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Abstract 

The Automatic-Repeat-reQuest (ARQ) is a basic technique developed to con

trol and fix errors in today's transmission systems. There are three commonly 

used specific instances: the Stop-and-Wait (SW), the Go-Back-N (GBN) and the 

Selective-Repeat (SR) protocols. The time invariant channel model and the dis

crete time Markov channel model are two channel models used to approach the 

physical channels. In the time invariant channel model, a dynamic scheduling 

scheme is applied to improve the performances of the ARQ protocol system. 

In this thesis, the performances of the Stop-and-Wait, the Go-Back-N and the 

Selective-Repeat ARQ protocols with the above mentioned two channel models 

are studied. The impact of the number of channels, the average of the error rates 

and the difference of the error rates on the time invariant channel model with the 

three ARQ protocol systems are studied. The impact of the number of channels, 

the average of the error rates, the difference of the error rates, the number of states 

and the transition interval on the Markov channel model with three ARQ proto

col systems are studied. Comparisons of the two channel models are presented. 

Finally, the possibility and techniques for applying the dynamic scheduling in a 

Markov channel model system are investigated. 
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Chapter 1 

Introduction 

This chapter explains the motivations and objectives of my thesis research and 

presents an outline of the thesis. 

1.1 Motivations 

In today's data communications, there are two basic techniques developed to con

trol and fix transmission errors: 

• Forward-Error-Correction (FEC): The transmitter adds redundant data, which 

are called the error-correcting code (ECC), to the packets before they are 

transmitted. This redundancy allows the receiver to detect and correct er

rors that occurred during the transmission without requesting retransmis

sions from the transmitter. 

• Automatic-Repeat-reQuest (ARQ): In this protocol, only the error detec

tion capability is provided. The receiver detects the errors and requests the 
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transmitter to retransmit the packets corresponding to the errors instead of 

correcting them itself. 

The advantage of the Forward-Error-Correction scheme is that it does not need 

the retransmission of the data and does not require the feedback channel, which 

is an important component in the ARQ scheme. However, since the ECC is em

ployed to detect and correct the errors, this redundancy requires more bandwidth 

than the ARQ scheme does on average. With the increase of the error rates, a 

longer ECC code is necessary in order to maintain reliability. This trade-off cre

ates more redundancy information to be transmitted with the payloads and de

presses the system throughput. Another problem is that in the wireless commu

nication system, the error rates change constantly since the multi-path is fading, 

scattering and shadowing. Therefore, it is difficult to determine the length of the 

ECC and adjust it to the changing error rates since you cannot forecast the error 

rates in the future. A simple way to solve this is to keep a stationary length that 

can guarantee an acceptable quality for the worst case of ECC. The disadvantage 

is that it has to constantly maintain an unnecessary redundancy, which decreases 

the system throughput. Therefore, the FEC scheme is usually applied in situations 

where retransmissions are relatively costly. 

The Automatic-Repeat-reQuest scheme is a relatively simple protocol and it 

provides reasonable throughput levels since it does not require high redundancy 

to correct the bit errors in the FEC scheme. The transmitter sends the packets 

with a small number of bits that are used for the receiver to detect if there are 

errors in the packets added. This redundancy code, which is called the Cyclic 

Redundancy Check (CRC) code in the ARQ scheme, is much shorter than the 

ECC code in the FEC scheme, since the purpose of the CRC is for error detection 
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only. The basic idea of the ARQ scheme is that the transmitter sends out packets 

through one or more forward channels to the receiver. The receiver checks the 

packets, sends the acknowledgements through the feedback channel to the trans

mitter and requests the transmitter to resend the incorrectly transmitted packets. 

The acknowledgement for a correctly received packet is called an ACK. In con

trast, a NACK (negative acknowledgement) refers to a packet received in error. 

There are three popular ARQ protocols in use today: Stop-and-Wait (SW-ARQ), 

Go-Back-N (GBN-ARQ) and Selective-Repeat (SR-ARQ). The details of these 

three protocols will be introduced in Chapter 2. 

The idea of using the ARQ protocol to correct erroneously received packets 

was first introduced by Chang [2]. Later, the three ARQ protocols were developed: 

SW-ARQ, GBN-ARQ, and SR-ARQ. These ARQ protocols were systematically 

articulated by Benice and Frey [3] and then illustrated thoroughly by Wicker [4]. 

Since different kinds of Automatic-Repeat-reQuest protocols are used today, the 

research on the performance of each protocol has been represented in literature. 

Early studies on multi-channel ARQ protocols have been done by Chang and Yang 

[5], Fujii et al. [6], Shacham and Chin [7], and Wu et al. [8]. Chang and Yang 

[5] and Wu et al. [8] studied the performance of ARQ protocols independently 

for multiple identical channels. Fujii et al. [6] studied the delay analysis of GBN-

ARQ for multiple parallel channels with the same transmission rate but different 

error rates. Shacham and Chin [7] analyzed the resequencing performance of SR-

ARQ for multiple parallel channels with the same transmission rate but different 

error rates. Ding and Rice [1] performed a throughput analysis of ARQ protocols 

for multiple channels with possibly different transmission rates and error rates. 
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All of the above studies are based on time invariant channel models in which 

the error rate of each channel does not change over time. However, in real wire

less communication, the error rate always changes over time since the multi-path 

fading, scattering and shadowing. A finite-state discrete time Markov chain model 

has been developed to model the conditions in the wireless communication system 

[9, 10, 11, 12]. Lu and Chang [13] confirmed that the throughput performance of 

ARQ protocols for a Markov channel is better than that for a time invariant chan

nel. Although the finite-state Markov chain model is closer to realistic wireless 

communications, it is difficult to analyze the performance of the ARQs theoreti

cally, since this model is much more complicated than the time invariant channel 

models. This is also the reason why I adopted simulation to study and analyze the 

performance of ARQs with Markov channels. The time invariant channel models 

will also be tested for comparison reasons in this thesis. The assumptions and the 

techniques to apply the dynamic scheduling scheme to improve the performance 

of the Markov channel model system will also be discussed. 

1.2 Objectives and Contributions 

The objectives and main contributions of this thesis are: to study and analyze the 

performance of each ARQ protocol under the impact of certain parameters with 

different channel models; to understand the improvements that dynamic schedul

ing can provide to a system performance; and to discuss the feasibility of applying 

dynamic scheduling to the Markov channel model. 

First, the background related to this thesis, which includes channel models and 

the mechanisms of each ARQ protocol, is presented. The time invariant channel 
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model and the Markov channel model are introduced as the widely used chan

nel models today, followed by the principle of the SW-ARQ, the GBN-ARQ and 

the SR-ARQ protocols. A multi-channel system with ARQ error control is also 

discussed. 

Second, I describe the models for SW, GBN and SR ARQs based on sin

gle/multiple channel(s) and define the time invariant channel model and the Markov 

channel model. 

Third, I simulate the communication systems for each ARQ protocol accord

ing to the models I set up. This thesis compares and analyzes the performance, 

which includes the system throughput, the transmission delay, the resequencing 

delay, the packet delay and the resequencing buffer occupancy of each protocol 

under the different parameters sets. The comparisons of two channel models are 

present as well. 

Fourth, this thesis discusses and investigates the possibility of and techniques 

for applying dynamic scheduling in a Markov channel model system. 

1.3 Outline 

This thesis has five chapters: 

• Chapter 1 presents the motivations and objectives of this thesis and gives a 

survey of the related work to my research and existing solutions. 

• Chapter 2 introduces background knowledge that is important to understand 

this thesis. 

• Chapter 3 describes the models for the simulation. 
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• Chapter 4 presents results of the simulation and analyzes the performance. 

• Chapter 5 presents the conclusions of this thesis; lists the contributions of 

my work and describes the directions for future research. 
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Chapter 2 

Background 

In this chapter, the background related to this thesis is presented. 

2.1 Channel Models 

The channel refers to the medium used to transmit data from a transmitter to a 

receiver in communications. When we study the communication problems, the 

channel models have to be built according to the properties of the physical chan

nels. A physical channel with a static error rate is called a time invariant channel 

model. In contrast, the model in which the packet error property characterized 

by a Markov chain is called a Markov channel model. Moreover, the model that 

transmits data over one channel is called the single-channel model and the model 

that transmits data over two or more parallel channels is called the multi-channel 

model. In today's wireless communication standards (e.g., IEEE 802.11 [19], 

IEEE 802.16 [20]), multiple parallel channels are often adopted to improve the 

transmission rate. A significant increase in the transmission rate can be provided 

7 



by the multi-channel model. 

2.1.1 Time Invariant Channel Model 

In a time invariant channel model, a predefined real number p e [0,1], represents 

the packet error rate of a channel. This error rate p will not change over time. I 

assume that at each time slot t = 0,1,... , a packet is received erroneously with 

probability p. The event that a packet is erroneously received at slot (t + 1) is 

independent of the event that a packet is erroneously received at slot t. 

In the multiple channels communication system, I assume each channel has a 

packet error rate p. 

2.1.2 Markov Channel Model 

A two state Markov channel model called Gilbert-Elliot model [14, 15] is widely 

used to model the error characteristics of a wireless channel. In this model, a two 

state Markov chain with the states named Good and Bad referred to as the error 

process are defined. Each state is assigned a specific constant error rate, eG in the 

good state and &B in the bad state (see Figure 2.1), where 0 < eg € eg < 1. 

When e<3 = e^, it becomes a time invariant channel model with error rate ec(eB). 

The Markov chain E(t) : £» > 0 has the transition matrix given by 

[ pi 1 ~ -PL 1 P = (2.1) 
_ 1 - P2 A 

Using a similar definition for a two-state Markov channel model, an N-state 

Markov channel model, for some integer number N > 2, can be defined. The 

description of N-state Markov channel will be presented in Chapter 3. 
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Figure 2.1: Gilbert-Elliot Model 

2.2 ARQ Protocols 

The Automatic-Repeat-reQuest is a Data link layer protocol under the open sys

tem interconnection (OSI) containing seven layers (Physical layer, Data link layer, 

Network layer, Transport layer, Session layer, Presentation layer and Application 

layer). Above the Data link layer is the Network layer which supplies the data 

packets for transmissions. Under the Data link layer is the Physical layer. It is 

the most basic network layer, providing only the means of transmitting raw bits. 

The medium used by the Physical layer to transmit data can be a cable or radio. 

The Physical layer provides the forward channel for data transmissions from the 

receiver to the transmitter and the feedback channel for acknowledgement mes

sages from the receiver to the transmitter. The forward channel has the loss rate of 

packets transmitting in it. In wireless communication, the loss rate of the forward 

channel in air is commonly higher than that in the cable and the loss rate varies 

with the surroundings. Multiple parallel channels are often used in modern high

speed wireless data systems. Unlike packet transmission over a single channel, 

multiple packets will be sent at the same time, one for each channel. Therefore, 
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the ARQ protocol has to be generalized to allow the transmitter to send packets at 

the same time. 

The ARQ protocols use a stream of codes called the Cyclic Redundancy Check 

(CRC) which is a type of function that takes an input of data stream of any length 

and produces an output of a certain fixed size value to detect the error which may 

occur in the transmission. The receiver checks the CRC to decide whether the 

corresponding packet is correctly received or not. The receiver will send a nega

tive acknowledgement (NACK) if an error occurs or a positive acknowledgement 

(ACK) if the packet was correctly received. In the GBN-ARQ protocol, the send

ing process continues to send the packets to the receiver even without receiving 

the ACK packets from the receiver. The receiver sends an ACK to the transmitter 

if one packet has been received correctly and in order. Otherwise, it will send 

a NACK to the receiver. When a NACK is received, the transmitter goes back 

to the sequence number of the last ACK it received and continues the process 

again. In the SW-ARQ protocol, the transmitter waits for the ACK after it sends a 

packet. If an ACK is received, the transmitter sends the next packet; otherwise the 

transmitter will resend that packet. In the SR-ARQ protocol, the transmitter con

tinuously sends a number of packets which are specified by a window size to the 

receiver. The receiver process keeps tracking the sequence number of the packets 

received, and sends the sequence number with the ACKs to the transmitter. Unlike 

the GBN-ARQ protocol, the transmitter does not resend all the packets before a 

NACK received but just resends the packets which did not reach the receiver or re

ceived incorrectly. The particular properties of each ARQ protocol are presented 

below. 
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Figure 2.2: The SW-ARQ Protocol 

2.2.1 SW-ARQ Protocol 

The SW-ARQ protocol is the simplest protocol among the three kinds of ARQs. 

The procedure of SW-ARQ protocol is described below: 

After the transmission or retransmission of the packet i (the packet with the 

sequence number i), the transmitter becomes idle for m time slots (m equals to 

one RTT) waiting for the acknowledgement message of the packet i. Once the 

receiver receives the packet i, it will respond by sending an ACK if this packet was 

detected error-free, or it will send an NACK if an error has occurred in this packet. 

If the acknowledgement message for packet i is an ACK, the transmitter removes 

the packet i from the transmission queue and sends out packet i + 1; otherwise, if 

it is an NACK, the packet i will be retransmitted at the next transmission slot. This 

process continues until this packet is positively acknowledged. In the SW-ARQ 

protocol over a single channel, the sequential order of packet arrivals is preserved 

since there is at most one packet is outstanding (being transmitted) at any time. 

