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Abstract—We consider a system with a single base station power between all flows it supports. Consequently, a relay th
communicating with multiple users over orthogonal channe$ s pest for a single flow may not remain the best overall. Relay
while being assisted by multiple relays. Several recent wés have  gg|action then becomes a combinatorial problem. In [6], the
suggested that selection, i.e., a single relay helping thewsce, is th tad h hes t imate th d>, fi
the best option in terms of the resulting complexity and ovelnead. au Qrs prgseh ‘_"‘ oc appro_ac esto approx_lma € (he dptima
However, in a multiuser setting, optimal relay assignmentg a Solution with limited complexity. That work did not address
combinatorial problem. In this paper, using the sum rate as the issue of optimal power allocation across flows.
our design metric, we develop a convex optimization problem  Relaying, in the context of cellular networks that has
that provides an extremely tight upper bound on performance received limited attention [10]. In this paper, we develefay

We also provide a heuristic to find a close-to-optimal relay lecti b duct of ¢ imizati bl
assignment. Simulation results using realistic channel nuels S€!€clion as a by-product ol a rate-maximization probiem.

demonstrate the efficacy of the proposed scheme. We try to answer the questiomvhat relay assignment and
power allocation scheme maximizes the sum rate to all the
. INTRODUCTION users? Since solving this original problem has exponential

Traditionally, spatial diversity in a wireless communicacomplexity, we derive an upper bound on this sum rate. The
tion system is harnessed by having multiple antennas at feemulation is a convex optimization problem. We use the
transmitter and/or receiver. However, constraints on epacesulting Karush-Kuhn-Tucker (KKT) conditions to illuate
power and cost might not permit the use of multiple antennady the bound is extremely tight. The bound also leads to a
at the transceivers. In such a situation, multiple distgdu solution of the joint selection and power allocation proble
transceivers, each with a single antenna, can cooperalte vinlike previous works in this area, we answer this question
one another to form virtual antenna arrays, and mimic a mulih the context of a cellular network that has relays insthtte
antenna system. Such a distributed system, unlike multiple aid the users with a poor link to the base station (BS).
located antennas, can also help address large-scale fading The rest of the paper is organized as follows. In Section I,

First introduced by Sendonaris et al. in [1], wherein mobilee describe the system model in some detail. We then formu-
users relay for one another, many cooperation schemes hkate the optimization problem and the upper bound to the sum
been studied till date [1-4]. In networks with multiple ngda  rate in Section Ill. In Section 1V, we show through simulato
the traditional strategy has been to let all the relays fodwathat this bound is extremely tight. The paper wraps up with
their messages to the destination. The work in [2] and [8pme conclusions in Section V.
proposed repetition-based cooperation schemes incldictindy
amplify-and-forward (AF) and decode-and-forward (DF)ngsi Il. SYSTEM MODEL
orthogonal channels (time/frequency slots). Howeverjritav  Consider a cellular network with a single BS, communi-
relays transmit on orthogonal bands is bandwidth inefficiercating with K users, and assisted hy relays, as shown
An alternative proposed is to use distributed space-tinteeso in Figure 1. Each of the users is assigned an orthogonal
(DSTC), but this requires symbol level synchronizationethi channel, over which the BS to user and the relay to user
is difficult to implement over a distributed network. It hagommunication take place. The users are frequency division
recently been shown that all the benefits of cooperativerdivenultiplexed, although the results here also apply to the cas
sity can be achieved with minimum overhead if a single ‘beswith time division multiplexing. The relays in the system
relay cooperates with the source. This scheme is referredate fixed wireless terminals installed solely to aid the BS-
as selection cooperation [5], [6]. Relay selection hasivede user communication. The relays use the DF protocol with
significant attention recently [5-9]. the same codebook as the transmitter. The communication

In the case of a single source-destination pair, choosiag thetween the BS and a user happens over two time slots. In
best relay is fairly straightforward and solved for both O [ the first time slot the BS transmits, while the relays and the
and AF [7] relaying. In both cases, the best relay is the omnser try to decode the message. In the second time slot, one
that contributes the most to the output signal-to-nois@ rabf the relays, chosea priori, re-encodes and then transmits
(SNR). The selection gets significantly more complicated the information it has decoded in the first time slot. The user
the more practical case of multiple information flows. Toystauses the messages received in the two time slots to decode the
within its power budget, a relay must then divide its avdéabtransmitted information.



