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Abstract
Designed for high rate wireless personal area networks (WPANs), the IEEE 802.15.3
protocol enables peer-to-peer communications between devices (DEVs) with quality of service
(QoS) support. This thesis presents several performance enhancement methods and scatternet
formation techniques for 802.15.3 networks.
Considering piconet coverage and multi-rate carriers, we first propose a Third-Party
Handshake Protocol (3PHP) for fast peer discovery and connection reestablishment. With the
active involvement of the piconet coordinator (PNC), 3PHP guarantees full piconet connectivity,
and achieves faster peer discovery by removing the peer discovery overhead and eliminating
costly upper layer routing between directly unreachable DEVs by a more reliable and efficient
MAC layer forwarding. Second, we develop intra-piconet route optimization algorithms in the
PNC with application awareness through self-learning the achievable data rates between DEVs,
which significantly increase the system performance in terms of reducing transmission time and
increasing effective data rate, and thus reduce power consumption and increase piconet capacity.
Furthermore, we propose a frame aggregation strategy for efficient frame transmissions in
802.15.3 Contention Period (CPs), and model the CP in each superframe as a contention
resolution problem. We further propose a novel Adaptive CP Suspend (ACS) scheme that
significantly shortens the effective region in a CP, thus greatly reducing the system energy cost
by allowing DEVs to sleep during the suspended parts of the CPs. ACS adapts to varying
channel traffic and collision situations by employing a CP counter at the PNC.
Finally, we investigate the 802.15.3 scatternet formation problem. Configuration of
scatternets needs to consider the piconet size and channel reuse, given the number of logical
channels available. We first evaluate the effect of piconet size on the expected scatternet

ii

connection rate, and show that a medium sized piconet radius yields the best scatternet
connection data rate taking into account of channel reuse. Moreover, we propose a stochastic
scatternet formation algorithm to avoid neighbor information gathering in 802.15.3 networks.
With only 20% more piconets than the ideal but impracticable greedy algorithm, the stochastic
method scales well with network size, achieves better connectivity, requires less maintenance
and is robust and stable with respect to changes in the W P A N .
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Chapter 1

Introduction

The Institute of Electrical and Electronics Engineers (IEEE) 802.15.3 medium access
control (MAC) protocol for high data rate (HDR) wireless personal area networks (WPANs) has
been designed to enable peer-to-peer communications within a piconet with quality of service
(QoS) support [1][2]. In this chapter, we briefly describe the background of 802.15.3 in Section
1.1, and introduce the 802.15.3 MAC and physical (PHY) specifications in Section 1.2 and
Section 1.3, respectively. In Section 1.4, we present a survey of performance enhancement
methods for IEEE 802.15.3 piconets, including various scheduling algorithms and MAC
modeling methods. Section 1.5 describes the motivations and objectives of this thesis. Finally,
we summarize the structure of the thesis and its main contributions.

1.1

Background

Recent advances in wireless networking technologies have brought in a new era of
pervasive computing with ubiquitous network connectivity. The rapid proliferation of digital
consumer electronic devices, especially those supporting high bandwidth multimedia
applications, is fueling an increasing demand for wireless connectivity solutions that support
very high data rates with QoS guarantees at very low costs, and with very low power
consumption. However, cost effective connection of low power mobile devices to one another
and to the Internet while sustaining a high level of networking performance and service quality
remains a technological challenge.
Over the past several years, the IEEE 802.11 family (802.1 la/b/g) of wireless local area
network (WLANs) standards, commercially known as Wireless Fidelity (Wi-Fi), has been very
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successful. The baseline IEEE 802.11 MAC protocol [3], the so called distributed coordination
function (DCF), employs carrier sensing multiple access with collision avoidance (CSMA/CA).
It is designed for bursty packet data and is not suitable for delay sensitive real time multimedia
streams for two reasons. First, no packet differentiation in provided with DCF. Secondly,
excessive collisions occur when the number of contending stations is high, thus there is no delay
guarantee either. The 802.11 MAC defines point coordination function (PCF) to provide
contention free period (CFP) transmissions with a polling mechanism. Unfortunately, the PCF
does not define the class of traffic, and has very limited support in the real world.
The recent 802.1 le MAC enhancement [4] is a step forward in supporting QoS, by
differentiating streams with different priorities. It defines a coordination function called hybrid
coordination function (HCF). HCF includes two mechanisms for applications with QoS
requirements: enhanced DCF channel access (EDCA) and HCF controlled channel access
(HCCA). EDCA differentiates the user priorities (UPs) of different traffic categories (TCs) by
applying a different arbitration inter-frame space (AIFS), initial minimum contention window
size (CWmin) and transmission opportunity (TxOP) length to different UP values. HCCA allows
the reservation of TxOPs with the hybrid coordinator (HC), thus providing admission control for
CFP transmissions. However, the generally higher power consumption of WLAN devices makes
this technology less suitable for battery powered hand-held devices.
WPANs present a new frontier in wireless networking, made possible by the emergence
of low power and low cost devices for wireless communications over short distances. Personal
operating space consists of the space about a person, whether stationary or in motion, that
typically extends up to 10 meters in all directions. Unlike most WLANs, which operate in the
infrastructure mode to connect devices to access points (APs), most WPANs connect their
devices (DEVs) in an ad hoc manner with little or no infrastructure. While WLANs aim to
2

provide a robust link within their coverage area without any special action from the user,
WPANs focus on other priorities such as cost, size, power consumption and data rate. Thus,
although link robustness is also very important for a WPAN, it is acceptable to move the DEVs
closer or connect through other DEVs to establish a better link because of the ad hoc nature.
Bluetooth is the earliest technology for WPANs, and its physical and M A C layer
specifications have been incorporated in the IEEE 802.15.1 standard [5]. Presently, Bluetooth
technology is widely deployed to interconnect personal digital assistants (PDAs), mobile phones,
headsets, computer peripherals, etc. However, the data rate of Bluetooth (1 Mbps at the physical
layer) is too low to support high bandwidth multimedia applications.

Within the IEEE 802.15 standard family, the 802.15.3 standard [1], first approved in June
2003, has been developed specifically for HDR (not less than 20 Mb/s) WPANs to provide low
power and low cost solutions addressing the needs of time critical and large file transfer
applications, such as multimedia streaming and digital image transfer. Besides HDR support, the
standard also enables QoS support for real-time voice and video applications, by allocating
reserved channel time allocations (CTAs) for each stream. A n amended version of this standard,
802.15.3b-2005 [2], approved in December 2005, enhances the original standard to achieve
better efficiency while preserving backward compatibility. In addition, this amendment corrects
several errors and clarifies some ambiguities in the 802.15.3-2003 base standard. The
amendment includes a method for relinquishing unused time in a C T A by allowing another D E V
to transmit data. It also allows multicast connections by assigning device identifications
(DEVIDs) to group addresses. Furthermore, the amendment defines an additional data frame, the
logical link control/subnetwork access protocol (LLC/SNAP), which allows multiple protocols to
share a single data connection.

