Energy efficient wirelessATM design
(Extended abstract)
Paul J.M. Havinga, Gerard J.M. Smit, Martinus Bos

University of Twente, department of Computer Science, the Netherlands
{havinga, smit, m.bos}@cs.utwente.nl

Energy efficiency is an important issue for mobile
computers since they must rely on their batteries. We
present an architecture for wireless ATM and a novel
MAC protocol that achieves a good energy efficiency of
the wireless interface of the mobile and provides QoS
support for diverse traffic types. The main principles
used are to avoid unsuccessful actions, to minimise the
number of transitions, and to synchronise the mobile and
the base-gation. The protocol isable to provide near-
optimal energy efficiency (i.e. energy is spent for the
actual transfer only) for a mobile within the constraints
of the QoS of all connectionsin acell, and only requires
a small overhead. The architecture of the network
interface uses a dynamic error control adapted to the
QoS and traffic type of a connection, and has dedicated
connection queues and flow control for each connection.

1 Introduction

Portable computers like PDAs and laptops that use
wireless communication to interact with the environment
rely on their limited battery energy for their operation.
Energy consumption is becoming the limiting factor in
the amount of functionality that can be placed in these
devices. More extensve and continuous use of network
services will only aggravate this problem. However, even
today, research is still focussed on performance and (low
power) circuit design. We believe that it is more effective
to save energy by a carefully designed architecture of the
mobile, the communications device and wireless
communication protocols that consider judicious use of
the available energy [9]. Energy reduction should be
considered in the whole system of the mobile and
through al layers of the protocol stack, including the
application layer [1]. Medium access protocols for
wireless ATM networks typically address performance
metrics such as throughput, efficiency, fairness and
packet delay. In this paper we address the additiona
issue of energy efficiency. Considerations of energy
efficiency are influenced by the trade-off between energy
consumption and achievable Quality of Service (QoS).
The characterigtics of the wireless channel aMAC
protocol hasto dea with are basicdly: high bit error rate,
limited bandwidth, broadcast transmission, and high
energy consumption. These wireless link particularities
and the regquirements to provide access for different
connection types with avariety of traffic characteristics
and QoS requirements, makes the design of aMAC
protocol and wirdess interface a non-trivial task. It
requires aflexible yet smple scheme that isable to
adjust itself to different operating conditions in order to

satisfy all connections and overall requirementslike
efficient use of resources such as energy and radio
bandwidth.

In this paper we use anovel approach of wireless
network design in which various aspects of energy
saving approaches are used. The architecture and access
protocol is very flexible and provides QoS based on
individual connections. It provides a mechanism that
allows QoS renegotiations between applications and
system. Both the base station and the mobile use the
operating system Inferno which allows application and
system functionsto be split and migrated dynamically
between client and server.

2 Energy efficient wirelessdesign

The objective of energy efficient wirdess ATM designis
to meet the required QoS, while minimising the energy
consumption of the mobile. These requirements often
conflict, and atrade-off has to be made. We define
energy efficiency as the quotient between the intrinsic
amount of energy needed to transfer a certain quantity of
data and the actually used amount of energy (thus
including all overheads).

2.1 Sources of unessential energy consumption
The focus of thiswork is on minimising the energy
consumption of amobile and in particular the wireless
interface, the transceiver. Several causes for unessential
energy consumption exist:

e Many applications have little demanding traffic
needs, and the transceiver isidling most of the time.
Measurements show that on typical applicationslike
aweb-browser or e-mail, the energy consumed while
the interface is on and idle is more than the cost of
actually receiving packets.

e Thetypical inactivity threshold, which isthetime
before atransceiver will go in the off or standby
State after a period of inactivity, causes the receiver
to bein an energy consuming mode needlesdy for a
significant time.

e Inatypical wireless broadcast environment, the
receiver hasto be powered on at al timesto be able
to receive messages from the base station, resulting
in significant energy consumption.

e Significant timeand energy is further spent by the
mobile in switching from transmit to receive modes,
and vice-versa. Thetransition between these modes
typically takes between 6 to 30 us. Thetranstion



from deep to transmit or receive generally takes
even moretime (250 us).

e Another main cause of energy consumption arethe
collisions that occur mainly at high load situations.
Cadllision causes dl partiesinvolved to retransmit the
original data, leading to unnecessary energy
consumption and a so to possible unbounded delays.

e Theoverhead of a protocol aso influences the
energy requirements due to the amount of 'useless
control data and the required computation for
protocol handling. In general, simple protocols need
relatively less energy than complex protocols.

e Thehigherror ratethat istypical for wirelesslinks
might cause ancther source of energy consumption
for several reasons. First, when the dataiis not
correctly received the energy that was needed to
trangport and process that datais spoiled. Secondly,
energy is used for error control mechanisms. Finally,
because in wireless communication the error rate
varies dynamically over time and space, afixed-
point error control mechanism that is designed to be
ableto correct errorsthat hardly occur, spoils energy
and bandwidth. If the application is error-resilient,
trying to withstand all possible errors spoils even
more energy for needless error control.

