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Abstract

Wireless access to the internet is projected to be one of
the driving factors behind the growth in the use of wire-
less handheld devices as well as wireless communica-
tion services. As improvements in wireless technologies
enable applications with rich functionality and higher
bandwidth requirements, battery capacity threatens to
become a primary bottleneck to wireless applications.
In order to address challenges imposed by the battery
constraint, it is necessary to develop techniques for de-
sign of energy efficient network applications in addition
to previous work on low power hardware and network
protocols. As a first step towards that end, we present
in this paper, a methodology for modeling the energy
consumption of wireless internet access. We have ap-
plied the methodology to develop an energy model for
the PalmVII handheld using the Palm.Net wireless en-
vironment. We also demonstrate, through examples, the
use of the developed model in designing energy efficient
applications for wireless internet access.

1 Introduction

Wireless access to the internet and web-based appli-
cations is projected to be one of the primary driving
factors behind the adoption and growth in the use of
wireless handheld devices and network services. Mobile
internet access over 3G wireless networks is projected
to become pervasive and even overtake fixed network
access, while wireless data traffic is simultaneously ex-
pected to overtake wireless voice traffic, in the next four
to five years [1].

The increase in communication bandwidth provided
by 3G wireless networks, together with the increasingly
complex protocols employed, and the rich functional-
ity of wireless internet based applications, will elevate
battery constraints to a design challenge of primary im-
portance. Battery capacity is projected to increase at
a much slower rate than the energy requirements of
functionality-rich, high-performance handheld devices
[2, 3]. Furthermore, the energy requirements for wire-
less internet access are significantly higher when com-
pared to voice telephony (e.g., based on [4], an increase
of 78-1000X). The above factors make it critical to con-
sider energy consumption and battery life during the
design of radio and handset appliance architectures as
well as the software that runs on them, including net-
work protocols and networked applications.

Recognizing the energy challenges mentioned above,
researchers have started working on various techniques
to improve the energy efficiency of wireless computing
and communications. Techniques for low-power hard-
ware implementations of various components of wireless
handhelds, including processors, memory, displays, and
radio transceivers, have been proposed. While opti-
mizing the hardware architecture and implementation
does yield considerable energy savings, it is equally im-
portant to consider energy issues during the design of
the network protocols and applications. Techniques for
low-power protocols at the physical layer [5, 6], data
link layer [7, 8], network layer [9, 10], and transport
layer [11] have been recently investigated. Our work
attempts to model energy consumption at the appli-
cation layer in terms of the communication primitives
directly used in wireless internet applications, hence it
can provide insights that lead to additional energy re-
ductions through application-level optimizations (some
examples of which are presented later in this paper).

In the area of energy measurement and modeling for
handheld devices, initial work focused on characteriz-
ing the power consumption of PDAs without wireless
network access capabilities [12, 13]. Power measure-
ments on network interfaces in handheld devices were
presented in [14], which indicated that the network in-
terface card can account for a large part of the total
handheld power consumption. Further, the authors
point out the need for modeling and optimizing energy
consumption using application-level information.

Paper Overview and Contributions

The aim of our work is to study techniques for the de-
sign of energy efficient networked applications, with a
focus on wireless access to the internet. As a first step
towards that end, we present in this paper, techniques
for energy modeling of wireless internet access. Given
a handheld appliance that is capable of internet access
through an available wireless data service, we use an
energy measurement system based on PC data acqui-
sition technology to study the energy consumption of
the appliance and its variation with various parame-
ters, including the amount of data sent and received,
network latency, the use of caching on the handheld
to locally store previously accessed web pages, and the
use of compression and encryption for transmission over
wireless channel. We have applied this methodology to
develop an energy model for wireless web browsing us-



ing a Palm VII handheld [15] and the Palm.Net wireless
network [16].

Based on the energy models developed and the in-
sights they provide, we illustrate techniques for energy
efficient (battery friendly) web access through exam-
ples, including profile-based partitioning of information
into web pages, and energy driven pre-fetching of web
pages. Our experiments demonstrate that optimiza-
tions based on other criteria such as minimizing latency
or minimizing the total amount of data sent/received
over the wireless channel do not necessarily lead to min-
imum energy consumption. We believe that the pro-
posed energy modeling techniques will be useful in the
design of energy efficient network applications and ar-
chitectures for mobile wireless internet access.

2 Energy Model for Wireless
Web Application

In this section, we present our energy model, which is
built using data accumulated by measuring the energy
consumed by a Palm VII handheld for various internet
access patterns. First, we describe the experimental
setup used to measure the energy consumed, and then
we present our energy model, which is based on the
above experiments.

2.1 Experimental Setup

We describe the wireless access architecture of
Palm.Net, the wireless Internet Service Provider (ISP)
used by the Palm VII handheld, before presenting the
data acquisition framework used for energy measure-
ments.

