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Abstract— The purpose of this paper is to evaluate the systems, as well as the configurations of the nembel
performance of fixed-WiMAX (IEEE 802.16-2004) operéing channels, are analyzed. Section V presents thdtgesii
in seven propagation channel models, by implemen@na  simulations in the proposed test scenarios, inoudi
WirelessMAN-OFDM  physical layer simulator. Through  graphical representations and corresponding arslyse

comparative analysis of BER and throughput, the peormance  Finally, section VI contains the article conclusicand final
of the specified modulation and coding schemes aratlaptive  gnsiderations.

control actions were evaluated. Furthermore, the Heavior of
fixed-WiMAX subjected to a multipath propagation II. THEWIMAX 802.16-20048TANDARD

environment and utilization conditions characterizel by both . . . . .

stationary and partially mobile applications was ato exploited. W,'MAX IS a famlly Of. standards that defines hlg_heep
Thus, this article provides a complementary visionof the he_rtZIan data transmission _throth broadbanq coonsc
standard, which has enabled the determination of atomized | hiS nomenclature was assigned by a consortiumefdron
values for the SNR levels employed for adaptive cuol, as  the initiative of several enterprises in the WiMABorum

well as the determination of the capacity obtainald under  (€.9., Alvarion, Intel), with the purpose of attaip

conditions of partial mobility. convergence and interoperability between two stalda
theretofore independent: 802.16 [1] and HiperMAN [2
Keywords- WiMAX, |EEE 802.16-2004, simulation, fading, This unification took place in 2004 with the publiion
performance, I TU-R M.1225, mobility of the 802.16-2004 [1] standard, instituted as sisbfor the
WIMAX standard. It supports point-to-multipoint amgesh
.  INTRODUCTION topologies, thus providing LOS.ife Of Sight and NLOS

(Non-Line Of Sightcoverage in licensed and non-licensed
frequency bands, encompassing the 2 to 11 GHz &hge
WIMAX standardizes the air interface through the

WIMAX (Worldwide Interoperability for Microwave
Acces¥is a Wireless Metropolitan Area Network (WMAN)

technology that enables broadband connectivityixed and specification of the medium access control (MAG)etaand

mobile users. Its specifications are systematizgdthe : :
802.16 standard, created by the IEEE with the aim othe physical (PHY) layer. The PHY layer establistes

establishing standards for metropolitan netwonkyrier to conn_ection be_tween the transmitting station andebe_iver,
attain interoperability, flexibility and high datates. and it also defines some parameters such as thofgignal

and the methods of modulation and demodulation43],

Currently, there are several lines of research lom t : :
. ' ! : . With the 802.16-2004 [1] standard as its focus, ot
WIMAX standard underway in technical literaturedastata relevant PHY layer is th@VirelessMAN-OFDMIt is based

and information from this research have greatlya@ckd the on OFDM Qrthogonal Frequency-Division Multiplexig

existing knowledge k?a_se. However, thgre are steinyn modulation, with 256-point FFTFast Fourier Transfort
operational characteristics and peculiarities @ gtandard operating under NLOS conditions in the 2 to 11 Gfzge

that require deeper and more focused analysis. This layer has been extensively applied to fixedraions,

As means of going some way to bridge this gap, thi : g Y
article presents the results of a study about edfWiMAX and, accordingly, itis also known as fixed-WiMAX|{

(IEEE 802.16-2004) [1] simulation with different |||, MODELING AND IMPLEMENTATION OF THESIMULATOR
propagation channel configurations, which extendkd
scope of the original specification by considering
propagation losses, as well as the implicationstofuse
under conditions of partial mobility.

Accordingly, section Il features a brief descriptiof the
main aspects related to the fixed-WiMAX physicayea
Section Il covers the modeling and implementation
processes of the simulator. In section IV, the att@ristics
of propagation channels and their effects on conication

The simulator was created in order to evaluate the
performance of fixed-WiMAX under a variety of openg
conditions. Accordingly, a comparative analysisnpiut and
output data was carried out, considering the BiblERate
(BER) and the throughput as a function of the Signa
Noise Ratio (SNR) of the channel.

