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ABSTRACT

WMAN (wireless metropolitan area network) technology is based on the IEEE 802.16
air interface standard suite, which provides the wireless technology for fixed and
nomadic data access. WMAN employs orthogonal frequency division multiplexing
(OFDM), and supports adaptive modulation and coding depending on the channel
conditions. The objective of this paper is to study the performance of the IEEE 802.16d
WMAN physical layer under Nakagami model as a Multi-path and frequency-selective
fading channel beside the additive white Gaussian noise (AWGN) and Doppler. Finally,
we compared it with the Rayleigh fading model. The transmission bit rate, Probability
of Error (P,) and estimated SNR have been compared under single/multi path
propagation conditions.

KEYWORDS: IEEE 802.16d, WMAN, OFDM, Frequency-selective, Rice, Nakagami,

Rayleigh, Fading.

. Introduction

IEEE 802.16 standard is a promising
wireless technology that has several
desirable characteristics that make it a
viable alternative to form wireless
backhaul networks. First, it supports
very high data rates which enable it to
carry a large amount of traffic — a basic
requirement for the next generation
backhaul network. Second, it allows
communication over large distances of
the order of several miles both in Line-
of-sight and Non-line-of-sight modes.
Third, its wireless nature reduces the
deployment and maintenance cost
especially in providing wireless access
in rural areas [1].
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In any wireless communication channel
there can be more than one path in
which the signal can travel between the
transmitter and receiver antennas. The
presence of multiple paths may be due
to atmospheric reflection or refraction,
or reflections from buildings and other
objects. Multipath and/or fading may
occur in all radio communication
systems. Several statistical models are
available for describing the fading
envelope of the received signal, among
these the Rayleigh model agrees very
well with experimental data for
multipath propagation where no line of
sight (NLOS) path exists between the
transmitter and receiver antennas
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This applies to macro-cellular radio
mobile systems as well as to
tropospheric and ionospheric
communication. Other models include
the Nakagami, which applies to LOS
paths of microcellular urban and
suburban land mobile and pico-cellular
indoor as well as to the dominant LOS
path of satellite radio links. But on the
other hand, the most versatile statistical
model is that of the Nakagami-m which
can model a variety of fading
environments,  where it  closely
approximates the Nakagami-n models. It
also gives the best fit to mobile multi-
path propagation [2].

The Rayleigh fading model is known to
be a reasonable assumption for the
fading encountered in many wireless
communications systems.

Nevertheless, many  measurements
campaigns show that the Nakagami-m
distribution provides a much better
fitting for the fading channel
distribution. In fact, since the Nakagami-

2. Multi-path Fading Channel

A defining characteristic of wireless
communication channels is the variation
of the channel strength over time and
over frequency, which is usually termed
as “fading”. The fading effect is usually
divided into two types, namely large-
scale fading, mainly due to path loss as a

2.1 Rayleigh Fading

For small-scale fading, Rayleigh fading
is probably one of the most frequently
used models. It provides a good fit for
multipath fading channels with no direct
line-of-sight (LOS) path. The channel

m distribution has one more free
parameter, it allows for more flexibility.
It moreover contains both the Rayleigh
distribution (m = 1) and the uniform
distribution on the unit circle (m - o)
as special (extreme) cases [3, 4].
Nakagami environment was considered
in some studies in analyzing various
wireless systems, such as [5] and [4].
Singh [6] analyzed the BER and the
spectral efficiency of the 802.16e
WIMAX  per modulation scheme.
Hussein [7] studied the performance of
the physical layer of the IEEE802.11a
WLAN under the Nakagami-Rice
channel models as multipath fading
channels. In this paper, we consider
Nakagami and Rayleigh channel models
as multipath channel models, and test
and compare the performances of the
IEEE 802.16d WMAN PHY layer under
these channels, taking into account the
adaptive rating according to the
estimated SNR at the receiver

function of distance and shadowing by
large objects such as mountains and tall
buildings, and small-scale fading, due to
the  constructive and  destructive
combination of randomly scattered,

reflected, diffracted, and delayed
multiple path signals [8].
fading amplitude o is distributed

according to [7]
p(a) =2a/Q exp[—a”2/Q] , 1)
a=0
where Q = E{a?} is the mean value.
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2.2 Rician Fading

