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Abstract: The most challenging technical issue in worldwide interoperability for microwave access (WiMAX)
networks is to find a way to counteract the interference as well as to solve the fading problem in
transmissions. Although IEEE 802.16e standard proposes several mechanisms to handle this difficult problem,
there are still many external interferences that may collapse ongoing transmissions. To tackle this thorny
problem, the authors develop a method called fault-tolerant transmission mechanism (FTM), which re-
permutes and scatters slots in each frame space of the downlink transmission in the medium access control
(MAC) layer to achieve a higher probability of success in transmissions. FTM can produce approximately 30%
more throughput than the IEEE 802.16 standard can and significantly raise the successful transmission
probability, while having each transmitted burst size limited to no more than 20 slots (5% of the total
downlink frame space). Therefore by adjusting the burst size, rearranging slot places and comparing their
patterns, FTM can provide a more reliable, more secure and more efficient transmission mechanism than IEEE
802.16e transmission mechanism. In addition, it is fully compatible with orthogonal frequency-division
multiple access (OFDMA) WiMAX systems.
1 Introduction
To meet the demand of wireless access and high bandwidth
transmissions, the fixed broadband wireless access (BWA)
system such as the local multipoint distribution service is
proposed to offer multimedia services to a number of
discrete subscriber sites. The BWA system is built up by
using base stations (BSs) to provide network access services
for subscriber sites, which are based on the IEEE 802.16e
wireless metropolitan area networks (WMANs) standards
[1]. They comprise the medium access control (MAC)
layer and the physical (PHY) layer [2], which dominate the
main part of BWA. In IEEE 802.16e, there are many
types of physical specifications such as single carrier, single
carrier access, orthogonal frequency-division multiplexing
(OFDM) and orthogonal frequency-division multiple
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access (OFDMA) [1]. OFDM and OFDMA have the
advantage of resisting interferences, providing high
bandwidth and supporting diverse modulations [3–5]. In
specifics the OFDMA combines two major transmission
techniques: OFDM and the frequency-division multiple
access (FDMA).

An OFDMA slot is based on OFDMA symbol structure,
which varies within the uplink and the downlink. The
structure includes the full usage of the subchannels, the
partial usage of subchannels (PUSC), the distributed
subcarrier permutations and the adjacent subcarrier
permutation [3, 6, 7]. As IEEE 802.16e standard describes
that one slot is one subchannel with two OFDMA symbols
for PUSC downlink burst. OFDMA inherits inter-symbol
interference (ISI) and inter-carrier interference (ICI), both
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of which are against internal interference and frequency
selective fading [8–10]. Therefore IEEE 802.16e
WMANs standard and the digital video broadcasting
return channel terrestrial proposed OFDMA for the
broadband wireless multiple access systems [11–13].

However, ICI may seriously damage the orthogonal
characteristic and increase the probability of ISI
simultaneously [14]. These inevitable internal factors will
reduce the quality of transmissions. In addition, it will
also encounter unpredictable external interferences called
‘noise’ [15, 16], which may be caused by temperature,
humidity, external electromagnetic waves and so an [17].
In the IEEE 802.16e scheduled transmission, each mobile
subscriber station (MSS) has its data stream that may be
arranged in a profile or in some subchannels. These
profiles or subchannels are randomly put into slots for
transmission, thus much transmission frame space is left
empty and the profile will waste much time in
transmission. These mechanisms cause serious carrier-to-
interference-and-noise ratio [18]. As a result, it can be
concluded that the IEEE 802.16e mechanism cannot
counteract the external interference nor solve the fading
problems [1]. Although the IEEE 802.16e standard is
proposed to solve this difficult problem by using
automatic repeat-request or hybrid automatic repeat-
request retransmission mechanisms to keep a higher
successful transmission probability: these mechanisms will
waste a lot of system resource. Other methods such as
mobility-based call admission control scheme [19] and
adaptive power control [6] were also proposed to solve
these problems, although these methods do not consider
the arrangement of slots to enhance the transmission.
Hence, their improvements were limited and might cause
a lot of overheads [20, 21].

Since the error probability of a data burst depends on the
channel conditions to the subscribers, the probability of
successful transmission can be improved by distributing
slots of each data burst into different time slots and
subchannels. Therefore this paper proposes a scattered
mapping method called fault-tolerant transmission
mechanism (FTM) by breaking up the burst blocks into
slots and then allocating them into different positions in a
frame via a turntable algorithm (TA). By using FTM, the
slots of all bursts in the downlink will be rearranged to
support a more stable and secure transmission.

