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Abstract— Multiuser systems can provide multiuser diversity
gains by assigning channels to users with higher channel ge.
To avoid the extensive information exchange with the accegmint
for the uplink access in centralized approaches, we proposi
this paper a distributed opportunistic access scheme. Thrggh
a judicious design of a novel backoff mechanism to utilize th
channel information and reduce collisions, significant muiuser
diversity gains are achieved. To a user, the higher the charah
gain is, the smaller the backoff time-slot and, hence, the gher
the access priority of that user is. In addition, for heterogneous
systems, our proposed scheme can realize multiuser divetgi

distributed access scheme reducing this information exgha
but still utilizing the multiuser diversity is very desirab

In distributed systems, all users only know their own chan-
nels (also called decentralized CSI). Several recentlpgsed
access schemes utilize this decentralized CSI. A binary dis
tributed scheduling scheme is derived in [4] which asymptot
ically achieves a fractioné() of the centralized throughput
obtained with multiuser diversity. To resolve collisioram
opportunistic splitting algorithm is proposed in [5]-[6Al-

gains and achieve faimess among the users at the same timethough this algorithm can guarantee access to the user with

Finally, we design two distributed opportunistic access demes

the best channel gain when the contention length is unldnite

for OFDMA systems. Users contend on all sub-channels in the jts overhead is not minimized since its design is mainly

first scheme and only on several strongest sub-channels ingh
second scheme. Compared with traditional centralized OFDM

systems and other distributed access schemes, our propose

schemes reduce overhead and achieve a higher throughput.

Index Terms— Opportunistic, OFDMA, MAC, CSI, Slotted
Aloha, Multiuser Diversity

I. INTRODUCTION

based on two contending users. Thus, when the contention

dength is limited (which is the case in practical systems),

there may be some frames on which no user successfully
accesses the channel. Another problem of this algorithm is
that it requires frequent handshakes between the access poi
and users. When the channel is not good, these handshaking
signals can be detected incorrectly which further incredise
collision probability. Other schemes utilizing CSI to enha

A fundamental characteristic of wireless mobile communthe capture effects are reported in [7]-[8].

cation systems is random channel fading. Traditionallyedi

In this paper, we propose a novel distributed access scheme

sities in the time, space, and frequency domains are eggloitVith @ carefully-designed backoff mechanism to utilize the
to combat the detrimental effects of channel fading. Howevélecentralized CSI and reduce the collision probabilityt Al

instead of mitigating unreliability of each user’s fadinigan-

users estimate their channel gains through a periodically-

nel, multiuser diversity has been proposed to maximize tlf@nsmitted beacon signal from the access point and compare

total information-theoretic capacity in the context of tuder
communications [1][2]. The basic idea of multiuser divris

their channel power gains with predefined backoff threshold
to decide on which mini-slot to send their contention pagket

to exploit the randomness of fading channels among difterd@ homogeneous systems where all users have the same
users. The larger the dynamic range of channel fluctuatiocs Sstatistical channel characteristics, the design critenb the

the number of users, the larger the available multiusersiitye

backoff thresholds is the maximization of the sum throughpu

gain is. In a centralized downlink system, the access poftf all the users. However, in practical systems, some users
assigns the channel to the user with the best instantane6@4ld be far away from the access point creating heterogeneo

channel gain as in [1],[3] to achieve the multiuser diversitSystems, and we design backoff thresholds for them as well.
gain. For an up-link (multiple access) model, this requirédur proposed scheme achieves fairness among users and
the centralized scheduler to acquire estimates of eactsus@fovides multiuser diversity gains.

channel state information (CSI) before making the scheduli
decision. The overhead and delay incurred in doing this m

limit the system’s performance, particularly if the numioér

The next issue we address is distributed opportunistic ac-
ggss schemes for orthogonal frequency division multiplgxi
(OFDM) systems. OFDM is a well-established transmission

active users is large or the channels change rapidly. Thus€ghnology for broadband wireless communication systems
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[9]-[10]. There are mainly three multiple access schemes
in OFDM systems: OFDM/TDMA (time division multiple
access), OFDM/FDMA (frequency division multiple access),
and OFDMA (orthogonal frequency division multiple access)
In TDMA or FDMA schemes, a single user transmits on all
sub-carriers of OFDM symbols within a certain time slot or
frequency band. However, in a typical wireless transmissio
environment, the channel responses of different users are



different. Some sub-carriers might be in deep fading for ofmackoff thresholds) = {no,n1,....,7x,0 < Nk < Nrk-1 <
user while they might experience high gains for others, Benc.. < 11 < (= o0)} associated with backoff mini-slots.
providing a diversity source for capacity enhancementsThNote that in homogeneous systems, all users have the same
multiuser and multicarrier diversity can hardly be exmdit set of thresholds, while in heterogenous systems, differen
in TDMA and FDMA systems but is beneficial to OFDMAusers have different sets of thresholds as described inetkie n
systems which allow multiple users to transmit simultarshpu section. Assume that there aré, users in the system. Let
on different sub-carriers. Since the probability that akers G;,j = 1,2, ..., N, denote the channel power gain of tji
experience a deep fade on a particular sub-carrier is very laiser andf;(.),j = 1,2, ..., N,, denote the probability density
it would be beneficial if the sub-carriers are assigned to tlienction (pdf) ofG;. Moreover, letR(G ;) be the adaptive data
users who experience good channel gains on them. rate function which takes full advantage of the channel gowe
There are several works on sub-carrier allocation fgain G; and thus is a nondecreasing function@f. Then,
OFDMA systems in the literature [11]-[12]. However, most oficcording to the frame structure of the system, our proposed
them are centralized algorithms. The access point has lectol protocol proceeds as follows:
channel information from all users to allocate the subieesr , Contention period: The length of this period is set much

among different users. Furthermore, this information &hbe
received correctly and with no delay. This requires prdhii

overhead for the practical implementation of OFDMA systems

with centralized access and (sub)optimal resource altotat

smaller than the length of the data transmission period
to reduce the contention overhead. Each user generates a
backoff time (in mini-slots) by comparing his channel
power gains with the set of backoff thresholds (Next