Therefore, the resequencing buffer is not employed in the single channel SW-ARQ 

protocol system. Figure 2.2 describes the procedure of the SW-ARQ protocol over 

single channel. 
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2.2.2 GBN-ARQ Protocol 

The Go-Back-N ARQ protocol is another specific instance of the Automatic Repeat-

reQuest (ARQ) Protocol, in which the transmitter continues to send a number of 

packets specified by a window size without receiving an ACK packet from the 

receiver. The receiver process will keep tracking the sequence number of the next 

packet it expects to receive, and sends the sequence number with each ACK it 

sends to the transmitter. The receiver will ignore any packet that does not have the 

exact sequence number it expects - either that packet is a past duplicate of a packet 

it has already ACK'ed, or either that packet is a future packet past the lost packet 

it is waiting for. Once the transmitter has sent all of the packets in its window, it 

will detect all of the packets from the first lost packet which is outstanding, and 

will go back to the sequence number of the last ACK it received from the receiver 

process and fill its window with that packet and continue the process over again. 

The sending window size must be no more than the number of sequence numbers 

(if they are numbered from zero to n — 1) to verify the transmission in cases of any 

packet (any data or ACK packet) is dropped. Figure 2.3 presents the procedure of 

the GBN-ARQ protocol over a single channel. 

The Go-Back-N ARQ is a more efficient protocol to utilize on a connection 

than the Stop-and-wait ARQ. Instead of waiting for an acknowledgement for each 

packet, the connection is still being utilized as packets are being sent. In other 

words, during the time that the sender would be spent on waiting, more packets 

are being sent. However, this method also results in sending packets multiple 

times. If a packet was lost or damaged, then that packet and all of the following 

packets in the window (even if they were received without error) will be resent. 

To avoid this, Selective Repeat ARQ can be used. 
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Figure 2.3: The GBN Protocol 

2.2.3 SR-ARQ Protocol 

SR-ARQ is the abbreviation for Selective Repeat ARQ. It is one of the Automatic 

Repeat-reQuest (ARQ) Protocols which are utilized for delivery and acknowl

edgement of the message units. The SR-ARQ protocol is the most efficient and 

complicated scheme among the three protocols. The procedure of SR-ARQ is 

described as follows: 

The sending process continues to send a number of packets specified by a 

window size over the forward channel to the receiving process. The receiving 

process will continue to accept the packets and send acknowledgements through 

the feedback channel to the transmitter indicating the error status of each packet it 

received. If an error occurred then the receiver sends a negative acknowledgement 

(NACK) message to the transmitter, otherwise it sends a positive acknowledge

ment (ACK) message. The receiver process keeps tracking the sequence number 

of the packet received, and sends that number with every ACK or NACK it sends. 

When the transmitter sends all the packets in its window, it re-sends the pack

ets with NACK messages and new packets with the smallest sequence number in 

the transmission queue. When a NACK is received, a retransmission of the neg

atively acknowledged packet is immediately scheduled with higher priority over 

new packets. It will be retransmitted after one RTT time. The procedure keeps 
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running until all the packets in the transmission queue have been received by the 

receiver correctly. Figure 2.4 presents the procedure of the SR-ARQ protocol 

over single channel. The detailed mechanism of the SR-ARQ protocol will be 

described in Chapter 3 when I setup the protocol model. 

Transmitter 

Transmission 

Receiver 

Figure 2.4: The SR-ARQ Protocol 

2.3 A Multi-Channel System with ARQ Error Con

trol 

In modern communication systems, multiple parallel channels are often adopted 

to improve the transmission rate of a system. The communication link between 

the transmitter and the receiver consist of M(M% > 2) parallel forward channels 

in a multi-channel system. I number the M channels from 1 to M and characterize 

each channel by using data transmission rate and error rate to describe its prop

erty. The data transmission rate is measured by the maximum number of packets 

that can be transmitted over that channel during a certain time period. The error 

rate of a channel is the probability of a packet be transmitted over the channel 

is erroneously received. In the ARQ error control system, a feedback channel 

is provided to transmit the acknowledgement messages from the receiver to the 

transmitter. Figure 2.5 illustrates the communication link between the transmitter 
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and the receiver. 

Transmitter 

channel 1 

Channel 2 

Channel 3 

Channel M 

Receiver 

Feedback Channel 

Figure 2.5: A Multi-channel System with ARQ 

Since the ARQ protocols were originally designed for sequential communica

tion over a single channel, they have to be generalized for parallel multi-channel 

communication. The SW-ARQ, the GBN-ARQ and the SR-ARQ protocols for 

multi-channel communication systems are defined in Chapter 3. 
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Chapter 3 

Approaches 

In this chapter, two channel models are set up to model the physical wireless 

channels. Three multi-channel ARQ protocols are defined based on their single 

channel protocols. 

3.1 Channel Models 

The time invariant channel model and the Markov channel model are the two 

channel models I use to invest the performance of the ARQ protocols. In the time 

invariant channel model, a dynamic scheduling scheme is applied. I assume that 

all channels have the same transmission rate and the M channels are divided into 

small time slots. Each time slot has the same length, which equals the transmis

sion time of a packet over a channel. The transmission of a packet always starts 

at the beginning of a time slot and finishes at the end of this time slot. A fixed 

round trip time (RTT) is defined as the elapsed time for transmitting a signal and 

receiving the feedback of this signal. In this case, if a packet is transmitted at time 

16 



t, then it will be received at t + RTT/2 +1. The acknowledgement for this packet 

will arrive at the transmitter at t + RTT + 1. In this thesis, I assume that one 

RTT time equals four time slots in both the time invariant channel model and the 

Markov channel model. An error-free feedback channel used for transmitting the 

acknowledgement messages is provided in the system. I assume that the transmis

sion of the acknowledgement messages takes no time and the acknowledgement 

messages will be received by the transmitter a half-RTT after they are sent out by 

the receiver. Moreover, each packet in the system is identified by a unique integer 

number, referred to as the sequence number. The transmitter has a buffer, referred 

to as the transmission queue, to store packets waiting for transmission or retrans

mission. The transmission queue is assumed to have an infinite supply of packets 

ordered by their sequence numbers (referred to as the heavy traffic condition in 

relative studies). 

3.1.1 Time Invariant Channel Model 

In this thesis, a time invariant multi-channel model with a dynamic scheduling 

scheme is constructed. In the M-channel time invariant model, each channel has 

a constant error rate pi € [0,1], which represents the error rate of the ith channel. 

The channels have been sorted from the lowest error rate to the highest error rate, 

say pi ^ pi ^ ... fi pM- An error-free feedback channel is applied in this 

channel model to transmit the acknowledgement packets from the receiver to the 

transmitter. The dynamic scheduling scheme [16, 18, 7] is used for packet-to-

channel transmission scheduling. Each packet in the M packets to be sent at 

the beginning of the time slot t will be assigned to a particular channel before it 

is transmitted. The packet with a small sequence number will be scheduled to 
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the channel with a lower error rate. According to this, the packet with the biggest 

sequence number will be assigned to channel M. The dynamic scheduling scheme 

can potentially help to improve the performance of ARQ protocols. 

3.1.2 Markov Channel Model 

An N-state discrete time Markov chain is applied to describe the error rate transi

tions in time variant channel models. The state space S with n error rates and a 

n x n transition matrix E are two parameters of the Markov chain. I assume that 

all channels in this time variant multi-channel model have an identical state space 

and transition matrix. The transition of the state of each channel occurs at the 

beginning of a time slot. The time interval between two transitions is several RTT 

times. Since the error rate of each channel varies by time, the dynamic scheduling 

scheme cannot be directly applied to this model. 

3.2 SW-ARQ Model Description 

The following descriptions and assumptions are for the Stop-and-Wait ARQ pro

tocol over single and multiple channels. 

SW-ARQ for Single Channel The procedure described below presents the ac

tions of SW-ARQ in the single-channel model. 

• The transmitter sends one packet at the beginning of the time slot t(t — 

0,1,...), then waits for the acknowledgement message of this packet from 

the receiver. Therefore, the transmitter is idle before it sends the next packet. 
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• The round trip time for a packet is the time containing m — 1 time slots 

where m is a positive odd integer. The receiver receives the packet from the 

transmitter at time t + (m — l ) /2 . Then it will respond with an ACK packet 

through the feedback channel to the transmitter if the packet is received 

correctly; otherwise, the receiver sends a NACK packet. 

• If the acknowledgement for the packet sent at time t is an ACK packet, the 

transmitter will move on and send the next packet in the transmission queue. 

If the acknowledgement is a NACK packet, the transmitter will resend the 

packet. This process continues until all packets in the transmission queue 

are sent to the receiver correctly. 

SW-ARQ for Multiple Channels Based on the single channel model, a multi

channel SW-ARQ protocol is defined as follows: 

• Through M parallel stop-and-wait channels, the transmitter sends a block 

of M packets to the receiver simultaneously. The transmission starts at 

the beginning of a time slot t(t — 0,1,...) and finishes at the end of the 

time slot. The transmitter is then idle until it receives the acknowledgement 

packet from the receiver. 

• The receiver receives the block of M packets at the end of the time slot 

t + (m- l ) /2 . After finishing the error detection procedure of each packet, 

the receiver generates an acknowledgement packet that contains the M ac

knowledgement messages (ACKs/NACKs) corresponding to each packet it 

received. I assume that the transmission of the acknowledgement packets 

takes no time, and the receiver sends out the acknowledgement packet at the 
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end of the time slot t + (m — l)/2. The packets received correctly will be 

sent to the resequencing buffer for resequencing. Packets will be delivered 

to the upper layer in order: the packets that are correctly transmitted have a 

larger sequence number than those packets received incorrectly, which will 

stay in the resequence queue. 

• The transmitter receives the acknowledgement packet at the end of the time 

slot t + m — 1 and checks each acknowledgement message instantly. I as

sume that the checking process takes no time, and the packets corresponding 

to the NACK acknowledgement messages will be resent in the next block of 

M packets. The packets corresponding to the ACK acknowledgement mes

sages will be replaced by new packets with the smallest sequence numbers 

in the transmission queue. The next transmission starts at the beginning of 

the time slot t + m. The procedure described above is one round of the 

transmission. 

• In a Markov channel model system, I assume that the state of each channel 

changes at the beginning of several mt time slots. 

Figure 3.1 represents the procedure of a SW-ARQ for multi-channel system. 

3.3 GBN-ARQ Model Description 

The following descriptions and assumptions are for the GBN-ARQ protocol over 

single and multiple channels. 

GBN-ARQ for Single Channel The procedure of the GBN-ARQ protocol in a 

single-channel model is described below. 
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Figure 3.1: The SW-ARQ Protocol in a Multi-channel System 

• At the beginning of each time slot t(t = 0,1,...), the transmitter starts to 

send a packet to the receiver and finishes the transmission at the end of the 

time slot. The transmitter continues sending the packets in the transmission 

queue in order at the beginning of each time slot. 

• The receiver receives the packets at the end of each time slot and tracks 

the sequence number of the packets. An ACK message will be sent to the 

transmitter if a packet is received error-free. The NACK message will be 

sent for the packets that received incorrectly. If the sequence number of 

a successfully received packet is the number the receiver expected, the re

ceiver will accept the packet and deliver it to the upper layer. Otherwise, the 

receiver will discard the packet and wait for the right one. When a packet 

expected by the receiver is received without error, the packet with next se

quence number will become the objective of the receiver. 

• If the acknowledgement for the packet sent at time t is an ACK, the transmit

ter keeps sending packets without interruption. Otherwise, the transmitter 
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will go back to the packet with the NACK acknowledgement and restart the 

transmission from this packet again. 

GBN-ARQ for Multiple Channels Based on the single-channel model, the 

GBN-ARQ protocol for a multi-channel system is defined as follows: 

• At the beginning of each time slot t(t = 0,1,...), the transmitter sends a 

block of M packets, one per channel, and finishes the transmission at the 

end of the slot. 

• A block of M packets arrives at the receiver at the end of each slot. The 

receiver checks the integrity of the packets received in order and delivers the 

qualified packets to the upper layer at the end of every slot. If the receiver 

finds a packet received incorrectly, it will reject all the packets after this 

packet and wait for its retransmission. 

• The receiver acknowledges a block of M packets received at the end of 

slot t + (m — l)/2 by sending an acknowledgement packet (containing M 

ACKs/NACKs) over the feedback channel. I assume that error detection 

and transmission of acknowledgement packets at the receiver take no time, 

and the receiver sends the acknowledgement packet immediately after it 

receives a block of M packets. 

• At the end of t + m — 1 time slot, the transmitter receives the acknowl

edgement packet and checks the acknowledgement packet containing M 

ACKs/NACKs (It is should be noticed that the transmitter keeps sending 

packets while waiting for the acknowledgements). If the transmitter finds a 

negative acknowledgement, it will go back to the packet corresponding to 
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this negative acknowledge and transmit the next M packets from this packet 

at time slot t + m by assuming that the transmitter completes the acknowl

edgement checking instantaneously. Otherwise, the transmitter moves on to 

send the next M packets in the transmission queue. 

• In the Markov channel model system, I assume that the states of each chan

nel change at the beginning of several rat time slots. 