3

1.2

I E E E 802.15.3 W P A N

IEEE 802.15.3 WPAN mainly works within a piconet, where communications are
normally confined to a small personal space area. 802.15.3 piconets operate in an ad hoc manner.
A piconet is formed when a DEV, acting as the piconet coordinator (PNC), begins transmitting
beacons that define the start of the superframes. All DEVs within radio coverage of the PNC can
then associate with it to form a piconet. The piconet is formed without pre-planning in an ad hoc
manner for only as long as it is needed, and its coverage area is given by the radio range of the
beacons transmitted by the PNC. The piconet is managed by the PNC using centralized control,
and supports peer-to-peer connections among DEVs, as shown in Figure 1.1. The PNC provides
timing for synchronization of DEVs within the piconet, performs admission control, allocates
network resources such as CTAs, and manages power save requests.
IEEE 802.15.3 WPAN supports ad-hoc networking with QoS provisioning. Real time and
large data transmissions are managed in a connection-oriented manner by allocating reserved
timeslots; i.e., CTAs. Timing and data transmissions in the piconet are based on the superframe
shown in Figure 1.2. A superframe consists of three parts: the beacon, the optional contention
access period (CAP), and the channel time allocation period (CTAP).
Beacons are sent by the PNC to synchronize the piconet, set the timing allocations and to
communicate management information to other DEVs in the piconet. Announce commands may
also be sent by the PNC as beacon extensions.
The CTAP is composed of CTAs, including management CTAs (MCTAs), which are
used for commands, isochronous streams and asynchronous data connections. Channel access in
a CTAP is based on time division multiple access (TDMA), such that all CTAs have guaranteed
start times and durations, thus enabling both power saving and QoS guarantee. The PNC controls
4

channel access by assigning CTAs to individual DEVs or groups of DEVs. C T A assignments as
well as other management information are sent by the PNC to all DEVs within the piconet, using
the beacons.
The C A P is used by DEVs to communicate commands and/or asynchronous data using
C S M A / C A as the multiple access protocol, similar to the IEEE 802.11 W L A N s . The length of a
C A P and the types of data and commands sent over it are dynamically determined by the PNC. A
PNC may choose to use M C T A s instead of CAPs for sending command frames. M C T A s are
used for communications between the DEVs and the PNC, and thus only command frames to or
from the P N C can be sent in M C T A s . In the base 802.15.3-2003 standard, slotted Aloha is
employed as the M A C protocol for accessing the open and associate M C T A s . In the 802.15.3b
amendment, multiple contention periods (CPs) are allowed in a superframe. Consistently
C S M A / C A is used as the access method in all CPs, and the use of slotted Aloha is eliminated.
Thus, the P N C can allocate contention CTAs for contention access besides the C A P , including
association M C T A s , association CTAs, open M C T A s and open CTAs.

1.3

Overview of 802.15.3 PHY specifications

The 802.15.3-2003 standard defines a 2.4 GHz P H Y for a single carrier system that
supports up to five modulation formats with coding at 11 Mbaud to achieve scalable data rates
[1]. The maximum rate is 55 Mbps with 64 quadrature amplitude modulation (QAM) and 8-state
trellis coded modulation (TCM). However, the standard did not attract much attention until ultrawideband (UWB) was permitted for unlicensed use by the Federal Communications Commission
(FCC) Report and Order [6] in 2002.

U W B has a fundamentally new approach to wireless communications. It is already being
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widely touted by industry as the next disruptive technology in wireless communications [7].
Unlike conventional radios, UWB radios are characterized by transmissions over an extremely
wide unlicensed radio spectrum, as shown in Figure 1.3. More precisely, an UWB transmission
is defined by FCC in [6] as one that has a bandwidth of 500 MHz or more, or a bandwidth
greater than 20% of the center frequency, i.e., fractional bandwidth rj > 0.2.

f)
(f +fi)

2(/„

L

(1 1}

H

where f is the upper frequency of the -10 dB emission point and f
H

L

is the lower frequency of

the -10 dB emission point. The new definition paves the way for alternative approaches besides
the traditional impulse radio (IR) based UWB transmissions.
UWB technologies hold great promise for short distance communications, especially
HDR WPANs, due to the lower power requirements [6][8][9][10]. The FCC regulation requires
that UWB indoor transmissions be limited to -41.3 dBm effective isotropic radiated power
(EIRP), as measured with a 1 MHz resolution bandwidth. The FCC has allocated 7,500 MHz of
spectrum for unlicensed use of UWB devices in the 3.1 to 10.6 GHz frequency band [6]. From
Shannon's law, C = #log (l + SNR), in order to increase channel capacity C, linear increases in
2

the bandwidth B are required, while similar channel capacity increases would require exponential
increases in the signal-to-noise ratio SNR. The combination of broader spectrum, lower power,
and pulsed data means that UWB transmissions cause less interference than conventional
narrowband radio transmissions, and are capable of transmitting at very high data rates using
very low power to achieve wire-like performance in an indoor wireless environment.
UWB was selected as the alternative PHY for 802.15.3 to provide HDR service in excess
of 100 Mb/s at 10 meters. Unfortunately, the attempts of the 802.15.3a task group [11] to

develop a unified alternate UWB-based P H Y specification for 802.15.3 were unsuccessful, and
the task group was dissolved. Nevertheless, there is still substantial interest in 802.15.3 WPANs.
The most commendable achievement of TG3a was the consolidation of 23 U W B P H Y
specifications into two proposals: multi-band orthogonal frequency division multiplexing (MBOFDM) U W B [12], supported by the WiMedia Alliance [13], and direct sequence U W B (DSUWB) [14], supported by the U W B Forum [15]. The process was in total deadlock after the
middle of 2003, when the two merged proposals were down selected. The DS-UWB group
proposed a compromise with common signaling mode (CSP), but could not convince the other
camp, and did not get sufficient votes to move forward. Finally, the two groups issued a joint
statement to disband the 15.3a task group in January 2006. While M B - O F D M was adopted
together with its own distributed M A C protocol by the European Computer Manufacturers
Association (ECMA) International in the first U W B standard ECMA-368 [16], DS-UWB still
uses the 802.15.3 M A C .
M B - O F D M U W B is also used in the wireless U S B and the next generation Bluetooth.
Instead of occupying a single continuous ultra wide spectrum, the M B - O F D M U W B divides the
spectrum into several 528 M H z bands, which are further grouped into 5 band groups.
Information bits are interleaved across all bands in the band group and transmitted using O F D M
modulation on each band. Within each band group, each time frequency code (TFC) corresponds
to a logical channel, which can be used to form a piconet.
DS-UWB applies code division multiple access (CDMA) techniques to U W B by using a
high duty cycle phase coded sequence of wide band pulses, transmitted at gigahertz rates. The
DS-UWB proposal divides the U W B spectrum into two operating frequency bands, each with 6
C D M A code sets. Thus, it provides 12 logical channels in total. Multiple access is achieved by
combining frequency division multiplexing (FDM), i.e., choosing one of the operation frequency
bands, and code division multiplexing (CDM), i.e., using different C D M A codes.
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More recently, the 802.15.3c task group [17] is developing an alternative PHY employing
millimeter-wave (mmWave), which will allow a very high data rate of 2 Gbit/s or higher, for use
with the 802.15.3 MAC. The mm Wave WPAN will operate in the new and clear bands,
including the 57-64 GHz unlicensed band defined by FCC 47 Code of Federal Regulations (CFR)
15.255.

