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he commercialization of modern consumer electronics,
personal computing, and networking products was
developed successfully around a component model,
enabling users to incrementally buy devices and con-

nect them together to build engaging and complex systems
customized for their applications. Entertainment centers are a
typical example, enabling systems to be incrementally built
from amplifiers, DVD players, TVs, and so on, using analog
cabling. Personal computing has enabled similar multi-device
systems to be built from various computers, printers, and net-
work storage devices, all of which now also are capable of
supporting rich digital-media applications, enabling a Digital
Home computing and entertainment environment. However,
most of these systems were designed around wired networks
using protocols that provide standardization for connecting
systems together but are difficult to use when dynamically
composing systems from diverse sets of devices on-the-fly.
Now that wireless standards such as WiFi [1] and Bluetooth
[2] (and recently introduced ultra-wideband [UWB] [3]) are
used widely as networking media, we no longer have the
inconvenience of physically plugging components together and
instead enjoy the flexibility to wirelessly discover nearby
resources, dynamically connect to them [4], and potentially
reconfigure a multi-component system at the touch of a but-
ton [5] in a process we call composition. However, although
this potential exists, composition currently is not a simple
task, because a lack of wires actually can make it more diffi-
cult to choose a set of components and specify how they

should be interconnected. Unfortunately, existing protocols
used for discovery [6] in wired networks do not solve this
problem for composition, and they cannot be used for wireless
service discovery to make dynamic connections without being
part of a much longer and involved process for the user.

To illustrate the deficiency of the wireless discovery process-
es based on existing standards, consider the following scenario
in which Jane, a mobile user, takes her wireless smartphone to
Tom’s house, a modern digital home. While Tom is out run-
ning an errand, Jane would like to connect her smartphone to
Tom’s wireless multimedia service, which contains his CD col-
lection. Using wireless local area network (WLAN) discovery
(infrastructure mode), she finds several wireless networks that
her mobile can connect to, one of which is Tom’s, and others
that are in nearby houses (Fig. 1a). Unfortunately, it is not
clear which network is Tom’s. Although she is looking for a
media server, the wireless discovery process tells her only
about the service set identifiers (SSIDs) of the access points
and therefore, provides no indication on which network the
service is running. To find the intended service, Jane must con-
nect to each of the discovered access points in turn and for
each one, see if her mp3 player application has discovered the
correct service. Furthermore, if the wireless networks are
secured, then she must attempt to authenticate to each net-
work in turn, dramatically increasing the connection overhead.

If this scenario had been constructed around Bluetooth
using the personal area network (PAN) profile, WiFi in ad
hoc mode, or Wireless Link Protocol (IP over UWB), then

TT

Shivani Sud, Roy Want, Trevor Pering, Barbara Rosario, and Kent Lyons, Intel Research

Abstract
Although small mobile computers have processors whose capabilities are increas-
ing, often they still are resource constrained in terms of performing many common
computing tasks. Composition is a technique that overcomes this limitation by wire-
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similarly, Jane must connect to each
computer that she discovers until
she finds the desired media service
(Fig. 1b). In this case, the search
time would be proportional to the
number of nearby computers,
potentially making this a long and
tedious process for Jane and a seri-
ous impediment for all mobile users
in a world with ever-increasing
numbers of wireless devices. Again,
authentication is problematic; how-
ever, she could authenticate directly
with that device (perhaps using an
access code displayed on its screen)
when she does find the media serv-
er. The ad hoc approach has the
advantage of allowing her access to
just the one device, instead of
necessitating access to Tom’s entire
network.

This article provides a solution to Jane’s
problem by incorporating high-level service
descriptions in the link-layer discovery protocol
of a wireless personal area network (WPAN),
thus enabling a user to learn about services
and the machines they reside on, prior to any
wireless connections being made. This solution
avoids the wireless local area network (WLAN)
network-access problem described previously,
and reduces the WPAN discovery overhead, reducing the time
required to establish both simple wireless connections and
complex compositions. We first frame the problem by provid-
ing a detailed overview of the issues surrounding the wireless
discovery process and quantify the deficiency of existing wire-
less discovery mechanisms. Then, we describe a specific solu-
tion that utilizes layer-2 beacons that are available in the
nascent UWB WiMedia standard to perform rapid ad hoc ser-
vice discovery and finally, conclude with results comparing
UWB with other radios and with lessons learned.

