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Abstract  

Simulation Study of Throughput Performance of Wi-Fi and WiMAX 
Systems 

Rawaz Rauf 
 

Mobile Internet will revolutionize the type of wireless services that can be 

provided to customers (1). Wi-Fi has proven extremely popular among 

enterprises and residential areas. Mobile WiMAX aims at providing larger 

coverage at faster data rates (2). This project investigates throughput 

performance of Wi-Fi and WiMAX systems through extensive computer 

simulations. Our simulation platform is developed based on Network Simulator 

NS-2 software package for WiMAX Simulation while relies upon Omnet++ for 

Wi-Fi simulations. 

The 802.11b simulations show that as packet sizes are increased in fixed 

sized wireless networks the aggregate throughput increases assuming limited 

number of subscriber stations.  Also, we compare our results with some existing 

analytical and simulation studies in literature. Finally our 802.16e simulation 

results show that for limited number of subscriber stations throughput per SSs is 

fixed as SS numbers increase unlike 802.11b simulations which throughput per 

SS drops as more SSs are added to the network. 

 
Keywords: Wi-Fi, performance, throughput, 802.11b, comparison, throughput, performance 

analysis, WiMAX, mobile WiMAX, 802.16e.  
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Chapter 1: Introduction  

In communication system, throughput is the amount of data transmitted within a 

specific link during some specific time. The system throughput or aggregate throughput is 

the sum of data rates delivered to all the terminals in a network. In this document the 

system throughput or simply referred to as the throughput of various scenarios are 

simulated for an 802.11b system and an 802.16e system the results are compared to other 

analytical or simulation results. 

 

1.1 Aim  

The aim of this project is to draw a clear comparison between the data throughput of an 

802.11b (Wi-Fi) based system and an 802.16e (Mobile WiMAX) based system. The network 

architecture to be examined will only be limited to the infrastructure mode and no analysis 

of ad-hoc or mesh modes are performed. The primary aim is to consider performance 

change as the network is overloaded. 

 
 

1.2 Layout of Report  

As this report is a performance analysis document, its layout is as the following: The 

second chapter is literature review which refers to important PHY and MAC layer feature in 

both Wi-Fi and Mobile WiMAX. The scope of the literature review is limited to the necessary 

information required for the analysis of the simulations.   

In the third chapter, the method which was used to authenticate the simulations results 

is explained initially. Thereafter, the simulation programs and its usage have been explained 

in detail enough to allow an independent verifier to perform similar simulations. 

The fourth chapter contains results from the mathematical approach and simulation 

results. The next chapter discusses these results and their differences. 
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Chapter 2: Literature Review  

 

In this section brief background information is about 802.11b and 802.16e MAC as well 

as PHY layers are explained. The purpose of this section is to facilitate in understanding 

various terms referred to in the document 

 

2.1 Scope of 802.11 

The IEEE 802.11 standard similar to the Ethernet (802.3) and Token Ring (802.5) focus on 

the two lower layers of the Open System Interconnection (OSI) reference model (3). The OSI 

reference model for 802.11 is shown in figure 1. The two lower layers are the data link 

control layer and the physical layer. (4) 

The focus of this project is on the data link control layer which consists of medium access 

control sub layer as well as the MAC Layer Management Entity (MLME). Parameters from 

the physical layer (layer 1) will be used in calculations. 

 

2.2 Reference Model  

The aim of the OSI reference model is to serve as architecture for open systems 

interconnection which could serve as a framework for the definition of standard protocol 

(4)Φ 5ǳǊƛƴƎ ǎǘŀƴŘŀǊŘƛȊŀǘƛƻƴ ǇǊƻŎŜǎǎΣ ŀ ǊŜŦŜǊŜƴŎŜ ƳƻŘŜƭ ƛǎ ǳǎŜŘ ǘƻ ŀǎǎƛǎǘ ƛƴ ǘƘŜ ǎǘŀƴŘŀǊŘΩǎ 

objectives. Throughout the document referrals will be made to various terms in the OSI 

reference model. 

Figure 1 OSI Reference Model and IEEE 802.11 Reference Model. 

IEEE 802.11 reference modelOSI reference model 
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2.3 Architecture  and Coordination Function  

The 802.11 standard similar to most internet oriented standards is a hierarchal (5).  

There are two network configurations supported shown in Figure 2. The infrastructure mode 

which consists of Basic Service Sets (BSS) connected to an Access Point (AP). The Ad-hoc 

mode consists of Independent Basic Service Sets (IBSS) connected to each other. In this 

project only infrastructure mode is considered which a group of stations is controlled by the 

Coordination Function (CF). 

 
 

             
 
 

Figure 2 Infrastructure Mode and Ad-hoc Mode      
 

CF administers the access to the wireless system. The Distributed Coordination Function, 

shown in Figure 3, ƛǎ ǳǎŜŘ ōȅ ŀƭƭ ǎǘŀǘƛƻƴǎ ǘƻ ŘŜǇƭƻȅ ŀ άƭƛǎǘŜƴ-before-ǘŀƭƪέ ǎŎƘŜƳŜ ŜȄǇƭŀƛƴŜŘ ƛƴ 

section 2.4. While the Point Coordination Function is used by older versions of the standard 

to support Quality of Service. (6)     

 
 

Figure 3 The 802.11 Coordination Function 
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2.4 Medium Access Control Protocol  in 802.11b  

The MAC layer coordinates data transmission through the DCF. DCF uses Carries Sense 

Multiple Access combined with binary exponential back-off. This creates the transmission 

mechanism similar to Ethernet 802.5 but with collision avoidance (CSMA/CA). There are two 

types of transmission methods defined in the MAC layer. (7) 

2.4.1 Basic Access Method  

In the Basic Access Method, the station that wants to transmit checks the medium first. 

If the medium is sensed free (either through physical or virtual) then the station is allowed 

to send. The sending station waits for a DIFS period before transmission. Additionally it waits 

for a random back-off time before transmission.  

As shown in Figure 4, upon successful transmission, an acknowledgement packet (ACK) is 

sent by the receiving station. If the sending station does not receive an ACK packet, it is 

assumed to have collided with another packet and rescheduled to be retransmitted.  

The back-off time is to avoid channel capture. A station must wait a random backoff time 

between two consecutive new packet transmissions, even if the medium is sensed idle in the 

DIFS period. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 The Basic Access Method Transmission in 802.11 (8) 
 

For the first transmission attempt the back-off is set to the minimum contention window 

size, CWmin. In case of collision, the value of ὅὡάὭὲ is doubled. After the i-th collision the SS 

chooses a value for back-off between 0 and 2Ὥ. ὅὡάὭὲ. The window is doubled until 

ὅὡάὥὼ=2ὲ.ὅὡάὭὲ. Here n is the maximum back-off stage. After successful transmission the 

window is reset to ὅὡάὭὲ (9). 
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2.4.2 RTS/CTS Method 

While the Basic Access Method is very effective in small packet sizes, retransmission of 

large packets decreases throughput. In the RTS/CTS method, the station that wants to 

transmit a packet first sends a Request-To-Send (RTS) packet. The receiving station then 

replies with a Clear-To-Send (CTS) packet to acknowledge the receipt of RTS and reserves the 

channel for the normal packet transmission. The successful transmission of the packet is 

followed by the ACK frame similar to the Basic Access Method. Figure 5 shows the source 

station packets, the destination packets and other stations in the RTS/CTS mode. 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 The RTS/CTS transmission mode in 802.11 

In this project only simulations on the basic access method will be performed as many 

other papers have documented these access methods.  
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2.5 PHY Layer in 802.16 b 

In the Physical layer of 802.11 standard physical parameters are defined. Parameters 

such as the modulation type, code rate, carrier frequency, channel bandwidth and many 

others. 