The remainder of this paper is organised as follows:
Section 2 is an overview of IEEE 802.16e scheduled
transmission and an illustration of our system model.
Section 3 describes in detail how the FTM works to
improve the fault tolerance ability in the MAC layer.
Section 4 presents more proof and analysis. Section 5
describes the implementation of the proposed mechanism
with simulation results. Finally, the conclusion and the
future works are discussed in Section 6.
6
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2 System model
The system model consists of multiple MSSs connecting to a
centralised BS on wireless fading channels, where multiple
connections (data flows) can be supported by each MSS.
All connections communicate with the BS by using time
division multiplexing/time division multiple access. A
buffer is implemented at the BS for each connection and
operates in a first-input–first-output manner. The adaptive
modulation and coding (AMC) controller follows the
buffer at the BS (transmitter), and the AMC selector is
implemented at the MSS (receiver). Each connection
employs AMC scheme at the PHY layer.

Based on OFDMA IEEE 802.16e specifications [1], the
operating spectrum can be divided into Nc subchannels with
each subchannel occupying Ns time slots for multiple access
usage as shown in Fig. 1. In this case, the modulation
scheme quadrature phase-shift keying (QPSK), Mn-ary
rectangular/square quadrature amplitude modulators
(QAMs), the forward error correction codes and Reed–
Solomon concatenated with convolutional codes (CC)
schemes are taken into consideration.

Since the wireless channel quality is mainly subject to the
instantaneous signal-to-noise ratio (SNR) g, which is the
statistical description based on the general Nakagami-m
model [22, 23], the received SNR g in each frame can thus
be a random variable with a gamma probability density
function, that is

pg(g) ¼
mmgm�1

�gmG(m)
exp �

mg

�g

� �
(1)

where m is the Nakagami fading parameter (m � 1=2),
�g ¼ E{g} is the average received SNR, and

G(m) ¼
Ð1

0 tm�1e�tdt is the gamma function [24],

respectively. This channel model is suitable for flat-fading
channels as well as frequency-selective fading channels in
the OFDMA system. This model includes the Rayleigh
channel when m ¼ 1. Let Nm denote the total number of
available transmission modes. According to [22], the
transmission power is assumed to be constant and the

Figure 1 Diagram of the frame structure of IEEE 802.16e
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entire SNR range is partitioned into Nm þ 1 non-overlapping
consecutive intervals, with boundary points denoted as
{gn}

Nmþ1
n¼0 . In this case, mode n is chosen when

g [ [gn, gnþ1), n ¼ 1, 2, . . . , Nm (2)

in which g should be in the range of the corresponding
modulation and coding rate. To avoid deep-channel fading,
no data are sent when g0 � g , g1, which corresponds to
the mode n ¼ 0 with rate R0 ¼ 0 bits/symbol.

To simplify the AMC design, we approximate the slot
error rate (SER) expression in the additive white Gaussian
noise channel as

SERn(g) ’ 1 if 0 , g , gn
p

an exp(�gng) if g � gn
p

�
(3)

where n is the mode index and g is the received SNR.
Parameters an, gn and gn

p are mode dependent and are
obtained by fitting (3) to the exact SER via simulations
presented in [25]. Let the region boundary (switching
threshold) gn for the transmission mode n be the minimum
SNR required to guarantee S0. Inverting the SER
expression in (3), we obtain

g0 ¼ 0

gn ¼
1

gn

ln
an

S0

� �
, n ¼ 1, 2, . . . , Nm

gNþ1 ¼ þ1

(4)

By using (4) to specify {gn}
Nm
n¼0, one can verify that the AMC

in (2) guarantees that the SER is less than or equal to S0.

The IEEE 802.16e standard recommends that the BS has
to broadcast a REP-REQ message to all MSSs periodically
for channel measurements to check whether the MSS is
still in the service set. Therefore the BS can obtain the
SNR value by the replied REP-RSP message from each
MSS to estimate the distance periodically. Let Pi(g) be the
successful transmission probability of a time slot in the ith
subchannel, where i ¼ 0, 1, . . . , Nc � 1 is the subchannel
index in the frame space. The successful transmission
probabilities with modulation mode n of time slots are
equal if they are in the same subchannel. Then Pi(g) can
be expressed by using (3) as

Pi(g) ’ 0 if 0 , g , gn
p

1� an exp(�gng) if g � gn
p

�
(5)

Actually, the SNR value varies according to the time domain
and the frequency domain. First, we assume that different
subchannels, which dominate in different frequency bands,
will have different SNR values and thus result in different
successful transmission probabilities. Second, the SNR
value varies by time in each subchannel. However, the slots
are rearranged in one frame (only 5 ms as specified in the
Commun., 2010, Vol. 4, Iss. 9, pp. 1095–1107
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IEEE 802.16e standard), the change of SNR value will not
be significant in such a short time. Therefore we assume
the SNR value of each subchannel in one frame is the same
but the SNR value of each subchannel in one frame is
different and follows the normal distribution. Thus, the
successful transmission probability of k consecutive time
slots in the ith subchannel can be simply obtained by

Pi(g)k
¼ Pi(g)Pi(g) � � �Pi(g)|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

k time slots

(6)

Since a data burst consists of several MAC protocol data units
(MPDUs) and may occupy several subchannels for data
transmission, see Fig. 1, the MPDU successful probability
can be expressed as Pi(g)Nb , where Nb ¼ L=Rn represents
the needed number of time slots to convey the MPDU, L
(bits) is the length of the MPDU and Rn is the data rate
with modulation and coding mode n.

