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Abstract— Capacity and coverage of a Frequency Division
Multiple Access (OFDMA) network can be greatly enhanced
by dynamically allocate the radio transmission resourcesBy
including the radio resources of cooperative nodes and takig
into account the fairness issue, we present a simple subopial
solution to the problem of radio resource allocation in relgy-
based OFDMA cellular systems. We restrict our investigatio to
a single-cell system with several cooperative relay statis and
mobile stations (MSs). An IEEE 802.16e-like TDD scenario is
assumed and only the uplink transmission with the base statin
(BS) handling the resource allocation is of concern. We propse
two suboptimal algorithms that assign power, subcarriers ad
cooperative relay stations to a group of MS’s to meet their Q8
and minimum rate requirements. Our low-complexity solutions

maximize the sum rate and a fairness index while satisfies the

QoS and total transmit power constraint. Numerical resultsshow
that the proposed algorithms provide robust fairness and akieve
near optimal sum rate performance.

Keywords- Orthogonal Frequency Division Multiple Access
(OFDMA), relay, resource allocation, Cooperation.

|. INTRODUCTION

improve the performance and extend the coverage range of a
wireless link. Capacity and throughput can also be enhanced
through proper cooperative resource sharing and schedulin
among nodes within a network. Both decode-and-forward (DF)
and amplify-and-forward (AF) relaying have been invedtga

The choices of the relay scheme and the cooperative nodes
often depend on the relative locations of the nodes involved
and the corresponding link qualities. AF is a better choice
when the topology is such that the received signal-to-noise
ratio (SNR) at the relay node is high enough to yield sufficien
small decoding error rate and the relay-to-destinaticadiain

is no worse than the source-to-destination gain. The power
allocation of OFDM based DF scheme is proposed in [2]
where the authros also discusses under what condition(s) a
relay should be used. The reception quality and transnmissio
range can be enhanced by incorporating cooperative relays a
a transmission option. Motivated by the potential advaesag
some multi-hop schemes and their performance gains have
been investigated by many and IEEE has formed a task force to
develop multi-hop relay specifications for 802.16 air ifaee.

The problem of resource allocation in conventional OFDMA
systems or in relay-aided OFDMA system has been intensively
studied. Weighted sum rate maximization (WSRmax) and
weighted sum power minimization (WSPmin) problems were
considered in [3]. The two optimization problems are solved
by employing the Lagrange dual decomposition method. A
centralized utility maximization framework was considéie
[4]. By introducing a set of pricing variables as weighting
factors with the goal of maximizing the utility function of
the application layer, the authors solved the optimization

Due to its robustness against frequency selective fadiofjphysical-layer transmission strategies (relay stiate@nd
and its flexibility in radio resource allocation for meetingesource allocation) in an efficient manner. Algorithmssiob-
various QoS requirements, the Orthogonal Frequency Divisicarriers/time allocation on a relay-based OFDMA system for
Multiple Access (OFDMA) has been adopted or consideretifferent frame structures such as time division or freaqyen
as a candidate multiple access scheme for future wide addgsion can be found in [5]. Fairness aware adaptive resmur
broadband wireless networks that support a wide variety allocation in a single-hop OFDM system was considered in

services. OFDMA exploits multi-user diversity in time-yarg

[6], [10]. They imposed the proportional fairness constir#o

frequency-selective fading channels by assigning a stbcarensure that each user achieve a required date rate. Li and Liu
to the MS with the best channel gain [1] and by schedulif@] used a graph theoretical approach to solve the resource

the transmission of user data opportunistically.

allocation problem for OFDMA relay networks with fairness

Recent investigations have shown that if suitable coordineonstraints on relay nodes by transforming the problemanto
tion among nodes in a wireless network is in place, a relajnear optimal distribution one.
based cooperative communication scheme can significantlyin this report, we presents low-complexity resource alloca



tion schemes for an OFDMA network with an aim to maximizevherez;, represents the data sent by thtd MS andn(n, k)
the overall sum rate with fairness and QoS constraints. Wethe additive Gaussian noise for the corresponding lile T
regard subcarriers, relays and transmission power as pariassociated achievable rate in bits/sec/Hz is given by
the radio resource so that the problem of resource allatatio Peln. 2
becomes that of relay selection and subcarriers and power Rsp(n, k) =log, |1+ s(n, k)] SQD(n’ ) 2)
assignments. The organization of this report is as follows. Lo