 Table 1 shows various supported data rates (optional and mandatory) and average 

range of various 802.11 standard of families. 

 

Standard Transmission Supported Rates 
(nominal)(Mbps) 

Average 
Range (m) 

Frequency 
GHz 

Availability 

802.11 IR,FHSS,DSSS 1.2 100 2.4 1997 

802.11b High rate 
DSSS 

1,2,5.5,11 100 2.4 1999 

802.11a OFDM 6,9,12,18,24,36,
48,54 

40 5 2002 

802.11g ERP-DSSS 
ERP-CCK 
ERP-PBCC[1] 
DSSS-OFDM 

1,2.5,5.5,11,6,9,
12,18,24,36,48,54[2] 

75 2.4 2003 

802.11i Based on the 802.11, but uses 802.11X authentication [3]  
(802.11X or Port Based Network Access Control was approved in 

2001) 

2004 

802.11n MIMO-OFDM 540 or 630[4] 50 2.4 2007 

Table 1 IEEE 802.11 Standards; data rates coverage and operation frequecy. 

 

As the focus of analysis of this document is 802.11b the 

highest data rate will be used. The corresponding DIFS values, 

CWmin and other parameters for 802.11b are listed in table 2. 

The Channel bandwidth for 802.11 is assumed 10MHz and all 

802.11 standards assume Time Division Duplex transmission. 

That is the transmitter and receiver operate at the same 

frequency but at different times. 

 

                                                           
1
 Even though the Packet Binary Convolution Coding (PBCC) is part of the standard it is not widely used. It 

supports various data rates including    5.5,11,22 and 33 Mbps 
2
 Supporting data rates of 1,2,5.5,11,6,12 and 24 Mbps is mandatory in 802.11g stations 

3
 ThŜ ŎƻƴŎŜǇǘ ƻŦ ǳǎƛƴƎ улнΦмм· ŀǳǘƘŜƴǘƛŎŀǘƛƻƴ ƛǎ ŘƛŦŦŜǊŜƴǘ ǘƻ ǘƘŜ ΨулнΦммȄΩ ǎǘŀƴŘŀǊŘΦ 

4
 540Mbps is the maximum throughput supported by the WWiSE proposal. The maximum achievable 

throughput for the TGnSync proposal is 630 Mbps. However, if the optional Advanced Beam Forming 
MIMO(ABF-MIMO) is used the maximum throughput can be increased up to 720 Mbps.  

 

Data Rate  Value  Unit  

Data Rate  11  Mbps  

DIFS  50  µs  

Header  240  bits  

SIFS  10  µs 

Preamble  192  Bits 

ACK  56  µs 

CWmin  32   

CWmax  1024   

Slot  20  µs  
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2.6 Scope of 802.16 

Similar to all 802 standard of families the 802.16 standard, also referred to as Mobile 

WiMAX, focuses on the two lowest layers of the OSI model. The PHY layer and MAC layer of 

802.16e will be briefly discussed in the next section.  

2.7 PHY Layer in 802.16e  

In any communication system, three essential parts exist. The transmitter, Tx , the 

receiver, Rx , and the medium which information is transmitted through. In wireless 

networks the transmission mediums is air (or sometimes vacuum). In 802.16 there are three 

types of communication defined between the Tx and Rx . Frequency Division Duplex, FDD, 

where the Tx is operating at a frequency band while the Rx is operating on another both at 

the same time. Time Division Duplex, TDD, where the Tx is operating at the same frequency 

band as the Rx but at separate times. There is also Half Frequency Division Duplex (HFDD) 

where the Tx and Rx are operating at separate frequency bands however operating at 

separate times (2). However, according the latest release of system profile for Mobile 

WiMAX only the support for TDD mode is mandatory while support for HFDD and FDD are 

optional. Several bands are defined in the 802.16e amendment between 2-3GHz for the 

frequency of operation. (10) 
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Figure 6 operation ranges and frequencies for Mobile WiMAX according Profile release 1.0 (10) 

The System Profile is a document is to provide OFDMA System Profile specification of 

mobile network, complementary to 802.16-2004 as amended by 802.16e-2005 standard, 

primarily for the purpose of certification of conformant Subscriber Stations, SS, and Base 

Stations, BS. While BSs have to support one of the band classes shown in figure 6, the SSs 

have to support all the specified band classes. Support for FDD or HFDD and other band 

classes can be extended in the future in order to comply with future regulatory 

requirements in specific countries (10).  
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Orthogonal Frequency Division Multiplexing, OFDM, is a multiplexing technique used to 

divide bandwidth into several frequency subcarriers (11). In an OFDM system, the input data 

stream is divided into several parallel sub-streams of reduced data and each sub-stream is 

modulated and transmitted on a separate orthogonal sub-carrier. Advantages include 

increased robustness of OFDM to delay spread due to larger symbol durations, elimination 

of Inter symbol interference (ISI) through Cyclic Prefix (CP) addition (10). In an OFDM system, 

resources are available in the time domain by means of OFDM symbols and in the frequency 

domain by means of sub-carriers. 

The number of sub-carriers supported by 802.16e-2005 is 128, 512, 1024 and 2024 

referred to as the Fast Fourier Transform (FFT) size (10). The Subcarriers are divided into 

three types: null (guard and DC), pilot and data (2). Active (data and pilot) sub-carriers are 

grouped into subsets of sub-carriers called sub channels (10). A data sub-stream can span 

over one or more sub channels depending on its rate. Three types of sub channel 

organization is defined: Partial Usage of Sub channels (PUSC), Full Usage of Sub channels 

(FUSC) and adaptive modulation and coding (AMC).PUSC is mandatory while the other two 

are optional (2). Hence the frame structure is assumed is to be PUSC with OFDMA TDD. 

 In 802.16 Uplink (from SS to BS) and Downlink (from BS to SS) data transmissions are 

frame based i.e. time is partitioned into sub frames. The frame sizes vary between 0.5ms to 

25ms. The allocation of OFDMA Symbol number against the sub-channel logical number in 

PUSC OFDMA TDD mode is shown below. 
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Figure 7 Mobile WiMAX PUSC TDD Frame Structure 
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Mobile WiMAX uses adaptive modulation; that is the data rate changes as the receiver signal 

changes. Therefore an SS closer to the BS is expected to have a higher data rate than on further. 

2.8 MAC Layer in 802.16  

The 802.16 MAC is connection oriented. Upon entering the network each SS creates one 

or more connections with the BS. These connections can be either uplink or downlink 

connections. Each connection will have its own priority (12). Several classes of priority exist 

based on their applications. These are Unsolicited Grant Service (UGS), Real-Time Polling 

Service (rtPS), Extended Real-time Polling Service (ErtPS), Non-Real-time Polling Service 

(nrtPS) and Best Effort (BE).Best Effort: Applications include data transfer, web browsing etc. 

Maximum sustained rate is required and it will be the only connection type used in our 

analysis and simulations (10). 

After initial ranging and bandwidth request messages are exchanged between the BS and 

SSs, each SS receives the UL-MAP and DL-MAP as shown in figure 7.  These two messages 

inform the SSs about how the subsequent downlink and uplink data bursts are organized in 

time and frequency, the associated coding and modulation schemes. This access mechanism 

is in direct contrast with 802.11 DCF mechanisms. In 802.16 the BS centrally controls the SSs 

connected to it in PMP mode while in 802.11 the SSs manage themselves in the medium 

through random back-off and carrier sensing to avoid collisions (CSMA/CA) mechanisms (12). 