In this paper, we propose two approaches based on the section describes the thresholds design). Forjthaiser,
backoff mechanism for distributed access in OFDMA systems. if 5, < G; < 5,_1,4 = 1,2,.., K, then his backoff
In the first approach, each user contends on all sub-channels time-slot is theith mini-slot. Each user waits until his
(CAC). In the second approach, each user contends off his  backoff mini-slot has elapsed and then sends a contention
strongest sub-channels (CSC), where a sub-channel is define packet on theith mini-slot, which contains his address
as a group of sub-carriers. When the number of users in the information. The access point decodes the received con-
system is known, CAC exhibits better performance than CSC  tention packets and keeps the address information of
since more users can introduce more multiuser diversity.gai  the first successfully-decoded user. Note that there may

The rest of this paper is organized as follows. The proposed be several successfully-decoded contention packets on
distributed opportunistic scheme for single-carrier sgst is different mini-slots. However, since we do not consider
presented in Section Il. Novel backoff thresholds design fo  the capture effect, there is at most one user that can
homogeneous and heterogeneous systems are presented intransmit on this channel successfully. The successful user
Section llI. In Section IV, applications to OFDMA systems s the earliest one whose contention packet is correctly
are discussed. Simulation results are given in Section V and decoded. Only if there is no user or more than one user
the paper is concluded in Section VI. contending on any mini-slot in the first{ 1) mini-slots,

we can have a successful user on tiemini-slot.
Il. THE PROPOSED OPPORTUNISTIC SCHEME FOR . ACK period: This period consists of one mini-slot which

is used to transmit the ACK message from the access
point. The address of the successful user, which is ob-

In this section, we propose a distributed opportunistieasc tained from the contention period, is broadcast through
scheme for single-carrier systems, in which a novel backoff he ACK message. All unsuccessful users will try to

mechanism is designed to utilize CSI and reduce collisidfes. access the network in the next frame.

consider saturated time division duplex (TDD) systems,a  , pata transmission period: In this period, the successful

the users always have data to send to the access pointin a TDD yser transmits his packets.

mode. Thus, the channel gains between users and the access

point can be estimated at each user through a periodically-

transmitted beacon signal from the access point. Each user

is assumed to know his own channel information only. We

do not consider the capture effects, i.e., we assume thgt onlIn this section, the backoff thresholds design for both

one user can be decoded correctly on each channel. Also, leghogeneous and heterogeneous systems are describegl. In th

transmission powers for all users are assumed fixed. network, system throughput is a useful design criteriontas i
Data are transmitted in frames and each frame is divide@nsiders the effects of both physical channels (physéyar)

into three sub-frames: contention period, acknowledgmetitd access schemes (MAC layer). Thus, in this paper, we adopt

(ACK) period, and data transmission period. The contentidhis cross-layer view to design our backoff scheme.

period consists of¢ mini-slots. The key idea of our proposed

backoff scheme is to encode knowledge of the channel power g4 coff Thresholds Design for Homogeneous Systems
gain into the backoff time. A user with higher channel power For homogeneous systenfs; (.)} are the same for all users
ain is designed to have higher probability to access thesys 9 >3y ToN S it i ;

9 9 gherp Y >SS MeBYS and hence we omit the user indgxfor simplicity in this

so that the overall throughput of the system is improvedubsection. For each mini-slot, only if there is exactly aser

All users compare their channel power gains with a set eénding his contention packet, then that contention pazket

SINGLE-CARRIER SYSTEMS

IIl. BACKOFF THRESHOLDSDESIGN FOR
SINGLE-CARRIER SYSTEMS



be decoded correctly. The probability that any user sensls hand its throughput over al’ mini-slots is given by
contention packet on th&h mini-slot is

¢ = (/nmi1 f(x)d:z:) ) (1) Sy = iTv(Z) (10)

Denote E[n1,ns, ...,n;] (i < K) as the event that there are Now, for the virtual system, the threshold design problem is

n1, na,...; users contending on the 1st, 2nd,ith, mini-slot, reduced to solving the following optimization problem
respectively. By the multinomial probability law, we have K )
max {Sv =3, ,7Tv(i)}

P(E[n1,na,...,ni]) N1,12,-- 15 (11)
s.t. 0<ng <nMg—1<..<m <n(= OO)

N, ! : n;j : Ny—>"'_1nj
gl (Ny — 50 1)) (H g;")(1 — qu) ="~ This optimization problem can be solved by setting the
= =1 =1 (2) derivative ofSy with respect to ally;, i = 1,2, ...K to zeros,