Fig. 2. The four different relay assignments possible

A Base station o . . .

mizing this allocation with the sum rate to all the users &s th
Y Relay metric to compare different relay assignment schemes. ¢jenc
O User a relay assignment is considered optimal if it maximizes

Fig. 1. A relay aided cellular network K

K
Zldk = Zmin (IS,,‘(dk), IS”‘(dk)dk) , (4)
Suppose usekt-(denoted asly) is allotted to relays (r;). =1 =1

For a system as described above, the maximum rate at Wh\'/\fCIQere,r(dk) is the relay assigned to usés-

the BS can communicate with the receiver with the help 0 ,
; In practice, the number of userk,, would be much larger
the relay is [6] .
than the number of relays]. Hence, a single relay may be
Iy, = min{ILe,, Lora, } (1) required to support multiple users, and to meet its power
1 9 constraint, it must divide its power amongst these useras;Th
Tor; = 2 log, (1 + SNRshar, | ) ’ @) our objective is now to find the relay assignment scheme which
maximizes the sum rate given by (4), and distributing powers
at each of the relays amongst the users it supports to maximiz

where SNR, and SNR, are, respectively, the ratios of thethe sum rate.

transmit power at the BS (denoted ap and the relay to  To formulate a tractable problem, in this paper we investi-

the noise power at the receivér,,, is the channel betweengate a simplified version of the above problem. As mentioned

the BS and relay,; denoted byr;, similarly h, 4, is the earlier, in a cellular network, the data rate bottleneckhis t

channel between relay; and destinationl,. Finally, ;5 is compound source-relay-destination channel, the secand te

the fraction of the total relay power used to communicatéwiin (3). Essentially, we assume that

userk. The factor of% accounts for the fact that the BS-user

cor_nmumcaﬂon happens over t\_/vo tlme_ sldg;b. is t_he rate at Iy, > Ly, Vi k. (5)

which the source can communicate with refaywhile I, 4,

is the maximum rate at which the source can communicate to ] . o )

userk with the help of relayj. Equation (1) ensures that both N Section IV, we examine the validity of this assump-

the relay and the user can decode the message. tIO?{. Using (5), the sum rate to all the users re_duces to
The channels between the BS, relays and users are modelee-1 Lsr(a.)a,- Note that in spite of the assumption, the

using the COST-231 model as recommended by the |[EBglution is not immediate. The fact that the relays divideirth

802.16j working group [11]. The model includes the patROWer amongst the users they support makes the problem

loss, large-scale fading (modeled as a log-normal var)ab@mplex- To illustrate this point, clonS|.der the case W|tl_m tw

and Rician small-scale fading (if a dominant component K$€rs and two relays as shown in Figure 2. Depending on

available in a specific link). The strength of the dominarif€ channel coefficients, any of the four assignment schemes

component is higher for the BS-relay links (assuming that tigould yield the maximum sum rate. The problem at hand is,

BS and relays are placed at some height above the grouHtfrefore, an integer programming problem.

and lower for the relay-user and BS-user links. The existenc We will now state the problem formally. For the sake

of this dominant component is crucial since it suggests thk brevity, let ¢, representSNR,|h.q,|* and p;). represent

all relays would be able to decode a source codeword, ie., ®N\R-|hr,q, %, j = 1,2,...,J. Let oy, be the fraction of

factor limiting the rate is the second tert, 4, in (3). the power of relays used to communicate to uskr-The
optimization problem maximizes the sum rate to all the users

subject to two constraints: only a single relay helps ea@h us
In the model described in the previous section, every usamd each relay must meet a power constraint. The formal
was allotted one of thg relays. This paper deals with opti-optimization problem is, therefore,

1
I q, = 3 log, (1 + SNR;| A, |* + SNRTozjk|hrjdk|2) ,(3)

IIl. PROBLEM FORMULATION AND SOLUTION



to solve the problem. The computational complexity invdive
% J in solving the optimization problem is polynomial iii and
max B —max llogQ 1+ + ijkajk (6) J, and the problem is, hence, tractable for practical valdes o
{ajk} {ajn} =] 2 = K andJ.
such that Vk, ojraqr =0, 7 #1,5,0€{1,2,...,J7) B. Tightness of the bound
K The previous section simplifies the original optimization

Z ajr < 1 v o7, C) problem into a simpler problem that serves as an upper bound.
Using the case of two relays we now show why this upper
ajk = 0, ©®)  bound is tight. With onlyJ = 2 relays, the optimization

where the objective function assumes the relay uses the s&fplem is,
codebook as the source. Equation (7) enforces the selection i, R —
rule allowing only onex;;, term to be non-zero for all relays. {onk,azn}
The remaining two constraints force the power allocated to K q
be positive, but not exceed a chosen threshold. Note that we ~ min  — Y =log, (1 + ¢ + precik + parazk) (13)
. .. {a1k,a2r} 2

cannot use the usual gradient based methods to maximize the k=1
objective function in (6). Furthermore, an inherent asstionp K _
is that the BS has knowledge of the parameters that define the Such that D —1=0,j=1,2% —a; <0.(14)
problem. k=1