Moreover, each burst of data is constructed as a rectangular
shape in the downlink as specified in the standard. Thus, a
burst in one transmission frame will span several
consecutive subchannels and its corresponding successful
transmission probability will be

Pd (g) ¼ Pi(g) � � �Pi(g)|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
si time slots

Piþ1(g) � � �Piþ1(g)|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
siþ1 time slots

� � � (7)

where i [ [0, Nc � 1] is the initial subchannel of carrying
the MPDU and Nb ¼ si þ siþ1 þ � � � þ siþk�1 for k number
of subchannels. Note that Pi(g) may vary from subchannel
to subchannel, depending on the received g and its
interferences.

Since each burst Bi consists of several MPDUs and its slot
allocation should be done in rectangular basis (in the
downlink period), the successful transmission probability of
Bi denoted as Ps(Bi) could be calculated as

Ps(Bi) ¼
Yni
m�1

j¼0

P
j
d (g) ¼

Ykþni
c�1

j¼k

(Pj(g))ni
s (8)

where ni
m represents the total number of MPDUs in Bi , k

represents the starting subchannel of Bi, ni
c indicates the

number of subchannels and ni
s is the number of slots in

each subchannel of Bi. The frame structure of the time slot
is illustrated in Fig. 2.

In the subchannel, the distribution of the probability is
defined as the normal distribution. The original probability
Ps(Bi) [ [0, 1] can be applied to the slots in the
corresponding subchannels. Under some serious interference
circumstances, the specific subchannels are subject to the
fading effect [22]. The model designs the adjusted
1097
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probability PA
i by

PA
i ¼ Pi(g) (mod PU þ PL) (9)

where mod is the arithmetic modular operation. PU and PL are
the adjusted successful transmission probability of the
constraint upper and lower bounds, respectively.

3 Fault-tolerant transmission
mechanism
3.1 Turntable algorithm

As mentioned-above, there are many burst blocks in the one
frame space, each of which occupies several time slots. The
Ps(Bi) can be computed using the slots occupied by the
burst. If each slot has its own Ps(Bi) in this model, based
on the previous definitions and assumptions, the
probability-based scheme can modify the situation of
interference on the radio channel. FTM is based on the
OFDMA-PHY specification to break up the slots and
distribute them into the whole frame space. This
mechanism will rearrange the slots over all burst blocks.
After permuting slots, we need to determine which slot is
the optimal or the suboptimal solution to perform the
optimal solution of the Ps(Bi) in each burst. This problem
is called a scattered mapping problem and is also an NP-
complete mathematical permutation problem [26–28]. The
main function of FTM is to increase the Ps(Bi) of each
burst. The higher Ps(Bi), the better. This is one of the
challenges for FTM.

FTM is operated by adjusting the time slot allocation of Bi

with one another. The reason is that each subchannel has its
corresponding successful transmission probability Pi(g). The
probability of transmission failure caused by unpredictable
external interference can be dispersed to different Bi if the
subchannel is under interference. Fig. 3 shows an example
of the rearranged time slots of burst blocks in the downlink
frame period. This mechanism can be applied to the
permutations in certain formula. Assume there are

Figure 2 Frame structure of the downlink
98
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N ¼ NcNs time slots in the downlink subframe [29]. The
permutation group G can be formulated as

G ¼
1 2 . . . N � 1 N
13 20 5 . . . . . .

� �
(10)

where the first row indicates the order of the original
permutation of the time slots and the second row indicates
the new arranged permutation of original time slots. This
rearrangement is a one-to-one correspondence mapping.
The time T (G) with the product of the permutation can be
modelled as

T (G) ¼
1

jGj

X
g[G

Yn

k¼1

a
jk(g)
k (11)

where jGj and g [ G are the absolute time of the
permutation and the time of permutation, respectively; k
and jk( g) are the length of the permutation cycle and the
number of cycles with the permutation cycle length k in g
[30].

The detail operations of probability-based FTM are
described in the following four steps.

S1. FTM calculates Ps(Bi) for all i ¼ 0, 1, . . . , NB � 1,
where NB is the number of bursts in this time period by
using (8).

