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Abstract 

The emerging IEEE 802.15.4 (Zigbee) standard is designed for low data rate, low 

power consumption and low cost wireless personal area networks (WPANs). Video 

transmission over such networks is considered an issue since video traffic demands 

high data rates. 

Video surveillance applications can be used for cost effective deployments. How

ever, for an acceptable video quality, the transmission of video over such networks 

is considered an issue since video traffic contains a large amount of information that 

requires high data rates. In this thesis, the performance of a video surveillance ap

plication is analyzed over wireless Zigbee networks using ns-2 simulations. 

The Transform-Expand-Sample (TES) methodology is used to model a low data-

rate MPEG4 video. A rate control variable bit-rate algorithm (RC-VBR) adapted to 

MPEG4 variable bit-rate (VBR) video coders is developed over Zigbee networks. A 

region-of-interest (ROI) encoding is added to the rate control algorithm to capture the 

important parts of the frame which is suitable for IEEE 802.15.4 (Zigbee) networks. 

The IEEE 802.15.4 network can improve the aggregate throughput by using mul

tiple channels that are available in the radio spectrum allocated by the standard. A 

multi-channel over IEEE 802.15.4 network architecture is investigated by equipping 

each Zigbee node with multiple 802.15.4 network interface cards (NICs). 

A Zigbee network will enable a large number of surveillance applications to operate 

over a personal area network. 
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Chapter 1 

Introduction 

1.1 Background and Motivation 

Most of the attention on wireless standards, i.e. IEEE 802.11 and cellular networks, 

focus on high rate and long range applications. The concept of wireless personal 

area networks (WPANs) has been around for several years, entering the mainstream 

with the creation of the IEEE 802.15 Working Group in 1997. This large and diverse 

community of technologists, scientists, and visionaries came together under the IEEE 

Standards Association (IEEE-SA) to share their views on short-range wireless net

working where little or no infrastructure is required (no network setups and no access 

points). The dream was ubiquitous, un-tethered, short-range communications. 

The first vision was to design a technology centered on cable replacement for 

consumer electronic devices which was called Bluetooth (IEEE Std 802.15.1). The 

second vision (IEEE Std 802.15.3) focused on high-speed WPANs driven by the need 

for wireless connectivity in multimedia devices. In 2000, the IEEE-SA New Stan

dards Commtttee (NesCom) officially sanctioned the creation of a new project to 

begin development of a third standard (IEEE Std 802.15.4 [1]) for low-rate wireless 

personal area networks (LR-WPANs). The goal of the IEEE 802.15.4 standard was 

1 
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to provide ultra-low complexity, low cost and extremely low-power wireless connec

tivity among inexpensive fixed, portable, and moving devices. Simplicity was the 

watchword throughout the standard development process. The IEEE 802.15.4 stan

dard is thus designed to address applications with relaxed throughput and latency 

requirements while favoring a low-cost and low-power design. These features make 

possible, applications in various industries such as agriculture, residential security, 

remote diagnostics, home automation, personal healthcare and surveillance. Wireless 

video surveillance will be the focus of this thesis. 

There are various applications for wireless video surveillance networks such as 

theft detection, health monitoring and battle field reconnaissance within the military. 

In general, IEEE 802.11, Bluetooth and other technologies are more suitable for 

real time applications than IEEE 802.15.4 since they offer much higher data rates. 

However, the cost of video transmission will be lowered if IEEE 802.15.4 based devices 

are used. A number of reasons enable video to be transmitted over low data-rate net

works. Some of them being advanced video compression techniques such as MPEG4 

and H.264, advanced content based video segmentation and rate control algorithms. 

Wireless Zigbee networks [10] are low data rate networks that implement the IEEE 

802.15.4 as their physical and MAC layers. It is believed that wireless Zigbee networks 

may become the most used standard for wireless sensor networks (WSNs). 

Wireless Zigbee and sensor networks substantially reduce the cost of installation 

and deployment in industrial facilities. More deployment means better visibility into 

operational and environmental variables that affect overall safety, and compliance. 

ZigBee's RF power specification comes from IEEE 802.15.4, which specifies a 

minimum power output rating of 1 mW, with no specified maximum power. The 

communication range is 30 to 100 meters depending on the network conditions. The 

much longer ranges and lower power consumed than other personal area networks (i.e. 

Bluetooth) make these products suitable for industrial applications in large factory 
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settings and in indoor and outdoor installations. 

While standard low-bit-rate video encoding is an easy task for today's media pro

cessors, it does pose challenges to low-bit-rate ZigBee networks. The most bandwidth-

efficient media codecs are the most computationally intensive. The nominal rate of 

the underlying IEEE 802.15.4 standard is 250 kbps. Because of the CSMA/CA archi

tecture, the realistic maximum is on the order of half the nominal rate. In practice, 

the bit-rate could even be lower than the realistic maximum rate. 

This research tests video transmission over wireless Zigbee networks. The goal 

of the research is not to implement a streaming application that requires high data-

rate. Rather, some video applications such as video surveillance and monitoring 

will be studied. The size of the network that can be supported over such networks 

will also be studied. Advanced video encoders, object based segmentation (region-of-

interest) and rate control algorithms are implemented to make the video transmission 

over IEEE 802.15.4 Zigbee networks feasible. In addition, wireless Zigbee nodes will 

use the multiple non-overlapping channels that are available in the IEEE 802.15.4 

standard. Each node will be equipped with multiple interfaces resulting in increasing 

the size of the Zigbee network, i.e. icreasing the number of video sources and nodes 

over the network. 
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1.2 Objective of the Thesis 

This thesis shows how video surveillance over wireless Zigbee networks is possible, 

by presenting various techniques to solve the problem of low rate and low power 

introduced in the IEEE 802.15.4 standard. In addition, the thesis aims to provide 

a way of increasing the size of a video surveillance Zigbee network to accommodate 

larger areas with an acceptable video quality. The main objectives of the thesis are: 

• Evaluating and validating the use of TES traffic modeling (a powerful traffic 

modeling approach) over wireless Zigbee networks in a video surveillance appli

cation: 

— Use TES models to replace real low bit-rate video in order to facilitate 

video transmission over Zigbee networks 

— Verify multi-quantization scaling to help in the simulation of rate control 

video transmission 

• Providing a low data loss environment over wireless Zigbee networks by devel

oping a rate control algorithm: 

— Develop and validate a rate control algorithm to eliminate the bursty 

packet losses that occur in variable bit-rate coding 

— Then enhance network performance by the addition of a video segmenta

tion (region-of-interest) algorithm 

• Make use of the non-overlapping channels in the 2.4GHz ISM band: 

— Extend the use of a multi-channel multi-interface (radio) network solution 

for IEEE 802.15.4 Zigbee networks 
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— Enhance the performance of the multi-channel multi-interface network 

topology by implementing the Multiple Descriptive Coding (MDC) algo

rithm and by testing this algorithm over a bursty error channel 

All the performance evaluations are done using the ns-2 simulator which consists 

of C/C++ and Tel coding. 

1.3 Thesis Outline 

The rest of the thesis document is organized as follows: 

• Chapter 2 describes some of the technology background concerning wireless 

Zigbee networks. In addition, the chapter also describes video compression and 

its different techniques. Finally, it presents some of the work done on multimedia 

transmission over wireless Zigbee and sensor networks. 

• Chapter 3 tests the validity of using TES modeling for low variable bit-rate 

MPEG4 video traffic over wireless Zigbee networks. After validating the TES 

methodology over Zigbee networks, the queuing performance of the video model 

will be compared with the real video. 

• Chapter 4 presents a rate control variable bit-rate (RC-VBR) algorithm that 

combines the benefits of both types of coding (CBR and VBR). The algorithm 

makes use of the queue to allow rate variability while keeping a small restriction 

in the bit-rate. In addition, an enhancement of the algorithm is implemented 

by adding the video segmentation (region-of-interest) technique to increase the 

number of video sources and therefore increase the topology size of the network. 

• Chapter 5 presents a multi-channel multi-radio network topology to increase the 

size of the wireless Zigbee network and concludes it with the implementation of 

the Multiple Descriptive Coding (MDC) algorithm. 
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• Chapter 6 presents the simulation and performance results of the various algo

rithms presented in the previous chapters. All simulations are done using the 

ns-2 simulator which uses C/C++ and Tel for coding. 

• Chapter 7 contains conclusions, and suggested future study. 

1.4 Thesis Contributions 

The main contributions of the thesis are as follows: 

• TES processes are performed and validated as a suitable modeling approach for 

low bit-rate MPEG4 video traffic over wireless Zigbee networks. The models 

are validated for the various types of MPEG4 frames (I, P and B) as well as the 

overall interleaved video sequence. The thesis then outlines a way to generate 

video models for the different quantization parameters. By multiplying each 

frame type by a certain scalar factor which differs according to the video type, 

the modeling approach does not have to be repeated for every quantization 

value. 

• A rate control variable bit-rate (RC-VBR) algorithm is developed and is shown 

to outperform traditional encoding (CBR or VBR) techniques over IEEE 

802.15.4 networks. The RC-VBR algorithm is based on changing the quan

tization parameter adaptively according to a feedback loop that measures the 

size of the buffer and then changes the quantization parameter accordingly. 

• A combination of the region-of-interest (ROI) encoding and RC-VBR (i.e. ROI-

RCVBR) algorithm is presented. The ROI-RCVBR algorithm will enable the 

Zigbee video network to increase its topology size without losing any significant 

data. The algorithm is based on segmenting the video objects and sending 
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the important parts of the frames that are necessary for a video surveillance 

application. 

• A multi-channel multi-radio network topology is extended to work for wire

less Zigbee networks. The technique takes advantage of the multiple free non-

overlapping channels that are available and the low hardware cost in the IEEE 

802.15.4 standard. The multi-channel multi-radio network results in a sub

stantial increase in the size of the topology of a wireless Zigbee network.An 

enhancement of the multi-channel multi-radio network topology is presented. 

Multiple Descriptive Coding (MDC) is added to the ROI-RCVBR algorithm. 

Using the enhanced coding technique guarantees the delivery of video content, 

even in the presence of channel errors which are frequent in real environments. 



Chapter 2 

Overview of Wireless Zigbee Networks 

and Video Encoding 

This chapter describes some of the technology background concerning wireless Zigbee 

networks. In addition, the chapter also describes video compression and its different 

techniques. Finally, it presents some of the work done on multimedia transmission 

over wireless Zigbee and sensor networks. 

2.1 Wireless Zigbee networks 

2.1.1 ZigBee Alliance 

The ZigBee Alliance is an association of companies working together to enable reliable, 

cost effective, and low-power network based on an open global standard. The intended 

goal of ZigBee Alliance is to create a specific approach on how to build different 

network topologies with data security features and interoperable application profiles. 

The Zigbee association is a diverse family of companies providing everything from 

radio semiconductor chips, to finished products. The number of members in the 

association is rapidly growing and currently exceeds 100. Among the members, one 

can find Siemens, Philips, Texas Instruments and Mitsubishi. 

8 
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The first specification was approved in 2004 and the first generation of ZigBee 

products reached the market sometime in 2005. A big challenge for the alliance is to 

achieve the interoperability of various products. To solve this problem, the ZigBee 

Alliance has defined a different set of profiles to categorize their products. For example 

there is a profile called Home Lighting that exactly defines how different brands of 

home lighting-products should communicate with each other. 

In order to be get access to the specification, one must become a member of the 

Zigbee Alliance. 

2.1.2 Origins of the name ZigBee 

The name was introduced due to the technique that honey bees use to communicate 

new-found food sources to other members of the colony. This technique is referred 

to as the "ZigBee Principle". Using this silent, but powerful communication system, 

whereby the bees dance in a zig-zag pattern, they are able to share information such 

as the location, distance, and direction of a newly discovered food source to their 

fellow colony members. 

This principle attracted engineers to use this idea to tackle a complex task by 

breaking it up into a number of simple tasks. 