The following section describes the system model and @laighere ' ~ —In(5+«BER)/1.5 is the signal-to-noise ratio

assumptions for the problem of concern and the resultingnR) gap related to the designed BER [9]. The inclusion
problem formulation is given in Section Ill. The proposegs 1 in (2) (and other related rate-power equations appear in

algorithms are presented in Section IV. Numerical results agpsequent discourse) has implicitly imposed the userS Qo
discussions are provided in Section V. Finally, Section Vrlequirement. Rearranging (2) yields

summarizes our major results.

T'o?
|hsp(n, k)[*

We consider anN-subcarrier OFDMA system in which Since we allow a source (MS) node to be active for both
there is a BS,M fixed relay nodes, and( MS’ randomly phases, a fair comparison on the achievable rate should be
distributed within a cell. Assume that uplink channel stateeasured in a per time slot basis, or with respect to the
information is perfectly known to the BS which also knowsotal consumed energy. For convenience, we shall normalize
the minimum rate and QoS (bit error rate) requirements aftime slot to one so that henceforth the consumed energy
the MSs. The BS, acts as a central control device, will cari§ equivalent to the consumed power. Because the channel
out all resource allocation operations, including colfegt states are assumed to remain the same during any two time-
link information, appropriating resources, and informM&’ slot period, the power allocated to the direct link on eaoteti
about their assigned resources. Similar to the converitiostot should be the same. The power (consumed energy) for
relay-based cooperative communication systems, we asaum&o OFDM symbols can thus be expressed as
two-phase (time-slot) transmission scheme with perfetnt o2
synchronization among all network users. Each subcarrier Pp(n, k) =2 (2R(”’k)/2 — 1) %
suffers from slow Rayleigh fading so that there is no change |hsp(n, k)|
of the channel state during a two-phase period. A data stre@ffere P (n, k) is the power needed for the direct link, and
from a source user must be carried by the same subcarrierﬂa@l, k) is the rate achievable by the system for a duration of
matter it is transmitted by a source node or a relay node. two symbol intervals. Similarly, the signal carried by thea

The transmission pattern is half-duplex such that a M&bcarrier and received by theth relay for thekth MS is
transmits while the relay and the BS listen (receive) in ttst fi given by
time slot. In the second phase, the relay stations tranerttiet
BS while the source MS’ send new data packets via direct links Ysr,, (n, k) = hsr,, (n, k), +n(n, k). )
without relaying. This transmission protocol was discdss?
in [8] and was shown to be more throughput-efficient thal
the conventional protocol with which a source MS remairfs
idle in the second phase. Only the decode-and-forward (DF)R B -1 1
cooperative relay scheme is considered and the maximum-: "= (n, k) =log, |1 +
ratio-combining detector is employed by the destinatio8)(B
node, assuming perfect decoding at the relays.

Ps(n,k) = (2RSD<"=k> - 1) 3)

Il. SYSTEM MODEL

(4)

the first phase, théth MS sendse;. to themth relay with
achievable rate of

Psg,,(n,k)|hsr,, (n, k)?
To2

} ©)

or equivalently, this source-to-relay (SR) link rate caydre
achieved if the source power is greater than or equal to

IIl. PROBLEM FORMULATION o2

. . . o e D
Let us denote byhsp(n, k) the fading coefficient (gain) |hsr,, (n, k)|

for the channel (link) between theth source MS and the Relay nodes transmit the data packet to destination in the
BS on the subcarrien, by h.rp(n,m), the fading coefficient second phase. The destination node receives two scaled pack
for the channel between theith relay and the BS on theets containing the same data stream and combines them by
subcarriern, and by hsr,,(n,k), the fading gain for the the maximum-ratio-combining (MRC) scheme. The achievable
channel between M8 and relaym on subcarrien. The corre- \MRC rate of thekth user on subcarrien with the help of
sponding transmit powers and received signals are dengtedjarfectly decoding relayn is
Ps(n, k), Pr(n,m), Psg,, (n,k) andysp(n, k), yro(n, k), Ry (n, k) = log,
ysr,, (n, k), respectively. During any given phase we have for
the source-to-destination (SD) link

