). The relay transmits a
compressed version of the signal it receives [11, 12].

Without loss of generality, we will focus here on a two-
user system in order to simplify the exposition. However, as
we will explain in Section 3.5, all the results of this paper can
be applied to systems with more than two source nodes. For
the two-source system, the received signals at the relay and
the destination at block m can be expressed as

Kigxi(m) +zp(m) mmod 4 =1,

yr(m) = { Korxa(m) + zr(m) m mod 4 = 3,
0 m mod 4 € {0,2},
Kioxi(m) +zo(m) mmod 4 =1, (1)
Kroxp(m) +zo(m) m mod 4 = 2,

Yo(m) = Kyoxo(m) +z9(m) m mod 4 = 3,
Kroxp(m) + zo(m) m mod 4 =0,

where the vectors y; and x; contain the blocks of received and
transmitted signals of node i, respectively; Kjj, i € {1,2,R}
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FIGURE 2: One frame of the considered orthogonal cooperation scheme for the case of 2 source nodes, and its constituent subframes.

and j € {R,0}, represents the channel gain between nodes
i and j; z; represents the additive zero mean white circular
complex Gaussian noise with variance af at node j; and 0 is
used to represent blocks in which the receiver of the relay
node is turned off. For simplicity, we define the effective
power gain y;j = IK,-jIZ/af.

The focus of this paper will be on a system in which
full channel state information (CSI) is available at the
source nodes, and the channel coherence time is long.
The CSI is exploited to jointly allocate the powers Ppg;
and the resource allocation parameters r;, with the goal of
enlarging the achievable rate region. Under the assumption
of equal channel resource allocation (i.e., r; = r;, for all
i,s), expressions for the maximum achievable rate for a
source node under each of the four relaying considered
relaying strategies were provided in [13]. The extension
of those expressions to the case of not necessarily equal
resource allocation results in the following expressions for
the maximum achievable rate of node i as a function of
P;, the transmission power of node i, Pg;, the relay power
allocated to node i, and r;, the fraction of the channel
resource allocated to node i.

(i) Regenerative decode-and-forward (RDF):

— ti .
Ri,RDF = E min { log (1+)/,‘RPZ'), log (1+YiOPi+))ROPRi) }
(2a)

(ii) Nonregenerative decode-and-forward (NDF):

=

iNDF = gmin {log (1 + yirP:),log (1 + yioP;)
+1log (1 + yroPri) }-

(2b)

(iii) Amplify-and-forward (AF):

R ar

i YirYRoPiPrRi ) (20)
=—1lo (1 + Vi Pi + .
208 Yo (1 + yirP; + yroPri)
(iv) Compress-and-forward (CF): assuming that the relay
uses Wyner-Ziv lossy compression [17], the maxi-
mum achievable rate is

Ricr

yiryro (VioP; + 1) P;Pg; )
yro(yioPi + 1) Pri + Pi(yio + yir) +1/°
(2d)

= %log (1 + pioP; +

The focus of the work in this paper will be on systems
in which the relay node relays the messages of all source
nodes in the system using the same preassigned relaying
strategy. However, as we will demonstrate in Section 4, our
results naturally extend to the case of heterogeneous relaying
strategies, and hence facilitate the development of algorithms
for the jointly optimal allocation of the relaying strategy.

3. JOINT POWER AND CHANNEL
RESOURCE ALLOCATION

It was shown in [13] that for fixed channel resource
allocation, the problem of finding the power allocation that
maximizes the sum rate is convex, and closed-form solutions
for the optimal power allocation were obtained. However, the
direct formulation of the problem of joint allocation of both
the power and the channel resource so as to enable operation
at an arbitrary point on the boundary of the achievable
rate region is not convex, and hence is significantly harder
to solve. Despite this complexity, the problem is of interest
because it is expected to yield significantly larger achievable
rate regions than those obtained with equal channel resource
allocation. In the next four subsections, we will study the
problem of finding the jointly optimal power and resource
allocation for each relaying strategy. We will show that in
each case the problem can be transformed into a quasiconvex
problem, and hence an optimal solution can be obtained
using simple and efficient algorithms, that is, standard
quasiconvex search algorithms [14]. Furthermore, for a fixed
resource allocation, a closed-form solution for the optimal
power allocation is obtained. By exposing the quasiconvexity
of the problem and by obtaining a closed-form solution
to the power allocation problem, we are able to achieve
significantly larger achievable rate regions without incurring
substantial additional computational cost.