The solution to the optimization problem in (6)-(9) isThe Lagrangian of the minimization problem is given by
complicated by the constraint in (7). There are a total/ 6f ({qu,azk} (ALY, {/\2} V1, )
possible relay assignments (each of the users can be adsigne K
to any of the relays) _and each. of these schemes must be tested. _R— Z Aagy, — Z Aaoy,
Once the relay assignment is done, the well known water-
filling algorithm can be used to allocate power at the relays K K
to maximize the sum rate. Hence, an exhaustive search would +11 <Z Q1 — 1) + 2 <Z Ok — 1) ,(15)
involve the solving of/% water-filling problems, and finding _
the maximum among them. Clearly, this is impossible for
realistic values of/ and K. We therefore explore alternative
approximate formulations.

where A\l and \}, k£ = 1,2,..., K are the Lagrange multi-
pliers assomated with the constraint on positive powed an
11 and v, are the Lagrange multipliers associated with the
A. An upper bound to the maximum sum rate constraint on the total power at the two relays. Any solutmn

The objective function of the optimization problem in (6)the optimization problem satisfies the KKT conditions, whic

(9) is concave and the constraints, other than the one in (

are affine. Our strategy to solve the optimization problem in Pik

hand is to ignore the constraints given in (7) and maximizet ¢k + Zz 1 Pik ik

the sum rate subject to the power constraints alone: p”; + A2 =y, Mag, =0, A2 >0. (17)
L+ck + > Pikuik

+ )\]1g =1, A,lgalk =0, /\]1c >0, (16)

K J

max llogQ 1+ck+ ijkajk . (10) Now suppose for somgee {t,.2, ..., K}, a;; anday; are
{age} =2 = both non-zero, then the conditiongay; = 0 and A2ag; = 0
dictate that\} and\? are both zero. From the KKT conditions,
such that a <1 v, 11 it follows that
Z J J (11) no_ v (18)
P1i D2i
o > 0. 12 . .
k= (12) Similarly, if «;; and ay; are both non-zero for somg €
Since we ignore a constraint, the solution so obtained will, 2, ..., K}, then
be an upper bound to the maximum sum rate achieved by h _ " (19)
selection. In the next section we illustrate why this upper P1j P2

bound is tight and in most cases is, in fact, the exact solutio Equations (18) and (19) cannot simultaneously be true
to the original optimization problem. Furthermore, theiopt(unlesspi;/p2; = pij/p2;, Which occurs with probability
mum power allocation vectors to the simplified maximizatiorero). This implies thatvhen the power is optimally allocated,
problem serve as a heuristic to the joint relay assignmedit aR” — 1 of the (a1, aox) pairs have only one non-zero entry,
power allocation problem. and at mostone of the K pairs has two non-zero entries. This

Note that since the optimization problem is how concavdicates that the solution obtained by ignoring (7) cométeq
solving this simplified problem is fairly straightforwarBior close to the solution to the original optimization problem i
example, interior point methods, discussed in [12] can leel ug6)-(9).



TABLE |

For the case of three relays, writing down the KKT condi- PARAMETERS USED INCOST23IMODEL
tions and analyzing them in a manner similar to the previous
case; suppose for Som,e(ali, a2, a?ﬂ,) are all non-zero, then, Parameter Value chosen Parametgr Value chosen
BS height 50m Rooftop height 30m
2 U3 (20) Relay height 50m User height‘ 1.5m
Pri - Pai - p?ﬂ,' _F(equency_ 1GHz Road orientation 90 degrees
Building spacing 50m Street width 12m
This dictates that in all other triplets{, asx, ask), at least Transmit power 20dBm Noise power -120dBm
two of the entries has to be zero.
Now consider the case when for np(a1;, as;, as;) are TABLE Il
. . . PERCENTAGE OF LOCATIONS WHERKD) IS SATISFIED
all non-zero. Without loss of generality, suppose for sgime
a1; andag; are non-zero, and for sonig az, and sy are Distance from| % Distance from| %
non-zero, then, the BS (m) locations | the BS (m) | locations
0-100 93.591 500-600 99.943
o _ 2 Y2 _ v (21) 100-200 99.642 600-700 99.963
p1j D2 Dok D3k 200-300 99.815 700-800 99.977
300-400 99.309 800-900 99.989
These two equations imply that in all other three-tuples 400-500 99.482 900-1000 99.992

