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ABSTRACT

The emergence of battery powered handheld devices as popu-
lar computing devices is presenting new challenges. Among the
most important challenges is the need to provide a low cost, low
power, indoor wireless networking access to handheld devices.
The constraints posed by battery power and cost require a careful
re-evaluation of system design issues at all layer of the protocol
stack. In this paper, we present the design of a short range wire-
less networking system called BlueSky which is being developed
at IBM Research to address these challenges. We show that the
optimization objectives for short range indoor wireless systems
are quite different from those for traditional cellular wireless sys-
tems. We also argue that in the next millennium the primary op-
timization criteria for the design of (short range) wireless systems
will shift from the traditional spectral efficiency towards battery
lifetime and cost.

I. INTRODUCTION

Handheld computing devices of today are as powerful as the
desktop PCs of five years ago, and their cost is as little as one tenth
that of traditional Personal Computers. This has been made pos-
sible by advances in CPU, memory and integration technologies.
Unfortunately, battery technology has not kept pace with this de-
velopment. Energy density of batteries has only doubled in the last
35 years whereas CPU speed keeps doubling every 18 months [1].
The slow improvement in battery lifetime shows that energy con-
sumption will be one of the most important factors in designing
systems and wireless networking support for portable devices in
the future. Without motivating the need for wireless networking,
it suffices to say that access to information is a primary driver for
handheld computing and online access is a primary component of
information access [2].

The major focus of past research on power control has been
maximizing spectral efficiency, i.e., maximizing throughput or
system capacity for cellular telephone systems. However, for bat-
tery powered PDAs connected via licence free wireless links, the
optimization objective is shifting from link efficiency to battery ef-
ficiency. Cost and battery lifetime constraints are presenting new
challeges for the design of wireless network architectures, proto-
cols and applications.

In this paper we identify some of the important issues and prin-
ciples in designing short range wireless networking support for
handheld, portable devices with the aim of extending the battery
lifetime and reducing the cost of the communication attachment
and network support infrastructure. We focus only on provid-
ing indoor wireless connectivity for environments such as office
buildings, airports, hotels, homes, etc.

This paper is organized as follows. In section Il we discuss im-
portant issues that need to be considered in designing low-power,
low-cost wireless networks and identify principles that need to be
followed. In section 111 we present our initial findings from the
system BlueSky which we are building to address these issues.
Finally, in section IV we present our conclusions.

[I. OBSERVATIONS, ISSUES, and DESIGN PRINCIPLES

Traditionally, power control in cellular telephone networking
systems has focused on balancing received power levels, reduc-
ing the interference from other channels, or balancing the SNR
ratios for the purpose of increasing system capacity [3], [4]. Be-
sides these capacity-centric approaches, there have been also some
user-centric approaches which try to optimize user-related objec-
tives such as bit error rate (BER), throughput and delay [5], [6].
Research in the area of multi user detection, adaptive equaliza-
tion, coding and modulation does not consider increasing the bat-
tery lifetime and reducing the cost of network components as
the primary objective. Most designs trade complexity for effi-
ciency resulting in handsets which are costly and power-hungry,
and networks which require complex switching and control equip-
ments [7].

With the proliferation of low-cost, low-power handheld devices,
itis important to design wireless networks with the aim of increas-
ing the handsets’ battery life and reducing the cost of user com-
munication equipment. The issues span many dimensions: from
initial design and planning of the overall network architecture to
the selection and design of individual network components, and
to the design of networking algorithms and protocols.

A. Planning the Network

The first issue in planning an indoor wireless network from
power and cost perspective is the selection of a network topol-
ogy and architecture. Although cellular topology is the most com-
monly used network topology for wide area wireless networks,
there are other alternatives such as ad-hoc topologies. From power
consumption point of view, however, cellular topology is more fa-
vorable (see [8] for a discussion of these issues). In a cellular sys-
tem, base stations are deployed to cover a well-defined fixed ge-
ographical area (a building, a city, a region) and they serve as the
access points for mobile devices to the wired network infrastruc-
ture. They are just one-hop away from the mobile devices. In an
ad-hoc system, there may or may not be base stations that provide
access to the wired network infrastructure. Even if they exist, they
may be multiple hops away from the mobile devices. In access
point based approach, complex functionality can be shifted to the
access points which are not power limited. Design of asymmetric



network protocols [9] which put more processing and intelligence
to the access points rather than mobile devices are possible.

