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Abstract—Due to known difficulties of researchers in the
networking domain regarding experimentation of ther ideas in
actual networks, network simulators have become irdpensable
tools for investigating and validating various idea in all layers of
the network. In this survey, we inspect the implemsations of
IEEE 802.11 PHY-MAC and propagation models of somef the
well-known, open-source network simulators. The chsen
simulators are: NS-2, OMNeT++, GloMoSim, J-Sim and
JiST/SWANS. The study concentrates on the availaliy and
implementation flexibility of MAC modes, physical kyer features
and propagation models. This survey could help theesearch
community in determining the state-of-the-art of IEEE 802.11
implementations and, to the best of our knowledges the first
such study published in the open literature. To fatitate the
ongoing and future network simulator developments,we also
present our design and implementation approaches isuccessfully
developing a prototype of a detailed IEEE 802.11a HPY layer
along with the propagation models.

Index Terms—IEEE 802.11, Network Simulators, Propagation
Models, WiFi

. MOTIVATION AND ORGANIZATION

Difficulties of IEEE 802.11 experimentations for reless
network researchers have given rise to the useetfvark
simulators. Network simulators offer the flexibjlitto an
incomparable extent, for researchers to have dialimilea of
how their proposals in various layers of the nelyavould
perform in action. However, the credibility of tieesimulations
is far from certain. Different school of thoughts software
development and how a network simulator shoulddsghed,
have resulted
development community. While the ideal situationuldobe

the popularity of OPNET and QualNet network simaoitaf
especially within the industry. However, these tsimmulators
have not been studied due to their commercial aaamd the
fact that their source codes are either not inpthiglic domain
or otherwise unavailable for inspection and modiiian,
compared to the above-mentioned open-source sionslat
This survey is organized as follows. The currenttisa
serves as mentioning our motivation to carry oig study and
presents the outline of this work. Section 2 presithe reader
with a global view of IEEE 802.11 Physical and MAgyers.
We first start by giving a general introductionttee standard
by briefly explaining the features of both Physieald MAC
Layers. As will be seen, the implementation of RdslsLayer
is generally very basic in almost all network siatats. The
common denominator has been
Propagation Model, which is not part of IEEE 802stdndard
series; nonetheless, it plays a key role in hasimgar-realistic
Physical Layer model. In light of this matter, difént
propagation models, i.e., Large-scale Path LossefSpace,
Two-Ray and Shadowing) and Fading models, are lprief
explained in this section as well. In Section 3, fiest
introduce each chosen simulator and then mentiemesult of
its inspection regarding availability and compretieaness in
implementation of different aspects discussed ictiSe 2.
Section 4 is dedicated to our prototype implemémadf IEEE
802.11a Physical layer and propagation modelshitngection,
we mention the major features that have been takem
account during the design phase. Where worthwkijpecific

in numerous forks within the simulatimplementation-related information has also beeavided.

We conclude the paper in Section 5, by providinfgrence

centralizing development efforts within the commyni tables summarizing all the discussed features &EIB02.11

achieving this goal is far from likely. This surveyms to
report on the state-of-the-art of implementatiorttaf widely-
sought features of IEEE 802.11 and could serve sriing
point for many researchers who, understandablye f@ahard
time in selecting what network simulator could betserve
their specific projects.

While there is no credible, comparable statistics the
popularity of IEEE 802.11 network simulators, wesd&hosen
for inspection the simulators, use of which haverbeeported

more in the publications. These are: NS-2, OMNeT+throughput

in the chosen network simulators.

1. OVERVIEW OFIEEE 802.11PHY/MAC AND
PROPAGATIONMODELS

In 1997, IEEE standardized the first Wireless Stadd
802.11. This comprised both Medium Access ContkdAC)
layer and Physical layer. The motivations behinottucing
such a standard were: offering services which uthéotime,
were only available in wired networks; offering hig
with acceptable reliability and proviglin

GloMoSim, J-Sim and JiST/SWANS. We also acknowledgentinuous network connectivity to the users.

identified as the chose



According to the standard, when the network sizenmll,
the stations can communicate in Basic Service B&S|
mode: When there is no Access Point (AP) in thevogk, the

the element in control of access in the network iandes two
periods to enforce its policies. There is a CombenPeriod, in

which, DCF method is used. The second period is the

BSS is called Independent BSS (IBBS) and the statiocContention Free Period, in which AP basically abostations,

communicate directly in a mode commonly called AgdeH
When there is an AP in the network, we have whataited
Infrastructure BSS. In
responsibility of relaying traffic between statipremd while
this might appear as resource-wasting, there amernus
advantages which justify the use of AP, especiallymore

stable and long-term networks. When there are pialti
Infrastructure BSSs in a network, it is advantagethat access
points communicate with each other to facilitataffic

forwarding and mobility of stations among differeBSSs.
This architecture, where APs are cooperating, ileda
Extended Service Set — ESS.

While the IEEE 802.11 standard and all the lat¢emsions
provide extensive information regarding differerspects of
the communication, we do not intend to summarizethait
information in this introduction. In the coming &er sub-
sections, we briefly mention the concepts in MAGela
Physical layer and Propagation Models. For an eken
treatment of the standard (MAC and PHY layers),refer the
reader to the numerous published books and to HieEl
802.11 standards themselves. Likewise, propagatiodels
have been treated extensively in numerous books
communication topics.

A. |EEE 802.11 MAC Layer

MAC layer, as its primary purpose, has the fundliiy of
providing reliable data delivery mechanism over tineeliable
wireless air interface. It is the layer who managéation
access to the shared wireless medium. The origitsaddard
utilizes Carrier

by sending them a special authorization, to sein#qia.
IEEE 802.11e standard addressed the existing tionits in

Infrastructure BSS, AP hdse tDCF and PCF. It particularly addressed the prob&#n@QoS

provisioning in the network by introducing a newoodination
function: Hybrid Coordination Function — HCF.