1.4

Overview of existing performance enhancement mechanisms
Designed for wireless multimedia applications, the IEEE 802.15.3 standard clearly

defines the MAC functionalities and frame/superframe structures. However, how to allocate the
CTA slots to the streams is not specified. Therefore, most recent research on 802.15.3 is
concerned with channel time scheduling to guarantee QoS, taking into account the multi-media
traffic characteristics, such as burst frame arrival and large peak-to-average ratio of real time
streams, as summarized in [18].
In [19], it is proposed to add a byte to the MAC header to update the instantaneous queue
size of each stream so that the PNC is aware of the instantaneous loads of all data streams. Thus
the PNC may schedule the CTA time for each stream using an appropriate scheduling method,
such as earliest deadline first (EDF) and shortest remaining processing time (SRPT) [19] [20].
Fairness is further considered in Fair-SRPT [21]. In [22], addressing the disadvantages and
limitations of instantaneous queue size update, a method is proposed by allocating one MCTA to
each active stream to facilitate stream traffic load feedback. The study also found that providing
the feedback MCTA at the end of each superframe gives better performance than allocating the
feedback MCTA at the beginning of each superframe. A feedback-assisted channel time
allocation (FACTA) scheme [23] has also been proposed, in which DEVs send their channel
time requests at the end of each superframe.
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The enhanced SRPT (ESRPT) resource reservation algorithm [24] applies SRPT in two
steps for the first MAC service data unit (MSDU) and remaining MSDUs, respectively. In [25],
an M/M/c queuing model is used, which differentiates streams by assigning different priorities
for scheduling. An application-aware MAC scheme is introduced in [26], in which the maximum
sizes of I, P and B frames in a group of pictures are estimated by the source DEV before sending
CTA requests to the PNC. In [27], rate adaptive acknowledgements are used to let the PNC
choose the data rate for the next transmissions during CTA allocation. A dynamic MAC
scheduling method for MPEG-4 traffic is presented in [28] to maximize the total network
throughput and minimize the delay between each pair of DEVs. Several MAC scheduling
schemes are compared in [29], and an alternative scheduling scheme is proposed to determine
the allocated CTA dynamically according to the variations of frame sizes.
All of the above scheduling approaches require active (control frames in mini-slots) or
passive (implicit by overhearing) feedback of traffic parameters, such as load,framesize, type,
etc. The PNC then applies various scheduling algorithms to dynamically assign CTAs in the
superframe. Thus, they all require a dynamic superframe structure, which imposes significant
frame exchange overhead and hence incurs a high energy cost. In [30], the advantages and
disadvantages of static and dynamic algorithms are analyzed, and a hierarchical superframe
formation algorithm is proposed to combine the benefits of both.
All of the scheduling methods discussed above are based on a single shared channel, and
assume that only one stream can be sent at any given time. Other research work has taken into
account spatial channel reuse and multiple channels in 802.15.3 WPANs. For example,
Maximum Traffic (MT) scheduling [31] is proposed to allow simultaneous transmissions
following a graph coloring approach, and two heuristic scheduling algorithms with polynomial
time complexity are proposed in [32] to schedule concurrent transmissions in UWB-based
9

802.15.3 WPANs. The relative locations between communicating DEVs are considered for
channel scheduling in [33], to allow parallel transmissions within a piconet. Due to the small
piconet size, simultaneous transmissions require complex power control and scheduling schemes.
Thus, it is difficult to justify the additional complexity by the benefits realized. In fact,
simultaneous transmissions are more appropriate for impulse radio based time hopping (TH)
UWB [34], as each link uses a different TH sequence. TH-UWB, however, is more suitable for
802.15.4 low data rate (LDR) WPANs than for 802.15.3 high data rate WPANs. Nevertheless,
studying the performance of WPANs operated simultaneously over multiple channels [35], and
methods of connecting large numbers of piconets to form large scale scatternets, is interesting
research.
Unlike scheduling, some schemes are proposed to enable other DEVs to utilize the idle
times in the allocated CTAs through active carrier sensing. Enhanced CAP [36] considers a static
superframe structure and reuses the sleeping CTAs as CAPs, at the cost of higher energy
consumption because all active DEVs have to listen to all CTAs. Similarly, in the method
proposed in [37], the PNC determines whether a CTA is idle, and, if so, broadcasts a cancellation
message so that other DEVs can contend for access to reuse the idle time in a CTA. A CTA
sharing protocol, called VBR-MCTA, is proposed in [38] that enables the sharing of CTAs in the
same group by giving unused time slots of one variable bit rate (VBR) stream to another flow
that requires peak rate allocation.
Among the different acknowledgement methods specified in 802.15.3, delayed
acknowledgement (Dly-ACK) is designed to be used specifically for real-time streams in CTA
transmissions, and can reduce the MAC layer overhead as well as improve the channel utilization.
Thus, the behavior and optimization of Dly-ACK have been studied extensively [39][40][41][42].
An adaptive Dly-ACK scheme is proposed in [39] for both transmission control protocol (TCP)
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and user datagram protocol (UDP) traffic with two enhancement mechanisms. The delay
performance of the Dly-ACK scheme is analyzed in [40] with a dynamic burst size method for
performance improvement. An application-aware Dly-ACK method is introduced in [41], which
includes aframe-baseddynamic Dly-ACK burst size adjustment and a minimum sequence
sending up algorithm. Optimal no acknowledgement (No-ACK), immediate acknowledgement
(Imm-ACK), and Dly-ACK mechanisms in contention-free CTA and contention-based CAP
have also been studied [42].
CAP saturation throughput is analyzed in [31] and [25]. Since CAP is used mainly for
commandframes,the saturation assumption is farfromreality. Other studies have taken higher
layer protocols, such as TCP, into account. Simulation results for TCP and real-time flows under
various MAC operating parameters are given in [43]. The work in [44] aims to make TCP
transmissions more energy efficient by using dynamic superframe durations.
When the network scale is expanded, child piconets can be used to extend the piconet.
Furthermore, neighbor piconets can be created in a reserved private CTA leasedfromthe parent
piconet when no free channel is available. More generally, a scatternet has to be formed to
interconnect multiple piconets, making efficient and reliable methods of forming large scale
802.15.3 networks necessary. In [45], a method to extend 802.15.3 network coverage in multichannel 802.15.3 networks is proposed that combines MAC layer piconet management and
network layer route discovery for multi-hop route establishment. Reference [46] presents a
heuristic multi-radio aided topology construction algorithm for 802.15.3 WPANs. It uses a
second radio to gather and propagate position information of UWB based DEVs. However, due
to the limited power of WPAN DEVs, the expense of an independent channel and excessive
overhead for position information collection and distribution make it impractical. In [47],
integral linear programming is employed to analyze the scatternet formation problem
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theoretically, with the aim of finding optimal results. Furthermore, it gives two practical
objectives: optimizing total network load and minimizing the number of piconets. Reference [47]
finds that there are strong effects of different scatternet formation strategies on network
performance when the network exhibits different characteristics. However, they all require
neighbor information, such as the number of unassociated DEVs. Thus, extensive explicit
message exchanges have to be performed, which is not feasible for 802.15.3 since different
piconets operate on different logical channels.