2.2 Principles of energy efficient MAC design
From the above observations we can deduce the
following three main principles to design aMAC
protocol that is energy efficient for the mobile.

e Avoid unsuccessful actions of the transceiver -- Two
main topics cause unsuccessful actions: collisions
and errors. Every timeacollision occurs energy is
spoiled because the same transfer hasto be tried
again. A protocol, in which a base-station
broadcasts a traffic control for all mobilesin range
with information about when amobileisalowed to
transmit or is supposed to receive data, reduces the
occurrence of callisions significantly, and will be
more energy efficient.

Errorson the wireless link can be overcome by
mechanisms like retransmissions or error correcting
codes. The error control mechanisms can be adapted
to the current error condition in such away that it
minimises the energy consumption needed and till
provides (just) enough fault tolerance for a certain
connection. A different strategy to reduce the effect
of errorsisto avoid traffic during periods of bad
error conditions.

e Minimise the number of transitions -- Scheduling
traffic into burstsin which amobile can
continuoudly tranamit or receive data can reduce the
number of trandtions. The number of transitions
needed can also be reduced by collecting multiple
requests of multiple applications on amobile, and by

piggy-backing new requests on current data streams.
Simple protocol s can further reduce the required
amount of transitions due to the low amount of
control messages needed.

e  Synchronise the mobile and the base-gtation -- When
the base-station and mobile are synchronised in time,
the mobile can go in standby or off mode, and wake
up just in time to communicate with the base-station.
The energy consumption needed for downlink traffic
can be reduced when the time that the receiver hasto
be on - just to listen whether the base-station has
some data for the mobile - can be minimised. If the
wake-up call of the communication isimplemented
with alow-power low-performance radio, instead of
the high-performance high-energy consuming radio,
then therequired energy can be reduced even more.

Note that these principles can reduce the energy

consumption of the wirdess interface. The energy

consumption of the mobile system is much more
complex and comprises many issues. Thetotal achieved
energy reduction isthus based on many trade-offs. For
example, grouping traffic in multimedia video stresmsto
minimise the number of trandtions, requires data to be
buffered in the client’s memory. The required amount of
energy needed for buffering reduces the effect of the
energy savings principle in some sense.

3  E*MaC: energy efficient medium access
control

This section describes the basic principles and
mechanisms of our energy efficient medium access
control for wireless links, called E2MaC. The protocol
and architecture istargeted to a system in which quality
of service and energy consumption plays a crucial role. A
typical example of such a system isthe Mobile Digital
Companion that is investigated in the Moby Dick project
[8]. The structure is composed of several base-stations
that each handle asingleradio cell covering several
mobile stations. Each mobile can have multiple
unidirectional connectionswith different Quality of
Service. They can have the following service classes
defined by the ATM Forum traffic management group:
constant hit rate (CBR), real time VBR, non-regl time
VBR, unspecified bit rate (UBR), and available bit rate
(ABR).

3.1 TheMobile Digital Companion

The Moby Dick project devel ops and defines the
architecture of anew generation of hand-held computers,
the so-called Mobile Digital Companion. It isasmall
personal portable computer and wireless communications
device that can replace cash, cheque book, passport,

keys, diary, phone, pager, maps and possibly briefcases
aswdl. The energy consumption dueto theincreasing
demand for performance and functionality will be the
limiting factor for its capabilities. Therefore reducing



energy consumption plays a crucial rolein the
architecture.

The Mobile Digital Companion has arather
unconventional architecture that saves energy by using
system decomposition at different levels of the
architecture and explaiting locality of reference with
dedicated, optimised modules [4]. The approach is based
on dedicated functionality and the extensive use of power
reduction techniques at all levels of system design. The
system has an architecture with a general -purpose
processor surrounded by a set of heterogeneous
autonomous programmable modules, each providing an
energy efficient implementation of dedicated tasks. A
reconfigurable internal communication network switch
exploits locality of reference and eliminates wasteful data
copies. Theswitchisasimplified ATM switch asitis
capable to transfer data streams consisting of ATM
packetsto their destination according their virtua
connection identifier.

One of the functiona modules of a Mobile Digital
Companion is the network module. This module provides
the interface between the external world and the different
modules of the system. The main processor is responsible
for the establishment of the connections between the
modules, but also negotiates with the externa
infrastructure about the QoS of the connections between
network module and the modulesthat are at the end-point
of connections. Once a connection between modulesis
established, they autonomously communicate viathe
switch.

