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Abstract—We consider a multi-source mesh network of static  Recently, the combination of OFDM and cooperation di-
access points wherein sources use decode-and-forward to ceop versity has attracted intense interest. Specifically,csiele of
ate with each other. All transmissions use orthogonal frequency the right relaying node and dynamic allocation of subcarrie
division multiplexing (OFDM). Our objective is to maximize the . i, : . .
minimum achievable rate across all flows. We find a tight upper and p.ower are considered critical. Li and Liu studied the
bound on the performance of the subcarrier-based cooperation capacity of OFDM-based relay networks for both AF and DF
and show that selecting a single relay for each subcarrier is strategies [12] and the problem of maximizing the sum rate
optimal for almost all subcarriers. The solution to the related wijth fairness constraints in a multiple-source multipdéay
optimization problem simultaneously solves the relay, power, and network using a graph theoretical approach [13]. Fairmness i

subcarrier assignment problems. Second, unlike previous works, . S .
we also consider relay selection for the entire OFDM block. imposed by limiting the number of sources a single relay can

This addresses the fact that, in addition to the synchronization help. Ng and Yu [14] used a utility maximization framework
problems caused, it is likely impractical for a relay to only to choose the optimal relay strategy and resource allatatio

decode a subset of subcarriers. We propose three selection-kds in cellular networks. Dai et al. [15] provided outage anisys
cooperation schemes to relay the entire OFDM block with varying of two different relaying strategies in OFDM-based multi-

complexity. Simulation results show that under the COST-231 hob networks and show that potentially choosing a different
channel model, the performance of the simplest scheme almost P P y g

exactly tracks that of an exhaustive search. optimal partner for each subcarrier achieves full divgrsider
while there is no diversity gain if selecting the relay which
|. INTRODUCTION has the highest combined signal-to-noise ratio (SNR). The

Cooperative diversity is a class of spatial diversity tectwork in [16] allows for subcarrier permutation in a coopamat
nigues made possible through relaying. The nodes of a di@twork in context of max-min fairness. Weng et al. [17]
tributed communication network share resources to achigmeoposed a resource allocation scheme in which a group of
the benefits of multiple-input multiple-output systems hwitnodes can share their redundant resources with others.
only a single antenna at each transmitter/receiver. Catiper  All these works deal with the OFDM transmission on a per-
can also help address large-scale fading. Two popularinglaysubcarrier basis, i.e., as if each wereitaglependentransmis-
schemes are decode-and-forward (DF - the relay decodes aimh. This is, unfortunately, not true. Given the impore&mndé
re-encodes the source data) and amplify-and-forward (AE - ttime and frequency synchronization in OFDM, it is unredist
relay amplifies and retransmits its received signal). to expect different relays to relay individual subcarrigrde-

The initial work [1]-[3] has led to much research activitypendently. Furthermore, in OFDM, the raw data is channel
in this area. The most relevant literature here is the work @mcoded before data modulation and the IFFT; DF requires
selection which showed that pairing a source with a singtlecoding all subcarriers. Most of the subcarrier-basesttieh
“best relay” minimizes the overhead due to relaying anddsoiis, therefore, theoretically optimal, but impractical.
the need for synchronization across relays [4], [5]. In mult In this paper, we consider max-min optimization for a multi-
source networks, selection also makes better use of limitedurce multi-destination cooperative OFDM-based sta#shm
power than distributed space time codes [5]. Selection hastwork of access points (APs). Each node is a source as
since been extended to several relaying scenarios [6], [7]. well as a potential relay for other nodes. We begin with

