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Abstract— Orthogonal frequency division multiplexing
(OFDM) is an important technique to support high
speed transmission of broadband traffic in wireless net-
works, especially broadband wireless local area networks
(LANs). Based on OFDM, a new multiple access scheme,
called OFDM-TDMA with subcarrier allocation (OFDM-
TDMA/SA), is introduced in this paper. It provides more
flexibility in resource allocation than other multiple ac-
cess schemes such as OFDM-TDMA, OFDM-frequency di-
vision multiple access (OFDM-FDMA), and (orthogonal fre-
quency division multiple access (OFDMA). With OFDM-
TDMA/SA, a medium access control (MAC) is designed for
broadband wireless LANs. It optimizes bit allocation in
subcarriers so that maximum bits are transmitted in each
OFDM symbol under a frequency selective fading environ-
ment. The OFDM-TDMA/SA MAC protocol also supports
three classes of traffic such as guaranteed, controlled-load,
and best effort services. Based on the optimum subcarrier
bit-allocation algorithm and considering heterogeneous QoS
constraints of multimedia traffic, a hierarchical scheduling
scheme is proposed to determine the subcarriers and time
slots in which a mobile terminal can transmit packets. In
such a way, the OFDM-TDMA/SA MAC protocol maximizes
system throughput in a frequency selective fading environ-
ment and guarantees QoS of multimedia traffic. Computer
simulation is carried out to evaluate the performance of the
OFDM-TDMA/SA MAC protocol. Results show that the
new MAC protocol outperforms other MAC protocols for
OFDM-based wireless LANs.

Keywords— Orthogonal frequency division multiplex-
ing (OFDM), time division multiplexing access (TDMA),
medium access control (MAC), subcarrier allocation (SA),
quality of service (QoS), wireless local area networks.

I. INTRODUCTION

R thogonal frequency division multiplexing (OFDM)
is a multicarrier modulation scheme, which provides
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a promising solution to the intersymbol interference (ISI)
problem in wideband transmission over multipath fading
channels [1], [2]. It has become an important technique for
next generation wireless networks. For example, OFDM
has been applied to IEEE 802.11 wireless local area net-
works (LANs) [3], HiperLan/2 [4], and IEEE 802.16 fixed
wireless broadband access systems [5].

Based on OFDM, several multiple access schemes have
been proposed:

o OFDM-time division multiple access (OFDM-TDMA ).
In this scheme, OFDM symbols in one time slot is
the minimum resource unit that can be allocated to a
user [2], [6]. Thus, subcarriers of one OFDM symbol
cannot be allocated to different users. This limita-
tion reduces the flexibility of resource allocation, es-
pecially when the capacity of a time slot is very high.

e OFDM-frequency division multiple access (OFDM-
FDMA). Subcarriers can be allocated to different
users in this scheme [2], [6], and are multiplexed as
FDMA. In OFDM-interleaved-FDMA [2], the sub-
carriers allocated to a user do not need to be con-
secutive, and thus, the subcarriers of different users
are interleaved. However, the subcarriers allocated a
user are fixed on time axis because no TDMA struc-
ture exists. Thus, resource allocation is not flexible in
OFDM-FDMA.

o OFDM-code division multiple access (OFDM-CDMA).
In an OFDM-CDMA system [7], data symbols are
first spread across the frequency domain. Then,
the spread data symbol is modulated with OFDM
technique. OFDM-CDMA can achieve small band-
width granularity, so the resource allocation can
be more flexible than OFDM-TDMA and OFDM-
FDMA. OFDM-CDMA has non-zero same-cell inter-
ference. Also, high-throughput modulations cannot
be applied to uplink CDMA due to limited achievable



carrier to interference ratio (CIR) [9].

o Orthogonal frequency division multiple access (OF DMA).

Subcarrier allocation to a user is allowed in OFDMA.
However, subcarriers allocated to a user in a subchan-
nel are selected through a pseudorandom process [9].
This solution does not really improve the flexibility
of resource allocation, because subcarriers for a user
are not necessarily distributed into different groups of
subcarriers.

In order to enhance the flexibility of resource allocation
for an OFDM-based multiple access scheme, a more ef-
fective multiple access scheme is needed. Such a scheme
cannot cause too much complexity in resource allocation.
Have those requirements in mind, a new multiple access
scheme, which is called OFDM-TDMA with subcarrier al-
location (OFDM-TDMA/SA), is proposed. It has the fol-
lowing features:

« OFDM symbols are organized in a TDMA frame.

« Subcarriers in a OFDM symbol in both uplink and

downlink can be allocated to different users.

« Subcarriers allocated to one user do not need to be

consecutive in either frequency axis or time axis.

« Subcarriers allocated one user do not need to fixed at

different frames.

e Bandwidth granularity can be very small, e.g., as

small as one subcarrier per frame.
It should be noted that OFDM-TDMA/SA is different from
the multiple access scheme proposed in [1], where differ-
ent frame structures are used for large radio and small ra-
dios resources. Mixed assignment of large and small radio
resources under the same frame structure is not investi-
gated in [1].