Figure 3.2 represents the procedure of a GBN-ARQ for multi-channel system. 
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Figure 3.2: The GBN-ARQ Protocol in a Multi-channel System 

3.4 SR-ARQ Model Description 

The following descriptions and assumptions are for the SR-ARQ protocol over 

single and multiple channels. 

SR-ARQ for Single Channel The procedure of SR-ARQ in a single-channel 

model is described below. 
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• At the beginning of each time slot t(t — 0,1,...), the transmitter continuous 

to send a packet to the receiver and finishes the transmission at the end of the 

time slot. The transmitter continuously sends the packets in the transmission 

queue in order at the beginning of each time slot. 

• The receiver receives each packet (m — l)/2 time slots after the transmit

ter sents it. If the packet is received correctly, the receiver sends an ACK 

to the transmitter. Otherwise, the receiver sends a NACK message to the 

transmitter. A resequencing buffer is provided at the receiver that holds 

those packets received correctly, but with at least one packet of a smaller 

sequence number received incorrectly. 

• If the acknowledgement for the packet sent m - 1 time slots before is 

an ACK, the corresponding packet will be removed from the transmission 

queue, and the packet with the smallest sequence number in the transmis

sion queue is schemed to be sent in the next time slot. On the other hand, 

when a NACK is received, a retransmission of this negatively acknowledged 

packet is immediately scheduled with priority over all other packets. 

SR-ARQ for Multiple Channels Based on the single-channel model, the SR-

ARQ protocol for a multi-channel system is defined as follows: 

• At the beginning of each time slot t(t — 0,1,...), the transmitter starts to 

send a block of M packets, one per channel, and finishes the transmission 

at the end of the slot. 

• The receiver acknowledges a block of M packets received at the end of the 

time slot t+(m—1)/2 by sending an acknowledgement packet containing M 
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ACKs/NACKs over the feedback channel. I assume that the error detection 

and the transmission of the acknowledgement packets take no time, and the 

receiver sends the acknowledgement packet immediately after receiving a 

block of M packets. 

• The acknowledgement packet corresponding to the block sent out during 

the time slot t will be received by the transmitter at the end of slot t + 

m — 1. The transmitter checks the acknowledgement packet containing M 

ACKs/NACKs, and only those negatively acknowledged packets are sched

uled to be retransmitted at the beginning of the time slot t + m by assuming 

that the transmitter completes acknowledgement checking instantaneously. 

The next block of M packets, containing the old packets to be retransmitted 

and the new packets in the transmission queue, will be transmitted at the 

beginning of slot t + m. 

• A block of M packets arrives at the receiver at the end of each slot. The 

receiver checks the integrity of packets and delivers the qualified packets 

to the upper layer at the end of every slot. However, those packets that are 

received correctly, but with at least one packet of a smaller sequence number 

received incorrectly, are stored in the resequencing buffer of the receiver for 

future delivery. 

• In the Markov channel model system, I assume that the states of each chan

nel change at the beginning of several rat time slots. 

Figure 3.3 represents the procedure of a SR-ARQ for multi-channel system. 

25 



IX 

30 28 14 26 12 3 . 22 14* 2§ 12* l? 15 6* 3 IV* 

RTT+1 

r — 
w 8 6* 4 2 

channel i 

3V 29 6 2? 25*123 21 6* 19 

i 

a 
am 

18 

tuel 

16 

2 

14* 13 12* 9 7 5 3* 1 

KJC 

•. TX. RX denote transmission error, transmitter, receiver, respectively. 
Integer numbers in boxes are seifue»ce numbers of packets. 

Figure 3.3: The SR-ARQ Protocol in a Multi-channel System 
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Chapter 4 

System Implementation and 

Analysis 

In this chapter, I will simulate three ARQ protocols with the two channel models 

which I set up in Chapter 3 to test and analyze their performance. The system 

throughput, the transmission delay, the resequencing delay, the packet delay and 

the resequencing buffer occupancy are the five metrics defined to measure the 

performance of the three ARQ protocols. In the transmission system with the time 

invariant channel model, three parameters are considered, which are the number 

of channels M, the average of the error rates p and the difference of the error rates 

d. In the system with the Markov channel model, the number of states N and the 

transition interval At are two additional parameters besides the three parameters 

in the time invariant channel model. The impact of these parameters on the five 

performance metrics is studied. I will discuss the feasibility and techniques to 

apply the dynamic scheduling in a Markov channel model system at the end of 

this chapter. 
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I have used a 1.6 GHz Centrino dual cells computer running Windows XP 

for the simulation. All user tasks on the system were closed. The programming 

language used in the simulations is Python. In the time invariant channel model 

with the SW-ARQ protocol system, it takes about 5 minutes of real time and 

500.000 time slots in simulation time to finish the transmission of 100,000 packets 

when I set the number of channels M = 2 and the error rates of the two channels 

are 0.05 and 0.95, respectively. The running time of the GBN-ARQ and SR-

ARQ protocol systems is usually much longer than that for the SW-ARQ protocol 

system. For example, when the average of the error rates is high (e.g. larger than 

0.5) in a GBN-ARQ protocol system, it always takes more than 30 minutes to 

get a result for the same number of packets generated. When I collect the data 

for analysis, the results of the first one thousand packets will be discarded since 

the system need some time to warm up and become stable. The packets will be 

divided into sections with 100 packets each and the mean of each section will be 

used to analyze the performance metrics and their confidence intervals. 

4.1 The Performance Metrics and Impact Factors 

In this section, the performance metrics of the three ARQ protocols are defined. 

The parameters in the two channel models are selected for the tests. 

4.1.1 Performance Metrics for ARQ Protocols 

The definitions of system throughput, transmission delay, resequencing delay, 

packet delay and resequencing buffer occupancy are listed below: 
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• The system throughput is defined to be the average number of packets suc

cessfully transmitted per time slot. 

• The transmission delay of a packet is measured from the instant at which 

the packet is first transmitted till its successful reception by the receiver. 

• The resequencing delay of an arbitrary packet is measured from the time at 

which that packet is successfully received till its in-sequence delivery. 

• The packet delay is the sum of the transmission delay and the resequencing 

delay. It presents the time of an arbitrary packet from the instant at which 

the packet is first sent till its in-sequence delivery to the upper layer of the 

receiver. Particularly, in the GBN-ARQ protocol, only the transmission de

lay is presented which equals to the packet delay since the resequencing 

buffer is not employed in this protocol. 

• The resequencing buffer occupancy is the number of packets that have been 

received correctly but cannot be delivered to the upper layer by the receiver 

at time t. 

Unlike in the single channel communication system with the SW-ARQ proto

col, a resequencing buffer is employed in the multi-channel communication sys

tem. Both of the single-channel communication system and the multi-channel 

communication system with the GBN-ARQ protocol do not need a resequenc

ing buffer. Furthermore, the SR-ARQ protocol needs a resequence buffer both in 

the single channel and the multiple channels communication systems. Table 4.1 

shows the details. 

29 



SWARQ 

GBN ARQ 

SRARQ 

Single Channel 

N/A 

N/A 

Yes 

Multiple Channels 

Yes 

N/A 

Yes 

Table 4.1: Resequencing Buffer Applicability 

Only multi-channel models are studied in this chapter. Therefore, according to 

Table 4.1, the system throughput, the transmission delay, the resequencing delay, 

the packet delay and the resequencing buffer occupancy will be investigated in 

the SW-ARQ and the SR-ARQ protocol systems. Since the resequencing buffer 

is not employed in the GBN-ARQ protocol system, only the transmission delay, 

the packet delay and the system throughput are considered. However, the packet 

delay in GBN protocol system will equal to the transmission delay since there is 

no resequencing delay. Therefore, the performance metrics I study in the GBN-

ARQ protocol system are the transmission delay and the system throughput. 

4.1.2 Parameters in Two Channel Models 

The parameters below are the impact factors, which I am concerned with. In the 

following tests, I will investigate the impact of each parameter on the performance 

metrics. 

• The number of channels M, is the number of the channels employed in a 

communication system. 
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• The average of the error rates for the M channels, p, is given by: 

1 M 

where pt is the error rate of the channel i. I use vector P to denote the error 

rates of the M channels by P = [pi, p2, ...,PM]-

• I denote d, the difference of the error rates pi+i and pt for i = 1,..., M — 1, 

i.e., di — Pi+i — Pi,i = 1,..., M — 1. In this thesis I assume that d = d\ = 

... = diw-i for anY fixed M in time invariant channel models. In Markov 

channel models, the definition of d varies according to the difference of each 

state in the state space in Markov channel models. 

• The number of states TV is the number of states of each Markov channel 

model. A discrete time Markov chain is assigned to each Markov channel 

since I assume that all channels in Markov channel models are identical. 

The state space S and the transmission matrix E are used to describe this 

Markov chain. 

• In Markov channel models, the transition interval At is the time during two 

state transitions. 

4.2 Performance Analysis of the Multi-Channel SW-

ARQ System 

The performance of the SW-ARQ protocol system with both the time invariant 

channel model and the Markov channel model are tested in this section. The 
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impact of the parameters I defined on the performance metrics are studied. Since 

the possible values of the transmission delay can be described by (m + l)/2 + 

mx, x = (0,1, 2,...) where m equals to one RTT time, I define the distribution of 

transmission delay d(x) = P[D = (m + l)/2 + mx] for convenience. Similar 

definitions apply to the resequencing delay and the packet delay. 

4.2.1 Time Invariant Channel Model 

The impact of the number of channels M, the average of the error rates p and the 

difference of the error rates d on the system throughput, the transmission delay, 

the resequencing delay, the packet delay and the resequencing buffer occupancy 

are studied in this part. The SW-ARQ protocol and the time invariant channel 

model with the dynamic scheduling scheme are employed in the following tests. 

Impact of M: In this test, the impact of the number of channels M on the sys

tem throughput, transmission delay, resequencing delay, packet delay and re

sequencing buffer occupancy are investigated. I set the number of channels, 

M = 2,5,10,20, respectively. The reason why I select the number of channels 

from 2 to 20 is that in the wireless network the number of channels in different 

standards varies. For example, in the WIFI network, one connection always uses 

3 or more non-overlapped channels, while in the CDMA or other networks, the 

number of channels could be as high as 20 or more for one connection. The av

erage error rate p all equal to 0.5 in this test. In the time invariant channel model, 

since the error rate of each channel is a constant, the parameter d is assigned to 

describe the difference of the error rates between each two channel. Without the 

loss of generality, I assume that the M channels are from channel 1 to M with 
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error rates pi ^ p2 ^ •-. ^ pu- For any fixed M, the minimum error rate p\ 

equals to 0.05, and the maximum error rate PM equals to 0.95. 

Figure 4.1 displays the impact of the factor M on the metrics. In Figure 4.1, 

TD, RD, PD and RBO represent the random variables of the transmission delay, 

the resequencing delay, the packet delay, the resequencing buffer occupancy, re

spectively. ST represents the system throughput. The line graphs represent the 

probability mass functions of the performance metrics (or random variables) and 

the bar graphs represent the average of the system throughput. In the graphs for 

TD, RD and PD, the x-axis and the y-axis represent the time and the value of 

the probability, respectively. In the graphs for RBO, the x-axis and the y-axis 

represent the number of packets in the resequencing buffer and the value of the 

probability, respectively. In the graphs for ST, the x-axis and the y-axis repre

sent the value of the system throughput and the relevant parameters of the system, 

respectively. 

Transmission Delay: The distributions of the transmission delay spreads out when 

the number of channels M grows. The mean value of the transmission de

lay is almost the same but the variance increases with larger M. Table 4.2 

presents the mean values and the 95% confidence intervals of the trans

mission delay in four systems with different M's. The mean values of the 

transmission delay are all around 8 time slots. Therefore, I can conclude 

that the expected values of the transmission delay will not change signifi

cantly with the number of channels. The impact of the number of channels 

M becomes smaller when it goes larger, the variance of the transmission 

delay grows from 4.89 to 14.14 when M increases from 2 to 5. However, 

the variance of the transmission delay are 15.11 and 15.32 corresponding to 
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M=2 

M=5 

M=10 

M=20 

Mean 

8.029 

8.042 

8.010 

8.062 

95% Confidence Interval 

[8.028, 8.031] 

[8.038, 8.046] 

[8.005, 8.012] 

[8.056, 8.068] 

Table 4.2: The Mean of Transmission Delay and its 95% Confidence Interval 

the systems with M equals to 10 and 20. 

Resequencing Delay: The mean and the variance of the resequencing delay both 

increase with the number of channels M since the probability of occurring 

error in M packets sent in one time slot increases with M. The probability 

that a packet has to wait for the retransmission of those packets received 

incorrectly increases, as well. 

Packet Delay: The packet delay is the sum of the transmission delay and the 

resequencing delay. Therefore, the trend of the packet delay is a combi

nation of the trends of the transmission delay and the resequencing delay. 

Although the mean of the transmission delay does not change with the num

ber of channels M, the mean of the packet delay increases since the mean 

of the resequencing delay grows with the increase of M. The variance of 

the packet delay increases as well. 

Resequencing Buffer Occupancy: When M = 2, there is a probability of 99.8% 

that the resequencing buffer has no packets waiting in it, and a chance of 
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0.2% that there is only one packet in the buffer queue at each time slot. 