Composition and Service Discovery
Sharing resources between devices through wireless services is
a key building block of a composition system. For example,
users may want to move content between their mp3 players
and their home entertainment systems; or from various
recording devices (such as cameras, camcorders, or camera
phones) to a home PC. Existing network file system protocols
such as Samba can provide this capability. Users also might
wish to make use of a larger display than is available on their
mobile device. Service solutions such as virtual network com-
puting (VNC) and Remote Desktop Protocol (RDP) are
available for this purpose. In fact, sharing resources in general
can be achieved by using existing network services or design-
ing new ones; and all these services typically are advertised at
the IP layer — layer-3 in the open systems interconnection
(OSI) model. However, in existing wireless standards, there
are no mechanisms to advertise these services before a link-
layer (layer-2) connection is established. Thus, layer-2 service
advertisement and discovery is an essential ingredient of a
wireless system that supports dynamic composition.

Service Discovery in Infrastructure-Based WLANs
In most managed networks (wired and wireless), peer-to-peer
discovery is achieved through universal plug and play (UPnP)
[7] and various zero configuration networking (ZeroConf) [8]

solutions. These are IP-based (layer-3) protocols that allow
for pervasive discovery of services and devices. IP addresses in
the peer-to-peer network are assigned either through a
Dynamic Host Configuration Protocol (DHCP) server or
dynamically using IPv4 or IPv6 link local addresses (RFC
3927 and RFC 2462). Service discovery in UPnP is performed
using Simple Service Discovery Protocol (SSDP), resulting in
multicast discovery messages to control points (entities that
listen for new services as they become available on the net-
work). When other devices on the network receive these mul-
ticast messages, the embedded service information alerts them
and provides enough information to contact the service.

To use any of these protocols that are defined at the IP
layer or above, network devices must have a prior link-layer
connection that enables them to listen to the multicast adver-
tisements from peer devices. In the case of wired network
devices, this is an implicit process because the link-layer con-
nection is established by the action of plugging them into a
local area network.

Service Discovery in Ad Hoc WPANs
The relatively recent ubiquity of wireless mobile devices pro-
vides us with an opportunity to design systems that can be
connected in an ad hoc fashion and to build logical platforms
that are better suited to user tasks than the individual devices,
all without requiring knowledge of the component device
capabilities in advance. In existing ad hoc networks, each
device must connect to others in a five stage process (A
through E), shown in Fig. 2. Only at stage F can the user
choose the service required. Each repetition of this process
adds to both the time and power consumption of the discov-
ery process and becomes a significant cost when establishing
multiple connections before actually discovering a peer that
offers the services it requires. Also, the process of establishing
multiple link-layer connections incurs an additional cost when
the requesting device first must authenticate with each of the
discovered peer devices in the proximity.

n Figure 1. Example of a user trying to find a specific wireless media service: a) Jane finds sev-
eral access points for networks attached with services available; b) there are several Bluetooth
and UWB devices also offering services. In either case, a user will still need to make connec-
tions using trial and error to locate the media service.
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n Figure 2. Stages in wireless service discovery to create dynamic compositions.
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Layer-2 Service Discovery for WPANs
The layer-2 service announcement is a technique for advertis-
ing service information incorporated in device advertisements
and is designed to overcome the existing limitations of layer-3
service discovery in an ad hoc wireless network. It enables a
device looking for a particular service to gather sufficient
information about all the peer devices that are advertising ser-
vices before it establishes any link-layer connections. This
information may include the service names and resources
being offered and where and how they can be accessed, all as
an implicit part of the wireless discovery process. One of the
following two generalized approaches can be used for achiev-
ing this goal:
• Beacons
• Probes