Palm.Net Wireless Access Architecture: The
wireless environment used for PalmVII wireless inter-
net access is shown in Figure 1. A key component of
the wireless environment is the wireless gateway server
that resides at the 3Com data centers. The handhelds
communicate with the wireless gateway servers using
the BellSouth Wireless Data network [16]. The wire-
less gateway servers use standard internet and security
protocols (TCP, HTTP, and SSL) to communicate with
web servers over the wired network, where as on the
wireless channel, protocols designed to tolerate channel
errors, low bandwidth, and high latency are employed,
such as reliable UDP [16].

Data Acquisition: The energy consumption of the
Palm VII handheld is measured by integrating the prod-
uct of the supply voltage and the current drawn over
time. The Palm VII handheld has two sources of power
supply: (i) a NiCd re-chargeable battery, operating
at voltage 5V, is used to supply power to the radio
transceiver, and (ii) two AAA alkaline batteries, oper-
ating at voltage 3V, are used to supply power to the rest
of the handheld. Hereafter, the NiCd battery is termed
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Figure 1: Palm.Net Wireless Environment and Experi-
mental Setup for Energy Measurements

as the radio battery, and the AAA alkaline batteries are
collectively referred to as the system battery.

Figure 1 shows the setup used for energy measure-
ments. For the purpose of energy measurements, the ra-
dio and system batteries were removed from the hand-
held and replaced by laboratory DC power sources of
the same voltage. Hence, the supply voltages were as-
sumed to be constant over the duration of measure-
ment. The currents drawn from the radio and sys-
tem batteries were measured by sampling the volt-
age drop across resistances connected in series to the
power supplies, as shown in Figure 1. The voltage
drops were sampled using the DAQ-1602/PCI data ac-
quisition card [17], operating at 1K samples/sec. The
sampled data can be analyzed and displayed using the
DaqEZ software [17]. A current profile displayed using
the DaqEZ software is shown in Figure 2. In the fig-
ure, the top waveform corresponds to the current drawn
from the radio battery, while the bottom waveform cor-

responds to the current drawn from the system battery.
- ]

Figure 2: An Example Current Waveform

For our energy measurements, we developed a
testbed that consists of a client test program running
on the Palm VII handheld, and a web application that
resides on a web server. The client test programs were
developed using the communication primitives available



in the PalmOS library [18]. We executed several client
test programs by changing the application level param-
eters of interest, and measured the energy consumption
for each execution.

2.2 Energy Measurements and Analysis

In this section, we present our energy model for wire-
less web applications. First, we discuss various param-
eters which impact the energy consumption. We then
present a mathematical model for energy consumption,
based on these parameters. We use the data gathered
by the experimental setup presented earlier and per-
form regression fitting in order to derive the values of
the constants/coefficients used in our energy model.
The factors that affect the energy consumption for
wireless internet access can be classified into two cat-
egories : (i) application level parameters, and (ii) net-
work related parameters. Application level parame-
ters correspond to the parameters that are determined
by the application level communication primitives used
in wireless web based applications. Figure 3 shows a
flow of PalmOS system calls (communication primi-
tives) used in a wireless web based application along
with the parameters. The application level parame-
ters considered in this model include volume of data
transmitted /received, the compression and encryption
schemes employed, and the use of caching. Network-
related parameters include the wireless channel condi-
tions (signal strength), noise level, and latency. We now
present the results of experiments designed to analyze
the effect of these parameters on the energy consump-

tion.
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Figure 3: Application level communication primitives
and parameters for PalmOS web based applications

Volume of transmitted/received data: We per-
formed several experiments to study the dependency of
energy on the volume of data transferred by accessing
web pages of different sizes (varying the bytes of data
received), and by filling forms with varying amounts of
information (varying the bytes of data to be transmit-
ted). In order to minimize measurement errors, each
experiment was iterated multiple times, and the results
were averaged. Figure 4(a) and 4(b) show the depen-

dency of the radio energy (drawn from the radio bat-
tery) and the system energy (drawn from the system
battery) consumption on the amount of data transmit-
ted or received. It is important to note that, for re-
ceiving data, the radio energy is always less than the
system energy, where as in case of transmitting data
the radio energy is significant compared to the system
energy. In general, the energy varies linearly with the
amount of data sent or received, with a constant over-
head for establishing the HTTP connection.
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Figure 4: Effect of the volume of data on energy con-
sumption

Caching Effects: Caching can significantly reduce the
energy consumed during wireless web transactions as it
replaces a network transaction with a local access to
the cached data. Caching can not affect the energy
consumed in transmitting data (e.g., data generated as
result of filling out forms in web pages), but can have a
significant effect in typical web sessions (dominated by
receiving data). To study the effect of caching on energy
consumption, we compared the energy consumed by ac-
cessing the page from the web server with the energy
spent to retrieve it from local cache. Figure 5 shows
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Figure 5: Effect of caching on energy consumption



the effect of caching on the energy consumption when
web pages of different sizes are accessed. Note that,
for receiving data, the presence of caching reduces the
energy consumption drastically.