S2. After Ps(Bi) calculation, FTM determines an optimal slot
allocation to all Bi by using slot rearrangement scheme. Let
Ps(t) ¼

PNB�1
i¼0 Ps(Bi)=NB be the average successful

transmission probability of all Bi and P 0s(t) ¼
PNB�1

i¼0

P 0s(Bi)=NB be the new Ps(t) after rearranging slots, where
P 0s(Bi) is the new probability of each Bi . The problem of
the determination of optimal slot allocation from G among
Bi so that P 0s(t) is greater than Ps(t), or P 0s(t) � Ps(t), is
an NP-complete problem [30]. To obtain a better P 0s(Bi),

Figure 3 Example of time slot rearrangement by FTM
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the time slots is aligned according to their corresponding
Pi(g) in descending order, P(Sij) � P(Skl ) for all
i, k ¼ 0, 1, . . . , Nc � 1 and j, l ¼ 0, 1, . . . , Ns � 1, where
P(Sij) denotes the successful transmission probability of
each slot Sij , and circle this order by letting the last slot
follow the first slot as shown in Fig. 4. We note that
P(Sij) ¼ Pi(g) since it is in the ith subchannel.

S3. Let a1, a2, . . . , aN denote the aligned time slots in the
turntable and a1 ¼ 1, a2 ¼ 2, . . . , aN ¼ N . The time slot
is assigned to Bi by rotating the turntable of the descending
order slots. The rotational speed VR [ Zþ is used to control
the number of the shifts of the turntable for selecting the
next slot. For example, when VR ¼ 1, Bi will select
a1, a2, a3, . . . or when VR ¼ 3, Bi will pick the slot index on
a1, a4, a7, . . ., and so on if the starting slot is a1. The
selection can be achieved by using module function it follows

aj ¼ aj�1 þ VR ; 1 (mod VR) (12)

The burst Bi with higher Ps(Bi) will have the priority to select
slots than the others in the turntable. The VR will be increased
by 1 when Bi finishes its selection of aj . If the indicated aj has
been selected by other Bi , the index j will be increased by one
until an unselected ak is found. Once aj has been selected, aj

will be removed from the turntable immediately.

S4. After scattering time slots, the P 0s(Bi) of each Bi is
calculated by

P 0s(Bi) ¼
Y

j[[0,Nc�1]

Y
k[[0,Ns�1]

P(Sjk) (13)

where Sjk is the selected slots by Bi.

The TA algorithm are given in Fig. 5. The following
calculations illustrate the time complexity of TA. The BS
sorts all slots in the frame space by the TA. There are N
slots in the frame space. If sorting N slots with the sorting
algorithms, the time complexity can be represented as

Figure 4 Rotational diagram of turntable structure in FTM
Commun., 2010, Vol. 4, Iss. 9, pp. 1095–1107
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N log N ¼ O(n log n). The time loop is defined as slots
picking. Hence, in the first time loop, the number of slots
of a burst jBij is much smaller than that of total slots N, in
which jBij � N . Moreover, when the number of slots will
decrease in every loop, the time complexity can be
estimated as log

jPs(Bi)j
N ¼ O( log n). Accordingly, the

overall time complexity of TA is evaluated as
N log N þ jPs(Bi)j log

jPs(Bi)j
N ¼ O(n log n).

3.2 FTM operations

FTM is based on the TA and operates in the MAC layer.
First, FTM uses the TA to construct the downlink slot
rearrangement and uses the DL-MAP message to notify
MSSs for receiving their corresponding time slots in the
following some frame. We note that the indicated bursts in
the DL-MAP will be transmitted after several frames
because each MSS needs some computational time to
determine its precise slot positions after slot scrambling.
The number of postponed frames can be set up by system
operators as specified in the IEEE 802.16e standard [1].

The way FTM distributes the rearranged time slots
information to its MSSs so that each MSS can correctly
receive its corresponding slots after slot scrambling is as
follows. First, both the BS and the MSS have to have the
TA algorithm inside. Second, the BS will periodically
broadcast the calculated Pi(g) based on reported SNR values
from its MSSs. The SNR value can be obtained from the
REP-RSP message replied by MSSs. The BS then
determines an appropriate Pi(g) value of each subchannel to
MSSs and uses the DL-MAP to notify its MSSs as
specified in the IEEE 802.16e standard. The only difference
is that the MSSs will use the Pi(g) value of each subchannel
and the DL-MAP information to concurrently calculate the
correct position by using the TA after receiving the DL-MAP.

There is an additional advantage in using FTM. The
security and confidentiality usage of the FTM scheme is
based on the slot scrambling mapping mechanism by using
TA. FTM is an additional security merit in the MAC layer
because any invader, which does not get permission from
the BS to enter the system, will not receive the data
correctly. The invaders cannot receive the correct bursts if
they do not obtain a valid corresponding Pi(g) value of
each subchannel even if they obtain the DL-MAP. On the
other hand, if some invaders want to wiretap or steal
information in the current BWA system by air, by probing,
or by collecting the specification of BS, the invader will be
able to obtain the system information but unable to handle
them without the TA to calculate the mapping slot. In
addition, since the slot arrangement is changed frame by
frame, the scattered mapping patterns would not
be duplicated. Therefore the level of security is achieved by
changing the probability of all subchannels and adjusting
the range of the probability value to express the whole
channel quality. This way, FTM offers a higher safe
transmission method.
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Figure 5 Turntable algorithm
T