Beacon Model for Service Discovery — Beacons are periodic
transmissions from wireless devices used to advertise the pres-
ence of a device and to establish its transmission schedule
with peers. In modern wireless standards such as UWB and
802.11n, application-specific data can be encapsulated in fields
called application-specific information elements (ASIEs) that
are transmitted as a part of the beacon information. These
ASIEs, although constrained in size, can be used to transmit
summaries of the services available on a device. In all likeli-
hood, the full service and resource advertisement information
will exceed the maximum transmission size allowed for a sin-
gle beacon. To overcome this problem, it is possible to spread
the service information over multiple beacons that are being
issued repeatedly from these devices. In this way, a nearby
wireless device can listen for the fragmented service informa-
tion and collect the components over time to reconstruct the
full description. If any parts of the sequence are missing, the
device can wait for the next occurrence in subsequent bea-
cons. Because the available bandwidth in UWB is high, and
beacons consume relatively small amounts of bandwidth, this
process does not adversely affect the utilization of the net-
work. Also, a beaconing device can set itself in a low-power
state in between beacons, listening for connection requests
only for a short period after each beacon it sends, which is an
advantage for power constrained mobile devices.

Probe Model for Service Discovery — An alternate approach
for discovering services is to use probe requests. When a

device joins a PAN, it sends out multicast probe
requests to other devices in the PAN soliciting
their shared services. Peer devices can unicast
their response to the requesting device (reducing
the chatter on the link layer). They also could
include their own service advertisements as a
part of the probe response. This mode of opera-
tion could reduce significantly the amount of
beacon traffic generated by each device; howev-
er, because the probe requests can occur at any
time, each of the peer devices in the vicinity
must be in an active power state to be able to
listen to the probes and respond to them. This
has adverse power implications for small mobile
devices with constrained battery lifetimes.

Properties of Radio Technologies
Supporting WPAN
There are many radio technologies that support
localized wireless networks including Bluetooth,
WiFi (in ad hoc mode), and UWB. Each of these

radio technologies emerged from different segments of the
computing industry and therefore, have different constraints
and characteristics as described in the following.

Bluetooth is a radio technology that operates over a short-
range, typically within ten meters and with a transmit power
of 1 mW. When a device is not wirelessly connected, it can
transition to a sleep-state and still be discovered while con-
suming much less power than in its active state. Originally, the
standard was designed to target the cell phone industry, allow-
ing communication to peripherals such as headsets and print-
ers and data exchange with nearby PCs. At any given time,
data can be transferred between a master and up to seven
active slave devices. However, to maintain flexibility, the
devices can switch roles and at any time, a slave can become
the master. The PAN profile allows devices to be connected
together in a PAN supporting standard TCP/IP networking
over the Bluetooth link-layer protocol.

WiFi 802.11n is an emerging standard that provides for
maximum data rates up to 600 Mb/s (typical data rates are
around 200 Mb/s) with a range of 70 meters. It provides sig-
nificantly faster throughput, reliability, and range compared to
earlier 802.11 standards and is touted to be the replacement
technology for wired networks in the home and office. An
802.11n device has a nominal radiated transmit power of
about 50 mW. 802.11s is an accompanying standard that pro-
vides for mesh-networking connections that would enable ad
hoc services without an access point.

UWB is a radio technology that provides very high data-
transfer rates (480Mb/s) over ten meters with a power con-
sumption that can be tuned to the bandwidth requirements of
an application, and these characteristics make it an ideal radio
technology for WPAN applications such as streaming video or
sharing storage in home or office environments. Its power
management features also make it extremely desirable for
mobile small form-factor devices where extending battery life
is an essential requirement. Current UWB prototype radios
can operate with a radiated transmit power as low as 0.1mW.

802.11n has an average radiated transmit power of about
500 times the average power emitted by an UWB radio for a
range of 10 m; this makes UWB a more suitable candidate for
the WPANs [9] that involve mobile devices. Bluetooth,
although low-power by this measure, does not support enough
bandwidth for many multi-media applications and in fact, con-
sumes more energy per bit to transfer a file than the other

n Figure 3. Showing experimental configuration for a) Bluetooth; b) WiFi.