To simplify the notation, we denote the convex €&t = 95y =0,i=1,2,..K. (12)
{(nlv_nl% v ) 10 < mgli=12, et < Ny, jlj=1,2,..i-1 # O
1, Z;;l n; < Ny—1,n; =1,} andD; = {(n1,n2,....,n;—1):  The closed-form solution of (12) is still analytically in-

0 < njljz12,..i-1 < Nuynjljz12...i-1 # 1723;11 n; < tractable. However, several optimization packages carsbd u
N,—1}. The only difference betwee®; andD; is thatD); does to compute its numerical solution, such as theinsearch
not includen;. C; andD; include all the possible combinationsfunction in MATLAB. In Appendix |, we show that when
of the users’ contention in the first— 1 slots to make the ¢ = -, the optimization problem presented in (6) can
successful user occur on titk mini-slot. Thus, the probability be approximated by the optimization problem given in (11).
that the successful user occurs on ttremini-slot (successful Therefore, in this paper, we will use the thresholds designe

access probability) is equal to (3). Then, the throughput &dr the virtual system as the solution for the actual system.

the system corresponding to thié mini-slot is defined as For the virtual system, we have the following theorem:
_— (i) Theorem: If N, > K, the optimal set of thresholdg;(i =
T,(i) :/ R(z)f(z)—>+dz. 4) 1,2,..,K) for the virtual system for a constant rate (CR)
i di function R(.) satisfies the relation
Thus, the throughput of the system over Allmini-slots is Ni-1 1
X / f(x)dx:N—, 1=1,2,... K. (13)
5 =Y T.(). (5) " o _
P Proof. Refer to Appendix Il. We denote the optimum thresh-

olds for CR as the suboptimal solutions for variable rate VR
th the simulation section, we will quantify the throughpogs$
introduced by the suboptimal thresholds.

Now, our design problem is reduced to solving the followin
optimization problem
max {8 =" T.()}

st 0 E’ZI'ZKWK_I << < o= 00) 6) B. Backoff Thresholds Design for Heterogeneous Systems

In the previous subsection, we described how to design

e backoff thresholds in homogeneous systems. The design

criterion is to maximize the total throughput of the system

users in the actual system). Thed& K users are divided which also maximizes the throqghput qf individual users and
guarantees fairness. However, in practice, some users may b

into K groups. Each group witlv,, users contends on one . .
i . : . lose to the access point while the other users may be far away
mini-slot and the users contending on different time slofs

are independent. We aim to obtain the thresholds} by so that the channel statistics are not identical. In thinade
. o of heterogeneous systems, if the same set of thresholds as
analyzing this virtual system.

. . . the homogeneous systems are used for all the users, the users
In the virtual system, the probability that one contention 9 y

L : close to the access point (with higher average channel)gains
packet can be decoded correctly at tkie mini-slot is . P ( 9 /erag )g
will always get access to the network which causes unfairnes

pi=Nug(1—g)" 1i=12.. K. (7) among users. Therefore, new approaches of designing ackof
thresholds for heterogeneous systems have to be proposed.
Now, let us first look into how this problem is solved in

which is very difficult to solve, even numerically. To makeih
the optimization problem tractable, we will consider a wait
system consisting of a total aNV,K users (there arév,

The successful access probability on itie mini-slot is

i—1 centralized systems. In [13][3], proportional fair (PFhedul-
Py (i) = H(l —p)) | Nugi (1 =)™ 1. (8) ing is proposed to realize multiuser diversity while ensgri
j=1 fairness among users. The PF algorithm schedules a user

. : hen his instantaneous channel quality is high relativeigo h
Thus, the throughput of the virtual system corresponding 10 o . ,

. L 2 own average channel condition over a certain average time.
the ith mini-slot is given by

Following the basic idea of [3], the authors in [14] designed
Ty (i) = /"H R() () P‘;(i) a decentralized scheduler that maximizes the product of the
i 7

do,i=12,... K, (9) users’ throughput. Both [3] and [14] show that the scheduler



i—1 i .
Py(i) =Y P(E[ni,n,.con]) = > Mg = 1),(H g1 =g Emmtl (3)
1

116! . _ A
C, D, nylngl..n;_1 (N, ijl n; =

for heterogeneous systems should be the one that views £heOFDMA System Model

other types qf users as if they were of the same type, i.e. eaClyye consider an uplink OFDMA system witth users
user views himself in a homogeneous system. where the adjacent sub-carriers are grouped into sub-efgnn
Motivated by [3] and [14], we design the back-off thresholdgince the access point periodically transmits beacon ksigna
for each user according to his own channel statistics whilge average sub-channel gains are known by the users. To
assuming the other users have the same channel statisig®plify our analysis, we assume that all sub-channels have
Therefore, different users will have different sets of #irelds  the same number of sub-carriers. Due to the correlationeof th
which are decided by the channel characteristics of that ty@hanne| frequency response (Or equiva|ent|y' due to thigslim
of user. If one type of users always has better channel gafannel delay spread which is much less than the OFDM
than others, the corresponding thresholds will also beefargsymbol duration), the sub-carriers within each sub-chinne
than their counterparts. More specifically, the threshdtds have highly-correlated channel gains. L&t denote the total
the ith user are obtained by solving (11) in Section Ill. Anumber of sub-carriers in the system. We consider a muttipat
in which, f(z) and R(z) are replaced byf;(x) and R;(z), Rayleigh fading channel consisting @, independent taps
respectively. Note thatV, is the total number of all types and the average total energy of all these taps is "1”. Hgj
of users in the system. Then, usewill compare his channel denote the channel coefficient of useri = 1,2,...,N)
power gains with the thresholds to decide his backoff mioi-s on the j-th (j = 1,2,..., N,) sub-carrier. Then{H, ;} are
as described in Section Il. The fairness and multiuser slit;er Circu|ar|y-symmetric Comp|ex Gaussian random variablgs w
gain of this scheme will be corroborated by the Simulati%ro mean and unit variance. Supposej@|sub-carriers are
results in Section V. divided into N. sub-channels. Then, each sub-channel has
N, /N, sub-carriers. The average channel power gain of the

n-th (n = 1,2, ..., N.) sub-channel for useris given by
IV. DISTRIBUTED OPPORTUNISTIC ACCESS SCHEMES FOR