Psg,, (n, k) = (QRSRm(n,k) B 1)

1 + PSRm (TL, k)|hSD(TL, /{)|2 + PR(TL, m)|hRD(n,m)|2
T'o?

ysp(n, k) = hsp(n, k)xg + n(n, k) Q) (8)




The corresponding minimum required relay power is thus., at least one of the candidate composite link shoula hav

given by a link gain greater than that of the direct (SD) link. Assugin
the optimal power ratio (15), we can show that a necessary
RpR,, (n,k) _ 2 _ 2 L. . . .
Pr(n,m) = (27 1)F|Z (PSRTSI|(2"’k)|hSD("’k)| and sufficient condition for a single-relay system is
n,m
fip (9) 9SR,, — 9D 9RwD — 9D _ 9R.. — YD >~ (19)
The total powerPg, (n, k) = Psg,, (n,k)+ Pr(n,m) for 9SRwm + 9YR,.D — 9D b b
the composite direct-plus-relay link is wherey = 22018 and the link gains’ dependence on the
_ (9Rn, (nk) _ 9 [ 1 pair (n,k) is omitted for the sake of brevity. For multiple-
Pr,, (n, k) = (2 1) oy hs R (,K)]2 relay systems, (19) becomes
1 _ |hsp(n,k)|? _ .
st~ T | (10) max ZBm — 9D el 1 Gy > (20)

Define the link power gaingjp (n, k), gsr(n, k), grp(n, k), » . )
and gr. (n, k), for the direct, component and the compositg verifiable that the conditions (18) and (20) are equivalén

links by Pp(n,k)ap(n, k)/2 < 1.
The achievable sum rate of the system over a two-symbol
gp(n, k) = |hsp(n,k)|? interval for a subcarrier/power allocation is thus given by
9r,.p(n.k) = |hg, p(n, k) (11) K
Z Z Pk 10g [1+ Pr (ni) (. k)R, (0 (1, k)]
and k=1 \neSr
_ 9SRm(: k)gR,.0 (1, k)
IR, (TL, k) - ngD(n’ k) + SR, (n’ k) _ gD(n’ k) (12) + Z 2pnk 1Og [1 + PD (TL, k)aD (TL, k)/2] (21)
neSp

and the corresponding link gain-to-noise ratios (GNRs) by where Sp and Sp are the sets of relayed and un-relayed

an(n k) = gp(n, k) asn. (n,k) = 9sRr,, (1, k) subcarriers, andn(n, k) denotes the relay node used for the
DAL o2 ~’ SR AT B = To2 subcarrier(n, k). pnx is the binary valued indicator function
gr, p(n, k) hg, (n, k) which signifies if subcarrien is allocated to MSk and is
ag,,p(n, k) = T Io2 ; R, (n,k) = To2 (13)  nonzero and equal to one only if the latter condition is valid
" _ " Following [10] we define the fairness indek, as
for all n andk. Using the above notations, we can express the )
achievable rate for the relayed link as (ZK Ry )
k=1 Rk min
R(n,k) = min{Rgr,, (n, k), Rr,, (n,k)} (14) KK ( R )
Y1 (R

The optimal power allocation is such thd@sg,, (n,k) =

SO . hereRy, ,,.in IS the minimum required rate for MBand R
Rg,, (n, k), which implies the power ratio W h ! nimuy aul ;

is the achievable rate computed by (21) for a given subcar-

Pr(n,m)  gsr,,(n,k) —gp(n, k) rier/power allocation. With the above definitions and dediv

Psg. (n,k) gr, p(n, k) (15) relations, we formulate the resource allocation problerthas
For the conventional DF scheme, cooperative relay is benerle-Ctor (multi-criteria) optimization problem
cial if it offers a higher achievable rate with the same power maximize R, F]T (23)
or, equivalently, the composite link should require lesa/@o subject to
to obtain the same achievable rate. (2), (6) and (8) imply tha
this happens iff Z pnklog [l + Pr,, (n,k)ar,, (n, k)] + Z 2pn.k
neSr neSp
gr..D(n;k) > gp(n,k) log[1+ Pp(n,k)ap(n. k)/2] > Rkmin, ¥k (24)
max n, k) > n,k 16 K
1a gSRm( ) gD( ) (16) an.’k —1, pur€ {0’1} Y kon (25)

