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Abstract—In this paper, we investigate resource allocation for ~ The resource allocation problem in cooperative OFDMA
a multi-user OFDMA cooperative system. Aiming at minimizing networks, however, has received much less attention. In [8],
the total transmission power under target rate constraints for 5 centralized utility maximization framework for cooperative
each user, we propose centralized and decentralized subchannel, . .
bit, and power allocation schemes. First, assuming knowledge of OFDMA cellular networks is proposed. The proposed solution
the instantaneous channel gains for all links in the entire network, Not only allocates power and bandwidth, but also selects
centralized resource allocation algorithms with subchannel per- relaying strategies for each user. In [9], aiming at maximizing
mutation, in which the subchannels are reallocated at the relay the achievable sum rate from all the sources to the destination,
nodes, are considered. Then, a decentralized resource allocationy ~antralized source relay, and subchannel allocation problem
scheme is proposed for ad hoc network. Simulation results show ’ ’ : .
that significant performance gains can be achieved, especially for an OFDMA relay .network is studied. In these works,
when subchannel permutation is employed. however, the assumption that the relay node uses the same
subchannel to relay the information transmitted by the source
node limits the performance gain.

I. INTRODUCTION In [10], we considered the resource allocation problem with

Cooperative transmissions have attracted much attention"’ﬁr?Ingle source-destination pair and multiple assisting relay

the last few years. It has been demonstrated that the benét ges. Specifically, we employ subchannel permutation, in
g ich the subchannels are reallocated at the relay nodes, and
t

of multi-antenna transmission can be achieved by cooperatiye _ : : .
transmission without requiring multiple antennas at individu evise bit-loading algorithms for coopgratlve OFDM §ysterr_15
nodes (for example, see [1]-[2]). at use a.decode—and.—fo.rv_vard relaying strategy._ Simulation
I . . results indicate that significant performance gains can be
Orthogonal Frequency Division Multiplexing Access . : . .
. . . : achieved by the proposed algorithms, especially with subchan-
(OFDMA), a multiple access technique in which the subchan- | i t th I d
nels of an OFDM symbol are shared by multiple users, has' Permutation at the refay nodes.
significant advantages that have made it the natural choice fotn this paper, we extend the work in [10] to the scenario
commercial broadband wireless networks, such as IEEE802\1igh multiple source-destination pairs and multiple assisting
(WIMAX) [3], as well as for the long-term evolution of relay nodes. Our objective is to minimize the total trans-
third-generation cellular systems [4]. Currently, relay an@pission power by allocating subchannels, bits, and power
cooperative networks with OFDM(A) transceivers have bedd each user based on the instantaneous channel gains. In
proposed for applications in several emerging systems. IERErticular, subchannel permutation, which works well in single
802.16's Relay Task Group [5] is a developing standard fépurce-destination scenarios, is also adopted in these multiuser
802.16-based multihop networks. Also, relaying is considergégenarios. We first formulate the optimization problem and
in IEEE 802.11s [6], a developing mesh networking standarghow that, without subchannel permutation, the problem is
In multiuser OFDMA systems, multiuser diversity can p&imilar to that in traditional systems. Then, subchannel per-
easily achieved by the allocation of subchannels to users. Mytation is considered, and two resource allocation algorithms
particular, the channels are independent for each user; thi§ Proposed. Simulation results demonstrate that significant
means that a subchannel in a deep fade for one user mighi?ggormance gains can be achieved using the proposed algo-
good for another user. For each user, bit and power allocatidfims, even with large numbers of relay nodes. The above
among subchannels is an efficient method to exploit tf@source allocation schemes are based on the assumption that
frequency diversity inherent in frequency-selective channefs.central controller knows all the channel gains in the entire
Over the past decade, the resource allocation problem fystem and performs the allocation algorithm. To perform the
multiuser OFDMA systems has been extensively investigate@source allocation in ad hoc networks, we also consider these
(for example, see [7]). In particular, different subchanneflgorithms for decentralized systems.
power, and bit allocation schemes with diverse optimization The paper is organized as follows. The system model is
objectives have been studied. described in Section Il. In Section I, we propose centralized
resource allocation algorithms with subchannel permutation.
This material is based on research sponsored by the Air Force Reseqiyicentralized algorithms are considered in Section IV and
Laboratory, under agreement number FA9550-06-1-0077. The U.S. Govern- . . . . . .
ulation results are given in Section V. Finally, Section VI

