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1 Abstract— In this paper, we propose a distributed opportunis- it would be beneficial if sub-carriers are assigned to thesuse
tic access scheme for uplink OFDMA systems. The sub-carrier who experience good channel gains on them.
are grouped into several sub-channels. Users access thess  Thgre gre several works on the sub-carrier allocation of

channels through a distributed access scheme without requing - . -
extensive information exchange with the access point. Oucheme OFDMA systems in the literature [3]-[S]. However, in the

allows several parallel contention sub-channels to exploihe mul- ~ Centralized approach, the base station or access poinbhas t
tiuser diversity. Using knowledge of all the sub-channelstatained  collect channel information from all users to allocate thb-s
through a periodically transmitted beacon signal from the acess carriers among different users. Centralized algorithmedne

point, all users contend on their strongest sub-channel(sjThe  gjonificant information exchange between the base statidn a
proposed scheme applies a novel backoff mechanism utilizirthis th Furth this inf fi hould b e
sub-channel knowledge to yield further throughput improvement € users. Furthermore, this informafion shou € receive

in addition to the throughput gain obtained by the collision —correctly and with no delay. This requires prohibitive dvead
reduction design. To a user, the better the sub-channel gaiis, for the practical implementation of OFDMA systems with
the smaller the backoff time on that sub-channel, and hence, centralized access and (sub)optimal resource allocaktuere-

the higher the access priority of the user on that sub-chanre fetp ;
Compared with the traditional centralized OFDMA systems, air forr](_a,ha ddlstrlbutted ac_c ess Eatnd fr(_asfo urcet_allocatlﬁn) sehbe T
proposed scheme reduces overhead significantly and achieve WNIC 0es not require a fot of information exchange bu

a better spectral efficiency as corroborated by the simulagn ~Can utilize the multiuser diversity will be very promisirithe
results. increased interests in wireless ad hoc and sensor netwsiks a

highlight the need for efficient distributed access schemes
|. INTRODUCTION In distributed systems, all users only get to know the

Orthogonal frequency division multiplexing (OFDM) hagnformation of their own channels, which is also called dece
become a well-established transmission techn0|ogy foadbro tralized channel state information (CS') There are sontesx
band wireless communication systems and has been adoptegffemes recently proposed to utilize this decentralizdd@S
several wireless standards [1], [2]. There are mainly thrae ~ Single carrier systems. A binary distributed schedulirfzesce
tiple access schemes in OFDM systems: OFDM/TDMA (timié derived in [6] which asymptotically achieves a fractigh) (
division multiple access), OFDM/FDMA (frequency divisiorof the centralized throughput obtained with multiuser csit.
multiple access), and OFDMA (orthogonal frequency divisioT0 resolve the problem of collision, an opportunistic sipld
multiple access). In TDMA or FDMA schemes, only a singl@lgorithm is proposed in [6],[7]. Although the opporturgst
user can transmit on all sub-carriers of OFDM symbols withigPlitting algorithm can guarantee the access of the usér wit
a certain time slot or frequency band. However, in a typiciie best channel gain when the contention length is unldnite
wireless transmission environment, the channel responfsedts overhead is not minimized since its design is mainly Hase
different users are different. Some sub-channels mighnbedn two user contending to access. Thus, when the contention
deep fade for one user while they might be good for othel§ngth is limited (which is the case in most practical systgm
hence naturally providing a diversity component for capyacithere may be some frames on which no user successfully
enhancement. This multiuser diversity cannot be exploitégcesses. Another problem of the opportunistic splittigg-a
in TDMA and FDMA systems but is beneficial to OFDMATithm is that it needs frequent handshakes between thesacces
systems which allow multiple users to transmit simultarsiyu Point and users. When the channel is not good, it is highly
on different sub-carriers. Since the probability that albrs Possible that these handshaking signals can be detected inc

experience a deep fade on a particular sub-carrier is very Idectly which results in a further increased collision prioitity.
In this paper, to fully utilize multiuser diversity gain in
LThis work was supported in parts by the Erik Jonsson Schosk&eh OFDMA systems, we propose a distributed opportunistic
Excellence Initiative, the University of Texas at DallasSAJ the Texas OQFDMA scheme which encodes the channel information into
Advanced Technology Program (ATP) under Contract 009232003, the .
National Science Foundation (NSF) under Contracts CCFIB%8 and DMS the access (and resource allocatlon) scheme. In our prdpose
05-28010, and a gift from Texas Instruments Inc. scheme, all sub-carriers are grouped into several subaeffgan