The above conditions are necessary but not sufficient for k=1

the DF scheme under consideration, which gives another %
necessary condition YUY Pr.(nk)+ > Po(nk)| =Pr
k=1 LneSR neSp
9R,. (0, k) > gp(n, k) (17) Pp(n,k) >0, Pg, (n,k)>0, Vkn (26)
or, if multiple relay nodes are available Constraint (24) guarantees that the minimum rate requinésne

def Ry min, are met. Constraint (25) implies that a subcarrier
Max gr,, (n,k) = gr(n, k) > gp(n, k) (18) serves only one user such that there is no inter-subcarrier



interference. The total transmit power of the BS and reldfie relay link is chosen, the correspondings also recorded
nodes is limited by the constraint (26). The object of assign and the partition{.Sp, Sr} of the subcarriers becomes
subcarriers and relays to all MS users with a proper powe§

distribution to maximize the sum rate and fairness index is &”
mixed integer programming problem. Instead of trying to findSz = {nlgr,.(n,k) > gp(n, k) for somem andk}

a polynomial-time optimal solution (which is very difficult (30)
if not impossible), we propose low-complexity suboptim
algorithms that offer near-optimal performance for thebpem
in hand.

= {nlgr,, (n,k) < gp(n,k) for all m and somek}

aIl—'or Algorithm B, the relay selection rule of (28) implies tha
geLc(n, k) is to be computed by
geLc(n, k) = argmax (31)
IV. PROPOSED ALGORITHMS g
Two_suboptlmal algorithms to solve thg ab_ove resour Prgp(n, k) Prgr, (n,k)
allocation problem (18)-(21) are presented in this sectimm  |2log | 1 + ——=—5— | ;max log | 1 + ——=—5—

. . . 2NToz m NTo2
convenience, we refer to these two algorithms as AlgoritAms ) ) )
and B, respectively. Algorithm A consists of four steps whill-€., We calculate the rate associated with each subcarrier
the other algorithm (Algorithm B) has three steps only. St2p for both t_he direct link and all C_andldate composite links
and 3 for both algorithms are the same. The difference betwd®y assuming an equal power assignmefit,/ NV, among all
the two algorithms is the first step. The last step of Alganith Subcarriers and all links. The ELG is the link gain of the
A is to fine-tune the relay allocation. Each source node c#Rk with the largest rate (among the direct and all candidat
have multiple cooperative relay nodes which are determimedcomposite links). The optimal relay node.,. (., k), for each
a per-subcarrier basis. However, each subcarrier is litoe (7. k) is given by

have at most one relay node but the local optimal relay node Prgg,, (n, k)

(for a particular subcarrier) is always selected for coapees Mopt(n, k) = argmax log |1+ T NToZz

DF transmission. = argmax Gy, (n, k) ! (32)
One first decides for each subcarrier and each user whether m

relaying is needed. If one decides that subcarrieof MS s recorded. The corresponding subcarriers partifisp, Sp}
k needs relaying one then find the corresponding optimal
relay nodem. (20) indicates that this two decisions can and

should be jointly made. It, however, also implies that to mak =~ °P = {7|Gm(n,k) <~ for all m and somek}
such decisions we need to know the allocated power which Sk = {n|G..(n,k) >~ for somem andk}
unfortunately is still unavailable at this stage. AlgonithA (33)

solves this dilemma by using the small signal approximation
(18), i.e., the selection or non-selection of relay nedéor
aiding MSn’s kth subcarrier is determined by

We then proceed to assign subcarriers basegor; (n, k).
The assignment order for subcarriers is determined by (in
ascending order)

mo = argmaxgr, (n,k), if gr, (n,k)>gp(n,k) o' = argmax (m;?X gprc(n, k) (34)

m = 0, otherwise (27)
We uses a constraint-relaxation approach that begins with
m = 0 means no relaying is needed fo#, k) and only the a unstrained (fair) initial virtual allocation which givesl
direct link is used. Algorithm B, on the other hand, invokegsers the opportunity to access all subcarriers. The stibcar
the tentative equal power assumptié (n, k) = Pr/N so allocation process consists of a series of deletion dewsio

that the relay selection rule is given by that gradually reinstall the original constraints. Defihe Rate
. Py Differential Index (RDI)A as:
m = arg méi.X Gg(n7 k), if Gm(n, k) > W A(n/ k) _ Rn’,k,l _ Rn’,k,Q (35)
m = 0, otherwise (28) ’ Ry k.2 — Ri.min