2.1.3 Overview of the IEEE 802.15.4 standard 

IEEE 802.15.4 [1] is a standard for low rate wireless personal area networks (LR-

WPAN) which is designed for ultra-low cost, low power, low complexity and short 

range communications. This standard offers a maximum nominal rate of 250kb/s and 

hence can be used for applications that require simple wireless communications such 

as monitoring, home automation, alarm sensors, health sensors and toys. 

IEEE 802.15.4 defines the physical layer and the MAC sublayer of the OSI Zigbee 
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stack [1]. It supports devices that consume minimum energy and are designed for low 

bit-rate applications over a short range of 30 to 100 meters. 

IEEE 802.15.4 Device Types 

The IEEE 802.15.4 topology may contain a network coordinator that maintains overall 

network knowledge. It is the most sophisticated node of the entire 802.15.4 network 

and requires the most memory and computing power. 

Two different devices can participate in a low rate wireless personal area network 

(LR-WPAN): Full-Function Device (FFD) and Reduced-Function Device (RFD). 

• Full-Function Device (FFD) 

The FFD is capable to operate PAN coordinator, and it can talk to 

RFDs or other FFDs. 

• Reduced-Function Device (RFD) 

The RFD is intended for very simple applications and cannot operate as a 

PAN coordinator. Moreover, the RFD can only communicate with FFDs in the 

system. Thus, two RFDs cannot exchange information with each other 

Network topologies of IEEE 802.15.4 devices 

IEEE 802.15.4 devices may operate in either one of two topologies: the star or the 

peer-to-peer topology as illustrated in figure 2.1. These two network topologies can 

be mixed to produce a Zigbee mesh topology. 

• Star Topology 

In a star topology, communication can only occur between a certain device 

(RFD or FFD) in the system and the PAN coordinator. Applications such 
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Star Topology Peer-to-Peor Topology 

Figure 2.1: Star and peer-to-peer topology examples 

as personal computer peripherals and wireless body area networks (WBANs) 

would typically employ the star topology. 

• Peer-to-Peer Topology 

Peer-to-peer topologies allow devices to communicate with each other without 

contacting or going through the PAN coordinator. It also allows more complex 

formations like the cluster-tree and mesh networking topologies. Industrial and 

environmental monitoring are examples of applications that use the peer-to-peer 

topology. 

Zigbee OSI stack overview 

The Open System Interconnection (OSI) reference model was developed by the Inter

national Organization for Standardization (ISO) as a model for the computer protocol 

architecture, and as a framework for developing protocol standards. The model is used 

to separate networking into several distinct functions that operate at different layers 

in order to simplify the standard. Each layer is responsible for performing a specific 

task or set of tasks, and dealing with the layers above and below it. However, the 
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IEEE 802.15.4 standard only defines the Physical (PHY) and MAC layers. The up

per layers of networking and application have been left for the application developers. 

An 802.15.4 LR-WPAN device comprises a Physical layer, which contains the radio 

frequency (RF) transceiver along with its low-level control mechanism, and a MAC 

sub-layer that provides access to the physical channel for all types of transfer. 

An illustration of the general OSI-model and where ZigBee is defined in the model 

can be seen in Figure 2.2. 

Application User Application 

Application Interface 

Security / 
Network Layers 

MAC Layer 

PHY Layer 

Figure 2.2: Zigbee OSI Layers 

As mentioned earlier, the IEEE 802.15.4 standard only defines the Physical (PHY) 

and MAC layers. 

• Physical layer 

The IEEE 802.15.4 standard operates in three frequency bands each supporting 

different data rates and different numbers of channels. They can be described 

as follows: 

868 MHz band which supports a data rate of 20 kbps and contains 1 channel. 
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- 916 MHz band which supports a data rate of 40 kbps and contains 10 channels. 

- 2450 MHz (2.4 GHz) band which supports a data rate of 250 kbps and contains 

16 channels. 

The features of the PHY layer are activation and deactivation of the radio 

transceiver, energy detection (ED), link quality indication (LQI), channel se

lection, clear channel assessment (CCA), and transmitting as well as receiving 

packets across the physical medium. 

Since the 2450 MHz frequency band supports the highest data rate and the 

largest number of channels, it will be the chosen band for the video transmission. 

The offset quadrature phase shift keying (OQPSK) is used as the modulation 

technique. Transmission distances are about 30m for non-line of sight and 80m 

for line of sight which is suitable for video surveillance over a personal network. 

• Mac sublayer 

IEEE 802.15.4 is based on CSMA (channel sense multiple access) with two 

modes of operation. The unslotted-CSMA (beaconless mode) where nodes are 

considered peers and any node can send a packet if the channel is available, 

and the slotted-CSMA (beacon enabled mode) which contains a super frame 

structure with beacons for time synchronization. 

The MAC layer is responsible for beacon management, channel access, guar

anteed time slot (GTS) management for high priority communications, frame 

validation, acknowledged frame delivery, association, and disassociation. 

Acknowledgments are optional in IEEE 802.15.4. They are used to confirm the 

reception of packets. Retransmission is done if no acknowledgments are received 

by the sender. After a certain number of retransmissions, the sender will drop 

the packet. 
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Zigbee offers best effort traffic, which means no priority levels or quality of 

service (QOS) is provided. This makes video transmission more challenging. 

• Security Layer 

There are three types of security modes defined: unsecured mode, access control 

list mode and secured mode. 

— Unsecured mode: No security used. 

— Access control list mode: No encryption used, but the network rejects 

frames from unknown devices. 

— Secured mode: In the secured mode the devices can use the following 

security services: 

* Access control list. 

* Data encryption using the Advanced Encryption Standard (AES) 128 

bit encryption algorithm. 

* Frame integrity using Message Integrity Code (MIC) to protect data 

from being modified by parties without the cryptographic key. 

* Sequential freshness using ordered sequence of inputs to reject frames 

that have been replayed. When a frame is received, the freshness value 

is compared with the last known freshness value. 

• Zigbee Network Layer 

Zigbee devices may operate in either one of two topologies: the star or the peer-

to-peer topology. ZigBee can use mesh networking, which may extend over a 

large area and contain thousands of nodes. Mesh networking is a combination 

of star and peer-to-peer network topologies. The routing protocol optimizes 

the shortest and most reliable path through the network and can dynamically 
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change, so as to take evolving conditions into account. This enables an ex

tremely reliable network, since the network can heal itself if some nodes are 

disabled. 

• Application Layer 

Zigbee is designed for applications that require low cost, low power and low data-

rate. Applications for such networks include agricultural, residential, remote 

diagnostics, home automation, personal healthcare, security and surveillance 

applications. 

2.1.4 IEEE 802.15.4 Interference 

The IEEE 802.15.4 standard uses the 2.4GHz Industrial Scientific and Medical (ISM) 

unlicensed band to provide global availability. This ISM band is commonly used for 

other standards such as IEEE 802.11b/g (WLAN) and IEEE 802.15.1 (Bluetooth). 

Therefore, unrestricted access to the ISM band exposes the IEEE 802.15.4 devices 

to a high level of interference. Since the IEEE 802.15.4 and the IEEE 802.11 were 

introduced for different purposes, they can coexist within each others communication 

and interference ranges. For instance, the IEEE 802.15.4 network is mostly used 

for low rate applications such as control and surveillance networks while the IEEE 

802.11 network is used for applications that require high data rates such as wireless 

audio/video (A/V) streaming. Therefore, the coexistence of the IEEE 802.15.4 and 

the IEEE 802.11 networks needs to be assessed and a solution needs to be introduced. 

Some previous work studied the coexistence of the IEEE 802.15.4 and WLAN 

using real measurements and simulations. In [39], it is shown that IEEE 802.15.4 has 

little or no effect on IEEE 802.11 networks whereas IEEE 802.11 has serious impact 

on IEEE 802.15.4 if no attention is taken [40]. In [41], the impact of interference of 

WPAN over both WPAN and WLAN are studied using OPNET simulations. It was 
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shown that the interference will result in high data losses as a result of the coexistence. 

Operation in the ISM bands 

The IEEE 802.15.4 defines three physical layers; the 2.4 GHz, 868 MHz and 915 

MHz frequency bands. The unlicensed Industrial Scientific Medical (ISM) 2.4 GHz 

band is available worldwide, while the 868 MHz and 915 MHz bands are available in 

Europe and North America respectively. A total of 27 channels with three different 

data rates are denned for the IEEE 802.15.4: 16 channels with a data rate of 250 

kbps at the 2.4 GHz band, 10 channels with a data rate of 40 kbps at the 915 MHz 

band, and 1 channel with a data rate of 20 kbps at the 868 MHz band. Different 

data rates offer better choices for different applications in terms of energy and cost 

efficiency. For example, while 250 kb/s is required for some computer peripherals 

and interactive toys, a lower data rate like 20 kb/s can meet the requirements of 

many other envisioned applications such as various sensors, smart tags, and consumer 

electronics. The relationship between the IEEE 802.11b (non-overlapping sets) and 

the IEEE 802.15.4 channels at the 2.4 GHz is illustrated in Figure 2.3. 

802.15.4 802.11 

channel 1 
channel 6 channel 11 

2405 MHz 

Figure 2.3: LR-WPAN and WLAN interferece 

Figure 2.3 shows the operation frequency spectrum of both IEEE 802.11 and 

IEEE 802.15.4 networks in the 2.4 GHz ISM band. The IEEE 802.11 standard has 11 
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channels each of which occupies 22 MHz. Up to 3 channels can be used simultaneously 

without mutual interference. As illustrated in the figure, channels 1, 6 and 11 can be 

used by the IEEE 802.11 devices to eliminate the mutual interference. On the other 

hand, the IEEE 802.15.4 standard defines 16 channels (2 MHz), channels 11 through 

27, in the 2.4 GHz ISM band all of which can be used simultaneously without mutual 

interference. The IEEE 802.15.4 standard recommends using the channels that fall 

in the guard bands between two of the three adjacent non-overlapping IEEE 802.11 

channels or above these channels to prevent interference between the IEEE 802.15.4 

and the IEEE 802.11. From the figure, it is shown that 4 of the 16 channels will have 

the minimal interference which in most cases will be enough to cover a wide region 

unless more IEEE 802.15.4 networks are added. 

In general two or more heterogeneous systems will coexist in a single network

ing environment. This is because different communication systems can be used for 

different applications. Especially, the IEEE 802.11 (WLANs) will most probably co

exist with IEEE 802.15.4 (WPANs) in the same Industrial Scientific Medical (ISM) 

band. Interference will have more effect if the LR-WPANs communication range is 

expanded using the ad-hoc mode (peer-to-peer clustering). The interference results in 

substantial data losses especially in IEEE 802.15.4 networks because it's more suscep

tible to interference. As shown in figure 2.3, this problem can be solved by choosing 

frequency channels that do not overlap with the IEEE 802.11 channels. Moreover, 

multiple IEEE 802.15.4 channels can be used to increase the network throughput and 

eliminate the interference caused by other IEEE 802.15.4 networks. 
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2.2 Overview of video encoding standards 

In the coding process, each picture is divided into blocks, groups of blocks and mac-

roblocks. Each macroblock is encoded with respect to a specific quantization param

eter Q. The quantization parameter determines the spatial resolution of the encoded 

picture, i.e. by increasing the Q value, the bit rate and image quality will decrease. 

There are two coding methods used in general: Constant bit-rate (CBR) and Variable 

bit-rate (VBR) coding. In CBR coding, the video is transmitted at a constant rate 

with bounded delay. In VBR coding, the video is transmitted with rate variations. 