According to channel characteristics of each sub-charmel, IlIl. PROPOSED OPPORTUNISTIOFDMA SCHEME
novel backoff mechanism is designed such that the user with yseg estimate their CSI on all sub-carriers through a peri-

thg highest channel gain on that sub-channel has access tBcﬂcally transmitted beacon signal from the access pomenT

This scheme does not need to feedback any CSI to the acGg$s, user contends on ifs strongest sub-channels. When

point, and hence PrOh'b'“Ye overh_ead is avoided. _equals the number of sub-channels, each user contends on all
The rest of the paper is organized as follows. In Sectiofy ¢\, channels. We call this schex@a C (contending on all

I, OFDMA system model is given. The proposed distributeg, , channels). otherwise, it is denoted @SC (contending

access scheme is presented in Section Ill, and the desige of § | cqjected sub-channels). The parametean be adjusted

novel backoff scheme.|s proylded n SeCt'On_IV' In Se_ct|on \édaptively according to the traffic load in the system which
both theoretical and simulation results are given. Comehss | i be shown in the adaptive scheme in the simulation part.

are drawn in Section V1. The frame structure of this access scheme in the uplink engiv
[I. SYSTEM MODEL in Fig. 2. Each frame is divided into three sub-frames. The

We consider an uplink OFDMA system model withusers.
First, all the sub-carriers are grouped into several sunehls. Froquency
Each sub-channel is composed of adjacent sub-carriers as ACK
shown in Fig. 1. To simplify our analysis, we assume that all
sub-channels have the same number of sub-carriers. Due to th Seen! L
correlation of the channel frequency response (or equitigle SubCH2
due to the limited channel delay spread much less than the :
OFDM symbol duration), the sub-carriers within each sub- SUbGH M
channel have highly correlated channel gains. To simptigy t po——
design, we use the statistics of a particular channel which period
captures the essence of practical wireless channels while
facilitating a tractable design. In the simulation sectiore
evaluate our proposed scheme for different channel environ
ments. LetN; denote the total number of sub-carriers in théirst sub-frame is the contention period in which users audhte
system. For design purpose, we consider a multipath Rdyleig access the network on their strongest sub-channelseln th
fading channel consisting oW, independent and identically second sub-frame, the access point sends an acknowledgment
distributed (i.i.d.) taps with a uniform power delay profilepacket (ACK) containing the addresses of the users which
Let h; ; denote the channel gain of usefi = 1,2,...,N) successfully accessed (the successful users) in the fiost su
on the j-th (j = 1,2,..., N,) sub-carrier. Then{h; ;} are frame. The third sub-frame is the data transmission perod i
circularly-symmetric complex Gaussian random variabliglh w which all successful users will transmit their data.
zero mean and unit variance. Supp%eis an integer and all  The detailed protocol works as follows. Users obtain knowl-
N, sub-carriers are divided int&y. sub-channels. Then, eachedge of their sub-channels through a periodically trartschit
sub-channel had/; /N, sub-carriers and the average channékeacon signal from the access point and determine their

Data transmission period |  Time domain

Fig. 2. Distributed OFDMA frame structure

power gain of then-th sub-channel for useris given by strongest sub-channels to contend on. Then, accordingeto th
Nen ) frame structure of the system, the protocol proceeds asfsll