It is worth mentioning that only bandwidth request and ranging messages are sent 

through contention based transmission in 802.16 in a similar fashion to 802.11. 
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Chapter 3: Method  

 In this chapter four methods of throughput calculation will be considered 802.11b. 

Two mathematical models and two simulation methods will be taken into account. The first 

method is a famous method first proposed by Bianchi in 1999 (8). The second mathematical 

model is using Average Cycle Time Approach (7). Additionally two simulation methods are 

explained, the first based on NS-2 simulation package performed in (7). The second is based 

on Omnet++ package which we performed various simulation scenarios. Finally NS-2 

simulation method for WiMAX networks is mentioned in the last section of this chapter. 

 

3.1 Mathematical Approach  in 802.11  

Two mathematical models are included in this report in order to indicate the correlation 

of the simulations carried out in Omnet++ to mathematical models. 

3.1.1 Markov Chain Analysis 

This analytical model first proposed by Bianchi (8) is divided into two parts. First the 

behavior of a single station is studied using a Markov Model. The probability of packet is 

ōŜƛƴƎ ǘǊŀƴǎƳƛǘǘŜŘ ōȅ ŀ ǎǘŀǘƛƻƴ ƛƴ ŀ ǊŀƴŘƻƳƭȅ ŎƘƻǎŜƴ ǘƛƳŜ ƛǎ ƻōǘŀƛƴŜŘ ŀƴŘ ŎŀƭƭŜŘ ˍΦ ¢Ƙƛǎ 

probability does not depend on the method of transmission i.e. can be either basic access 

method or RTS/CTS method. Throughput is calculated by studying events within a generic 

timeslot. Using this method it is possible to calculate the throughput analytical in a number 

of stations operating on basic access method or RTS/CTS or both. 

For a saturated load in the network the normalized throughput of network is shown by 

the author as the following equation. 

 

╢=
╟▼╟◄►╔╟

╟◄►Ɑ+╟◄►╟▼╣▼+╟◄► ╟▼╣╬
  Equation 1 General Throughput Equation 

 

Where Ts is the average time the channel is sensed busy (i.e., the slot time lasts) because 

of a successful transmission. Tc is the average time the channel is sensed busy by the other 

stations due to collisions. ʎ is the duration of an empty slot time. While E P  , Ptr  and Ps are 

the average packet payload size, the probability that there is at least one transmission in the 

considered slot time and the probability of a successful transmission. 
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We only consider the case of basic access method as our simulations assume basic access 

method. 
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Figure 8  ἢἫ and ἢἻ  for basic access method 
 

As shown in figure 8, the values of Tc and Ts  can be calculated as the following: 
 

 Ὕί
ὦὥί= ὬὨὶὖὌὣ+ ὬὨὶὓὃὅ+  Ὁὖ+ ὛὍὊὛ+ +‏ ὃὅὑ+ ὈὍὊὛ+  ‏

 Ὕὧ
ὦὥί= ὬὨὶὖὌὣ+ ὬὨὶὓὃὅ+  Ὁὖᶻ+ ὛὍὊὛ+  ‏

Equation 2 ἢἫ  and  ἢἻ Calculation in basic access method 

 
Where ɿ the propagation is delay and E Pᶻ is the average length of the largest packet 

involved in collision. If a fixed payload is assumed for all packets then E Pᶻ= E P . 

 

3.1.2 Average Cycle Time Approach 

 This analytical model proposed in (7) argues that even in random access provided by 

DCF there is still a notion of cycle time exists where by average each contending station 

successfully transmits a packet in a cycle. 

 After several assumptions similar to the bianchi approach, the authors propose the 

following equation for throughput calculation: 

  

 ╢=
╟

╗+ ╟+╞
╝
В

╡▒

╝
▒= +

╔║

╝
+
╔[╒]

╝╬

 Equation 3 Throughput calculation proposed by (7) 

 

Where Nc is the average number of users involved in a collision , N is the sample number 

of users, P is the packet size (assumed fixed), O is the MAC and other layer overhead, Rj  is 

the user data rate ( in 802.11b 11Mbits/s) and H is a constant, E B  is the average back-off 

time, E[C] is the average collision time. 
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3.2 Simulation Approach  in 802.11  

Simulations are every increasingly become more mission critical in most cases than 

problem solving (13).In this section we present two simulations based on two simulation 

packages in order to evaluate throughput of 802.11b networks. 

 

3.2.1 NS-2 Simulations  

NS-2 or The Network Simulator is a discrete event simulator targeted at networking 

research. It supports simulations of TCP, routing, and multicast protocols over wired and 

wireless (local and satellite) networks (14). The implementation of 802.11b in NS-2 has 

resulted in many papers relying on its simulation results such as (7), (15) and (16). Some of 

the results for these simulations will be provided in this document as a basis of comparison 

for the simulations we carried out in Omnet++. 

  
 

3.1.2 Omnet++ Simulations 

Omnet++ is an open source component-based simulation environment. There are several 

packages available to Omnet++ which supports various network types. The INET Framework 

contains an implementation of 802.11b with extremely flexible options.  

Using the 802.11b package in the INET Framework it is possible to perform tests such as 

throughput test, hand over tests as well as throughput test with server support.  

The focus of this study is on throughput using various numbers of stations without server 

support. It is possible to change the number of change the number of stations by changing 

the (throughput. numCli) variable. All the simulations assumed a fixed area of 1600m2.  The 

channel condition parameters are listed in table 2. 

The number of channels is limited to 1 in order 

to observe the collisions in the network for 

stations on the same channel. 

Regulatory requirements limited the maximum 

transmitted power in the ISM band. 

All our simulations are run for 200s and 

assume that every transmitting station (BSS) has at 

least one packet in the queue to be transmitted i.e. saturated load (7).  All stations are fixed 

Parameter Value 

Playground X  400m 
Playground Y 400m 
Maximum Tx Power 20mW 
Signal Attenuation 
Threshold 

-110dB 

Path Loss Coefficient 2 
Carrier Frequency 2.4 GHz 
Data Rate 11 Mbits/s 
Number of Channels 1 

Table 2 Simulation Channel Conditions 
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and there is no hand-over to other stations. Only Basic Access Method of transmission is 

implemented and there is always one access point in the playground while the location of 

the stations is random in the playground. Figure 9 shows a screen shot of a scenario of 7 

transmitting stations with one access point. 

 
Figure 9 A scenario of seven stations with one AP. 

 
 

The following simulations scenarios were simulated: 
Scenario 
Number 

Number of 
stations 

Payload Size(bytes) Variation Sequence 

1 From 1 to 10 1000 No variation5 
2 From 1 to 10 500 No variation 
3 From 1 to 10 2000 No variation 
4 From 1 to 10 Varied {2000,1000,512,256,128,64,32,16,8,8}6 
5 From 1 to 10 Varied {2000,1000,500}7 
6 From 1 to 10 Varied {40,576,1500}8 

Table 3 Simulation Scenarios 

The throughput was calculated by dividing the received payload sizes divided by the time 

of simulation. This value was determined automatically using the sink variable in Omnet++ 

 
 
 

                                                           
5
 Some extended results were carried out in this scenario to help in comparison with other methods. 

6
 When only one station is simulated with an AP the payload size transmitted by the station is 2000bytes. 

However when two stations is connected to the AP the second one station transmits  1000 bytes while the first 
station still transmitted 2000 bytes and so on. 