IBM T42 laptop
(advertising UPnP media

server)

WiFi (802.11g) access point
(Runnig a DHCP server for

dynamic IP address allocation)

(a)

(b)

Sony UX50
(media client)

Sony UX50
(media client)

XScale processor
(PXA 271) based platform
(Advertizing UPnP media

server)

Both end points are configured with static
IP addresses

WANT LAYOUT  7/3/08  1:02 PM  Page 16

                      

Authorized licensed use limited to: IEEE Xplore. Downloaded on November 24, 2008 at 19:09 from IEEE Xplore.  Restrictions apply.



IEEE Network • July/August 2008 17

radios that consume more average power, mainly because it
takes far longer to perform the task.

Measurements from Established Wireless
Standards
We measured the service discovery times for a UPnP adver-
tised media service on two separate wireless networks: one
using a Bluetooth radio and another using the WiFi 802.11g
standard to demonstrate the typical latencies a user could
experience when using the wireless products that are available
today (Fig. 3).

For each experiment, the set up consisted of a media player
client running on a wireless mobile device and another wire-
less device advertising a UPnP-based media service; and tests
were repeated over ten iterations for each interface. The
client used for all tests was a Sony UX50, an ultra-mobile PC
(UMPC) running the WinXP operating system and based on
Intel’s Core Solo U1300 processor clocking at 1.06GHz. The
media client was a Digital Living Network Alliance (DLNA)
v1.5 compliant media player, and the media server was set up
using Intel’s publicly available UPnP Media AV Server.
• Bluetooth: in the first test using the Bluetooth radio stan-

dard, the UPnP Media Server ran on a 400 MHz XScale
processor (PXA 271)-based platform, supporting a Linux
2.4.19 kernel. The client UX50 ran an application to con-
trol the IVT BlueSoleil Bluetooth stack v2.0 to discover
nearby Bluetooth devices, which provided an interface for a
user to establish a connection with one device from a list of
others discovered nearby. Device discovery (phase A,
inquiry, in Fig. 2) was performed only once before the tests
and is not included in the media service discovery time.
Static IP addresses were assigned to the Bluetooth inter-
faces on both devices.

• WiFi: in the second test using the 802.11g radio standard,
the UPnP media server ran on an IBM T42 laptop with a
1.7 GHz processor, 1GB RAM, supporting Microsoft Win-
dows XP. The access point (AP) also was set up as a DHCP
server. The T42 ran a DHCP client that was assigned an IP
address by the server. The WiFi interface is configured to
automatically connect to the AP, so the device selection
time (phase B in Fig. 2) includes the inquiry time (phase
A).
In both tests, the Microsoft Network Monitor v3.1 was used

to collect traces of wireless traffic over the corresponding
radio interfaces available on the UX50 (all unused radios
were shutdown during the test).

In Fig. 4, we see there is both a significant time lapse and
variability between the point at which a device is detected at
layer-2 and the time the services are discovered, represented

by the total time shown for each test run. The average time
for a device to be available at layer-3 (IP layer — lower part
of the bar) was 1.5 seconds for Bluetooth and 2.8 seconds for
WiFi. The average time for media service discovery (total bar
height) was 4.2 seconds for Bluetooth (ranging from 3.3–6.9
seconds) and 4.8 seconds for WiFi (ranging from 3.6–6.0 sec-
onds).

In ad hoc networks (supported by Bluetooth and emerging
UWB), the device and service availability time at L-3 scales
linearly with the number of devices in the WPAN, and simi-
larly for APs in infrastructure mode, making the task of com-
position much slower and discouraging to users. For example,
consider a scenario similar to that described in the introduc-
tion: if there were six nearby access points or devices discov-
ered, and the user takes three seconds to think about a choice
and make a selection, it could take up to (4.2 + 3) × 6 ~ 43
seconds on the Bluetooth network or (4.8 + 3) × 6 ~ 47 sec-
onds on the WiFi network to browse through all of them. This
would not scale well in the future when probably there will be
considerably more devices in the environment.