G - Zj:%—g*(n—l)ﬂ i 51 ~ 1 9 1 « Contention period: This period consists of several mini-

b N,/N. = i-,%—j*(nfl)ﬂl - @ slots. The length of this period is set much smaller

than the length of data transmission period to reduce
the contention overhead. All users contend to access the
system only at their scheduled mini-slot. A user with
packets to transmit will generate a backoff time (in mini-
slots) according to our novel backoff scheme (which
will be described later in this section) on its strongest
Fa(g) = (1 — e ?)u(g), 2) sub-channels. This user waits until its backoff period
has elapsed and then sends a preamble. The preamble
contains the address information of this user. The access
point decodes the received preambles and keeps the
\ I I I T | 111 I \ EXE T \ address information of all successful users. Note that
swolt | swowz | | sworm | for each sub-channel there may be several successfully
decoded preambles on different mini-slots. However, only
one user can transmit on each sub-channel and hence
there is only one or no successful user on each sub-
channel. The successful user on each sub-channel is the

which can be estimated from the beacon signal periodically
transmitted from the access point. From (1), we obtain that
{Gin,m = 1,2,...,N.} are ii.d. exponentially distributed
random variables with mean 1. The cumulative distribution
function (CDF) ofG; ,, is given by

whereu(g) is the unit step function.

Fig. 1. Sub-carriers and sub-channels



earliest one whose preamble is correctly decoded on th#dt users compare their channel power gains with a set of
sub-channel. thresholds associated with backoff minislots.

o ACK period: This period only consists of one minislot Look us look into them-th sub-channel. Suppose there
which is used to transmit the ACK message. From there N, users contending om-th sub-channel and lef =
contention period, the access point has the information ffo, 71, ..., 7k} denote the set of the thresholds associated
the successful user of each sub-channel. The access puitth the backoff mini-slots. For theth user, if them-th
broadcasts the addresses of all successful users ofsalb-channel is one of it§ strongest sub-channels angd <
sub-channels through the ACK message. All unsuccesstel) , < n;—1,7 = 1,2, .., K, then it will send its preamble on
users will try to access the network in the next frame. the ith mini-slot. For each mini-slot, only if there is exactly

« Data transmission period: In this period, all successfohe user sending its preamble, that preamble can be decoded

users transmit their packets. correctly. Therefore, the probability that one preamble be
We use the ordered statistics to analyze this scheme. Defif@coded correctly (success access probability) attthenini-
slot is
Zi,m = Gi,(m)v (3)

Mi—1 Mi—1 Ny—1
where{G; () : m = 1,2,..., N.} is the ordered sequence of pi = Nu (/ f(x)dw) (1 _/ f(x)dw) - 6

i M
{Gi,n tn = 1,2,...,NC} such thatGL(l) S Gi,(2) S S . .
G, (n.)- Each user chooses its best sub-channels based Or'll'hen, the throughput of the system corresponding toithe

{Gi}. Then, the CDF of thenth order statisticsZ; ,, is mini-slot is defined as
—1

N MNi—1
- N, _ S; = 1—p,; Nu(/ Rxfa:da:)*
Fr. =Y () B0 - R @ L VAL LA
f=m Ni-1 Ny—1
where F¢ is given in (2). In this paper, we only consider the (1 _/ f(x)dx) i=1,2,.., K
homogenous OFDMA systems, then we can simply ignore the ni

indexi of Fz, . In this approach, for a specific sub-channe{NhenH70 — 00 and Hi—l (1-p;) = 1fori= 1. Thus, the
’ = j=1 i) = - J

some users may choose it as its best channel, while SOffboughput of the system over all mini-slots is
other users may view it as th#h strongest channel. Thus, the

users contending on one sub-channel have different atatist K
distributions. LetN,, j,m = 1,2, ..., N.,j = 1,2,..., 3 denote S= Zsi'
the exact number of nodes choosinth sub-channel as itgh
strongest contention channel. Then, on thth sub-channel, Now, our design problem is reduced to solve the following
the channel power gain of thes¥,, ; users has the CDF optimization problem