Thus, a simulator based on th&irelessMAN-OFDM
PHY layer was created and it was implemented using
MATLAB® and SIMULINK® applications [6]. This
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simulator was based on an application model [7{ tias

customized and improved to enable the executispetific

verifications, in order to:
Correlate the levels of sensitivityBERarcep With

the SNR limits used by adaptive control (AMC -

Adaptive Modulation and Codihgto select the

codification and modulation schemesRatelD
parameter).

Correct the propagation effects with the AMC using

new customized values (i.e., not covered in the

original specification) for the SNR limits.

The operation in the 3.5 GHz licensed frequencygean
was decided upon, and a 3.5 MHz nominal band wiglth)
was selected, which is analogous to a typical aafitin

described in the standard [1]. It was also assulimedise of
just an antenna at transmitter and receiver - SSi@gle-

Input Single-Outpytsystem [6].

The Monte Carlo Method was employed to execute th

computational tests, with a confidence interval 95%

having been adopted. Thus, dozens of megabitsniaftbon
(100.000 frames) were transmitted, enabling a béitgito
estimate the performance of the model, given byBEER, in
order of 10.

Despite the 802.16-2004 [1] standard being specifie
fixed applications, the use of the system with ataie
degree of mobility was also considered (maximumedpef
3 km/h or approximately 1 m/s)

IV. THE PROPAGATION CHANNEL

TABLE I. CONFIGURATION OFSIMULATED PROPAGATION CHANNELS
Channel Fading Environment | Mobility
AWGN N/A N/A N/A
FLAT-I frequency-flat fading N/A no
FLAT-II frequency-flat fading N/A partial
ITU-B-I frequency-selective fading internal no
ITU-B-1I frequency-selective fading internal pattia
> ITU-B-III frequency-selective fading external no
ITU-B-IV | frequency-selective fading external paltia
TABLE II. CODIFICATION AND MODULATION SCHEMES—RATEID [1]
Ratel D 0 1 2 3 4 5 6
ol m | % | % | w| %| % | %
Modu_ BP QP QP 16- 16- 64- 64-
lation SK SK SK | QAM | QAM | QAM | QAM
V. SIMULATION RESULTS

This section details the simulation results andigies an
overview of the operation and performance of thedeho
The effects on the adaptive codification and maihria
schemes, as well as the fading phenomena and trecirof
partial user movement are all discussed.

Tests were carried out in the downlink directiorthva
% Cyclic Prefix. Duration of the frame was specifiat
7199.9 ms, with the transmission of one OFDM syl

Three basic channels were modeled (without fadingsame [6]. The sensitivity level considered the BERer

frequency-flat fading and frequency-selective fagglinvhich,
when added to the mobility configurations (withooubility
or with partial mobility) and the propagation emviment
(external or internal), resulted in the simulatioh seven
operational modes, as detailed in Table 1.

With the intention of enabling comparison with athe
wireless communications systems whilst at the séime
obtaining a suitable representation of urban maethiar
environments [4], the modeling of multipath propéma
made use of ITU specifications, which feature ia FhU-R
M.1225 recommendation [8]. This study took into
consideration internal and external (pedestriamjrenments
for ITU channels with the B-type profile (i.e., arb
environment), with signal reception originating rfrosix
different paths.

For fixed applications, a maximum frequency of 0k25
(within the specified range of 0.1 to 2 Hz [9]) fooppler
spread was arbitrarily assumed, with eppler spectrum
approximated for a rounded wave shape [9]. In otder
simulate an operation with movement, theppler spread
was calculated as a function of the relative vé&joloetween
Tx and Rx, the signal frequency and the speedgbt [10],
obtaining 9.7 Hz.

The classicaDoppler spectrum(Jakes)was selected for
mobile frequency-flat fading channels [8]. On tllees hand,
for frequency-selective fading channel
applications, this parameter followed ITU speciiicas: flat
for internal environment and classicdlake3 for external
(pedestrian) environment [8].

and mobile

equal 10, since lower values would require a computational
effort that would have made the execution of tasfeasible.