In contrast to Rayleigh fading, Rician
fading is often wused to model
propagation paths consisting of one
strong direct LOS component and many
random weaker components. The
channel fading amplitude distribution
can be expressed as [8]

2(1+n?)e™r
p(r) = )

(14 n?)r?
exp <— —a )IO @)

1+ n?
Q )

r=0

2nr

where n is the fading parameter, which
ranges from 0 to oo, and is related to the
Rician K factor by K =n? which
corresponding to the ratio of the power
of the LOS component to the average
power of the scattered component. I,(-)
is the Bessel function of the first kind.

2.3 Nakagami-m Fading

Nakagami-m fading is a more general
fading distribution, which encompasses
Rayleigh distribution as a special case,
and can approximate well the Rician
distribution.  The channel fading
amplitude distribution is given by [9]

3. IEEE 802.16d WMAN

The IEEE 802.16 standard approved in
2001 specifies the air interface and
medium-access-control (MAC) protocol
for WMAN [11]. The idea there is to
provide broadband wireless access to
buildings through external antennas
communicating with radio base stations
(BSs). The wireless MAN thus offers an

3.1 IEEE 802.16d Physical Layer
(PHY) Design

One of the PHY layers that are defined
by the IEEE 802.16d (also called
802.16-2004) is the Wireless MAN
OFDM, which can be used with the

2 2m-1
P() = ot —ex p[——]

r=0

where m is the fading parameter, which
ranges from 1/2 to co. When m = 1,
Nakagami-m distribution reduces to
Rayleigh distribution. Moreover, the
Rician distribution can be approximated
by Nakagami-m distribution via a one-
to-one mapping between the m
parameter and the K parameter as
follows [10]:

(1+K)?
= —_ > 4
1+ 2K , K20 @
Or
Vm?2 —m
K = , m=>1 (5
m—Vvm?2—m

The Nakagami-m distribution is a
general, but approximate solution to the
random phase problem [9]. The exact
solution to this problem involves the
knowledge of the distribution and the
correlations of all of the partial waves
composing the total signal and becomes
infeasible due to its complexity [3].
This has been circumvented by
Nakagami [9] who, through empirical
methods based on field measurements
followed by a curve-fitting process,
obtained the approximate distribution.

alternative to fiber optic link, cable
modem, and digital subscriber loop.
Using the new standard, home and
business users can be connected via
radio links directly to
telecommunication ~ networks  and
Internet.

MAC layer to develop a broadband
wireless system. Wireless MAN OFDM
is a 256-point FFT-based OFDM PHY
layer for point-to-multipoint operations
in non-LOS conditions at frequencies
between 2GHz and 11GHz. This PHY
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layer has been accepted by WiMAX for
fixed operations and is often referred to
as fixed WiMAX [12].

3.2 OFDM
The orthogonal frequency division
multiplexing (OFDM) transmission

scheme has gained in popularity due to
its many advantages. These advantages
include its ability to mitigate the effects
of multipath and frequency-selectivity.
Parallel OFDM transmission in an
allocated frequency band is
accomplished by subdividing the
available bandwidth into numerous
narrow sub-bands. Spectra of the
individual sub-channels overlap which
allows the bandwidth to be used more
efficiently. The withstanding
propagation channel impairments that
degrade the performance of OFDM
include attenuation, additive noise,
multipath  effects, and  Doppler
spreading. These impairments cause
severe degradation in error rates.
Consequently, channel state information
is required for the OFDM receiver to
perform coherent detection [5].