On the separate track, orthogonal frequency division muser-subcarrier selection. It has been claimed that selecti
tiplexing (OFDM) has been shown to be a promising, and the exact power allocation solution [18]. Building on the
increasingly popular, technigue to mitigate the impact aftm work in [19], we show that this is true fanost, not all,the
path fading. In OFDM, data is transmitted in parallel oved-musubcarriers. Using the Karush-Kuhn-Tucker (KKT) conditp
tiple (IV) frequency subcarriers. The key here is the ability twwe characterize an upper bound to the original problem
create the transmit signal using\&point inverse Fast Fourier which leads to the joint relay and power allocation for each
Transform (IFFT) of the data symbols. Furthermore, becausebcarrier. This solution also leads to a simple, heuritt
each subcarrier experiences a different channel realizatiis also a lower bound. Simulations show that the two bounds
resource allocation can significantly enhance perform@8lee are indistinguishable when using the COST-231 [20] channel
[11]. model. We then deal with selection for an entire OFDM block.



from other sources. During the second time slot, only onenod
relays each subcarrier of a source. Finally, the destinatamle
combines messages received in the two phases to decode the
original information.

Consider for now a system where a relay is chosen per-
subcarrier. On subcarriet, with relay [ helping, the rate at
which sourcek can transmit is:

I(g:) = max min {ng"gl , Is(ledk } , Q)
Fig. 1. Cooperative multi-source multi-destination network (n) 1 )
Y, = 3 log, (1 + snry, ) , (2)
We propose a simple selection scheme but with performance I S(Zzldk = %logz (1 + Snr(()z) + Snrl(,?)) , 3)
close to exhaustive search and not much different from per-
subcarrier selection. where, snr(?) = P|h{"|2/(N * Ny) is the received signal-

The rest of the paper is structured as follows. Section th-noise ratio (SNR% of thex'™ subcarrier at relay from
develops the system model for the multiple-source OFDMourcek while snr{ = PIA(Y[2/(N = Ny) and snr(Y =
based network under consideration. In Section IIl the is:fuepl(g)ml(g)p/]vo are the received SNR of theé® subcarrier of
resource allocation on a per-subcarrier basis is investiga  sourcef through the direct and relaying paths, respectively.
some detail. Section IV deals with selection based on ameentj, these expressionsy, is the power spectral density of the

OFDM block. Section_ V presents the results of simulationgnite receiver noiseh,{fl’) is the channel gain between node
that illustrate the workings of the theory presented. $actil k and relayl on the n' subcarrier'hg’;) and hl(;z) are the

concludes this paper. channel gains of source-destination and relay-destimatio
Il. SYSTEM MODEL the n't subcarrier, respectively. The factor @f/2) accounts

for the fact that communication happens in two phaiéK

The system under consideration is an outdoor static M&shhe rate at which source can communicate with relai
network of APs. Some of the nodes are physically connec ile I\ is the rate at which it transmits information to its

1 SEridE
to the internet backbone and are a gateway for other Ad%‘stination node with the help of relayn then'™ subcarrier.

The nodes are installed at some height and have a RiC|an|_ - .
. . ) ) . he overall transmission rate of uskris the sum over all
channel, with a line-of-sight component, to neighboringle® N subcarriers:

(potential relays), but a Rayleigh channel to the destmati N
Each node in the network acts as both a source as well as a Ry = Z Ic(ln)' (4)
potential relay for other sources. In addition, each node ha = "

its own destination which is not within the set &f source

nodes. The system model is illustrated in Fig. 1. Note that the source distributes its power equally ij[@

All transmissions use OFDM within their own frequencys the power that thé" relay allocates to the'® subcarrier of
band, i.e., simultaneous transmissions do not interfedk amode k. Therefore, (1) states that the maximum transmission
even with a half-duplex constraint, a node can receive thate is the rate at which both relay and destination can decod
transmissions fronother sources while transmitting. Becausenformation. Like most other works in this area, in order to
each user experiences a different channel realization o eaake the problem tractable, we assume that all inter-source
subcarrier, power and subcarrier allocation enhancermsystchannels are strong enough that
performance. For each subcarrier, the channel betweene nod
i and destinationj is modeled as a flat and slowly-fading ) > Is(:?«ldk = féff) = Ii:ildk vk, n. )
Rayleigh channel. We assume all inter-node channels v

slowly enough for channel state information to be fed bag‘%s is a crucial assumption justified by the modeling of

with limited overhead, making resource allocation possiblsource-relay c_han_nels as Rician while th_e source-destinat
All APs are attached to a power supply and transmit wit?‘ind relay-destination channels are Rayleigh.
constant and maximum total power &f Joules/symbol. We
consider the DF protocol wherein each relay receives, decod
and re-encodes the information with the same codebook as thés described above, all source nodes can decode each oth-
transmitter, and forwards it to the destination. ers’ data and, from (5), the rate limiting factor is the connpad