Two issues in OFDM-TDMA/SA need to be pointed
out. First, since the uplink transmission is asynchronous
among different mobile terminals, both time and frequency
synchronization for those mobile terminals must be guar-
anteed. To date, several schemes [11], [12] have been pro-
posed to solve this problem. In this paper, time and fre-
quency synchronization in the uplink is assumed to be ac-
curate. Second, since subcarrier allocation is also allowed
in the uplink, the resource mapping between subcarriers
in various time slots and mobile terminals need to be in-
formed to mobile terminals in the downlink. However, the
large number of subcarriers in a frame may need a huge
resource mapping table, which causes very high overhead.
In order to solve this problem, a novel resource mapping
scheme is proposed in this paper.

OFDM-TDMA/SA enables flexible resource allocation.
However, in order to deliver multimedia traffic with QoS
constraints in a broadband wireless LAN, two more issues
need to be considered:

o Frequency selective fading environment. In a broad-
band OFDM-based wireless LAN, wide channels
have the feature of frequency selective fading in-
stead of flat fading [13]. Thus, subcarriers in dif-
ferent frequency bands experience different channel
fading. When a subcarrier experience deep fade, it
cannot carry any information bits due to the power
constraint. Howeyver, as pointed out in [2], it is very
unlikely that a subcarrier is in deep fade for all mobile
terminals in the same system, because the channel
fading of these mobile terminals are mutually inde-
pendent. Thus, optimum bit allocation in subcarriers
is necessary so that maximum bits can be transmitted
in an OFDM symbol.

o Heterogeneous QoS constraints of different services.
In this paper, multimedia traffic is categorized into
three services, i.e., guaranteed service, controlled-
load service, and best effort service. As specified in
IETF standards [14], [15], QoS constraints of these
three services are much different from one another.
Thus, the resource allocation scheme must be care-
fully designed so that resource can be efficiently uti-
lized and QoS of each service is guaranteed.

To take into account these two important issues, a
medium access control (MAC) protocol is designed based
on OFDM-TDMA/SA. In this protocol, an optimum sub-
carrier bit-allocation algorithm is derived to determine the
number of bits allocated to each subcarrier. In this algo-
rithm, given the bit error rate (BER) requirement of a ser-
vice and the maximum allowed transmit power in a sub-
carrier, the number of bits allocated to all subcarriers is
maximized. Thus, it is different from the bit-allocation
algorithm in [2], where the transmit power in all sub-
carriers are optimized. It is also different from the rate
adaptation (RA) algorithm [16], which maximize user’s
minimum throughput subject to power constraints. In the
OFDM-TDMA/SA MAC protocol, a hierarchical schedul-
ing scheme is also proposed to allocate subcarriers and
time slots to each mobile terminal by considering its QoS
constraint. The optimum subcarrier bit-allocation algo-
rithm is embedded in the scheduling scheme. As a result,
throughput of an OFDM system under a frequency selec-
tive fading environment is maximized, and QoS of multi-
media traffic is guaranteed. The OFDM-TDMA/SA MAC
protocol outperforms other MAC protocols for OFDM sys-
tems [6], [17].

This paper is organized as follows. The basic operation
procedure of the OFDM-TDMA/SA is described in Sec-
tion II. The optimum subcarrier bit-allocation algorithm
used in the OFDM-TDMA/SA MAC protocol is derived
in Section III, while the hierarchical scheduling scheme is
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Fig. 1. OFDM-TDMA/SA frame structure.

proposed in Section IV. The performance of the OFDM-
TDMA/SA MAC protocol is evaluated through computer
simulation in Section V. The paper is concluded in Sec-
tion VL

II. THE OFDM-TDMA/SA MAC PROTOCOL

A broadband wireless LAN based on multiuser OFDM
technique is considered in this paper. Channel fading in
the broadband wireless LAN is assumed to be frequency
selective. In this system, subcarriers of an OFDM sym-
bol of both uplink and downlink can be allocated to dif-
ferent mobile terminals. The number of bits allocated to a
subcarrier is dynamically determined according to channel
fading experienced by the mobile terminal that owns the
subcarrier. Since uplink transmissions from different mo-
bile terminals are asynchronous, frequency and time syn-
chronization schemes such as that in [12] must be used in
the uplink.