3) EDCA — IEEE 802.11e

Enhanced DCF Channel Access (EDCA) is a method of
channel access within the HCF. An EDCA is basicall@oS-
enabled DCF. This is done by introducing the notiérraffic
classes, by giving priority, in channel accesgetd-time data,
compared to delay-tolerant data.

4) HCCA - IEEE 802.11e

Along with EDCA, HCF Controlled Channel Access
(HCCA) is a QoS-enabled PCF. It also uses EDCAmduthe
Contention Period. Stations transmit the informatiabout
their queues status and traffic classes to the #P lbased on
this information, AP coordinates access to the mradietween
the stations.

B. |EEE 802.11 PHY Layer

IEEE 802.11 Physical layer is the interface betwlbkC
layer and the air interface. The frame exchangevdset
lgﬁysical layer and MAC is under the control of RteisLayer
Convergence Procedure (PLCP). Physical Layer igtiigy in
charge of actual transmission using different matioh
schemes over the air interface. It also infformsNC layer
about the activity status of the medium.

Currently, there are four standards defining thesptal
layer: IEEE 802.11a, 802.11b, 802.11g and 802.Ainong

Sense Medium Access with Collisiofese, IEEE 802.11n is the newest which is stildam

this access method wastes a significant percerdhgbannel
capacity, but, it is a necessary feature to provelability in
data transmission. Among many other featuressa auipports
Request-To-Send (RTS) and Clear-To-Send (CTS) nmésxina
to address the case where two nodes are not avfatiee o
presence of each other and want to communicate avitbde
which is in transmission range of both. RTS/CTS mma@ésm
helps to avoid the corruption of the packets in Himve
scenario.

1) DCF
Distributed Coordination Function (DCF) is the za802.11

(MIMO) technology to achieve significantly higheates.
These Physical Layer standards define their operati
frequency band, number of available channels, plessi
transmission rates, modulation and Forward Errorr&tion
(FEC) coding schemes. Propagation models are mbbpthe
Physical Layer standards; however, as mentionedréethey
form an integral part of physical layer implemeiatatin the
simulators.

C. Propagation Models:
Respective Scenarios

In this section, we explore both concepts of Lasgale Path

Overview & Description of

MAC layer. DCF uses the above-mentioned CSMA/CAoss and Fading. We introduce three models of L-aogde

method to share the medium between the stationsnaly

Path Loss which account for the large-scale attéoueof

optionally use the RTS/CTS method as well. Undes thsignal based on distance: Free-Space, Two-Ray ag L

method, collision rate is relatively high and th&seno notion
of Quality of Service (QoS) in the network.

2) PCF

Point Coordination Function (PCF) is another
coordination function which is defined only in iaftructure
mode, where stations are connected to an accest p# is

normal Shadowing. As will be presented hereaftenvdver,
the level of sophistication and the inclusivenethe models
increase from the simple model of Free-space to ntloee

basfealistic model of Shadowing. On the other handlif@is the

phenomenon responsible for rapid fluctuations ghal over a
short period of time or distance.



1) Free-Space Model

This model is used to predict the signal strengtiemvthe
transmitter and the receiver have a clear, unotistuline-of-
sight (LOS) path between them. It predicts that rdeeived
power decays as a function of Transmitter-Recedistance
raised to some power — typically to the second powWée
well-known Friis equation is used to calculate tleeeived
power.

2) Two-Ray Model

This model, which is a more realistic model thae Hree-
Space model, addresses the case when we consgteurad-
reflected propagation path between transmitterrandiver, in
addition to the direct LOS path. This model is esgéy useful
for predicting the received power at large distanftem the
transmitter and when the transmitter is installeldtively high
above the ground. It is interesting to note thaaatdistances,
the received power becomes independent of the dremu
Also, the received power attenuates much more kapiith
distance, compared to the Free-Space model, ti.attenuates
to the fourth power of the distance.

3) Log-normal Shadowing Model

The empirical approach for deriving radio propaati
models is based on fitting curves or analyticalregpions that
recreate a set of measured data. Adopting thisoapprhas the
advantage of taking into account all the known anénown
phenomena in channel modeling. A widely-used madé¢his
category is Log-normal Shadowing. In this modelweo
decreases logarithmically with distance. The awelags for a
given distance is expressed using a Path Loss ExpoRor
taking into account the fact that surrounding emwinental
clutter can be very different at various locatidreving the
same Transmitter-Receiver distance, another paesmist
incorporated in the calculation of path loss. Aclog to

combine vectorially at the receiver which causes dignal to
distort, to fade or even to strengthen at times.
Type of fading experienced by the signal going ¢igh a

channel depends on the nature of the signal and the

characteristics of the channel. If the bandwidthhef signal is
smaller than the bandwidth of the channel, or dgual the

time domain, the delay spread of the channel isllsmgéan

the symbol period, the fading is considered to bs. f
Otherwise, the fading channel is considered torbguency-
selective. If the Doppler spread is far smallemthiae signal
bandwidth, or alternatively, the coherence timehef channel
is greater than the symbol transmission period) the fading
is considered to be slow. Otherwise, we have a fiading

channel. Rayleigh distribution is commonly useddescribe
the statistical time varying nature of the receieedelope of a
flat fading signal, or the envelope of an indivilumaultipath

component. When there is a dominant stationary-fadimg

signal component present, such as a line-of-sighpggation
path, the fading envelope distribution is Riciarowgéver, the
Rician distribution degenerates to a Rayleigh ittigtron when

the dominant component fades away.