Ng
OFDMA SYSTEMS Z;V:C%(n_nﬂ |H, ;|2 )
In this section, we discuss the application of our proposed Gin = N,/N. = |Hi,%—j(n—1)+1| ;

opportunistic access schemes to TDD OFDMA systems. T\r/]v?]ich can be estimated from the beacon signal periodicall
frame structure is illustrated in Fig. 2, where the contampie- 9 P Y

riods on all sub-channels have the same length so that all dtr nsrmtted from the. access point. .From (.14)' we find that
in IS an exponential random variable with mean 1. The

are transmltted_ S'”?‘."ta”e"“S'Y during the data tra.nSU"SS'cumulative distribution function (CDF) of; ,, is given by
period which simplifies decoding at the access point. Herg, ’
a sub-channel refers to a group of sub-carriers in OFDMA Fa(g) = (1 —e 9)ulg), (15)
systems. We describe two approaches based on the scheme ) _ )

proposed in the previous sections for single-carrier systén whereu(g) is the unit step function. Note thaty; ., n =

the first approach, each user contends on all the sub-ctandef NC_} may be dep_endent In pract|c_al systems_. How-
(CAC) while in the second approach each user contends o?‘gr’ to simplify the design, we assume in this section that
on his3 strongest sub-channels (CSC). In this section, we onfyin: 7 = 1,2,..., Nc} are independent and identically dis-
consider homogeneous systems. However, the developmghited (i.i.d) random variablésHowever, in the simulation,
can be easily extended to heterogeneous systems usingUhchannel model does not require this assumption.

similar approach to that given in Section IlI.B.

(14)

B. Access Scheme I: Contending on All sub-Channels (CAC)

rocsoney This approach_ applie_s our proposed scheme for single-
domain = carrier systems in Section Ill. A on each sub-channel. All
users estimate the average channel power gain on each sub-
SubCH 1 channel through the periodically transmitted beacon signa
and compare them with the designed thresholds to obtain the
backoff mini-slots on each sub-channel. Each sub-chararel ¢
be treated as a single-carrier system. Since the averagaaha
SubCHM power gains on different sub-channels may be different, a

Contention
period

SubCH 2

Data transmission period |  Time domain

Uf Ny = N2 = N2 and theseN,, taps are i.i.d with a uniform power
delay profile, then\Hi &(n71)+1|7" = 1,2,..., N, are independent and
N,
thus G n,n = 1,2, ...,]\7¢ are independent due to (14). For other channel
models, there may be some correlation am@#g,,,n = 1,2, ..., N.. For
design purposes, we still use this assumption.

Fig. 1. Distributed OFDMA frame structure



user may have different backoff mini-slots on different suhll, 2, .., 5) strongest sub-channel .ﬁ Then, we have
channels and the successful users on different sub-ctennel N ) NN
. - . . m,Jj —4Vm,j
may be different. In the data transmission period, the SUC'IP’{N 1= ( N ) ( 1 ) (1 1 )
m,y S — )

cessful users will transmit their data on their associatdd s N, N N.
channels. The backoff thresholds can be numerically coetput _ ) (20)
according to (12) with the channel statistics given in (15). @nd the expectation a¥,,, ; is
_ N
Nm,jzﬁc1]:1127"'7ﬁ' (21)
C. Access Scheme II: Contending on Strongest Sub-Chaniiels analytical tractability, we approximate the expectatof
(CSC) (18) over{N,, ;} (i.e., (19)) with (18) conditioned ow,, ;
instead of{ N,,, ;}. This gives

In this approach, each user contends on fistrongest 5 5
(cfgr.mDeé?int;ased on his channel power g@in, defined in P (2) = Z BNm_,Z ‘FZNM-H(Z) _ %ZFZNrM(Z)-
j=1 Zi:l Nmﬂ j=1
Zim = Gi (m), (16) (22)
where {G; () : m = 1,2,..,N.} is the ordered sequencef\jga”% we can compute the thresholds from (11) usig=
of {Gi,:n=1,2,..,N.} such thatG; ;) < Gy o) < ... < N, and the pdf associated withi,, (2).
G (n.)- Under the assumption thét; , are independent, the

CDF of themth order statisticZ; ,, is [15] V. NUMERICAL AND SIMULATION RESULTS
N, Simulation and theoretical results of both single-caraied
Fz, . (2)= Z ( ]\lfc ) FL(2)[1 = Fa(2)]Ne"t,  (17) OFDMA systems are discussed in this §ection. The simulation
I=m results are obtained fromv; = 100,000 independent frames

. X T
where F¢ is given in (15). Since we consider homogenem%1d we assume an operating point of BER=".