A. Frame Structure of OFDM-TDMA/SA

In order to achieve flexible resource allocation for
both high and low traffic rate applications and imple-
ment channel-adaptive subcarrier bit-allocation algorithm
for multimedia services under a frequency selective fading
environment, OFDM-TDMA/SA is proposed as the multi-
ple access scheme for the broadband wireless LAN under
consideration. The OFDM-TDMA/SA frame structure is
shown in Fig. 1. There are M time slots in each frame, L
OFDM symbols in each time slot, N subcarriers in each
OFDM symbol, and K bits in each subcarrier. Since each
mobile terminal experience different frequency selective
fading, the subcarrier allocated to a different mobile ter-
minal supports a different number of bits. Thus, K is a
parameter that needs to be optimized by the resource al-
location algorithm. M, N, and L are system parameters
that can be determined in the phase of system design. The
OFDM-TDMA/SA is a time division duplex (TDD) sys-
tem , i.e., uplink and downlink is duplexed in time divi-
sion. In the first part of downlink is the feedback sub-

frame. The resource allocation information about both up-
link and downlink transmissions are transmitted to mobile
terminals in this subframe. In the uplink, the first sub-
frame is control subframe in which mobile terminals send
request messages such as connection admission requests
and packet transmission requests.

Subcarriers in time slots of downlink and uplink data
subframes are allocated to mobile terminals according to
their QoS requirements. Considering each of these sub-
carriers, it can be assigned to any mobile terminal. Sub-
carriers allocated to a mobile terminal are not necessarily
selected according to a pseudorandom process, which is
much different from the subcarrier allocation in OFDMA.
The subcarriers allocated to different services in a frame
are totally interleaved, and no separate subframe is dedi-
cated to a certain service. Due to this feature, a resource
mapping table must be sent to mobile terminals in the feed-
back subframe. The table needs to have two entries for
each subcarrier. One entry is the ID of the mobile ter-
minal that owns a subcarrier, and the other is the num-
ber of bits allocated to this subcarrier. Since in a TDD
system the power level used by a subcarrier can be deter-
mined based on the number of bits allocated to the subcar-
rier [2], no entry is required in the mapping table to specify
the power level of a subcarrier. In an OFDM-TDMA/SA
frame, there are M x L x N subcarriers, which is a very
large number. To convey such information from the base
station to mobile terminals will cause a large amount of
overhead. In order to reduce the overhead, two schemes
need to be used. In the first scheme, continuous subcar-
riers with similar fading characteristics are considered as
one group. Thus, each entry in the resource mapping ta-
ble corresponds to a group of subcarriers instead of single
subcarriers. However, in a frequency selective fading en-
vironment, the number of subcarriers in a group is small.
Moreover, the small number of subcarriers in a group is
preferred in order to achieve good bandwidth granularity.
Therefore, the first scheme cannot significantly reduce the
overhead. In this paper, an additional scheme is proposed
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Fig. 2. A new resource mapping scheme.

to use one OFDM symbol to convey resource allocation
information. The structure of the OFDM symbol for con-
veying resource allocation information is designed accord-
ing to Fig. 2, where a dashed line with arrow illustrates the
mapping relationship between an item of resource alloca-
tion information in the resource mapping table (i.e. the re-
source mapping OFDM symbol) and the resource unit. As
shown in Fig. 2, subcarriers of an OFDM symbol are clus-
tered into N, groups, so the number of subcarriers in each
group is ng. In addition, subcarriers at T'S; of group 7 in
the resource mapping OFDM symbol are used to convey
resource allocation information of i-th group of subcarri-
ers in time slot j of the OFDM-TDMA/SA frame. Given
a resource unit (i.e. a group of subcarriers in one time slot
such as group ¢ in time slots 7'S;), two subcarriers in the
resource mapping OFDM symbol are used to convey the
resource mapping information. Some bits in the two sub-
carriers indicate the ID of the mobile terminal (or a traffic
flow of the mobile terminal) that owns the resource unit,
while the remaining bits specify the number of bits allo-
cated to each subcarrier in the resource unit. Thus, if the
number of time slots for both uplink and downlink trans-
mission of multimedia traffic, denoted by My, is equal to
%, then the total subcarriers that are used to convey re-
source mapping information is 2 x Ny X % = N, which
is equal to the total number of subcarriers of one OFDM
symbol. Thus, the overhead of sending resource mapping
information is significantly reduced.

B. Operation of the OFDM-TDMA/SA MAC Protocol

Based on the frame structure shown in Fig. 1, an
OFDM-TDMA/SA MAC protocol is proposed. Two im-
portant issues are considered in the MAC protocol. One is
the optimum bit allocation for each subcarrier of a mo-
bile terminal under frequency selective fading environ-
ment. The other is support of multimedia traffic with dif-
ferent QoS constraints. In this paper, the multimedia traffic
is categorized into three classes, i.e., guaranteed service,
controlled-load service, and best effort service. The oper-
ation procedure of the MAC protocol is described as fol-
lows. It is focused on the uplink transmission of multime-
dia traffic. The downlink transmission follows the similar
but simpler procedure due to the broadcast nature.