OFDM is based on the idea of dividing
a given high-bit-rate data stream into

3.3 Channel Rate Selection Scheme

WMAN supports Adaptive Modulation
and Coding (AMC) mechanism to
achieve efficient bandwidth utilization.
We introduce AMC design for time-
vary wireless channel [14] similar to the
traditional model. The objective of
AMC is to maximize the channel data
rate by adjusting transmission mode to
the channel variation while maintaining
a prescribed packet error rate (PER, Py).
IEEE 802.16 provides seven physical
modes with various modulations and
coding rate operating based on OFDM
technology. BPSK, QPSK, 16QAM and

several parallel lower bit-rate streams
and modulating each stream on separate
subcarriers, the subcarriers are selected
such that they are all orthogonal to one
another over the symbol duration [6], as
shown in Fig. 1. Multicarrier
modulation schemes minimize inter-
symbol interference (ISI) by making the
symbol time large enough so that the
channel-induced delays. The sub-
channel spectra overlap each other but
the sub-carriers are still orthogonal in
the receiver and can therefore be
separated by a Fourier transformation
[13].

The OFDM transmission technique can
efficiently  deal with  multi-path
propagation effects. The time duration
of an OFDM symbol is composed of the
useful symbol time Ty, and the cyclic
prefix (CP) time Tg. The cyclic prefix is
a duplication of the tail part of the
useful symbol and placed in the
beginning of the symbol. With proper
duration Ty, it may efficiently mitigate
the effect of multipath. From frequency
domain viewpoint, an OFDM symbol is
made up from a series of subcarriers as
shown inFig. 2.

64QAM modulations with convolution
coding in different rates provide
capabilities of communicating at
different channel data rate, as shown in
Table 1.

To model the physical channel, we
suppose that the channel is frequency
flat and remains invariant per frame.
Therefore, channel quality can be
expressed by the received Signal to
Noise Ratio (SNR) and, the general
Nakagami-m model can be applied to
this channel. To model a slow
Nakagami fading channel, a Finite State
Markov Channel (FSMC) with z+1
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states is assumed. The received SNR(y)
at the receiver is partitioned into the
finite  number of non-overlapping
consecutive intervals. Let y, <y, <
<7y, be the thresholds of the
received SNR for different states. The
channel is said to be in the state n if
Y, <V <7v,,,wheren=01,..2 To
avoid deep channel fades, no data are
sent when y, <y <y, (mode O).
Suppose seven transmission modes
introduced in  IEEE802.16  are
corresponding to the states of a FSMC
(with 8 states). It means that when the
channel is in the state n, mode n will be
used and packets will be transmitted
with the channel data rate associated
with that mode. [15]

Now, to find out the thresholds and the
state transition matrix of the FSMC,
first, average packet error rate is
computed. Since there is no exact
closed-form expression for the Packet
Error Rate (PER) in coded modulations.
In this study, without loss of generality,
the upper bounds of PER equations [16]
are utilized and for simplicity
approximated with the following
formula [14]:

1 if0<y <ym
PER,(y) = (6)

aze ’In ify =y,

where, n is mode index, a,, g, and y;,
are constant parameters which are
determined  through  the  fitting
algorithm. Average PER in mode n,
PER,,, is found to be [14]:
_— 1 a, (m\m
PR, = ety tony (7)
I[m, (myy + ga) - 1,] = T[m, (my/fy + &2) ()7
(mfr+2.)"

=12,..,K

[[m,y,mJy] = [m,yy,  mv]
Ir'(m) (8

Pr(n) =

where, ¥ represents average received
SNR, m denotes the Nakagami fading
parameter (Rayleigh channel m =
1). Pr(n) denotes probability of chosen
mode n, I'[m, x] is the complementary
incomplete Gamma function and I'(m)
is Gamma function.

Similar to [14], it is assumed that the
average PER is the same and equals to a
prescribed target packet error in all
modes ( PER, = P, ). Therefore, the
received SNR thresholds can be
calculated with the assumption y,,,; =
o, Yo = 0and above equation through
a simple searching algorithm. Finally,
using the determined thresholds, the BS
can easily find out channel mode once
receives SNR. [14, 17] give more
details about the computing of
thresholds and state transition matrix of
the FSMC from.