ment is authorized to reproduce and distribute reprints for Governmensim X
purposes notwithstanding any copyright notation thereon. summarizes and concludes the paper.



[I. SYSTEM MODEL respectively. In general, these include path loss, shadowing,
and Rayleigh fading. For convenience, @@}, ., (n), Gs, a(n)

We consider a cooperative system with/ source-
P 4 ndG,,q,, (n) denote the channel power gaitig/s, ., (n)]/?,

destination pairs and relay nodes, as shown in Fig. 1. A2 5 5 _
OFDMA transceiver withV subchannels is available at eac Hy,,a(n)|* and || Hya,, (n)||", respectively.

node. We assume perfect time and frequency synchronizatio et 7(bm,n) be the required received SNR per symbol in
among nodes and the inclusion of a cyclic prefix that is lo channeh for reliable reception by, b!ts/symbol. Asin
enough to accommodate the delay spread of the channel. » the SNR per symbol for subchannels

also_ assume that the fading on each subchannel is slowly V(b)) = p* (22mm — 1) 1)
varying.

A two-stage transmission protocol is adopted. In the firdhe parameterp ranges from 1 to about 6.4, depending
stage, the source nodes transmit and the other nodes listé the degree of coding [12]. The required received power
the links in this stage are called the source-relay (SR) link&<q(bm,») can be written as
and the source-destination (SD) links. In the second stage, the .
relays retransmit the message to the destination - the links in Freq(bm.n) = 7(bm.n) No @
this stage are called the relay-destination (RD) links. Herghere IV, is the double-sided noise power spectral density
we adopt aselectivedecode-and-forward relaying strategy. Inevel with the assumption that each subchannel has a normal-
particular, each source subchannel can only be relayed ibgd bandwidth.
one relay node. The selected relay node will fully decode theAs in [10], each subchannel can operate in two different
received information, re-encode it, and then forward it to th@odes: direct or cooperative transmission. Each subchannel
destination. Orthogonal transmission is assumed in each staggmpares the required power of these two modes and selects
that is, a specific subchannel can only be used by one no@iy one which has the minimum required power to achieve
Hence, OFDMA is adopted in each stage as a multiple acceglable reception at the destination node. The minimum power
technique. Different source subchannels may select differegtjuired for the direct transmission mode is
relay nodes, similar to the selective OFDMA relaying in [11].

The destination nodes employ maximal ratio combining to PP .(n) = M ©)
combine the received signals from the first and second stages. Gspa(n)
With these assumptions, there is no interference in the entirge minimum power required for cooperative transmission
network. using subchannel at relay node is then
. A r«d(” ])
ch TR (na]) = R (bm,n) mmk : B (4)
- o O G ()G, ()
(s) whereA,,,,,a(n, j) = Gs,,ry () +Girya,, (7) = Gea(n) [10]
Here, for cooperative transmission, we define an equivalent
channel power gai@'$’ | (n,j), given by
. Gs r (n)GT d (.7)
GC n, _ mTk k m 5
smrkd( .]) Asmrkd(n ]) ( )
Fig. 1. A system with two source-destination pairs and three possible relay Jpus, the minimum power reqwred for cooperatlve transmis-
nodes. s on for subchannet using subchannel at relay nodek is
: : : . c Preg(bm,n)
Centralized and decentralized resource allocation algorithms Py, ea(n,j) = GS  (n,j) (6)
are both considered in this paper. In a centralized system, smrrdH