OFDMA systems, we simply ignore the indéf Fz, . In
this approach, a specific sub-channel and a particular frake Single-Carrier Systems

may be chosen by some users as their best channel, whil@) performance of homogeneous systeinshomogeneous
other users may view it as theiith strongest channel. Letsingle-carrier systems, the chanrel between user and

N jym =1,2,...,Ne, j = 1,2, ..., B denote the exact numberthe access point has a zero-mean unit-variance circularly-
of users choosing thexth sub-channel as thejith strongest symmetric complex Gaussian distribution. Hence, the cllann
contention channel at this frame. Then, on thgh sub- power gaing; = |h;|> has an exponential distribution with
channel, there ar@ types of users withV,, ; users in thejth  mean “1”. The transmission power is “1” and the received

(j =1,2,...,8) type. The channel power gain of the users igjgnal-to-Noise-Ratio (SNR) is 15dB. The continuous rate
the jth type has the CDFz,, .., (z). This introduces a new fynction from [16] is defined as

problem of designing thresholds which maximize throughput ~g;

for each sub-channel. Rgi) = logy(1+ —3) (23)
We design the thresholds for each sub-channel using the 5 ) ! ]

distribution of the average channel power gain on that sutf¥hereo; is the noise power and is the SNR gap given by

channel. We treat all the users contending on a specific sub- 1.5

channel as one group and the average channel power gain = " In(5 BER) (24)

is defined as the channel power gain of a randomly-select

user in this group with equal probability. Then, the disitibn

of the average channel power gain on th¢h sub-channel

conditioned onN,, j,m =1,2,...,N.,j=1,2,...., 8 is

E1‘91 the opportunistic splitting algorithm [5], all users leav
to wait for the feedback from the access point after they
send the contention packets. Therefore, one mini-slot]ifs[5
equivalent to two mini-slots in our proposed algorithm.c®in

B N - we use one mini-slot to transmit ACK after the contention
FH, Nt Nz Ny s (2) = E 3 ]\77 Fzy, ;1 (2) period, K mini-slots in the opportunistic splitting algorithm is
j=1 2iz1 N (18) equivalent to2 K — 1 mini-slots in our contention period.

) In Fig. 2, we compare the throughput of the proposed
However, NTW for_m = 1_’ 2,.., N and = 1,2,....5 are  scheme and the opportunistic splitting scheme. Also iresiud
random variables in practical systems, Wh'c_h may vary frOFBr comparison, as an upper bound, is the performance of the
one frame to another frame. Thus, the distribution of the, «ajized approach which always assigns channels tcstre u
average channel power gain is with the best channel gain. Our proposed scheme performs

Fr,,(2) = E[Fu, | No 1 Nowa N s (2)]s (19) better than the opportl_mistic splitting scheme and appresc

the upper bound a#%’ increases. Another advantage of our

where the expectation is ové¥,, 1, Ny, 2.., N, 3. Using the proposed scheme over the opportunistic splitting schenfeais
assumption thatz; ,,,n = 1,2, ..., N, are i.i.d, the probability we do not need the frequent handshakes between users and the
that one user chooses any sub-channel asjtiis(j = access point as these handshakes could be possibly decoded
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Fig. 3. Access probability comparisons for single-carsgstems Fig. 5. Throughput comparison for heterogeneous systems

. . . . dB. Each type has the same number of users. Fig. 5 gives
incorrectly which will further reduce the throughput. Flgthe througfeg)ut of different schemes while Fig. 6 s%owsgthe

2 also illustrates that our theoretical throughput expoess ” : :
of the virtual system (eq. (10)) match very well with ihfverage access probability of each type, i.e, the ratio ef th

simulation results, verifying that the throughput of thetwal humber of frames successfully accessed by each type over

. . . the total number of frames, where it can be seen that our
system is a good approximation to that of the actual system.

' . L roposed scheme achieves much higher multiuser diversity
Fig. 2 also shows the effect of inaccurately estimating trPeain compared with the TDMA scheme. In the TDMA scheme,

number of users on the throughput via the curve Iabeled%] : o
gnp & users gain access to the system in different frames based

‘est. err” where the actual number of users is 30, (= 50) ; .
. - ; on the round-robin scheduling scheme. As a benchmark, an
and the estimated number of useh§,j varies from 10 to 100. . . . !
- upper bound is also given for which the channel is always

The suboptimal thresholds due to inaccuraciesiin cause assigned to the user with the best channel gain without any

only a small throughputdegradatlon unless is significantly faimess constraint. Although the throughput of our pregbs
smaller thanV,,. This shows the robustness of our scheme. We . :
sl(f‘heme is lower than the upper bound, our scheme guarantees

can also draw the same conclusion as in Section Ill. A thatfairness amona different users which can be seen from Fid. 6
is better to overestimate than underestimaite 9 9. .