A. Evaluation of AMC and codification/modulation sclesm

Adaptive control of codification and modulation eafes
is carried out through a comparative analysis betwastant
values of the estimated SNR of the channel andSIKR
standard limits, thus enabling the automatic sielecof a
suitable configuration foRatelD[1] (Table Il). The standard
vector that contains these SNR limits was obtaineah the
response to the AWGN channel, as indicated in Eid-his
vector is presented in Table Ill, and was validatéith the
standard [1] and technical literature [6], [11].

BER x SNR Analysis — AWGN Channel
RatelD_-0~._1..2 4.5, 6 -
1E+0 atelD<0sic 1y 2 3564, 5.¢ >
008D ! @-RatelDO - 1/2 BPSK
1E1 ! 3¢RatelD1- 1/2 QPSK
" a-RatelD2 - 3/4 QPSK
1E.2 | - RatelD3- 1/2 16QAM
| ©O-RatelD4 - 3/4 16QAM
=~RatelD5 - 2/3 64QAM
BER | =RatelD6 - 3/4 64QAM
1E-4 A
i BERrarGET
1E-5 m=——= == =% — = =\-—— e T B
1E-6
-5 0 5 10 SNR[dB] 20 25 3

Figure 1. BER x SNR Analysis — AWGN Channel.
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Thus, the graphs in Fig. 1 enable the determinatidahe
SNR variation range limits linked to the BERger to be
maintained by the AMC (10), therefore resulting in the
decision of a new value fdRatelDthat will be used in the
next frame transmission. As the SNR increases,etarg
RatelD values are employed, reconciling BiRser and
more sophisticated codification/modulation schemes.

However, for channels with fading characterized b
Rayleigh distribution, subject to conditions of ity and
propagation environment in Table |, the evaluatidnthe
AMC response brings to light relevant information is
performance, as presented in the BEBNR graphs for the
channels FLAT-I and FLAT-II (Fig. 2), ITU-B-l and’U-B-

Il (Fig. 3), and ITU-B-Ill and ITU-B-IV (Fig. 4).

FLAT-II Channel

FLAT-I Channel

1E+0 1E+0

11
BER

1E-1
BER!
1E-3 1E-3

1E-4 1E-4

1E-5 1E-5

5 5 SNR[dB] 25 35 5 5 SNR[dB] 25 35
Figure 2. BER x SNR analysis, FLAT-I and FLAT-II channels.
ITU-B-I Channel

1E+C 1E+0

ITU-B-Il Channel

1E-1 1E-1

BER BER
1E-3 1E-3

1E-4 1E-4

1E5 1E-5
5 5 SNR[dB] 25 35 5 5 SNR[dB] 25 35
Figure 3. BER x SNR analysis, ITU-B-l and ITU-B-II channels.

ITU-B-IIl Channel ITU-B-IV Channel
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Figure 4. BER x SNR analysis, ITU-B-IIl and ITU-B-IV channels
& RatelD0- 1/2 BPSk

*RatelD1 - 1/2 QPSK' g-RateID4 - 3/4 16QAM  =RatelD6 - 3/4 64QAM
-RatelD2- 3/4 QPSt

When comparing these curves with the responseeto th

5 SNR [dB] 35

RatelD3- 1/2 16QANV  =+RatelD5 - 2/3 64QAM

AWGN channel (Fig. 1), the pernicious effects ofltipath
propagation, regarding reception errors, are oleserv
especially for less robust codification/modulatischemes.
For example, in an AWGN channel, a 23 dB SNR predid
BER=10° with RatelD6 (Fig. 1), but in ITU-B-III (Fig. 4)
the more sophisticated codification/modulation seé@di.e.,
higher rate) that ensures such BER&elDJ, with 27 dB.