The second issue is the range of communication. Due to power-
distance relationship, short range radio link is more favorable
from battery lifetime point of view, although it requires more ac-
cess points to be installed to cover a fixed area. This is due to
the fact that the received power (P,) is inversely proportional
to the distance (d) from the transmitter: P, o P.d—?, where
2 < B < 41]10]. The transmitter power of a mobile device
should be designed for the maximum possible distance to the cor-
responding access point. Even with adaptive power control, as
long as the mobile devices are somewhat evenly distributed over
the area covered by the access point, the lifetime of the batteries
is inversely proportional to the range covered by the base station
(more precisely, the battery lifetime is proportional to d;lf, where
dap is the average range of an access point). The range of the
wireless link affects the number of access points that needs to be
deployed to cover a fixed area. Simple physical area arguments
under a fixed transmitted power assumption imply that the num-
ber of access points needed is inversely proportional to the second
degree with respect to the range of the wireless link: N4 o dﬁg.
Thus, the implication is that the battery lifetime is proportional to
NS57. For example, for a typical office building a range of 30
m usually implies that 3 = 4 at carrier frequencies of 2.4 GHz
and this implies that if we double the number of access points,
the average battery life time will be extended four times which
is a considerable usability enhancement. The reader should real-
ize that the cost paid for this extended lifetime is in infrastructure
cost, namely the access points, and it is hence important to keep
their cost low. Making the range shorter than a minimum amount
also does not make sense given the vagaries of radio range, e.g.,
the range should not be less than an average sized room since it
might be hard to constrain the radio range to be smaller. Keeping
the range too short also increases the mobile handoff rate which
may be unacceptable beyond a threshold.

System considerations for supporting data communication also
favor the use of short range link. Information access implies that
the average device uses the network in a bursty mode, as opposed
to voice communication which makes relatively constant rate use
of the network. Further, while using the network, the information
access rate could be between 100 Kbps - 1 Mbps. The peak ag-
gregate rate requirements are also mitigated with small cells since
they have a smaller number of actively transmitting/receiving
users. Ideally, we would design cells in which we expect just one
or two active users, on average. Smaller peak aggregate rates im-
ply that the system could afford to use lower power requirements
and cheaper components due to simpler designs.

The third issue is the selection of the wireless link capacity.
Handheld devices have small screens (usually 2 bit grayscale),
very little memory (1-2 MB) and one tenth the power of a PC
(16-33 Mhz). Therefore, the network bandwidth demand of the
applications that will run on these devices are expected to be quite
low. In fact, most handheld devices are connected only through a
serial port with a speed of 19200 bps or at most 57600 bps. Since
the range of the wireless link is very small, not many handheld de-
vices are expected to be in the same cell at the same time. Hence
the total bandwidth need of these devices in a cell is not very high.

Therefore providing a high-bandwidth (more than 1 Mb) link does
not make much sense in this environment. High bandwidth re-
quires complex radio transceiver and high-speed DSP processing
which increases the power consumption and cost.

B. Choosing and Designing the Components

There is a trade-off between cost, power, quality and utilization
in selecting and designing network components. In providing low-
cost, low-power short range wireless networks, lower cost compo-
nents which do not utilize the network resources very well may be
preferred to expensive ones. Simple designs with suboptimal per-
formance which consume less power may be favorable to complex
designs.