After finishing the paringd(n, k), m), for all two-tuples(n, &), where R,/ ;1 represents the virtual rate associated with the
SO ) )

one computes the corresponding effective link (power) gaf@Se that subcarrien” is indeed assigned to M$ while

(ELG) gprc(n, k) if m > 0. To begin with, both algorithms Rn/7k72 is _the virtual rate for the case when subcarrig¢r

have to calculate/p(n, k) and gr, (n, k) via (11) and (12). 'S not assigned to M%. The numerator of (35) represents

For Algorithm A, we computeyzr.c(n., k) for each(n, k) by the loss incurs When_ the latter sc_engr_io occurs and can be
used as an relevant index for maximizing the sum rate. The

gera(n, k) = max |gp(n, k), maxgg, (n, k:)} (29) denominator of (35) is needed to maintain the fairness among

m all MSs as the MS whose surplus rate is low has a larger

which compares the link gains of the direct link and alprobability to secure services from more subcarriers. Our
composite links and selects the largest one as the ELG.slibcarrier allocation strategy computes the virtual r&es; ;



and R, 1 » at each stage and assign subcarnieto the MS 125

with the maximumA(n/, k), i.e., ol —o— e
—=— Algo.B
arg Hl]?X(A(n/7 k)) (36) ” —+— MAS Algo.

T

The subcarriers are allocated one-by-one until all areyassi.
Given a subcarrier allocation, we conduct a water-filling

: wSM\;
procedure to compute the corresponding rate for each user. ]
In case there are users whose rate requirements are not met, i ]

we proceed to the rate-balance step. Since at this stage most os|
users have been given enough subcarriers that provide more

than their rate requirements, we select the user with theelsig * 5 comarat o125 orom ey 20

surplus rate and reassign its least gain subcarrier to theeuk

user. This process continues until all the users’ rate €aim$$ rig »  comparison of the sum rate performance for the pregpatgorithms
are satisfied. Algorithm A goes one step further. We obsersmd the AS algorithm; 2 MSs, 3 relay nodéé,= 8, Py = 80, BER = 0.001.
that, for each(n, k, m), there is anR,(n, k, m), obtained by

equating the right hand sides of (4) and (10), beyond which

sum rate (bits/2 OFDM symbols)

it is more beneficial not to use the relay link. Since the rate I S—
carried by each assigned subcarrier is known now, we check 095f
each relayed subcarrier by comparing the required diredt an ool 1

composite link powers for the same allocated rate and select
the link whose ELG is given by

2

0.85 //
f
. /

fairness index
o
=]

gerc(n, k) = max

gR(na k)v gD(TL, ki

(2R(nak)/2 + 1) —<— optimal
7) 0.7F —=— Algo.A
—%— Algo.B
Whel’e 0.651 —*%— MAS Algo. | |
0.6 - - ;
= _ = 0 5 10 15 20
IR (TL7 k) IR (n’ k) |m7mom » Mopt arg mw%x 9Rm (n’ k) rate constraint (bits/2 OFDM symbols)

(38)
After examining all relayed links and making necessary linkg. 3. comparison of the fairmess performance for the pegalgorithms
switches, we compute the corresponding sum rate and fairna®l the AS algorithm; 2 MSs, 3 relay node¥, = 8, Pr = 80, BER =
index. The resulting algorithms are summarized in Tablesll a0-001.
I, respectively.