a central controller first collects the instantaneous channeMWhen the channel gains of the SR and the RD links are
gains of all links in the system. Then, it performs globaboth greater than the channel gains of the SD links, i.e.,
optimization and broadcasts the decisions to each node.dn, q(n) < min{Gs, +,(n),Gr.a4,,(4)} for any k, coopera-
decentralized systems, however, each node only has its Idi# transmission requires less power than direct transmission.
channel information. How to achieve good performance with We useg,,(n) € {0,1} to indicate the mode in which
minimal internode communications is a challenging problersubchannel: of userm operates. Let3,,(n) = 1 indicate

We assume that the target data rate of useis R,, bits direct transmission. Also, we use;, ., (n,j) € {0,1} to
per OFDM symbol (block). Leb,, ,, denote the number of indicate whether or not subchannelis used in cooperation
bits assigned to source subchanmebf user m; b,,, can Wwith subchannejj at relay nodek for userm. Our objective
take values in the seB = {0, 1, ..., B,,..}. Note, with the is to allocate subchannels, bits, and power to each user to
OFDMA transmission assumption, ¥, ., # 0, b, = 0 minimize the total transmitting powerr. Mathematically, we
for all m’ # m. Further, denote the channel response ofin formulate the optimization problem as
subchanneh from source node: to relay nodek, from source
node m to its destination node, and from relay noéeto _ mm Z Z Preq( @)
destination noden as H_,, (n), Hs, q4(n) and Hy 4, (n), m,n €8 Gm

m=1n=1



where integer programming (IP) one and has been proved to be
Gunale) il =1 L oy e 1 ubontiml g have been
_ c N N -(19]. )

Gm(n) =4 Gy, a(n,j) if s (n.j) =1 (8) s introduced to solve the problem iteratively. Although signif-
1 otherwise icant performance gain can be achieved over fixed strategies,

subject to the following constraints high computational complexity prohibits its implementation in
practical systems. The optimization problem is formulated as

©) a linear programming in [15]. Better performance is obtained
with even higher complexity, compared with the approach in

u N [14].

. L In [16], the optimization problem is decoupled into three

c2: Z_:l{ﬁm(n) +2 D Qsur(n )} = 1,0, (10) steps. The first step is bandwidth allocation, which determines

N
Cl:Rp = by, ¥m,
n=1

h=17=1 the number of subchannels needed for each user according to

M K N their required data rates and channel gains. Then, subchannel
C3:3 3 Y agun(n,j) < 1,9 (11) allocation is performed to assign subchannels to each user.
m=1k=1n=1 Finally, each user independently allocates bit and power to its

Note thatC1 is the rate constrainty'2 indicates that each own assigned subchannels. As shown in [16], a comparable
subchannel can only be used by one source and relayedpeyformance can be achieved by this computationally efficient
at most one relay at a given time, ag® means that each algorithm. As we can see, these algorithms can be easily
subchanneli in RD links can be used by at most one relay.extended to cooperative systems. The only difference is that we

use the equivalent cooperative channel power g&ins,,(n)
[1l. CENTRALIZED ALGORITHMS instead of the point-to-point channel gains used in traditional

In this section, we devise centralized algorithms for cooYStems. _ _
erative OFDMA systems. We first do not consider subchannel!n this paper, we focus on the performance gain obtained

permutation. Then, we will employ subchannel permutation £y Subchannel permutation. We will modify the practical
further improve the performance. algorithms in [16] to accommodate subchannel permutation.