1.5

Objectives and motivations
Most of the performance enhancement schemes discussed above are designed for WPAN

operations within a piconet, and assume that all DEVs within the piconet can communicate with
each other in a peer-to-peer manner. However, full piconet connectivity cannot be guaranteed
with only direct peer-to-peer connectivity. Depending on the locations of the associated DEVs,
some DEV pairs may be out of radio range of each other; i.e., direct peer-to-peer connection is
not available between them. How to discover peers [48] that do not have a direct connection
between them is an open issue that is not addressed in the 802.15.3 standard.
Furthermore, most of the existing algorithms assume a fixed data rate for all connections,
and aim to allocate more data streams efficiently by channel time scheduling. However, most
contemporary wireless systems, including 802.15.3, incorporate a PHY supporting multiple data
rates that may be chosen from among a pre-defined set of modulation parameters based on the
channel conditions. The scheduling method in [27] uses rate-adaptive acknowledgement (RAACK) to adapt to the instantaneous channel condition. More simply, in the absence of
propagation artifacts, the data rate can adapt to the transmission distance between two DEVs. In
general, multiple connection paths may exist between two DEVs, including possibly direct peer12

to-peer connection and multi-hop connections through other DEVs within the same piconet.
Direct connection, i f available, may not be the best route when rate adaptation is taken into
account. This presents an interesting engineering design problem for 802.15.3 WPANs on intrapiconet path optimization with application awareness [49].

The various performance enhancement algorithms presented in this chapter have been
proposed to address different problems with regard to the operations of IEEE 802.15.3 piconets.
However, several of these algorithms can be jointly deployed, e.g., the application aware shortest
path (AASP) route optimization proposed in [49] can be used simultaneously with any of the
proposed scheduling algorithms. The design of an IEEE 802.15.3 W P A N should consider these
different issues and incorporate the appropriate performance enhancement algorithms so that
piconet performance can be optimized.
The 802.15.3 M A C combines contention-free T D M A with C S M A / C A contention access.
However, due to the brief occurrence of CPs, the conventional Poisson arrival and saturation
assumptions are no longer valid. How to model the CP behavior in the 802.15.3 piconet to
facilitate novel engineering design for adaptive CP length adjustment is an interesting and
important topic to investigate [50].

Although methods for Bluetooth scatternet formation and mobile ad hoc network
(MANET) clustering have been thoroughly studied, they are not suitable for 802.15.3 scatternet
due to the unique characteristics of 802.15.3 piconets. How to design effective methods for
802.15.3 scatternet formation that consider these unique characteristics is still an open issue
[51][52].

13

1.6

Main contributions
In this thesis, we aim to provide practical protocol enhancements with simple and

effective schemes while maintaining the backward compatibility with the existing standards, and
taking into considerations of legacy DEV maintenance and inter-operability. The engineering
designs of this thesis minimize the modifications to exiting DEVs, and thus are easy to
implement in real-life systems. Furthermore, we provide better modeling and analysis for the
contention access behavior and scatternet formation issue, and give guidelines on practical
consideration for large scale network formation. The main contributions of this thesis are as
follows.We propose a novel third-party handshake protocol (3PHP) for efficient peer discovery
and link establishment with optimal forwarding selection in a piconet.
We derive a method and design algorithms for more general intra-piconet route
optimization with application awareness, considering carriers with multi-rate support.
We analyze the 802.15.3 MAC contention access behavior and design a novel adaptive
contention period suspension scheme for better channel utilization and energy saving.
We investigate the scatternet formation problem in 802.15.3 networks, and consider the
impacts of multi-rate support in 802.15.3 links on the effective intra and inter piconet link rates.
We also provide analytical and simulation results for piconet size optimization to maximize the
overall scatternet connection rate. We compare the 802.15.3 scatternet formation with existing
algorithms for Bluetooth and MANETs, and formulate it as a set covering problem that can be
solved by a practical stochastic scatternet formation method in consideration of the unique
characteristics of 802.15.3 piconets
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1.7

O r g a n i z a t i o n o f the thesis

The organization of this thesis follows the optional "manuscript-based format" specified
by the Faculty of Graduate Studies at the University of British Columbia, which requires that
each of the inner chapters between the introductory and concluding chapters be in the style of a
self-contained journal manuscript with its own bibliography. We divide the topics covered by the
inner chapters in two groups.
The first group concentrates on the 802.15.3 M A C protocol, and presents several protocol
enhancement schemes and discusses the practicality and implementation aspects. Chapter 2
addresses the peer discovery problem by proposing the novel third-party handshake protocol
Intra-piconet optimization with application awareness and multi-rate support is considered in
Chapter 3. In Chapter 4, we give a more realistic model for the contention access behavior in
802.15.3 piconets, and propose a novel adaptive contention period suspension (ACS) scheme to
dynamically control the active region of contention periods.