We place a half duplex constraint and communication hapeurce-relay-destination channel. This section develibes
pens in two phases. In Fig. 1, the solid arrows indicate tkg firoptimal relay selection and power allocation scheme toesehi
data sharing, stage. The dashed arrows represent the secoag-min fairness, i.e., to maximize the minimum rate across
phase wherein the sources relay for one another. Each sowaitesources. As far as possible, this metric leads to an equal
transmits its data usingy subcarriers and receives informatiorrate for all source nodes. In keeping with its many benefits,

IIl. SUBCARRIER-BASED RESOURCEALLOCATION



we impose selection in the second, relaying, phase. Therefo K K K K ’
the optimization problem we wish to solve is: + Z | P— Z Zpl(;f) + Z Z Z Azknpl(,':), 12)
. =1 k=1 n l=1k=1 n
max min Ry, (6) k£l k£l
(n) 7
Prk where theay, 1, and\jx,, are the Lagrange multipliers asso-
st. Cy: pl(;nlz x Pz(;z =0, Vk,nandly # I, (7) ciated with rate, total power, and positive power constsain
K respectively. For the sake of clarity, assume tRat 3. Any
. -th
C, :pl(:) >0, Vi, kn, Cs: Zngg) < P, vi. (8) solution for the power that nodés and! allocate to.the]t
k=1 n subcarrier of sourcé; satisfies KKT conditions, which are:
ConstraintC; enforces selection by allowing only one node to oL (PEZ')a%mvmn) _ oL (pl(;?’)’ak,m,mn) —0 (13)
devote power to each subcarrier. Constraifiisand C; state op7), apyl) '

that power mtlljlst be r?on.—nggatlve and that the total available pg}:) >0 ap>0, w>0, Apn >0, VI, kn,
power of thel*® relay is limited toP Joules/symbol. )

Due to the selection constraint, (6)-(8) is an, essentially ag(Re —&) =0, Aiknpy,” =0, Vi kn.
intractable, mixed-integer programming optimizationigem. now suppose that both relayks, and!,, allocate some power

One proposed solution [9], [11] separates the power allotat 1 the jth subcarrier of the specified source. Using the KKT
and selection problems. First, subcarriers are selec&ahas conditions and the fact thay,

. . . .. 1kij = )‘lzlﬁj =0
ing equal power allocation; then, power is distributed blase

on this selection. However, with” sources anaV subcarriers, M1 | hl(f;)gl 2 (14)
there areK2N relay assignments to be checked. Therefore, s | hl(J;€ |2'

even this scheme is infeasible for realistic valueshofand ]
K. We build on an alternative approach developed in [19] l.%|mllarly, if the power that these two relays allocate to the

th i i
form an approximate solution that is also an upper bund ° subcar_rl_er of the same source are not zero, using the same
KKT conditions, one can conclude that:
A. Approximate Solution and Upper Bound
Other than the integer constraint in (7), the constrainthén =~
original problem of (6)-(8) are affine. To find an approximate Bz iy
solution we ignore the constraint in (7). Hence, the sofuticequations (14) and (15) cannot be simultaneously satisfied
to the new problem is an upper bound to the subcarrier basgfce channel gains are continuous random variables. Thus,
(UBSB) resource allocation problem of (6)-(8). The reviseghjike in [18], at most one subcarrieof each sourcean be
formulation, stated here in thepigraph form is a concave helped by more than one node in the system.
maximization problem with efficient solvers available [21]  Now, let us evaluate all the possible relay selections in the

h(i) 2
& . | l1ky :2. (15)

max ¢ ) network with four source nodes, where tli¢ subcarrier of
{typg;w} sourcek; is relayed by all other nodes in the system. The
KKT conditions state that:
N K
1 (n) (n) S S 16
Ci: —log, | 14 snry,” + snr —t>0, Vk, ; = i = i : (16)
! Z 2 %82 0 Z Ik [, 12 TR P TR P
o £k