Specifically, we adopt the simple amplitude-craving greedy
(ACG) subchannel assignment. The basic idea of ACG is that,
for each subchannel, we find and allocate this subchannel to
In this case, for subchannelin the SR IinkS, the Selectedthe user which has the maximum channel power gain on this
relay node also uses subchannéh the RD links to retransmit sypchannel. For a detailed description, please refer to [16].
the information. The equivalent channel power gain through pjease note, the algorithms in [14]-[15] can also be modified

relay nodek is determined by the mode in which the subgorrespondingly to accommodate subchannel permutation.
channel is used. 175, 4(n) < min{Gs,,r. (1), Gr.d,,(n)},

the equivalent channel power gain through relay nbde
Gs,r (1) Grpad,, ()

A. Resource allocation without subchannel permutation

B. Subchannel permutation

Gs,red(n) = (12a) In this subsection, we consider subchannel permutation
Asmrkd(na n) .. .
) to further save transmission power. We will reallocate the
otherwise subchannels used for transmission in the RD links. In [10], we
Gs,rid(n) = Gs, a(n) (12b)  have shown that for the single-user scenario, the subchannel

Each subchannel should be used by the relay node, am&%mutation gives a 2-dB performance gain even with a large
the K nodes, which has the largest equivalent channel powd#mber of relay nodes. Here, with more than one user, the
gain to relay the information. Lef.,.,,(n) denote this max- Same performance gain is expected. With subchannel permu-
imum equivalent channel power gain for user then it can tation, the optimization problem (10) becomes a combinatorial

be written as problem and is difficult to solve. Exhaustive search can obtain
the optimal solution; however, the computational complexity
Geqm(n) = arg max G, r.a(n) (13) s prohibitive. Here, we propose two suboptimal algorithms,

5.

which are more efficient, but which still give significant

performance gains.

Preq(bo.n) The three-st_ep resource aIIocqtion algorit_hm in _[16] is

Coom(n) (14) adopted. We first perform bandwidth allocation, which de-
am terminessc,,, the number of subchannels required for user

In this case, constrain®'3 is automatically satisfied, and wem. Then, a subchannel allocation and permutation algorithm

only need to consider the rate constraifit and the OFDMA is used to allocate and pair source subchannels and relay

orthogonal transmission constrai@i®. subchannels. Lastly, bit and power allocation is performed for
We can see that the optimization problem is similar teach user using the algorithm proposed in [10].

that in traditional multiuser OFDMA systems, which has One straightforward algorithm is that, after subchannel

been extensively researched. This optimization problem is alfocation, each user performs subchannel permutation within

The optimization problem can be rewritten as
M N
Pr = min

bm,n€B i



its own source subchannels and relay subchannels. Each es@nnel gains of the SD link in the CTS signal so that the relay
can adopt the proposed subchannel permutation algorithmniodes can obtain them. The relay nodes can measure the RD
[10]. In this way, after subchannel permutation, the traninks by listening to the CTS signal. After all the sources and
mission of the source subchannels and the transmissiondektinations exchange these control signals, each relay node
the relay subchannels remain orthogonal, respectively. Thistains the channel gains of its own SR, RD links and the SD
algorithm is referred to as ACGSP in the following discussiofinks from all the sources and destinations. Hence, each relay
Obviously, separation of subchannel allocation and subchannetle can perform resource allocation and calculate the total
permutation is a simple but not optimal algorithm. To achievainimum transmission power. A similar decentralized relay
better performance, subchannel permutation should also datection algorithm as in [17] can be adopted here. In this
considered when we allocate subchannels to each user. Indlgorithm, each relay sets a timer based on its calculated total
following, we propose a joint subchannel allocation and subransmission power. The smaller the total transmission power,
channel permutation algorithm, which is referred to as JSA$iRe shorter the timer should be. In this way, the timer of the
(joint subchannel allocation and subchannel permutation). relay with the smallest total transmission power will expire

In JSASP, we first find the pair of source and relafirst. That relay then sends a flag signal with the resource
subchannel that maximizes the cooperative channel gainsatibcation information. All other relays, while waiting for their
each user; then, we compare these maximum cooperativeer to reduce to zero, are in listening mode. As soon as they
channel gains among users, find the maximum one and alloda¢ar the flag signal, they back off. So, the relay node which
the corresponding source subchannel and relay subchanhat minimum total transmission power will participate in the
Notice, each user can only get,, subchannels, anekc,, is cooperative transmission between the source nodes and the
determined by the bandwidth allocation algorithm in [16]. Thdestination nodes.

