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2 OBJECTIVES 

This research project studies the design, analysis and implementation of energy efficient (also called power 
aware) network protocols for wireless and mobile networks. Battery power limitations are a very serious 
concern, and it is essential to study energy efficient protocol design at different layers of the network protocol 
stack. In particular, we focus on the medium access control, scheduling, quality-of-service reservation 
signaling, and transport protocols. 

The research considered two different types of networks: infrastructure networks, where a central base 
station coordinates the mobile users' network communications, and self-organizing networks where the 
mobile users form a self-organized network of which a specific example is wireless sensor networks. 

The research methodology consisted of rigorous and detailed performance analysis based on three tech- 
niques: mathematical modeling, discrete-event simulation based modeling and experimental implementation 
(where feasible) on a wireless testbed of the developed protocols and algorithms. 

3 ACCOMPLISHMENTS/NEW FINDINGS 

The following paragraphs summarize the research accomplishments and new findings. 

a. Adaptive energy efficient algorithms within medium access control (MAC) protocols for wireless net- 
works were developed. A set of scheduling algorithms that dynamically schedule the transmission chan- 
nel to mobiles based on traffic requests and battery power levels of mobiles were developed. Depending 
upon network environment, the priority needs of low and high power mobiles may vary. Therefore, a 
function based on cost/benefit analysis was developed for evaluating algorithm performance for specified 
system needs. Various system environments are modeled through discrete-event simulation, demonstrat- 
ing that the proposed power aware scheduling techniques provide low power mobiles with lower packet 
dropping probabilities through decreased latency and more efficient use of the mobile radio. Also through 
simulation, it was shown that the power aware scheduling algorithms conserve greater amounts of energy. 
The research has appeared as a conference paper (invited paper #1 in the publications list) and has been 
submitted to a journal (journal paper #1). 

b. We consider the data collection problem is wireless sensor networks where, in a round of communication, 
each sensor node has a packet to be sent to the distant base station. There is some fixed amount of energy 
cost in the electronics when transmitting or receiving a packet and a variable cost when transmitting a 
packet which depends on the distance of transmission. If each node transmits its sensed data directly to 
the base station then it will deplete its power quickly. The LEACH protocol studied elsewhere is based 
on a clustering mechanism. In our work, we proposed an improved scheme called PEGASIS (Power- 
Efficient GAthering in Sensor Information Systems), which is a near optimal chain-based protocol that 
minimizes energy. In PEGASIS, each node communicates only with a close neighbor and takes turns 
transmitting to the base station, thus reducing the amount of energy spent per round. Simulation results 
show that PEGASIS performs better than LEACH by about 100 to 200% when varying percentages of 
nodes die for different network sizes and topologies. PEGASIS performs even better with larger network 
sizes. 

For many applications, in addition to minimizing energy, it is also important to consider the delay in- 
curred in gathering sensed data. We capture this with the "energy x delay" metric and present schemes 
that attempt to balance the energy and delay cost for data gathering from sensor networks. We studied 
two new schemes to minimize the energy-delay metric using CDMA and non-CDMA sensor nodes. The 



results show that our schemes perform 60 to 280 times better than direct scheme and also outperform the 
LEACH protocol, (see conf. paper # 3 and journal paper #2 below). 

This work was done jointly with Dr. C. S. Raghavendra at Aerospace Corporation in California; and part 
of the work was done while WSU graduate student, Ms. Lindsey, was a summer intern at Aerospace 

Corporation during 2000. 

c. Scheduling algorithms for scheduling traffic in wireless data networks with multiple channels per cell 
were developed. The main objective of the scheduling algorithms was to reduce the computation time 
while maximizing the utilization of the network resources, thereby improving the system throughput. 
The research studied two type of algorithms - contiguous allocation based and non-contiguous allocation 
based. The algorithms were studied for wireless networks with single priority traffic and multiple priority 
traffic. The research has appeared as a conference paper (conference paper #4) and as a journal (journal 

paper #3). 

d. A general survey of energy efficient (a.k.a. low power) mechanisms for different layers of the protocol 
stack was completed and has appeared in a journal (see journal paper #4 below). This survey will serve 
as a useful starting point for those embarking on research and development in this area. 

A more detailed survey of energy-efficient protocols for routing and medium access control functional- 
ities has appeared in a book chapter (see book chapter #1 below). A general survey on energy efficient 
protocols appeared earlier in a book chapter (book chapter #2). 

e. We consider the problem of multiple access for a sensor network cluster with several hundred nodes. The 
goal is to develop a scalable protocol that could potentially accommodate thousands of nodes. We pro- 
posed a layered architecture where nodes with the same hop-count to the base-station would belong to the 
same layer. The benefit of this approach comes from the unified method in which routing, medium access 
control and network organization take place. Detailed performance analysis was conducted to study the 
performance for more than 500 nodes, and the average delay and network utilization characteristics were 
studied. The research has been submitted to a conference (conference paper #1). 