When M = 20, the mean value of the resequencing buffer occupancy goes 

to 7. The values of the variance of the resequencing buffer occupancy also 

increase with the growth of the number of channels in the system. These 

trends are very reasonable. For example, in the two channel model, if one 

packet with smaller sequencing number is transmitted incorrectly and the 

other packet is received error-free, only one packet has to wait in the rese

quencing queue for the retransmission. However, in the system with twenty 

channels, if the packet with the smallest sequencing number received in er

ror, all the packets with larger sequencing number received correctly have 

to wait in the resequencing queue. 

System Throughput: The error rate is the only parameter can affect the through

put of one channel in the SW-ARQ protocol system. The channel with larger 

error rate will have a lower throughput since the definition of the throughput 

is the average number of packets successfully transmitted per time slot by 

a channel. In this test, I increase the number of channels M and keep the 

average of the error rates unchanged. Therefore, if we consider all the chan

nels to have the same error rate then the throughput of each channel is the 

same as well. Thus, the throughput of the whole system increases linearly 

with the number of channels M. 

Impact of p: In this test, the impact of the average of the error rates p on the 

five metrics are the objectives. I set M = 10, d = 0.04, and p = 0.2,0.4,0.6,0.8, 

respectively. The error rates of each channel are listed in Table 4.3: 
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Impact of Number of Channels 

0.0 0.5 1.0 1.5 2.0 

Figure 4.1: Impact of The Number of Channels M (Time invariant channels with 

the SW-ARQ protocol model) 
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p = 0.2 

p = 0.4 

p = 0.6 

p = 0.8 

[0.02, 0.06, 0.1, 0.14, 0.18, 0.22, 0.26, 0.3, 0.34, 0.38] 

[0.22, 0.26, 0.30, 0.34, 0.38, 0.42, 0.46, 0.50, 0.54, 0.58] 

[0.42, 0.46, 0.50, 0.54, 0.58, 0.62, 0.66, 0.70, 0.74, 0.78] 

[0.62, 0.66, 0.70, 0.74, 0.78, 0.82, 0.86, 0.90, 0.94, 0.98] 

Table 4.3: The Error Rates of Each Channel 

Transmission Delay: As we can see in Figure 4.2, the distribution of the trans

mission delay spreads out and moves to the right side when the average of 

the error rates increases. It means that both the mean and the variance of the 

transmission delay grow with the increase of p. This is because the larger 

the average of the error rates p is, the more time of the retransmissions of a 

packet may need. 

Resequencing Delay: When p — 0.2, very few packets have resequencing delay 

larger than 2 RTT time and the mean value of the resequencing delay is 

only 1.75 time slots which grows to 15.6 whenp = 0.8. The variance of the 

resequencing delay equals to 6.7 when p = 0.2 and it grows to 207.4 when 

p increases to 0.8. 

Packet Delay: As a consequence of the increase of the mean and the variance 

of the transmission delay and the resequencing delay, the mean and the 

variance of the packet delay also increase without surprise since it is the 

sum of these two delays. 

Resequencing Buffer Occupancy: Unlike the trend of the distributions above, 

the resequencing buffer occupancy has a smaller mean value when p — 0.8 

than the one when p — 0.6. However, it does not mean that the system has 
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a better performance when p is large. The reason of this phenomenon is 

that when p = 0.8, the error rates of the last five channels are 0.82, 0.86, 

0.90, 0.94 and 0.98. Those channels can barely transmit a packet correctly. 

Therefore, the throughputs of those channels are very low and only the first 

three or four channels can transmit packets correctly during a certain time 

slots. Since the dynamic scheduling scheme is applied in this time invari

ant channel model, the packets with smaller sequencing numbers will be 

assigned to the channels with lower error rates. And the packets with the 

larger sequencing numbers have a very small probability to be transmit

ted correctly over channels with high error rates. Therefore, the number of 

packets, which have to wait in the resequencing buffer, is even smaller than 

that in the case when p = 0.6. 

System Throughput: With the growth of p, the system throughput linearly de

creases. The system throughput equals to 1.6, 1.2, 0.8 and 0.4 when p = 

0.2,0.4,0.6,0.8, respectively. A lower system throughput means it takes 

more time to finish the transmission of a certain number packets. The time 

that the receiver has to maintain the resequencing queue for this transmis

sion is longer, as well. 

Impact of d: In this test, I set M = 10, p = 0.5, and d = 0.08,0.04,0.02,0, 

respectively, among which all channels have the same error rates when d = 0. 

Figure 4.3 shows the trend of the distributions and the system throughput. 

Transmission Delay: The means of the transmission delay are all about 8 time 

slots, which suggests that the change in the transmission delay is insignifi

cant as d changes. However, the shape of the distributions is different. As 
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Impact of Average of Error Rates 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

Figure 4.2: Impact of The Average of The Error Rates p (Time invariant channels 

with the SW-ARQ protocol model) 
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d = 0.08 

d = 0.04 

d = 0.02 

d = 0 

Mean 

7.952 

7.995 

7.982 

7.950 

95% Confidence Interval 

[7.949, 7.955] 

[7.993, 7.997 ] 

[7.979, 7.984] 

[7.943, 7.956] 

Table 4.4: The Mean of Transmission Delay and its 95% Confidence Interval 

a result, the variance of the transmission delay grows with the decrease of 

d. Table 4.4 presents the mean values of the transmission delay and its 95% 

confidence interval. 

Resequencing Delay: Although the average of the error rates p is a constant, 

the distribution of the resequencing delay changes with d, the difference 

of the error rates. Both of the mean and the variance of the distribution 

increase with the decrease of d. Actually, the system with the same average 

of the error rates p should have the same distributions of the resquenceing 

delay. The reason of the variations of the mean and the variance of the 

resquenceing delay is that the dynamic scheduling is applied in this system. 

With the dynamic scheduling scheme, the low error rates channels can help 

improve the performance of the resequencing delay. Particularly, when d is 

larger, the first five channels will have lower error rates in this case. 

Packet Delay: The means of the packet delay are 11.58, 14.36, 16.73 and 19.20 

and the variances of the packet delay are 18.4, 36.2, 56.1 and 73.9 when 
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d = 0.08, 0.04,0.02, 0, respectively. Therefore, both of the mean and the 

variance of the packet delay increase with the reduction of the difference of 

the error rates d. 

Resequencing Buffer Occupancy: The means of the resequencing buffer occu

pancy are 3, 6, 8 and 11 and the variances of the resequencing buffer oc

cupancy are 8, 21, 37 and 54 when d = 0.08,0.04,0.02,0, respectively. 

Therefore, the mean and the variance of the resequencing buffer occupancy 

will be smaller when d is larger. This is due to the application of the dy

namic scheduling scheme in the system. 

System Throughput: Since the averages of the error rates p in the four tests 

keeps the same, the system throughput remains unchangeable as well. 

4.2.2 Markov Channel Model 

In the Markov channel model, I assume that the system has identical channels 

which have the same state space and transition matrix. I will investigate the im

pact of the number of channels M, the average of the error rates p, the number of 

states N, the transition interval At and the difference of the error rates d on trans

mission delay, resequencing delay, packet delay, resequencing buffer occupancy 

and system throughput, respectively. Unlike for the time invariant channel model, 

the definition of difference of the error rates d changes to the difference between 

states in the state space since the channels are identical. 

Impact of M: In the following test, I investigate the impact of the number of 

channels M on transmission delay, resequencing delay, packet delay, resequenc-
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Figure 4.3: Impact of The Difference of The Error Rates d (Time invariant chan
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ing buffer occupancy and the system throughput, respectively. I set M = 2,5,10,20, 

p = 0.5, d = 0.2, N = 5 , At = 1RTT and a five state Markov chain with the 

state space S = [0.1,0.3,0.5,0.7, 0.9]. Each state has a probability of 0.5 to stay 

in itself and a uniform probability to transit to the other 4 states. The state of all 

channels is set to be in state 1 in which p equals to 0.1 in this test as the initializa

tion. The state of each channel changes at the beginning of every RTT time. 

Transmission Delay: From Figure 4.4,1 find that the distribution of the transmis

sion delay nearly has no changes when M gets larger. As a consequence, 

the mean and the variance of the transmission delay are almost identical. 

Therefore, I can conclude that the number of the channels will not affect the 

transmission delay of a SW-ARQ protocol system with the Markov channel 

model. This is because that the average of the error rates p's of each channel 

in this model are identical. 

Resequencing Delay: The mean and the variance of the resequencing delay in

crease with the number of the channels M. When M — 2, most packets 

have no or very low resequencing delay, but when M goes to 20, the mean of 

the resequencing delay equals to 3.7 time slots. The distribution spreads out 

and moves to the right side when the number of the channels M grows and 

the variance of the distribution grows along with M. These results are very 

reasonable since when the number of channels M is larger, a incorrectly 

transmitted packet may cause more packets waiting for its retransmission, 

which results in a longer delay. 

Packet Delay: Although the mean and the variance of the transmission delay are 

identical in the four tests, the mean and the variance of the packet delay 
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increase since the mean and the variance of the resequencing delay grow 

with the increase of M. The mean values of the packet delay are 10.83, 

15.97, 20.26 and 25.16 and the variances of the packet delay are 85.8, 109.6, 

113.1 and 122.3 for M = 2,5,10, 20, respectively. 

Resequencing Buffer Occupancy: Particularly, in a two-channel SW-ARQ com

munication system, the resequencing buffer demand is very low since the re

sequencing buffer has a probability of more than 65% that it has no packet 

waiting in the queue. The mean of the resequencing buffer occupancy grows 

to 3 when M = 5, 12 and 34 when M = 10 and M = 20, respectively. 

System Throughput: The system throughput grows linearly with the increase 

of the number of channels M. Each channel has a throughput of 0.1 on 

average. Therefore, in the SW-ARQ communication system we can simply 

add more channels to improve the performance of the throughput. 

Impact of p: The impact of the average of the error rates p on the transmission 

delay, the resequencing delay, the resequencing buffer occupancy and the system 

throughput are studied in the following test. I set M = 10, d = 0.1, At = 1RTT. 

The state spaces are [0,0.1,0.2,0.3,0.4], [0.2,0.3,0.4,0.5,0.6], [0.4,0.5,0.6,0.7,0.8] 

and [0.6,0.7,0.8,0.9,1], corresponding top = 0.2,0.4,0.6,0.8, respectively. Each 

state has a probability of 0.5 to stay in itself and a uniform probability to transit to 

the other 4 states. Figure 4.5 displays the results of this test. 

Transmission Delay: The mean and the variance of the transmission delay in

crease along with the average of the error rates p. The mean value of the 

transmission delay grows from 4.24 time slot while p = 0.2 to 22.957 time 
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slot when p = 0.8. Compared with the GBN-ARQ protocol which I will 

study later, the performance of the SW-ARQ protocol system is considered 

acceptable in high error rate environments. 

Resequencing Delay: The resquencing delay has the same trend as the transmis

sion delay when the error rates increase. The probability of the resquencing 

delay equals to zero is almost always greatest comparing to the other values. 

Packet Delay: The mean of the packet delay increases from 8.1 to 65.0 when the 

average of the error rates p grows from 0.2 to 0.8. The variance equals to 

19.9, 51.2, 159.7 and 869.4 whenp = 0.2,0.4,0.6,0.8, respectively. 

Resequencing Buffer Occupancy: When p — 0.2, the resequencing buffer oc

cupancy of the system has a mean of 6, and 10 while p — 0.4, 13 when 

p — 0.6. The mean of the resequencing buffer occupancy goes to 16 when 

p = 0.8. This trend shows that the SW-ARQ is a protocol which does not 

have much demand on the buffer size comparing to the other two protocols 

which I will study later since it only has an average of 16 packets waiting 

in the buffer while the average of the error rates is up to 80%. Unlike the 

time invariant channel model, the mean and the variance of the resequencing 

buffer occupancy keep increasing with the growth of p since the dynamic 

scheduling scheme is not applied in this Markov channel model system. 

System Throughput: The system throughput decreases with the growth of the 

average of the error rates p as expected. Even in the situation when p = 0.2, 

the SW-ARQ system has a quite low throughput of 1.6. Therefore, the 

transmission speed is always a disadvantage of the SW-ARQ protocol. 
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Impact of d: In this test, I study the impact of the difference of the error rates 

d on each performance metric. I set M = 10, p = 0.5, At = 1, the same 

transition matrix with five state spaces as before. Without changing the aver

age of the error rates p of the system, I apply d — 0.25,0.2,0.1,0, then the 

state spaces are [0,0.25,0.5,0.75,1], [0.1,0.3,0.5,0.7,0.9], [0.3,0.4,0.5,0.6,0.7] and 

[0.5,0.5,0.5,0.5,0.5], respectively. Figure 4.6 displays the results of this test. 

Transmission Delay: The distribution of the transmission delay is identical in 

the four experiments. Therefore, the difference of the error rates in the 

Markov channel model will not affect the transmission delay of the SW-

ARQ protocol system. 

Resequencing Delay: Although the distributions of the resequencing delay are 

very similar, the trend of the variances is clear. That is, the variances de

crease with the reduction of d. The means of the resequencing delay are 

12.7, 12.6, 12.0 and 11.8 when d = 0.25,0.2,0.1,0. Although the mean 

of the resequencing delay decreases with d, the change is very limited. I 

conclude the difference of the error rates will not affect the resequencing 

delay significantly. 