For each transmission step, several bits
are coded on each subcarrier. When
clear line of sight exists between sender
and receiver over very short distances,
64-QAM (quadrature amplitude
modulation) is used, which codes six
bits on a single subcarrier. Under
harsher conditions, less demanding
modulation schemes like 16-QAM,
QPSK and BPSK are used, which code
fewer bits on a subcarrier per
transmission step. Fig. 3 illustrates the
different modulation schemes and the
signal-to-interference-plus-noise  ratio
(SINR) required for each.

Different combinations of modulation
and FEC result in different block sizes
and code rates, IEEE802.16-2004
WirelessMAN-OFDM  PHY  defines
seven  combinations  (modes) of
mandatory  channel  coding  per
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modulation, which are listed in Table 1.
For later reference convenience, they
are numbered as Mode 1 to Mode 7.
When the modulation is done,
modulated data are multiplexed by
OFDM [11].

Table 1 Data rates for the different
configurations mandatory modulation /
coding modes [11].

Mode - Block size cC

Index Modulation (bytes) RS code | code

Uncoded|Coded| rate

1 BPSK 12 24 | (12,12,0) | 12

2 | QPsK 24 | 48 | (32244) | 213

3 QPSK 36 48 | (40,36,2) | 5/6

4 | 16-QAM 48 96 | (64,48,8) | 2/3

5 | 16-QAM 72 96 | (80,72,4) | 5/6

6 | 64-QAM 96 144 |(108,96,6)| 3/4

7 | 64-QAM 108 144 |(120,108,6)| 5/6
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4. Simulation Parameters
The current model, which supports all
data rates, is used to simulate the PHY
layer performance via adaptive
modulation and coding over the
multipath ~ fading  channels.  The
communication system in the simulation
performs these tasks:

1. Forward Error Correction (FEC),
consisting of a Reed-Solomon (RS)
outer code concatenated with a rate-
compatible inner convolutional code
(CC).

2. Data interleaving is used to improve
the capabilities of FEC algorithms.

3. Bit randomization is used to
minimize the possibility of long
sequences of one’s or zero’s [18].

4. Modulation, using one of the BPSK,

QPSK, 16-QAM or 64-QAM
constellations specified.
5. Orthogonal ~ Frequency  Division

Multiplexed (OFDM) transmission
using 256 sub-carriers: (192 for data,
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8 for pilots and 56 are guard band
subcarriers), 256-point FFTs, and a
Cyclic prefix factor (G) of 1/8.

6. A single OFDM symbol length
preamble that is used as the burst
preamble.

7. A choice of non-fading, flat-fading
or dispersive multipath  fading
channel for the model.

8. OFDM receiver that includes channel
estimation using the inserted
preambles.

9. Hard-decision demodulation
followed by deinterleaving, Viterbi
decoding, and Reed-Solomon
decoding.

10. Low SNR thresholds for rate
control (in dB): [4, 10, 12, 19, 22,
and 28].

The procedures are depicted in Fig. 4.

5. Simulation Results

We have applied Nakagami and
Rayleigh channel models beside the
AWGN as described in Table 3 to the
physical layer model of the WMAN
system model. Due to the multipath
phenomenon, the arriving signals to the
receiver through different paths are
either constructively or destructively
added to each other, which results in
variation in the SNR with time as
noticed by the receiver. As a result, in
each of the studied multipath cases, the
data bit rates were variable per OFDM
frame according to the instantaneous
hannel SNR. For the best omparison,
the length of the information data used
to be transmitted at each run is set to be
600000bits. It is clear through figs (5a
and 5b) that the average modulation
index and the corresponding modulation
scheme (and hence the information
transfer rates) are increased according to

the basic channel SNR for all the types.
For the flat-fading channel
AWGN-+Doppler), Fig. 5a shows that at
lower values of the SNR, all the types
have the same behavior against the
small SNR. But as the SNR value is
increased it will be easy to see the