f. The problem of routing data packets in large-scale wireless sensor network architecture with multiple 
base stations, covering a large geographical area, was investigated. The architecture consists of several 
sensor network clusters, each with its own basestation (BS), with "gateway" sensor nodes in overlapping 
regions between clusters. The distinct characteristic of this architecture is that the nodes in the backbone 
graph (represented by the base-stations) are not directly connected, as is typically assumed in 2-layer 
hierarchies. Instead, the inter-BS communication is also done in a multi-hop manner using the gateway 
nodes. An inter-cluster routing protocol called Multi-hop Backbone Based Routing protocol (MBBR) 
is presented. This is used for establishing network connectivity and routing data in this network archi- 
tecture. The MBBR protocol uses a multi-hop approach with load-sharing among the gateway nodes to 
reduce energy consumption. MBBR supports peer-to-peer communication among sensor nodes within 
and across individual sensor network clusters. The proposed architecture and routing mechanisms are 
studied using a detailed simulation-based performance analysis. The performance of networks with as 
many as 500 nodes in a 750m x 500m field area was studied, and the key performance bottlenecks were 
identified. The protocol and the architecture are generic and do not assume any application specific 
knowledge like data fusion, thus providing great flexibility and generality in their use. The results have 
been published as a M.S. thesis (thesis #2 below) and are under preparation for a conference submission. 

g. It is expected that wireless networking will soon be embedded into many common everyday objects and 
devices. It is also expected that battery-operated nodes will be increasingly used to provide various types 



of infrastructure communications. Such a network is referred to as a low power multi-hop infrastructure. 
We have proposed a generalized rendezvous reservation protocol (RRP) which permits systems of this 
kind to adapt their power consumption in a dynamic fashion. The term rendezvous between two nodes 
refers to periodic instances when they wake up and exchange messages. Thus a node is awake only 
during rendezvous instances with its neighbors and goes to sleep at other times. The RRP protocol is 
connection oriented. The nodes periodically (based on some stochastic arrival process) generate connec- 
tion requests with a specified quality of service (QoS). A connection setup process is then invoked to 
establish a path and the node rendezvous rates along the intermediate nodes are selected so as to meet 
the QoS needs. After a connection is established, the node rendezvous rates may be altered in order to 
accommodate a new level of service quality. The performance of the RRP protocol for various example 
network configurations has been studied (see conf. paper # 2 below). 

h. The problem of compensation of wireless channel errors in a medium access protocol based on reserva- 
tion and scheduling was studied. In this protocol, the base station schedules reservation requests from 
the mobiles based on packet priorities. When channel errors occur, the scheduled transmission is lost, 
and it is necessary to compensate these losses in order to meet quality of service requirements. Previous 
research has considered solutions where the base station keeps track of lost slots and provides compensa- 
tion slots to accommodate such packets. In this work, however, we consider a solution where the mobile 
keeps track of the error status of packets and tries to compensate for errors. Each mobile is assumed to 
generate packets of multiple priorities. The proposed algorithms re-allocate slots among flows within 
the same mobile host in order to achieve error compensation. The research results have appeared as a 
conference paper (invited paper #2) and published as a M.S. thesis (see thesis #5 below). 

i. The problem of providing quality of service (QoS) support and routing for wireless networks in the 
presence of user mobility was studied. The proposed architecture was hierarchical where cells (the ba- ' 
sic region of mobile coverage) are organized into QoS/routing domains. The QoS mechanism is based 
on our earlier work that followed the Integrated services (intserv) approach with RSVP (ReSerVation 
Protocol) and CBQ (Class Based Queueing) used for signaling and scheduling respectively. The routing 
mechanisms developed was a combination of Mobile IP, fast route table updates and proxy ARP (Address 
Resolution Protocol). These mechanisms were integrated with the above QoS mechanisms. The archi- 
tecture and mechanisms were implemented and tested in the wireless and mobile testbed. The research 
has appeared as a journal paper (see journal papers #6 and #7 below). 

j. The design and implementation of an enhanced Differentiated Services (Diffserv) architectural frame- 
work for providing Quality of Service (QoS) in wireless networks were conducted. The Diffserv architec- 
ture was proposed to complement the Integrated Services (Intserv) model for providing QoS in the wired 
Internet. The research studied whether Diffserv, as defined for wired networks, is suitable for wireless 
networks. The proposed wireless Diffserv framework took into consideration several factors, includ- 
ing signaling requirements, mobility, losses, lower wireless bandwidth and battery power constraints. It 
identified the need for supporting signaling and mobility in wireless networks. The framework and mech- 
anisms were implemented in the wireless testbed at Washington State University. Experimental results 
from this testbed showed the validity of the proposed Diffserv model and also provided performance 
analyses. The framework was designed to be extensible so that other researchers may use our imple- 
mentation as a foundation for implementing other wireless network algorithms and mechanisms. The 
research has appeared as conference papers (conference paper #5 and invited paper #3) and as journal 
paper (see journal paper #5 below). 

k. A software implementation of Diffserv and Intserv QoS architectures was completed for the FreeBSD 
operating system. The implementation was shown to work correctly on the wireless testbed. The mobiles 



were shown to properly exchange battery power information with the basestation. We tested this feature 
with a video application, where the basestation dropped selected video frames based on the power levels. 
This software was made publicly available and it may be used as a foundation for other wireless research 
that needs a QoS implementation. 

1. A performance analysis of different wireless MAC protocols was conducted. The findings from this 
analysis indicate that MAC protocols should avoid collisions, needless re-transmissions, and use the 
transmitter and receiver only as required. The basestation scheduling algorithms should be suitably 
designed to arlnpt to mobile power levels. We have also designed and analyzed a low-power MAC 
protocol for such wireless infrastructure networks. The results have appeared in journal papers (papers 
#8 and #9). 

m. There exist one or two scheduling algorithms that considered battery power levels. However, these 
algorithms did not consider the turnaround times of transceiver, and tend to be unfair to mobiles with high 
battery power. We have developed two energy efficient scheduling algorithms that include turnaround 
time considerations and are fair in treatment of mobiles, supporting low power users where necessary 
yet avoiding performance degradation of high power users. The results have been published as a journal 
paper (paper #11). 
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