Il. THE STATE-OFTHE-ART OFIEEE802.11

IMPLEMENTATION IN THE SIMULATORS

In this section, we report on the state-of-the-aftthe
implementation of each of the aspects discuss#ueiprevious
section in the chosen network simulators. In eaththe
following sub-sections, we first briefly introdutiee simulator
and then go on to discuss its implementation featur

A. NS-2

NS-2 [1] is by far the most popular network simatatithin
the research community. It has been around sin88 &8d it
has emerged as a variant of REAL network simulatts.

measurement results, this parameter, called Shadowfievelopment has been supported by various grargs te

hereafter, is a zero-mean Gaussian distributedorandariable
(in dB) with a standard deviation, also expresseddB.
Shadowing accounts for the fact that measured data
sometimes significantly different from the averggmver at a
given distance from the transmitter. For calculatithe
received power based on this model, we first cateuthe
received power at a reference distance using tie f6rmula.
Then, we incorporate the effect of path loss expbrend
shadowing parameters.

4) Fading Model

The term Fading is used to describe the rapidfatans of
the amplitudes, phases, or multipath delays ofjaasiover a
short period of time or distance. It is caused Mtgrference
between multiple versions of the transmitted signddich
arrive at the receiver at slightly different timddence, the
resulting signal at the receiver may have a widgiag
amplitude and phase. In short, the effects of paili are rapid
changes in signal strength over a small travebdist or time
interval, random frequency modulation due to vagyidoppler
shifts on different multipath signals and time @isgon caused
by multipath propagation delays. The multipath comgmts

years and it has received substantial contributifstom the
researchers all over the world. As will be cleathe coming
few sections, most of the IEEE 802.11-related mesiulave
been contributed by researchers not directly aasetiwith the
project, hence, these modules are not bundled thdomain
distribution.

1) MAC

For the MAC layer, there have been five major dbaotions
to NS-2. However, these five contributed modulegehbeen
developed separately and have not been built orwtir& of
the preceding efforts. So, the user has no chaitadselect
one over the other, considering the needs of thescuproject
at hand.

There were two early efforts to develop an origiltaEE
802.11 MAC. In the first one, a Distributed Coomtion
Function (DCF) was developed by Carnegie Mellonvdrsity
[2]. Their extension to NS-2 was intended to sirteilanobile
nodes connected by wireless network interfacesudirg the
ability to simulate multi-hop wireless ad hoc neti® In a
later project [3], a Point Coordination FunctionCf® was
added to the simulator. The module allowed a siatio



become a Point Coordinator and send beacons. st
could initiate Contention Free Periods and polleothtations
during these periods in order to provide differémtels of
priority.

After standardization of IEEE 802.11e, up to ndveré have
been three major contributed modules to NS-2 implaing
issues discussed in this standard. The first motukbat of
INRIA-Planete Group [4]. In this module,

implementation of Rayleigh/Rician Fading channelNi$-2
might have the following problems:

= According to what we know about the simulator's
architecture, the reception signal power in NS-2assidered
to be constant in the duration of a packet. Withy an
implementation of a fading channel, even in slolat fading
channels, we need to have per-bit signal level gaanby

both Hcrpplication of the fading process. This does netrséo be the

Controlled Channel Access (HCCA) and Enhanced DERS€ in NS-2. By applying the fading process oolgdme bits

Channel Access (EDCA) have been implemented. Disgted
Coordination Function (DCF)
implemented, but, there is no
Infrastructure counterpart, i.e., for Point Cooedion Function
(PCF).

The other major contributed module is that of Unsity of
Pisa [5]. They have developed an HCF Controlled nbkha
Access (HCCA) module which allows for a flexiblaggration
of different scheduling algorithms. In their modudeclassifier
tags incoming packets with the appropriate traffteam
identifier. The HCCA scheduler is used at both QS and
QoS stations.

feature has also be&d
. . Hrrele
implementation fore th™_

in every packet, e.g., only to the first, or thetlait, we just
ultiply random numbers, i.e., Doppler frequencycdraes
vant.

NS-2's fading channel developers have chosen to
interpolate fading process elements before appltfieq to the
incoming bits’ signal levels. This, we suspect,t jssioothes
out the fading process, i.e., implicitly decreasies chosen
Doppler frequency.

We emphasize that these observations might not e a
worrisome as we presume, but are definitely wortimes
explanation in their documentation, if indeed
implementation is believed to be flawless.

3) License

the

The last MAC module for NS-2 that we would like 10 Gp|\5 js NS-2's current license, but since the kitou has

mention is that of “Technische Universitat Berlif8]. Their
work extends the wireless and mobility code, whias been
developed in the CMU Monarch project. They haveeadthe
contention free bursting (CFB), or TXOP bursting, their
model, which allows the transmission of a train ghall
packets without intermediate contention.

2) PHY-Propagation Models

Like the MAC module, there have been several PH¥ome new codes are under Apache 2.0

Propagation Model modules contributed to the NSedwrk
Simulator. However, as far as we know, there isy aohe
model implementing some features of an IEEE 80PHylsical
Layer specification and that is the aforementiomeadel of
INRIA-Planete Group [4]. This model implements &EE
802.11a physical layer. Upon further tests howeltdsecame
clear that this module has a bug which is non-aetwe of
packet collisions in all simulation scenarios.

As for the propagation models, NS-2 enjoys a cotapdet

numerous contributors, the license of each specifadule
should be checked as a result. However, there spemific
exception added to GPLv2 which states that the mheodu
copyright holder gives the right that the model cha
combined with free software programs or libraribattare
released under the GNU LGPL license. Pre-existoftvare
in the project are mostly governed by Original Bt&nse.
license.
recommended by NS-2 developers, new code shouldrptdy
use GNU GPL, with the specific exception, and if possible,
should use the Modified BSD license, Apache 2.@nge or
the original BSD license.

B. OMNeT++

OMNeT++ [8] is a simulation environment which has
become quite popular recently. It is not a netwsirkulator by
itself, but has served as the basis of some conuation
network simulators. Due to its generic nature ais hlso found

As

of known models: Based on the work of CMU Monarchpplication in simulation of IT systems, queuingwarks and

project, there is a Free-Space model; the samegirbps also
contributed a Two-Ray model. USC/ISI has contridute
Shadowing model, resulting NS-2 having a good $éiaoge-
Scale Path Loss models. Antenna and Radio Comntiorisa
Group of Carnegie Mellon University has contribute&ading
Channel model [7]. In their work, the fading progdms been
computed once and saved in a text file, distributedheir
package, according to an algorithm published bynthe a
paper. This text file is read during a simulationdathe
elements therein serve as multiplicative factorsitoulate the
effect of signal power level fluctuations.