The jointly optimal power and channel resource alloca-
tion at each point on the boundary of the achievable rate
region can be found by maximizing a weighted sum of
the maximal rates R; and R, subject to the bound on the
transmitted powers, that is,

R, + (1 — u)R,,
gﬁfrul( WRy

. r r =
subject to  —Pri + =Pry < Py,

2 2 R (3)
r —

r —
~P, <Py, P, <P,
21 1 22 2

Ppi = 0, P; =0,
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where R; is the expression in (2a), (2b), (2c), or (2d) that
corresponds to the given relaying strategy, r = r, 7 = r, =
1 —r,and u € [0,1] weights the relative importance of R
over R;. Alternatively, the jointly optimal power and channel
resource allocation at each point on the boundary of the
achievable rate region can also be found by maximizing R;
for a given target value of Rj, subject to the bound on the
transmitted powers, for example,

max Ry,
P;,Pri,r

subject to Ry > Ry par,

r r —

—Pr1 + =Pry < Pp,

7 PR+ 2 PR R (4)
r — r —

*P SP, 7P SP:

> b 1 2P 2

Pr; =0, p;=0.

Neither the formulation in (3) nor that in (4) is jointly
convex in the transmitted powers and the channel resource
allocation parameter r, and hence it appears that it may
be difficult to develop a reliable efficient algorithm for
their solution. However, in the following subsections, we
will show that by adopting the framework in (4), the
direct formulation can be transformed into a composition
of a convex problem (with a closed-form solution) and
a quasiconvex optimization problem, and hence it can be
efficiently and reliably solved. The first step in that analysis is
to observe that since the source nodes transmit on channels
that are orthogonal to each other and to that of the relay, then
at optimality they should transmit at full power, that is, the
optimal values of P; and P; are P’ (r) = 2P1/r and P5 (r) =
2P, /7, respectively. In order to simplify our development, we
will define Ry max(7) to be the maximum achievable value for
R, for a given value of r and the given relaying strategy, that
is, the value of the appropriate expression in (2a), (2b), (2¢),
or (2d) with Pr, = 2Pg/7 and P, = 2P,/7.

3.1. Regenerative decode-and-forward

For the regenerative decode-and-forward strategy, the prob-
lem in (4) can be written as

max Kmin{log(1+y1RP1*),
PR,‘,V 2
log (1 + y10P;" + yroPr1)},

subject to =~ min {log (1 + y2rP5),

NS Y

(5)
log (1 + y20P5 + yroPr2)} = Ratars

r 7 —
—Pri + =Pgy < Py,
S PRI+ S PR R
PRi > 0.
Unfortunately, the set of values for r, Pg;, and Pg, that

satisfy the second constraint of (5) is bilinear, and hence
the problem in (5) is not convex. However, if we define

Pri = rPr; and Pr» = 7Pgo, then the problem in (5) can
be rewritten as

2y1rP
N V1R 1))

m r 'SLI (1
nax - min | log .

Priyr
2)/ P+ YR ﬁR
log<1+—10 ! 0 l)},

2y, P
min{log (1 + 7)/2? 2>>

2y20P; + yroP
lOg (1 + 4)/20 2 ?VRO R2>} = Rz,tar)

subject to

NS 3Y

Py + Pry = 2Pg,

ﬁR,‘ > 0.
(6)

Formulating the problem as in (6) enables us to obtain
the following result, the proof of which is provided in
Appendix A.

Proposition 1. For a given feasible target rate Ry €
(0, Rymax(0)), the maximum achievable rate Rjma.x in (6)
is a quasiconcave function of the channel resource sharing
parameter r.

In addition to the desirable property in Proposition 1,
for any given channel resource allocation and for any
feasible R, tar, a closed-form solution for the optimal power
allocation can be found. In particular, for any given r, ﬁRl
must be maximized in order to maximize R;. Therefore, the
optimal value of 13R2 is the minimum value that satisfies the
constraints in (6), and hence it can be written as

N 0 if y2r < 20,
PRo(r) =4 (A —2y0Pr\* . (7)
(7) if V2R > Y205
B

where A = ?(ZZRZ"“/? — 1), B = yro,and x* = max(0,x).
The optimal value of Pg, is P (r) = min{2Pg — P (r),
(2P1(y1r — y10)/yro)" }, where the second argument of the
min function is the value of 13121 that makes the two
arguments of the min function in the objective function of
(6) equal. In Section 3.5, we will exploit the quasiconvexity
result in Proposition 1 and the closed-form expression for
5?{2(1') in (7) to develop an efficient algorithm for the jointly
optimal allocation of power and the channel resource.

3.2. Nonregenerative decode-and-forward

Using the definition of ﬁm and ﬁRz from the RDF case, the
problem of maximizing the achievable rate region for the
NDF relaying strategy can be written as

2y1rP 2y10P
max zminilog(l+%), log<l+%>

PR;,T
ﬁ
l (1 )/RO R1 )})
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2y P 2y20P,
subject to Y2RT2 Y20 2)

mln{log (1 + T),log(l L
+log (1 + W%%)} = R tars

Py + Pry = 2Py,
ﬁRi > 0.

NS Y

(8)

Using the formulation in (8), we obtain the following result
in Appendix B.

Proposition 2. For a given feasible target rate Rypur €
(0, R2,max(0)), the maximum achievable rate Ry may in (8) is a
quasiconcave function of r.