2.2.1 Constant bit-rate (CBR) coding 

This method depends on changing the quantization parameter at the Group-of-

Picture (GOP) or frame level which is done by fixing the quantity of bits allocated 

to each GOP or frame [28]. Figure 2.4 shows an example of CBR coding for a moni

toring video sequence. The figure shows how the quantization parameter Q changes 

from one frame to another for the same video sequence. The number of packets al

located for every frame varies since some of the scenes contain more activity than 

others. The video sequence used does not vary widely because no scenes change dur

ing the sequence. Therefore, the Q values do not vary widely as would be scene in a 

video sequence with different scene changes, especially for big buffers. However, for 

small buffers, (50 Zigbee packets as in figure 2.4), as the Q value keeps on changing 

frequently, the image quality keeps on changing quite often. This is one of the ma

jor drawbacks for the CBR coding method, where the video quality changes every 

time more bits are needed. In addition, one of the drawbacks of CBR is the delay 

(200ms for a reasonable value) introduced by the smoothing buffer that has the role 

of eliminating the rate variability. This buffer is used for guaranteeing picture quality. 

Thus, there is a tradeoff between variability in quality and delay introduced by the 
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Figure 2.4: Frame Index vs. Quantization Parameter 

2.2.2 Variable bit-rate (VBR) coding 

Variable bit rate (VBR) coding is one of the coding techniques that require high 

bandwidth across the network. This gives rise to autocorrelated traffic streams of 

bursty nature. Previous work showed that autocorrelated traffic has worse impacts 

on queuing systems than uncorrelated traffic [3] [4]. 

VBR coding was introduced due to the spread of packet switching, where avoiding 

the rate variability is not necessarily a problem. Therefore, VBR coding can be used 

where the image quality will not change during the whole video sequence, i.e. the 

Q value of the sequence remains constant over the same video sequence. The rate 

variability depends on the activity and complexity of the scenes. The quantization 

parameter has an effect on the frame length and hence on the quality of the video. If 

the quality increases (Q value decreases), the number of bytes representing the frames 

increase. 

— Buffer 50 
— Buffer 100 
- • Buffer 150 
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Since Zigbee networks have low data rates, rate variability could cause high data 

losses. Moreover, if the number of hops or number of video sources changes during 

the video transmission, frames may get lost. For instance, the quality of the video 

decreases if the number of hops or the number of video sources increases. Even if the 

number of hops or video sources decreases, the quality can be increased by decreasing 

the Q value. Therefore, there should be a method that combines the benefits of both 

CBR and VBR coding. 

2.2.3 Overview of the MPEG4 video encoding standard 

The Motion Picture Experts Group (MPEG) started the MPEG4 project in 1993 

with the goal of producing low-bit rate streams, though the standard has since been 

expanded to include a broader range of bit-rates and applications. The most notable 

addition to MPEG4 since MPEG2 is the capability to represent video sequences as 

a composition of independent audio-visual objects [25]. However both standards use 

similar techniques to exploit spatial and temporal redundancy. 

MPEG4 is the latest standard for inter-frame compression and storage of digital 

video from the MPEG group. It is expected to be the predominant encoding for 

wireless and internet video. It offers significant advantages over current formats due 

to its ability to encode video sequences on an object-by-object basis at a wide range 

of bit-rates. Furthermore, MPEG4 has some error-resilience capabilities, such as 

resynchronization markers, data hiding and reversible VLC that are useful for the 

transport of a video stream in an error-prone network. 

Figure 2.5 shows a block diagram of an MPEG4 encoder. It permits compres

sion of rectangular sized image sequences at varying levels of input formats, frame 

rates and bit rates. While spatial redundancy is exploited via transform coding, tem

poral redundancy is exploited via block based motion estimation and compensation 

techniques. 
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Figure 2.5: MPEG4 Overview 

Figure 2.6 shows the dependencies that exist within an MPEG4 bitstream. "I-

VOPs" or "I-frames" are intra-coded frames, coded independently from other frames, 

so they act as reference frames and do not exploit temporal redundancy. "P-VOPs" 

or "P-frames" are coded predictively from the closest previous reference I or P frame, 

and "B-BVOPs" or "B-frames" are coded bi-directionally from the preceding and 

succeeding reference frame. 

Frames in MPEG4 are arranged in a Group of Pictures (GOP). A GOP consists 

of one I-frame, some P-frames that are related to it and optionally some B-frames 

between the I and P frames. Therefore, if an I-frame is lost or corrupted, the whole 

corresponding GOP will be of no use even if all other P and B frames are received 

correctly. Whereas, if P-frames are lost, this will only affect previous or successive 

B-frames. If B-frames are lost this will not affect any other frames and the overall 

performance of the video will still be fine 

Dependent frames are coded by performing motion estimation, which includes a 
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Figure 2.6: MPEG4 frame sequences. 

process called block matching and motion compensation. Block matching is the pro

cess by which 16 x 16 pixel blocks of the dependent image, called macroblocks, are 

matched against macroblocks in the reference frame to find the closest possible match 

for that block. The amount by which each block has moved in relation to the refer

ence frame is encoded in a motion vector. The combination of the macroblocks from 

the reference frame and motion vectors produce a rough estimate of the temporally 

dependent frame, which is how motion compensation is done. The difference between 

this estimate and the actual frame is encoded as a motion residual, along with the 

motion vectors. At this point, the motion vector search range should be considered. 

Since the motion vector search range represents the macroblock dimensions, the com

putational energy increases due to the increase in search area. The typical optimal 

search range varies between sequences depending on the motion intensity factor. It 

is seen that if the search range becomes large, the coding quality decreases and the 

source rate increases. This can be attributed to the fact that as the search range 

increases, large motion vectors are being selected, and more bits are used to code the 

motion-vector differences. 
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2.3 Multimedia applications over wireless Zigbee 

and sensor networks 

Wireless sensor networks (WSNs) have drawn the attention of the research commu

nity in the last few years, driven by a wealth of theoretical and practical challenges. 

This growing interest can be largely attributed to new applications enabled by large-

scale networks of small devices capable of collecting data from the surrounding envi

ronment, performing simple processing on the collected data and transmitting it to 

remote locations. Significant results in this area of research have lead to a surge of 

civil and military applications. Nowadays, most deployed wireless sensor networks 

measure scalar physical phenomena like temperature, pressure, humidity, or the lo

cation of objects. In general, most of the applications have low bandwidth demands, 

and are usually delay tolerant. 

The availability of low-cost hardware cameras and microphones has advanced the 

development of Wireless Multimedia Sensor Networks (WMSNs), i.e. networks of 

wirelessly interconnected devices that are able to ubiquitously retrieve multimedia 

content such as video and audio streams, still images, and scalar sensor data from the 

environment. Although sensor networks cannot be used for high quality video trans

mission, they can be used in surveillance and monitoring applications that require 

minimum video quality. 

With the rapid improvements in software and hardware, the sensor nodes can be 

equipped with audio or video data collection modules. Moreover, to be able to form 

WMSNs, sensor nodes should also be able to store, process, and fuse multimedia 

information from various sensor sources. 

Several architectures for wireless image sensor networks have been introduced in 

the past. In 2005, Cao et al. [11] proposed an image sensor architecture, in which an 

FPGA connects to a VGA (640480 pixel) CMOS imager to carry out image acquisition 
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and compression. An ARM7 microcontroller processes images further and communi

cates to neighboring sensors via an ultra-low-power and data rate transceiver. The 

Cyclops image capturing module [12], was designed for extremely light-weight imag

ing and can be interfaced with a host mote such as Crossbow's MICAz motes [13]. 

Cyclops was developed as an add-on CIF (320240 pixel) CMOS camera module board, 

which hosts an on-board 8- bit microcontroller and 64 Kbytes of static and 512 Kbytes 

of flash memory for pixel-level processing and storage. In [14], smart camera mote 

architecture is presented. The sensor uses an FPGA as its central processing unit, 

a VGA CMOS imager, and 10 Mbytes of static and 64 Mbytes of flash memory to 

perform early-vision, i.e. pixel-level, tasks. 

A mote architecture with minimal component count was introduced in [15] at 

Stanford's Wireless Sensor Networks Lab. It deploys an ARM7 microcontroller at its 

core, up to 2 Mbytes of flash memory, and a 2.4 GHz IEEE 802.15.4 radio. Unlike 

the motes mentioned above, this mote pioneers the concept of multiple vision sensors 

as it can host up to four low-resolution (3030 pixel) image sensors and two CIF 

CMOS camera modules. Both types of vision sensors feature a serial interface thus 

eliminating the need for additional FPGA or CPLD devices. 

In [16], a hardware design for distributed smart camera motes is implemented for 

a surveillance application based on the IEEE 802.15.4 Zigbee architecture. A smart 

camera mote architecture was designed for in-node processing is introduced. The aim 

was to facilitate distributed intelligent surveillance. The mote architecture targets 

the provision of sufficient processing power and an adequate vision system while 

minimizing component count and power consumption. Low power consumption is an 

important design objective to enable mobile surveillance applications using battery-

powered camera motes. 

Wireless multimedia sensor and Zigbee networks will open new interesting appli

cations which will not be limited to home automation and monitoring, rather they 
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will be used for applications such as multimedia surveillance sensor networks, traffic 

avoidance, enforcement and control, automated assistance for the elderly and family 

monitors and person locator services. 



Chapter 3 

Introduction to Video Traffic Modeling 

using Transform-Expand-Sample (TES) 

Processes 

This chapter provides an overview of TES processes and tests the validity of using 

TES modeling for low variable bit-rate MPEG4 video traffic over wireless Zigbee 

networks. After validating the TES methodology over Zigbee networks, the queuing 

performance of the video model will be compared with the real video. 

Most common approaches employed for video source modeling are based on fluid 

models and autoregressive models. In the fluid approach, a video stream is modeled 

as having a fixed rate, modulated by some stochastic fluid process [6]. This method is 

complex and requires a lot of knowledge in video modeling since it involves large num

ber of states, parameters and transition rates. In the autoregressive approach, a video 

bit rate is modeled as a weighted some of a finite number of previous bit rates. Frater 

et al. [7] employs the DAR (Discrete Autoregressive) scheme to model full-motion 

movies, including "Star Wars". The DAR model was also applied in [8] to a variety 

of conference video records and was shown to work well. One potential drawback of 

26 
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autoregressive models is that while they aim to fit the empirical autocorrelation func

tion, they lack a systematic way of fitting the empirical marginal distribution. Since 

traffic burstiness can be caused by the shape of the marginal bit rate distribution 

as well as that of the empirical autocorrelation function, it is important to capture 

both first-order and second-order properties of the empirical data. TES processes are 

transformed autoregressive processes which are used to model video bit rates at the 

frame level and the group-of-block level [5]. 

The model used in the research depends on the TES modeling methodology to 

accurately capture both first-order and second-order statistics of the empirical bit rate 

record; more specifically, the model approximates well the marginal distribution and 

the autocorrelation function of the bit rate process, simultaneously, and model sample 

paths (frame sizes) show a strong "resemblance" to the empirical record. In addition, 

TES modeling is systematic and intuitive, i.e. simple and does not require a lot of 

knowledge about video modeling. In addition, a big advantage of TES processes is 

that autocorrelation functions can be calculated using a mathematical formula which 

makes the modeling phase faster. TEStool [9] is a graphical user interface that allows 

modeling stationary sequences using the TES methodology. 

In [17], an investigation of TES modeling and multiplexing of MPEG traffic over 

ATM networks was performed. In [18] [19] H.261 video compression is modeled using 

the TES methodology. In [20], TES modeling is used to generate models for high 

bit-rate MPEG4 traffic. However, TES modeling is still not validated for low bit-rate 

video traffic. 
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3.1 Overview of Transform-Expand-Sample (TES) 

processes 

TES processes [22] [23] are autoregressive modulo-1 schemes which are easy to im

plement on a computer with low computational complexity. The TES methodology 

is versatile, which means that it can generate data that matches the stationary dis

tribution and capture the effect of correlations of any set of given observations of a 

time series. 