(10) Now suppose that thé® subcarrier of the same source is
relayed through both nodés and/,. Then,

K
Coipy) >0, ik, C3:Y > pi) =P vi. (11) A S—— 17)
k=1 n IO TIONNE
kAl liky loky
The solution to this optimization problem is characteribyd As a result, along with (16), we ha\*ehz(f;)ﬁ 2/ | hz(gz)ﬁ > =
the KKT conditions [21]; the Lagrangian is given by: | hl(f)kl 12/ | hgﬂ |2, which is a zero-probability event.
n) Now assume that none of the subcarriers can be helped with
L (Plk ,ak,m,/\zkn) =t all three relays. As an example, consider the case in which
the j*" subcarrier is relayed via nodg andl, and thei'"
K N K . .
1 (n) (n) subcarrier can be helped by nodie and /3 in the system.
+ Z Ok Z 5 l0gy | 14 snrg,” + Z snry | —t Applying the same KKT conditions, it follows that:
k=1 n=1 =1
7 Y O Y 1
_ . _ _ - |h(J) |2 |h(J) 2 |h('t) |2 |h(%) 2
1t is worth emphasizing that while the solution methodologgetie similar liky l2k1 liky l3ky

to that of [19], both our problem formulation and solution aignificantly th ;
different. The development here, using the epigraph formisiga effective Now, T;‘S)”lz ScharrleT}I?g‘nl2be helped by noddeand!; only

solutions to OFDM-based relaying and allows us to show tklction is a laky

sub-optimalsolution to the resource allocation problem. I PIR 12 TRy IR 1

which happens with zero



probability. Therefore, when two subcarriers are relayéth w To the best of our knowledge, there has been no consid-
two nodesall otherscan be helped by at most one node. eration in the existing literature about selection at theelle
Generalizing this to the network witR” source nodesgne of an entire OFDM block. In a multi-source network, as long
concludes that at mogdt’ — 2 subcarriers of each source canas each relay has to divide its available power amongst all
be helped by more than one relay and selection is imposedallocated sources, the solution to the relay assignmeibigro
(N — K + 2) subcarriers.In practice,N > K which means is not immediate. Unfortunately, both the optimization-for
that a large fraction of subcarriers meet the selectioeroit, mulation and solution of joint selection and power allooati
i.e., selection is theapproximate, though not optimal solution are extremely complicated. Here we separate the problems
to the relaxed optimization problem in (9)-(11). into selection followed by power allocation (via waterfitj)
- . across subcarriers. As in [5], we propose three relay sefect
B. A Heurnistic Algorithm and a Lower Bound schemes with different levels of complexity and compare the
By neglecting the selection constraint, the solution to th@sults in terms of the max-min rate.
problem in (9)-(11) provides an upper bound to that of the
original optimization problem in (6)-(8). Here, we use thié\. Optimal Relay Selection
to develop a heuristic solution to the original problem. We In a network with/X sources where each source can act as
force the (maximum ofK’ — 2) subcarriers that do not meeta relay for other nodes, there af& — 1)% different possible
the constraint to receive power only from the single relaylay assignments. The optimal scheme is exhaustive search
that achieves a higher data rate. Since this is a solution tleger all possible relay selections and pick the one which
meets all the constraints of the original problem, this ®al provides the maximum minimum rate in the system. This is
a lower boundon the subcarrier based (LBSB) optimizatiortlearly impossible for any reasonabfé.
problem. In Section V, we will show that the performance . )
gap between the upper and lower bounds is indistinguishatfe Seduential Relay Selection
As a result, this heuristic approach provides almost thetexa In this subsection, we propose sequential relay selection t
solution to the original mixed-integer optimization pretsi approximate the results of the optimal relay assignmertt wit
with significantly reduced solution complexity. less complexity. Based on this scheme, the first node eesuat
) _ its achievable rate through selecting its best retay, Then,
C. Optimal Power Allocation s9 picksr; andr; nodes with the best and second best relay-
Using (13), the power that relaj; allocates to thej™ destination channels. If its best relay has not been assigne