3.2 E?MaC architecture

The MAC and data link layers are the main functionsto
be performed by the network module. Thisbasic
functionality is assigned to several functional entities.
Figure 1 depicts the E°MaC architecture. It does not
show the QoS management that islocated in the base
station only. The number of connection queuesin the
figureisjust an example.
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Figure 1: E2MaC architecture.

Data Link Control (DLC) performs the traffic all ocation
of datain the transmission queues and forwards data
from the reception queues. The actua admission decision
of connectionsis made by the QoS management, which
informs the Data Link Control using atraffic control
packet (either transmitted over the air for the mobile or
internally for the base-station). Data Link Control
regulates the flow of ATM cells between the physical
layer and local buffer. This buffer is only meant to store
ATM cellsfor ashort time, just enough to implement an
effective error control mechanism. The buffer is
organised in such away that it has a small queue for each
connection. The Data Link Control performs error
detection and basic error correction on each ATM cdll.
The overhead required for error control isfixed, so that
the dot size does not vary.

The Traffic Control (TC) controlsthe flow of data from
the connection queues to the corresponding end-points
and applies an adaptive error control scheme that
operates on individual virtual connections. Flow control
is heeded to prevent buffer overflow. ATM cdlsof a
connection on which the maximum allowed delay is
exceeded, for example dueto bad error conditions, will
be discarded by traffic control.

QoS management is located in the base-station only. It
establishes, maintains and rel eases wirel ess connections
between the base-station and the mobile. It isthe
intermediate between the wired and the wireless world,
and negotiates about the QoS traffic contract of a
connection in lieu of the maobile. Thisentity also
provides support for handover and mobility services. The
QoS management also contains the slot scheduler that
assigns bandwidth to active connections. This schedule
(called traffic control) is broadcasted to all mohiles so
that they know when they are allowed to transmit, or are
expected to receive data. In composing thetraffic
control, the slot scheduler takes into account: the state of
the downlink and uplink queues, theradio link conditions
per connection, and spare capacity for handovers.

3.3 Framestructure

The protocol uses fixed-length frames of multiple dots.
The base-station and mobile are completely
synchronised, which allows the mobile to power-on
precisely when needed. A frameisdivided in dots that
can have three basic types: traffic control, registration
request, and data. The base-station controls the traffic for
all mobilesin range of the call and broadcasts the
schedulein the traffic control dot. The data dots are used
to send the actual data. The traffic of a mobileis grouped
as much as possible into packets. New reservations or
updates of current reservations for the next frames can be
piggy-backed onto a packet. Only new connections may
encounter collisons, the data slots are collision-less. All
remaining dots can be used by the mobile to make
connection requests.
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Figure 2: Example of a transmission frame.

3.4 MAC and data link functions

The general theme that influences many aspects of the
design of the MAC protocol is adaptability and
flexibility. Thisimpliesthat for each connection a
different set of parameters concerning scheduling, flow
control and error control should be applied.

Dynamic dot scheduling -- The QoS manager of the
base-station schedules all traffic according to the QoS
requirements and tries to minimise the energy
consumption of the mobiles by minimising the number of
transitions the mobile hasto make. It therefor schedules
the traffic of a mobile such that al downlink and uplink
connections are grouped as much as possible into packets
within the limitationsimposed by the QoS of the
connections. The uplink and downlink packets for a
mobile are a so grouped sequentialy (if possible) so that
the mobile can power down for longer period and makes
minimal transitions between power modes. The dot
scheduler has to dynamicaly adapt its schedule when 1)
connections are added or removed, 2) connections
change their QoS requirements, and 3) the channd
between mobile and base station has significant change
in error condition. The scheduler can try to avoid periods
of bad error conditions by not scheduling non-time
critical traffic during these periods.

Dynamic flow control -- The connection queues of the
connections can have a different size and replacement
policy. The Data Link Control of both the mobile and the
base station however just need to know whether it can
sent data for a connection or not. The simplest
implementation of flow control therefor consists of a
stop/run mechanism. The flow control information is
transmitted in the header of each data packet. This
mechanism allows the dot schedul er to adapt the
scheduling and also allows a mobile to inform the base-
station that it isready to receive downlink traffic for a
certain connection. This message is aso needed when the
mobile wakes up and notices that the base station has
traffic waiting in its queue.