Similar to the RDF case, for a given r and a feasible
Ry tar, @ closed-form expression for the optimal DPg, can be
obtained. This expression has the same form as that in (7),
with the same definition for A, but with B Ndeﬁne(i as B =
Yro + 2)/20)/}20?2/?- The optimal value for Pg; is Pg,(r) =
min{2Pg — P{(r), 2Pi(yix — y10)r/(yro(r + 2P1y10))) "},
where the second argument of the min function is the value
of Pp, that makes the two arguments of the min function in
the objective function of (8) equal.

3.3. Amplify-and-forward

In the case of amplify-and-forward relaying, problem (4) can
be written as

2y10P 2 PP
max Klog <1 2 Uog VIRYROFLERI )’
Pri,r 2 r r(r + 2)’1RP1 + )’ROPRl)
r 2y20P 2y2ryRo PP,
subject to Klog (1 + YZB 2, — )’ZR)’EO 2R )
2 r r(r+2y2TP2+)/R()PR2)
= R2,tara
ﬁRl +ﬁR2 = ZFR,
ﬁRi > 0.

)

Using this formulation, we obtain the following result in
Appendix C. (We point out that y;P; is the maximum
achievable destination SNR on the direct channel of source
node i.)

Proposition 3. If the direct channels of both source nodes
satisfy yioPi > 1/2, then for a given feasible target rate Ry €
(0, Ry, max(0)), the maximum achievable rate Ry max in (9) is a
quasiconcave function of r.

Similar to the cases of RDF and NDF relaying, for a given
r and a feasible Ry 4ar, in order to obtain an optimal power

allocation we must find the smallest ﬁRz ihat satisfies the
constraints in (9). If we define C = A —2y,0P», a closed-form

solution for Pg, can be written as

C(;'\-i- ZYZRPZ) >+

_— 10
2y2rYRoP2 — YROC (10)

P (r) = (

Hence, the optimal value of Py, is Py, (r) = 2P — P (r).

Given Ry ar € (0, Rymax(0)), for r € (0, 1), define y(r)
to be the optimal value of (4) for a given r if R, ., €(0,
Ry max (7)) and zero otherwise. Set y(0) =0 and y(1) =
0. Set tp =0, t, =1, and t, = 1/2. Using the closed-form
expression for the optimal power allocations, compute
y(t). Given a tolerance ¢,
(1) sett) = (t() + tz)/z and t3 = (tz + t4)/2,
(2) using the closed-form expressions for
the power allocations, compute y(t;)
and V/(t.’}))
(3) find k* = argmaxyeqo,,..4 ¥ (),
(4) replace ty by tmax (k*—1,05> replace t4 by
Emin (k*+1,4}> and save y (fy) and y ().
If k*#{0,4} set t,=t;+ and save y(t,),
else set t,=(ty+t,)/2 and use the closed
form expressions for the power alloc-
ations to calculate y(t,).
(5)ifty — ty = ¢, return to (1), else set r*
= fpx.

ArLcoriTHM 1: A simple method for finding r*

3.4. Compress-and-forward

Finally, for the compress-and-forward relaying strategy, the
problem in (4) can be written as

2y1rP 2y10P
max imin{log(l-kM), log(1+M>
Prr 2 r r
+ log (l + Lorpm ) },
min SL log (1 + Zyz;zpz)’ log (l + 2)/2?0}’2)

P
+ lOg (1 + LRO? k2 )} = R2,tar)

Py + Pry = 2Py,
}N)R,' > 0.

NSRS

subject to

(11)

As we state in the following proposition (proved in
Appendix D), the quasiconvex properties of the problem in
(11) are similar to those of the amplify-and-forward case.

Proposition 4. If the direct channels of both source nodes
satisfy yioﬁi > 1/2, then for a given feasible target rate Ry oy €
(0, Ry,max(0)), the maximum achievable rate Ry max in (11) isa
quasiconcave function of r.

If we define D = yro(2y20P2 + 7), then the optimal

solution for Pr, for a given r and a feasible Ry, can be
written as

C;'\(;’\‘f' 2()/20 + YZR)ﬁZ) )+

Fe(n = ( D(2y2rP; — C) (12

and the optimal Py, is P, (r) = 2Pg — P, (r).
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TABLE 1: Parameters of the two-user channel models used in the
numerical results.

[Kiol |Kirl |Kyl [Korl [Kgol Gﬁiag E Fz FR

Scenario 1 0.3 1.2 0.8 0.6 0.4 1 2 2 4
Scenario 2 0.3 1.2 0.6 0.8 0.4 1 2 2 4
0.9 T T T T T T
0.8 F e
1.2 1.4

FIGURE 3: Achievable rate regions obtained via jointly optimal
power and resource allocation in Scenario 1.