Packet Delay: The packet delay has the same trend as that for the resequencing 

delay since the transmission delays are identical. 

Resequencing Buffer Occupancy: The mean values of the resequencing buffer 

occupancy are 12, 12, 12, 11, and the values of the variance of the rese

quencing buffer occupancy are 94, 88, 72 and 62 when d = 0.25,0.2,0.1, 0, 

respectively. Therefore, the mean of the resequencing buffer occupancy 
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will not be affected by d very much and the variance will decrease with the 

reduction of d. 

System Throughput: Since the transmission delay is unchanged with four dif

ferent d's, the system throughputs all equal to 1.0 in the four experiments. 

The impact of the difference of the error rates d on the SW-ARQ protocol 

system with the Markov channels are very limited. However, in the time invariant 

channel model, I find the impact of d on the transmission delay, the resequencing 

delay, the packet delay and the resequencing buffer occupancy are very significant. 

The reason is that the dynamic scheduling scheme is applied in the time invariant 

channel model. This scheme can function better in the system with a larger d. 

Impact of N: In this test, I investigate the impact of the number of states N on 

the five performance metrics. I assume that a four-state Markov channel model 

represents a wireless channel in real world. For simplicity, I combine some states 

together to reduce the number of the states and then observe the changes of the 

performance metrics. Let [0.1, 0.2, 0.8, 0.9] be the initial four states. Each state 

has a probability of 0.5 to stay in itself and equally likely probabilities to the other 

states. I combine the two low error rate states 0.1 and 0.2 as one good state and the 

two high error rate states 0.8 and 0.9 as the bad state to form a two-state Markov 

channel model. The good state has an error rate of 0.15, while the error rate of 

the bad state is 0.85. The transition matrix of this two-state model is formed by 

summing the transition probabilities of the two states with low error rates and 

the two states with high error rates together. The new channel model has a state 

space S = [0.15,0.85] and each state has a probability of 2/3 to stay in itself and 

a chance of 1/3 to the other state. The average of the error rates p still equals to 
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0.5 in this two-state Markov channel model. Furthermore, I combine the two-state 

model into a one-state model which is actually a time invariant channel model with 

the error rate p = 0.5. I fix the number of channels M to 10 and the transition 

interval At = 1RTT. 

Transmission Delay: As we can see from Figure 4.7, the distributions of the 

transmission delay are identical since the average of the error rates p in the 

three experiments are the same. Therefore, the number of states will not 

affect the transmission delay in a Markov channel model with the SW-ARQ 

protocol system. 

Resequencing Delay: The mean values of the resequencing delay are 12.8, 12.8 

and 11.6 and the values of the variance of the resequencing delay are 131.9, 

130.7 and 92.8 when N — 4,2,1, respectively. The mean and the variance 

of the resequencing delay increase with the reduction of the number of states 

N. 

Packet Delay: The means of the packet delay are 20.8, 20.8 and 19.6 and the 

variances of the packet delay are 122.0, 124.6 and 79.5 for N = 4,2,1, 

respectively. Therefore, the mean and the variance of the packet delay in

crease with the reduction of the number of states N. 

Resequencing Buffer Occupancy: The means of the resequencing buffer occu

pancy are 12,12 and 11 for AT = 4, 2,1, respectively. Therefore, the rese

quencing buffer occupancy will not have a significantly change when the 

number of the states N varies. 

System Throughput: The system throughputs all equal to 1 in the systems with 
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three different N. Therefore, the number of states TV will not affect the 

throughput of the Markov channel model with the SW-ARQ protocol sys

tem. 

Impact of At: In this test, the impact of the transition interval At on the per

formance are presented. I set a communication system with M = 10, p = 0.5, 

d = 0.2 and the channel model is a five-state Markov channel model. The transi

tion interval At takes values of 1, 10, 20, and 50 RTTs. The smaller At is, more 

frequently the channels change their states. When the transition interval equals 

to 50, a channel which changes its state at time t will start the next transition at 

t + 50. 

The tables 4.5 suggest the sample expectation value and the variance of the 

transmission delay (TD), the resequencing delay (RD), the packet delay (PD) and 

resequencing buffer occupancy (RBO). 

Obviously, the expectation value and the variance of each metric keep growing 

when At increases, especially for the variance. The reason for this result is that 

when a channel stays in one state for a long time, for example, in state 1 which 

error rate equals to 0.1 in this test, the number of packets transmitted through this 

channel during the certain interval is larger since the error rate is low. It will make 

the system have relatively higher system throughput at this time interval, which 

will push the number of packets in the resequencing buffer to a higher level. Con

versely, the low system throughput during an interval will induce lower buffer 
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Mean 

At = l 

At = 10 

At = 20 

At = 50 

TD 

8.0 

8.0 

8.0 

8.0 

RD 

12.7 

15.9 

17.0 

19.5 

PD 

20.7 

23.9 

25.0 

27.4 

RBO 

12 

15 

17 

19 

Variance 

At = l 

At = 10 

At = 20 

At = 50 

TD 

53.5 

66.3 

69.6 

75.5 

RD 

130.0 

290.0 

402.8 

737.2 

PD 

119.3 

285.0 

403.8 

740.3 

RBO 

89 

224 

319 

642 

Table 4.5: The Mean and The Variance of Four Performance Metrics 
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occupancy. The undulation of the throughput causes the increase of variance, es

pecially the variance of the resequencing delay and the resequencing buffer occu

pancy. With the increase of At, although the channels are more stable in common 

sense, the system performance is not stable in this case. The channels become 

static if the At goes to infinite. A more common instance is that when At is large 

and the number of packets to be transmitted is small, the transmission will finish 

even before the channels go through every state in the state space. Therefore, the 

more stable the channel is, more instable the system performance are. 

4.2.3 Comparison of the Two Channel Models 

In this test, I study the impact of the channel models on the SW-ARQ protocol 

system. I assume that a wireless network system divides its bandwidth into 5 

sections. Each section is utilized as one channel in the system (FDMA method). 

Since the bit error rate of one channel will be affected by the frequency of the 

radio, each channels has a different average of error rates p. I assume that the 

average of error rates p of the five channels are 0.4, 0.45, 0.5, 0.55 and 0.6, re

spectively, and each channel is a five states Markov channel. If I set the difference 

of the error rates d (the difference between states in the state space) equal to 0.05, 

the channel withp = 0.4 can be described by a Markov chain with the state space 

S = [0.3, 0.35,0.4,0.45,0.5]. I assume each state has a probability 0.5 to stay in 

itself and equal probabilities to the other four states in this test. The Markov chain 

makes the transition every RTT time. A time invariant channel model is set to 

approach this assumption. Five channels with time-invariant error rates, 0.4, 0.45, 

0.5, 0.55,0.6, are used to denote the five Markov channels. Both the time invariant 

channel model and the Markov channel model have the same number of channels, 
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the average of the error rate of the two systems are the same, as well. However, 

since the dynamic scheduling scheme is applied in the time invariant model, to 

counteract this factor, I assume that the system can know the error rate of each 

channel in the Markov channel model and apply the dynamic scheduling in this 

model. I plot Figure 4.8 with the time invariant channel model and the Markov 

channel model for comparison. In the Markov channel model, three different d 

(0.05, 0.1, 0.15) are used. 

Transmission Delay: As we can see from Figure 4.8, the distribution of the trans

mission delay is very close to the distribution of the time invariant channel 

model when d = 0.05 in the Markov channel model. With the growth of 

d, the distinction between the distributions are very clear. The distributions 

of the resequencing delay, the packet delay and the resequencing buffer oc

cupancy have the same trend as that for the transmission delay. Although 

the distributions of the transmission delay are different, the means of the 

transmission delay are identical which all equal to 8 time slots since the av

erage of the error rates p in two channel models are the same. The values of 

the variance of the transmission delay are 38.1, 36.7, 31.2 and 27.3 which 

decrease with the growth of d. 

Resequencing Delay: In the time invariant channel model, the mean and the vari

ance of the resequencing delay are 5.1 and 42.8. In the Markov channel 

models, the mean values of the resequencing delay are 4.7, 3.6 and 2.6 and 

the values of the variance of the resequencing delay are 38.2, 27.3 and 18.0 

when d = 0.05, 0.10,0.15, respectively. Both of the mean and the variance 

of the resequencing delay decrease with the growth of d. 
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Packet Delay: The packet delay have the same trend as the resequencing delay. 

In the time invariant channel model, the mean and the variance of the packet 

delay are 13.0 and 50.0. In the Markov channel models, the mean values of 

the packet delay are 12.7, 11.5 and 10.6 and the variances of the resequenc

ing delay are 46.2, 36.9 and 29.7 when d = 0.05,0.10,0.15, respectively. 

Resequencing Buffer Occupancy: The mean and the variance of the resequenc

ing buffer occupancy are 2 and 6 in the time invariant channel model. In 

the Markov channel models, the mean values of the resequencing buffer oc

cupancy are 2, 1 and 1 and the values of the variance of the resequencing 

buffer occupancy are 5, 4 and 2 when d = 0.05,0.10,0.15, respectively. 

Therefore, both of the mean and the variance of the resequencing buffer 

occupancy decrease with the growth of d. 

System Throughput: The system throughputs are all equal to 0.5 in the four 

experiments since the mean values of the transmission delay are identical. 

Actually, when d — 0, the Markov channel model will become the time invari

ant channel model. If we consider the time invariant channel model as a Markov 

channel model with d = 0, then with the growth of d, both the mean and the 

variance of the resequencing delay, the packet delay and the resequencing buffer 

occupancy decrease. The variance of the transmission delay decreases as well but 

the mean of the transmission delay has no change. However, when I study the 

impact of d on those performance metrics in the Markov channel model with the 

SW-ARQ protocol system, the effect of the difference of the error rates on the 

performance is very limited. The reason why the performance metrics in this test 

changes much more significantly is because the dynamic scheduling scheme is 
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applied here. The dynamic scheduling scheme is utilizing the difference of the 

error rates to improve the performance in the ARQ protocol system. If the error 

rates of each channel are identical then the dynamic scheduling scheme has no use 

at all. 

Moreover, when we use the time invariant channel model to approach a Markov 

channel model which has a non-identical state space in the SW-ARQ protocol sys

tem, the mean and the variance of the performance will always be larger than the 

real situation, except the mean of transmission delay. 

4.3 Performance Analysis of the Multi-Channel GBN-

ARQ System 

In this section, the transmission delay and the system throughput of the GBN-

ARQ protocol with the two channel models will be studied. Since the transmission 

delay in GBN-ARQ is not exactly the multiple times of one RTT, the distribution 

of the transmission delay is changed to d(x) = P[D = x\. 

4.3.1 Time Invariant Channel Model 

The impact of the number of channels M, the average of the error rates p, the 

difference of the error rates d on transmission delay and system throughput have 

been investigated below. 

Impact of M: In this test, the impact of the number of channels M on system 

throughput and transmission delay are investigated. The experiments of M = 

2,5,10,20 are tested. I set the average of the error rates p = 0.5, and the M 
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channels from channel 1 to M with the error rates pi < p2 < ... < PM- For each 

M, the minimum error rate pi equals to 0.05, and the maximum error rate PM 

equals to 0.95. 

The distribution of the transmission delay in the GBN-ARQ protocol system 

is more complicated than that in the SW-ARQ protocol system. From Figure 4.9, 

we can find that the distributions are not simply curves, but more likely zigzag 

lines. The trend of these lines is very clear, the distributions moves to the right 

side and spread out when M grows. Therefore, both the mean and the variance of 

the transmission delay increase with the growth of the number of channels M. 

The system throughput is quite low comparing with the SW-ARQ protocol 

system, especially when M is large. The reason is that although more packets 

can be sent out during one time slot when M increases, the probability of error 

occurring in those packets is also higher. According to the GBN protocol, once 

an error occurs the transmitter will go back to the packet corresponding to this 

error and restart the transmission. Therefore, the system throughput cannot get a 

significant improvement by simply adding more channels. 

Impact of p: In this test, the impact of the average of the error rates p on the 

performance of the GBN-ARQ protocol are studied. When M and p are large, 

the experiment cannot finish after a very long time. Therefore, I employ a five-

channel model with the average of the error rates p — 0.1,0.3,0.5, 0.7 in the test. 

The difference of the error rates d equals to 0.05. 

The distributions of the transmission delay have the same trend as the results 

in the former test. When p — 0.1, the transmission delay is relatively low and the 

system has a throughput of 1.54. The system throughput quickly drops to 0.52 
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Figure 4.9: Impact of The Number of Channels M (Time invariant channels with 

the GBN-ARQ protocol model) 

when p increases to 0.3. When p goes up to 0.7, the system throughput is only 

0.12. Therefore, the GBN protocol is a protocol which is very sensitive to the 

error rates. With the increase of p, the system throughput decreases exponentially. 