7
 For three stations the set applies, when there are four stations the fourth one takes the first in the set is 

the payload. When five stations are transmitting the second number is the payload and so on. 
8
 Same payload distribution as scenario 5. 
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3.3 Simulation Approach  in 802.16  

The most appropriate simulator to be used for WiMAX simulations was Network 

Simulator. It offers several advantages over other types of simulators; It is a free open 

source platform and is constantly supported. While Mobile WiMAX is not officially 

integrated into NS-2 yet, researchers at Networks & Distributed Systems Laboratory, Chang 

Gung University have freely provided libraries supporting Mobile WiMAX in PMP mode. 

Available at: <http://n dsl.csie.cgu.edu.tw/wimax_ns2.php> 

Though commercial alternatives exist e.g. Opnet, its high licensing costs made it was not 

available for the preparation of this paper. 

After successfully installing and updating version 2.29 of NS-2 with the wimax libraries, 

almost three weeks was spent learning the new environment.  

In order to create the scenarios the several tcl files were written. TCL file is the default 

method used in NS-2 to define the parameters of the network and define location of SSs 

with respect to BS. 

For each addition of an SS a new TCL file was created with updated information. A 

sample of a TCL file is shown in Appendix A. The sample file is for a deployment of a single BS 

with 5 SSs within 100 meters of range.  It can be seen that each TCL file contains the 

following information: the general parameters needed for any wireless network, some 

parameters specific to WiMAX networks, the location of the BS and SSs as well as the type of 

connections between these network elements. Additionally other information such as 

tracefile and nam files are specified. 

After the TCL file is created and ran through NS-2 successfully, a trace file is generated. A 

trace file is an similar to a log file in many other software systems. It logs specific (or all) the 

data from the network and is saved in a *.tr file. 

Trace files can be very large and are usually in excess of two hundred thousand lines 

even for the simplest simulation lasting 250s. Therefore analyzing the trace file can become 

very time consuming in order to achieve throughput. Through open source applications exist 

which specifically analyze trace files for ns-2 such as Tracegraph, it did not support analysis 

of trace files produced by the NSDL library. 

Therefore manual calculation was carried out by importing the trace files into Microsoft 

Access. The data was then filtered and specific packets at the MAC layer were chosen as 

they represented the throughput.  

http://ndsl.csie.cgu.edu.tw/wimax_ns2.php
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The sum of values of these packets was carried out in Excel and averaged over the time 

period which the data was filtered to. The process was repeated for other configurations. 

The figure is below shows the deployment and animation of the TCL file found at 
Appendix A. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 The Nam Animation of BS with 4 SSs within 100m using 802.16e. 
Table 4 shows the MAC layer parameters used to analyze 

throughput performance in 802.16. As can be noticed the ratio of 

Downlink to uplink is equal. 

Table 5 shows the PHY layer parameters; most importantly it 

shows the data rates and Rx signal strength for each modulation 

scheme. It can be noticed that the higher the data rate the higher 

the signal power. This is due to the concept of adaptive 

modulation in 802.16. 

Table 6 shows the system parameters for the simulations. 

 

 
 
 
 
 
   

Parameter  Value  Unit  

Frame 
Format  

PUSC   

UL/DL 
ratio  

1:1   

Packet 
Size  

Uniform 
(200,1000)  

bytes 

Priority  Best Effort   

CWmin  32  opps  

CWmax  1024  opps  

Number 
of OFDM 
symbols 
per frame  

49   

Number 
of OFDM 
symbols 
per frame  

48  data 
portion  

Table 4 MAC Parameters in 802.16 
 

Parameter  Value  Unit  

Spectrum  2.5  GHz  

Channel Bandwidth  20  MHz  

Range  100  M  

QPSK ½  4.99  Mbps  

QPSK ¾  7.48  Mbps  

16-QAM ½  9.97  Mbps  

16-OAM ¾  14.96  Mbps  

64-QAM 2/3  19.95  Mbps  

64-QAM ¾  22.44  Mbps 

QPSK ½  -79  dBm  

QPSK ¾  -76  dBm  

16-QAM ½  -72  dBm  

16-OAM ¾  -69  dBm  

64-QAM 2/3  -65  dBm  

64-QAM ¾  -63  dBm  

Table 5 PHY Parameters 
 

Parameter  Value  Unit  

OFDMA symbol time  100.84  µs  

OFDMA frame length  5  ms  

Ranging interval  1210.08  µs 

Bandwidth Request interval  1210.08  µs 

TTG  200  µs 

RTG  200 µs 

Table 6 System Parameters 
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Chapter 4: Results 

In this section only the results tables will be indicated. These include three sets of results 

from other papers and one section carried out by the author for 802.11b simulations. 

Additionally results from NS-2 Simulations for 802.16e WiMAX are shown.  

 

4.1 Mathematical Results  

4.1.1 Markov Chain Analysis 

While Bianchi (8) based the calculations on the original 802.11 standard, if the same 

method is used as explained in (7) then the throughput for the access point as the number of 

stations increases. The results are shown in Appendix B. 

4.1.1 Average Time Cycle 

The results using the average time cycle method described and (7) in the previous section is 

shown in Appendix C. 

4.2 Simulation Results  802.11b  

4.2.1 NS-2 Results 

The NS-2 results published by the authors of (7) can be found in Appendix D 
 

4.2.2 Omnet++ Results 

As described in the previous section six different network scenarios were simulated. In 

first three the payload sizes was fixed to (1000, 500, 2000) bytes respectively. The results for 

these simulations are tabulated in Appendix I-III. Results for variable packet scenarios 4-6 

can be found in Appendix IV-VI.  

4.3 Simulation Results  802.16e 

The results for 802.16e simulations can be found in Appendix VII 
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Chapter 5: Discussions 

In this section various important points will be discussed. These will be analysis of data 

and comparison of various sets of data. 

5.1 802.11b Throughput relationship with Packet Size 

In Scenarios 1-3 the packet size uploaded by each SS was fixed to 1000, 500, 2000 bytes 

respectively. Each case had similar channel conditions and same overhead was assumed. The 

distribution of the SSs around the Access Point was also in a similar area. Figure 11 shows 

the aggregate throughput at the AP for each three scenarios. The aggregate throughput is 

the sum of all the throughputs by all the SSs to the access point. It is worth noting that this is 

equivalent to the throughput rate of receiving data at the AP as the scenarios only assumed 

Uplink data from the SSs to the AP. 

 

 
Figure 11 The throughput at the AP for scenarios 1-3 

Two features can be noted from figure 11. First, it can be seen that the aggregate 

throughput almost constant for all the scenarios as the number of SSs is increased up to 

10. This can be explained using the Bianchi method (8)as well as considerations on the 

contention window size.  

 

For scenario number 1; the packet size is assumed to be 1000 bytes while a data rate 

of 11 Mbps is assumed (maximum 802.11b data rate). At the specified data rate and 

packet size one packet can be transmitted in 727µs9. 

 

                                                           
9
 If 11 Megabits is transmitted in one second; 8000bits is transmitted in 727µs. 
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As mentioned previously, the minimum Contention window size is equal to 32 (as per 

802.11b recommendations) with each slot size being 20µs. Hence in the after the first 

successful transmission a contention window size of chosen between zero and 640 µs 

(slot size * CWmin). While this time is possibly too small to accommodate a 727 µs 

packet the contention window size can potentially increase up to 20280 µs ( slot 

size*CWmax). Additionally the contention back-off is not counted when the channel is 

sensed busy using physical sensing. Therefore under limited number of SSs (up to 10) the 

aggregate throughput is not expected to change dramatically assuming a fixed packet 

size.  