e Send QoS and traffic specifications Before a mobile
terminal starts a communication, it needs to send
its QoS and traffic specifications to the base station.
Such a message is sent in the control subframe in the
uplink. In addition to QoS and traffic specifications,
the message includes a mobile terminal ID, which
is obtained when the mobile terminal subscribes to
the network, and service type that the mobile termi-
nal will deliver. The QoS and traffic specifications
of guaranteed and controlled-load services are de-
scribed in [14] and [15], respectively. In brief, guar-
anteed service is proposed for real-time applications
with tight delay guarantees. Thus, its constant traf-
fic rate must be guaranteed. Controlled-load service
is used for adaptive real-time applications, and polic-
ing is applied to each traffic flow of controlled-load
service. Two requirements must be satisfied for con-



forming packets after policing: (a) little or no aver-
age packet queueing delay over all time scales signif-
icantly larger than the burst time, and (b) little or no
congestion packet loss. Thus, the traffic rate that is
equivalent to the mean rate of policed traffic must be
guaranteed. For best effort service, no guarantee is
required on traffic rate, but packet loss is not allowed.

o Send packet transmission request. For controlled-load

and best effort services, the traffic rate changes frame-
by-frame. Thus, the packets generated in each frame
varies. Such time-varying information is needed by
the scheduling scheme at the base station side when
performing resource allocation, so it must be sent to
base station. In order to reduce signaling overhead,
piggyback is used to send such information.

e Schedule packet transmissions. The packet transmis-

sions of all service types are scheduled frame-by-
frame. In such a way, the subcarrier in each time
slot can be utilized as efficiently as possible. In a
frequency selective fading environment, a subcarrier
experiences different channel fading when it is as-
signed to different mobile terminals. Therefore, the
number of bits that it can deliver varies depending
on which mobile terminal it is assigned. When a
subcarrier is allocated to a certain mobile terminal,
it means that the largest number of bits can be allo-
cated if the assigned mobile terminal uses this sub-
carrier. Thus, the capacity of the OFDM system is
maximized in a frequency selective fading environ-
ment. Such bit-allocation is achieved by an optimum
subcarrier bit-allocation algorithm, which will be de-
rived in Section III. Although optimum subcarrier
bit-allocation algorithm maximize the system capac-
ity, it does not guarantee QoS of different services.
Thus, a hierarchical scheduling scheme is needed.
In the first step, packet transmissions of guaranteed
and controlled services are scheduled. The constant
traffic rate of guaranteed service and the mean traffic
rate of controlled-load service are guaranteed in this
step. In the second step, the remaining subcarriers are
allocated to controlled-load and best effort services.
Thus, the scheduling scheme implies that guaranteed
service has highest priority of being serviced and best
effort service has the lowest priority.

o Send resource allocation information. After schedul-

ing for all services is performed, the resource alloca-
tion information is sent back to mobile terminals. The
resource mapping table proposed in Fig. 2 is used in
the feedback subframe to convey such resource allo-
cation information.

o Transmit packets. When a mobile terminal receives
the information about its allocated subcarriers in var-
ious time slots and the number of bits in each subcar-
rier, it first determines the transmit power of each sub-
carrier based on the number of bits in the subcarrier
and the channel gain estimated through the downlink
pilot channel. Then, the mobile terminal transmits
packets in allocated subcarriers in various time slots
using appropriate power levels. How to convert pack-
ets in the MAC layer into bits in subcarriers is part of
the functions of OFDM physical layer. However, it is
clear this process does not cause overhead.

III. THE OPTIMUM SUBCARRIER BIT-ALLOCATION
ALGORITHM

As described in the operation procedures of the OFDM-
TDMA/SA MAC protocol, an optimum bit allocation al-
gorithm is needed. The objective of such an algorithm is
to maximize the number of bits that can be allocated to
subcarriers of an OFDM system in a frequency selective
fading environment. This algorithm is different from that
in [2]. The adaptive subcarrier, bit, and power allocation
algorithm in [2] aims to find the optimum assignment of
subcarriers so that the overall power consumption of all
mobile terminals is minimum. However, the number of
bits allocated to subcarriers are not maximized. The op-
timum subcarrier bit-allocation algorithm is also different
from the RA algorithm in [16]. In order to avoid that users
in good channels exclude users in bad channels, the max-
imization of the overall data rates is not considered in the
RA algorithm [16]. Therefore, a “max-min” criterion is
used, and the optimization becomes a complicated inte-
ger programming problem. In addition, the throughput of
mobile terminals in good channels is not maximized. In
our algorithm, since maximization of the overall data rates
is used, system throughput is maximized. In an OFDM-
TDMA/SA frame, for a given time slot, if some mobile
terminals in bad channels are excluded by other mobile
terminals in good channels, they still have the opportunity
to try subcarriers in other time slots through a scheduling
scheme. Thus, mobile terminals in bad channels are not
always excluded, and “max-min” criterion is not used in
the optimum subcarrier bit-allocation algorithm.

In this section, the optimum subcarrier bit-allocation al-
gorithm is derived for the uplink access. The same algo-
rithm can be applied to the downlink.