The second group focuses on the network formation issues considering the unique
characteristics of 802.15.3 WPANs. We formulate the 802.15.3 scatternet formation problem and
provide analysis of different aspects. In Chapter 5, we give a theoretical analysis and simulation
results on how to choose an optimal piconet size to maximize the expected end-to-end
connection rate in a scatternet. Chapter 6 further compares the 802.15.3 piconet creation and
scatternet formation issue with other existing algorithms, and provides a practical stochastic
approach that meets the constraints raised by the 802.15.3 W P A N characteristics. Chapter 7
concludes the thesis by summarizing our work, and provides some directions for future research.
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Chapter 2

Third-Party Handshake Protocol for
Efficient Peer Discovery

2.1

1

Introduction

In this chapter, we present a novel third-party handshake protocol (3PHP) that provides
more reliable and prompt peer discovery for Institute of Electrical and Electronics Engineers
(IEEE) 802.15.3 wireless personal area networks (WPANs) than defined in the standard [1].
Unlike the IEEE 802.15.1 protocol for Bluetooth WPANs, which employs a master node to
forward all traffic among slave nodes within a piconet, the 802.15.3 medium access control
(MAC) supports peer-to-peer communications among devices (DEVs) within a piconet [2]. Since
the piconet is formed ad hoc and DEVs exchange M A C frames in a peer-to-peer manner, peer
discovery is essential to the piconet operations.
However, full piconet connectivity cannot be guaranteed with the existing peer discovery
method defined in the 802.15.3 M A C . Depending on the locations of the associated DEVs, some
D E V pairs in the piconet may be out of range of each other, and as a result, direct peer-to-peer
connection is unavailable between them. The standard M A C layer peer discovery method will fail
in such situations after unproductive backoff retransmissions, and the conventional solution is to
employ ad hoc network layer route discovery to complete the connection. For DEVs uniformly
distributed over the maximum coverage area of a piconet, such failures occur in up to 41.3% of
intra-piconet peer discoveries. However, the ad hoc routing protocols are designed for routing at
the Internet protocol (IP) layer in self-organized multi-hop wireless networks. Compared with

1

A version of this chapter has been published. Z. Y i n and V . C . M . Leung, Third-party Handshake Protocol for

Efficient Peer Discovery and Route Optimization in IEEE 802.15.3 WPANs, ACM/Springer J. Mobile Networks
and Applications, vol. 11, no. 5, pp. 681-695, October 2006.
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MAC layer frame exchanges, ad hoc routing of IP packets incurs substantially higher overheads
for route discovery; thus, it is slower and more costly. Since an 802.15.3 piconet has a centralized
topology that is confined to a small coverage area around the piconet coordinator (PNC), a twohop route via the PNC can provide connections between any DEVs within the piconet.
Therefore, we propose to use the PNC as the third party in 3PHP, which utilizes this
central management capability to provide a simpler and less costly MAC layerframeforwarding
that replaces the inefficient network layer routing within the piconet. 3PHP replaces network layer
routing between directly unreachable DEVs by an efficient MAC layer forwarding that utilizes
the rate information gathered by self-learning to establish optimal routes. Simulation results based
on the multi-band orthogonalfrequencydivision multiplexing (MB-OFDM) ultra-wideband
(UWB) physical layer (PHY) show that the expected peer discovery time for 3PHP is lOOus
lower than the standard method between directly reachable DEVs. More significantly, between
directly unreachable DEVs, 3PHP has a much lower failure probability, and is up to 10 times
faster than the standard method as the latter fails and network layer routing is invoked.
The rest of the chapter is organized as follows. Section 2.2 reviews the standard peer
discovery method and the potential connectivity problem. Section 2.3 describes the proposed
3PHP for fast peer discovery, which also provides full connectivity within a piconet by MAC
layer forwarding. We also propose a best 2-hop forwarding algorithm that utilizes the rate
information gathered by the PNC via active monitoring of controlframeexchanges. The protocol
implementation considerations are discussed in Section 2.4. In Section 2.5, thefractionof DEV
pairs in a piconet that do not have direct connectivity is derived, and the performance of 3PHP is
evaluated by a novel carrier sensing multiple access with collision avoidance (CSMA/CA) delay
analysis. Numerical and simulation results based on MB-OFDM UWB PHY are presented in
Section 2.6. Section 2.7 concludes the chapter.
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2.2

Peer discovery in 802.15.3 WPANs

2.2.1 Peer discovery process and the connectivity issue
Since an 802.15.3 piconet supports ad hoc communications between peer DEVs, peer
discovery is crucial to its operation. The DEVs shall be able to obtain information about the
services and capabilities of other DEVs in the piconet at any time by information discovery
commands. Especially, peer information is needed before a source D E V can send any data to a
destination D E V , or generate channel time request (CTRq) to the PNC. The standard specifies the
following commands for peer discovery. Each D E V in the 802.15.3 piconet may use the P N C
Information Request command to obtain information about other DEVs in the piconet from the
PNC. In addition, a D E V may send a Probe Request command directly to another D E V to obtain
other information required for peer-to-peer communication. Furthermore, all DEVs in the piconet
are able to use the Channel Status Request and Channel Status Response commands to gather
information about the quality of their links with other DEVs. Note that all these commands are
exchanged by contention access in the contention access period (CAP) and/or management
channel time allocations (MCTAs).
A l l data frames in an 802.15.3 piconet are exchanged in a peer-to-peer manner. Therefore,
if the necessary peer information is not available, a D E V ought to execute a peer discovery
procedure using the commands mentioned earlier before any actual data transmission. The source
D E V should first send a PNC Information Request command to the P N C to find out i f the
destination D E V exists in the piconet, and, i f so, it should then send a Probe Request command to
the destination D E V to gather peer communication information such as the data rate, as described
in Figure 2.1. The peer information is essential since it governs the P H Y dependent payload
coding scheme as well as the M A C layer channel time allocation (CTA) length calculation. Figure
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2.2 illustrates a successful peer discovery frame exchange sequence with the standard method. As
indicated, the minimum delay is achieved i f both the P N C and the destination D E V send the
corresponding responses immediately, i.e., a short inter-frame space (SIFS) after the immediate
acknowledgement (Imm-ACK). However, i f the destination D E V is outside the radio coverage of
the source D E V , it will not receive the Probe Request command and the source will not receive
the Imm-ACK. Even worse, the sender cannot distinguish the out-of-range transmission from a
collision. Therefore, it will assume that a collision has occurred, and begins the backoff
retransmission process until the specified maximum number of retries is reached. In this case, the
M A C peer discovery fails, and the piconet is unable to establish connectivity between all peer
DEVs.