Compression and Encryption: Compression of data
can potentially decrease the energy consumed in trans-
mission by reducing the amount of data transferred.
On the other hand, encryption typically increases the
amount of data transfered. Additionally, for com-
pression and encryption, energy is consumed at the
handheld in compressing/decompressing and encrypt-
ing/decrypting the data. It is important to note that
the energy variation due to compression or encryption
strongly depends on the algorithms used.

Figure 6 shows the effect of the ConvCML compres-
sion algorithm, one of the compression algorithms sup-
ported by the PalmVII. In the Palm.Net environment,
compression is currently used only for the communica-
tion from the wireless gateway servers to handhelds.
It can be noted that for data sizes more than 500
Bytes, the energy consumption without compression is
less than the energy consumed in receiving compressed
data. This is due to that fact that the energy consumed
in decompressing data outweighs the energy savings re-
sulting from reduced amounts of data.
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Figure 6: Effect of compression on energy consumption

Network latency and signal strength. Network
latency is one of the parameters related to the wire-
less network environment that can significantly affect
the energy consumption. In our context, the network
latency is defined as the delay from the time when
the HTTP request is made by the application to the
time when the first packet containing the response is
received. Network latency is caused by the wireless
channel as well as the wired network. The handheld
consumes energy during this period while it is waiting
for the response. Our measurements indicated that the
energy overhead due to network latency increases lin-
early with the duration of latency.

Signal strength is another parameter that can poten-
tially affect the energy consumption. The main factors
affecting the signal strength include the distance from
the the base station, channel noise etc. As the signal

strength decreases, the radio tries to increase the power
level of the transmitted signal, thus increasing the total
energy consumption. It was difficult for us to evalu-
ate the effect of signal strength on energy consumption
since the signal strength is not easily available to direct
control by end users. However, analytical models for
the dependency between energy and distance from the
base station can be used, as in [19].

2.3 Energy Model

Based on the above observations and experimental re-
sults, we performed regression analysis on the data col-
lected to get an energy model for HT'TP transactions.
In the regression, we consider the various parameters
identified above as the independent variables, and en-
ergy consumption as the dependent variable. The re-
sulting energy model is presented in Figure 7. Each
term in the energy model corresponds to a distinct oper-
ation in one web transaction, namely connection setup,
waiting for the response, receiving, transmission, en-
cryption/decryption, and compression/decompression.
As discussed earlier, the option of encryption and com-
pression affects the actual number of bytes to be re-
ceived or transmitted at the low level; encryption typ-
ically increases the amount of data where as compres-
sion reduces it. In the Palm environment, compression
is currently used only for data transfer from the base
station to the mobile handheld, hence compression does
not affect the number of bytes to be transmitted from
the handheld. The co-efficients of the energy model
are derived from the data gathered using the exper-
iments discussed earlier. Next, we present results of
experiments validating the energy model developed for
wireless application.

2.4 Validation of the Energy Model

In order to validate the energy model, we conducted
experiments to measure the energy consumption of a
web session and compared it with the energy estimated
using our energy model. Table 1 presents the results
of the experiment for different web applications, i.e., a
news web-site (NEWS), a travel web-site (TRAVEL),
and a personal homepage (PERSONAL). Column 2 re-
ports the energy measured using the data acquisition
framework, and column 3 presents the the energy esti-
mated using the energy model. It can be observed that
the energy model estimates the energy consumption of
web based applications very accurately (maximum er-

ror of 6%).
Table 1: Validation of the energy model
Application Measured | Estimated || % Error
Energy(J) | Energy(J)
NEWS 2.983 2.8 6.0
TRAVEL 2.219 2.2 5.0
PERSONAL 0.735 0.73 0.5




E(R,T,C,L,S,Enc,Comp) = Cy+ Cy* L+ Cp % (C % Rx Enc/Comp) + C x (I * Enc) + Cepe *T + Ceomp * R

where

: data received in bytes Co
L : average network latency in secs  C,
S : Signal strength Comp
T : data transmitted in bytes Enc
C; : co-efficient of idle waiting (0.09) C;
C  : option of caching Cene
E  :Energy Consumed in Joules Ceomp

: co-efficient related to connection overhead (0.002)
: co-efficient related to recv. (0.0008 varies with S)

: Compression factor (>=1)(1 if no compression)

: Encryption factor (>=1)(1 if no encryption)

: co-efficient related to tran. (0.0035 varies with S)

: Encryption energy per byte (0 if encryption off)

: Compression energy per byte (0 if compression off)

Figure 7: Energy model for wireless internet access for Palm

3 Application of the
Model

In this section, we demonstrate using two case stud-
ies how our energy model can be used to design energy
efficient web based applications. The first example con-
siders content design of a news-related web site while
the second web site considers pre-fetching, a technique
commonly used to improve the latency of web access.