Due to the popularity of NS-2 and its implementedirig
channel, we took a deeper look at its code and dvbké to
mention our findings briefly hereafter. We susp#uwit the

even hardware architectures. As for IEEE 802.11ukition,
the implementations are in three different projegtéch are
based on the OMNeT++ simulation framework: INET
Framework [9], Ipv6SuiteWithINET [10] and Mobility
Framework [11]. As is unfortunately the case in gnather
open-source projects, the development efforts hatebeen
coordinated, so the user needs to choose one s ffeckages
for their simulations, considering the features desk
Hereafter, we mention what is available in eactkpge.

1) MAC

Regarding the supported MAC modes, among the three
packages, INET Framework and Mobility Framework hbot
support Ad-hoc operation, but, Ipv6SuiteWithINETIdashort
of offering this possibility. However, for Infrasicture



operation, it is just the Mobility Framework whicdoes not derivative work. Commercial license can also bewiatd from
support this feature. UCLA.

All three packages support some form of Distributeg 3-Sim
Coordination Function (DCF) feature, albeit withms
differences. Mobility Framework offers CSMA/CA Wlthcontext of a Ph.D. thesis in Ohio State Universitiinois

RTS/CTS, however, the support of INET Frameworksdoet .University has also been significantly involvedtire project.

mclude_ RTS/CTS' Also, th_e DCF implementation "J-Sim (formerly known as JavaSim) is a componeseba
Ipv6SuiteWithINET only works in the context of laBtructure simulation environment which has been built upom tiotion
mode. . N . . of Autonomous Component Programming Model. On tép o
: As for the _I?omt Coordmatlon_ Function (I.DCF) fea_tunt 'S the autonomous component architecture, a genedafiaeket
Ju”St LtJhef '\{[IOb”,'[tyl Framfw?;k Véh'fh has no flr?hplememar?t switched network model has been designed in oaléetable
af. nto; un('l;\EeE)I/E, %%2011 'SM:CG’ none o e:lﬁ_i:gesl 85 {0 do network modeling and simulation. Similar t848, J-Sim
sHu%p_(()jrC or dination E : t'e HCi: or more specificalfpr is a dual-language simulation environment in whildsses are
ybrid Coordination Function ( ): written in Java and glued together wusing Tcl/Java.

(2)) Ptlr-:Y-Ifr:op_ag?lt_lon MO%GBOMN T++ based Kb Unfortunately, J-Sim does not have a feature-rieBH 802.11
n the =hysical Layer side, N ased packages module; the existing features are explained hezeaft

performed poorly. All of the three packages havesidba 1) MAC
|m||3Ie_me|ntat|or:sdbased ont_IEEE 8(?2I11IE speé:lflcabun the In J-Sim, there is only support for Ad-hoc MAC.,.j.there is
only impiemented propagation modet s Free-space. no implemented Point Coordination Function (PCF)

3) License : . . functionality. In the Distributed Coordination Fuiom (DCF)
OMNeT++ is governe_d by GPL license fo_r acgdem|c. us|ﬁ1plementation, CSMA/CA with support for RTS/CTSdan
However, for commercial use, a Commercial Licensamf P . : . .
SimulCraft has to be obtained. ower Saving Mode are the major available fe_zatu'ﬂaere_ is
) no support for the new IEEE 802.11e MAC, i.e., ftybrid
C. GloMoSim Coordination Function (HCF).
GloMoSim [12], developed by Parallel Computing 2y pHy-Propagation Models
Laboratory at UCLA, is a scalable simulation enmirent for  op the Physical Layer side, things look even grimmiaere
wireless network systems, and has utilized a prdlscrete- are only few basic functionalities of the Physicayer; hence,
event simulation capability provided by Parsec, ®aSed not adhering to any particular standard. As for available
simulation  language  developed in the same groyfgpagation Models, Free-Space and Two-Ray modele h
Unfortunately, the simulator is no longer under Mt peen implemented, but, there is neither Shadowiadet nor
development in the context of the original projéut is under fFading Channel in the implemented Physical Layeweler,
development in the name of another commercial sitoul there is an interesting Propagation Model whichmeeéo be
called QualNet. the distinctive feature of J-Sim Physical Layerregular
1) MAC _ Terrain Model. This model is based on electromagrieeory
The only supported MAC mode is that of Ad-hoc modgnd on statistical analyses of both terrain feated radio
Distributed Coordination Function (DCF) has beesigieed by measurements, and predicts the median attenuatienraxio
implementing CSMA/CA with RTS/CTS support. Theren - signal as a function of distance and the varigbéitthe signal
support for Point Coordination Function (PCF), merthere n time and in space. The model requires altitude@ach point
support for the new IEEE 802.1le MAC, i.e., Hybrigdf the earth which can be obtained from Globe tfz@acan be
Coordination Function (HCF) which was non-existantthe gownloaded from a mentioned URL. When using Irragul
time of the last release of the simulator. Terrain Model, one must use ellipsoidal latitudel domgitude
2) PHY-Propagation Models coordinates instead of Cartesian coordinates.
On the Physical Layer side, there is a partial enm@ntation 3) License
of 802.11-1997. As for the Propagation Models, ¢hare . .
. . . J-Sim developers have released their code undeBS8i2
implementations of classical formulas for Free-Spaied Two- license
Ray Large-Scale Path Loss models. Shadowing maehbt '
been implemented though, but, there is an impleatient of E. JiST-SWANS
Rician Fading channel for use. Another relatively new project is that of Cornelhiversity:
3) License JiST-SWANS [14]. It is a high-performance discreteent
GloMoSim is free for educational use (Access to dload simulation engine that runs over a standard Javeuabi
only granted to academic Top Level Domains). Howeitds machine. They have proposed a concept called “dfirtu
not covered by a well-known standard license. Tder has the machine-based simulation” and JiST serves as atyps of
right to copy and modify the software at the coioditthat the this idea. SWANS is a scalable wireless networkustor
resulting software is offered at no charge to rmageabuilt on top of JiST platform. A complete wirelesstwork
community and the original copyright notice inclddim any configuration can be formed by SWANS's independent