 

!ƴŀƭȅǘƛŎŀƭƭȅΣ ǘƘƛǎ Ŏŀƴ ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ ōƛŀƴŎƘƛΩǎ ǘƘǊƻǳƎƘǇǳǘ ŜǉǳŀǘƛƻƴΦ ¦ǎƛƴƎ ǾŀǊƛŀōƭŜ 

window sizes for fixed payload it is expected to achieve similar probabilities of at least 

transmission, while the empty slot time decreases and all other parameters can be 

considered fixed. Hence for limited number of SSs the throughput is expected to stay 

almost constant. That is because S is inversely proportional with (empty slot time* 

constant1+constant2). If constant 2 is significantly larger than empty slot time* 

constant1 then throughput is expected to stay almost the same. 

However, it is worth mentioning that as the number of SSs increase to more than 10; 

aggregate throughput is expected to gradually decrease due to increase in collisions and 

retransmissions. 

   

The second phenomenon that can be noticed in figure 11 is that the aggregate 

throughput is inversely related to the packet size. For scenario 1 when packet size is 

1000 bytes the aggregate throughput is approximately 5.3 Mbps while in scenario 2 

when packet size is 500 bytes the average aggregate throughput is 3.2 Mbps. Finally in 

scenario 3, when packet size is 2000 bytes the throughput is 7.1 Mbps on average. Hence 

noticeable difference exists in average throughput based on the packet size. Intuitively 

this can be explained by the fact that smaller packet sizes will make more waste time in 

contention time back-ƻŦŦǎ ǊŀǘƘŜǊ ǘƘŀƴ ŀŎǘǳŀƭ ǘǊŀƴǎƳƛǎǎƛƻƴǎΦ !ƴŀƭȅǘƛŎŀƭƭȅ ōƛŀƴŎƘƛΩǎ 

throughput equation 1 provides the following relationship: 

  ╢=
╟▼╟◄►╔╟

╟◄►Ɑ+╟◄►╟▼╣▼+╟◄► ╟▼╣╬
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Assuming the effect of all other variables to be the constant; ╢θ  ╔╟ where S is 

the aggregate throughput and ╔╟ is the fixed payload size. The assumption that the 

effect of all the other variables is constant is only applicable when the number of SSs is 

less than 10 and as that number increases, this direct relationship could no longer apply. 

 

However, the equation provides a powerful insight into the simulation results and 

there is a total agreement between the predictions and the simulation results.  

 

Hence as the packet size is increased the throughput is expected to increase, while the 

effect of increasing SSs up to 10 stations is limited on the aggregate throughput. This 

effect could potentially be used to increase channel utilization in a network by forcing all 

the SSs to use large fixed packet sizes in order to achieve the maximum possible 

throughput. However, the effect of increasing the packet size on the average end-to-end 

delay of packet delivery has not been a part of this study and could be the aim of a 

future study. 

In order to analyze the potential channel utilization benefits figure 12 below shows the 

channel utilization10 in scenarios 1-3. 

 
Figure 12 The channel utilization in scenarios 1-3 

It can be seen that the utilization can range between 32% in scenario 2 to up to 65% in 

scenario 3. Hence the larger the packet sizes the better the channel utilization.    

                                                           
10

 Channel Utilization= Aggregate Throughput / Maximum Data Rate *100 
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While the aggregate throughput is the sum of the data rate between all the SSs and 

the AP, the individual throughput for each SS or sometimes referred to as the good put is 

the amount of data sent to the AP by each SS (assuming Uplink connection only). 

Figure 13 shows how the throughput for each SS is changing as the number of SS 

s increase for each of the three scenarios. 

 

 
Figure 13 The throughput per SS in scenarios 1-3 

It can be seen that in scenario 3, where the packet sizes was fixed to 2000 bytes, the 

throughput for one SS is almost 7 Mbps. However as a second SS joins the network, the 

throughput is divided by two and is almost 3.5 Mbps. As a third SS joins the network the 

aggregate throughput of 7Mbps is divided equally by three SSs and the throughput for 

each SS is 2.3 Mbps and so on. The same analysis can be applied to the other two 

scenarios. However, this analysis is only correct if the throughput is divided equally by all 

the stations. That is if unfair division of packets/ throughput is considered not every 

station is expected to follow the above graph. 

 

5.2 802.11b Fairness Analysis  

In order to analyze the fairness of packet distribution among all the SSs , a study of 

the number of packets sent by each SS as the number of SSs increase was carried out. 
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Figure XX shows the number of packets sent by each SS during a 200s simulation time 

based on fixed packet sizes of 1000 bytes (scenario 1). 

 

 
Figure 14 The number of packets sent by each station to access point in scenario 1. 

It can be seen that during the 200s of simulation time 121,000-136,000 packets were 

sent ( each of 1000 bytes). In case only one SS existed in the 

network all the packets were sent by that SS. As the second 

SS joined the network, it can be noticed that Client 2 Sent 

66,337 packets while Client 1 sent 66,046 packets, a 

difference of only 291 packets which accounts for less than 

%0.22 difference in the total number of packets11. In case a 

third station joins the network the number of packets sent 

are 44,858 45062 and 45280 packets respectively by client 1 

,2 ,3. The maximum difference is between client 1 and client 

3 and is 422 packets less then % 0.32 of all the packets sent. Figure 15 shows the maximum 

difference between the number of packets sent as the number of clients increased to 10 in 

scenario 1. It can be noticed that the maximum difference in percentage does not pass %1.3 

hence it is reasonable to assume that the aggregate throughput is divided fairly and equally 

between the various SSs under a fixed payload network. 

  

                                                           
11

 The maximum percentage difference of packets= Maximum difference in the number of packets sent/ 
total number of packets sent *100 

Figure 15 The maximum difference 
of packets among SSs 
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5.3 802.11b Variable Packet Size Analysis  

 
For scenarios 4-6 only the number of received packets received by the AP and the throughput 

was recorded. These results are tabulated in Appendix IV-VI. Figure 16 shows the aggregate 

throughput as the number of stations is increased for scenarios 4-6. 

 

 
Figure 16 Aggregate throughput in scenarios 4-6 

 
It can be immediately deduced that predicting throughput in variable packet size conditions is 

not as simple as the constant aggregate throughput that was noticed scenarios 1-3. However, in 

general, the more SSs sending smaller packets the less the aggregate throughput. This can be noticed 

in scenario 6 where a station is sending 40 byte packets lowering the throughput down to less than 

0.5Mbps while as another SS is added to the network sending 576 byte packets the aggregate 

throughput increases to 1.5 Mbps. Addition of an SS which sends 1500 byte packets resulted in 

aggregate throughput increasing to almost 4.5Mbps.  

In Scenario 4 on the contrary , the throughput is gradually becomes less as more SSs sending 

smaller packets are added to the network. Initially a station sending 2000 bytes is added to the 

network and a 7Mbps throughput is achieved. Adding a 1000 byte sending SS to the network 

decreases throughput to 6.5Mbps . Adding another SS which sends 500 bytes decreases aggregate 

throughput to almost 5.8 Mbps. Continuously adding SSs which send even smaller packets would 

result in a throughput of 3Mbps. However, it is worth noting that the relationship between 

throughput and the addition of smaller packet sending SSs is not exactly linear. 