Suppose there are K mobile terminals in a cell of
a OFDM-based broadband wireless LAN. Within each
OFDM symbol, there are N subcarriers. Given the n-
th subcarrier, the magnitude of channel gain experienced
by the k-th mobile terminal is assumed to be aj,. In



each subcarrier, the modulation scheme is assumed to be
QAM with the maximum number of bits equal to M.
Thus, 4 QAM, 16 QAM, ---, 2™ QAM can be used in
the OFDM system. Given BER Pe of a mobile termi-
nal, the required power P; for supporting m bits/QAM

symbol is P, = o [Q—l(%)r@m — 1) [2]. Here

3
Q(x) \/%f;o e~ ¥/2dt, and Ny is the single-sided
power spectral density of noise.

Suppose cg p, is the number of bits in the n-th subcar-
rier when it is assigned to the k-th mobile terminal, and
Pr,n = 1 indicates subcarrier n is allocated to mobile ter-
minal k. Since a subcarrier that has been allocated one
mobile terminal cannot be allocated to other mobile termi-

nals, so pyr, = 0 for k' # k. As aresult, the overall bits

Cp in each OFDM symbol is
K N
=3 PrnChn (1)
k:l n=1
where

K
> pkn =1, and ppn € {0,1}. )
k=1

Suppose fx(ck,n) and Py, are assumed to be the re-
ceived and transmit power levels, respectively, of the n-th
subcarrier allocated to mobile terminal k. Since the trans-
mit power of subcarrier n for mobile terminal £ cannot ex-
ceed maximum transmit power P, Py , = w <

k,n -
P;"%* . Note that through this constraint the overall power
level of an OFDM symbol is bounded, because the number
of subcarriers in an OFDM symbol is a limited number.

When ¢, , is transmitted in a QAM symbol, fi(ckn) =

NO [Q (2¢k.» — 1) must be satisfied, where Pey,
is the BER of mobile terminal k. Therefore,

(Pek) 2

No [,._, Peg ]2
N 2Ck,n _ 1 < Pmazl 3
s |97 ey <A o)
Since ¢, is an integer, so
Pmawa2
ckm < |loga | 1+ R )
No [Q_l(—f&)]
Define
3Pmaza2
Chm = min{ M, |logy | 1+ k kin ,
" —1(Pey 2
No [Q ( )]
(5)
then (4) becomes
Ckm < Chm - (6)

In order to maximize overall bits in an OFDM symbol, C,
in (1) is to be maximized. However, pg, , and ¢y, ;, must sat-
isfy (2) and (6), respectively. Thus, the optimum subcar-
rier bit-allocation algorithm is formulated as the following
optimization problem:

K N
=2 k=1 2on—1 Pk,nck,n} )

max {C(,
Elf:l Pk = 1, and Pkn € {0’ 1}, (7

Integer programming can be used to solve the problem
in (7). However, due to its complexity, it is nontrivial work
to include such an optimum subcarrier bit-allocation al-
gorithm in the scheduling scheme of the MAC protocol.
In order to avoid the complexity of integer programming,
a heuristic scheme is proposed to solve the optimization
problem. The basic idea of such a scheme is that subcar-
rier n must be allocated to mobile terminal k if ¢j’n® is
the largest among all the values of {c}}%7, k' = 1, K }.
The procedure of the heuristic scheme is descrlbed as fol-
lows:

e Initial step: determine cj’';*. For the given BER val-
ues of all mobile termlnals Chm 1s calculated for all
subcarriers according to (5).

o Step 1: Suppose C'is the set of ¢}'n® of all subcar-
riers of all mobile terminals. Among all the values
in set C, find the maximum value, e.g., c}}%, which
means that the maximum number of bits is achieved
by mobile terminal &’ in subcarrier n'. Thus, subcar-
rier n’ must be allocated to mobile terminal &', and
the assigned bits in this subcarrier is ck, 7. In addi-
tion, pgr »» = 1, which means that subcarrier n/ can-
not be allocated to all other mobile terminals. There-
fore, after this step, {cj'e7,k = 1,---, K} need to be
removed from set C.

e Step i (¢ > 1): For the new set C, repeat the same pro-
cedure of step ¢ until all the subcarriers are finished.

In order to enhance the speed of the heuristic scheme,
a binary search instead of linear search algorithm can be
used to find the maximum value in set C. As illustrated in
the procedure, the heuristic scheme is very simple. It will
be included in the scheduling scheme in the next section.

subject to

Ck,ne{oa]-a"'a

'I'TLG,I

IV. THE HIERARCHICAL SCHEDULING SCHEME

The objective of the scheduling scheme is to guarantee
the heterogeneous QoS constraints of multimedia traffic
and to utilize the system capacity as efficiently as pos-
sible. In this paper, the multimedia traffic is categorized
into three classes of services, i.e., guaranteed, controlled-
load, and best effort services. Thus, the scheduling scheme



must be able to guarantee the constant traffic rate of guar-
anteed service, mean rate of controlled-load service, and
zero packet loss of best effort service.