In the remainder of this article, we consider how the ser-
vice discovery problem can be mitigated by using layer-2 ser-
vice advertisements. Further, we provide an analysis of the
overhead for service connection time using existing protocols
versus the time benefits gained by modifying layer-2.

UWB Service Advertisements
We explore the implications of layer-2 service discovery using
the nascent UWB standard [3] that allows for extensions to
support protocol enhancement.

Introduction to UWB and WiMedia
UWB has been standardized by the European Computer
Manufacturers Association (ECMA), and provides a conver-
gence layer (WiMedia) that allows multiple application stacks,
such as Wireless USB, Wireless 1394, and Wireless Link Pro-
tocol (IP over UWB) to coexist and share a single UWB radio
platform. This allows for seamless reuse of traditional applica-
tions based on IP technologies without any disruption. UWB
devices discover peers when they move in range of each other
by using a beacon protocol that is a part of the UWB MAC,
to form logical beacon groups. The UWB MAC layer channel
format comprises of super frames, which are periodic time
intervals used to coordinate frame transmission between
devices. Each super frame consists of a beacon period fol-
lowed by a data period. The beacon period provides informa-
tion about power management and channel reservation and
coordinates the beacon transmission times of all nearby
devices, allowing for dynamic network organization. During
the data period, devices send and receive data using priori-

n Figure 4. Graph showing UPnP total time for media service discovery in PANs based on WiFi (802.11g) and Bluetooth showing large
variance in service discovery times.
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tized contention access (PCA) or in reservations established
using the Distributed Reservation Protocol (DRP).

Calculations Supporting Layer-2 Service
Announcements for UWB
The amount of data that can be broadcast in a UWB beacon
is governed by the beacon length, transmission frequency, and
beacon data rate. The periodic UWB super frame is 65,536 µs
long and can have a maximum of 96 beacon slots (85 µs each).
However, only 46 UWB devices can participate in a UWB
beacon group and hence form a UWB-based PAN (the extra
slots allow two beacon groups to be merged). Each device can
transmit only one beacon frame per beacon period within a
super frame that should not exceed 85 µs, which after sub-
tracting a 10 µs guard-time and 12 µs inter-frame spacing
time, allows for a 63 µs transmission time. The transmission
rate for beacons at 53.3 Mb/s constrains the maximum beacon
size to 53.3*63 = 3357 bits = 419 bytes.

Additionally, beacons can contain ASIEs that have a maxi-
mum size of 256 bytes (with 254 bytes for payload) that allows
for transmitting information independent of vendor specific
information. Given a 419-byte beacon, it can carry, at most,
only one full-sized ASIE. The complete set of services that a
device wants to advertise might far exceed this size limit;
hence, we must spread the service and resource advertise-
ments across multiple beacons that will be transmitted using
multiple UWB super frames. This will require a mechanism at
the listening device to reassemble the fragments and recover
the original information.

Applying the parameters of the UWB protocol to the
UPnP media server service discovery example in the introduc-
tion, consider that the average size of an SSDP media server
message is around 400 bytes (measured from our test system);
so it would take two ASIEs (and hence two beacons) to trans-
mit the complete SSDP message. As each device transmits its
own beacon with every super frame, devices can advertise
their services in an interval of 65 ms*2 = 130 ms. Therefore,
even if one in four of the beacons were lost, using layer-2 dis-
covery, the relevant information would still be accessible in
less than half a second. Further, to enable mobile devices to
prolong battery life, a service beacon could be transmitted as

infrequently as four per second and still result in
a responsive sub-second service notification for
the user.

Our layer-2 beacon service discovery approach
uses this basic capability by encoding service
information in UWB ASIEs, as described in the
following section that describes the architecture.