differences, the Rayleigh channel is the
lowest modulation scheme among the
other types, and Rician channel type is
getting better for larger values of K. the
K=25 curve is almost considered as No-
Fading, as the LOS component is the
strongest one. The larger SNR is also
results in larger ModIndex in
frequency-selective fading channels as
in Fig. 5b, it also shows that at each
SNR the modulation scheme is
apparently smaller than the no-fading
case, this occurs due to the mentioned
rapidly changing SNR. As in the flat-
fading, the higher K value of Rican
model results in better performance, and
the Rayleigh still the worst. As a result
of the SNR values getting worse, the
adaptive modulation controller of the
physical layer each time adjusts the
operation to the next more robust
modulation scheme. So, figs (5a and
5b) can be translated in terms of
number of OFDM frames required to
transmit all the 600000 information bits
at each indicated SNR, these numbers
are listed in the Table ( 4a and 4b). It is
clear that the number per certain
channel type is get smaller as SNR
increased due to switching to the higher
ModIndex as shown in (Table 1). For
both Flat and Frequency-selective
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Table 3 Channels used in the Simulation

Flat Rayleigh Channel | Doppler , AWGN

Selective Rayleigh Three paths , Doppler ,
Channel AWGN

K =0,1,25; Three

Nak i Ch |
akagami L-hanne paths , Doppler , AWGN

fading channels, at a certain SNR value
the number of required OFDM frames
are largest for the Rayleigh case, while
it will require less frames to send the
data at higher K values, and always the
ultimate is highest K Rice channel

TX Data RX Data

| Bit Level Processing |
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h 2
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Figure. 4 IEEE 802.16 physical layer[6] .
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Figure. 5a Average Modindex per SNR
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which almost the same of No-Fading
case. Figs (6a

and 6b) show the probabilities of errors
of the various types. The same behavior
is reflected in these charts, the No-
Fading at the best and the Rayleigh is
the worst while the larger K value of the
Rician channel results in lower Pe, the
flat is much better than the frequency
selective channel. The slight
degradation of the Pe at some mid
values of the SNR can be explained as
follows: as the modulation controller
noticed some improvement in the
channel SNR, it orders to step forward
to higher rate modulation scheme,
which is less robust to the channel, the
multipath phenomenon results in sudden
and short decrease of the received
voltage which severely affect the Pe at
that modulation scheme, this will force
the modulation controller to step back to
the lower rate scheme which is stronger
against the channel. These mid values
of the SNRs are around the thresholds
of the modulation schemes selection
criteria.
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channels are used.
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0.003
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0.002
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used. 156 2668 | 2547 25: 2370 | 1598
. 17. 205
Table 2 the parameters used in the p 2134 | 2065 < | 1935 1598
simulation
20. 1882 | 1826 | 8| 1776 | 1583
Name Value 0 6
Doppler £, = 200Hz 2. 1741 | 1707 | V1| 1670 | 1059
Frequency d 5 0
25. 150
Channel SNR 2.5dB to 40dB at step of 0 1620 | 1542 9 1480 793
2.5dB = ER
Channel Path : 1511 | 1414 1325 793
. [0,-5,—10] dB 5 2
Gains 30 133
Channe| Path O 1444 1363 7 1269 719
Delays [0,0.4,0.9] us
325' 1401 | 1322 122 1237 705
Table 4 Number of OFDM frames needed to 356 1376 | 1278 122 1208 | 705
transmit 600000bits over different channel 37 123
. : 1 12 11
types and at the indicated SNR 5 364 >7 1 84 705
a. Flat Fading Channels 406 1351 | 1246 12§ 1172 705
Rician + AWGN
Rayleigh _ _ K= AWGN
SNR | awen | ¥=0 | *=1 ‘ 25 Only
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6. Conclusions

In this paper, we considered the
channel models: Nakagami and
Rayleigh as the multipath channel
beside the AWGN. We also studied the
behavior of the system model of the
IEEE 802.16d physical layer under
these channels. The performance of the
WMAN as measured through its
throughputs can be derived from the
channel SNR manners. The channel
SNR as viewed by the receiver tends
to be less fluctuation as the LOS
component of the Nakagami channel
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