2.2.2 Ad hoc routing and MAC layer forwarding comparison
When peer discovery fails, the M A C layer protocol notifies the network layer to initiate a
route discovery process. Routing processes, such as ad hoc on-demand distance vector routing
(AODV) [3] and dynamic source routing (DSR) [4], use packet flooding for route discovery in
multi-hop ad hoc networks where no central controller, such as the PNC, is present. A l l route
request (RREQ) packets are broadcasted with no immediate acknowledgments and no
retransmissions. Because all RREQ and route response (RRES) packets are sent via contention
access, collisions may occur with other commands. Failed deliveries of RREQ/RRES packets are
recovered at the source by repeating the route discovery process, which incurs additional delay.
The transmission costs of route discovery packets are also higher than M A C command frames, as
the former have more overhead and may need to include the path information in the payload, as in
DSR [4].
Routing processes such as A O D V and DSR are designed to find a minimum-hop route
between the source and destination. Thus, any D E V between the source and destination may
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become an intermediate node if it successfully delivers the RREQ to the destination. There is no
optimization on the route itself with regard to performance metrics such as delay. Since a piconet
is confined by the coverage of the PNC, a two-hop connection through another DEV in the
piconet including the PNC can always satisfy the connectivity between any DEVs associated with
the piconet. Thus, a MAC layer forwarding method should be used to replace the network layer
routing procedure within a piconet.
In addition, if a route is discovered by network layer routing, each hop needs to request a
CTA slot separately from the PNC, with a unique stream number. Thus, the PNC will consider
each hop as an independent traffic stream, and there is no coordination among these hops that
belong to the same connection. For instance, a failure in an intermediate hop breaks the
connection, but the PNC assumes that an independent stream is terminated and keeps allocating
CTAs for other hops until it is eventually notified by all participating DEVs, and another route
discovery is needed to reroute the traffic. By contrast, with explicit MAC layer forwarding, the
PNC knows that these hops belongs to one connection, and thus it can better manage the
corresponding CTAs by, for example, adjusting downstream CTAs to match upstream allocations,
rerouting the traffic if the intermediate node fails, and releasing all CTAs for this stream if either
the source or destination terminates the session.

2.3

Peer discovery protocol with forwarding route optimization

For the successful peer discovery sequence shown in Figure 2.2, the exchange of PNC
Information Request and Response commands seems redundant. However, without it, the same
backoff retransmission problem as discussed above occurs if the destination DEV is not
associated with the PNC. Since all DEVs within a piconet can be reachable by the PNC, it is
obvious that a two-hop connection via the PNC can provide full connectivity between them, as in
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infrastructure mode W L A N s and Bluetooth WPANs. Therefore, a simple PNC frame forwarding
can be used to replace the network layer routing process. However, as shown below, we can
optimize the frame forwarding by choosing another D E V closer in distance to the source and
destination to forward the frame. For fast and efficient peer discovery, we propose the 3PHP, and
incorporate the M A C layer forwarding capability in it. With the active involvement of the PNC,
costly network layer intra-piconet routing is eliminated, and full piconet connectivity is
guaranteed. The protocol works as follows.
In an 802.15.3 piconet, in order to reduce header length, the real D E V M A C address is not
used in the M A C frames for a D E V . Instead, M A C frames use device identifiers (DEVIDs),
which are assigned by the PNC during the D E V associations. A DEVID for a D E V is a one octet
field, and is unique to an associated D E V within a piconet.
Since the PNC Information Request and Response exchange is redundant if the destination
D E V can be reached, we propose that the source D E V send only a Probe Request command to the
destination. If the destination D E V receives the command, it returns an Imm-ACK after a SIFS
and then the Probe Response command, as in standard protocol operations. At the same time, the
third party, i.e., the PNC, shall actively monitor the frame exchange. Upon receiving a Probe
Request, the PNC checks the destination DEVID (DestID) field in the M A C header. If the DestID
is not associated in the piconet, the PNC shall send an Imm-ACK to the source D E V after SIFS,
followed by a PNC Information command with an empty information element (IE), to notify the
source that the destination does not exist in the piconet. Otherwise, instead of ignoring the Probe
Request frame, the P N C waits for the Imm-ACK from the destination D E V . If no Imm-ACK
arrives after a backoff inter-frame space (BIFS), which is the sum of a SIFS and a clear channel
assessment (CCA) detect time (CCADetectTime), the P N C realizes that the destination D E V
cannot hear the source. The PNC shall then immediately send an Imm-ACK to the source,
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followed by a PNC Information command with the route information, which is determined by the
route optimization algorithm given below.
With multi-rate carriers, the base rate is used for all command frames, and P N C
forwarding achieves the same command exchange delay as forwarded by another intermediate
D E V between the source and destination DEVs. But P N C forwarding eliminates the potential
hidden terminal problem because all DEVs in the same piconet are associated with the PNC, and
thus can hear its transmissions. However, following the peer discovery, when a stream connection
is to be established, PNC forwarding may not necessarily be the best choice to achieve the
maximum throughput.
Since the PNC can monitor all commands exchanged during the C A P , it can learn the data
rates between reachable D E V pairs and store them in an n x n rate matrix (RM), where n is the
number of DEVs in the piconet. Based on the current rate information stored in RM, for an
unreachable pair DEV, and DEV,, the P N C can determine the optimal 2-hop route that has the
minimum transmission time; i.e., the best route employs DEV* for M A C layer forwarding, where
k minimizes as follows.

m i n ( — + — )

Thus, the route optimization algorithm not only alleviates the traffic load on the PNC, but
also discovers a current optimal 2-hop M A C layer forwarding path given by existing rate
information without introducing any extra overhead. Furthermore, since the PNC knows the links
that belong to the same connection, i f the connection is broken, for example, due to the
forwarding D E V leaving the piconet, the P N C can immediately reroute the traffic to a current
optimal path, or terminate the connection by de-allocating all corresponding CTAs.
Clearly, with the proposed 3PHP, any peer discovery process requires only one round of
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frame exchange, which takes half the time of the peer discovery procedure used in the standard
method. Figure 2.3 illustrates theframeexchange sequence in the worst case scenario with 3PHP
when the source and destination DEVs are unreachable. Thus, 3PHP fully utilizes the
broadcasting nature of wireless transmissions, combines the advantages of centralized control
with ad hoc communications, and achieves maximum peer discovery efficiency with virtually no
extra cost. It also prevents the undesirable problem of futile backoff retransmissions to an
unreachable destination. Furthermore, the MAC layer forwarding method incorporated into 3PHP
guarantees full piconet connectivity and finds the best route with minimum transmission time for
traffic delivery. Thus it totally eradicates the need for network layer routing within the piconet,
and greatly benefits system performance.
Peer discovery is done on demand when a connection is to be set up where no peer
information is available, or when an existing link is broken. Therefore, reduced peer discovery
time brings a fast response to connection establishment. Moreover, when a link outage occurs,
3PHP provides prompt route recovery and session reestablishment to the higher layer, which is
essential to real-time streaming applications.