Based on these graphs and upon execution of the sarr

analysis carried out for the AWGN channel, new gal(i.e.,
not specified) can be determined that are moratseito the
new conditions of the channel and, thus, customizsdors
can be created that contain these SNR variatiageramits

TABLE lIl. VECTORS WITHSNRLIMITS LINKED TO RATEID

Table Vector Type Ratel D x SNR Limits [dB]

Head 0 1 2 3 4 5 6
AWGN standard [04 08 12 13 18 21 23]
FLAT-I customized | [08 13 : 16 19 22! 26 28]
FLAT-II customized [[31 36 38 - - - -
ITU-B-I customized |[13{ 19 : — 24 - - -
ITU-B-1I customized |[22 33 - | 35 - - -
ITU-B-II customized |[15: 27 | - - - - -1

ITU-B-IV customized |[[20: — - - - - -]

linked to RatelD, pertaining to the mobility, environmental
and propagation conditions under evaluation.

Knowledge of this data enables the correction & th
propagation effects to be implemented, thus maxgiz
AMC efficiency with the purpose of ensuring adeguat
levels of quality for the received signal. Tableflatures the
new customized vectors for the channels under study
(BERrarcer0f 10°), linking the SNR limits tdRatelD

Continuing with the BER SNR curves, it is possible to
compare the simulated results with the standardiesur
available in technical literature. Considering ttasmission
of non-codified signals in an AWGN channel, thelyadoility
of bit error Py) for the BPSK modulation is calculated by the
Q-Gaussian function, according to (1) [12]-[14].

P, ek = Q(\/ZEEb/No)-

It is important to emphasize that the curves wiib t
simulations results previously presented refer toodified
signal and, for the sake of comparison, theoretsighal
curves also codified must be taken into considamati

With this premise in mind, Fig. 5 features a coratige
performance analysis of the system with propagaitioan
AWGN channel, operating with a codification/modidat
scheme parameterized RatelDD; in other words, with a
native code rate of %2 and constraint length equal. tNon-
codified theoretical BER was obtained by (1), and a
theoretical codified value was calculated by (2)][1

oy

Pb BPsk < Z”: (ad Df(d) [Q(Z ERcr td EEb/No))' (2)

A= free

Theoretical and simulated BER — AWGN Channel

1E+0 Theoretical BPSK —

1E-1 non-codified
BER Theoretical 1/2 BPSK -
Convolutional Coding
1E-3 (CodeRate=1/2;
Const.Lenght=7)
1E-4

Simulated 1/2 BPSK

1E-5 (Ratel DO) - Convolutional

1E-6 Coding (CodeRate=1/2;
Const.Lenght=7);

-5 0 SNR [dB] 10 15 interleaving; equalization

Figure 5. Analysis of theoretical and simulated BPSK sigria8].
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According to the graph, the BERSNR response to non- Specified SNR limits Customized SNR limits
codified signals is less efficient than that toified signals, 12
both for simulated and theoretical values, givea ThdB T * FAT!
difference to obtain a BER = P0This occurs because in the |25 ~ "AT-"
non-codified signals, a bit of information is eqtmla bit of 5
code, making the codified bit error probabilif,{) and the |54
bit error probability Py) equal. However, in codified signals, | g /
there are two bits of code for every bit of infotioa [13]. !

The codified BER curves prove that the simulateides 5 5 SNRiE 25 % 5 5 SNRME] 25 3
are a little better than the theoretical valued.[TBis small  Figyre 6. Throughput x SNR, FLAT-I and Il channels. Speciffejand
difference is due to the fact that, f&atelDO, WiMAX customized (b) limits.
employs a Convolutional encoder in conjunction wih
process of interleaving (in order to reduce theceoftration Even after correction of the propagation effects t
of errors) and, furthermore, there the receivechaigs prevalence of the fixed channel was maintainedetnient
equalized. Thus, these transformations in the bigxecuted  of propagation with mobility. In this condition,&tFLAT-II
by the WIMAX structured redundancy scheme make thehannel presented a minimum operational SNR of B2 d
simulator marginally more efficient when compareda  (Fig. 6-b), leading to a loss of 23 dB with regatdsthe
Convolutional encoder, resulting in a gain of OF id the = FLAT-I channel (starting with 8 dB). The throughputas
SNR, which is necessary to obtain a BER of.10 much lower for the FLAT-II channel due to the ine#ncy
B. Evaluation of fixed WiMAX in conditions of mobility 8;;2§e|c.:orrect|on of propagation effects for thype of