3.5. Summary and extensions

In the previous four subsections, we have shown that the
problem of jointly allocating the power and the channel
resource so as to enable operation at any point on the
boundary of the achievable rate region is quasiconvex. In
addition, we have shown that for a given resource allocation,
a closed-form solution for the optimal power allocation
can be obtained. These results mean that we can determine
the optimal value for r using a standard efficient search
method for quasiconvex problems (see, e.g., [14]). (In
the AF and CF cases, these results are contingent on the
maximum achievable SNR of both direct channels, being
greater than —3dB, which would typically be the case in
practice. Furthermore, since the condition y;P; > 1/2
depends only on the direct channel gains, the noise variance
at the destination node, and the power constraints, this
condition is testable before the design process commences.)

For the particular problem at hand, a simple approach
that is closely related to bisection search is provided in
Algorithm 1. At each step in that approach, we use the
closed-form expressions for the optimal power allocation for
each of the current values of . Since the quasiconvex search
can be efficiently implemented and since it converges rapidly,
the jointly optimal values for r and the (scaled) powers Py
can be efficiently obtained.

In the above development, we have focused on the case of
two source nodes. However, the core results extend directly

--=CE e NDF
-~ RDF

F1GURE 4: Powers allocated by the jointly optimal algorithm in
Scenario 1.

0.9 ~
0.8 S
0.7 + N

0.6 \

04 . N\
03t y N
02 y X

0.1} i N

F1GURE 5: Resource allocation from the jointly optimal algorithm in
Scenario 1.

to the case of N > 2 source nodes. Indeed, the joint power
and resource allocation problem can be written in a form
analogous to those in (6), (8), (9), and (11). To do so, we let
R; denote the appropriate maximal rate for node i from (2a),
(2b), (2¢), or (2d), and we define Dg; = r;Pi, where Py; is the
relay power allocated to the message of node i. If we choose
to maximize the achievable rate of node j subject to target
rate requirements for the other nodes, then the problem can
be written as

max Rj,
Prisri
subject to R > Ripar i=1,2,...,N; i#j,
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FiGure 6: Comparisons between the achievable rate regions obtained by jointly optimal power and resource allocation and those obtained

by power allocation only with equal resource allocation, for Scenario 1.
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(13)

Using similar techniques to those in the previous subsec-
tions, it can be shown that this problem is quasiconvex in
(N — 1) resource allocation parameters. The other parameter
is not free as the resource allocation parameters must sum to
one. (In the AF and CF cases, this result is, again, contingent

on the condition y;oP; > 1/2 holding for all i). Furthermore,
since for a given value of i, the expression R; > R; ., depends
only on ﬁRi and r;, for a given set of target rates for nodes
i#j and a given set of resource allocation parameters, a
closed-form expression for the optimal Pg; can be obtained
(for the chosen relaying strategy). These expressions have a
structure that is analogous to the corresponding expression
for the case of two source nodes that was derived in the
subsections above. As we will demonstrate in Section 4,
problems of the form in (13) can be efficiently solved using
(N — 1)-dimensional quasiconvex search methods, in which
the closed-form solution for the optimal powers given a fixed
resource allocation is used at each step.
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FIGURE 7: Achievable rate regions obtained via jointly optimal
power and resource allocation in Scenario 2.
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FiGure 8: Powers allocated by jointly optimal algorithm in Scenario
2.

In the development above, we have considered systems
in which the relay node uses the same (preassigned) relaying
strategy for each node. However, since the source nodes use
orthogonal channels, our results extend directly to the case of
different relaying strategies, and we will provide an example
of such a heterogeneous multiple access relay system in the
numerical results below.

4. NUMERICAL RESULTS

In this section, we provide comparisons between the achiev-
able rate regions obtained by different relaying strategies with

08} ]
0.7} 1
0.6 N 1

0.3 + N 1
0.2+ S .
\

0.1t O -

F1GURE 9: Resource allocation from the jointly optimal algorithm in
Scenario 2.

the jointly optimal power and channel resource allocation
derived in Section 3. We also provide comparisons between
the achievable rate regions obtained with jointly optimal
power and channel resource allocation and those obtained
using optimal power allocation alone, with equal channel
resource allocation, r = 0.5. We will provide comparisons
for two different channel models, whose parameters are given
in Table 1. Finally, we show that in some cases assigning
different relaying strategies to different source nodes can
result in a larger achievable rate region than assigning the
same relaying strategy to all source nodes.