Although the throughput of the GBN protocol in this test is very low and even 

cannot compare with the SW-ARQ, it does not mean the GBN is useless. When 

the error rate is low, for example, p — 0.1 which is a very typical error rate 

in the wireless communication network, the GBN protocol can provide a high 

system throughput of 1.54 over a five channels transmission system. Furthermore, 

there is no need of resequencing buffer at the receiver when the GBN protocol is 

employed. Figure 4.10 presents the results of this test. 
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Figure 4.10: Impact of The Average of The Error Rates p (Time invariant channels 

with the GBN-ARQ protocol model) 

Impact of d: In this test, the impact of the difference of the error rates d is pre

sented. I plot Figure 4.11 with M = 5, p = 0.5, and d = 0.15,0.1,0.05,0. The 

error rates of each channel are identical while d = 0. 

Unlike the SW-ARQ protocol system, both of the mean and the variance of the 

transmission delay increase with the reduction of d. The system throughput de

creases when the difference of the error rates d decreases all well. This is because 

the transmitter has to retransmit packets from the packet transmitted incorrectly 

once it gets a NACK message from the receiver. Since the dynamic scheduling 

scheme is applied in the time invariant channel model, a low error rate channel 

can help the packets which the receiver are waiting for have more chances to be 

transmitted without error. Otherwise, the transmission will stick on retransmitting 

these packets over and over again. 

62 



0 . 3 5 

Figure 4.11: Impact of The Difference of The Error Rates d (Time invariant chan

nels with the GBN-ARQ protocol model) 

4.3.2 Markov Channel Model 

The number of channels M, the average of the error rates p, the number of states 

N, the transition interval At and the difference of the error rates d are the pa

rameters I am concerned. The performance of the system throughput and the 

transmission delay have been studied below. 

Impact of M: In this test, I plot Figure 4.12 with p = 0.3, d = 0.1, N = 5 , 

A* = 1RTT and a fine-state Markov chain with the state space 5=[0.1, 0.2, 0.3, 

0.4, 0.5] fixed. Each state in the state space S has a chance of 0.5 to stay in itself 

and a uniform probability distribution to other states. I select 2, 5, 10, 15, 20 and 

25 as the number of channels in this test. 

The shapes of the transmission delay distributions are zigzag lines as before, 
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and the center of the distributions moves to the right side when M increases. The 

variance of the distributions also increases because of the spread-out behavior of 

the distributions. There is an obvious characteristic in the distributions of the 

transmission delay in the GBN protocol systems, that is, the intervals between 

two local maximum values (the peaks in Figure 4.12) are usually one RTT time. 

When M = 2, the system has a throughput of 0.42 and the expected value of 

the transmission delay is 21.06 time slots. Unlike the results in the static model, 

the improvement of the system throughput is very limited with the increase of 

M. The throughput only increases 0.05 while M grows from 2 to 10. There is 

no significant improvement when M is large. The throughputs of the system are 

all 0.47 when M = 15, 20,25. Therefore, we cannot improve the performance 

of a GBN-ARQ protocol system by adding more channels. Comparing with the 

results in the Markov channel model, the performance of the system throughput of 

the time invariant model is better. That is because the dynamic scheduling in the 

time invariant channel model can help reduce the transmission delay of a GBN-

ARQ protocol system. However, in the real situation, the results from the Markov 

channel model are more creditable. 

Impact of p: In Figure 4.13, I plot the graph by setting M = 5, d = 0.05, 

N = 5 and At = IRTT. The average of the error rates p equals to 0.1, 0.2, 0.3, 

0.4 and 0.5. 

The mean and the variance of the transmission delay increase along with p 

since the distributions of the transmission delay spread and move to the right when 

the average of the error rates p grows. The GBN-ARQ protocol is a protocol very 

sensitive to the error rates. When the average of the error rates in the system 
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Figure 4.12: Impact of The Number of Channels M (Markov channels with the 

GBN-ARQ protocol model) 

is low, the GBN-ARQ protocol can provide a very good system throughput. For 

example, in a five-channel GBN protocol system, the system throughput can equal 

to 5 which is the maximum throughput of the system when the error rates is 0. 

However, the system throughput quickly drops to 1.47 when the average of the 

error rates p = 0.1. Therefore, the GBN-ARQ protocol can be a good choice for 

low error rates communication systems. 

Impact of d: In this test, I set the number of channels M — 5, the average of the 

error rates p = 0.3, the number of states N = 5, and At — 1RTT. The difference 

of the error rates d equals to 0.15, 0.1, 0.05 and 0. 

The transmission delay and the system throughput have very little changes 

when the difference of the error rates d varies. We can believe that the difference 
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Impact of Average of Error Rates 

Figure 4.13: Impact of The Average of The Error Rates p (Markov channels with 

the GBN-ARQ protocol model) 

of the error rates d will not affect the performance of the GBN-ARQ transmission 

system significantly while the other parameters are fixed. Table 4.6 shows the 

mean of the transmission delay and the 95% confidence interval of the mean. The 

system throughputs are 0.48, 0.46, 0.45 and 0.45 when d = 0.15,0.1,0.05,0. 

Impact of JV: In this test, I assume that a four-state Markov channel model 

denotes the wireless communication system in real life. The state space S = 

[0.1,0.2,0.8,0.9] and each state has a probability of 0.5 to stay in itself and equal 

probabilities to the other four states. I reduce it to a two-state Markov chain by 

combining two states with close error rates. The new Markov chain has the state 
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d = 0.15 

d = 0.1 

d = 0.05 

d = 0 

Mean 

47.96 

50.33 

51.41 

51.60 

95% Confidence Interval 

[47.91, 48.00] 

[50.30, 50.36] 

[51.40,51.43] 

[51.57,51.62] 

Table 4.6: The Mean of Transmission Delay and its 95% Confidence Interval 

space denoted by S — [0.15,0.85] and the transition matrix 

2/3 1/3 
E= (4.1) 

1/3 2/3 

Both of the two and four states Markov chains have an average error rate p equals 

to 0.5. A one-state model in which the channel is time invariant is also tested. 

The number of channels of these three model all equal to 10. The states of each 

channel change every RTT time. 

As we can see from Figure 4.14, the system throughputs are identical in the 

three models. The means of the transmission delay are all equal to 245 time slots 

in this test. However, the variance of the transmission delay decreases with the 

reduction of N. 

Impact of A^: In this test, M = 5, p = 0.2, N = 5, d = 0.1 and At = 

1,10, 20, 30 RTTs. Each state has a probability of 0.5 to stay in itself and equal 

probabilities to the other four states. 
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Figure 4.14: Impact of The Number of States N (Markov channels with the GBN-

ARQ protocol model) 

At = l 

At = 10 

At = 20 

At = 30 

Mean 

29 

29 

29 

29 

Variance 

204 

298 

301 

315 

System Throughput 

0.8 

0.8 

0.8 

0.8 

Table 4.7: The Mean and The Variance of The Transmission Delay and the System 

Throughput 
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Table 4.7 presents the mean and the variance of the transmission delay and the 

throughput of the system. As we can see from Table 4.7, the mean of the trans

mission delay does not change with the transition interval At. As a consequence, 

the system throughputs are identical in the four parameters sets. The variance of 

the transmission delay increases when the transition interval grows. Therefore, 

when the transition interval in a GBN protocol system increases, the variance of 

the transmission delay will increase as well. The mean of the transmission delay 

and the system throughput will not change. 

4.3.3 Comparison of Two Channel Models 

The same assumptions are applied in this test when I compare the two channel 

models in the SW-ARQ protocol system. Since the GBN-ARQ protocol is a pro

tocol which is very sensitivity to the error rate, I reduce the average of error rates 

p of the five channels to 0.3, 0.35, 0.4, 0.45, 0.5 for convenience. To counteract 

the effect of the dynamic scheduling scheme in the time invariant channel model, 

I assume that the system can know the error rate of each channel in the Markov 

channel model and the dynamic scheduling is applied in this model. 

Figure 4.15 displays the results of this test. The mean and the variance of the 

transmission delay decrease with the growth of d. If we consider the time invariant 

channel model as a Markov channel model with d = 0, the system throughputs are 

0.35, 0.37, 0.41 and 0.47 when d = Q, 0.05,0.1,0.15, respectively. When d in the 

Markov channel model is small, e.g. d = 0.05 in this test, the time invariant chan

nel model can used to approach the Markov channel model very well. However, 

when d in the Markov channel model is large, the time invariant channel model is 

not good to be used to approach the Markov channel model. The results from the 
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Figure 4.15: Comparison of Two Channel Model in The GBN-ARQ Protocol 

System 

time invariant channel model will always have a lower performance than the real 

situation. 

4.4 Performance Analysis of the Multi-Channel SR-

ARQ System 

Since the resequencing queue is employed in the SR-ARQ protocol system, the 

resequencing delay and the resequencing buffer occupancy are investigated. The 

system throughput, the transmission delay and the packet delay are the objectives 

of the tests, as well. I find that the transmission delay in the SR-ARQ protocol 

can be described by (m + l)/2 + mx, x = (0,1,2,...) in the test run, where m 
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equals to one RTT time. Therefore, I define d(x) — P[D — (m + l)/2 + rax] 

for convenience. Since the resequencing delay and the packet delay do not have 

the same property, I define the distribution function of the resequencing delay by 

d(x) = P[D = x] and the packet delay by d{x) = P[D = x + (m + l)/2]. 

4.4.1 Time Invariant Channel Model 

The impact of the number of channels M, the average of the error rates p and the 

difference of the error rates d are studied for the time invariant channel model. 

Impact of M: In this test, I set the average of the error rates p = 0.5. In the M 

channels, the minimum error rate, pi, equals to 0.05 and the maximum error rate, 

pm, equals to 0.95. The number of channels M — 2,5,10, 20 and the difference 

of the error rates d changes with the increase of M. 

Transmission Delay: In Figure 4.16, the shape and the trend of transmission de

lay distributions are very similar to those in the SW-ARQ protocol with the 

time invariant channel model. Actually, the transmission delay in the SR-

ARQ protocol will be the same as that in the SW-ARQ protocol. Although 

the transmitter will send out a block of M packets at the beginning of every 

time slot, it still has to wait one RTT time for their acknowledgements. If we 

observe each block of M packets individually, the transmission procedures 

are the same in both of the SW-ARQ and SR-ARQ protocol. Therefore, the 

SW-ARQ and SR-ARQ protocols have the same transmission delay. The 

expected values of the transmission delay in the four tests are about 8 time 

slots and do not change with the number of channels. However, their vari

ances grow with the increase of M. When M is large, the increase of the 
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number of channels brings less impact on the transmission delay than that 

when M is small. As we can see from Figure 4.16, the distributions change 

very little from M = 10 to M = 20. 

Resequencing Delay: The mean values of the resequencing delay are 1.3, 4.7, 

6.1 and 7.5 and the values of the variance of the resequencing delay are 

4.8, 14.6, 17.5 and 18.7 when M = 2,5,10,20, respectively. Therefore, 

the mean and the variance the resequencing delay increase along with the 

number of channels. 

Packet Delay: Since the packet delay is the combination of the transmission de

lay and the resequencing delay, the distribution of the packet delay reflects 

the combined trend of these two metrics. The packet delay distributions 

have a shape with both characteristics of the transmission delay and the re

sequencing delay. The mean of the packet delay grows with the increase of 

M but the variance does not change significantly. 

Resequencing Buffer Occupancy: The mean and the variance of the resequenc

ing buffer occupancy grow very quickly while the number of channels M 

increases. When M — 2, the mean and the variance of the resequencing 

buffer occupancy are only 1 and 3, respectively, which quickly grow to 30 

and 147 when M = 10. When M = 20, the mean of the resequencing 

buffer occupancy equals to 74. Compare to the 7 in the SW-ARQ protocol 

system, the SR-ARQ is a protocol which highly relies on the resequenc

ing buffer. Generally the SR-ARQ protocol system requires a much larger 

buffer size at the receiver side than that in the SW-ARQ protocol system. 

System Throughput: The high demand of the buffer size brings a significant 
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high throughput to the SR-ARQ protocol system. The system throughput 

equals to 1, 2.5, 5 and 10 when M = 2, 5,10, 20, respectively. Under the 

same circumstance, the throughputs of the SW-ARQ protocol system are 

only 0.2, 0.5, 1 and 2. 

Impact of p: In this test, I plot Figure 4.17 with M = 10, d = 0.04, and p = 

0.2,0.4,0.6,0.8. 

Transmission Delay: The transmission delay distributions have the same shapes 

and the same trend as those in the time invariant SW-ARQ protocol system 

since the retransmit mechanism of these two protocols are the same. The 

mean values of the transmission delay are 4.3, 6.3, 10.5 and 22.9 and the 

values of the variance of the transmission delay are 5.4,18.4, 55.3 and 193.6 

when p = 0.2,0.4, 0.6,0.8, respectively. 

Resequencing Delay: The distributions of the resequecing delay are some undu

lated lines. The analyses of the distribution of the resequecing delay are 

present in the Markov channels model system. In this case, both the mean 

and the variance of the resequecing delay increase with the growth of error 

rates p. 

Packet Delay: Since the mean and the variance of the transmission delay and 

the resequecing delay increase with the growth of the average of the error 

rates p, the mean and the variance of the packet delay increase as well. 