Fig. 3 shows that the successful access probabilities df bot

the opportunistic splitting and proposed schemes do nat var

too much with the number of users. The reason is thBt OFDMA Systems

the thresholds in both schemes change with the number oin OFDMA systems, the channels of different users are

users in the system to achieves the maximum throughpmiodeled as independent 3-tap Rayleigh fading channels with

Fig. 4 shows the throughput comparison for the suboptimah exponential power delay profile. Since the access point

thresholds defined by (13) and the optimal thresholds of theriodically transmits beacon signals, we assume that the

virtual system. The suboptimal solutions experience omigls average sub-channel gains are known by the users.

degradation but they simplify the system design in prattica We consider OFDM/OFDMA systems witlv, = 256

systems. sub-carriers and each frame contains 48 OFDM symbols. In
2) Performance of heterogeneous systerfsr heteroge- our proposed schemes, one sub-channel has 64 sub-carriers

neous systems, we choose 5 types of users whose SNR vahre$ hence, there ar®. = 4 sub-channels fotV, = 256.

are evenly spaced in dB scale over the range of 10 dB to B@r the contention period, each mini-slot is composed of the
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Fig. 6. Successful access probability for heterogeneostesis Fig. 7. Throughput comparison for OFDMA systems

transmission time of one contention packet and the maximum
propagation delay of the system. The contention packet con-
tains the address information of the transmitting useryGgl
sub-carriers are used to transmit this contention packet. W 3
set one mini-slot to bé& /2 of one OFDM symbol duration. EXd
According to the frame structure given in Fig. 1, we consider 2 ¥
K =7 mini-slots in the contention period. Thus, the length of F 28p

—©— proposed CSC B=1
.| —— proposed CSC =2
——&— proposed CSC =3
—+— proposed CAC B=4 (CAC)

the data transmission periodis= 2 x 48 — 7 —1 = 88 mini- 261
slots. The following four schemes are given as benchmarks. 241
« OFDM/TDMA: Users access the system according to the 2 a0 a0 S0 6 70 8 0 100
TDMA round-robin scheme and all the sub-carriers are Number of users

allocated to one user within one frame. )

. Ideal centralized OFDMA: Each sub-channels is allocatéd
to the user with the best average sub-channel gain. This
is an upper bound of all centralized OFDMA schemes.

« Opportunistic splitting scheme CAC: The scheme in [5)ur proposed scheme is still comparable with it. Note that th
is directly applied on each sub-channel. mismatch between the simulation and theoretical resuttsés

For the VR service, according to the required BER perfol? the approximation in (14). Fig. 8 shows the performance
mance, successful users can use adaptive modulation to sgh§SC for differentd where at = 4, CSC is equivalent to

higher data rates at better channel conditions to improge th~C- The simulation results show that at low traffic load,
overall throughput. The rate functioR,,, achieved by a CAC outperforms CSC while at medium and high traffic

successful usei on then-th (n = 1,2,...N,) sub-channel 102ds, the throughput of CAC and CSC with largérare
with continuous rate adaption is almost the same. Intuitively, CSC could outperform CAC at

high traffic load since the number of users contending on

8. Throughput of CSC schemes with differghin OFDMA systems

ZJNV_Z log, (1 + VIH_lez) each sub-channel is smaller for CSC, resulting in a larger
R,, — = me(nmH % (25) successful access probability. However, with the congenti
’ Ns/Ne length of K = 7 for our proposed schemes and equivalently

where H; ; is the channel gain of useron the j-th sub- K =4 for the opportunistic splitting algorithm, the successful
carrier,o? is the noise power at thgth sub-carrier and, is ~ access probability is already very high (about 0.94) even fo
the SNR gap defined in (24). a very large number of users as shown in Fig. 3. Hence, for
Let M,,,n = 1,2, ..., N. denote the number of busy framed< = 7, CSC’s marginal improvement in the successful access
on the n-th sub-channel and,, ; denote the correspondingProbability does not outweigh its loss in multiuser diveysi
rate on thejth busy frame of theuth sub-channel which is gain over CAC, resulting in almost the same throughput for
calculated as in (25) for the successful user onstit sub- CAC and CSC with largep at high traffic load.
channel. Then, the throughput of the system is given by
No M, I VI. CONCLUSIONS
= Lnt1 j=1ms ) (26) In this paper, novel distributed opportunistic access st
Ny(K + L+1)N, for single-carrier and OFDMA systems are proposed to
The results in Fig. 7 show that our proposed scheme peachieve multiuser diversity gains through the judiciousigie
forms much better than OFDM/TDMA which does not havef a novel backoff mechanism which utilizes the channel
multiuser diversity gain. In Fig. 7, even if we do not includénformation in reducing collisions. For homogeneous syste
the huge overhead of the ideal centralized OFDMA schentbe backoff design criterion is to maximize the sum throughp




of all users. For the heterogeneous systems, the backaffrdes _
is performed for each user type separately as in a homogsneou [ZNuqz 1—g)Ne! H <#% (1— qJ.)Nunj>] ,
system. For OFDMA systems, we propose two distributed j n; (N, )
opportunistic access schemes analogous to those desigmed §
single-carrier systems to utilize multiuser and multiafen 1

9 y A]ééua j|j 1,2,...,0— 15&1} HO—WandHZ ( pj)—lfOI’

diversity gains. Users contend on all sub-channels in CAC_ 1. Note that in (29) above, the fourth equalrty follows from

scheme and on thg strongest sub-channels in CSC SChemﬁﬁe third equality because of the definition of the Bewhich
CAC outperforms CSC since more users can introduce ML, as the interchange of the product and the summation

diversity gain. Compared with the existing distributed or
erations valid in this case while it |s not valid in general
centralized schemes, our proposed scheme reduces overh d ~ 1 |

where E = {(ni,n2,....,ni—1) : 0 < njlj=1,2,. -1 <

nqg, = , we havei 1- w2
and achieves a better spectral efficiency as corroborated tj>\>/ (ZJ Nuqu o Ny )‘qJ (1)
both simulation results and theoretical analysis. % = T and hence, for anyn; > 3
G = 1,2.i-1), [IZ (Wlny% (1 —qj)Nem
APPENDIX | is very smaII Thus, we can simplify the convex detas
SIMILARITY OF THE ACTUAL AND VIRTUAL SYSTEMS E" = {(n1,n2,...,ni-1) : nj € {0,2},j = 1,2,...,i — 1}.