In Figure 3, we compare the achievable rate regions
for the four relaying strategies, RDF, NDF, CF, and AF,
in Scenario 1 in Table 1. In this scenario, the source-relay
channel of node 1 has higher effective gain than its direct
channel, whereas for node 2 the direct channel is better than
the source-relay channel. Therefore, for small values of R;
one would expect the values of R, that can be achieved by
the CF and AF relaying strategies to be greater than those
obtained by RDF and NDF, since the values of R, that
can be achieved by RDF and NDF will be limited by the
source-relay link, which is weak for node 2. Furthermore,
for small values of R,, one would expect RDF and NDF to
result in higher achievable values of R; than CF and AF,
since the source-relay link for node 1 is strong and does not
represent the bottleneck in this case. Both these expected
characteristics are evident in Figure 3. In Figure 4, we provide
the power allocation DPg, for the four relaying strategies, and
Figure 5 shows the channel resource allocation. (Note that,
as expected, the optimal resource allocation is dependent on
the choice of the relaying strategy.) It is interesting to observe
that for the RDF strategy the relay power allocated to node
2 is zero, that is, ﬁRl = 2Py, for all feasible values of R, a.
This solution is optimal because in Scenario 1 the achievable
rate of node 2 for the RDF strategy is limited by the
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FiGure 10: Comparisons between the achievable rate regions obtained by jointly optimal power and resource allocation and those obtained

by power allocation only with equal resource allocation, for Scenario 2.

source-relay link and there is no benefit to allocate any relay
power to node 2. For the same reason, the relay power allo-
cated to node 2 in the case of NDF relaying is also zero. How-
ever, in the case of NDF relaying, for small values of r, there
is no need to use all the relay power to relay the messages of
node 1, that is, ﬁRl < 2Py, and it is sufficient to use only the
amount of power ﬁRl that makes the arguments of the min
function in (8) equal, that is, Dgi = 2P (y1r — y10)1/(yro(r +
2P1y10)). This can be seen in Figure4 as the (steeply)
decreasing dotted curve that represents the optimal Py, for
the case of NDF relaying. For values of R, in this region, the
average power that the relay needs to use is strictly less than
its maximum average power. We also observe from Figure 5

that the channel resource allocations for both RDF and NDF
are the same. This situation arises because in both strategies
the achievable rate of node 2 is limited by the achievable rate
of the source-relay link. This rate has the same expression for
both strategies, and hence, the same value of 7 will be allo-
cated to node 2. A further observation from Figure 3 is that
the achievable rate region for the CF relaying strategy is larger
than that for AF and the achievable rate region for NDF is
larger than that for RDE This is consistent with the observa-
tions in [13], where the comparisons were made in terms of
the expressions in (2a), (2b), (2¢), and (2d) with r = 1/2.

To provide a quantitative comparison to the case of
power allocation alone with equal resource allocation, we
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Ficure 11: The achievable rate regions obtained by jointly optimal power and resource allocation and those obtained by power allocation
alone with equal resource allocation for three-user system with |Ksg| = 0.6, |K3o| = 0.9, P; = 2, and the remaining parameters from Scenario

2 in Table 1.

plot in Figure 6 the rate regions achieved by joint allocation
and by power allocation alone for each relaying strategy. It
is clear from the figure that the joint allocation results in
significantly larger achievable rate regions. (The horizontal
segments of the regions with r = 0.5 in Figure 6 arise from
the allocation of all the relay power to node 1. In these cases,
Ry tar can be achieved without the assistance of the relay, and
hence all the relay power can be allocated to the message
of node 1.) As expected, each of the curves for r = 0.5 in
Figure 6 touches the corresponding curve for the jointly
optimal power and channel resource allocation at one point.
This point corresponds to the point at which the value
r = 0.5 is (jointly) optimal.

In Figures 7-10, we examine the performance of the
considered scheme in Scenario 2 of Table 1, in which the
effective gain of the source-relay channel for node 2 is larger
than that in Scenario 1, and that of the source-destination
channel is smaller. As can be seen from Figure 7, increasing
the gain of the source-relay channel of node 2 expands the
achievable rate of the RDF and NDF strategies, even though

the gain of the direct channel is reduced, whereas that
change in the channel gains has resulted in the shrinkage
of the achievable rate region for the CF and AF strategies.
Therefore, we can see that the RDF and NDF strategies are
more dependent on the quality of the source-relay channel
than that of the source-destination channel (so long as the
first term in the argument of the min function in (2a) and
(2b) is no more than the second term), while the reverse
applies to the CF and AF strategies. Figures 8 and 9 show
the allocations of the relay power and the channel resource
parameter, respectively. It is interesting to note that for the
RDF strategy, when Ry, is greater than a certain value, the
relay power allocated to node 2 will be constant. The value
of this constant is that which makes the two terms inside the
min function on the left-hand side of the first constraint of
(6) equal. This value can be calculated from the expression
ﬁRz = 2(yar — y20)P2/yro- Figure 10 provides comparisons
between the achievable rate regions obtained by the jointly
optimal allocation and those obtained by optimal power
allocation alone with equal resource allocation. As in
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FiGure 12: Comparison between the achievable rate regions when
using the same relaying strategy for both users and when using
different relaying strategies, for Scenario 1.

Figure 6, it is again clear that the joint allocation results in
significantly larger achievable rate regions. (The horizontal
segments in Figure 10 arise from all the relay power being
allocated to node 1, because the corresponding values of
Ry ar can be achieved without the assistance of the relay.)