Very sophisticated radio transceivers with advanced modula-
tions and DSP circuits that utilize the channel bandwidth very effi-
ciently and provide good channel quality have been designed and
are in the market. But these are far from satisfying the require-
ments of being low-power and low-cost. Providing efficient and
high-quality radio link requires complex DSP processing which
consumes high power. Building ASICs is costly unless they are
produced in large quantities. For short range links the number of
users per cell is small and the bandwidth is free. Therefore capac-
ity and bandwidth utilization are secondary issues compared to
cost and power. Using off-the-shelf radio components are prefer-
able over designing custom components, resulting in higher cost
savings at marginal bandwidth wastage. Reduction of complexity
also translates into power saving. For example, Smith [11] shows
the implications of selecting the radio device on power consump-
tion: an adaptive direct sequence spread spectrum radio which
consumes 8 W of power is replaced with a simpler frequency hop-
ping radio which only consumes 0.8 W of power without sacrific-
ing much of the functionality. The second radio device consumes
10 times less energy.

A networking adapter can be connected to the host device in
several ways; via serial, parallel, or USB port, PCMCIA, PCI, or
AT interface. The choice of interface has implications on power
consumption and cost. For example, attaching a device to the se-
rial port may not be the best approach in terms of performance,
but it may be the least expensive approach in terms of cost.

Continuous coverage using short range radio links is only fea-
sible if the cost of access points is very low. This is only possible
by reducing the hardware and software complexity of access point
function and pushing the intelligence in the backend systems and
Servers.

C. Designing the Network Protocols and Algorithms

Power-aware, intelligent network protocols, and software and
algorithms are the essential parts of the overall design of low-
power, low-cost wireless networks. All layers of networking stack
can play a role in reducing the energy consumption of mobile de-
vices. At the physical layer, new low power RF circuitry and DSP
designs and coding and modulation techniques are useful [12],
[13]. At the data-link level, MAC layer controls the access to the
medium and decides which stations transmit and when they trans-
mit. It can employ intelligent medium access control and packet
scheduling techniques to put mobile devices into sleep modes and
conserve energy without sacrificing the network performance. At



the logical data-link layer, FEC and ARQ schemes for error cor-
rection should be revisited from the power efficiency point of
view. The channel error characteristics are important factors for
designing low power link layer protocols, since there is no point
in transmitting packets and wasting energy when the link is in the
error state [14], [15]. Compression of data payloads and head-
ers [16], [17] are crucial in coping with very low bandwidth links
and decreasing transmitter power consumption by reducing the
packet sizes. At the network layer, routing algorithms may use the
total transmission power necessary to route packets from source to
destination in selecting the routes in ad-hoc networks [18]. At the
transport and application layers, the traffic models of the streams
are important in designing when and how long to put the respec-
tive network cards into sleep mode [19]. Stemm [20] points out
that network interface cards consume as much power as the PDAs,
hence strategies that will put them into sleep mode when there is
no network activity may be very effective in reducing the power
consumption.

It is important to revisit the design and implementation of
compression and encryption algorithms from power consumption
point of view. Encryption protocols such as public-key encryp-
tion are asymmetric protocols where the computation required in
two communicating peers is not the same. The design of the en-
cryption algorithms should be so that minimum computation is
done at the mobile peer. The power consumed by encryption and
compression protocols are due to CPU operations and memory
accesses. Each operation in CPU consumes different amount of
power (multiplication consumes more energy than addition) and
memory reads and writes are also not equal in terms of energy
consumption [13]. Implementations of these algorithms should
take into account power consumption besides time and space effi-
ciency.

Often, the interaction between several components needs to be
carefully studied to design optimal power saving strategies. For
example, a compression algorithm should weigh the cost of CPU
power consumption against the cost of transmitting an uncom-
pressed packet. Depending on the relative power consumption of
CPU and radio, compression may or may not always be beneficial.
This trade-off is new since CPU power consumption is roughly
the same as the radio power consumption. Similar argument is
valid for any transformation technique that is not mandatory for
operational correctness but is useful to increase the system perfor-
mance, such as FEC coding.