For any real number x, let < x > — x — [x\ be the fractional part of x, where 

[x\ = {integern : n < x}. which is called the integral part of x. The derivation 

of TES models is done in two phases. The first phase considers forming correlated 

sequences (background sequences) which are uniformly distributed in [0,1) as follows: 

U0 if x = 0 

< U+_x + Vn> if n > 0 

I U£ if n even 

1-U+ if n odd 

where UQ is a uniform random variable in [0,1) and {Vn} is a sequence of inde

pendent and identically distributed random variables called the innovation sequences 

with probability density function fv. U0 is independent of each element of {Vn}. 

TES processes come in two forms: {TES+} and {TES~}. {TES+} representing 

the sequence E/+ covering the range [0,1) and {TES~} representing the sequence U~ 

covering the range [-1,0). Both can be computed recursively as shown above. 

The second phase is to generate the foreground sequence which is done by some 

transformation called the distortion D. 

in 
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X+ = D(U+),X- = D(U~) 

Since Un has a uniform distribution on [0,1), the transformation D allows us to 

generate a sequence that resembles the real sample using the inversion technique 

represented by D = F~x. The sequences {X+} and {X~} are both correlated and 

identically distributed. Therefore, an empirical histogram is used to represent the 

marginal distribution of empirical data. 

The innovation sequence {Vn} has two representations. The basic representation 

is taken as: 

Vn = L + (R- L)Zn, -0.5 <L<R< 0.5, 

where Zn is an iid sequence uniformly distributed on [0,1) and hence Vn is uniformly 

distributed on [L,R). Another representation of the innovation sequence can be done 

using (a, <f>) parameters as follows: 

where 0 < a < 1 and 0 < \<f>\ < ~ - 1 

The basic method for calculating the density function fv of the innovation sequence 

{Vn} is as follows: 

fv{x) = ^l[Lk,Rk){x) 
Rk — Lb 

k=i 

where 1^ is the indicator function of set A, K is the number of histogram cells, 

[Lk, Rk) is the support of cell k with width Rk~Lk and P& is the probability estimator 

of cell k. This means that each Vn is a mixture of uniform random variates on [Lk, Rk) 

with probability P&. 
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TES modeling is done by first capturing the autocorrelation of the input time 

series using innovation density function /„ and then applying a smoothing technique 

using the stitching transform ((). 

The last step results in a distorted background sequence which is then inverted to 

a foreground sequence using the inverse of the histogram distribution which always 

guarantees the matching of the marginals. The task of finding an appropriate inno

vation density that approximates the empirical autocorrelation is carried out via a 

heuristic search using TEStool [9]. 

3.2 TES modeling of MPEG4 video 

The MPEG4 [25] standard uses both spatial (intra-frame) and temporal (inter-frame) 

redundancy encoding because of the similarities of the successive frames for the same 

scene. Frames that are encoded using spatial redundancy are the frames that con

tain the most important part of the scene. The frames are reduced using Discrete 

Cosine Transformation (DCT), quantization and then entropy coding. In temporal 

redundancy, only the differences between successive frames are encoded using frame 

differencing, motion estimation and motion-compensated prediction [25]. 

Compressed frames can either be I-frames which are intra-coded frames, P-frames 

which are predicted frames and B-frames which are bidirectional frames. I-frames 

contain the most information which is why they are encoded independently. P-frames 

that depend on previous I or P frames, are less important than I-frames but more 

important than B-frames. B-frames are the least important frames and they depend 

on previous and successive I or P frames. Frames in MPEG4 are arranged in Groups 

of Pictures (GOP). A GOP consists of one I-frame, some P-frames that are related 

to it and optionally some B-frames between the I and P frames. 
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In this section, an MPEG4 traffic generation model, using TES processes is de

veloped. MPEG4 traces are generated by encoding an indoor surveillance video at a 

rate of 10 frames per second (fps) with different quantization parameters and a GOP 

of 12 frames between two consecutive I-frames. 

The traffic model of the real video shown in this section is done with a quantization 

parameter of 7 (any other value could have been chosen and would have produced 

similar results). The quantization parameter determines the spatial resolution of the 

encoded picture. By increasing the Q value, the bit rate and image quality decrease. 

The steps for generating the traffic model with a quantization parameter of 7 are 

explained in this section. Figures 3.1, 3.2 and 3.3 show the empirical (real) MPEG4 

video trace statistics of the frame sizes. Figure 3.1 shows the sample path (frame 

size) statistics of the sequence in bits. Figure 3.2 shows the empirical histogram of 

the sequence. Figure 3.3 shows the empirical autocorrelation function of the sequence. 

Since the overall video sequence is not stationary as can be seen from the previously 

mentioned figures, and because of the periodic nature of the autocorrelation function, 

a TES+ model is applied for the I and B frame statistics and a TES~ model is applied 

for the P frame statistics as it was performed in [18]. 

Figure 3.1: Empirical video frame trace with Q = 7 

Figures 3.4, 3.5 and 3.6 show respectively the TES model of the sample path (frame 
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Figure 3.3: Empirical autocorrelation function with Q = 7 

sizes), histogram and autocorrelation function of the I-frames. Figure 3.7 shows an 

appropriate innovation density function /„ that approximates the autocorrelation 

function of the I-frames as much as possible. An appropriate innovation density 

function is carried out via a heuristic search using TEStool [9]. 

From figures 3.4, 3.5 and 3.6, it can be shown that the empirical and modeled his

tograms always match while there are small differences in the autocorrelation function 

and sample path. The same steps were taken to generate the P-frame and B-frame 

traffic models. 

After generating the individual frame sizes from the TES models, the overall 
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Figure 3.5: Original and generated model of the I-frames histogram 

modeled MPEG4 video trace is generated. This is done by interleaving the sample 

paths of the video frames by following the original video sequence. 

Table 3.1 shows the mean of the original and modeled I, P, B and overall sequences 

as well as the parameters used for modeling. 

The results of the testool for the I, P, B and overall real and modeled samples 

are shown in figures 3.8, 3.9, 3.10 and 3.11 respectively. Every figure is divided into 

four windows: window wl of the figure shows the sample path of the frame sizes, 

window w2 shows the autocorrelation function, window w3 shows the histogram of 

the distribution of the frame sizes and window w4 shows an appropriate innovation 
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Figure 3.7: Innovation function of the I-frames model 

function that generates an approximate model. From the figures, we observe that the 

histogram always matches the original data while there is little difference in both the 

autocorrelation function and sample path. 
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Figure 3.8: Modeled vs. Real TES data for the I frames as appears in the testool 

3.2.1 Verification of TES modeling scaling factor of MPEG4 

video frames 

Similar modeling results occurred when using different quantization parameters. By-

comparing the different quantization parameters, the autocorrelation function of the 

real and modeled video, match closely. Whereas, the frame sizes of the real and mod

eled video differ. However, the shapes of the traces are similar with just a scaling 

factor difference. Hence, in order to generate a traffic model with a certain quantiza

tion parameter, it is not required to do so for every quantization value. An example 

Table 3.1: Statistics and parameters of the models 

I Frames 

P Frames 

B Frames 

Overall (interleaved) 

Mean (bits) 

Original 

20490 

5573 

2512 

4442 

Model 

20146 

5701 

2556 

4499 

Parameters 

u0 

0.460 

0.810 

0.590 

c 
0.60 

0.60 

0.40 
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Figure 3.9: Modeled vs. Real TES data for the P frames as appears in the testool 

is shown in figure 3.12 which is taken from the testool to compare the video sequence 

statistics for quantization parameters 7 and 12. 

In other words, only one model of the video is required, while the rest can just be 

multiplied by a scaling factor that depends on the video type. This scaling factor is 

different for the I, P and B frames. Figure 3.13 illustrates the relationship between 

the bit rate per frame versus the quantization parameter, with the knowledge that 

the bit rate is normalized to the Q = 7 case. 
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Chapter 4 

Rate Control Variable bi t-rate (RC-VBR) 

over Wireless Zigbee Networks 

Constant bit-rate (CBR) coding restricts the output bit-rate and tries to maintain 

this rate throughout the video transmission. This results in a continuous change in 

the video quality. Whereas, variable bit-rate (VBR) coding preserves the quality of 

the video by keeping the value of the quantization parameter unchanged. However, 

VBR encoding results in a high traffic burstiness due to a big difference between the 

intra-frame and inter-frame sizes. 

This chapter presents a rate control variable bit-rate (RC-VBR) algorithm that 

combines the benefits of both types of coding (CBR and VBR). The algorithm makes 

use of the queue to allow rate variability while keeping a small restriction in the 

bit-rate. In addition, an enhancement of the algorithm is implemented by adding 

the video segmentation (region-of-interest) technique to increase the number of video 

sources and therefore increase the size of the network. 
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4.1 Rate Control Video Transmission 

Some studies considered adaptive forward error correction to calculate the rate needed 

to encode the VBR video. In [29], an analytical rate control model using adaptive 

forward error correction (FEC) schemes is proposed for wireless networks. A similar 

approach is proposed in [30] by considering mobile ad hoc networks. These schemes 

introduce redundancy, depending on the current channel conditions. Accordingly, 

the throughput available at the application layer changes. It increases as channel 

conditions improve, and decreases as channel conditions worsen. In [30],the encoding 

parameters were tuned to adapt the video source transmission rate to the available 

throughput. However, the previous schemes are not suitable for wireless Zigbee net

works since they introduce a large amount of overhead due to the FEC packets added 

during poor channel conditions. 

Other studies considered computing a relationship between the quantization pa

rameter, data size and video complexity. In [31], a generic relationship to compute 

the quantization parameter from the video frame sizes and I-frame spatial complexity 

is proposed. This relationship provides a mechanism to select the quantization value 

for an I-frame (with different spatial complexity) before actually encoding it. Experi

ments show that the adaptive intra-frame quantization algorithm reduces the amount 

of frame skipping significantly with a comparable average peak signal-to-noise ratio 

(PSNR), thus improving the overall subjective quality of the reconstructed video. 

However, this method requires the quantization parameter to be continuously com

puted, resulting in high power consumption that is not suitable for Zigbee networks. 

There were also studies that considered Automatic Repeat Request (ARQ) to 

design their rate control algorithms. In [32] [33], a source rate control algorithm 

is implemented according to the buffer fullness at the transmitter side. Channel 

feedback is considered in order to enhance the rate control algorithm by changing 
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the rate produced by the encoder according to the channel conditions. The previous 

studies are similar to the approach used by the developed rate control. However, 

no feedback is needed from the destination even if the channel conditions become 

worse. The reason being that the buffer fullness will be known. This approach is 

more appropriate than the previous work for wireless Zigbee networks because no 

additional packets are needed for feedback. Moreover, the computational power is 

minimal in agreement with the low power requirement of the IEEE 802.15.4 standard. 

4.2 Rate control variable bit-rate (RC-VBR) algo

ri thm over wireless Zigbee networks 

The rate control VBR algorithm developed combines the benefits of both types of 

coding by using the queue to allow rate variability but at the same time keep a small 

restriction in the bit-rate. 

MPEG-4 
Encoder 

Rate 
Controller 

R(n) 

4 Packetizer 

Figure 4.1: RC-VBR encoder 

Figure 4.1 shows the complete MPEG4 encoder when rate control VBR is used. 

No additional buffer is added to the encoder, resulting in an extra delay, that is 

known to occur in CBR coding. The rate controller is used to make sure that the 
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buffer remains at a certain range by continuously checking the size of the queue. 

The output rate of the buffer is r (in packets per second) and the buffer size is b (in 

packets). The rate controller will keep a counter X representing the number of packets 

in the buffer. The counter increases or decreases to certain defined thresholds. The 

rate controller informs the encoder if these thresholds are reached so as to change the 

encoding parameters. The quantization parameter Q changes on a per GOP level. 

However, the rate change of Q is much less in RC-VBR coding than in CBR coding 

because of the introduction of the buffer size counter and the thresholds. This results 

in a consistent video quality with the addition of a rate controller. 