Dynamic error control -- Due to the dynamic nature of
wireless networks, adaptive error control can give
significant gainsin bandwidth and energy efficiency [6].
Adaptation of the error control can be influenced by three
considerations. 1) the FEC redundancy can be adapted to
the channel bit error rate and induced energy
consumption, 2) the error control agorithm can be
adapted to the required quality, 3) the performance of
various error-correcting methods depend on the actual
error statistics of the transmission channd. The selection
of the error control scheme and therequired size of the
gueue depend on the QoS constraints imposed on each
connection, such asdeay constraints or |oss-less transfer
constraints. Thisavoids applying error control overhead
to connectionsthat do not need it, and alows the
possibility to apply it selectively to match therequired
QoS and the conditions of theradio link. The error
control will be based on adaptive error correcting
techniques. Although good designed retransmission
schemes can be energy efficient, they are much more
complex to implement (they require a protocol with
control messages, sequence numbers, retry counters, etc.)
and can introduce intolerable low performancein delay,
jitter and bandwidth to fulfil the required QoS of the
connection [3]. Theredundant data needed to implement
the error correction are multiples of ATM cdlls, so that
they fit well in atransmission frame. The Traffic Control
will try to match theradio conditionsto the applied fault
tolerance, and adapt the required bandwidth accordingly.
Above these error control adaptations, the dot scheduler
can aso adapt its scheduling policy to the error
conditions of wireless connectionsto amobile. The
scheduler can try to avoid periods of bad error
conditions by not scheduling non-time critical traffic
during these periods. Note that the error conditions
perceived by each mobilein acell could be different.
Since the base station keeps track of the error conditions
per connection (and thus aso per mobile), it can give
other mobiles more bandwidth when these have better
conditions. This can lead to a throughput that may even



exceed the average rate on the channel, dueto the
introduced dependence between admitted connections
and channel quality [2].

3.5 Futuredesignissues

Asdiscussed in section 2.1, amain source of unessential
energy consumption is due to the costs of just being
connected to the network. In E2MaC we have tried to
minimise this overhead, but it still requires the receiver
to be switched on from time to time, just to listen
whether the base-station has some messages waiting.
Therefor we consider using alow-power low-bandwidth
receiver for the signalling only. Thisreceiver will be
used to wake-up amobile by the base-station. It uses the
same synchronisation mechanism between mobile and
base-station, but now uses a simple, low performance,
low power receiver.

The energy per bit transmitted or received tendsto be
lower at higher bit rates. For example, the WaveL AN
radio operates at 2Mb/s and consumes 1.8 W, or 0.9
uJbit. A commercially available FM transceiver
(Radiometrix BIM-433) operates at 40 kb/s and
consumes 60 mW, or 1.5 uJ/bit. This makesalow bit
rate radio less efficient in energy consumption for the
same amount of data. However, when amobile hasto
listen for alonger period for a broadcast or wake-up from
the base station, then the high bit rate radio will consume
about 30 times more energy than the low bit rate radio.
Therefor, thelow bit rate radio must only be used for the
basic signalling, and as little as possible for data transfer.

4 Conclusions

We have presented anovel architecture for an ATM
network interface and a MAC protocol that provides
support for diverse traffic types and QoS while achieving
agood energy efficiency of the wireless interface of the
mobile.

The main complexity is moved from the mobile to the
base station that has plenty of energy. The scheduler of
the base station isresponsible for providing the required
QoS for the connections on the wireless link and tries to
minimise the amount of energy spend by the mobile. The
main principles of the E2MaC protocol are: avoid
unsuccessful actions, minimise the number of trangtions,
and synchronise the mobile and the base-station. The
protocol is able to provide near-optimal energy efficiency
(i.e. energy is spent for the actua transfer only) for a
mobile within the constraints of the QoS of all
connections.

In the architecture we have minimised the energy
consumption by using aflexible slot scheduler that
minimises the energy consumption of the mobile, while
gtill maintaining the QoS requirements for the
connections. The error control and buffer management
further optimise the system for both performance and
energy consumption. Each connection hasits own

adaptable error control and dedicated connection queues
with dynamic flow control. QoS renegotiations may be
required to assure alower, but feasible level of service.
Many multimedia applications can deal with varying
bandwidth availability once provided with sufficient
knowl edge about the operating conditions.

Currently we are implementing the protocol and building
a prototype. Both base stations and mobiles use the
operating system Inferno from Lucent Technologies Bell
Laboratories. The operating system allows application-
and system functionsto be split easily. Certain functions
of the system can be migrated from the portable system
to aremote server. For example, parts of the
communi cations protocol are processed on the base
station in lieu of the mobile. The mobiles can thus use a
dedicated lightweight protocol to communicate with the
base station rather than for example TCP/IP or UDP. The
MAC layer protocol will be implemented in alow-end
micro-controller with some externa memory and
programmable logic (FPGA). The physical layer is based
on the WaveM ODEM module that is used to build the
Wavel AN system.
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