Energy

3.1 Energy Efficient Web site Design

Consider a news website for the Palm VII handheld that
is organized in a hierarchical manner as described next.
The home page contains links to different news cate-
gories (e.g., such as politics, sports etc.). For each cat-
egory, headlines are presented on a separate web page.
Summaries for each news article can be accessed by fol-
lowing links from the headlines page. The full stories
constitute the last layer in the hierarchical structure.
Figure 8(a) shows the above organization of content for
a typical website, where each node represents one web
page and each edge corresponds to a link.

The wireless website design can be made more en-
ergy efficient by optimally partitioning the information
into different web pages, and organizing the web pages
to best suite the access patterns of users. So, the first
step in designing an energy efficient website would be
to model the user behavior. The user access pattern
can easily be modeled by collecting access information
at the web server, and analyzing the accesses to build
a high level access model for the website. In our exper-
iments, we developed a probabilistic model for the user
access pattern based on the user information collected
at the server side by assigning a probability for each
edge in the graph model, as shown in Figure 8(a).

After careful study of the above access patterns for
a news website, we designed an alternate news website
taking into account the user access patterns and access
patterns in each categories. Figure 8(b) shows the al-
ternate energy efficient organization of the content in
the news-related website. Our experimental energy es-
timation indicated that, on the average, web sessions
accessing the original website design of Figure 8(a) con-

sumed 27.1J, whereas in case of the optimized website
(Figure 8(b)), the energy consumption was 21.97J, an
energy improvement of 27.1%.

Business

: Exteneded
Headlines &

Sports

Business
Full Stof

(b) Energy Efficient Design

Figure 8: Organization of Content in a news-related
website

The above example illustrated that judicious design
of a website based on access statistics can lead to sig-
nificant improvements in the energy consumption of a
handheld that accesses it.

3.2 Energy-Latency Tradeoffs in Pre-
fetching

One of the techniques to partially overcome the band-
width limitations of web access is web page pre-fetching.
In web page pre-fetching, while the user views the
current web page, a web page is automatically ac-
cessed by choosing one link from the current web page.
Pre-fetching of web pages is known to have a signifi-
cant impact on the latency of internet access over low
bandwidth networks [20]. However, pre-fetching may
increase the energy consumption by sometimes pre-
fetching web pages that will never be accessed. Hence,
there is a tradeoff between the energy consumed and



the average latency depending on the pre-fetching algo-
rithm. To our knowledge, such a tradeoff has not been
quantitatively demonstrated or explored in the litera-
ture.

In order to study the effect of pre-fetching algorithms
on the energy-latency tradeoff, we performed energy
and latency estimation for a website access while vary-
ing pre-fetching algorithm used. We consider a generic
class of pre-fetching algorithms that use the probabili-
ties of accessing each link in a web page to decide which
page(s) to pre-fetch. We characterize this generic class
of pre-fetching algorithms by a parameter called the
pre-fetching threshold, which can take any value be-
tween 0 and 1. A threshold value of 0 results in the
background pre-fetching of all links while a user reads
the information contained in a web page. Larger val-
ues of the threshold indicate more conservative policies,
while a value of 1 indicates no pre-fetching at all.

Figure 9 shows the dependency of energy and la-
tency on the pre-fetching threshold. As expected, the la-
tency of communication increases with the pre-fetching
threshold. However, the dependency of energy on the
pre-fetching threshold follows a different trend. Pre-
fetching, if done optimally, can potentially reduce the
energy consumption because the energy consumed in
waiting for the response (the idle energy due to net-
work latency) can be avoided by pre-fetching while the
user is reading the current web page. However, exces-
sive pre-fetching also leads to wasted energy. It can be
seen from Figure 9 that the net result of these conflict-
ing factors is that the energy consumption is optimal
in the middle region (threshold probability of around
0.6).
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The above two case studies demonstrate the utility of
the energy modeling techniques proposed in this paper
in the design energy efficient web-based applications.

4 Conclusion

In this paper, we presented an application level energy
model for wireless internet access as provided by the

Palm VII handhelds based on experimental measure-
ments. The energy model takes into account applica-
tion level parameters such as the amount of data trans-
fered, use of encryption/compression, etc., as well as
network parameters such as latency. Through two case
studies, we also demonstrate how the energy model de-
veloped can be used for energy efficient wireless web-
based application design.
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