Threshold! « 0, Threshold!! f» b 
RvBB.(n): pkts in the nth GOP VBR coding 
if(X = 0) 
then RC-VBR coding = VBR coding 
if(X = b) 
then RC-VBR coding = CBR coding 
»7(0 < X < Thresholdl) 

then 
Rnew = max{r, RVBB,(n)} 

if {Threshold! < X < b) 

then 
Rnew = min{r,RVBR(n)} 

Cnew = C(n) then Rnew x Qnew = R(n) 
Qnew — Q{n) X R^^ 

x Q(n) 

Figure 4.2: RC-VBR algorithm 

The RC-VBR functionality is similar to the one found in [34]. The number of 

packets in the buffer is kept as a counter X to make sure that the upper and lower 

thresholds are met (0 < X < h). R(n) is the number of packets generated, while Q(n) 

is the quantization parameter for the n-th GOP. 
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The RC-VBR algorithm makes sure that X is never close to 0 or b, by monitoring 

the packet size counter X and comparing it with a threshold. Therefore, if X is not 

close to 0 or b, the quality of the video remains unchanged. Whereas, if the X counter 

crosses the thresholds (i.e. becomes close to either 0 or b), the RC-VBR algorithm 

changes the video quality value by either increasing or decreasing it respectively. 

, i , 1 , , 1 , 1 
0 5 10 15 20 25 30 35 

GOP# 

Figure 4.3: GOP Index vs. R-Q Product 

The Q value will change for different reasons. One reason is the change in scene 

complexity, i.e an object appearing or disappearing in surveillance networks. Another 

reason could be a change in the number of hops or a change in the channel conditions. 

In the aforementioned cases, the quantization parameter values should be changed to 

make sure that the object can be tracked. A good measure for the scene complexity 

is the R-Q product [34]. 

Figure 4.3 shows the R-Q product versus the GOP number for different quanti

zation parameters. From the figure, it is shown that the R-Q product of each GOP 

is almost the same for various Q values. The product difference between the vari

ous GOPs is due to the difference in frame complexity. However, the R-Q product 

for every GOP is a constant which represents the complexity of the scene. Let: 
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C{n) = R{n).Q{n) and from figure 4.3, it can be seen that C(n) is practically inde

pendent from Q. The full RC-VBR algorithm is summarized in figure 4.2. 

4.3 Region-of-interest based rate control variable 

bit-rate (ROI RC-VBR) algorithm over wire

less Zigbee networks 

t 
Figure 4.4: a) Real video frame sample b) Video frame using video segmentation 

In a conventional surveillance network, the static background regions in the video 

frames are encoded and transmitted over the network even if they do not contribute 

significant information. Video surveillance sequences contain long periods of inactiv

ity and short periods of activity limited to a small region of the frame. Therefore, a 

method for object segmentation will reduce the video traffic over the network. Thus, 

this method is appropriate for low bit-rate networks such as Zigbee networks. The 

method can be produced by analyzing and encoding important regions of the frames 

and hence transmitting smaller frame parts, resulting in an increase of the topology 

size (i.e. number of video camera sources). 

In [35], region-of-interest coding is used for JPEG2000 image transmissions over 

surveillance networks. In [37], a spatial-temporal segmentation technique was in

troduced to encode an MPEG-2 content based encoded video. The segmentation 
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technique used in this paper is similar to the one in [37]. However, the segmented 

object (i.e. region-of-interest) frame is passed to the rate control VBR (RC-VBR) 

encoder instead of the MPEG-2 encoder to make sure the video output rate remains 

within certain boundaries. This algorithm is called the region-of-interest rate control 

VBR (ROI-RCVBR) algorithm. Figure 4.4a shows the original frame while figure 

4.4b shows a segmented frame where only the person object is encoded. 



Chapter 5 

Multi-channel Multi-radio over Wireless 

Zigbee Networks 

Various studies were performed to solve the problem of interference by using the 

multiple channels available in IEEE 802.15.4 networks. In [42], Won et al. proposed 

an adaptive interference avoidance scheme by forming a mesh network over multiple 

IEEE 802.15.4 devices. In [43], Pollin et al. proposed an adaptive multi-channel 

solution in case of interference with other IEEE 802.11 networks by considering a 

random channel discovery. This approach makes it difficult for other devices to change 

their frequency channels to the new one. In [44], the problem of interference was solved 

by making every cluster group use the same channel and in case of interference, 

the whole group changes their channel by using the same pseudo random number 

generator. 

This chapter presents a multi-channel multi-radio network topology to increase 

the size of the wireless Zigbee network and concludes it with the implementation of 

the Multiple Descriptive Coding (MDC) algorithm. 
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5.1 Related work of multi-channel multi-radio net

work topology 

Wired networks still overcome wireless networks when it comes to sustaining band

width. Wireless network technologies with multiple channels and multiple interfaces 

are now being focused on because they allow high performance improvement with a 

relative low cost and complexity. Current multi-channel standard technologies such 

as IEEE 802.11 and IEEE 802.15.4 are mostly being used in single channel mode. We 

expect that if a multi-channel multi-interface system is implemented, it will lead to a 

dramatic increase in throughput. For example, IEEE 802.11 has two standards, the a 

and b/g which allow up to 12 and 3 non-over lapping orthogonal frequency channels 

respectively. The non-overlapping channels can be used simultaneously. Similarly, the 

IEEE 802.15.4 allows up to 16 non-over lapping channels to be used simultaneously. 

In order to use this technology, additional radio hardware is required, but this 

will not affect the cost since large scale production of hardware products is cheap. 

Each interface is assigned with an available channel. In our work, we will use up 

to two interfaces with a multiple channel option. A further increase of the number 

of interfaces and channels could increase the throughput (per user). However, the 

complexity and cost of the implementation will increase. 

In previous work, proposals have been made to modify the MAC layer to support 

multiple channel networks [45] [46]. Such networks avoid interference and allow par

allel transmission. Other studies of multi-radio networks that have been proposed, 

suggest the use of multiple interfaces within nodes in a network by assigning identical 

channels to all nodes [49]. Another set of studies suggested the use of multiple radios 

with directional antennas in which the MAC was modified to support beam forming 

or separate radios to communicate within the network [50]. Such studies are not 

practical since the standard is modified. 
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Different architectural design implementation for multi-channel multi-radio tech

nology were implemented. In the Hyacinth project, Raniwala et al. [51] [52] pro

posed routing and interface assignment algorithms for wireless mesh networks. Mesh 

nodes use multiple radio channels simultaneously by equipping nodes with multiple 

NICs that work directly with the interface and use software modifications to manage 

packet routing and interface channel assignment. The channel assignment consisted 

of centralized and distributed assignment techniques. In [52], it was shown that by 

implementing two interfaces and assigning each interface with a single channel, the 

throughput increases by a factor of 2. Raniwala furthermore suggested the use of 

channel assignment for multi-radio and multi-channel mesh networks. It was shown 

that by using only 2 NIC cards per node and around 5 channels for the network, the 

throughput increased by a factor of 6 to 7 compared to single channel architecture. 

The hyacinth project was implemented both in ns-2 and in a real testbed. 

Other work were also implemented in ns-2 for multi-channel multi-interface net

works. The MITF project was carried out at Rio de Janeiro University. The goal of 

the project was to implement an AODV protocol over a multi-radio ad hoc network 

using ns-2.28. The TENS [53] project was done at the Indian institute of Technology. 

The project considered ns-2.19b to implement multiple interfaces over IEEE 802.11 

while using multiplexing. 

All previous work were designed for IEEE 802.11 since it is the most known ad hoc 

standard. However, there was a need for a flexible, modular, well integrated and easily 

configurable design. Therefore, a recent study [54] was developed to allow a large 

variety of technologies, protocols and roles (sensors, WLAN, WiMax) to be mixed 

together. The MW-Node [54] project was also designed for IEEE 802.11 networks. 

However, it was easy to integrate it with the IEEE 802.15.4 network so as to work 

with multiple channels and multiple interfaces. 
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There are three interface assignment strategies when implementing interface as

signments. They are static, dynamic and hybrid strategies. 

The static strategy assigns the channel to interface permanently, or for long inter

vals according to the switching time. Within this strategy, there exist two sub-classes, 

which are common channel approach and varying channel approach [49] [51]. In the 

common channel approach, interfaces of all nodes are assigned to a common set of 

channels, while in the varying channel approach, interfaces may be assigned to a 

different set of channels. 

The dynamic assignment strategy allows any interface to be assigned to any chan

nel, and interfaces can frequently switch from one channel to another [46] [47]. A 

coordination mechanism is required to ensure that two nodes are on the same chan

nel when they communicate with each other. Examples of coordination mechanisms 

are a node visiting a common channel periodically or the use of pseudo-random se

quences. An advantage of this strategy is the ability to switch an interface to any 

channel while having the potential to cover many channels with few interfaces. 

The hybrid assignment combines static and dynamic channel assignment strategies 

by applying static assignment to some interfaces and dynamic to others [48]. 

5.2 Extension for multi-channel multi-radio over 

IEEE 802.15.4/Zigbee networks 

Currently, there is no work for implementing multi-channels and multi-interfaces over 

IEEE 802.15.4 Zigbee networks. Therefore, a multi-channel multi-interface wireless 

Zigbee network is implemented in this chapter and is tested in the next chapter using 

a simulation study. All video cameras will implement the ROI-RCVBR algorithm 

which was studied in section 4.3 since it will produce a low bit-rate video which is 
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5.3 Multiple Description Coding (MDC) over a 

multi-channel multi-interface Zigbee networks 

Since 16 channels are in the ISM band in the IEEE 802.15.4 standard, the functionality 

of the Zigbee video nodes can be enhanced by adding one or more interfaces to them. 

Therefore, video transmission can happen in multiple streams. 

Some studies proposed to send the entire video over one path and keep the other 

path as a backup. Other studies proposed that the entire video can be transmitted 

over both paths so that if something happens to the main path, the sink (receiver) can 

alternate to the other path. However, these approaches are not suitable for wireless 

Zigbee networks since by sending the entire video over a single path, which is the 

first approach, the energy will be dissipated from the nodes that are part of the main 

path. Whereas in the second approach, the network will be flooded by video data 

since the entire video is transmitted in both directions. Therefore, two main concepts 

were introduced: multiple layer coding and multiple descriptive coding. 

Multiple Layer Coding (MLC) and Multiple Descriptive Coding (MDC) are two 

efficient coding approaches to multi-path transmission [55] [56]. The two approaches 

provide better error resilience than single layer coding over multi-path transmission. 

For single layer coding, packet losses may cause error propagation that sharply de

grades the overall quality of the reconstructed video. 
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5.3.1 Multiple Layer Coding (MLC) 

In Multiple Layer Coding (MLC), the video stream is divided into a base layer (I 

frames) and enhancement layer (P and B frames) [56]. Different protection mecha

nisms can be adopted for the base layer and enhancement layer. In MLC, the base 

layer (I frames) is essential. Therefore, forward error coding (FEC) or automatic 

repeat request (ARQ) is used to support the base layer. This is because the base 

layer is required to regenerate the original video. On the other hand, less restriction 

can be applied to the enhancement layer since it is not as important as the base layer 

in recovering the transmitted video. 

5.3.2 Multiple Descriptive Coding (MDC) 

In Multiple Descriptive Coding (MDC), the video source stream is split into multiple 

entities called descriptions, where each of the entities is decodable in a stand-alone 

fashion [55]. As more of these descriptions are received, the more the transmitted 

video can be restored. This means that the different descriptions of MDC are comple

mentary, i.e. packet losses in one description can be recovered from other descriptions 

as long as the same parts of the multiple descriptions are not lost simultaneously. 