3.3 Example of slots selection

To demonstrate how TA selects burst slots to enhance Ps(Bi),
we illustrate an example of a downlink OFDMA channel
consisting of six subchannels, each of which occupies four
continuous slots as shown in Fig. 6. There are, in this
example, six burst blocks arranged in a rectangle and
labelled as A, B, C, D, E and F, respectively. The channel
successful transmission probability of each subchannel is
assumed to be various and their corresponding probabilities
Pi(g)k, where k ¼ 4 (four slots in each subchannel), are 0.5,
0.9, 0.8, 0.4, 0.7 and 0.6. The slots are labelled from left to
0
he Institution of Engineering and Technology 2010
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right in each subchannel according to Pi(g)4 in descending
order. Before rearranging the slots of each burst, FTM
computes, according to (8), the Ps(Bi) of each block Bi to
decide the precedence of bursts. The calculated Ps(Bi) is
given in Table 1. Based on the priority of each Ps(Bi), the
sequence order of Bi will be B, C, E, F, A and D. In this
example, the initial slot is a1 ¼ 1 and VR ¼ 2. These six
bursts will be orderly operated by TA. The sequence of slot
selection of burst B (shown with solid line arrow) is shown
in Fig. 6. After the rearrangement of all slots, we can see
that the P 0s(Bi) given in Table 1 obtains a higher P 0s(t) than
that of original slot allocation to bursts, that is P 0s(t) > Ps(t).
Figure 6 Example of FTM when the initial VR ¼ 2
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4 Proof and analysis
The goal of FTM is to allow majority users to gain greater
Ps(Bi) than those of the original one and the proof of this
achievement is illustrated in this section. Based on the NP-
complete problem, the effect and advantage of FTM are
estimated as follows:

Proposition 1: The result of the FTM is proved to be better
than the greedy solution (GS) in the slotted mapping
problem. The GS finds the best situation during the
procedure. Hence, GS is only concerned with the current
situation.

Proof: Let Pi be the successful probability for each user.
After Pi is processed by the FTM, the slot of Pi is

Pi ¼ (Si1, Si2, . . . , Sin) (14)

The successful probability of next user is Piþ1 and Pi � Piþ1.
Assume that there is another Pj and Pj � Pi . The Pj also has
several slots as

Pj ¼ (Sj1, Sj2, . . . , Sjn) (15)

For the assumption Pj � Pi, it must have

Xn

a¼1

P(Sja) �
Xn

a¼1

P(Sia) (16)

If the numbers of the slots are Si1, Si2, . . . , Sin, . . . , Sij , and
the probability of Si(nþ1), Si(nþ2), . . . , Sij is greater than
Si1, Si2, . . . , Sin, then Pj � Pi can be found. But in the
predefinition, 8Sxy, the slot Si(nþ1), Si(nþ2), . . . , Sij is used
by other users at the same time. In the FTM, the slot with
the largest value will be regarded as the first priority slot
chosen by each user. The value of second priority slot may
be equal to the second or the first one. Assume there is a
solution, which the total probability of its user is greater
than FTM. Then, the largest value of a slot in the system
must always be chosen. This is the so-called greedy
solution. The calculating of GS will be faster than that of
the FTM. In this solution there should be a largest slot,

Table 1 Parameter of Ps(Bi)

Burst block index Ps(Bi) Ps
0(Bi)

A 0.091125 0.04032

B 0.45 0.81

C 0.32 0.72

D 0.032768 0.0168

E 0.2401 0.3024

F 0.1296 0.112

average probability 0.2106 0.3336
Commun., 2010, Vol. 4, Iss. 9, pp. 1095–1107
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which competes in the same subchannel, and it will run
out earlier than the FTM. Because the largest slots run out
first, it can be deduced that if Pj . Pi, then Pjþ1 , Piþ1.
Accordingly, that Pj � Pi is proved and so is the effective
value Pi. A

Proposition 2: Prove that the probability of the condition of
P 0s(Bi) > Ps(Bi) is high.

Proof: Suppose that one user needs n slots. In the solution of
IEEE 802.16e, a user can make a choice on T slots. In the
solution of FTM one user can make a choice on the total
frame space. Specifically, one user can make a choice on N
slots, where N . T . Assume that the Pf is the probability
of Ps(Bi) . P 0s(Bi)

Pf ¼

T

n

� �

N

n

� � ¼
T !

n!(T � n)!
N !

n!(N � n)!

¼
T !(N � n)!

(T � n)!N !