J-Sim [13] Network Simulator has been developedhi&



software components. However, the implementationE&E
802.11 module is not extensive. Here are the detall

1) MAC

In SWANS, there is support for Ad-hoc MAC mode, bot
for Infrastructure mode, i.e., Distributed Coordioa Function
(DCF) is implemented with good detail, but, thesend Point
Coordination Function (PCF) functionality. The
implementation is according to the modifications I&EE
802.11b and it has support for features such as/@MS
retransmission, NAV and backoff. The current
implementation misses support for the new IEEE BD2.
MAC, i.e., for Hybrid Coordination Function (HCF).

2) PHY-Propagation Models

On the Physical Layer side, there is an implemantabf
few basic functionalities of IEEE 802.11b. As finetLarge-
scale Path Loss Models, it has support for Free&pmnd
Two-Ray propagation models, but not for Shadowirggieb. It
has also an implementation of Rayleigh/Rician Sizedlle
Fading for the physical layer, establishing theudator's place
among the simulators with relatively good physidayer
implementation.

3) License

JiST-SWANS is not governed by a well-known licenEke
important aspects of the license are: Cornell
Foundation is the copyright holder; it is free foon-

commercial academic use; any derivative work shoq

acknowledge the original work and be released uttdtesame
license; usage of software outside the United Statay
require approval from the U.S. Government.

V. PROTOTYPEPHYSICAL LAYER AND PROPAGATION

MODELSIMPLEMENTATION

The implementation of physical layer is the mosip&ex

part in any IEEE 802.11 implementation in the netwo

simulators due to the fact that there are host hkefhpmena
which should be taken into account. As mentionefbriee the

Application Layer (CBR-Sender)
Transport Layer (UDP)
IP Layer (IPv4)
MAC Layer (IEEE 802.11 DCF)
PHY Layer (IEEE 802.11a)

y
Convolutional
Encoder

L Modulation

Rebea

propagation modeling is not part of the IEEE 802physical
layer standard, yet, it impacts significantly thieygical layer
performance, therefore, affects any other type aditqeol
evaluation in any upper layer. In this section,imteoduce our
prototype implementation of physical layer and mgtion
models. The intention is to shed light on how pbgkiayer

DCHmplementation could be approached and communicatbe

community the experiences that we have had while
implementing this design approach. The overallcstme of

MACEEE 802.11 implementation is depicted in FigureWhile

still not all the features mentioned in the staddaare
implemented, the most important parts, in termtheir effects

on the overall performance, have been studied and
implemented and are presented hereafter in thewioly sub-
sections.

A. Packet Reception Method

1) Overview

For any event-based simulator which implements BERed
signal reception model, for receiving each packet,suggest
to have the following two events:

— An event at the start of reception (first bitaopacket)

— An event at the end of reception (last bit obaket)

The SNIR(t)function is evaluated twice for each packet: 1)
For the first bit, for deciding whether or not {hecket could be
rlgceived, considering the current state of PHY teSNIR(t)
evel. 2) For the last bit, for calculating the dinSNIR(t)
considering what has happened during the packeiptien,
and for calculating the PER.

The PHY layer can be in one of four possible states

= TX:the PHY is currently transmitting a signal. Whihe
PHY is in this state, a received packet will be pyired
regardless of its SNIR(t) level.

SYNC: the PHY is synchronized on a signal and is
waiting until it has received its last bit. Whilbet PHY is in
this state, another received packet will be dropeegdrdless of
its SNIR(t) level. But, its signal level is recordand taken into

Application Layer (Receiver)
Transport Layer (UDP)
IP Layer (IPv4)
MAC Layer (IEEE 802.11 DCF)

PHY Layer (IEEE 802.11a)
4

Convolutional
Decoder
(Viterbi Decoder)

Demodulation |

Figure 1. Overall View of IEEE 802.11 Modeling



account in Noise Interference changes of the fietket on coding rates of/; and*/,.

which the PHY was synchronized

Viterbi Decoding is the recommended way of decoding

=  BUSY: the PHY is not in the TX or SYNC, but theConvolutional codes in the standard. The Bit ERate is not

energy measured on the medium is higher than Energyal before and after the Viterbi decoder,

dueetoor

Detection Threshold. While the PHY is in this staepacket correction mechanisms provided by Convolutionalesodrhe

can be received if its SNIR(t) level is above theeshold

procedure to derive the BER after the decoder folimvs. As

= IDLE: the PHY is not in the above states. The b&ravthe first step, we calculate the probability ofestihg an
is the same as BUSY state, i.e., while the PHYi ithis state, a incorrect path by the Viterbi decoder which is iistance k

packet can be received if its SNIR(t) level is abothe
threshold

2) Steps taken when the last bit of a packet isived

When the last bit of the current packet, upon whighPHY
is synchronized, is received, we again evaluate SN¢R(t)
function and calculate the PER. Here are the detall

We remind that if any other packet was receivednguthis

time, i.e., from the first to the last bit of tharoent packet, all

in the &ois
InterferenceNi, vector and is taken into account for the current

If indeed, there was any other K

the received signal levels are recorded

packet SNIR(t) calculation.

packet, i.e., the Ni vector has some elementsgdoh element p(k) =

of the vector, we calculate a Chunk Success R&@B&[(taking

into account the number of bits in that chunk, tbspective
SNIR(t) level in that chunk and the transmission mo

(Modulation type, transmission rate, Convolutionadde’s
coding rate). The CSR calculation uses the themleBER
formulas, based on modulation type, and also takés

account the Convolutional code properties. Thisess is then
repeated for everyNi change recorded (since we have
different SNIR(t) value for each chunk, hence different BE

and CSR). We multiply all these calculated CSRgeb the
Packet Success Rate; hence the PER.