5.3.3 Related Studies of multiple coding mechanisms 

There are some research studies comparing MDC and MLC. R. Singh et al. [57] 

presents a comparative study of MDC and MLC in a wide range of scenarios with 

different network conditions. Using simulations, it was shown that MDC outperforms 

MLC over a wide range. Y.Wang [58] compares the performance of MDC and MLC 

over general wireless networks. Simulation results demonstrate that using a combi

nation of Layer Coding and ARQ gives a better performance than MDC. However, 
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MDC results in a better quality than MLC without ARQ. J. Pan [60] presents a com

parative study of MDC and MLC. Using ns-2 simulations, it was shown that MDC 

is more suitable for symmetrical links while MLC is better in links with different 

channel conditions. 

Implementation of MDC over multi-channel multi-radio Zigbee networks 

The assumption of this thesis is that errors occur randomly in wireless channels. 

Therefore, MLC coding is not chosen since if the error occurs over the channel that 

is responsible for the base layer (I-frames) path transmission, the overall video will 

not be reconstructed during channel errors. Whereas, by using MDC, the overall 

video can be reconstructed because if errors occurred in one of the channel paths, the 

description received from the other path can be recovered in a stand-alone fashion. 

In addition, it is better to use MLC coding with forward error correction (FEC). This 

is not suitable for wireless Zigbee networks because FEC requires high data rates. 

Hence, MDC is used over a multi-channel multi-interface Zigbee video transmission. 

The combination of multiple path transport and MDC can provide robustness against 

severe network conditions and enable load balance. 

Figure 5.1 shows the complete node architecture used in the simulations. The 

upper portion of the figure is responsible for the region-of-interest rate control VBR 

(ROI-RCVBR) algorithm studied in section 4.3. This portion is only present in the 

Zigbee surveillance camera sensors while the lower portion is present in all Zigbee 

sensor nodes including the aggregation and sink nodes. Multiple Descriptive Coding 

(MDC) is added to the ROI-RCVBR algorithm for the sake of completeness. The 

lower portion of the figure shows the Zigbee protocol stack used in the node. An 

important observation is that every output descriptor from the MDC will pass to a 

separate transceiver (interface). Each transceiver operates on a different frequency 

channel to form the multi-channel multi-interface topology. 
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Figure 5.1: Ns Node Structure 



Chapter 6 

Experiments using Simulation Results of 

Wireless Zigbee Networks 

With the rapidly growing market for short range wireless communication systems, 

the support of security and surveillance related applications over sensor networks is 

becoming important. However, many challenges limit the design of efficient video 

communications over wireless sensor networks. Some of the challenges are due to 

resource limitations such as limited power and processing capability and the error 

resilience capability of video compression techniques. In addition, the capacity and 

throughput provided by wireless channels is much lower than wired channels because 

of the path loss, fading and interference. Wireless Zigbee networks have additional 

challenges that limit the capability of video support. The 2.4GHz band provides the 

highest theoretical bit rate of 250Kbps which is low for a large surveillance area. The 

physical layer supports transfer of only small sized packets limited to 127 bytes. Due 

to the physical, MAC and upper layer overhead, each has a maximum of 72 bytes for 

application data. This means that video frames might be fragmented into a higher 

number of packets depending on the frame type. In addition, the networking layer 

does not perform fragmentation which means that the fragmentation and reassembly 

should be handled at the application layer. 
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Two simulation metrics are used throughout the simulation: QoS metrics and 

Subjective metrics. The QoS metrics used are the frame loss percentage and average 

delay, while the mean opinion score (MOS) is the subjective metric. While the peak 

signal-to-noise ratio (PSNR) is not a subjective metric, there is a direct mapping from 

the PSNR metric to mean opinion score (MOS) [38] as shown in Table 6.1. 

The PSNR is calculated as follows: 

P S N R M ) = 2 0 % _ i | ^ B ] 

Vpeak = 2fe, k is the bit color depth 

MSE(s, d) =Mean Square Error of s and d 

s (source frame) and d (destination frame) 

Table 6.1: PSNR to MPS mapping 

PSNR(dB) 

>37 

31-37 

25-31 

20-25 

<20 

MOS 

5 (Excellent) 

4(Good) 

3(Fair) 

2(Poor) 

l(Bad) 

The PSNR metric is calculated for every transmitted and received frame. An 

evaluation metric could also be the average PSNR which takes the mean PSNR of all 

transmitted and received frames. 

This chapter presents the simulation and performance results of the various tech

niques studied in previous chapters. All simulations are done using the NS-2 simulator 

which uses C/C++ and Tel for coding. 

Throughout the simulations, losses due to the wireless channel are eliminated be

cause of overhead. In addition, each data point collected is averaged over 5 simulation 
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trials using a different random seed for each TES model generated. 

6.1 Validity of TES models over wireless Zigbee 

networks using simulation 

Ns-2 [26] simulations are performed using both real MPEG4 video traces and TES 

models over wireless Zigbee networks [24]. The purpose is to validate the use of TES 

models over Zigbee networks. The video sequence consists of 415 frames in QCIF 

format, each of which is fragmented into a number of Zigbee packets of 127 bytes 

each (including the overhead). The GOP is IBBPBBPBBPBBL. which consists of 

12 frames. All video frame statistics can be found in table 3.1. It can be shown 

from figure 3.1 that on reaching a certain number of frames, a peak occurs. This 

peak represents an I frame. I-frames are much larger than P and B frames and are 

fragmented into a higher number of packets. Therefore, they need more overhead and 

if some of the I-frame packets are lost, the whole frame and hence the whole GOP is 

dropped. 

Zigbee networks allow single and multi-hop network topologies. In multi-hop (ad 

hoc) transmissions, the covering range is much higher than the single hop transmis

sions. However, the throughput is lowered whenever a hop is increased, which results 

in a lower video quality [27]. This is because of hidden and exposed terminal prob

lems, resulting from the inability of adjacent nodes that are within sensing range of 

each other to transmit simultaneously. The simulations consider one and two hop 

transmissions with chain topologies in which losses only occur because of full buffers 

in the Zigbee nodes. 

Figure 6.2 shows the frame loss probability of the real video trace and the video 

model (generated over 5 trials) of the full video sequence. To understand the queuing 
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Figure 6.1: a) One hop Zigbee video transmission, b) Two hop Zigbee video trans
mission. 

performance, the buffer size of the Zigbee nodes were increased from 50 to 450 in 50 

packet steps. The results in the graph include the one and two hop cases as shown 

in figure 6.1 with Q = 4 and 7 respectively. As shown in the figure, the video model 

generated closely matches the real trace and as the buffer size increases the frame loss 

decreases. The values of the quantization parameter were changed for the different 

number of hop counts so that losses would occur in all cases. Packet losses will only 

occur because of full buffers. Losses due to the wireless channel will be eliminated 

because link layer acknowledgments are used. 

Figure 6.3 shows the average delay of the video frames for the different quantiza

tion parameters. The results include the real video and modeled video. The buffer 

size was assumed to be high in all the cases so that no frame losses would occur. The 

figure includes the one and two hop cases. From figure 6.3, we consider the delay of 

the real video trace and video model to have reasonable agreement. In addition, the 

delay becomes higher as we increase the number of hop counts. 
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Figure 6.2: Frame Loss vs. Buffer size (bytes) 

6.2 Simulation results of RC-VBR algorithm over 

wireless Zigbee networks 

Ns-2 simulations are performed to compare the RC-VBR algorithm and to show how 

it outperforms the VBR coding over wireless Zigbee networks. It is very important 

to choose the right parameters for the RC-VBR algorithm. For example, b defines 

the buffer size used for the simulations and r is the output buffer rate which directly 

impacts the video quality. For a reasonable video quality, r should be set to a value 

greater than 30 kb/s. 

The aggregation node as shown in figure 6.4 is a more complex node which aggre

gates data from different video sources to a single path and then to the destination. 

The aggregating node is connected to a power source. Hence, the transmission range 

is set to a higher value. The destination is the monitoring node where all videos are 

tracked and any suspicious act can be detected. 

The sensing and transmission power is set according to the two-ray-ground model 

as follows: 

^ - 1 hop real (Q4) 
--G- 1 hop model (Q4) 

. 2 hop real (Q7) 
t 2 hop model (Q7) 
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Figure 6.3: Mean Delay(sec) vs. Quantization Parameter 

Pr = 
Pt.Gt-Gr.ht.hr 

where Pr and Pt are the receiving and transmitting powers, Gt and Gr are the 

antenna gains, ht and hr are the antenna heights, L and d are the path loss component 

and transmission distance respectively. This means that in order to support a low 

transmission power, the transmission distance has to be small. 
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Figure 6.4: Network Topology of the RC-VBR algorithm 
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In order to choose the correct parameters for the RC-VBR algorithm, the through

put of the network topology should be known. Although Zigbee networks offer a 

nominal rate of 250kb/s (i.e. 240pkts/sec), this data rate will be affected by the 

overhead and number of hop count. 
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Figure 6.5: Number of hops vs. Throughput (packets/sec) 

Figure 6.5 shows the throughput in packets/sec for 1, 2, 3 and 4 hops. It is obvious 

that the data rate will keep on decreasing drastically up to a certain number of hop 

counts (3 in this case) because of the hidden and exposed terminal problems. After a 

certain point, the change in the data rate is small because the effects of the terminal 

and exposed station problems become minimal [27]. 

From figure 6.5, it is shown that the throughput for the two hop case (the case for 

figure 6.4) is around 75pkts/sec. This means that in order to get a good video quality 

over the Zigbee network, we can provide a maximum of two video sources, each with 

about a 35kb/sec (35pkts/sec) rate. Table 6.2 shows all the simulation parameters 

used in the simulations. 

In order to compare VBR with RC-VBR algorithms, a quantization parameter of 

15 will be used for the VBR because it produces an average output rate of 35kb/s. 
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Figure 6.6: Frame Number vs. PSNR 

Figure 6.6 shows the PSNR (peak signal-to-noise ratio) using both the VBR and 

RC-VBR algorithms. The PSNR metric is only shown for one of the video sources 

while the TES model was fed to the other source. The RC-VBR is implemented in 

the TES video model using the method shown in figure 3.13 where a scaling factor 

was used to obtain the frame sizes of the required GOP. 

From the figure, it can be shown that RC-VBR algorithm outperforms the VBR 

algorithm. An important observation is that sometimes (especially at the beginning), 

the PSNR of the VBR encoding is higher than the RC-VBR. This is because the buffer 

is not initially full, hence packets can be queued without any loss. This difference is 

Table 6.2: Simulation Paramet 
Parameter 

b 

r 

ds (sources transmission distance) 

da (aggregating nodes transmission distance) 

x-y topology coordinates 

ers 
Value 

50 packets 

35 packets/sec 

20 meters 

80 meters 

100m x 100m 
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Figure 6.7: Comparison of i)Real video ii)RC-VBR algorithm and iii)VBR encoded 
sample frames 

small and is not obvious. However, as the video sequence continues playing, the VBR 

encoding starts to loose a lot of packets because of the rate variability that it offers. 

Whereas in the RC-VBR case, the algorithm makes sure that the buffer occupancy 

stays within certain boundaries. 

Figure 6.7 shows a comparison between some parts of the real video, RC-VBR and 

VBR received videos. From figure 6.7, the conclusions that were made concerning 

figure 6.6 can be proven visually (by looking at the arrows where the object cannot 

be observed). This shows that RC-VBR outperforms VBR for Zigbee networks. 

To validate the previous results, 4 more video samples were taken for the same 
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topology in figure 6.4. The average PSNR and frame loss percentage are taken as 

the evaluation metrics. Table 6.3 shows the comparison of the video samples. The 

table shows that RC-VBR outperforms the VBR algorithm in all the cases. Figure 

6.8 validates the above results by showing the real video, the RC-VBR algorithm and 

the VBR encoding respectively. 