¼
(N � n)(N � n� 1) . . . (T � nþ 1)

N (N � 1) . . . (T þ 2)(T þ 1)
(17)

where

(N � n)(N � n� 1) . . . (T � nþ 1)
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{N�T

N (N � 1) . . . (T þ 2)(T þ 1)|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
N�T

(18)

Because of the number of the numerator and the number
of the denominator are equal. These two sequence
numbers are descending, each element in each index can be
compared. For example, if N . (N � n),
(N � 1) . (N � n� 1), . . . , (T þ 1) . (T � nþ 1), then
the denominator is greater than the numerator in each
element. Furthermore, if N � T , then it is obvious that
the denominator � the numerator. This implies that
Pf � 1. Therefore that P 0s(Bi) . Ps(Bi) is proved. A

5 Simulation model and results
5.1 Simulation model

To compare the performance of FTM with the legacy
802.16e mechanism, we adopt the ns-2 WiMAX
simulation module [31] to evaluate the successful
transmission probability and the system throughput. The
TA algorithm is implemented in the MAC layer of the BS.
The Pi(g) of subchannel i is considered as a normal
distribution. The channel bandwidth is 10 MHz, which is
operating in an OFDMA PHY mode with a size of 1024
fast Fourier transform (FFT) and the time division duplex
mode. The frame length is 5 ms long and the ratio of
downlink to uplink is 2:1. Only the downlink transmission
is used in the simulation. According to the standard, in the
partially used sub-carrier (PUSC) mode, there are 30
1101
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subchannels and each of them has 24 data symbols. Each slot
is composed of two OFDMA symbols. Therefore the
capacity of downlink C ¼ 30� 24=2 ¼ 360 slots.

The channel encoding scheme is the convolutional coding
(CC). Different modulation schemes with coding rate, for
example, QPSK 1/2, QPSK 3/4, 16-QAM 1/2, 16-
QAM 3/4, 64-QAM 2/3 and 64-QAM 3/4 are
considered. The usage of preamble, downlink/uplink
channel descriptor (DCD/UCD), DL-MAP and UL-
MAP will occupy first three OFDMA symbols, then only
270 slots are available for data transmission. Each
simulation run lasts 30 s (6000 frames) and each simulation
result is obtained from averaging the results from 30
independent simulation runs. The simulation model-
specific parameters are listed in Table 2.

Although the channel model and fading environment will
lead to a different Pi(g), the value of Pi(g) always ranges
between 0 and 1. Therefore instead of investigating the
channel model and fading environment, we focus on how
NB and jBij (in slots) affect Ps(Bi). This investigation will
help us to realise how FTM affects Ps(Bi) by comparing to
legacy IEEE 802.16 transmission mechanism in the MAC
layer but not in the Phy layer.

5.2 Simulation results

First, we investigate Ps(Bi) with the condition NB [ [1, 100]
to evaluate the performance merits between the OFDMA
IEEE 802.16e transmission mechanism (denoted as
802.16e) and FTM. Fig. 7 shows the experiment results
that FTM outperform 802.16e in the Ps(Bi). The
maximum gap of Ps(Bi) between FTM and 802.16e is
approximately 0.8 (0.88 2 0.08) when NB ¼ 1 and a
smaller gap is 0.31 (0.53 2 0.22) when NB ¼ 100. As
shown in Fig. 7a, the reason why the Ps(Bi) of IEEE
802.16 increases but the Ps(Bi) of FTM decreases when NB

Table 2 Simulation parameter

Parameter Value

frame length (ms) 5

FFT size (NFFT) 1024

bandwidth (MHz) 10

sampling frequency (Fs) (MHz) 11.42

subcarrier spacing (Df ¼ Fs/NFFT) (kHz) 11.16

cyclic prefix time (Tg) (ms) 11.20

useful symbol time (Tb) (ms) 89.64

OFDMA symbol time (Ts) (ms) 100.84

no. of data subcarriers in each symbol per
subchannel

24

no. of subchannels for downlink data 30
2
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increases before NB ¼ 20, and the Ps(Bi) of IEEE 802.16
still increases slightly and reaches about 0.2 when
NB ¼ 100 is as follows. First, when NB is small, it means
that the size of each burst is large, for example the burst
size is 648 bytes (270 slots/5	12 bytes in 16-QAM 1/2
coding rate, see Table 3) when NB ¼ 5. On the contrary,
when NB is large, for example, NB ¼ 100, the burst size is
small (270 slots/100	12 bytes = 32.4 bytes). We note that
these values are based on the higher modulation rate. The
carried data of each burst will be smaller if the modulation
rate is lower.