After having calculated the PER, we draw a randamlmer
from a uniform random number generator, betweemd B
and compare it against the PER. Whether the ranuamber
is higher than the PER or lower, we decide to mémk
reception as correct, or as erroneous, respectively

B. Convolutional Encoder — Viterbi Decoder
Convolutional Encoding is the standard method psedan
the IEEE 802.11a for Forward Error Correction — FHGe
Convolutional encoder used in IEEE 802.11a is degdidn
Figure 2. The generator polynomials, in octal formare

00=133 and g=171 and, as evident from the figure, the basé
coding rate is/,. With puncturing, however, we reach to the

e ﬁ\—’—_},\—' Output Data A
e

Input Data%{ T }{

._( F . Qutput Data B

Figure 2. The Convolutional Encoder Used in IEER.&0a. From [15]

from the all-zero path (due to linear charactersstof the
encoder, without loss of generality, we considet the sent
data were a train of zero bits). The probabiityis derived as
in Equation Set 1. [16]

k (k
P(k) = ;(nj p" - p)<"
_7k:odd

(1)

k n k-n 1 k k/2 k/2
> [p"@-p) 5 1, |p*?@-p)
2

n=1+k /2

k : even

C\R/herep is the BER before decoder.

However, computation of this formula takes a lot of
processing power, especially if it is done for sal/& values in
each run. To improve the performance, accordinfll&, we
utilize the Chernoff upper bound for calculatifgwhich gives

early the same result with significantly less caotation
verhead.
k: even or odd

For calculating BER for each chunk of bits in thacket
(Note that chuck was the set of bits for whisNIR value is
constant, i.e., if there is no interference in taeeption of the
packet, each packet is comprised of two chunks; fame
Physical layer header, dPLCP header, and one for the
Physical layer payload), we calculate the firstel@ments of
P, multiply each by the correspondifg’ value and sum over
the result of multiplications. This sum is the BEfeer decoder
for the bits in the given chuck. BER is calculafesim C, and
P, values according to the Equatlon 3[17, 18].

ZCP

un k= dfree

Pung in Equation 3, is the puncturing period of the
Convolutional code. Typical values of free distgdgg) and
Cy=q for various Convolutional codes are mentioned stualy
documented in [18].

As evident in the preceding paragraphs, the impiaati®n
of Convolutional encoder and Viterbi decoder in phetotype
is not direct, i.e., these components have not lwsoally
implemented. Instead, for the sake of both lesggrtime

]k/2

p)

BER<

®)

! Ck is the bit error number associated with eacbr@vent of distance k



implementation burden and decreasing run-time duratising function anderfc function in Equation 5 [19(fc function is
the mentioned concepts and equations, the effécteese two available in the math library of C language).
components have been taken into account in thetyp# core
. X
calculations. Q(x) = 05xerfe(—=
C. Modulator —-Demodulator V2
IEEE 802.11a uses OFDM on the Physical Layer. Fftén  The relationships between bit-based and symbolebase

52 OFDM sub-carriers, 48 ones carry data bits.dohesub- eypression of formulas are given in Equation Si@08.
carrier, data bits are sent with BPSK, QPSK, or KM E E,

modulation. Table 1 summarizes all the informatiegarding V» = SNR :Wb Y, =SNR =1~ )
the modulation schemes and Convolutional codesisidtat N, e
are standardized in IEEE 802.11a air interface. Each SNR =log, x SNR P, =log; xF,

sending bit rate, it mentions the modulation schersed in \yhere p, and P, are Symbol Error Probability/Rate and Bit
each data su_b-carrler, the Convolutlorjal coding, revded bits grrqr Probability/Rate, respectively. The above ragimate
per sub-carrier, the total of coded bits per eaat OFDM  qnyersions typically assume that the symbol enirgivided
symbol and the tota_l number of the original datrs,bl.e_., equally among all bits, and that Gray encodingseduso that
before the encoder, in each OFDM symbol sent okerdr ot reasonabl&NRs one symbol error corresponds to exactly

) ®)

interface. _ _one bit error.
In the demodulator side, to calculate tBER or p in 2) Fading Related Definitions
Equation Set 1, we go through the following process Definitions:
P, — SNIR— E,; /Ny — BER = Ts: Symbol Transmission Duration

. . . ) _ = T.: Signal Fade Duration
WhereP, is the received signal poweBNIRis the signal to Average Error Probability (B: Averaged over the
noise plus interference ratig, is energy per bit antlp is the  gistribution of SNRs

noise power density. In what follows, we provide ttetails of Outage Probability (B,): Defined as the probability that

this process. _ _ SNR falls below a given value corresponding to the
In every chuck in the packet, whekg and signal level are  avimum allowable Ps
constants, we calculat&NIR from received power R). 3) Correspondence between type of error probabiibd
Afterwards, E/Ng can be calculated fro®NIRby Equation 4. type of fading channel
E B _—
—2 (k,t) = SNIRK,t) —*— @ " Slow Fading: T<< T, -
N, R, (k,t) Better to use: Outage Probability

WhereE, is energy per bit, Nis the noise power densitp, is _ * deep fade will affect many simultaneous symbalsus,

the bandwidth of the signal (20 MHz in 802.11a) &k.t)is @ding may lead to large error bursts, which canbet

the bit rate of transmission for packedt timet. corrected for with coding of reasqnable complexitherefore,
Derivation of BER from E/No, however, depends on thdhese error burs_ts can seriously degrade end-to-end

modulation type and transmission channel conditiomsvhat Performance. In this case acceptable performanceotabe

follows, we provide the relevant information forcacately 9duaranteed over all time or, equivalently, throughe cell,
utilizing the available theoretical formulas to igertheBER ~ Without drastically increasing transmission powgénder these
1) Base Formulas circumstances, an outage probability is specifieditat the