The mean values of the packet delay are 8.8, 16.6, 29.2 and 55.2 and the 

values of the variance of the packet delay are 3.9, 18.9, 57.9 and 174.7 

when p = 0.2,0.4,0.6, 0.8, respectively. 
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Figure 4.16: Impact of The Number of Channels M (Time invariant channels with 

the SR-ARQ protocol model) 
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Resequencing Buffer Occupancy: The same phenomenon happened in the time 

invariant channel model with the SW-ARQ protocol system occurs in the 

SR-ARQ protocol system. The mean and the variance of the resequencing 

buffer occupancy increase from 36 and 206 when p = 0.2 to 74 and 837 

when p = 0.6. However, when p = 0.8, the mean and the variance of the 

resequencing buffer occupancy decrease to 64 and 624. The reason of this 

phenomenon is the same with that I explained in the time invariant channel 

model with the SW-ARQ protocol system. 

System Throughput: The system throughputs are 8.0, 6.0,4.0 and 2.0 when p = 

0.2,0.4, 0.6,0.8. Therefore, the system throughput will linearly decrease 

when the average of the error rates p grows. 

Impact of d: I plot Figure 4.18 with M = 10, p = 0.5, and d = 0.08, 0.04, 

0.02, 0. The error rate of each channel is identical when d = 0. 

Transmission Delay: The transmission delay distributions have the same shapes 

and the same trend as those in the time invariant SW-ARQ protocol system. 

The variance of the transmission delay increases with the reduction of the 

difference of the error rates d. However, the mean values of the transmission 

delay are identical. Table 4.8 presents the mean values of the transmission 

delay and their 95% Confidence Interval. I conclude that the difference of 

the error rates d will not affect the mean of the transmission delay in the 

time invariant channel model with the SR-ARQ protocol systems. 
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Impact of Average of Error Rates 

Figure 4.17: Impact of The Average of The Error Rates p (Time invariant channels 

with the SR-ARQ protocol model) 
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d = 0.08 

d = 0.04 

d = 0.02 

d = 0 

Mean 

8.000 

8.001 

8.000 

8.003 

95% Confidence Interval 

[7.997, 8.002] 

[7.999, 8.003] 

[7.998, 8.003] 

[8.002, 8.004] 

Table 4.8: The Mean of The Transmission Delay and its 95% Confidence Interval 

Resequencing Delay: The mean values of the resequencing delay are 8.3, 14.1, 

17.6, 23.0 and the values of the variance of the resequencing delay are 26.9, 

57.3, 78.7 and 122.4 when d = 0.08, 0.04,0.02,0, respectively. Therefore, 

both the mean and the variance of the resequencing delay increase with the 

reduction of d. 

Packet Delay: The mean values of the packet delay are 16.2, 22.1, 25.6, 31.0 and 

the values of the variance of the packet delay are 13.3, 33.7, 47.9 and 84.4 

when d = 0.08,0.04,0.02, 0, respectively. The packet delay has the same 

trend as the resequencing delay when d decreases. 

Resequencing Buffer Occupancy: When d = 0, the mean of the resequencing 

buffer occupancy has the largest value of 115 in the four experiments, and 

the variance of the resequencing buffer occupancy is the largest as well. 

This is because the dynamic scheduling can function better in the system 

with a larger d. 

System Throughput: Since the mean of the transmission delay are identical in 

the four experiments, the system throughputs are the same as well. 
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Figure 4.18: Impact of The Difference of The Error Rates d (Time invariant chan

nels with the SR-ARQ protocol model) 
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4.4.2 Markov Channel Model 

In this Markov channel model, I assume that all of the channels are identical which 

means that they have the same state space and transition matrix. The number 

of channels M, the average error rates p, the difference of the error rates d, the 

number of state N and the transition interval At are the parameters I select for 

the tests. The performance of the transmission delay, the resequencing delay, the 

packet delay, the resequencing buffer occupancy and the system throughput are 

investigated. 

Impact of M: In this test, I plot Figure 4.19 with p = 0.5, d = 0.2, N = 5, 

At = 1RTT and M = 2,5,10,20. The state space S = [0.1,0.3,0.5, 0.7,0.9] and 

each state has a chance of 0.5 to stay in itself and a uniform probability distribution 

to the other four states. 

Transmission Delay: The transmission delay distribution does not change with 

the number of channels as those in the SW-ARQ protocol with the Markov 

channel model. Therefore, I can conclude that the number of the channels 

will not affect the transmission delay of a SR-ARQ protocol system with 

the Markov channel model. 

Resequencing Delay: The resequencing delay always has a undulated shape, in 

which, the local maximum values of the distribution function equal to 0 or 

m + x(m + 1), where m equals to one RTT time and x = 0,1,2,... . The 

local minimum values are 1 + x(m + 1) for x = 0,1,2,... . I find that all 

of the resequencing delays have these properties. The only exception is the 

situation when the average of the error rates is small. For example, when 
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p = 0.2, the probability of the resequencing delay that equals to m + 1 will 

be larger than the probability of the resequencing delay that equals to m. 

The trend of the impact of M on the resequencing delay is that, the mean 

and the variance of the resequencing delay increase with the growth of M. 

Packet Delay: Since the packet delay is the sum of the transmission delay which 

does not change with the M and the resequencing delay. The distribution of 

packet delay has the same trend as the resequencing delay. 

Resequencing Buffer Occupancy: The SR-ARQ protocol needs a larger buffer 

size comparing with the SW-ARQ protocol, especially when there are many 

number of channels applied in the system. When M = 2, the mean of the 

resequencing buffer occupancy is 10. However, the mean of the resequenc

ing buffer occupancy increases to 271 when M = 20. The variance of the 

resequencing buffer occupancy quickly increases with the growth of M as 

well. 

System Throughput: The system throughputs are 1.0, 2.5, 5.0 and 10 when 

M — 2, 5,10,20. Each channel has a throughput of 0.5 on average. The sys

tem throughput linearly increases with the number of channels M. There

fore, we can simply improve the throughput of a SR-ARQ protocol system 

by adding more channels to the system. 

Impact of p: In this test, I set M = 10, d = 0.1, TV = 5, At = 1RTT and 

p = 0.2,0.4, 0.6, 0.8. The same transition matrix in the previous test is applied. 

Figure 4.20 displays the trend of the distributions and the system throughput. 
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Impact of Number of Channels 

Figure 4.19: Impact of The Number of Channels M (Markov channels with the 

SR-ARQ protocol model) 
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Transmission Delay: The mean and the variance of the transmission delay are 

the same with that in the SW-ARQ protocol system when the parameters 

I select are identical. Both the mean and the variance of the transmission 

delay increase with the growth of p. 

Resequencing Delay: The resequencing delay follows the properties I mentioned 

before. That is, the local maximum values of the distribution function equal 

to 0 or m + x(m + 1), where m equals to one RTT time and x = 0,1,2,. . . . 

The local minimum values are 1 + x(m + 1) for x — 0 ,1 , 2,.... However, 

when p = 0.2, the probability of the resequencing delay that equals to m +1 

will be larger than the probability of the resequencing delay that equals to 

m. This is the only exception of the properties. Both the mean and the 

variance of the resequencing delay increase with the growth of p. 

Packet Delay: Since the mean and the variance of the transmission delay and the 

resequencing delay increase with the growth of p, the mean and the variance 

of the packet delay increase as well. 

Resequencing Buffer Occupancy: The mean values of the resequencing buffer 

occupancy are 67, 99, 126, 151 and the values of the variance of the re

sequencing buffer occupancy are 1134, 1873, 2406 and 4014 when p = 

0.2,0.4,0.6,0.8, respectively. Therefore, both the mean and the variance of 

the resequencing buffer occupancy increase with the growth of p. 

System Throughput: The system throughputs are 8.0, 6.0, 4.0 and 2.0 when 

p — 0.2,0.4,0.6,0.8. Therefore, the system throughput will linearly de

creases with the growth of p in the SR-ARQ protocol system with the 

Markov channels. 
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Impact of d: In this test, I plot Figure 4.21 with M = 10, p = 0.5, N = 5, 

At = 1RTT and d = 0.25, 0.2,0.1,0. Each state has a chance of 0.5 to stay in 

itself and uniform probabilities to the other states. 

Transmission Delay: The transmission delay distributions are identical with the 

four different d's. I can conclude that the transmission delay will not be 

affected by the difference of the error rates d. 

Resequencing Delay: The diversity can be observed from the resequencing de

lay, that is, the experiment with the largest d has the smallest mean of the 

resequencing delay. This is because the low error rates state can help trans

mit the packets which are being waited by the packets in the resequencing 

queue. The mean values of the resequencing delay are 21.6, 22.3, 22.9, 23.5 

and the values of the variance of the resequencing delay are 200.0, 181.1, 

139.0 and 132.1 when d = 0.25,0.2,0.1,0, respectively. Therefore, the 

variance of the resequencing delay will decrease with the reduction of d. 

Packet Delay: Since the transmission delays are identical in the four experi

ments, the packet delays have the same trend as the resequencing delay. 

The mean of the packet delay increases with the reduction of d, and the 

variance of the packet delay decreases. 

Resequencing Buffer Occupancy: The mean values of the resequencing buffer 

occupancy are 109, 112, 114, 117 and the values of the variance of the re

sequencing buffer occupancy are 3654, 3261, 2306 and 2141 when d = 

0.25,0.2,0.1,0, respectively. Therefore, the means of the resequencing 

buffer occupancy will slight increase with the reduction of d, but the vari

ances of the resequencing buffer occupancy decreases 
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Impact of Average of Error Rates 

Figure 4.20: Impact of The Average of The Error Rates p (Markov channels with 

the SR-ARQ protocol model) 
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System Throughput: The system throughput does not change since the average 

of the error rates p is fixed. 

Impact of N: In this test, the same schedule when I test the impact of N on the 

Markov channels with the SW-ARQ protocols models is applied. 

Transmission Delay: As we can see in Figure 4.22, the distributions of the trans

mission delay are identical. Therefore, I conclude that the transmission de

lay will not affect by the number of states N. 

Resequencing Delay: The distributions of the resequencing delay are almost the 

same when TV equals to 4 and 2. The difference of the distributions is very 

clearly when iV decreases to 1. The mean of the resequencing delay in

creases when I reduce TV. However, the variance of the resequencing delay 

decreases with the reduction of the number of states. 

Packet Delay: Since the transmission delay does not change with N, the packet 

delay has the same trend as the resequencing delay. The mean of the packet 

delay increases when I reduce N but the variance of it decreases. 

Resequencing Buffer Occupancy: The distribution of the resequencing buffer 

occupancy has the same trend as the resequencing delay and the packet 

delay when iV decreases. 

System Throughput: Since the transmission delay does not change with the num

ber of states, the system throughputs in three experiments are the same, as 

well. 
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Figure 4.21: Impact of The Difference of The Error Rates d (Markov channels 

with the SR-ARQ protocol model) 
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Impact of Number of state 

Figure 4.22: Impact of The Number of State N (Markov channels with the SR-

ARQ protocol model) 
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Mean 

At = l 

At = 10 

At = 20 

At = 30 

TD 

8.0 

8.0 

8.0 

8.0 

RD 

22.0 

30.0 

36.0 

37.2 

PD 

30.0 

38.0 

44.0 

45.1 

RBO 

110 

148 

179 

183 

Variance 

At = 1 

At = 10 

At = 20 

At = 30 

TD 

54 

66 

74 

78 

RD 

170 

770 

1476 

1650 

PD 

139 

760 

1460 

1642 

RBO 

2931 

16168 

32968 

36952 

Table 4.9: The Mean and The Variance of Four Metrics 

Impact of At: In this test, the impact of the transition interval At on the per

formance are presented. I set M = 10, p = 0.5, d = 0.2 and the channel model 

is the five state Markov channel I used in previous tests. The transition interval 

grows from 1 to 10, 20, and then 30 RTTs. 

Table 4.9 presents the results of the four experiments. Since the average of the 

error rates is identical, the system throughput does not change. The mean values 

of the transmission delay are also identical but the values of the variance increase 

with the growth of At. The mean and the variance of resequencing delay, the 

packet delay and the resequencing buffer occupancy increase when At grows. 
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4.4.3 Comparison of Two Channel Models 

The same assumptions in the SW-ARQ protocol models are applied in this test, 

in which, Both the time invariant channel model and the Markov channel model 

have five number of channels and the average of the error rates of each channel 

are 0.4, 0.45, 0.5, 0.55, 0.6. Figure 4.23 displays the results of this test. 

Transmission Delay: The distribution of the transmission delay in the time in

variant channel model is very close to that in the Markov channel model 

with d = 0.05. When d increases, the differences between the distributions 

of the transmission delay are very distinct. The distributions of the rese-

quencing delay, the packet delay and the resequencing buffer occupancy 

have the same trend as well. The mean values of the transmission delay are 

all equal to 8 time slots in the four experiments. The values of the variance 

of the transmission delay are 38.0, 36.8, 31.8 and 27.3 in the time invariant, 

Markov (d=0.05), Markov (d=0.1), Markov (d=0.15) channel models. 

Resequencing Delay: The mean values of the resequencing delay are 13.2, 12.7, 

10.5 and 8.3, the values of the variance of the resequencing delay are 69.7, 

68.7, 52.4 and 38.3 in the time invariant, Markov (d=0.05), Markov (d=0.1) 

and Markov (d=0.15) channel models, respectively. If we consider the time 

invariant channel model as a Markov channel model with d = 0, the mean 

and the variance of the resequencing delay will decrease with the growth of 

d. 