Scenario 5 the packets being sent are a combination of the fixed packet sizes that was shown in 

Scenarios 1-3. This scenario allows to see the difference between in throughput in a network where 

the packets are fixed to some specific values and then seeing the effect of a combination of these 

values. Figure 17 shows the aggregate throughput performance in scenario 4 where combinations of 
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packets sizes ( 500, 1000, 2000) bytes are sent and comparing it to a the three previous scenarios 1-3 

where the networks only sent one of those packets sizes. 

 
Figure 17 Fixed Packet Size vs. varied packet size comparison 

It can be noticed that when one SS sending 2000 bytes it is exactly like scenario 3 where 

fixed packets of 2000 bytes where being sent by SSs with a throughput of 7 Mbps. As 

another SS is added to the network sending 1000 byte packets , i.e. now scenario 4 is one SS 

sending 2000 bytes and one sending 1000 bytes, the throughput drops to 6.6 Mbps. Adding 

a 500 byte sending SS to the network is dropping the throughput further to 5.8Mbps. The 

following additions will be in the same pattern as the first three SSs. It can be noticed that 

the throughput in Scenario 4 is in fact between scenario 1 and 3. While it is correct to notice 

that a network sending packets sized 2000, 1000, 500 bytes is shown to achieve a 

ǘƘǊƻǳƎƘǇǳǘ ƻŦ ŀƴ άequivalent ά ƴŜǘǿƻǊƪ ƻŦ нллл ōȅǘŜ ŀnd 1000 byte sending networks, this 

ǎǘŀǘŜƳŜƴǘ ƛǎ ƘƛƎƘƭȅ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜ ŦƛǊǎǘ {{ ƛƴǘǊƻŘǳŎŜŘ ƛƴ ǘƘƛǎ ǎŎŜƴŀǊƛƻ άпέ ƛǎ ŀ 

2000 byte sending SS. If for example this first SS was a 500 byte sending SS the throughput 

performance would have been different. However, it is worthy to note that as the number of 

SSs increase there is a gradual trend for the throughput to be close to scenario 1 where 1000 

byte packets were being sent. In fact I believe that if enough SSs are added to the network 

άмлҌέ ǘƘŜƴ it is reasonable to assume the throughput in scenario 4 is equal to scenario 1. 

That is a network sending various packets sized at 500, 1000, 2000 bytes is expected to 

achieve a throughput of a network sending fixed packet sizes of 1000 byte i.e. the weighted 

average.  
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5.4 Comparison of Throughput Measurement Methods in 802.11b  

While setting up a physical network is the best demonstration of throughput analysis for any 

wireless network, it is often very expensive and network parameters are not easily controllable. A 

change in operation in frequency for example often requires new antennas while adding new SSs to a 

network could mean even heavier bills.  

Therefore two other approaches are usually used. The first approach is a mathematical / 

analytical method where throughput is measured using equations based on logical assumptions. 

.ƛŀƴŎƘƛΩǎ (8) method, which is by far the most popular, uses a probabilistic approach to generate the 

equation for throughput for 802.11 DCF based systems. The average cycle time method on the other 

hand generates the throughput equation based on a hypothesis that collisions and transmissions in 

wireless networks are of cyclic behaviour (7). 

The second approach is based on simulations which is an imitation of the real network using 

computer aided programming. One of the most well-known platforms for discrete network 

ǎƛƳǳƭŀǘƛƻƴ ƛƴ ŀŎŀŘŜƳƛŎ ǊŜǎŜŀǊŎƘ ƛǎ ǘƘŜ ƻǇŜƴ ǎƻǳǊŎŜ bŜǘǿƻǊƪ {ƛƳǳƭŀǘƻǊ άb{-нέΦ While NS-2 was used 

in this document to produce results for WiMAX simulations it was considered not necessary in 

802.11b network because it was already done in (7).  The simulator used in this paper was based on 

Omnet++ through its INET framework model I believe is the first time being used for performance 

evaluation. 

The graph below shows the throughput analysis using all four methods. All of the methods 

assumed fixed packet sized of 1000 bytes and parameters from 802.11b amendment.   

 
Figure 18 Aggregate Throughput in IEEE 802.11b: NS-2 Simulation results, average time cycle Markov chain and 

results of this paper 
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It can be seen that the results from Omnet++ are within maximum of 5% of all the other 

methods used to measure aggregate throughput at the AP. The results also show that as 

number of SSs increase , using Basic Access method, it is expected to achive a dropping 

throughput. Our results are very similar to the NS-2 and average time cycle results for five or 

more stations. Our results show the biggest difference with the Bianchi method. This could 

be due to the ignorance of ACK_timeout parameter in their calculations. ACK_Timeout is the 

time which the SS waits for AP reply before the retransmission of the packet.  Additionally it 

can be noted that for five or less stations our results are more pessimistic than the other 

methods. While there is a possibility of error in our software, it could be due to slightly 

different channel conditions used by each method as not all papers mentioned the distance 

of SSs from BS.  

5.5 Throughput Measurement for 802.11e networks  

The Point-to-Multipoint simulations were based 

on Network Simulator NS-2 version 2.29 using an 

extension library developed by Netowrks & 

Distributed Systems Laboratory members, Taiwan. 

Due to ranging and bandwidth request processes in 

the initial stage, the maximum throughput is not 

achieved in the first few seconds of the simulation. 

Figure XX shows the aggregate throughput of a typical 

10 station based WiMAX service against time (17). It 

can be seen that as time passes the throughput increases until it settles at a specific value, in 

this case 50 seconds. In order to account for this change all our simulation results were 

taken from seconds 100-200 seconds and then averaged.  

All our simulations assumed Best Effort (BE) Quality of Service using one Uplink 

connection and one downlink connection per SS. Each connection assumed a uniform 

distribution of packet sizes between uniformly distributed between 200 and 1000 bytes. All 

the SSs were located at 100 meters away from the BS. The modulation versus distance 

model is based on (18) , i.e. the achievable transmission rate depends on how far the 

distance between the BS and SS is. All SSs execute the ranging request process by adopting 

QPSK 1/2 encoding rate.  

Figure 19 Aggregate throughput against 
simulation time 
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Figure 20 shows the aggregate throughput at the BS against the number of SSs. It can 

seen that as the number of SSs increase the aggregate throughput increases. 

 

Figure 20 Aggregate Throughput at BS in 802.16e Simulations 

Though this value is increasing linearly it is expected to level at the maximum data rate; 

22.44 Mbps. Unfortunately the library being used could not support further number of 

connections therefore that saturation level could not be reached. It is worth mentioning that 

a similar scenario was repeated but within a range of 10m and had very similar results. Due 

to the similarity it was not included in this report. 

Similarly figure 21 shows the throughput that each SS achieves (uplink + downlink) and 

can be seen that it is almost constant at all situations. 

 

Figure 21 Throughput per SS in 802.16e Simulations 
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5.6 Throughput Comparison between WiFi and Mobile WiMAX  

Figure 22 shows a direct comparison of the aggregate throughput at the most 

congested node in both 802.11b and 802.16e systems. It can be seen that the nature of 

the two networks is entirely different. While an SS can immediately take advantage of 

the entire available spectrum in 802.11b, an SS is only allowed a portion of the available 

spectrum in 802.16e. Furthermore for limited number of SSs the throughput at the AP is 

constant in 802.11b while the aggregate throughput is increasing in 802.16e (though 

expected to saturate). That is in an 802.16 system the BS does not allow SSs to use the 

entire spectrum while in 802.11b the entire spectrum is divided among SSs though the 

DCF function. 