Based on the knowledge, when NB is small (burst size is
large), FTM (the TA algorithm) has more possibility to
adjust and rearrange time slots for getting better Ps(Bi).
Obviously, when the NB increases (the burst size decreases),
the space (the possibility) of exchanging time slots by TA
among different bursts is getting smaller. Therefore the
Ps(Bi) of FTM will dramatically decrease to about 0.5
(50%) when NB reaches 20 (270 slots/20	12 bytes = 162
bytes). However, by using FTM, the Ps(Bi) will remain in
0.5 and stay stably when NB increases. Although, the
Ps(Bi) of IEEE 802.16e will increase slightly when NB

increases. And it will reach only 0.2 (20%) when NB

reaches 100 (32.4 byes long per each burst). We note that
the value of NB ¼ 100 (concurrently 100 connections are
transmitted in the WiMAX system) is not a common value
in practice. In practice, the NB ¼ 20–30 is a more real
value in the current WiMAX transmission system.
Therefore comparing the results of Figs. 7a and b, based
on the result that the Ps(Bi) of the FTM still outperforms
those of 802.16e and the gap between 802.16e and FTM
always keeps in 30%, we can conclude that FTM is more
suitable for transmission in the OFDMA-based
communication system. The results can also prove that the
system performance is influenced by the number of bursts.
Hence, the number of bursts must be kept within a
reasonably small range.

The following simulations will investigate the effect of jBij

on the WiMAX transmission system. Fig. 8 shows the
relation between Ps(Bi) and jBij with a given number of
slots jBij [ [0, 200]. When jBij > 20, both the Ps(Bi) of
802.16e and FTM will become stable until jBij ¼ 200. As
shown in the figure, the minimum Ps(Bi) of FTM will
reach 0.47 when jBij reaches 20. In addition, FTM still
outperforms IEEE 802.16e by more than 30% when
jBij � 200, owing to the effect of the appropriate slots
management in the BS. The outcome of this simulation
proved that jBij should not be too large. A smaller jBij will
take less transmission time, and hence the BS can serve
more users and increase the system performance; for
efficiency, the burst size should be kept to no more than 20
slots and jBij should not exceed 5% of the total frame space.

The following simulations are taken into consideration of
the system throughput. The throughput indicates the valid
data payload of the corresponding modulation. If the
IET Commun., 2010, Vol. 4, Iss. 9, pp. 1095–1107
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Figure 7 Comparison of successful transmission probability derived from IEEE 802.16e and FTM against NB in 16-QAM 1/2
modulationz

a Pi(g) [ [0,1]
b Pi(g) [ [0.5,1]
number of the required transmission slots exceeds the
maximum valid data payload in the assigned channels, the
data will not be transmitted and its throughput will
decrease. The simulation modulation parameters are listed
in Table 3. Fig. 9 shows the throughput (Mbps per
channel) by using 802.16e and FTM with QPSK (1/2 and
3/4), 16-QAM (1/2 and 3/4), and 64-QAM (2/3 and 3/
4) modulation schemes.

In Fig. 9a with QPSK 1/2 (or Fig. 9b with QPSK 3/4),
the maximum throughput of FTM reaches 4.5 Mbps (or
6.5 Mbps) and 802.16e reaches 4.4 Mbps (or 6.25 Mbps)
when NB reaches 100 and Pi(g) [ [0, 1]. In QPSK, both
the maximum throughput of the IEEE 802.16e and that of
the FTM will increase with the given number of bursts.
Obviously, the difference between 802.16e and FTM is
within limits. It implies that QPSK is in need of the low
received SNR to make slots valid. Hence, even adopting
the most effective mechanism will not be a major
improvement, although FTM still produces a little more
throughput than IEEE 802.16e in QPSK. Moreover,

Table 3 Modulation parameter

Modulation/coding
rate

Receiver SNR
(dB)

Data payload
(bytes/slot)

QPSK 1/2 3.7164 6

QPSK 3/4 5.9474 9

16-QAM 1/2 9.6598 12

16-QAM 3/4 12.3610 18

64-QAM 2/3 16.6996 24

64-QAM 3/4 17.9629 27
Commun., 2010, Vol. 4, Iss. 9, pp. 1095–1107
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according to the results, QPSK 3/4 will need a higher
received SNR than that of QPSK 1/2 to make slots valid.

Fig. 9c (or Fig. 9d) illustrate the throughput of 16-QAM
1/2 (or 3/4) modulation scheme; the maximum
throughput of FTM reaches 8.8 Mbps (or 12.8 Mbps)
whereas 802.16e reaches 7.8 Mbps (or 11.9 Mbps) when
NB reaches 100 and Pi(g) [ [0, 1]. The throughput of the
16-QAM 3/4 modulation scheme is almost double
the throughput of the QPSK modulation scheme. The
difference between the IEEE 802.16e and FTM becomes
gradually obvious. This is because 16-QAM is in need of a
higher received SNR more than that of the received SNR
of QPSK to make slots valid. Thus, both the throughput of
the IEEE 802.16e and that of the FTM are improved
more than that of the QPSK modulation scheme. FTM
uses the whole slots to transmit bursts, which can always