; L .
Since the rate functioR(.) is a non-decreasing function,gien’ the only difference betwedi andEE" is the constraint

—1 .. .
the throughput defined in (4) can be bounded as follows 2-j—17 <= Nu — 1. For efficient system designs, the
number of contention slotd{ is typically chosen to be

R(ni) Ps(i) < Ts(i) < R(ni—1) Ps(i), (27)  much smaller than the number of usé¥s. Hence, we can

whereP, (i) is defined in (3). Similarly, the throughput of theassume thatV,, > 2K, from which we haveD’ = E'.
virtual system defined in (9) can be bounded as follows Now let us compare (3) with (7) by evaluating their ratio.

_ Nulqi i—1 nj _
RO1)Py (i) < Tu(i) < Rin1) Py (i), @y Denoted = nmontsre oo (a0
Nu—3iTin;—1 _ ) .
where Py (i) is defined in (8). In the following, we will see Z —14) and B - Nugi(1
the similarity of the virtual system and the actual system hby)N«~! H (7%),(17 (1- qj)Nu*nj). Using
comparingPs (i) with Py (). th t ‘ ) >~ 1 _ Y™ . t
First, let us checkP;(i). As the successful user in thh e approximation[[j_, (1 — ;) 25=1 45 We ge

P 7 ~
mini-slot has a higher tfransmission rate than the sucdessf = 1 and =0 = 1. In Table I, we compareP, (i)
user in thejth mini-slot for j > ¢, we aim to assign higher and Py (7) usrng the thresholds designed for single-carrier

access probability for lower-indexed mini-slots, i.£,(1) > homogeneous systems given in Section V.A.1. The results in

Py(2)... > Ps(K). For the first mini-slot,Ps(1) = Nyq1(1 — Lot
q1)V=—1, which is the probability obtained when there arerable | corroborate our approximation.

N, contending users. The maximuR (1) is achieved when
@1 = 7 With ¢ = 5, using the Poisson law whe¥i, >> 1,

opéﬂgl T_h2]) f 2;'[1h_ o e tnl 23 |r§ APPENDIXII
en, for the second mini-slot, we srmpr 2 as
D'y = {n1 : ny =0, 2} by neglectrngnl >3 and Ps(2) = PROOF OFTHEOREM

Nuga(1 = g2 — q1)N~ +2|( _3):(11Q2(1—Q1—Q2) vl =

_ For the constant rate functiaR, (9) becomes (30).

_ —gn — g\ Nu—3 [ _Nu go)? o Nad

(N 2)132(1 0= ) , {NN (11 n q2 } Consider the gradient ofy with respect tonx. Setting
Since ;5 (1 — a1 — @2)° + T (1 — (J1) 92v — 0, we get (31). Further simplification gives

No—1 ~" Ny 1 No—1 ~ 3

2N, :Nu (1_N_H)Q+W:§<]‘Thusp() MK —1 1

3(Nu 2)q2(1 T QQ)N“_?’. By optimizing the upper / f(z)de = i (32)
bound of Ps;(2), we havegs = —. ThenP(E[n; < 2,ns > i “

3)) < e = 0.0613. Therefore when considering the third From (32) and (30) and = (1 — 1/N,)N+~!, we obtain
mini- slot D5 can be simplified a®’;s = {(n1,n2) : n1 =

0,2;n9 = 0,2} by neglecting:, > 3. Srmrlarly, we can obtain Ty (K) = 6R H (1—p;). (33)
D; = {(nl,ng,...,ni_l) n; € {0 2} Z] 1n7 <N, — 1}

for the sth mini-slot.

Now, let us checkPy (7). We have Now, we try to find the optimumyx ;. By substituting (33)

into (10), the gradient oy with respect tonx_1 becomes

i—1 b
Py (i) = |;H(1 —p;)| Nugi (1 — qi)Nufl ,i=1,2,.., K oSy _ Ty (K — 1)+ Ty(K)) N OpK 1 —0, (34)
=1 T Ok -1 Ok -1 Ok -1
= Nugi(1 —q0)™ " |T1( ~ Nugs (1 - qJ-)Nr”)} which yields - .
Pl flx)de = —. (35)
-1 N,! NK—1 Nu
No—1 nj Ny—nj
= Nugi(1 — i) 1:[ nzﬂi_nj),qj- (1-q) )

(29) 2When N, is small, the thresholds can be calculated from the actisésy.