In Figure 11, we extend this comparison to a three-
user case. In order to obtain the jointly optimal power and
channel resource allocations used to plot this figure, we used
a two-dimensional quasiconvex search algorithm analogous
to that in Algorithm 1 to solve instances of the optimization
problem in (13). As in the two-user case, a substantially
larger rate region can be achieved by joint allocation of the
power and the channel resource. It is worth mentioning that
the Rs = 0 slice through the jointly optimized region is the
same as that obtained in the corresponding two-user case (cf.
Figure 7). This is because when R3,, = 0, no power and
none of the channel resource will be allocated to the message
of node 3. On the other hand, the R3 = 0 slice through
the region with fixed (and equal) resource allocation will be
smaller than the corresponding region in Figure 7, because
equal resource allocation in the three-user case corresponds
to r; = 1/3. This indicates that as the number of source nodes
increases, so do the benefits of joint power and resource
allocation.

In the above examples, we have considered the case in
which the relay applies the same strategy to the messages of
all source nodes. However, in Figures 12 and 13, we show that
assigning different relaying strategies to the messages from
different nodes may result in larger achievable rate regions.
Figure 12 shows that in Scenario 1, if the messages of node 1
are relayed with the NDF strategy and the messages of node 2
are relayed with the CF startegy, the resulting achievable rate
region will be larger than that of the homogeneous NDF and

Ry
--- CF — AF
---- RDF —«— NDF/CF
"""" NDF —— CF/NDF

F1Gurg 13: Comparison between the achievable rate regions when
using the same relaying strategy for both users and when using
different relaying strategies, for Scenario 2.

CF strategies. If the relaying strategies are reversed, it can be
seen that the achievable rate region will be smaller than that
of both the homogeneous NDF and CF strategies. Since the
NDF achievable rate region dominates the CF achievable rate
region in Scenario 2 (see Figure 7), it can be seen in Figure 13
that both combinations NDF/CF and CEF/NDF provide
smaller achievable rate regions than the pure NDF region.
Therefore, in Scenario 2 NDF relaying for both source nodes
provides the largest achievable rate region. The examples
in Figures 12 and 13 suggest that one ought to jointly
optimize the power allocation, the resource allocation, and
the relaying strategy assigned for each node. Indeed, Figures
12 and 13 suggest that significant gains can be made by doing
so. However, the direct formulation of that problem requires
the joint allocation of power and the channel resource
for each combination of relaying strategies, and hence the
computational cost is exponential in the number of source
nodes. Furthermore, as the achievable rate region of the
overall system is the convex hull of the regions obtained
by each combination of relaying strategies, time sharing
between different combinations of relaying strategies may be
required in order to maximize the achievable rate region. The
approach in [18] to the design of relay networks based on
orthogonal frequency division multiplexing (OFDM) offers
some insight that may lead to more efficient algorithms for
joint power, channel resource, and strategy allocation, but
the development of such algorithms lies beyond our current
scope.

5. CONCLUSION

In this paper, we have shown that the problem of jointly
optimal allocation of the power and channel resource in



12

EURASIP Journal on Advances in Signal Processing

an orthogonal multiple access relay channel is quasiconvex,
and hence simple efficient algorithms can be used to obtain
the optimal solution. In addition, we obtained a closed-
form expression for the optimal power allocation for a
given resource allocation, and we used this expression to
significantly reduce the complexity of the algorithm. The
numerical results obtained using the proposed algorithm
show that significant rate gains can be obtained over those
schemes that apply only power allocation and equal channel
resource allocation. Finally, we provided an example of the
joint allocation of the power, the channel resource, and the
relaying strategy, and showed that this has the potential to
further enlarge the achievable rate region.

APPENDICES
A. PROOF OF PROPOSITION 1

Assume that the solutions to (6) with r = r, and r = 1
are both greater than certain target rate C) . Let x5 and xg

denote the corresponding optimal values of ﬁRl. Then, we
have that

2y1rP 2y10P P
% i {log <1+ )’1;2 1) log (l+7y10 I:YRO Rl)}z Ci tar>

7 P 2920P P
% . {1og <l+yzr 2),log (”W)}Zcm’

(A.1)

for (r = ra,ﬁm = x,)and (r = rﬁ,ﬁRl = xp). The inequalities
in (A.1) can be written as

A 2o, Bl zgly,
where
fi(x) = min {2y1rP1, 2y10P1 + Yrox},
ai(r) = r(2" 1),
fo(x) = min {2y, P5, 2y20P + yro(2Pr — x)}, (A-3)
@) =R - ).

Examining these functions, we observe that f(x) and f,(x)
are both concave functions. By differentiating g;(r) twice
with respect to r we obtain

d’gi(r) 4C1 ar 1D (2)%22Cualr
dr? 3

>0, (A.4)

and hence, g|(r) is a convex function in r. Similarly, we can
show that g,(r) is convex in .