V. NUMERICAL RESULTS AND DISCUSSIONS equal angular spacing. The probability density functiodf)p
of the MS locations is given by [11]

P = :—éexp [—§ (T—O)j . (39)

0.01

0.009 -

4 \r

wherer > 0 is the radius. The pdf withg = 150 m is plotted
in Fig. 1. Each transmitted signal experiences attenuatitn
a path loss exponent value of 3.5 and, in any direct or relay
link, each subcarrier suffers from independent Rayleiglirig.
For the convenience of comparison, we normalized the link
gain with respect to the worst-case gain correspondingeo th
longest link distance. We sef: = 1. 4 x 10° simulation runs
. - s = = — - were carried out to estimate the performance. We compare
" the sum rate and fairness performance of our algorithms
with that of the Awad-Shen (AS) algorithm [12]. Because
Fig. 1. The probability density function of the user locatidistribution; the AS algorithm considers amplify-and-forward coopemti
ro =150 m relay and allow each source to use at most one relay node,
we modify it so that the comparison with ours is as fair as
Numerical performance of the proposed algorithms is prpessible. The modified AS algorithm is listed in Table III.
sented in this section. We consider a network with four MS In Fig. 2 and Fig. 3 we compare our algorithms to optimal
nodes that are random distributed within a 120-degreesectsum rate and the algorithm in [12]. We consider the system
of the 600-meter radius circle centered at the BS. The relagntains 2 MSs and 3 relay nodes. The number of subcarriers
stations are placed on a circle with a 200-meter radius withage 8, the total power is 80 here and the BER is 0.001. We

0.008

0.007

0.006

p(r)

0.005 -

0.004 -

0.003

0.002

0.001 -




1250 : : : : ‘ ‘ VI. CONCLUSION

—— Algo.A
—=%— Algo.B
—+— MAS Algo.

mo\ Cooperative relays provide additional transmission oppor
tunities and offer the potential to improve overall system
f capacity, throughput and the coverage range of a BS. It & thu
natural to regard relay stations as part of the network resto
msom source and their allocation should be considered in cotijpmc
with other conventional radio resources to optimize theesys
‘ ‘ ‘ ‘ ‘ ‘ performance. We have proposed two algorithms that maximize
O aeconsuamt iz OFDM symbals) the sum rate and fairness while meeting the individual aser’
minimum rate requirement. No optimal solution to the prable
Fig. 4. Sum rate performance of the proposed algorithms aedAS discussed here is known, and our computational complesity i
algorithm; 4 MSs, 3 relay nodesy = 128, Pr = 128, BER = 0.001. much less than exhaustive search. Numerical results iredica
that our low-complexity algorithms not only achieve 94% of
the optimal sum rate but also provide very robust fairness no
‘ ‘ ‘ ‘ ‘ ‘ matter what the minimum rate constraints are. The proposed
W algorithms also provide powerful allocation to meet thehhjig

0.9
minimum rate constraints for all users.
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Table I: Algorithm A Table 11l : The Modified Awad-Shen Algorithm

Stepl forn=1:N Satisfy sources’ rate requirements
for k=1:K while K # () do
if gr, (n,k) > gp(n,k) n < random(N)
m = argmaxy gg, (n, k) * = arg, max R(k,n)
else Ng+ — NpU{n} N < N\ {n}
m=0 RF" = R¥ + R(k*,n)
end while R¥" < Ry in do
Computeggra(n, k) n* = arg,, max R(k*,n)
end Ni+ — Np,.U{n*} N «— N\ {n*}
end RF" = RF" 4 R(k*,n*)
Step 2 Decide the assignment ordef end while
for n’ = 1: N N« N\ Ng- K« K\ {k*}
ComputeA(n'k) end while
k* = argmaxy (A(n', k)) Allocate remaining subcarrier
N — N U {n'} while N # () do
end k* = arg, max R(k,n)
Step3 for k=1:K Np+ — N U{n} N — N\ {n}
while(Ry < Rk min) end while

k* = argmaxy (R — Ri.min)
n' = argmin, gprg(n, k) , n € N
Nk<—NkU{n'} Np+ — Np= \{n’}
end
end
Step 4 Check each relayed subcarrier.
Computeggra(n, k) and make necessary
link switches.
CalculateR and F.

Table 11: Algorithm B

Stepl forn=1:N
for k= 1:K
if G(n, k) > s
m = argmaxy Ge(n, k)
else
m =20
end
Computeggra(n, k)
end
end
Step 2 Decide the assignment ordef
for n” = 1: N
ComputeA(n'k)
k* = argmaxy (A(n', k))
Nps — Npy U {n’}
end
Step3 for k=1:K
Whl|e(Rk < Rk,mm)
k* = argmaxy (R — Ri.min)
n' = argmin, gprc(n, k) , n € Ng«
Nk<—NkU{n'} Np+ — Np= \{n’}
end
end