Table 6.3: Comparison of the performance metrics of VBR and RC-VBR algorithms 

Walking Person 

Skater 

Skier 

Soccer Player 

RC-VBR algorithm 

PSNR 

(dB) 

29.21 

29.46 

32.03 

26.37 

Frame 

Loss(%) 

0.0 

0.0 

0.0 

0.0 

VBR algorithm 

PSNR 

(dB) 

23.67 

23.54 

30.56 

24.29 

Frame 

Loss(%) 

9.2 

30.4 

7.1 

26.1 
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Figure 6.8: i) Real video ii) RC-VBR algorithm iii) VBR encoded sample frames 

6.3 Simulation results of ROI RC-VBR algorithm 

over wireless Zigbee networks 

Although RC-VBR produced good results, the maximum number of sources that 

were accommodated were small (two in our case) since IEEE 802.15.4 networks offer 

a very low data rate. Therefore, a combination of region-of-interest (ROI) coding with 

a source rate control VBR (RC-VBR) encoding is used, as developed in section 4.3. 

This is done by dynamically adapting encoding parameters for the region of interest 

in the different video frames. Hence, the number of video surveillance cameras that 
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can be accommodated with a low loss rate over the Zigbee network are increased to 

four sources. 
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Figure 6.9: Video bit-rate vs. Frame Loss 
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Figure 6.10: Video bit-rate vs. Average PSNR 

Table 6.4 shows the average PSNR and frame loss percentage of the ROI-RCVBR, 

RCVBR and ROI-VBR Zigbee video transmissions when four video transmissions are 

used. By comparing the ROI-RCVBR and RCVBR algorithms, the addition of the 
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region-of-interest algorithm results in improved performance, increasing the topology 

size of the video transmission over Zigbee networks. 

Figures 6.9 and 6.10 illustrate a comparison between ROI-RCVBR encoding and 

ROI-VBR encoding using 4 video sources (walking person is used in this case). From 

the figures, the ROI-RCVBR algorithm resulted in an average decrease of 40% in 

the frame loss and an average increase of 2.5dB in the average PSNR. An important 

observation is that with ROI-RCVBR, a lOkb/s video bit rate produces 0% loss and 

very good video quality. This is because only important parts of the frames are 

transmitted, which means that this bit rate is suitable for wireless Zigbee networks. 

Table 6.4: Comparison of the performance metrics of ROI-VBR, RCVBR and ROI-
RCVBR algorithms with 4 video sources 

Walking Person 

Skater 

Skier 

Soccer Player 

ROI-RCVBR algorithm 

PSNR 

(dB) 

35.96 

27.03 

35.0 

26.55 

Frame 

Loss(%) 

0.0 

17 

0.0 

18.4 

RCVBR algorithm 

PSNR 

(dB) 

25.53 

20.2 

24.56 

18.74 

Frame 

Loss(%) 

21.1 

33.2 

20.8 

35.3 

ROI-VBR algorithm 

PSNR 

(dB) 

34.20 

20.01 

22.67 

21.29 

Frame 

Loss(%) 

32.0 

71.7 

56.0 

71.3 

To validate the efficiency of the ROI-RCVBR algorithm, the same 4 video samples 

are taken. Table 6.4 also shows the average PSNR and frame loss percentage of the 

ROI-RCVBR and the ROI-VBR Zigbee video transmissions. It can be shown that the 

ROI-RCVBR algorithm results in improved performance, enabling the transmission 

of video over a Zigbee environment. From table 6.4, it can be observed that the 

ROI-VBR performs the worst among all three algorithms. This proves that the ROI 

algorithm is not enough to increase the topology size of the network if VBR coding 

is used without adding the rate control algorithm. 

An important observation from the table is the difference in quality among the 
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video sequences. For instance, the walking person and skier vidoe sequences produce 

the best performance when using the ROI-RCVBR algorithm. This is because the 

segmented video object uses the smallest portion of the original video frame. 
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6.4 Effects of interference of WLANs (IEEE 

802.11) and LR-WPANs (IEEE 802.15.4/Zig-

bee) on video surveillance LR-WPANs 

This section will illustrate the effect of interference in WPANs caused by both WPANs 

and WLANs in a wireless surveillance application. For all the experiments, the trans

mission range of the Zigbee devices is 20 meters while the range for the WLAN devices 

is 250 meters. 

Figure 6.11: LR-WPAN and WLAN interference topologies 

To study the effect of interference between low bit-rate WPANs and WLANs, we 

refer to figure 6.11. The two experiments shown in the figure are performed sepa

rately. The surveillance camera sensor is the Zigbee video source that is outputting 

an MPEG-4 encoded video to a sink with a quantization parameter (Q) 10. Nodes 

nl and n2 are two Zigbee nodes that are sending data at a constant bit rate (CBR) 

distribution with a packet size of 100 bytes and inter-arrival time of 10 ms. Both 

networks are using the same frequency channel to study the effect of interference. 
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Table 6.5 shows the results of the effect of interference that occurs between the two 

IEEE 802.15.4 transmissions. The results show the frame loss percentage and average 

PSNR in the presence of another IEEE 802.15.4 network. 

A separate experiment was done and also shown in figure 6.11. The same surveil

lance camera sensor and Sink are used in the experiment. The IEEE 802.11 network 

consists of nodes si and s2. Node si transmits CBR traffic with packet size 512 bytes 

over a UDP connection. The WLAN network uses a channel that interferes with 

that of the WPAN video surveillance network. The frame loss and average PSNR 

is calculated and also shown in table 6.5. From table 6.5, it can be shown that the 

coexistence of IEEE 802.15.4 and WPAN networks has a great effect on video trans

mission. However, the IEEE 802.11 has a greater effect on video quality because it 

uses higher power, wider frequency spectrum and greater packet sizes than the IEEE 

802.15.4 network which conforms to the previous work. 

Table 6.5: Impact of interference on IEEE 802.15.4 networks 

WPAN Interference 

WLAN Interference 

FrameLoss(%) 

39.7 

53.2 

PSNR(dB) 

25.11 

20.21 
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6.5 Simulation study of multi-channel multi-radio 

over wireless Zigbee networks 

Surveillance 
JM Zigbee Nodes 

Aggregation 
Nodes 

Channel 11 ' ' ^ ^ 

Channel 121 

— > 

Channel 11 

Channel 12 

71 ChanneVl2 A V 
ChanneUuL^ Channels 

Channel 11 Channel 11 " * 

Channel 11 

Figure 6.12: Network Topology with 2 channels and 2 interfaces 

The original network topology used before in section 6.5 consisted of a topology 

where all nodes used one interface and one channel for the whole network. The 

number of video sources was limited to 4 even though the region-of-interest (ROI) 

video encoding was used. Therefore, multi-channels and multi-interfaces are used 

to increase the topology size. Figure 6.12 is similar to the one used in section 6.5. 

However, the aggregation nodes are equipped with 2 interfaces where each interface 

uses a different channel. Since the 2.4GHz ISM band in the IEEE 802.15.4 standard 

contains 16 channels, we may assign two different channels to the two interfaces, for 

instance channels 11 and 12. All Zigbee video sources are equipped with one interface 
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and hence use a single channel, i.e. 11. The sink node will only need a single interface 

since only 2 channels are used by the topology. Therefore, the sink node will use the 

second channel, 12 for our case, to communicate with the other aggregation nodes. 

This network topology will increase the throughput by a factor of 2, which means 

that the number of ROI-RCVBR video sources is doubled, i.e. becomes 8 in our 

case. This is shown in table 6.6 where 7, 8 and 9 sources are assumed. For each case 

the frame loss percentage and the PSNR are calculated for source 1 (the real video 

source), while TES models are being used for the rest of the video sources. It is shown 

that no loss occurs in the 7 and 8 source cases, whereas a loss of 8.1% occurs in the 

9 sources case as expected. An important observation is that no quality difference in 

the video received for the 7 and 8 source cases since all sources will be accommodated 

in both cases. 

Table 6.6: Effect of number of sources on a 2 channel and a 2 interface topology 

Number of Sources 

7 

8 

9 

FrameLoss{%) 

0 

0 

8.1 

PSNR(dB) 

35.96 

35.96 

33.5 

This network topology can be further enhanced by using more channels or inter

faces per node. However, as mentioned in related studies, a maximum of 2 interfaces 

are used per node because more power is needed which is not suitable for Zigbee 

nodes. Therefore, if the number of channels is increased, more sources can be han

dled. For example, for the topology shown in figure 6.13, 12 sources can be used. As 

illustrated in the figure, the aggregation nodes and the sink node use 2 interfaces. 

The surveillance nodes still use a single interface. However, the different aggregation 

nodes will not interfere with each other since they are not within interference range. 

Table 6.7 shows the frame loss percentage and average PSNR for 11, 12 and 13 video 
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sources. Similarly, a 0% loss and the same PSNR occurred for the 11 and 12 source 

cases while a loss of 5.6% and a lower PSNR occurred for the 13 sources case as 

expected. The use of more channels will result in an increase in the throughput and 

hence in the number of video sources. In addition, even if more channels are available 

in the network which will most likely be the case for the 2.4 GHz in the IEEE 802.15.4 

standard, the throughput can be increased to accommodate more sources. 

Table 6.7: Effect of number of sources on a 3 channel and a 2 interface topology 

Number of Sources 

11 

12 

13 

FrameLoss(%) 

0 

0 

5.6 

PSNR(dB) 

32.73 

32.73 

31.26 

•--f' Surveillance 
Zigbee Nodes 

Aggregation 
Nodes 

Channel 1 f ^ ^ r 

Channel 12 

, ft 
I i'f" 
Channel 13 

i 

Channel 11 f1 0 m' .y 

mML •£&* mms ^ Channel 12 

Sink 

V 
'Channel 11 Channel 12l 

Channel 1 f~^-

Channel 13 

Channel 13 

Channel 11 "\J, 

Figure 6.13: Network Topology with 3 channels and 2 interfaces 
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6.6 Network topology and simulations of Multiple 

Description Coding (MDC) over multi-radio 

multi-channel Zigbee networks 

The new topology used for the simulations is shown in figure 6.14. All the nodes 

including the camera sensors are equipped with 2 interfaces. Four channels are used 

for the entire network as shown in the figure. 

v* Surveillance 
• A Zigbee Nodes 

•
Aggregation i ^ •&?• 

Nodes 

-> Channel 11 

--> Channel 12 

Figure 6.14: Network Topology with 4 channels and 2 interfaces with MDC 

As MDC splits the video source stream into multiple descriptors, the splitter will 

split the stream using a frame based approach. The splitter, as shown in figure 6.15, 

takes the raw video sequences and splits them into i sub-sequences (2 in our case). 

Then the sub-sequences are fed to the video encoder, MPEG4 in our case. 

All previous simulations assumed interference but no channel errors during the 
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s o u r c e -
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Figure 6.15: Multiple Descriptive Coding (MDC) 

transmission. However, in real wireless environments, many errors occur because of 

fading and other wireless errors. The Gilbert-Eliot error model is chosen to show the 

efficiency of using MDC with multi-channel multi-interface video transmission [38]. 

Wireless GE model, also known as burst error model is shown in figure 6.16. It 

consists of a "good" state (G) where errors occur with lower probability PQ, while 

in the "bad" state (B), errors happen with higher probability PB- Also, PQB is the 

probability of the state transiting from a good state to a bad state, and PBG is the 

transition from a bad state to a good state. The steady state probabilities of being 

in states G and B are 

nG = PBGZPGB
 a l l d nB = PBG+PGB respectively. 

The average packet loss probability produced by the GE error model is 

Pavq = PG-KG + PB-KB 

For simplicity, some researchers assume the random uniform model to represent 

the error characteristics of a wireless channel. However, a wireless channel has burst 
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Figure 6.16: Gilbert-Eliot error model 

error patterns, and the Gilbert-Eliot model [38] is a well known channel model used 

to measure the burst error pattern. 