subcarrier of the source, can be characterized as: to the first node, i.er(s;) # r;, it will be allocated tos,.
G) K M1t Otherwise, considering the fact that its best relay disteb its
L+ snrgy, + le;}l ST 1k available power amongst both sources, it evaluates theofate
pl(jl)c — il _Fh . (19) communication over both compound source-relay-destinati
. 21n 2, A, 2 channels and selects the one with higher rate. This process
No repeats since one relay has been assigned to each source. In

Equation (19) shows that subcarriers which suffer moreenoitahiS scheme K (K — 1) V\{aterfilling algqrith.ms.have to be
or can receive more power from other relays will be aIIocate%)l\_/ed' Although sequenhal relay_se_zlect!on is simplenttree
with less power. Consequently, the solution to the pow«avr—aII_Opt'm""I relay _select|o_n scheme, it is still too complex to be
cation problem in the multi-source network follows muki&l implemented in practice.

waterfilling. Practical algorithms to solve different wdéing . Decentralized Relay Selection

problems are provided in [22]. The decentralized or simple relay selection scheme ignores

IV. BLOCK-BASED RELAY SELECTION all other sources. Each source selects its best relay wih th
gssumption that the corresponding relay distributes itsepo

The optimization problem and solution detailed so far is i X >
equally over all subcarriers afly that sourceln particular:

keeping with existing literature. It allows different sabders
within .an OFDM block to be helped by different relays. ;. — . if

This is problematic for two reasons. One, while not exgicit N ) 12
stated, most of the previous work assumes a relay can treat P h’rjk |

each subcarrier as an independent transmission. In DRtbase m=atg max z_: logy | 1+ N x Ny ’
relaying, the decoding constraint is at the level of a sufemar =t

e.g., (1). However, in OFDM, the data is first protected by aherer; is the relay assigned to node j € {1, ..., K}, and
channel code, modulated and then a blockNofsubcarriers j # k. With each source having selected the relays, the relays
is formed. It is not possible to decode information withoutllocate power, via waterfilling, to the assigned sources.
receiving and decoding an entire OFDM block. Second, prac-Note that since each source picks its best relay inde-
tical OFDM systems depend heavily on accurate time apéndently of all other source nodes, this scheme can be
frequency synchronization. This would be extremely difficuimplemented in the decentralized manner. In a network With

in a distributed mesh network. source nodes, onl)K water-filling problems need be solved.

(20)
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Fig. 2. Minimum rate across all potential sources of différemoperation Fig. 3. Minimum rate across all potential sources of différemoperation

strategies in “Equal Average Channel” scenario wifkr3 and N=16. strategies in “Unequal Average Channel” scenario with Knd &l=16.
TABLE |
V. SIMULATION RESULTS PARAMETER VALUES IN COST-231

In this section, we present simulation results to evaluate Parameter| Value Parameter | Value
and compare three resource allocation algorithms in differ AP Height | 15m Frequency | 3.5 GHz
scenarios. They are subcarrier-based relay selectiowk-blo Building Spacing| 50m | Rooftop Height | 30m
based relay selection, and direct transmission (no cotipeja Destination Height| 15m | Road Orientation| 90 deg.
All inter-node wireless channels are modeled as frequency- Street Width | 12m Noise PSD 174 dBm

selective channels consisting of four resolvable pathsoAl
16 subcarriers are used. We consider two different geoesetri
in the first scenario, all inter-node channels are mdepmhdg)o er. The wireless channels are simulated using the COST-
and have equal average power. The second case is more Eﬂ/ . .
- S : channel model recommended by IEEE 802.16j working
istic, where nodes are distributed in the space randomly and