Packet Delay: The packet delay have the same trend as the resequencing delay. 

Both of the mean and the variance of the packet delay decrease with the 

growth of d. 
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Resequencing Buffer Occupancy: The mean values of the resequencing buffer 

occupancy are 33, 31, 26 and 20, the values of the variance of the rese

quencing buffer occupancy are 252, 247, 175 and 111 in the time invariant, 

Markov (d=0.05), Markov (d=0.1), Markov (d=0.15) channel models, re

spectively. If we consider the time invariant channel model as a Markov 

channel model with d — 0, the mean and the variance of the resequencing 

buffer occupancy will decrease with the growth of d. 

System Throughput: The system throughputs are identical in the four experi

ments since the average of the error rates p's in the four experiments are the 

same. 

The time invariant channel model can used to approach a Markov channel 

model very well when the differences of the error rates in the state space of the 

Markov channel are small. And when we use the time invariant channel model 

to approach a Markov channel model which has a non-identical state space in 

the SR-ARQ protocol system, the mean and the variance of the performance will 

always larger than the real situation, except the mean of transmission delay will 

be the same. 

4.5 Makov Channel Model with Dynamic Schedul

ing Scheme 

Since the error rates of each channel in the Markov channel model are variant, 

we do not know what state the channels is in at arbitrary time t. Therefore, the 

dynamic scheduling scheme cannot be applied to this channel model. However, 
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Figure 4.23: Comparison of Two Channel Model in The SR-ARQ Protocol Sys

tem 
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if we assume that there are some information can tell us the current error rates 

of each channel, then the dynamic scheduling scheme can be employed in the 

Markov channel model. Thus, the packets with smaller sequence numbers will be 

scheduled to the channels with lower error rates. In the following test, I investigate 

how much improvement it can bring when the dynamic scheduling scheme is 

applied in three ARQ protocol systems. The same parameters will be used in 

the models with and without the dynamic scheduling for comparison. Table 4.10 

presents the expected value of the metrics before and after the dynamic scheduling 

is applied in a SW-ARQ protocol system, The parameters are: M — 10, p — 0.5, 

d = 0.2, N = 5, At = 1 and each state have the probability of 0.5 to stay in itself 

and an uniform chances to the others. 

As we can see from Table 4.10, the resequencing delay has a significant im

provement when dynamic scheduling scheme is applied. However, the dynamic 

scheduling scheme has no effect on the transmission delay since the average of 

the error rates are the same. The improvement of the packet delay is completely 

due to the better performance of the resequencing delay. There is much less buffer 

size requested at the receiver side when dynamic scheduling scheme is applied. 

The system throughputs are identical in the two models. Therefore, the dynamic 

scheduling scheme cannot affect the transmission delay in the SW-ARQ protocol 

system. 

Table 4.11 presents the results of a GBN-ARQ protocol system. I set M = 5, 

p = 0.2 and d = 0.1, the other parameters are the same with the previous test. 

The transmission delay decreases when the dynamic scheduling is employed. As 
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TD 

RD 

PD 

RBO 

System Throughput 

Without 

8.0 

12.4 

20.4 

12 

1.0 

With 

8.0 

2.8 

10.8 

2 

1.0 

Table 4.10: The Mean of Performance Metrics in The SW-ARQ System Without 

and With Dynamic Scheduling 

TD 

System Throughput 

Without 

29.0 

0.77 

With 

22.3 

0.95 

Table 4.11: The Mean of Performance Metrics in The GBN-ARQ System Without 

and With Dynamic Scheduling 

a consequence, the system throughput improves to 0.95. We can believe that the 

dynamic scheduling can help improve the performance of the GBN protocol. 

The same parameters in the SW protocol are assigned for the SR protocol 

model. Table 4.12 displays the performance. The dynamic scheduling also makes 

a positive effect on the performance. The resequencing delay, the packet delay 

and the resequencing buffer occupancy in the SR-ARQ protocol system reduce 

significantly after the dynamic scheduling scheme is applied. 

93 



TD 

RD 

PD 

RBO 

System Throughput 

Without 

8.0 

21.1 

29.0 

105 

5.0 

With 

8.0 

7.3 

15.4 

36 

5.0 

Table 4.12: The Mean of Performance Metrics in The SR-ARQ System Without 

and With Dynamic Scheduling 

Now we can believe that the dynamic scheduling can help improve the perfor

mance in all three ARQ protocol systems. However, how to apply the dynamic 

scheduling is a problem since we do not know the exact states of the channels are 

in the Markov channel model. In an ARQ protocol system, we do not have much 

information on the states of the channels. The cyclic redundancy checking code 

is only used for error detecting for a particular packet. The probe messages can 

be used to test the packet error rate, but it will take limited bandwidth and cannot 

reflect the real packet error rates on the channels since the probe messages are 

always short than the formal packets. Therefore, we cannot know the error rates 

of the channels in the fast changing communication system. But if we assume 

the system will not change very frequently and it will stay in a state for some 

time, then we can acquire the information from the acknowledgements and use 

it to estimate the current error rate of each channel. This assumption should be 

reasonable because even in the wireless network, the state of the channels will not 

change within only one or two RTT time. The new model will be described as 

follows: we know the number of states for the channels and the average of time 
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interval the state start to change before the transmission begin. We do not know 

when the state will change and which state it will jump to. The transition interval 

is described by At as I used before. In fact, this model can be re-expressed better 

by a continuous time Markov process but I believe that at the moment, a discrete 

time Markov chain can also works well if the sample space is large enough. If the 

At is large enough, for example, At > 10, then the system will have the reaction 

time to adjust the scheduling. When a channel jumps to a new state and stay in 

this state for At time, the system can get the information from the acknowledge

ments of the first several packets by learning the error rates of those packets. This 

judgment will take some time and after that the system can estimate the state of 

this channel. The more packets it record, the more accurate estimation will be. 

However, we cannot simply track many packet to increase the accuracy since the 

state will change again after At. There is a trade-off between the reaction speed 

and the accuracy. In this thesis, I only discuss the possibility of this strategy and 

the potential improvement it can provide. Figure 4.24 illustrates an instance of the 

estimated state transition. 

I setup a simple Markov channel model for the tests below, in which the 

Markov chain has two state 0.1 and 0.9. Both states have a probability of 0.5 

to stay in itself and to the other states. Ten channels are applied and each channel 

shifts its state every 10 RTTs. A buffer with length of 3 is employed for each 

channel which keeps record the most recent three acknowledgements which will 

be used to estimate the state of this channel from the receiver. There are eight 

cases in the buffer: GGG, GGB, GBG, BGG, GBB, BGB, BBG and BBB. Where 

G represents the ACK message and B denotes the NACK. If there are two or 

more NACK messages in the buffer, then I treat this channel is in the high er-
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ror rate state. If there are two or more ACK messages in the buffer, I consider 

the channel is in the low error rate state. According to the assumptions, when 

there are two or more ACK messages in the buffer, the channel has a probability 

of P[Q.1\GGG, GGB, GBG, BGG] = 0.975 to make a correct decision. Simi

larly, the channel has a probability of P[0.9\GBB, BGB, BBG, BBB] = 0.975 

to make a correct decision when there are two or three NACK in the buffer. Two 

other models are also tested for comparison, one is Markov channel model with

out dynamic scheduling scheme, and the other is the idealized model that knows 

the state of each channel at any time. I call them no dynamic scheduling model, 

estimated dynamic scheduling model and idealized dynamic scheduling model for 

convenience, respectively. 

Table 4.13 is the performance of the resequencing delay, the packet delay and 

the resequencing buffer delay. The SW-ARQ protocol is applied to the three pre

suppositions. The transmission delay and the system throughput are not in the 

list because they are identical in the three models. As we can see from Table 

4.13, the estimated dynamic scheduling can help improve the performance of the 

resequencing delay, the packet delay and the resequencing buffer delay in the SW-

ARQ protocol system. It provides a performance between the best and the worst 

case. 

Since the resequencing buffer is not employed in the GBN-ARQ protocol sys

tem. Only transmission delay (packet delay) is listed below. The parameters are 

the same with those in the SW-ARQ protocol system above except the number of 

channels is reduced to five. Unlike the SW-ARQ protocol, the estimated dynamic 
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No dynamic scheduling 

Estimated dynamic scheduling 

Idealized dynamic scheduling 

RD 

11.7 

7.6 

1.6 

PD 

19.6 

15.5 

9.6 

RBO 

11 

7 

1 

Table 4.13: The Mean of Three Performance Metrics in The SW-ARQ System 

With No Dynamic Scheduling, Estimated Dynamic Scheduling and Idealized Dy

namic Scheduling 

No dynamic scheduling 

Estimated dynamic scheduling 

Idealized dynamic scheduling 

TD 

108.16 

60.47 

47.75 

System Throughput 

0.22 

0.38 

0.47 

Table 4.14: The Mean of The Transmission Delay and The System Throughput 

in The GBN-ARQ System With No Dynamic Scheduling, Estimated Dynamic 

Scheduling and Idealized Dynamic Scheduling 

scheduling can improve the transmission delay in a GBN-ARQ protocol system. 

As a consequence, the system throughput also increases. A significant improve

ment is provided by the estimated dynamic scheduling. Table 4.14 presents the 

results. 

The performance in the SR-ARQ protocol system is listed in Table 4.15. The 

same parameters in the SW-ARQ protocol system are applied. The resequenc-

ing delay, the packet delay and the resequencing buffer occupancy reduce signif-
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No dynamic scheduling 

Estimated dynamic scheduling 

Idealized dynamic scheduling 

RD 

37.6 

12.2 

5.4 

PD 

45.8 

20.4 

13.4 

RBO 

184 

60 

27 

Table 4.15: The Mean of Three Performance Metrics in The SR-ARQ System 

With No Dynamic Scheduling, Estimated Dynamic Scheduling and Idealized Dy

namic Scheduling 

icantly. We can believe that the estimated dynamic scheduling also works well 

in the SR-ARQ system. Actually, the transmitter can get a faster reaction than a 

SW-ARQ protocol system since it receives acknowledgement packets at the end 

of every time slot. The estimated dynamic scheduling should work better than that 

in the SW-ARQ protocol system. 

The tests above proved that the estimated dynamic scheduling can improve the 

performance in all the three ARQ protocols. If there is a five-state Markov chain 

in which the S — [0.05,0.1,0.2,0.4,0.8], it is not easy to distinguish the state 

0.05 and the state 0.1 since their error rates are very closed. However, if some 

states have the similar error rates, we do not need to distinguish them very clearly. 

The strategy is as follows: we consider the states with similar error rates as one 

state. Precisely, if the difference between two states less than 0.2 (including 0.2), 

we will treat them as one state. In the case above, we can treat the state 0.05, 

0.1 and 0.2 as the low error rate state, the state 0.4 as the medium error rate state 

and 0.8 as the high error rate state. Then we can select a proper size of buffer to 
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estimate the error rate of each channel. A probability of 90% to make the correct 

estimation is good enough for the estimated dynamic scheduling. 

100 



Chapter 5 

Conclusions 

In this thesis, I set up two channel models: the time invariant channel model 

and the Markov channel model in the Chapter 3. In the time invariant model, 

a dynamic packet-to-channel scheduling scheme is applied at the transmitter for 

a better system performance. The dynamic scheduling scheme is not applied in 

the Markov channel model. The models of the SW-ARQ, the GBN-ARQ and 

the SR-ARQ protocols for multi-channel are defined. The system throughput, 

the transmission delay, the resequencing delay, the packet delay, the resequencing 

buffer occupancy are the performance metrics of the SW-ARQ and SR-ARQ pro

tocol systems. The system throughput and the transmission delay (packet delay) 

are investigated in the GBN-ARQ protocol systems. In the time invariant chan

nel model with the SW-ARQ, the GBN-ARQ, and SR-ARQ protocol systems, the 

impact of the number of channels M, the average of the error rates p and the dif

ference of the error rates d on the performance metrics are studied. In the Markov 

channel model with the three ARQ protocols systems, the impact of the number 

of channels M, the average of the error rates p, the difference of the error rates d, 
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the number of states N, and the transition interval At on the performance metrics 

are studied. The comparisons of two channel models with the three ARQ protocol 

are also studied. 

At the end of Chapter 4, first I validated that the dynamic scheduling scheme 

can improve the performance of the resequencing delay, the packet delay and the 

resequencing buffer occupancy of the Markov channels with the SW and SR ARQ 

protocol system, and the transmission delay, the system throughput of the Markov 

channels with the GBN-ARQ protocol system. By assuming the state of each 

channel will stay in itself for a certain time, an estimated dynamic scheduling 

scheme is defined to improve the performance of the Markov channels system. 

The tests followed indicate that the estimated dynamic scheduling scheme can 

improve the performance in the three ARQ protocols system and provides a per

formance between the system without dynamic scheduling and the system with the 

idealized dynamic scheduling. However, these tests are based on the discrete-time 

Markov channel model. According to my hypothesis, a continuous-time Markov 

channel can describe the model better. In the future work, I will study the esti

mated dynamic scheduling scheme in the continuous-time Markov channel model. 

Furthermore, how to optimize the size of the buffer which is used for estimating 

the error rate of each channel to get a balance between the reaction speed and the 

accuracy still needs further researches. 
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