(8)

=1

of Fzine—y1- BY combining the di_stributions of the channel max {9 = Zgil si)
power gain of all the users contending on thth sub-channel, N1,M2,--05 = 9)
the CDF of the channel power gain on theth sub-channel s.t. 0<nx <nx-1< ... <n < no(=00).
Fp,, is obtained as This optimization problem can be solved by setting the gradi
8 N ents of S with respect to ally;,i = 1,2,...K to zeros, i.e.
Fyg = —_mj g - 5
fm ;zle Nppy Mot ®) gi =0,i=12,..,K. (10)

Then the number of users contending on#ie¢h sub-channel |t is analytically quite intractable to get the closed form

is N, =37, Ny, i- Please note that whe# = Nc, F,, IS solution of (10). However, a lot of simulation toolkits pide
the same ag in (2) andN, = N. numerical solutions for it, such agminsearch function in
MATLAB. By optimizing the throughput on each sub-channel,

we maximize the throughput of the OFDMA system.
In this section, a novel backoff scheme is proposed to atiliz

CSl and reduce collision for homogenous systems. In the V. NUMERICAL AND SIMULATION RESULTS

network, system throughput instead of access probabdity i In the simulation, the channels of different users are mod-
a design criterion as it considers the effects of both plysieled as independent 3-tap Rayleigh fading channels with
channels and access schemes. Thus, in this paper, we aidoptih exponential power delay profile. Since the access point
cross-layer view to design our backoff scheme. The key idpariodically sends out beacon signals, we assume that the
of this backoff scheme is to encode knowledge of the chanralerage sub-channel gains are known by the users. We con-
power gain into the backoff time. A user with better channsider OFDM/OFDMA systems withV = 256 sub-carriers.
gain is designed to have higher probability to access thiesys The simulation results are obtained froni; = 100,000

so that the overall throughput of the system is improved. Letdependent frames. In this simulation, we assume BEBERZ

K denote the number of mini-slots in the contention periodnd SNR=15dB.

IV. NOVEL BACKOFF SCHEME DESIGN



In our proposed schemes, one sub-channel has 64 stdie on thejth busy frame of the:th sub-channel which is
carriers and hence, there ale. = 4 sub-channels folv = calculated as in (11) for the successful user onstkt sub-
256. Note that this channel model used in the simulatiochannel. Then, the throughput of the system is given by
is not the same as the one used in our design described in N o
Section II. Correspondingly, the average channel powersgai Xt ticngx M 13
in the simulation will not have an exponential distribution S = Nyx(K+M+1)% N, (13)
For analytical tractability in our design, we will still use
(26) as an approximation to design the thresholds for theThe results in Fig. 3 show that our proposed scheme
simulation. With the fixed frame length, there are 48 OFDN§ €even better than the centralized OFDMA. Note that we
symbols in one frame. For the contention period, each mirflave not taken into account the overhead associated with the
slot is composed of the transmission time of one preamble a#gntralized schemes. If we include the prohibitive ovedhea
the maximum propagation delay of the system. A preamb®é the centrally controlled access schemes, our proposed
consists of the address information of the transmitting.usécheme will be much better than the centralized OFDMA,

Only 32 sub-carriers are used to transmit this preamble aed @nd even comparable with the upper bound. Note that the
mini-slot is 1/2 of one OFDM symbol duration. According to mismatch between the simulation and theoretical resuttsés

the frame structure given in Fig. 2, we considér= 7 mini- 10 the channel model mismatch between the design and the
slots in the contention sub-frame. Then, the length of tha dgimulation.

subframe isM = 2x48 —7—1 = 88 mini-slots. The following Fig. 4 shows the performance of CSC under differént
four schemes are given as benchmarks: For 8 = 4, CSC is equivalent to CAC. The simulation results