 
Figure 22 Aggregate throughput comparison between 802.16e(left) and 802.11b(right) 

Figure 23 shows the throughput per SS in the above two networks. It can be seen 
that in a WiMAX network the SSs receive similar data rates even when there are several 
SSs in the system (assuming not saturated), however, in a Wi-Fi system as more SSs are 
added to the network the throughput is divided equally hence the throughput allocated 
per SS dramatically decreases after several SSs join the network. This is due to the 
difference in the MAC layer difference in the two systems. Wi-Fi uses a contention based 
medium access control meaning that SSs can randomly compete for access to the 
network. However, in a WiMAX system the BS informs all the SSs the slots which are 
allocated to each for Uplink and Downlink through the DL-MAP and UL-MAP messages. 

 

Figure 23 Throughput per SS in 802.16e (left) and 802.11b(right) 
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There is also a commercial reason for this difference. A Wi-Fi System is ideally used at 

home or at enterprises hence network overloading is not expected. However, WiMAX 

systems are aimed at nationwide large deployments hence overloading is expected. 

 

Conclusions 

There are several conclusions that can be drawn from this document. 

 

¶ In an 802.11b system if all stations are transmitting the at same packet size, the 

larger the packet size the better the aggregate throughput. 

¶ For a limited number of SSs in 802.11b in a fixed packet size network, the 

aggregate throughput is almost constant. 

¶ The Throughput per SS in 802.11b dramatically decreases as more SSs are added 

to the network. 

¶ The throughput of systems were different packet sizes are transmitted is hard to 

claimed as fixed. However, if certain packet sizes are transmitted within the 

network it is possible to predict a throughput for the system based on the 

analysis of the fixed throughput. 

¶ In comparison to other analytical and simulation results the measurements 

performed in this document can be considered within 5% of the other results. 

¶ In an 802.16e network the aggregate throughput gradually increases as the 

number of SSs increase, though expected to saturate at the maximum data rate. 

¶ Unlike 802.11b, in 802.16e systems the throughput per SS remains almost 

constant even when several SSs are in the network (assuming no saturated 

aggregate throughput). 
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Appendix  

Appendix A: Sample of Code for NS-2 Simulations for 802.16e  

set val(chan)   Channel/WirelessChannel    ;# channel type  

set val(prop)   Propagation/TwoRayGround   ;# radio - propagation model  

set val(netif)  Phy/WirelessPhy            ;# network interface type  

set val(mac)    Mac/802_16                ;# MAC type  

set val(ifq)    Queue/DropTail/PriQueue    ;# interface queue type  

set val(ll)     LL                         ;# link layer type  

set val(ant)    Antenna/OmniAntenna        ;# antenna model  

set val(ifqlen) 50                         ;# max packet in ifq  

set val(nn)     6               ;# number of mobilenodes  

set val(rp)     DSDV            ;# routing protocol  

set val(x)      400                 ;# X dimension of topogra phy  

set val(y)      400                 ;# Y dimension of topography  

set val(stop)   250.0         ;# time of simulation end  

#===================================  

#               Initial Conditions                         

#================================== = 

#trace file  

set ns            [new Simulator]  

set tracefd       [open BE5.tr w]  

set namtrace      [open BE5.nam w]  

$ns trace - all $tracefd  

$ns namtrace - all - wireless $namtrace $val(x) $val(y)  

set topo       [new Topography]  

$topo load_flatgrid $val(x) $val (y)  

create - god $val(nn)  

#channel  

set chan0 [new $val(chan)]  

Mac/802_16 set channelSize_ 20  

Phy/WirelessPhy set freq_ 2.5e+9  

#===================================  

#        MobileNode                      

#===================================  

#MobileNode  

$ns node - config - adhocRouting $val(rp) \  

                - llType $val(ll) \  

                - macType $val(mac) \  

                - ifqType $val(ifq) \  

                - ifqLen $val(ifqlen) \  

                - antType $val(ant) \  

                - propType $val(pro p) \  

                - phyType $val(netif) \  

                - channel $chan0 \  

                - topoInstance $topo \  

                - agentTrace ON \  

                - routerTrace ON \  

                - macTrace ON \  

                - movementTrace ON  

#======= ============================  

#             Node               

#===================================  

#Node_0  

set node_(0) [$ns node]  

$node_(0) set X_ 200  

$node_(0) set Y_ 200  

$node_(0) set Z_ 0.0  

$ns initial_node_pos $node_(0) 20  

 

#Node_1  
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set node_(1) [$ns n ode]  

$node_(1) set X_ 100  

$node_(1) set Y_ 200  

$node_(1) set Z_ 0.0  

$ns initial_node_pos $node_(1) 20  

 

#Node_2  

set node_(2) [$ns node]  

$node_(2) set X_ 129  

$node_(2) set Y_ 271  

$node_(2) set Z_ 0.0  

$ns initial_node_pos $node_(2) 20  

 

#Node_3  

set node_(3) [$ns node]  

$node_(3) set X_ 300  

$node_(3) set Y_ 200  

$node_(3) set Z_ 0.0  

$ns initial_node_pos $node_(3) 20  

 

#Node_4  

set node_(4) [$ns node]  

$node_(4) set X_ 200  

$node_(4) set Y_ 300  

$node_(4) set Z_ 0.0  

$ns initial_node_pos $node_(4) 20  

 

#Node_5  

set node_ (5) [$ns node]  

$node_(5) set X_ 200  

$node_(5) set Y_ 100  

$node_(5) set Z_ 0.0  

$ns initial_node_pos $node_(5) 20  

#===================================  

#           Uplink Connections                                  

#===================================  

#Connection_0(CBR - UDP) 

set udp0 [new Agent/UDP]  

$ns attach - agent $node_(1) $udp0  

set null0 [new Agent/Null]  

$ns attach - agent $node_(0) $null0  

$ns connect $udp0 $null0  

set cbr0 [new Application/BE]  

$cbr0 attach - agent $udp0  

$ns at 0.0 "$cbr0 start"  

$ns at 25 0.0 "$cbr0 stop"  

 

#Connection_1(CBR - UDP) 

set udp1 [new Agent/UDP]  

$ns attach - agent $node_(2) $udp1  

set null1 [new Agent/Null]  

$ns attach - agent $node_(0) $null1  

$ns connect $udp1 $null1  

set cbr1 [new Application/BE]  

$cbr1 attach - agent $udp1  

$ns at 0.0 "$cbr 1 start"  

$ns at 250.0 "$cbr1 stop"  

 

#Connection_2(CBR - UDP) 

set udp2 [new Agent/UDP]  

$ns attach - agent $node_(3) $udp2  

set null2 [new Agent/Null]  

$ns attach - agent $node_(0) $null2  
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$ns connect $udp2 $null2  

set cbr2 [new Application/BE]  

$cbr2 attach - agent $udp2  

$ns at 0.0 "$cbr2 start"  

$ns at 250.0 "$cbr2 stop"  

 

#Connection_3(CBR - UDP) 

set udp3 [new Agent/UDP]  

$ns attach - agent $node_(4) $udp3  

set null3 [new Agent/Null]  

$ns attach - agent $node_(0) $null3  

$ns connect $udp3 $null3  

set cbr3 [new Application/BE]  

$cbr3 attach - agent $udp3  

$ns at 0.0 "$cbr3 start"  

$ns at 250.0 "$cbr3 stop"  

 

#Connection_4(CBR - UDP) 

set udp4 [new Agent/UDP]  