The amount of power consumed per unit job in each of the
system components may be different in each system. For wide
area networks, the transmitter power is in the order of watts [1]
(ARDIS requires 4 W) and may be the primary contributor for
power consumed per packet transmission in which case compres-
sion may be very effective in reducing the total power consump-
tion. For short range links, the required transmission power may
be low (cordless telephone handsets consumes 10 mW) so that
CPU and memory may be the primary contributors of power con-
sumption in which case compression is not desirable from energy
efficiency point of view.

Strategies should also be adaptive to the changing network con-
ditions. Adaptive power control techniques where a device emits
just enough power to reach the receiver are useful for mobile net-

works where the distance between transmitters and receivers is not
constant. We also need to consider the wireless channel condi-
tions when applying transformation techniques such as compres-
sion and FEC coding on the network data. For example, under
light traffic loads, compression may be wasteful if CPU is the pri-
mary consumer of power. On the other hand, compression may
be necessary when available bandwidth per user drops under high
load conditions. Similarly, FEC should adapted as a function of
changing link conditions. When the channel is in good state, there
is no need to do FEC and waste both computation and transmis-
sion power since FEC adds redundant bits.

1. BLUESKY SYSTEM

We took the above discussed issues into consideration
while designing a low-cost, low-power wireless network called
BlueSky [21]. The system consists of wireless BlueSky attach-
ments that are connected to the mobile PDAs and provide short
range wireless access to the wired network backbone through the
BlueSky access points. BlueSky backend network servers located
deeper in the network are used to offload the protocol processing
and other services as much as possible from the mobile devices
and access points.
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Fig. 1. BlueSky System Architecture

A. Architecture and Components

Figure 1 shows the system architecture. We designed BlueSky
as an external serial port attachment so that it can be plugged into
any PDA, laptop, or serial port enabled device. A BlueSky MAC
protocol, that is running on the attachment, packetizes the byte
stream received from the handheld device and sends it to the ac-
cess point over the wireless link.

Since the cost of the radio is an important factor in the overall
cost of the BlueSky attachment and access point, we chose a cost
effective radio which runs in ISM 915 Mhz band and uses sim-
ple FSK modulation similar to what is used in cordless phones.
The radio and access point can select one of the ten available fre-
quency channels. The link bandwidth is 150 Kbps and the the
effective range is between 20-30 m depending on the interference,
multipath effects, etc. The bandwidth can be shared among 20
mobile devices.



Cost has been a very important factor in the design of our ac-
cess point. Besides offloading some of the complex functional-
ity from mobile devices to the access points, such as coordina-
tion and scheduling components of the MAC protocol, we also
pushed some of the network layer and data link layer functional-
ity to the backend servers. BlueSky access points are not network
layer routers like in [22] but are bridgesthat forward the link layer
traffic between mobile devices and the backend servers.

B. MAC Protocol

A power-conscious, polling based, asymmetric MAC proto-
col is designed for the shared wireless link. The portion of
the MAC protocol that is running on the access point, called
AP-MAC, is more intelligent and coordinates the access to the
medium. It includes a scheduler component which schedules
MAC-level events such as transport-payload, poll-and-receive-
payload, invite-stations, etc. The scheduler and MAC layer are
separate components which interface each other with well-defined
functions. Various scheduling algorithms can be implemented
based on round-robin, fair-queueing, power-aware schemes. The
corresponding MAC protocol that is running on a mobile device,
called RS-MAC (remote station MAC), responds just to the com-
mands sent from the AP-MAC and is much simpler, requires much
less memory and processing power, and has smaller code size than
the AP-MAC.

MAC protocol supports sleep modes. The attachments can go
into sleep mode after informing the access point or the access
point can initiate the sleep requests to the attachments. While an
attachment is in sleep mode, the access point buffers the packets
destined to it. The attachment also buffers the packets destined to
the access point. When the attachment wakes up, it can learn from
the access point about the queued packets and can indicate to the
access point the amount of data it has buffered so that the access
point can re-schedule the events.