« Upper bound: All the sub-channels are always allocatsiow that at the low traffic load, CAC outperforms CSC while
to the user with the best average sub-channel gain. Thifismedium and high traffic loads, the throughput of CAC and
an upper bound of OFDM/TDMA since not all the user§&SC with large values are almost the same. Intuitively, CSC
can access the network and the channels are always gif@4!d outperform CAC at high traffic load since the number
to the best users. of users contending on each sub-channel is smaller for CSC,

. OFDM/TDMA: Users access the system according to BNCe, yields larger success access probability. Howesigtr,
TDMA scheme. All the sub-carriers are allocated to onl@ contention length ok” = 7 for our proposed schemes and
user. equivalently X' = 4 for the opportunistic splitting algorithm,

. Centralized OFDMA: In this scheme, the access poiffié SUccess access probability is already very high (0 e
uses uplink feedback channel to obtain users’ chanrf8l @ Very large number of users as shown in Fig. 5. Hence,
state information and applies the following centralizefP” & = 7, CSC's marginal improvement in the success
resource allocation scheme to allocate the sub-carriersdFess probability does not outweight its loss in the mseiu
users. The first randomly selected user chooses its bd¥ersity gain over CAC, yielding almost the same throughpu
64 sub-carriers and, then the second randomly select@f CAC and CSC with larges values at high traffic load.
user chooses its best 64 sub-carriers till all the carriers2) Number of users unknown: When the exact number of

are assigned to users or all the users are assigned Wigers in the system is unknown, the backoff thresholds are
sub-carriers. designed according to the average number of users in the

« Opportunistic splitting scheme: The opportunistic splitsystem. In this simulation, The number of users in the system
ting scheme in [6] is directly applied on each sub-channd$. assumed to have a Gaussian distribution with mean '30’ and
In the following, we investigate two cases: standard deviation changing from '0’ to '200’. Fig. 6 showe t

1) Number of users known: According to an acceptabIeSimmation results with different of CSC. It can be seen that

BER performance, successful users can use adaptive moff}en the standard deviation is large (e.g, larger than 108),

lation to send higher data rates at better channel conditidrP!lision pro.bability with C,AC scheme will be very high._ b1
to improve the overall throughput. The rate functidb , better to switch to CSC with smallérto reduce the collision.

achieved by a successful useon then-th (n = 1,2, ...N,) Here, we propose an adaptlve_ scheme. First, all the users t_ry
sub-channel with continuous rate adaption is to access the system according to (_:AC _sche_me. If there is
no successful access, the access point will notify throhgh t

ZN%” log, (1 + M) ACK message whether there are no users sending preambles

j:Ni*(nfl)Jrl 2 a? . .

Rin= c (11) or all the transmitted preambles collided. If the latter s,
N/N. which means the traffic load is high, the protocol will reduce

whereo? is the noise power at theth sub-channel and is the currents to 1. There is a timer to record the number of

the SNR gap given by frames with successful access or with no user attempting to

15 transmit. In both cases, the timer will be increased by ’'1'.
—_——. (12) When the timer reaches '10’, it will be reset agdwill be
In(5 BER) increased by '1’. The performance of this adaptive scheme
Let M,,n =1,2,..., N. denote the number of busy framesan be seen from Fig. 6. It can be seen that adaptive scheme
on the n-th sub-channel and,, ; denote the correspondingperforms well under diverse user’s statistics.

’y:



VI. CONCLUSIONS

In this paper, novel distributed opportunistic access s
for OFDMA systems are proposed to achieve the multiuse
diversity. All users estimate their channel gains through ¢
periodically sent out beacon signal and then use a carefull
designed backoff scheme to reduce the collision. The bas
idea is to assign smaller backoff mini-slots to users with
better channel gains. Each user compares its channel géin w
the predefined thresholds to decide its backoff mini-slbte T
design criterion is to maximize the sum of the throughput of
all the users. Compared with the other distributed scheme
in the literature and the centralized approach, our pragpose
scheme reduces overhead significantly and achieves a bet
spectral efficiency as corroborated by the simulation tesul
and theoretical analysis.
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