$ns attach - agent $node_(5) $udp4  

set null4 [new Agent/Null]  

$ns attach - agent $node_(0) $null4  

$ns connect $udp4 $null4  

set cbr4 [new  Application/BE]  

$cbr4 attach - agent $udp4  

$ns at 0.0 "$cbr4 start"  

$ns at 250.0 "$cbr4 stop"  

 

#===================================  

#         Downlink Connections                                  

#===================================  

 

#Connection_8(CBR - UDP) 

set udp8 [new Agent/UDP]  

$ns attach - agent $node_(0) $udp8  

set null8 [new Agent/Null]  

$ns attach - agent $node_(1) $null8  

$ns connect $udp8 $null8  

set cbr8 [new Application/BE]  

$cbr8 attach - agent $udp8  

$ns at 0.0 "$cbr8 start"  

$ns at 250.0 "$cbr8 stop"  

 

#Connection_9(CBR - UDP) 

set udp9 [new Agent/UDP]  

$ns attach - agent $node_(0) $udp9  

set null9 [new Agent/Null]  

$ns attach - agent $node_(2) $null9  

$ns connect $udp9 $null9  

set cbr9 [new Application/BE]  

$cbr9 attach - agent $udp9  

$ns at 0.0 "$cbr9 start"  

$ns at 250.0 "$cbr9 stop"  

 

#Connection_10(CBR - UDP) 

set udp10 [new Agent/UDP]  

$ns attach - agent $node_(0) $udp10  

set null10 [new Agent/Null]  

$ns attach - agent $node_(3) $null10  

$ns connect $udp10 $null10  

set cbr10 [new Application/BE]  

$cbr10 attach - agent $udp10  

$ns at 0.0  "$cbr10 start"  
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$ns at 250.0 "$cbr10 stop"  

 

#Connection_11(CBR - UDP) 

set udp11 [new Agent/UDP]  

$ns attach - agent $node_(0) $udp11  

set null11 [new Agent/Null]  

$ns attach - agent $node_(4) $null11  

$ns connect $udp11 $null11  

set cbr11 [new Application/BE]  

$cbr11 attach - agent $udp11  

$ns at 0.0 "$cbr11 start"  

$ns at 250.0 "$cbr11 stop"  

 

#Connection_12(CBR - UDP) 

set udp12 [new Agent/UDP]  

$ns attach - agent $node_(0) $udp12  

set null12 [new Agent/Null]  

$ns attach - agent $node_(5) $null12  

$ns connect $udp12 $null12  

set cbr12 [new Application/BE]  

$cbr12 attach - agent $udp12  

$ns at 0.0 "$cbr12 start"  

$ns at 250.0 "$cbr12 stop"  

 

#===================================  

#              Ping                                     

#===================================  

#Ping recv functio n 

Agent/Ping instproc recv {from rtt} {  

    $self instvar node_  

    puts "node [$node_ id] received ping answer from $from with round - trip -

time $rtt ms."  

}  

# MobileNode  

for {set i 0} {$i < $val(nn) } { incr i } {  

    $ns at $val(stop) "$node_($i) reset";  

}  

# nam stop  

$ns at $val(stop) "$ns nam - end - wireless $val(stop)"  

$ns at $val(stop) "stop"  

$ns at 250.0 "puts \ "end simulation \ " ; $ns halt"  

# stop function  

proc stop {} {  

    global ns tracefd namtrace  

    $ns flush - trace  

    close $tracefd  

    close $namtrace  

}  

$ns run  
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Appendix B: Markov Chain Results  

Number of Clients Host Packet Size/bits Throughput/(Mbits/s) 

1 AP 8000 5.2 

2 AP 8000 5.618 

3 AP 8000 5.7 

4 AP 8000 5.69 

5 AP 8000 5.655 

6 AP 8000 5.61 

7 AP 8000 5.56 

8 AP 8000 5.52 

9 AP 8000 5.47 

10 AP 8000 5.43 

11 AP 8000 5.38 

12 AP 8000 5.34 

13 AP 8000 5.265 

14 AP 8000 5.265 

15 AP 8000 5.23 
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Appendix C: Average Time Cycle Results 

Number of 
Clients 

Host Packet Size/bits Throughput/(Mbit/s) 

1 AP 8000 5.2 

2 AP 8000 5.55 

3 AP 8000 5.56 

4 AP 8000 5.531 

5 AP 8000 5.47 

6 AP 8000 5.39 

7 AP 8000 5.331 

8 AP 8000 5.26 

9 AP 8000 5.19 

10 AP 8000 5.14 

11 AP 8000 5.08 

12 AP 8000 5.04 

13 AP 8000 4.99 

14 AP 8000 4.95 

15 AP 8000 4.91 
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Appendix D: NS-2 Results 

Number 
of Clients 

Host Packet Size/bits Throughput/(Mbit/s) 

1 AP 8000 5.28 

2 AP 8000 5.56 

3 AP 8000 5.56 

4 AP 8000 5.531 

5 AP 8000 5.43 

6 AP 8000 5.36 

7 AP 8000 5.331 

8 AP 8000 5.24 

9 AP 8000 5.19 

10 AP 8000 5.14 

11 AP 8000 5.08 

12 AP 8000 5.04 

13 AP 8000 4.99 

14 AP 8000 4.95 

15 AP 8000 4.92 
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Appendix I: Scenario One Results  

Number of 
Clients 

Host Packet Size/bits Packets 
Received/Sent 

Throughput/(Mbits/s) 

1 AP 8000 127906 5.11624 

1 Client 1 8000 127906 5.11624 

2 AP 8000 132383 5.29532 

2 Client 1 8000 66046 2.64184 

2 Client 2 8000 66337 2.65348 

3 AP 8000 135200 5.408 

3 Client 1 8000 44858 1.79432 

3 Client 2 8000 45062 1.80248 

3 Client 3 8000 45280 1.8112 

4 AP 8000 136110 5.4444 

4 Client 1 8000 33000 1.32 

4 Client 2 8000 34475 1.379 

4 Client 3 8000 33967 1.35868 

4 Client 4 8000 34668 1.38672 

5 AP 8000 136318 5.45272 

5 Client 1 8000 27475 1.099 

5 Client 2 8000 27716 1.10864 

5 Client 3 8000 26876 1.07504 

5 Client 4 8000 27034 1.08136 

5 Client 5 8000 27216 1.08864 

6 AP 8000 135346 5.41384 

6 Client 1 8000 22546 0.90184 

6 Client 2 8000 22708 0.90832 

6 Client 3 8000 22770 0.9108 

6 Client 4 8000 22222 0.88888 

6 Client 5 8000 21894 0.87576 

6 Client 6 8000 23206 0.92824 

7 AP 8000 134679 5.38716 

7 Client 1 8000 18688 0.74752 

7 Client 2 8000 19792 0.79168 

7 Client 3 8000 19321 0.77284 

7 Client 4 8000 19524 0.78096 

7 Client 5 8000 18746 0.74984 

7 Client 6 8000 20097 0.80388 

7 Client 7 8000 18511 0.74044 

8 AP 8000 133257 5.33028 

8 Client 1 8000 16367 0.65468 

8 Client 2 8000 17395 0.6958 

8 Client 3 8000 16800 0.672 

8 Client 4 8000 16812 0.67248 

8 Client 5 8000 16332 0.65328 

8 Client 6 8000 17446 0.69784 

8 Client 7 8000 15891 0.63564 

8 Client 8 8000 16213 0.64852 