As shown in Fig. 1, an OFDM-TDMA/SA frame con-
sists of many time slots. Each time slot has several OFDM
symbols, and each of which is comprised of many sub-
carriers. In order to maximize throughput and efficiently
utilize the capacity in each subcarrier, the optimum subcar-
rier bit-allocation algorithm proposed in Section III is em-
bedded in the scheduling scheme to assign subcarriers to
mobile terminals and determine the number of bits in each
subcarrier. Since BER requirement has been considered
in the optimum subcarrier bit-allocation algorithm, BER
values of different mobile terminals can always be guaran-
teed.

Since guaranteed, controlled-load, and best effort ser-
vices have different QoS requirements, a hierarchical
scheduling scheme is proposed to serve these services in
a prioritized order. Guaranteed and controlled-load ser-
vice are serviced first. In this phase, constant rates of
guaranteed service need to be satisfied, while only mean
rates are guaranteed for controlled-load services. In the
second phase, the remaining resources are shared be-
tween controlled-load and best effort services. The con-
cept of hierarchical scheduling looks straightforward, but
the scheme interacts with the optimum subcarrier bit-
allocation algorithm.

The detailed procedure of this scheduling scheme is
shown in Fig. 3 and explained as follows:

o Step 0: initial settings. Subcarriers in each time slot
of the whole OFDM-TDMA/SA frame is marked as
“unused”. Based on the estimated channel gain and
the BER requirement, the maximum number of bits
that can be assigned to each subcarrier for a given
mobile terminal is calculated according to (5).

o Step 1: optimum subcarrier bit-allocation to mobile
terminals' of guaranteed and controlled-load ser-
vices. All “unused” subcarriers in the whole frame
are assigned to mobile terminals of guaranteed and
controlled-load services. A subcarrier is marked as
“used” after it is assigned to a mobile terminal. In
this step, the optimum subcarrier bit-allocation algo-
rithm is applied in order to achieve maximum system
capacity. However, QoS of different services is not
taken into account.

o Step 2: iterative subcarrier and bit allocation to guar-
anteed and controlled-load services and QoS guaran-
tees. Based on the optimum subcarrier bit-allocation

1When a mobile terminal has multiple traffic flows, the same proce-
dure is applied separately to each flow. For simplicity of description,
we use mobile terminals instead of traffic flows throughout the paper.
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Fig. 3. The hierarchical scheduling scheme.

algorithm, the QoS of guaranteed and controlled-load
services is checked. Given a mobile terminal with
guaranteed service, the overall bits in the subcarriers



allocated to it must achieve its required constant traf-
fic rate in the OFDM-TDMA/SA frame. For a mo-
bile terminal with controlled-load service, the overall
bits in the subcarriers allocated to it must satisfy the
mean traffic rate of this mobile terminal. If more sub-
carriers than required are allocated to a mobile termi-
nal, these unnecessary subcarriers must be released
and marked as “unused”. After this step, if QoS of
guaranteed and controlled-load services is satisfied,
scheduling goes to step 3. Otherwise, if “unused”
subcarriers are still available in the current OFDM-
TDMA/SA frame, steps 1 and 2 are repeated until
QoS of guaranteed and controlled-load services is sat-
isfied or no “unused” subcarriers is left. However, if
no “unused” subcarrier is left in the current OFDM-
TDMA/SA frame, scheduling proceeds to step 4.

e Step 3: allocation of remaining subcarriers to
controlled-load and best effort services. If no “un-
used” subcarrier is available in the current OFDM-
TDMA/SA frame, scheduling goes to step 4. Oth-
erwise, the remaining “unused” subcarriers are allo-
cated to controlled-load and best effort services ac-
cording to the following process.

— Step 3.1: optimum subcarrier bit-allocation to mo-
bile terminals of controlled-load and best effort ser-
vices. For the “unused” subcarriers, optimum subcar-
rier bit-allocation is performed among mobile termi-
nals that have packets waiting for transmission.

- Step 3.2:  iterative subcarrier allocation to
controlled-load and best effort services. Based on the
optimum subcarrier bit-allocation in step 3.1, each
mobile terminal is checked if the number of packets in
its buffer is greater than the overall bits in its allocated
subcarriers. If the answer is yes, the unnecessary sub-
carriers are released and marked as “unused” again.
After all mobile terminals of controlled-load and best
effort services have been checked, if “unused” sub-
carriers are available, steps 3.1 and 3.2 are repeated
until no “unused” subcarrier is left or packets in all
mobile terminals are serviced. Then, scheduling pro-
ceeds to step 4.

e Step 4: end of scheduling. Scheduling is terminated
in this step. However, if no “unused” subcarrier is
available in the previous step and some packets still
wait for transmission in mobile terminals, these pack-
ets have to wait for subcarriers in the next OFDM-
TDMA frame. If the due time of some packets
has passed, they must be dropped. In this situation,
packet loss occurs. In order to avoid packet loss in
best effort service, the due time for packets of best
effort service is assumed to be infinite.