Now, if we consider r, = ury + jirg and x, = px, + jixg,
where y € [0,1] and i = 1 — y, then

fi(x) Zapfi(xa) + ifi(xp)
> ugi (ra) + g (1)
Zhg1(fy),

(A.5)

where a follows from the concavity of f(x) and b follows
from the convexity of g (r). Similarly, it can be shown that

fZ(xy) = gz(fy)- (A.6)

Hence, for any two values of r (namely, r, and rp), if there
exist values of x (namely, x, and xg), such that the conditions
in (A.1) are satisfied, then for any value of r that lies between
re and rg (namely, r, = px, + {ixg), there exists a value for
x that lies between x, and xg (namely, x, = px, + fixg) such
that the conditions in (A.1) are satisfied. Therefore, the set
of values of r for which the solution of the problem in (6) is
greater than a certain target rate Cy 4, is a convex set. Hence,
the problem in (6) is quasiconcave in .

B. PROOF OF PROPOSITION 2

We begin by showing that the function (r/2) log((1+a/r)(1+
bx/r)) is quasiconcave in the variables r and x, where a and b
are nonnegative constants. To do so, we assume that the pairs

(7o Xo) and (rp, xp) satisfy
tlog(( )(1+g))zM,
2
where M is a nonnegative constant. We can write (B.1) as

(B.2)

(B.1)

So(r,x) = go(r),
where

r222M/r

fo(r,x) =1+ bx, o(r) = (B.3)

The function fy(r,x) is a linear function, while the function
go(r) can be shown to be convex function using the fact that

dzgo(”)
dr?
= (2a2229 (¥2(1 — In(2))” + 2arIn(2)(21In(2) — 1)
+In (22 (2 +2a2))) x ((r+a)’r?) ™"
> 0.

(B.4)

Now,if we consider r, = pry + firg and x, =
pe[0,1]and g =1 — y, then

Jo(ry,xy)

pxq + fixg, where

= ,uf()(rmxa) +ﬁf0(rﬂyx[)’)
> pgo(ra) + figo(rg)
Zag()(ry)>

where a follows from the convexity of g, (r). Therefore, the
set of pairs (r, x) that satisfy (B.1) is a convex set, and hence
the function (#/2) log((1 + a/r)(1 + bx/r)) is quasiconcave in
the variables r and x.

By obtaining its second derivative, it is straight forward to
show that (r/2)log(1 + (2y1rP1/r)) is concave in r. Since the
minimum of a concave function and a quasiconcave function
is a quasiconcave function, then we can say that the function

2mln{log(l—i- r , log {1+ .

+log (1 + LOP}H )}
r

(B.5)

(B.6)
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is quasiconcave in r and Pg;. Similarly, the function
7 295, P 2y20P.
%min{log(l-i— )/2’; 2),log<l+ yz; 2)

tlog (1 N VRO(ZPI;— PRI))}

can be shown to be quasiconcave in r and Pg;. Therefore, the
problem in (8) is quasiconcave in r and Pg;. That is, the set of
all pairs (r, Pg;) for which the solution of the problem in (8)
is greater than a target rate C g, that is, the set of all pairs
that satisfy

o 2y1rP; ) ( 2y10P1 )
zmln{log(l—i- r , log 1+7r

P
+log (1 + y)} = Citars

(B.7)

A~ = = (B.8)

o 292, P> ) ( 2y20P> )

2mln{log(l—i- F , log 1+7?

P
+log (1 + wﬂ» > Cytars
is a convex set.
C. PROOF OF PROPOSITION 3
Consider the function
bex
erog(1efe b ),
f(r,x) = rlog +r+r(r+b+cx) (C.1)

where a, b, and ¢ are positive constants and (r,x) € (0,1) X
R... We will avoid the cases where r = 0 or r = 1
because these cases correspond to scenarios in which one of
the source nodes does not transmit. In those scenarios, the
problem is easy to solve because all the relay power and all the
channel resource will be allocated to the transmission of the
message of the other source node. We will show that f(r,x)
is quasiconvex using the the second-order condition for the
quasiconvexity which states that [14] for any vector z such
that zI V£ = 0, if the function f satisfies zI V2 fz < 0, then
f is quasiconcave.

For the function f, we denote the gradient by Vf =
[f;» fi]", where f,, = df/dw. Since Vf € R, the subspace
orthogonal to V f will be a one-dimensional subspace. Since
the vector z = [~ f;, f;]" is orthogonal to V f, then all the
vectors in the subspace orthogonal to V f are parallel to the
vector z. Examining the quantity zT V2 fz, we have that

2
2"V fz = —Af(rr’zx) + Bf(:’x) - (C2)

where A, B, and C are positive quantities that depend on the
constants a, b, and ¢ and the variables r and x. Equation (C.2)
can be written as

(C3)

From (C.3), it can be seen that it is sufficient that 2./AC > B
for the quantity z' V2 fz to be negative and consequently for

the function f(r,x) to be quasiconcave in (r,x). Since both
the quantities 2+/AC and B are positive, we can examine the
quantities 4AC and B, In particular, it can be shown that

4AC - B? = 4(§abcxr2— bcxri—i—?abzrz— bzri+gbr3 - br‘i

Y Y Y

+ 4ab’cx + 10ab’cxr + 2b3cxr + 2a*c*x*r

+6a’b?r + 6abr? + 2a*r’ + 2a*b?
+ 4bac*x*r + 4ab?x? + b*ricx + 2a*b*x?
+4a’r*cx + 8albexr + 4a*b*cx + 2arb?
+2022x%r + 207 2x) X PPt (b + r)?