TABLE |
THE SUCCESSFUL ACCESS PROBABILITY OF THE ACTUAL AND VIRTUAL BSTEMS

minislot index: 1 2 3 4 5 6 7
qi 0.0071| 0.0102] 0.0128 | 0.0152| 0.0171| 0.0184| 0.0194
Ps (1) 0.2504 | 0.2318] 0.1768 | 0.1227| 0.0803 | 0.0511| 0.0321
Py (7) 0.2504 | 0.2313] 0.1764 | 0.1227| 0.0805| 0.0514 | 0.0324
) i—1 Nu Mi—1 Mi—1 Ny—1 i—1
r) = |[[a-p)| () ([ s@as) (1= [ s@as) T =r|TTa-m| e @0
j=1 i i j=1
NK—1 Ny—1 NK—1 Ny—2 NK—1
St (1= [ o) - (1 [T @) g [ s@as=0. @
Nk Nk Nk

Substituting (35) into (30) gives
K-2

Ty (K) =R [[ (1 —p;)(1-9),
i=1

K2 (36)
Ty (K —1) =6R [ (1 - p)-
j=1

Substituting (36) into (10) and setting the gradientSyf
with respect tonx o to zero, we get

Sy ATy (K —2) + Ty (K — 1) + Ty (K))
8"”51,[( I X (37)
-2 _ L
= O 0= /771(2 f(z)dx = N

Repeating the same process for other gradients ofiven

Ni—1 1
[ e =g =12

7

K. (38)

REFERENCES
[1] R. Knopp and P. A. Humblet, “Information capacity and @aveontrol
in single-cell multiuser communications,” iRroc. IEEE Intl. Conf.
Commun,. Seattle, WA, June 1995, pp. 331-335.
D. N. C. Tse, “Optimal power allocation over parallel gaian broadcast
channels,” inProc. Intl. Symp. Inf. TheoryUlm, Germany, June 1997,
pp. 27-27.
P. Viswanath, D. N. C. Tse, and R. Laroia, “Opportunisi@amforming
using dumb antennaslEEE Trans. Inf. Theoryol. 48, no. 6, pp. 1277—
1294, June 2002.
X. Qin and R. Berry, “Exploiting multiuser diversity fanedium access
in wireless networks,” irProc. IEEE INFOCOM San Francisco, CA,
Mar. 30-Apr. 3 2003, pp. 1084-1094.
X. Qin and R. Berry, “Opportunistic splitting algorithenfor wireless
networks,” inProc. IEEE INFOCOM Hong Kong, P. R. China, Mar.
7-11 2004, pp. 1662-1672.
X. Qin and R. Berry, “Opportunistic splitting algorittenfor wireless
networks with fairness constraints,” #th Intl. Symp. on Modeling and
Optimization in Mobile, Ad-Hoc and Wireless Networks (WiQP06)
Hong Kong, P .R. China, Apr. 2006, pp. 1-8.
S. Adireddy and L. Tong, “Exploiting decentralized cheh state
information for random accessfEEE Trans. Inf. Theoryvol. 51, no.
2, pp. 537-561, Feb. 2005.
P. Venkitasubramaniam, S. Adireddy, and L. Tong, “Oppistic Aloha
and cross layer design for sensor networks,”Pioc. IEEE MILCOM
Conf, Boston, MA, Oct. 2003, pp. 705-711.

(2]

(3]

(4]

(5]

(6]

(7]

(8]

IEEE LAN/MAN Standards CommitteelEEE 802.11a, “Wireless LAN
Medium Access Control and Physical Layer Specications:htsigeed
Physical Layer in 5 GHZ Band"Mar. 2002.

IEEE LAN/MAN Standards CommitteeAir Interface for Fixed Broad-
band Wireless Access Systems: Medium Access Control MiodEand
Additional Physical Layer Specications for 2-11 Gksep. 1999.

C. Y. Wong, K.B. Lataief R.S. Cheng, and R.D. Murch, “Muser
OFDM with adaptive subcarrier, bit, and power allocationEEE J.
Sel. Areas Communvol. 17, no. 10, pp. 1747-1758, Oct. 1999.
[12] I. Kim, H.L. Lee, B. Kim, and Y.H. Lee, “On the use of linea
programming for dynamic subchannel and bit allocation inltionser
OFDM,” in Proc. IEEE Global Telecommun. ConfNov. 2001, pp.
3648 — 3652.

A. Jalali, R. Padovani, and R. Pankaj, “Data throughgfutEDMA-HDR
a high efficiency-high data personal communication wiekgstem,” in
Proc. Veh. Technol. ConfTokyo, Japan, May 2000, pp. 1854-1858.
Y. Yu and G. B. Giannakis, “Opportunistic medium accémswireless
networking adapted to decentralized CSIIEEE Trans. Wireless
Commun,. vol. 5, no. 6, pp. 1445-1455, June 2006.

H. A. David and H. N. NagarajaQrder Statistics John Wiley & Sons,
Inc., Hoboken, NJ, 2003.

G. Song and Y. Li, “Cross-layer optimization for OFDM neless
networks-part I: theoretical framewordEEE Trans. Wireless Commuyn.
vol. 4, no. 2, pp. 614-624, Mar. 2005.

El

[10]

[11]

[13]

[14]

[15]

[16]

Dandan Wang (S'2005) received her B.S. and
M.S degrees in electrical engineering from Beijing
University of Posts & Telecommunications, Beijing,
China, in 2000 and 2003, respectively. She worked

PLACE at China radio research lab, Ericsson from 2003
PHHE%TEO to 2004. She is currently a Ph.D student at the

Department of Electrical and Computer Engineering,
University of Texas at Dallas. Her research interests
include wireless communications and networking,

signal processing for communications and sensor
networks and cooperative/relay systems.

Hlaing Minn (S'99-M’'01-SM’'07) for photograph and biography, see v, 5
no. 3, pp. 474-484, Mar. 2008 in this journal.

Naofal Al-Dhahir (F'08) for photograph and biography, see vol. 55, no. 5,
pp. 864-877, May, 2007 in this journal.