BER formulas are mostly written based on the Q-functiofif@nelis deemed unusable for some fraction &f bmspace.
For reference, we mention the relationship betwten Q- This type of Fading Channel is more relevant toobrd302.11

Networks.
TABLE 1.MODULATION AND CODING SCHEMES FROM [15] = Normal Fading: I-T.
- . . Better to use: Average Probability of Symbol Error
Datarate | yogor | Codine rat “dlf;“_“s b OFDM | per OFDA Since many error correction coding techniques ever
(Mbitss) ®) “};;f;;jl‘ .1’32;";1, 1;::; from a few bit errors, and end-to-end performarscgypically
. . not seriously degraded by a few simultaneous bitrsy the
: s - - = > average error probability is a reasonably goodréigof merit
i PSR o ! b > for the channel quality under this condition.
12 PSKE 12 2 96 48
12 EPSK 304 2 96 72 * FastFading: T<<Ts
" eony - ; - p” Bettgr to use: BER for AWGN channel _ _
— - — Fading will be averaged out by the matched filterthe
* oA = ‘ =2 = demodulator. Thus, performance is the same as iGAW
e AN 22 i 25 2 BER formulas as functions oc6NR modulation type and
i soa > ° 5 - channel type are presented in Table 2.




TABLE 2.BERFORMULAS

— Ref. -Notes
BPSK R =Q(H2)) 20]
E E
P.(E) =2Q( |—*)-Q° |==
AWGN | @PSK 2 (E) =2Q( NO) Q%( NO) [21]
— 2
2(M -1 3y,
M-QAM P.=1-|1- x = 20] !
Q s { " vy, (20]
Slow v
Fading All Mod. Pout =1-e"'" [20]°
— 1 Vb
BPSK B=z0- /= 20
b 2[ 1ty [20]
Normal .1 1 1 -1 h E o
. Poy=1-—- + tan™[v1+a tan(z/ M)] WNerey =1 /[—=sin?(77/ M 3
Fading | 9" | o ™1 T g g o T ane ) g, SOV
5_a 058, Vs where —4(N_1) and - (Rectangular M-QAM)
M-QAM | P =—M[1- /7ML a, = B, = gu Q 20
Q 2 [ 1+05[BMVS] M N M M =1 [20]
Fast .
Fading All Mod. Like the AWGN case [20]
1 Vs is Average Energy per Symbol and we assume thétawe Rectangular Signal Constellation.
2: Ry is independent of modulation type.
3: Ps,Ray is average symbol error probability for RayleigHifey and M is 4 for QPSK

D. Propagation Models type of approach, Fading channel will not have effgct on
All the three classical large-scale path loss maded. Free- the power of signal on average; it only introdugeswver
Space, Two-Ray and Shadowing, are implemented & fuctuations to the received signals. It is thedeascale Path
prototype. By selecting one of these models, thetopype Loss model who accounts for the general attenuatfasignal

simulator calculates the received power using #spective power based on distance.
formula (Formulas are mentioned in Table 4). Our prototype implementation models a slow flatiriad
In the implementation of the Shadowing model, & start channel, i.e., the channel is neither frequencgedizgle, nor of
of execution and during the initialization of théasses, we fast fading type. According to the results repoitel3], each
generate a vector of random numbers, used as shaglowVi-Fi channel bandwidth is not larger than the cehee
parameter, with specified shadowing variance andmrmél++ bandwidth, so considering the channel frequencysedective,
[22] library, a widely-used C++ library, has beeriegrated seems to be a safe assumption. Also, the chanred dot
into the prototype to aid with the random numbeneggations. experience any changes during the transmission amh e
We loop through this vector and read its elementsnd the symbol, i.e., channel's coherence time is biggean th
execution of the program. The vector elements akert as transmission time of each symbol. This latter agstion is
Shadowing and used at the power calculation of thgain logical, especially in the context of ind@02.11, where
corresponding symbol. we do not have extremely fast movements in therenmient.

Fading, as mentioned before, is the phenomenormnsgge
for rapid fluctuations of signal over a short pdriof time or
distance. In reality, we can have only one chatyet, be it
Large-scale Path Loss Channel, or Fading Chanr@ikeier,
due to modeling constraints, it was chosen to sgpawvhat
each of these two models represents, i.e., whehave only
Large-scale Path Loss, then the channel can beeshosact
so, however, when we want to have Fading channelneed
to use both models in cascade. The first part ef dhannel
would be one of three Large-scale Path Loss Modets the
second part of the channel would be the Fadingreélam this

Like in the implementation of Shadowing modél++
library has been used in the implementation of thding
channel. This implementation is very flexible andsall the
power ofIT++ library at user's disposal. The user may select a
Rayleigh channel or a Rician one for simulatingl@avsflat
fading channel. After setting the necessary pararsgtwe
generate the fading process and use it during ithelation.
During the execution of the program, we loop thitoubpe
fading process matrix and upon reception of evgmiml, we
take an element as the fading factor and increaseaosition
marker in the fading process.