algorithm is outlined as following: In this decentralized algorithm, only one relay node is
« Step 1: For usem, if it has been allocatesk,, subchan- Selected to cooperate, that is, all the subchannels are relayed
nels, setG, = 0; otherwise, go to Step 2. by the same relay node. In the centralized algorithm, however,

« Step 2: For usern, find the pair of source and relayeach subchannel may be relayed by different relay nodes, and

Sm 1

subchannel and relay subchannelsaén) and r;(m), €Xpense of more communications overhead.
respectively.
« Step 3: Find the usef which has the maximum equiva- V. SIMULATIONS RESULTS
lent cooperative channel gai#, , amongl/ users. Allo-  In this section, we present simulation results to compare the
cate the corresponding source subcharyieh) and relay Performance of the different resource allocation algorithms.
subchannek; (1) to user and pair those subchannelsConsider multiple source-destination pairs in an OFDMA
« Step 4: Set the gains of the source subchasyigt) and cooperative network with\/ sources ands relay nodes. In
the relay subchannel(ii) of all sources and relay nodeséach node, an OFDMA transceiver wiffi = 64 subchannels
to zero. is employed. We assume that the distances from all the sources
. Step 5: If all the subchannels are allocated and paird@,all the relay nodes and the distances from all the relay nodes
the subchannel allocation and permutation operation t all the destinations are the same and normalized to one. The
complete. Otherwise, go to Step 1. distance from each source to its corresponding destination is

JSASP is obviously more complex than ACGSP, so betf@prmalized to two; the path loss exponent is 4. Shadowing

performance is expected. After allocating and pairing subchd-Not considered. We assume that the channels between each
nels, the bit-loading algorithm is performed to allocate thePUrce and each relay and the channels between each relay
power and bits. and each destination are independent. The power delay profile

is assumed to be exponential with a root-mean-square delay
spreadr,,s = 0T, whereT is the time duration of one
IV. DECENTRALIZED ALGORITHMS OFDMA symbol (block), T = NTs, whereTy is the time

In the previous section, a central controller is assumed diaration of one sample, ar@l< n < 0.1. In the simulation,
collect all the channel gains and perform resource allocatiome use a discrete-time model with an impulse response limited
This assumption is valid for an infrastructure-based networlo 16 samples spaced Wy;. This is sufficient to encompass
For ad-hoc networks, decentralized algorithms might be mas# of the paths with significant energy.
attractive. Here, we propose a decentralized resource allocatioliVe assume the total target bit rate of the system is such that
algorithm for ad-hoc networks. there are 128 bits per OFDM symbol. Each user has the same

In an ad-hoc network)/ source nodes want to transmit totarget rate, that isk,,, = 128/M, andb,, ,, can take values in
their destination nodes respectively. Each source will first setie setB = {0, 1, 2, 3,4}. Without resource allocation, each
a RTS (Request to Send) signal to inform the destination nodser will be allocatedi4/M subchannels and a subchannel
The relay nodes and the destination can measure the SR waiitl transmit 2 bits per OFDM symbol; we call this Fixed
SD links by listening to the RTS signal, respectively. TherSubchannel and Bit Allocation (FSBA).
the destination node sends a CTS (Clear To Send) signal tdn Fig. 2, we compare the average required transmission
tell the source node that the channel is ready. We can put ffmver for FSBA, and resource allocation with and without