Choice of a power-conscious MAC protocol is an important de-
sign decision. The alternatives for MAC layer protocols [23] in-
clude a CSMA-like or a centralized polling-based MAC protocol.
Centralized, polling-based schemes are more easily adapted for
low energy consumption. In a polling-based system, the possibil-
ity of collisions is much smaller than a CSMA system. Collisions
cause waste of energy. Additionally, in a polling-based system,
the central station knows the state of the queues in the downlink
buffers and can use advanced power-conscious scheduling tech-
niques to reduce the energy consumption in mobile stations. For
example, sending the packets in bursts and putting the mobile de-
vice into sleep mode between burst periods is more energy effi-
cient than sending the packets continuously and smoothly. But,
batching the packets and sending them together at once increases
the average packet delay and may require more buffers. There-
fore, there is a tradeoff between battery lifetime, cost, and de-
lay objectives. The packet size of the MAC layer and whether
it uses variable or fixed-size packets may also have implications
on power consumption. Allowing variable-length packets is a de-
sirable property from power consumption point of view, since a
station does not have to fragment a big, variable-size packet into
smaller fixed-size packets and wait until all pieces are transmitted.
It may instead transmit a whole variable-size packet at once and

save more energy. However, using variable-length packets com-
plicates the scheduler component.

The choice of the ARQ protocol for reliable transmission over
the wireless link is affected by the cost/performance tradeoff. We
chose a simple stop-and-wait ARQ protocol. Although schemes
such as selective-repeat ARQ achieves higher throughput and link
utilization, they need more buffers in the mobile devices, which
means higher cost.

C. Other Logical Link Layer Issues

Besides sequencing and reliability, other logical link layer is-
sues involve transformation on the data packets, such as com-
pressing the payloads, compressing the headers, encrypting the
data, coding the data for error resilience, all of which are very
important for wireless links and affect the power consumption in
the wireless network adaptors and in the mobile end-systems. It
may not be always desirable to do these transformations from the
energy efficiency point of view. There may be tradeoffs between
CPU power consumption, memory power consumption, and net-
work card power consumption while transmitting and receiving
the data.

We carried out some measurements on a 3COM Palm Pilot to
validate our reasoning. The power consumption of the Pilot varies
between 50 - 150 mW depending on the intensity of task per-
formed (device on but not doing anything, CPU in computation
loop, the serial port being exercised). The Bluetooth Special In-
terest Group [24] is defining radios that appear to draw current
between 0.3 mA and 30 mA which corresponds to the power con-
sumption in the same orders as the power consumption of a Palm
Pilot. With these numbers, there is indeed a great deal of tradeoffs
which can be achieved, unlike current systems where either the
wireless link or the computing device dominate the power con-
sumption.

D. Light-weight Mobility Support

Short range wireless links imply frequent handoffs. With each
handoff, mobility support processing occurs at the mobile devices
and access points, and mobility related messages are exchanged
over the wireless link. Redundant mobility related protocol pro-
cessing and message exchange cause extra energy to be spent.
Therefore, it is highly desirable to use a very light-weight mo-
bility support which incurs least amount of processing in the mo-
bile devices and causes very little extra message overhead to the
wireless link. To achieve this, our approach is to support mobility
at the lowest layer possible in the networking stack. The lower
the layer that mobility is supported, fewer layers are involved in
mobility processing and message exchanges. Unlike Mobile IP
which operates at layer 3, our solution works at layer 2 [25].

[V. CONCLUSION

Battery lifetime will dominate system and network design is-
sues in the next millennium. Battery efficiency is increasing at a
very slow speed compared to the improvements in silicon technol-
ogy. With the proliferation of battery-powered handheld devices,
low-power and low-cost system and network design has become a
more important issue. In this paper, we identified important sys-
tems and network design issues and gave some design principles



that will help the wireless network designers in designing the next
generation wireless systems for portable devices. We gave ex-
amples of how we addressed some of the issues in our low-cost,
low-power wireless networking platform, called BlueSky.
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