TABLE 3. SIMULATORS VS MAIN FEATURES

Features IEEE 802.11 MAC IEEE 802.11 PHY-Propagation Model
License Ad-hoc Infrastructure oo Rayleigh!
DCE EDCA pCF HCCA PHY Spec. Space 2-Ray Shadowing Rician
Simulators
NS-2 GPLv.2" | It I Tt 3t 802.11& | ¥t oS I It
OMNeT++ | GPL-Co® | Xt x It x 802.11b | x x x
GloMoSim X-Co.* | x x x 802.11-97| ¢ Lt x Lt
J-Sim BSD 3OS X x X x 20S 03 x X
JiST-SWANS X° Xt x x x 802.11b [ ¥t oS x Lt
1: With specific exception. There are also othegrises: “Modified BSD”, “Apache 2.0” and “OrigiraED”
2: The module needs bug-fixing especially regardirggnon-occurrence of packet collisions.
3: GPL for academic use — Commercial License framu&Craft for commercial use
4: Free for educational use — Commercial License fuCLA
5: Cornell Research Foundation is the copyrightié&olFree for non-commercial academic use.
TABLE 4. SMULATORS VS LARGE SCALE PROPAGATIONMODELS
Free Space Two Ra Shadowin
Models P y 9
2 2 Received Power (in dBW) =
- PthGr/] P = PthGr (ht h, ) Calculated Reference Power (in dBW) -
r 2 r T 4 Path Loss Exponent x 10.0 x
(4 XX d) xL d’L log(current distance) + Shadowing
Simulators Free Spacd TwoRay  Shadowing Specific Implementation Notes
- Two Ray: A Cross-over distancg) is calculatedP; for distances smaller thakis
NS-2 ﬁ ﬁ ﬁ calculated using the Free-Space model.
OMNeT++ iﬁ? x x ;)grce: Space: Model not explicitly mentioned. Pagtars can not be set all at once in ope
. - Shadowing: A model named “Generic” is mentionddol resembles Shadowing modgl
GloMoSim' ﬁ ﬁ ﬁ in terms of the used parameters; hence noted beoainpleteness
. - Free Space: The model only calculates the Paitn @mnction ofA andd), as other
J-Sint 203 It X parameters are taken into account elsewhere iredeving side's PHY.
- Two Ray: A Cross-over distance is calculated el \8ee NS-2's note.
JiST-SWANS {j— {j— X - Free Space/Two Ray: The code is based on theingitation of GloMoSim

In this table, a¥¥” sign, without any notes or footnotes, indicatest tall of the parameters mentioned in the respeétirmula are taken into account and are
available to be set. Ax® sign, however, indicates that the model has eenbimplemented at all in the simulator.

1: “Path loss trace files” and “SIRCIM-Simulatiohlndoor Radio Channel Impulse-Response Modelsehaso been mentioned as available path loss models
2: “Irregular Terrain Model” is another implementapagation model (See explanation earlier irpyger; in J-Sim section). The necessary inputseéahis
model (Most have default values however): Directbiat contains Globe data files (obligatory inpat)ymber of points between sender and receiverein th
terrain profile, antenna polarity, climate (desett,), surface refractivity, ground dielectricognd conductivity and signal frequency.

TABLE 5. SIMULATORS VS FADING MODELS

Features Fading Model [Rayleigh / Rician]

Fading Channel | Rayleigh/ Fading
Simulators Implemented Rician Channel Class

Specific Implementation Notes

- The model is used to modulate the output of tive-Ray model.
NS-2 i} i} Not Clear - Inputs: MaxVelocity (to calculate Doppler freqid Rician K factor.
- Few vague points in implementation as detailehérespective sectipn

OMNeT++ X — — —
) Considering time-dispersiveness of fading charfflelt fading as
GloMoSim i} i} Flat opposed to freg-selective). However, no informatiartime-varying
nature of fading channel (No Doppler freq. , etc.)

J-Sim X - - -
- The code is based on the implementation of GIBivio

. - The only settable parameters are: Rayleighidigton variance
JIST-SWANS ﬁ ﬁ Not Clear constant and Rician K factor (Standard deviatioraisulated using K
factor and implemented zero- and first-order Befig@tions)

1: Fading Channel Class refers to any of four fssiombinations of fading types: [Flat or FrequeBelective Fading] x [Slow or Fast Fading]




V.

In this study, we analyzed the state of IEEE 802.11
implementation in the widely-used open-source ndtwo[z]
simulators. As mentioned before, for conductingaidviIEEE
802.11 simulation, one needs to have proper magledind
implementation of IEEE 802.11 MAC and physical l&ye
along with all the necessary propagation models. dtoice of
propagation model depends on the environment irchwine
assume our network has been setup. We gave a qtﬁﬂ:
introduction to the well-known propagation moders] avent
on to inspect their implementations in the simuiatoln
Section 4, we presented how we approached therdasi the
implementation of the main aspects of IEEE 802.h¢skal
layer and propagation models.

The contribution of this work is three-fold: Fingtin Section
2 of this paper and in a very concise format, reade
familiarized with the terminology and the involvedncepts
about IEEE 802.11 MAC and Physical layer and t
Propagation Models. Secondly, Section 3 inspeeteKistence [g]
and implementation state of the very features ptesein
Section 2, in the widely-used open-source netwarluktors.
This  one-of-a-kind survey on the IEEE 802.1fi
implementations could help the research communith the
selection of a simulator with the right featuressidering their
current project needs. Thirdly, Section 4 presemt@ddesign
and implementation approaches in developing a feaiah
IEEE 802.11 prototype simulator. In this sectionajon
building blocks of IEEE 802.11 Physical layer alonigh the
propagation models have been inspected. [13]

The content of Section 3 of the paper have beearmeitted [14]
and presented in three informative tables: TabMhigh at one
glance determines whether or not a major featurdA@M [15]
functionalities, PHY standard and propagation me)dedb
present in the studied simulators; Table 4 and & &lvhich
present the information regarding the propagatiatels in a [16]
greater detail. The information in the latter twables is (17]
divided between Large-scale Path Loss models amtingra
models and both give slightly more implementatioieated
information compared to what was presented in 8e@i The
author hopes that this paper would be an inforreatgference [19]
for researchers in the wireless networks domaipe&ally for
the ones concentrating on IEEE 802.11 standard.

SUMMARY AND CONCLUDING REMARKS

(3]

(5]

6l

(7]

[12]

(18]

[21]
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