subchannel permutation. We assume there is two sources and

0

. . 10" 4 =
one relay node, i.e)/ = 2 and K = 1. We notice that the N
. . . N
required transmission power for ACG and ACGSP decreases \
with an increase in the delay spread,,;. This is because v Y
an increase in delay spread corresponds to more available | N
frequency diversity, and hence greater gains can be achieved. 4+ + \ ]
The performance of FSBA is not good because frequency \L N
diversity and multiuser diversity are not exploited. Compared & | Y
to FSBA, a 5.5-dB power saving can be achieved by ACG. 3 ‘* \
With subchannel permutation, the required transmission power \ N
can be further reduced by 2 dB. 107F | \ 1
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Fig. 2. Average transmission power required for different resource allocation — — —FSBArelay ! \
algorithms withM = 2 and K = 1. ACGSP, 1 relay \ \
. . . — + —FSBA, 2 rel \
In the following simulation, we assume.,,s = 0.17, —+— ACGSP, ;er2¥ay ‘ N
which is a reasonable delay spread for practical systems. Fig. -< *Zig/; Ff ;elaxlf +
. . —— , 4 rela
3 presents the outage performance with different numbers 4 ‘ =i s s
of relay nodes. The outage is defined as the total required 0 5 10 15 20 =

. . . L Total available transmission power (dB)
transmission power is greater than the available transmission

power. We compare the performance of FSBA and ACG,
We can see that the performance gains of ACG over FSBA(\j '
decrease with an increaseff the number of relay nodes. For
Trms = 0.1T', the power saving of ACG decreases from 6-dB 10
with one relay node to 2-dB with four relay nodes. The main
reason is that, for each subchannel, we compare the subchannel
gains of K relay nodes and select the best one. The more relay
nodes, the less subchannel gain variation after selection, and
the less frequency diversity.

In Fig. 4, we present the performance of the resource
allocation algorithms using subchannel permutation visth-
1,2, and4 relay nodes, respectively. Compared with FSBA, a
dramatic performance gain can be achieved by ACG with SP, 12|

4. Outage of FSBA and ACGSP witlf =2 and K = 1,2,4.
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even in the case when four relay nodes are employed. For a - *iSCAGSSF’F;llr‘igéy

10% outage, the performance gain is 4dB with 4 relay nodes. ~ + — JSASP, 2 relay

In Fig. 5, we compare the performance of two resource alloca- iﬁgfssppv42r;?;iy

tion algorithms with subchannel permutation. We can see that —<— ACGSP, 4 relay

JSASP is about 0.5-dB better than ACGSP, where subchannel 10°; 5 a 6 s 0 P 4
allocation and subchannel permutation are separated, at the Total available transmission power (dB)

expense of more complexity. A good complexity-performance

tradeoff can be achieved by using the ACGSP. Fig. 5. Outage of two resource allocation algorithms with subchannel

permutation, K = 1,2, 4.



From these results, we can see that resource allocation sanple algorithm, ACGSP, can further improve the perfor-
provide a significant savings in transmission power, especiaifyance by at least 2dB. Even with four relay nodes, the
when the number of relays is small. A small number of relayesource allocation with subchannel permutation still outper-
on their own does not provide enough space diversity. So, ederms fixed resource allocation by about 4dB when there are
simple resource allocation without SP can provide significatwo users. The joint subchannel allocation and subchannel
gains compared to fixed resource allocation. With an incregsermutation algorithm performs a little better than ACGSP
in the number of relays, however, space diversity can providé the expense of computational complexity. The decentral-
good performance improvement; thus, subchannel permutatinad resource allocation algorithm is also considered and the
is required to obtain additional performance gains. simulation results demonstrate its good performance.

In the following, we compare the performance of the de- In this paper, we focused on low complexity and efficient
centralized adaptive resource allocation and the decentralizdgorithms. The optimal resource allocation with subchannel
fixed resource allocation. For the decentralized fixed allocpermutation is needed to serve as the performance bound and
tion, the same process as the decentralized adaptive resoiscde focus of our current work. Also, an investigation of
allocation is performed. Only one relay node is selected some of the practical issues, such as timing and frequency
relay the information and all the subchannels have the sasynchronization, is warranted.
number of bits. The ACGSP is employed in the decentralized
adaptive resource allocation algorithm. As shown in Fig. 6, REFERENCES
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