Architecting a Layer-2 Solution
The goal that motivates the design of a layer-2
service discovery mechanism is to provide sup-
port for faster service detection in an ad hoc
PAN, enabling rapid multi-device composition
while reducing the power consumption of partic-
ipating wireless mobile devices. The following
architecture is well suited to both UWB and
802.11n and makes only incremental additions to
the standards to facilitate easier industry adop-
tion. Using this approach, it also is possible to
make use of existing service discovery protocols
such as UPnP by incorporating existing service
descriptions into the beacon ASIEs, thus bypass-
ing the requirement to establish an IP connec-
tion before the information can be displayed for

existing services.
Figure 5 details the overall architecture of the layer-2 dis-

covery mechanism. It consists of four key components: local
services, a service abstraction layer (SAL), a service informa-
tion (SI) encoder/decoder, and the underlying radio subsystem
itself. The SAL and the SI encoder/decoder provide the core
of the layer-2 discovery mechanism described in the following.

Service Abstraction Layer
The SAL layer abstracts away service discovery protocols
operating at layer-3, extracting the required information from
service advertisements, and encodes and aggregates the vari-
ous service descriptions for transmission in the layer-2 bea-
coning process. At the receiving host, SAL acts as a
dissemination broker, decoding the received composite
descriptions and mapping them for the local clients using
standard layer-3 protocols. SAL filters the service descriptions
it periodically receives from peer devices using versioning
information to notify recipients only when service information
has changed.

For the purpose of composition, there are a small core set
of services that are of high importance for creating a logical
platform, allowing physical resources to be shared between
computers. Examples include display and associated keyboard
and mouse devices (via VNC), storage (via Samba), or broad-
band connections (via IP bridging). To ensure these service
advertisements are received with high probability during the
discovery process, a summary of these services, represented as
a bitmap, is included in the ASIE of every beacon. The
remainder of the ASIE can be used to represent the compre-
hensive service descriptions that may be fragmented further
among beacons. The summary bitmap should be short enough
that it remains a small percentage of the total payload capaci-
ty, so we use 32 bits (4 bytes) with one bit representing each
core service, allowing an advertisement of 32 core services.
This map can be standardized for a particular ASIE ID ver-
sion.

In addition to the SI version and the service summary
bitmap, the SAL layer optionally can include information
about encoding, compression, and encryption that may be
employed usefully for reducing the size of beacons or ensuring
their privacy.

IEEE Network • July/August 200818

n Figure 5. Architecture diagram for UWB L2 service discovery. The service
information (SI) and wireless subsystem components would be replicated for
another radio technology such as 802.11, but would share a common SAL.
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Service Information Encoder/Decoder

The service information received through the host SAL must
be packaged into a format appropriate for the underlying
layer-2 radio advertisement. For UWB, encoding involves
packaging the information into an ASIE or fragmenting it
sequentially over multiple ASIEs across multiple (preferably
sequential) beacons. The decoder module receives service
advertisement fragments from the underlying MAC layer,
reassembles them into the correct sequence, and then extracts
the aggregate service information, ready to pass to the SAL
layer.

A typical ASIE header includes an ASIE identifier, several
of which are already defined by the standard, but the remain-
der can be assigned to vendors for their own use. We leverage
a vendor-specific value for our work and define the payload
for our identifier as shown in Fig. 6. Because the beaconing
process is unreliable, data may be lost, and we must build in
resilience when service information is fragmented across bea-
cons. This is achieved by adding fields to track the sequence
numbers of the fragments, allowing the receiving device to
correctly re-sequence the fragments. As described previously,
the service information version number and a service summa-
ry also are included in each beacon to enable efficient pro-
cessing of repeated information, notifying clients only when
services change, and ensuring a timely and compact represen-
tation for important services in every beacon.

Results: UWB Service Discovery Time at
Layer 2 and 3
To validate our theoretical analysis of service discovery timing
using the UWB standard, we performed experiments on a
prototype ECMA-compliant UWB radio and software stack
developed by an Intel product group. Our test platform was
based on two notebook PCs, each with a universal serial bus
(USB) 2.0 interface to the UWB radios. The client notebook
that was instrumented to measure service discovery times was
an Intel Pentium M processor at 1.7 GHz with 1 GB RAM,
running the WinXP operating system. We modified the net-
working stack for the radios to support our SAL architecture.
The composition framework [10] is used as an application
layer service aggregator, which facilitates discovery of plat-
form services among devices discovered nearby. We use this
configuration to perform two tests: the first to validate that
when using UWB and UPnP discovery at layer-3, the service
discovery time is similar to the earlier results for Bluetooth
and WiFi, and the second to measure the rapid service discov-
ery possible at layer-2 using beacons.