Table 6.8: Comparison of the performance metrics of ROI-RCVBR with and without 
MDC 

Walking Person 

Skater 

Skier 

Soccer Player 

ROI-RCVBR (MDC) 

PSNR 

(dB) 

36.55 

23.72 

35.57 

25.40 

Frame 

Loss(%) 

2.6 

26.3 

4.7 

22.6 

ROI-RCVBR (no MDC) 

PSNR 

(dB) 

28.52 

20.04 

21.98 

20.69 

Frame 

Loss(%) 

11.2 

18.8 

13.8 

29.4 

The PGG, PBBI PG
 a n d Pg are set to 0.96, 0.94, and 0.01, and 0.3 respectively. 

The parameters are similar to the ones taken in [38]. The average PSNR and the 

frame loss rate of one of the Zigbee camera sensors are shown in table 6.8 using 

multi-channel and multi-interface with and without MDC for the walking person, 

skater, skier and soccer player video sequences [37] respectively. The big difference in 

the average PSNR and frame loss rate is due to a high error rate that was assigned to 
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the GE error model which resulted in high losses in one of the channels. In addition, 

by using MDC, all of the errors can be restored as long as one of the descriptions is 

received correctly. Hence, producing the high average PSNR value. The results can 

be illustrated in figure 6.17 by showing a sample frame from the video using MDC and 

the video using no MDC. It can be shown in the figure that some parts of the video 

are not clear without MDC. This is because some errors occurred during transmission 

because of the channel error model introduced to the wireless channel. This could 

result in losing important portions of the frame, especially in object based video 

suveillance. An important observation from the figure is that the different video 

types are different in quality, even though the results are better for all the video 

sequences when MDC is used. However, the surveillance sample (walking person) 

still produced the best results because the object size and movement within the video 

are the least among all the video sequences. Thus, wireless Zigbee networks can be 

used for such networks efficiently even with the introduction of channel errors. 
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t 

Figure 6.17: Comparison of multi-channel multi-interface using i) with MDC and 
ii) no MDC 



Chapter 7 

Conclusions and Future Work 

This chapter contains the conclusions and suggested directions for future study. 

ZigBee is a promising technology designed especially to allow low cost and low 

power communication among devices running within a personal area network (PAN). 

IEEE802.15.4/ZigBee has been steadily accepted by the industry as a de-facto indus

try standard; more and more manufacturers produce ZigBee compatible devices. 

In this thesis, a rate control video transmission scheme was developed to enable 

specific video applications over wireless Zigbee networks. The video applications 

included low rate video surveillance and monitoring transmission rather than high 

rate video streaming as can be seen with other wireless standards that offer higher 

data rates. Moreover, a simulation based study for video transmission over distributed 

nodes based on a multi-channel multi-interface IEEE 802.15.4/ZigBee network was 

presented. 

7.1 TES modeling for low bit-rate MEPG4 video 

and future directions 

It was shown that TES processes offer good modeling approach for low bit rate 

MPEG4 video traffic. The frame types and overall interleaved video model matched 

78 
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the original video sequence. The thesis outlined a generation method of video mod

els for the different quantization parameters without having to do all the steps of 

TES modeling. It is done by modeling the compressed video for a small number of 

quantization parameters, and then multiplying each frame type by a certain scaling 

factor that can be different depending on the video type. The scaling factor approach 

enables the study of video performance over wireless Zigbee networks. Video trans

mission can occur without the need for transmitting the real video since both the 

original and modeled traffic provide similar statistics. For future work, more proper

ties of the video trace models may be developed such as generating different priority 

packets and capturing self-similarity of the video traffic. 

7.2 Summary of implemented topic results and fu

ture work 

The rate control variable-bit-rate (RC-VBR) algorithm was introduced and was shown 

to outperform video transmission over IEEE 802.15.4 Zigbee networks using tradi

tional techniques. The quantization parameter was changed adaptively for the differ

ent video sources by continuously monitoring the buffer occupancy. The performance 

metrics were calculated for the original MPEG4 source while all other sources were 

fed by the TES models. A combination of region-of-interest (ROI) and RC-VBR was 

implemented for improved video surveillance by adding more video sources to the 

network (a maximum of 4 sources is reached). 

The effect of interference of 802.15.4 (LR-WPAN) and 802.11 (WLAN) on a video 

transmission over wireless Zigbee networks was studied. It was shown that both 

cases degraded the video quality. However, the interfering 802.11 transmission had 

a greater impact than the 802.15.4 interfering nodes due to its higher transmission 
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power, wider frequency spectrum and greater packet sizes. 

A multi-channel multi-radio network topology was extended to work for wireless 

Zigbee networks. This topology takes advantage of the multiple free non-overlapping 

channels that are available in the IEEE 802.15.4 standard. The number of sources 

in the wireless Zigbee network was increased due to the substantial improvement in 

throughput of the multi-channel multi-radio network. The number of interfaces (i.e. 

radios) used in the simulations were 2 as the number of channels were being changed. 

A two channel topology resulted in an increase in the number of video camera sources 

by a factor of 2 (i.e. peaked at 8 sources) and up to 12 video sources with a three 

channel topology. 

An enhancement of the multi-channel multi-interface topology was developed by 

adding multiple descriptive coding (MDC) to the ROI-RCVBR algorithm. Using 

this coding technique, the delivery of the video content was guaranteed even in the 

presence of channel errors (simulated by the Gilbert-Eliot model) which are frequent 

in real environments. 

All the work in the thesis was implemented in a software simulator (NS-2), which 

make the topics studied in this thesis less attractive for real-time purposes, i.e. video 

surveillance. Therefore interesting future enhancements to this research would be the 

following: 

- Implementation of all the studied topics (MDC, ROI and RC-VBR) in Matlab. 

- Implementation of all the studied topics in HDL (Verilog or VHDL). 

The software application that should be chosen for the developed algorithms 

should be Matlab. Matlab is a robust tool for the development of PC-based pro

totypes for targeted hardware platforms. Such implementations are well suited for 

Matlab since it has strong support for matrix-based computations like image pro

cessing. Matlab is also a useful algorithmic tool for the purpose of video and digital 

signal processing. 
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As the majority of the image processing algorithms are highly recursive tasks, the 

hardware candidate technologies for implementation are DSP (Digital Signal Pro

cessor), FPGA (Field Programmable Gate Arrays) and ASIC (Application Specific 

Integrated Circuit). The prime choice for the implementation design of the algorithms 

is FPGAs since it has the best performance and most feasible cost. DSP technology 

is no different from a general-purpose computer, because of its sequential nature. 

ASIC on the other hand can be expensive for low-volume production since it requires 

the design and creation of application specific tasks, which are rarely bug-free in the 

first instance. In addition, Matlab can be used to validate the studied algorithms in 

software and can easily be changed to an HDL language that can be used to build an 

FPGA. 

7.3 Low power consumption and low complexity 

video compression over wireless Zigbee net

works 

It is essential to use video compression techniques before transmitting video over a 

network especially for low bit-rate networks such as wireless Zigbee networks. There

fore, an MPEG4 encoder was used as our encoding standard since it is well known 

and works well over wireless networks. In addition, the transmission power will be 

decreased because the number of bits transmitted is reduced. It was also shown that 

with the introduction of region-of-interest coding and then passing the video sequence 

to the MPEG4 encoder, the video frame sizes are reduced substantially and hence 

the topology of the network increases. However, this video compression design still 

poses major challenges such as power, complexity, quality and delay issues. This 

is because both the video segmentation algorithm (ROI) and MPEG4 compression 
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consume a high amount of energy that is not feasible for low power networks such as 

wireless Zigbee networks. In particular, in a typical video surveillance application, it 

has been shown that video encoding is mandatory due to the limited bandwidth and 

delay constraints. Whereas the compression itself (including motion compensation 

and frame differencing) can dominate the energy cost due to the high computational 

complexity of low power processors. The major power consumption in MPEG4 com

pression mainly occurs when calculating the P-frames and B-frames. This is because 

differences between the current frame and the reference frame require high compu

tational complexity, which consumes high power and energy. Therefore, interesting 

future research would be to develop a video compression system that is mainly used 

for video surveillance over a wireless Zigbee network. The proposed algorithm should 

reduce the correlation between the current frame and its reference frame while at 

the same time keep the compression system close to the performance of the MPEG4 

compression standard. In addition, the Zigbee node can be equipped a passive In-

fraRed sensor (PIR) for capturing images. To achieve low-power consumption, the 

PIR sensor detects an object regularly while the camera sensor is in its idle state. If 

there is an object, the node captures the video object with its camera. The use of 

PIR sensors would eliminate a high portion of the cost because the computations are 

only performed during objects appearances. 

Figure 7.1 shows an example of a suitable encoder where the motion compensation 

and power consumption are eliminated by edge detection due to the fact that the video 

application will have low motion. PIR sensors are added to the compression technique 

so that the computations are only done when necessary. 
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Figure 7.1: Simple compression algorithm for wireless surveillance Zigbee networks 

7.4 Scheduler design of multi-channel multi-

interface topology 

It was shown in section 6.5 that the capacity of the wireless Zigbee network can be 

substantially increased by equipping each network node with multiple radio interfaces 

that can operate on multiple non-overlapping channels. This is motivated in IEEE 

802.15.4 where the entire frequency band is divided into multiple channels, and each 

radio can only access one channel at a time. Hence, if each network node has multiple 

radio interfaces, it can then utilize a larger amount of radio bandwidth, and hence 

achieve a higher system capacity. Even if each node still has only one radio interface, 

when operating neighboring nodes at different channels, the amount of interference is 

reduced, which also leads to higher system capacity. However, all channel assignments 

that were used in figures 6.12, 6.13, and 6.14 are static, i.e. the channels were assigned 

before performing the simulations. The result of the static channel assignment is that 

no actions can be taken in case of interference or change in the channel conditions. 

Reference 
Frame 

Edge Detection 
Algorithm 

Marking 
- ) Objects as 

active regions 
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Therefore, in order to fully utilize the increased bandwidth in multi-channel multi-

radio Zigbee networks, a set of resource allocation problems should be taken into 

consideration. These resource allocation problems include: 

- channel assignment: The set of channels that each node/link should operate on. 

- scheduling: The time when each link should be activated at a specific channel. 

- routing: selecting the appropriate paths that minimize interference and increase 

throughput. 

These three problems are inter-related with each other, and thus form a challenging 

cross-layer control problem across different layers. An interesting future development 

is to design a control protocol for multi-channel multi-radio Zigbee ad hoc networks 

that achieves high system capacity. Although some control protocols for channel 

assignment, scheduling and routing have been proposed in the literature, the algo

rithms do not take into account the computational complexity that arises with them. 

Hence, an efficient channel distributed assignment should be designed specifically for 

IEEE 802.15.4 multi-channel multi-radio networks. The channel assignment should 

consume the least power possible and try to adapt to various network conditions such 

as the appearance of interfering nodes or a change in the channel condition. The 

distributed approach is more efficient than the centralized one since it is less energy 

and time consuming. An example of an 802.15.4 node scheduler is shown in figure 

7.2. 

7.5 Enhanced channel modeling for simulations 

The wireless channel of the Zigbee network modeled in section 6.6 used a two-state 

Gilbert-Elliott channel model to include the bursty errors that occur in wireless chan

nels. The channel can be modeled using a Finite-State Markov Channel (FSMC) 

following [61]. This is done by partitioning the signal to noise ratio (SNR) into a 
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Figure 7.2: Scheduler of a multi-channel multi-interface 802.15.4 node 

M-1 

Figure 7.3: FSMC model for IEEE 802.15.4 channels 

finite number of intervals, each representing a state in a Markov Chain. Assuming 

that the fading is slow enough, meaning that the channel states for consecutive time 

periods are neighboring states, then the model will be reduced into a discrete time 

birth and death process, as shown in figure 7.3. 

Depending on the expected SNR, different modulation and data rates can be 

dynamically adapted to the rate control algorithm developed in this thesis. As data 

losses increase in the network, transmission rates will decrease. The SNR can even 

be mapped directly into a quantization parameter and hence into corresponding data 
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rates. In light of this, the states in the channel model will equivalently represent data 

rate levels rather than SNR. 
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