This section establishes an analysis of the pedoo® of Although the frequency-flat fading channel has a
fixed-WiMAX when users undergo partial movementisTh significant correlation of its spectral componefB8V < B)
displacement is linked to the delay spread (colweren [10], the increase irDoppler spread to 9.7 Hz and the
bandwidth), theDoppler spread (coherence time) and theresulting reduction of coherence time, as wellnasuse of a
Doppler spectrum [4], [9]. Thus, fixed applications have a classicalDoppler spectrum Jake$ in the FLAT-II channel,
elevated coherence tim&), becausdy = 0.25 Hz, and for resulted in a greater dispersion in frequency. This
mobile applications, the value af is lower §; = 9.7 Hz), phenomenon had a negative effect on the simulator
causing a greater dispersion in frequency. operation, which started to experience greateicditf in

In the throughputx SNR curves, the beginning of the predicting the propagation channel coefficients ,and
operation occurs when the value of the BER supptiddss  therefore, in AMC actions.

-
o N

<+ FLAT -1
= FLAT-1I

(2]
Throughput [Mbﬂs]

o N A OO

or equal to the configured sensitivi@&'RrARGET; 10°). The However, in spite of the degradation observed,
throughput levels were obtained as a functionRatelD  simulations proved that fixed-WiMAX can supply high
totally adherent to the standardized values [1]. transmission data rates in a frequency-flat fadithgnnel

The simulations were executed in two distinct masmne with partial mobility, as long as specific SNR l&evere
the first one considers the operation with spediféNR  ensured (e.g., 32 dB).
limits, where the AMC is based on standard SNRarect  2) |TU-B-I and ITU-B-Il channels
(line 1 in Table Ill, channel AWGN). The other form  |n the these new propagation conditions, the ITU&Bd
considers the operation with customized SNR linlitsthis || channels were not successful in the deliverdath for the
case, the correction resource for propagation &ffé§  operational condition with the specified SNR limitithin
activated, which minimizes damaging interferencemfr the SNR range under study, since the resulting eate did
multipath fading and optimizes the systems throthghuse not fulfill the precision requireBER-arcer= 10°).

of new values for the SNR limits by the AMC (lin2go 7 in An important point to be considered in the analg$ithe
Table III). influence of mobility over a frequency-flat fadiehannel is
1) FLAT-I and FLAT-II channels its inherent characteristic to have a greater dsfagad than

Fig. 6 (a) shows the results of the simulationshviite  the period of the transmitted symb@&Ww > B) [13], [15],
specified SNR limits, and Fig. 6 (b) shows the lssof the  which naturally impairs the response of the modkus, this
customized SNR limits (i.e., correction of propagat undesirable condition is leveraged by the effetis greater
effects). As expected, the FLAT-I channel preseatéetter  Doppler spread and a lower coherence time, associated with
response than the FLAT-Il channel, in terms of btita  the condition of mobility. Therefore, the sum oésle factors
SNR level for the beginning of the operation ane@ th intervened negatively in the instantaneous prextictif the
throughput. SNR of the channel and AMC actions, causing theil@ob

According to Fig. 6 (a), for the FLAT-Il channehet  channel not to fulfill the BERrger
configuredBERrarcerWas ensured only with an SNR of 29 Wwith the activation of the correction of propagatio
dB, which occurred at 8 dB in the FLAT-I, charaiti;elg a  effects, the simulator started to supply excell@sults for
relative degradation of 21 dB. The throughput waleo the fixed channel (ITU-B-1), despite the lower satavhose
lower, and an additional 10 dB SNR was necessagyder  maximum value was 2.7 Mbps. For ITU-B-Il channéle t
to obtain the maximum rate (12 Mbps), supplied wWithdB  results remained inferior. Fig. 7 shows that witis thannel,
in the FLAT-Il channel and with 30 dB in the FLAT-I the simulator fulfilled thERarcetWith an SNR = 22 dB.
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Customized SNR limits
4 o ITU-B-I
3 ITU-B-II
2