Figure 8 Comparison of successful transmission probability
derived from IEEE 802.16e and FTM against burst sizes in
16-QAM 1/2 modulation
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Figure 9 Comparison of throughput derived from IEEE 802.16e and FTM against NB when six different modulation scheme
when Pi(g) [ [0,1]

a QPSK 1/2
b QPSK 3/4
c 16-QAM 1/2
d 16-QAM 3/4
e 64-QAM 2/3
f 64-QAM 3/4
4 IET Commun., 2010, Vol. 4, Iss. 9, pp. 1095–1107
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Figure 10 Comparison of throughput derived from IEEE 802.16e and FTM against NB with gn ¼ 64-QAM 3/4

a Channel quality Pi(g) [ [0.3,1]
b Pi(g) [ [0.5,1]
T

keep the highest throughput. Therefore by rearranging the
frame space FTM has increased the efficiency of the bursts
to transmit multiple times. Moreover, according to the
results, a higher 16-QAM 3/4 modulation will lead to a
higher valid data payload.

To go on with the evaluation of the high-level modulation,
the throughput of 64-QAM 2/3 and 3/4 modulation
schemes are shown in Figs. 9e and f. Obviously, the results
are similar to those of 16-QAM modulation schemes,
although the difference between the 802.16e and the FTM
becomes larger. Nevertheless, as shown in 64-QAM 2/3,
when NB ¼ 100 and Pi(g) [ [0, 1], the maximum
throughput of FTM (or 802.16e) reaches 11.9 Mbps (or
9.8 Mbps) whereas in 64-QAM 3/4 the maximum
throughput of FTM (or 802.16e) only reaches 9.8 Mbps
(or 8.1 Mbps). The throughput of FTM in the lower 64-
QAM 2/3 is higher than that of in the higher 64-QAM
3/4; the gradual curve of FTM in the lower 64-QAM 2/3
when NB � 60 is higher than that of FTM in the higher
64-QAM 3/4 when NB � 40. Assuming a bad channel
quality, when Pi(g) [ [0, 0:3], the slots are not enough to
serve the transmission requirement in the highest 64-QAM
3/4 modulation scheme. Therefore we will evaluate the
channel quality to the influence of high-level modulation in
the next simulation.

Finally, Pi(g) is limited to evaluate its influence under the
assumption that the system has a good channel quality.
Fig. 10a illustrates in 64-QAM 3/4, Pi(g) [ [0:3, 1], the
maximum throughput of FTM (or 802.16e) reaches
13.1 Mbps (or 10.9 Mbps) when NB ¼ 100. We further
observe that when the channel quality is raised to
Pi(g) [ [0:5, 1], as shown in Fig. 10b, the maximum
throughput of FTM (or 802.16e) reaches 18.1 Mbps
Commun., 2010, Vol. 4, Iss. 9, pp. 1095–1107
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(or 15.5 Mbps). It is shown that the Ps(Bi) of FTM still
outperforms those of 802.16 in higher channel quality. In
comparing Fig. 10 with Fig. 9b, we see the throughput has
greatly increased with a given number NB. From these
results, it is concluded that a good channel quality is a
necessity in high-level modulation.

Table 4 Throughput results

Modulation Mechanism Limited
probability

Throughput
(Mbps)

QPSK 1/2 IEEE 802.16e no 4.4

FTM no 4.5

QPSK 3/4 IEEE 802.16e no 6.25

FTM no 6.5

16-QAM 1/2 IEEE 802.16e no 7.8

FTM no 8.8

16-QAM 3/4 IEEE 802.16e no 11.9

FTM no 12.8

64-QAM 2/3 IEEE 802.16e no 9.8

FTM no 11.9

64-QAM 3/4 IEEE 802.16e no 8.1

FTM no 9.8

64-QAM 3/4 IEEE 802.16e 0.3–1 10.9

FTM 0.3–1 13.1

64-QAM 3/4 IEEE 802.16e 0.5–1 15.5

FTM 0.5–1 18.1
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The maximum throughput of simulation results is listed in
Table 4. From these results, we verify that a higher
modulation will lead to a higher valid data payload and
thus the transmission efficiency will be achieved.
Nevertheless, a higher modulation will need a higher SNR
to transmit and receive. The higher modulation will bring
about higher throughput and will need better channel
quality, and vice versa.

6 Conclusion
In this paper, we propose a FTM, which periodically adjusts
mapping patterns for BS to control the burst size and
allocate transmission slots. The simulation results illustrate
that FTM can yield approximately 30% throughput and
significantly raise the successful transmission probability,
which outperforms IEEE 802.16e transmission mechanism.
Accordingly, a conclusion can be reached that the burst size
should be restricted to no more than 20 slots even under the
assigned maximum burst size; a burst size should not exceed
5% of the total frame space; a higher modulation will
produce larger throughput and need better channel quality
and vice versa. In addition to our proposed solutions, FTM
is shown as a dynamic solution that can serve all frame-
based system and is ready to be disposed all over the existing
network infrastructure. Hence, with transmission control in
uplink, FTM can be investigated further in the future for
supporting real-time QoS among macrocells.
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