V. PERFORMANCE EVALUATION

Computer simulation is carried out to evaluate perfor-
mance of the OFDM-TDMA/SA MAC protocol.

A. System Parameters and Traffic Models

In the OFDM-TDMA/SA-based broadband wireless
LAN, channels have the feature of frequency selective
slow fading. Thus, the channel model used in simula-
tion is Rayleigh frequency selective fading channel. For
subcarrier n of mobile terminal k, the second moment of
channel gain, denoted by E{ai,n}, is equal to unity. The
frame length of the OFDM-TDMA/SA frame is assumed
to be 2 ms, which is similar to that of IEEE 802.16 [19].
There are 16 time slots in downlink and uplink data sub-
frames. Among those time slots, 5 time slots are allocated
to uplink traffic transmission. One OFDM symbol is as-
sumed in each time slot, and there are 256 subcarriers in
each OFDM symbol. Thus one time slot is needed in the
feedback subframe to send resource mapping table. The
number of time slots for contention subframe is assumed
to be large enough so that the request access delay is less
than one frame. In order to focus on packet access in data
subframes, the effect of frequency selective fading on a
request transmission in contention subframe is not consid-
ered. QAM used in each subcarrier can be 4-QAM, 16-
QAM, and 64-QAM. The BER of guaranteed, controlled-
load, and best effort services is 1072, 10~*, and 10~2, re-
spectively. The maximum signal-to-noise ratio (SNR) of

L. . pmaz .
transmit signal, i.e., —%— in (5), is assumed to be 26.43

dB, 25.38 dB, and 29.1(5) dB, respectively, for guaranteed,
controlled-load, and best effort services. Such an SNR
value ensures that the number of bits in each subcarrier
is 6 when aj , = 1.

The traffic of guaranteed, controlled-load, and best ef-
fort services is simulated as follows:

o Guaranteed service. For each connection of guaran-
teed service, the traffic rate is assumed to be constant.
Moreover, the constant rates of different connections
are assumed to be uniformly distributed in [0, 320]
kbps. The time out value of a packet of guaran-
teed service is assumed to be 10 OFDM-TDMA/SA
frames. The length of a guaranteed-service con-
nection is exponentially distributed with the average
equal to 150 s.

o Controlled-load service. Since policing is used for
each traffic flow of controlled-load service, the traf-
fic of controlled-load service at the MAC layer is po-
liced traffic that conforms TSpecs of controlled-load
service. Thus, for a connection of controlled-load
service, its traffic is generated according to a token



bucket policing scheme. In this paper, the model de-
scribed in [18] is used to generate the policed traffic.
In this model, the traffic rate of a connection is dif-
ferent in three consecutive durations, i.e., bursty, flat,
and off durations. In the bursty duration, the traffic
rate is determined by the bucket depth and the input
traffic rate. In the flat duration, the traffic rate is equal
to the bucket rate, and no traffic exists in the off du-
ration. In this paper, the bucket rate r of a connec-
tion is constant. Such rates of different controlled-
load-service connections are uniformly distributed in
[0,160] kbps. The bucket depth b of a connection
is assumed to be 100 bits. Moreover, the average
lengths of bursty, flat, and off durations are assumed
to be 0.1, 0.5, and 0.2 MAC frame, respectively. The
time out value of a packet of controlled-load service
is assumed to be 20 OFDM-TDMA/SA frames. The
length of a controlled-load-service connection is ex-
ponentially distributed with the average equal to 150
.

e Best effort service. For a mobile terminal of best effort
service, the message is generated according to an ex-
ponential random process. The average message size
is 200 kbytes.

In the simulation, the number of information bits in each
MAC packet is 16. The call arrival rate of each service is a
parameter that adjusts traffic load. As for the relative call
composition, guaranteed service, controlled-load service,
and best effort service hold 10%, 10%, and 80%, respec-
tively. of all calls in the system.

B. Simulation Results

The performance of the OFDM-TDMA/SA MAC pro-
tocol is presented in this section. In order to show the per-
formance improvement achieved by OFDM-TDMA/SA
MAC protocol, comparison with other MAC protocols
for OFDM-based system is necessary. It is obvious that
the performance of an OFDM-TDMA based MAC pro-
tocol is much worse than that of the OFDM-TDMA/SA
MAC protocol, because: (a) the minimum resource unit of
OFDM-TDMA is one time slot, which wastes resources
when it is allocated to a low-rate connection; (b) opti-
mum bit-allocation algorithm cannot be applied to OFDM-
TDMA, because subcarrier allocation does not exist. Also,
it is easy to show that the performance of an OFDM-
FDMA based MAC protocol is much worse than that of the
OFDM-TDMA/SA MAC protocol, because the subcarrier
allocation is fixed on the time axis.