Throughput [Mbps]

SNR[dB] 25 35

Figure 7. Throughput x SNR, ITU-B-I and Il channels. CustoedZimits.

As the ITU-B-I channel fulfil BERrarceTWith a SNR of
13 dB, there was a relative loss of 9 dB. But tireughput
of FLAT-Il channel did not surpass the minimum \ea(d.33
Mbps), equivalent to half rate of FLAT-I channel.

Customized SNR limits
‘24 o ITU-B-1Il
e}
S3 —ITU-B-IV
5
22
g
o1
£
’_
0 !
5 5 SNR[dB] 25 35

Figure 8. Throughput x SNR, ITU-B-III - IV channels.Customizbmits.

VI. CONCLUSIONS

This article presented an analysis about the pegoce
of fixed-WIiMAX, by evaluating adaptive control amtis

However, these simulator responses for the ITU-B-lwith the determination of new customized values thoe

channel can be considered acceptable, becauses¢hefu
customized values of SNR limits through AMC has ente
operation of fixed-WiMAX possible, even with theigence
of fading and under conditions of partial mobility.
3) ITU-B-llIl and ITU-B-IV channels

In this situation, the operation with the specifistiR
limits was not possible in the fixed (ITU-B-IIl) dnmobile
(ITU-B-IV) channels, because in the configuratictisdied,
the maximum value oBERarceT (105) was not attained.
Even with a high coherence time for the ITU-B-IHannel
(small Doppler spread and roundddoppler spectrum [9]),
the incidence of an elevated delay spreBd/ & B.) meant
that signals presented significant inter-symboiistattions
and interferences due to attenuation and lag cabgettie
multipath fading [13], [15], which in turn made tWeMC
and the prediction of the channel coefficients asille.

Thus, starting from the premise that the simulatornot
operate suitably in a fixed propagation channeU¢B-Il1),

proper for this communication system, the equallytl

insufficient performance for propagation in a chelnwith
partial mobility (ITU-B-1V) is justified. However,this
situation is totally reversed when a correction tbg
propagation effects is undertaken, as shown irgtaphs in
Fig. 8. The activation of this resource enablessihaulator
to begin responding in a suitable manner, in bbthfixed
and mobile channels.

Therefore, in this new scenario, it is possiblestablish
a comparative analysis about the conditions of fitplof
the propagation channel. As expected, the grapésept a
less efficient response for the ITU-B-IV channelratation
to the minimum operational SNR, despite the trassion
rate having been equal to the ITU-B-IIl channeBB8IMbps).

The ITU-B-IV channel caused the simulator to fulfile

BERrarceT ONly with an SNR of 20 dB, characterizing a

relative degradation of 5dB in the ITU-B-III chahige.g., an
SNR of 15 dB for the operation). This took place da a
lower coherence time caused by gre&teppler spread and,
furthermore, the use of a classi€@dppler spectrum Jake$
specified for external environments [8].

Also in this case, the results of channels with ititgb
may be considered effective, because the use tdroired
values of SNR limits by AMC has enabled the operatf
fixed-WiMAX, even with a partial-mobile fading chagl.

SNR levels used in thRatelD calculation, the effects caused
by the characteristics of the channel with the afi@n based
on specified (standard vectors) and customizeddcton of
propagation effects) SNR limits, as well as theawir of
the model with regards to partial user mobility.

The results of the simulations in the seven channel
configurations supplied complementary data on thexation
of fixed-WIMAX, thus contributing to existing techual
literature with information on more extreme operatil
conditions than the specification was designedippert.
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