. . . oup [20]. This approach models both large and small scale
channels are characterized by node positions in the netwaik,. . ;
. ading. Parameters chosen for this model are summerized
Therefore, inter-node channels have uneven power. To so.

v . S

the relaxed optimization problem, we us8dX, a package for N Table 1. The variance of the Iog-normgl fading is set to
o . 10.6dB. We generate random node locations over an square

specifying and solving convex problems [23], [24].

area of 0.04 square kilometers. We fix the transmitted power
A. Simulation Results for Equal Average Channels of each potential node to [26, 28, 30, 32, 34] dBm. Results are
Our first example uses three APs with all inter-node chafYeraged over both source locations and channel realizatio

nels having the same average power. Fig. 2 plots the minimunfid. 3 plots the max-min achievable rate across all APs
rate across all users for different values of SNR. As se@Rd compares the performance of various resource allocatio
in the figure, the upper and lower bounds (the heuristic) a#éhemes. From the figure, the performance gap between LBSB
indistinguishable. Furthermore, given the additionalibgity ~and UBSB is, again, negligible. This proves that the heuwrist
of subcarrier-based cooperation, both outperform blaased Method to find the solution of the original convex optimiza-
resource allocation schemes. Note that at higher valuesti@f Problem is almost exact. Furthermore, we compare the
SNR, direct transmission outperforms all cooperation thaserformance of block-based schemes. Not surprisingly, the
protocols. This result validates the fact that cooperaiion OPtimal relay selection method outperforms the other two
meaningful only when the relay-destination channel can-corfchemes. Simple relay selection closely tracks the seiient
pensate for the factor of1/2) due to relaying over two 'elay selection method, but with significantly less comjtiex
time-slots. Finally, for the block-based selection schethe This result indicate that simple relay selection scheme can
optimal and sequential schemes perform significantly betf@e implemented in decentralized manner without significant
than the simple selection scheme. performance loss. Moreover, direct transmission has thstwo
performance which validates the fact that relaying can eoha

B. Simulation Results for Un-Equal Average Channels  the minimum rate of the system in this realistic scenario.

In this subsection, we provide simulation results in theenor Fig. 4 illustrates the importance of node locations on
realistic scenario where nodes are randomly distributed time performance of different transmission/resource atioo
the network. Thus, inter-node channels have differentameer schemes. This example simulates a single source-destinati
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Fig. 4. Source transmission rate in a single source-de&tmatir network
with two nodes act as relays afd=16. (8]
[0l

pair with two relay nodes in the system. The source-destinat
distance is fixed t0.21/2 km. Relays are located on both sideg; g
of source-destination path. Results are averaged overelift
channel realizations. Clearly one wants the relay closé¢o {11]
destination; however, note that this may impact on the as-
sumption that the relay can always decode. Simulation t®suilL2]
show that relaying schemes outperform direct transmissi@g]
whenever relays are located between the source and destina
nodes. While the upper bound on subcarrier-based selection
outperforms block-based selection, the performance loss f14]
this more practical approach is surprisingly small.

[15]

VI. CONCLUSION [16]

This paper investigates resource allocation algorithms faz
cooperation in a multi-source OFDM-based network. As has
been shown earlier, selection cooperation has many acgmta[lg]
in distributed networks, especially minimizing overhead a
avoiding issues of synchronization. We set up the undeglyin
problem with a selection constraint on each subcarrier
ensure max-min fairness across all sources. Since thisdmixe
integer programming problem is computationally complex20]
we relaxed the selection constraint and formulated a cony, X
optimization problem that provides a tight upper bound. We
showed that selection is violated in only — 2 of N subcar- [22]
riers. This in turn leads to a heuristic solution to the aradi
problem and a tight lower bound. [23]

A second contribution in this paper is to formulate block-
based selection for a multi-source network. Block-based g6y
lection avoids issues of synchronization in OFDM-based net
works. We proposed three cooperation schemes with vary-
ing complexity. Simulation results reveal that the simples
distributed, scheme offers computational benefits compare
other proposed schemes, while resulting in negligibleqgverf
mance loss.
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