As a consequence, the OFDM-TDMA/SA MAC pro-
tocol is only compared with a MAC protocol based on
OFDMA. However, no OFDMA MAC protocol is avail-
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Fig. 5. The average packet delay and packet loss ratio of
controlled-load services.

able for comparison in literature. For the purpose of com-
parison, an OFDMA MAC protocol is designed by con-
sidering the features of OFDMA and the concept of hier-
archical scheduling scheme. No optimum subcarrier bit-
allocation is included in OFDMA MAC.

For guaranteed service, the average packet delay and
packet loss ratio of the two different MAC protocols are
shown in Fig. 4. The results of controlled-load services are
illustrated in Fig. 5. The average message delivery time of
best effort service is shown in Fig. 6. No packet loss occurs
in best effort service.

When OFDM-TDMA/SA MAC protocol is used, no
packet loss occurs in guaranteed service, and the average
packet delay is 2 ms, as shown in Fig. 4. For controlled-
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load service, as shown in Fig. 5, the average packet de-
lay increases as traffic load becomes higher than 160
guaranteed-service calls/hour. However, both packet loss
ratio and average packet delay is relatively low. There-
fore, QoS of both guaranteed and controlled-load services
are guaranteed. On the other hand, when OFDMA MAC
protocol is applied to the same system, the packet loss ra-
tio and average packet delay of controlled-load service is
much higher than those of OFDM-TDMA/SA MAC pro-
tocol. Moreover, in the OFDMA MAC protocol, packet
loss occurs in guaranteed service when the traffic load is
higher than 140 guaranteed-service calls/hour. Therefore,
QoS of both guaranteed service and controlled-load ser-
vice is not well guaranteed when a OFDMA MAC proto-
col is applied. The reason is that such a MAC protocol is
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unable to efficiently utilize the capacity of each subcarrier.
As shown in Fig. 6, the average message delivery time is
much larger than a frame length (i.e., 2 ms). The reason is
that the hierarchical scheduling scheme always first satisfy
the constant traffic rate of guaranteed service and mean
rate of controlled-load service. Thus, A best-effort-service
message has to wait for many frames before all packets
of a message are serviced. It is also shown in Fig. 6 that
the average message delivery time achieved by the OFDM-
TDMA/SA MAC protocol is lower than that achieved by
OFDMA MAC protocol.

The throughput of different services are shown in Fig. 7.
For both MAC protocols, the guaranteed service has the
highest throughput, although the call arrival rate of this
service is not larger than the other two services. The rea-
son is that, on average, the traffic rate of a guaranteed-
service call is much larger than that of the other two ser-
vices. Moreover, as illustrated in Fig. 7, when traffic
load is higher than a certain value, the OFDM-TDMA/SA
MAC protocol achieves higher throughput in each ser-
vice than OFDMA MAC does. For guaranteed service
and controlled-load service, QoS is always guaranteed by
the OFDM-TDMA/SA MAC protocol at all traffic loads
given in Fig. 7. Thus, throughput of both guaranteed and
controlled-load services increases as traffic load increases.
However, for the OFDMA MAC protocol, the throughput
of both guaranteed and controlled-load services decreases
when the traffic load is higher than a certain value. For
example, when traffic load is higher than 187 guaranteed-
service calls/hour, throughput of guaranteed service starts
to decrease, while throughput of controlled-load service
starts to decrease at lower traffic load (175 guaranteed-
service calls/hour). Such a difference is because a higher
priority is assigned to guaranteed service in the schedul-
ing scheme. In both OFDM-TDMA MAC and OFDMA
MAC protocols, the throughput of best effort service de-
creases when traffic load is higher than a certain value, be-
cause best effort service has the lowest priority of being
serviced in the scheduling scheme. However, the traffic
load at which the throughput of best effort service starts to
decreases is lower in OFDMA MAC protocol than that in
OFDM-TDMA/SA MAC protocol. The throughput com-
parisons between two MAC protocols illustrate that the
OFDMA MAC protocol outperforms the OFDMA MAC
protocol.

VI. CONCLUSION

In this paper, an OFDM-TDMA/SA MAC protocol was
designed for broadband wireless LAN, which has the fea-
ture of frequency selective fading channels. An optimum
subcarrier bit-allocation algorithm was derived to maxi-



mize the number of bits that can be allocated to subcar-
riers in each OFDM symbol. In order to support mul-
timedia services with different QoS constraints, a hierar-
chical scheduling scheme was proposed based on the op-
timum subcarrier bit-allocation algorithm. Performance
evaluation showed that the OFDM-TDMA/SA MAC pro-
tocol guarantees heterogeneous QoS requirements of mul-
timedia traffic. This MAC protocol also outperforms other
MAC protocols for OFDM-based wireless LANs.

Future work is needed to derive an optimum subcarrier
bit-allocation algorithm that considers the overall power
constraint of an OFDM symbol instead of that of a user. A
new scheduling scheme based on such an algorithm is also
an interesting research topic.
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