X (rb+rex + 12+ ab + acx + ar + bex)

x(b+cx+r)"h
(C.4)

The underbraced terms in (C.4) contain the negative terms in
(C.4), each paired with a corresponding positive term. It can
be seen that if a > r, then each of these underbraced terms
is nonnegative. Therefore, a > 1 is a sufficient condition for
4AC > B2, and hence is a sufficient condition for the function
f(r,x) to be quasiconcave.

By making the substitutions a = 2y10ﬁ1, b = 2)/112?1,
¢ = yro, and x = Ppj, the sufficient condition becomes
2y10P1 > 1, that is, if the maximum achievable SNR of the
direct channel of node 1 is at least —3 dB, then the objective
function in (9) is quasiconcave in (r, Pg;). Similarly, we can
obtain that 2y20p2 > 1 is a sufficient condition for the
function on the left hand side of the first constraint in (9)
to be quasiconcave in (7, Pr,). Therefore, the problem in (9)
is quasiconcave in (r, Pg;) if the maximum achievable SNR
of the direct channel of both nodes is at least —3 dB.

D. PROOF OF PROPOSITION 4

Following a similar proof to that in Appendix C, consider the
function

- a be(a+r)x
f(r,x) = rlog (1+ . + r(r2+(a+b)r+c(a+r)X)>)

(D.1)

where g, b, and ¢ are positive constants and (r,x) € (0,1) X
Ri+. Define z to be the vector orthogonal to the gradient
subspace of the function f(r,x), that is, z = [—f, f,]T.
Examining the quantity z” V2 fz, we have that

Ty72 __é 2 E _
z'Vfz = rzf(r,x) + rf(r,x) C,

= —[(vAM - ﬁ)z +(2VAC - B)M],
r r
(D.2)

where of course A, B, and C are different positive functions
of a, b, ¢, r, and x than those in Appendix C.

From (D.2), it can be seen that it is sufficient that
2+/AC > B for 2" V? fz to be negative, and consequently for
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the function f(r,x) to be quasiconcave in (r, x). Since both
2+/AC and B are positive, we can examine

4AC - B*
= 4b°c*r> (20ba’r* — 3bar® +18b*a’r’ — 2b%ar’

~

+L20bcxazr4 - bcxri+§b2a2r4 - bzri

0 Y

+ 7ba’r? — br’” +12a*r*b* 2 x? + 2r° cxb?
—_—

+ 21422 b? + dar*bc*x? + 2aPr4 P

+2rtexb® + 10ar*b?cx + 2a*r°
+24a*r*b?cx + 8ar’b?c*x? + 11a’ bexr
+10a*xcrb? + 8a°r® + 2a°r?
+16a*rbc*x? + 3a’xcrb® + 37a*r*cxb
+16a*x*crb + 9b*r*a* + 5a’xcr’b?
+2a%x*c? + a*r?b* + 8a>xc*rb?
+26a’b?cxr? + 4a*br® + 4a’r’cx
+24a’br’x? + 44a’br cx + 8x*c2a’r?
+12a*r*c?x? + 24a*riex + 5b°r*a?
+ar’bex + 16a’r*ex + 12a*r*
+4ar3bicx + 8a’r® + 2atx*c?b?
+4a°rcx + 8a° 2 x*r + 4a’x* b
+16a’r*cx + 5b°r?a® + 21a*rb)

x (ar+r*+a>+ab+rb) “(cx+r)"

x (acx +rex+ar+rb+12) "
(D.3)

The underbraced terms of (D.3) contain the negative terms
in (D.3), each paired with a corresponding positive term. It
can be seen that if a > r, each of these underbraced terms
is nonnegative. Therefore, a = 1 is a sufficient condition
for 4AC > B?, and hence for the function f(r,x) to be
quasiconcave.

Making the substitutions a = 2y;0P;, b = 2y1rP),
¢ = vyro, and x = Pg;, the sufficient condition becomes
2y10P; > 1. That is, if the maximum achievable SNR of the
direct channel of node 1 is at least —3 dB, then the objective
function in (11) is quasiconcave in (r,Pg;). Similarly, we
can obtain that 2y,0P, > 1 is a sufficient condition for the
function on the left hand side of the first constraint in (11)
to be quasiconcave in (7, Pr,). Therefore, the problem in (11)
is quasiconcave in (r, Pg;) if the maximum achievable SNR of
the direct channel of both nodes is at least —3 dB.
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