2.4

Protocol implementation considerations

The proposed scheme is well compatible with the standard and requires minimal
modifications. Since commandframesare sent during the CAPs when all active DEVs keep
monitoring the channel, all active DEVs, including the PNC, are required to decode any received
commandframe,at least for the MAC header, in order to check if theframeis addressed to itself.
Therefore, there is virtually no overhead introduced to the system.
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2.4.1 Modifications of existing standard
With the M A C protocol in the original standard, the sender of a command will only accept
after SIFS an Imm-ACK that has the source DEVID (SrcID) set to the DestID in the original
command; otherwise, it will assume that a collision has occurred. With the proposed 3PHP, the
sender shall accept after SIFS an Irnm-ACK with the SrcID set as the original DestID^ or after a
BIFS an Imm-ACK with the SrcID set to the PNCTD, i.e. 0x00. If the DestID is found, everything
works as in the original standard, since direct peer connectivity is established. If the PNC_ID is
received instead, the source D E V will recognize that the destination cannot be directly reached,
and the data shall be sent via the designated 2-hop route provided by the PNC.
Besides actively monitoring the commands exchanged over the piconet, the PNC needs to
decode all Probe Request commands even i f the DestID is set to other DEVs in the piconet. It can
drop the command i f an Imm-ACK is received from the destination D E V after SIFS. If no ImmA C K from the destination D E V is detected, which implies that the source cannot directly reach
the destination, the P N C performs a route selection with current rate information, and sends an
Imm-ACK after BIFS, followed by a PNC Information Response with a new route IE appended to
indicate the M A C forwarding information, as shown in Figure 2.3. In the standard, the element ID
values between 0xl0-0x7F are reserved, thus we can use 0x10 for the M A C Forwarding IE with
the structure shown in Figure 2.4. In general, the M A C forwarding might require multiple hops.
Therefore, we use 1 octet for the forwarding length L, which counts all DEVs in the path
including the source and destination, thus L>2, and include all DEVIDs after the length field to
indicate the M A C forwarding path.
The best 2-hop connection for unreachable DEVs discussed above is only a special case of
route optimization. Further and more general optimization algorithms with application awareness
under multi-rate carriers will be discussed in more detail in Chapter 3. Moreover, as defined in the
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standard, in the CAP, the D E V backoff resumes after the channel is idle for a BIFS. Thus, with
the proposed 3PHP method, the Imm-ACK sent by the PNC when peer DEVs are unreachable can
potentially collide with other command frames. To eliminate the problem, DEVs should defer for
a slightly longer time, for example, a retransmission inter-frame space (RIFS), where RTFS >
BIFS, before backoff resumes.

2.4.2 Practicality and backward compatibility of 3PHP
The proposed 3PHP brings significant enhancement in efficiency for peer discovery and
link reestablishment. The P N C has to incorporate the 3PHP modifications presented in the last
section to obtain the possible enhancements. Furthermore, DEVs supporting 3PHP can interoperate with legacy DEVs implementing the existing standard. Performance enhancements will
only be possible i f for peer discovery between DEVs that support the new 3PHP. Legacy DEVs
will operate according to the existing standard.
In particular, for directly unreachable D E V pairs, the source D E V will simply ignore the
Imm-ACK and the P N C Information Response command sent by the 3PHP-enabled P N C ,
because the source D E V expects an Imm-ACK from the destination D E V , and will regard the
Imm-ACK from the PNC after a BIFS as an indication of a frame collision. The source D E V will
then perform the backoff procedure as defined in the standard. The PNC Information Response
will be ignored before the legacy source D E V does not understand the new IE for M A C
forwarding. Since legacy DEVs resume backoffs after BIFS i f they have pending commands to
send, these legacy D E V s ' commands may collide with the Imm-ACK sent by the P N C and
degrade overall system performance. In this chapter, we assume that all DEVs are 3PHP enabled.
The evaluation of the performance impact of legacy DEVs is left for future research.
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2.5

Performance evaluations

2.5.1 Probability of no direct connection between intra-piconet device pairs
In an 802.15.3 W P A N employing a multi-rate P H Y , the beacons are sent with the base
rate. Therefore, the size of a piconet can be adjusted by the PNC by changing the beacon power.
To determine the probability of no direct connection between two DEVs in a piconet, we consider
the simple scenario of free-space propagation without fading or interference, and model the
piconet as a circle with the P N C at the center. This will underestimate the probability as
propagation impairments will further increase this probability.
We assume that:
•

the maximum coverage radius is R, given by the maximum transmission distance with the
lowest base rate and maximum allowed transmit power of the underlying P H Y ;

•

the piconet is represented by a circle with radius r (r < R), given by the transmission range
of the beacon frames;

•

the piconet coverage ratio is defined as the ratio between the piconet radius and the
maximum coverage radius, i.e., rlR;

•

all associated DEVs are uniformly distributed within the area of the piconet.
Define a common overlap area (COLA) function COLA(R,r,x)

to represent

the

intersection of two circles with radii R and r (r<R), respectively, whose centers are separated by
distance x, as shown in Figure 2.5. We can find that [5]
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x<(R-r)
R cos
2

(R-r)<x<(R

COLAR, r, x) = COLAr, R, x) == \
,J(-x + r + R)(x + r-R)(x-r

+ r)

(2.2)

+ R)(x + r + R)
x>(R + r)

0;

The probability that a D E V is at distance x to x+Ax (x<r) from the PNC is
P(x) = 2xAx/r

(2.3)

2

Given a source D E V at distance x from the PNC, a destination D E V is reachable i f it is
located within the coverage area of the source, i.e., within the intersection of two circles of radii R
and r, whose centers are separated by distance x [6],

x<(R-r)
(R-r)<x<r

(2.4)

Therefore, the probability of no direct connection between two DEVs in a piconet (the noconnection probability) is
(2.5)

2.5.2 Peer discovery delay analysis
We assume that all command frames are sent in the CAP. In fact, with the 802.15.3b
amendments, all contention periods employ the same C S M A / C A method for channel access as in
C A P [7]. We evaluate the performance of the peer discovery process by comparing its total time
under different conditions. In order to do so, we present a novel delay analysis for C S M A / C A
medium access, with the following assumptions:
•

A l l peer discovery requests are sent to DEVs associated with the piconet.

•

The conditional collision probability p [8], which is the probability that a packet is sent by
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a n o t h e r D E V i n a b a c k o f f slot g i v e n that a s p e c i f i c D E V t r a n s m i t s a p a c k e t ,
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C
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•

Define

CW

= CW^

0

as

the

initial

contention

transmission, a collision, other

respectively.

window

( C W ) size

a n d CW

as

{

the

c o n t e n t i o n w i n d o w s i z e at t h e z'-th r e t r a n s m i s s i o n a t t e m p t , w h e r e

CW^vam&CW^CW^).

•

(2.6)

L e t M b e the m a x i m u m retry_count n u m b e r , i.e.,the m a x i m u m n u m b e r o f retransmissions

before the packet is dropped.

Assume

the frame

transmission o f a D E V is an independent

stochastic

process. T h e

a g g r e g a t e traffic f r o m a l l o t h e r D E V s c a n b e m o d e l e d as a P o i s s o n p r o c e s s w i t h a n o v e r a l l a r r i v a l

r a t e o f X. T h e r e f o r e , p i s g i v e n b y t h e p r o b a b i l i t y t h a t t h e r e a r e o n e o r m o r e n e w a r r i v a l s w i t h i n a

B I F S , i . e . , p = 1 - e'

xp

, w h i c h i s a c o n s t a n t i f t h e a r r i v a l r a t e A, i s c o n s t a n t .