(a1k, a2k, a3k), only one of the entries is non-zero. This is
because, if for somé, «y; and a3, are non-zero, then, (21)
would imply, pii/psi = p2;p1i/p3ip2:, Which occurs with IV. NUMERICAL RESULTS AND DISCUSSION
probability zero. Hence, for the case of three relays, attmos

In this section, we verify the validity of the assumption
two of three-tuples can have more than one non-zero entrxh (5) and present the results of simulations to illustrédie t
Generalizing it to the case of relays, at most/ — 1 of the p

tightness of the two bounds developed earlier. The simariati
J-tuples @1, asg, - . ., ay;) can have more than one non-zero

entry. This indicates that if > J — 1, then a large fraction are implemented using the COST-231 channel model. In

. interests of brevity, the details of the model are not preskn
of the users are guaranteed to receive power from only one

i : ere. The details are available in [11].
relay. Note that, in practice, one would expect fkies> J and T ity th tion in (5 id reul I
this condition to be easily satisfied. o verify the assumption in (5), we consider a circular cell,

centered at a BS, of radius one kilometer with four relays
C. Optimal relay assignment and a lower bound positioned at £200v/2m, 200v/2m), i.e., on a ring of radius
400m.3 x 108 user locations in the cell are randomly gener-

Solving the simplified optimization problem in (10)_(122%@ For each location, independent channels are gederate
yields an upper bound on the achievable sum rate, but d ing the COST-231 channel model. The parameters used in

not solve the original problem of assigning users to a sin I . } O o
relay. This is because some of the users are assigned pggigrm()dm are listed in Table I. As shown in Fig. 1, we divide

€ cell into annular rings of radius 100 meters. In Tableél w
%jst the percentage of number of locations where (5) is valid
‘Tt is evident from the table that the assumption we make is
r(dg) = rm if e = max{a;i}. (22) valid whenever the user is farther than 300m from the BS.
J Essentially, for all user locations of interest, i.e., aredere
Once this relay assignment is donkwater-filling problems users have a relatively weak channel to the BS, the assumptio
can be solved for the power distribution at each of the relays valid.
However, we can avoid a second round of water-filling by Our next simulation tests the tightness of the upper bound as
re-using the power allocation vectors derived from theiearl developed in this paper and the resulting heuristic. No& th
step. Note that in such a case, there could be some power taf$ heuristic is our final solution to the joint selectiondan
over at some of the relays. We will see in the next sectigrower allocation problem. Figure 3 plots the upper bound and
that both the upper and lower bounds are extremely tight $am rate achievable by the heuristic (that also acts as a lowe
the point of being indistinguishable in realistic settings bound on the achievable sum rate) for varying valuesg ahd
An interesting aside is that this heuristic also provides & averaged over many channel realizations. The lower bound
lower bound on the original optimization problem of (6)-(9).has been computed by re-using the power allocation vectors
This is because any feasible solution can only be as goodresulting from solving the simplified optimization problem
worse than the optimal solution. (10)-(12) (Refer Section I11I-C). The average signal-taseo
In summary, in this section we have developed, in thatio is set at 30dB. For a fair comparison, the power alledat
context of relay-assisted cellular communications, thevgyo to each relay is set td/.J, i.e., all curves use the same total
optimization problem that maximizes the sum rate to mudtippower. As is clear from the figure, the upper and lower bounds
users wherein each user is assigned to a single relay. The aase indistinguishable. The heuristic, therefore, is amezwely
ciated solution has exponential complexity and we fornadat effective solution to the joint selection and power allomat
a simplified problem that serves as an upper bound anc@blem. By an exhaustive search, we also find the exact
related heuristic that also serves as a lower bound. maximum sum rate for the case with = 2 relays andK

from multiple relays. A simple heuristic, then, is to asségath
such user to the relay with the maximum allocated powet, i



An upper bound(UB) and a lower bound(LB) to the maximum sum rate

for different number of relays(J) 101
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(a lower bound), as a function of the number of users. Noté hioth the
bounds are extremely tight

of number of users, the bound is indistinguishable from the
tnde solution for sum rate. Since this solution can violate
the selection condition, a related heuristic is derivedt tha
of J is infeasible. We include the results in the plot. assigns users to the relay which allocates it the maximum

For our final simulation, we consider a cell of radiys;, POWer- The resulting lower bound is also extremely tight and

with four relays. The users are uniformly distributed in thidistinguishable from the upper bound. Essentially, weeha
outer annular ring, of inner radius.; /2 and outer radius..;, 2" efficient solution to the problem at hand.
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