Test 1: PC #1 (server) is advertising a UPnP media service,
and PC #2 (client) is running a UPnP tool called a “device

sniffer” to log the UPnP service discovery protocol messages
with millisecond resolution timestamps. The two UWB radios
are configured to auto-connect on detecting a peer, using stat-
ic IP addresses. We measure the time between when a UWB
peer device is detected and a layer-2 connection is established
with the peer and then, the time from that point onward to
receive the first UPnP SSDP message. The total of the two is
the UPnP (layer-3) discovery time. The results for ten runs
are shown in Fig. 7a.

Test 2: we measure service discovery time at layer-2, with
PC #1 (server) and PC #2 (client) in a quiescent state, but
wirelessly receiving each other’s UWB beacons, and with no
network connection initiated. We then update service infor-
mation advertized by PC#1 and measure the time interval
between this update and when PC #2 receives the service
updates. Because these two events occur on two different PCs
whose clocks are not synchronized, we have added code to the
client and server to flag these events as physical signals on
ports attached to each PC. The two ports are connected to
two channels of a Tektronix TDS 7404 oscilloscope triggered
by the first event and capturing the second event as a time
trace. The time difference between the two events is read
manually, and the results of ten test runs provide the data for
Fig. 7b.

Discussion of Results
Examining the results for UWB discovery using UPnP shown
in Fig. 7a, we find the average service discovery time to be 6.8
seconds (range 5.8–8.8 seconds), which is similar in magnitude
to the 4.2 seconds for Bluetooth and 4.8 seconds for WiFi in
the experiments described previously. We expect that the ~2
seconds extra time measured for UWB is due to properties of
the prototype adaptation layer protocol, WLP, implementa-
tion that is not optimized for product at this time.

Figure 7b shows the time required for a change in service
discovery information with the beacon-based protocol, using
the SAL architecture described in the previous section, which
is on average only 0.11 seconds (range 0.08–0.14 seconds).
This is a clear improvement over our previously described
tests that were run for UPnP discovery (with typical system
software configurations): using Bluetooth — a factor of
4.2/0.11 ~ 38x, WiFi — 4.8/0.11 ~ 44x, and our prototype
UWB system — 6.8/0.11 ~ 62x. Although these numbers do
not represent a fundamental comparison of the radios, and
there are necessary differences between the test set ups, they
are representative of the way service discovery is used with
these technologies. We can summarize by saying layer-2 dis-
covery provides a speed on the order of 50x over typical layer-
3 solutions. Furthermore, if multiple services are being
advertised by a variety of nearby computers, devices announc-
ing their presence with UWB beacons can advertise their ser-
vice information in the same super frame, and therefore, peer

n Figure 6. Proposed ASIE format with fields to support fragmentation and reassembly of the embedded
service information.
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devices can receive distributed service updates at the same
time; for our system this was within an average of 110 ms to
see any changes. Therefore, the final service selection will be
governed by the user’s thinking time (we used three seconds
as an estimate for this earlier) and thus, will no longer be per-
ceived as slow (e.g., the ~43-seconds example from earlier),
or a source of complexity, requiring users to exhaustively cre-
ate multiple wireless connections to discover all relevant ser-
vices.

Conclusion
We believe this design is a generic approach that can be used
to improve the user experience during service/platform com-
position, shortening service discovery time by 50x. We have
shown that the UWB layer-2 discovery mechanism effectively
supports the composition framework described in [10],
enhancing a user’s capability to build computer systems on the
fly — wirelessly connecting distributed components using ser-
vice abstractions. In conclusion, we observe that layer-2 ser-
vice discovery, delivering service descriptions in less than 200
ms (greater than any measured in Fig. 7b), will be perceived
by users as nearly instantaneous, greatly facilitating the ease
of use for the overall system.
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n Figure 7. UWB service discovery timing: a) test 1: using UPnP at layer 3; b) test 2: using beacons at layer 2.
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