S i n c e t h e b a c k o f f c o u n t e r i s u n i f o r m l y d i s t r i b u t e d i n (0, CW

{

-1),

the m e a n n u m b e r o f idle

b a c k o f f slots b e f o r e the actual t r a n s m i s s i o n is

A^,.=(C^.-l)/2.
Let

CT

t

(2.7)

d e n o t e t h e e x p e c t e d c o n t e n t i o n t i m e w h e n t h e c o n t e n t i o n w i n d o w i s CW;,

w h i c h is

d e f i n e d a s t h e e l a p s e d t i m e f r o m t h e start o f p a c k e t c o n t e n t i o n w i t h C l ^ t o t h e s u c c e s s f u l

transmission,

CT

i

o r the b e g i n n i n g

of

another

backoff

stage

if a

collision

occurs.

packet

Therefore,

i n c l u d e s a l l other p a c k e t t r a n s m i s s i o n s d u r i n g this p e r i o d .

T h e b a c k o f f counter o f a D E V w i l l not decrease
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i f the channel is sensed busy.

With a

transmission probability of p on the channel, the expected number of slots that a D E V senses the
channel idle is l/(l-p). Thus, the expected number of slots that a D E V waits before the actual
transmission is simply N . 1(1- p). Therefore, the expected number of frame transmissions by
BS

other DEVs during the contention time is
N^pN l(\-p).

(2.8)

BSi

Thus, the expected contention time with CW is the sum of the expected frame
{

transmission time (success or collision), the expected idle backoff slots, and the total time used on
other frame transmissions occurred during the backoff period, i.e.,

CT = (1 -p)T
t

s

+ pT +
c

N P
BSi

+ N,T = (1 -p)T
0

CW.-X
+ pT + —'-—\

s

P

2

-^-T +/3

(2.9)

0

c

{\-p

j

If the destination D E V can be reached directly, the expected packet delay and dropping
probability are, respectively
M

D^p'CT,

(2.10)

i=0

P =p

M+l

d

(2-11)

For simplicity, assume that all command frames have the same length given by CMD and
that no collision involves more than 2 packets. Suppose any other command frame transmitted
within C A P requires only an Imm-ACK, which has a length of ACK, then,
T =CMD
C

+ PJFS

T = CMD + SIFS + ACK + RIFS
0

(2.12)

(2.13)

To minimize the delay, let all subsequent command frames within a peer discovery
process be sent SIFS after the successful transmission of the previous frame. For the 3PHP
35

scheme, if the destination receives the Probe Request, the time of successful transmission is
T = 2{CMD + ACK) + 3SIFS + RIFS
sl

(2.14)

Otherwise, if the destination DEV is out of range, the PNC waits for a BIFS instead of a
SIFS before it generates an Imm-ACK and its own response command to the sender, as shown in
Figure 2.3. Thus, the successful transmission time for unreachable DEV pairs becomes
T = 2{CMD + ACK) + 2SIFS + BIFS + RIFS

(2.15)

s2

For the standard peer discovery method, if the peer discovery is successful at the MAC
layer (as illustrated in Figure 2.2), the successful transmission time is
T = 4(CMD + ACK) + 7SIFS + RIFS
s3

(2.16)

The expected peer discovery time (D -D ) and peer discovery drop probability at the
}

3

MAC layer for these cases can be calculatedfrom(2.10) and (2.11) with appropriate parameters.
However, if the destination DEV is not directly reachable, with the standard peer
discovery, the source assumes that a collision has occurred. Thus, the Probe Request transmission
will keep repeating the backoff retransmission process until the maximum number of retrycount
M is reached, before finally dropping the request. Therefore, an unsuccessful standard peer
discovery process in the MAC layer takes
M

D = [2(CMD + ACK) + 4SIFS] + Y, i
CT

4

(- )
2

(=0

where the first part is the total time for the PNC information request and response exchange, and
the second part denotes the expected backoff time for the Probe Request before it is eventually
dropped.
Besides the unsuccessful MAC layer peer discovery, an upper layer routing is required to
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find a route to the destination. Since routing tends to find a route with a minimum number of
hops, assume a two-hop route is established if the network layer route discovery is successful.
Therefore, route establishment requires the successful transmission of at least two RREQ and two
route RRES frames. The routing frames are normally larger than those in counterpart MAC
command frames. For simplicity, assume the routing frame has the same size, CMD, as the MAC
layer command frames. Note that RREQ frames are broadcasted. There is no acknowledgement
and no retransmission for RREQs. The successful transmission times for the RREQ and RRES are
therefore
T MEQ
S

=

T .,

(2-18)

T RRES T
=

C

S

0

The expected delay for a RRESframe(D^ES )

X S

given by (2.10), and the expected delay

for a RREQframeis simply
(2.19)

D =CT
RREQ

0

Thus, the expected delay for a successful routing is
(2-20)

DSS= ( RREQ+DRRES)
2

D

The expected routing failure probability is roughly
Routing_P = l-(\-p) (l-p )
2

m+l

(2.21)

2

d

If the routing has failed for any reason, the initiator times out waiting for the RRES and
repeats the route discovery procedure. In this case, the peer discovery delay becomes even larger.
Suppose routing is always successful, and taking into account the no-connection probability from
(2.5), the expected successful peer discovery delays are given by the following.
D

LPHP

= [1 - P(no connect)]/), + [P(no connect)]£>

2
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(2.22)

STD = H ~ ^ (

D

n o

connect)]Z) + [P(no connect)](D + D )
3

4

5S

(2.23)

There is a limitation in the above analysis on the route discovery delay. Since all DEVs
that received the RREQ from the source attempt to rebroadcast the RREQ, the collision
probability for the second RREQ frame is much higher than the conditional collision probability p
given before. However, since multiple DEVs are forwarding the RREQ, it is likely that a RREQ
can reach the destination. Thus, the expected delay for a successful routing and the routing
probability may be slightly different from the results given by (2.20) and (2.21).

2.6

S i m u l a t i o n a n d n u m e r i c a l results

The theoretical analysis for the no-connection probability is justified by simulations. The
simulator, written in C++, runs for 10 million trials. It randomly sets the positions of two DEVs
within the piconet, and then calculates the distance d between them. There is no connection if d is
greater than the maximum transmission range R. To ensure full M A C layer connectivity, the
piconet radius has to be smaller than one half of the maximum transmission range; otherwise,
some DEV pairs may not be able to communicate with each other directly. As shown in Figure
2.6, the no-connection probability increases as the radius of the piconet. If, by default, the piconet
operates at the maximum transmission coverage radius R, the no-connection probability is 41.3%,
i.e., 41.3% of intra-piconet peer discoveries will fail using the standard method, and network layer
routing has to be performed for them.
To evaluate the peer discovery delay, we use PHY parameters based on the MB-OFDM
UWB specification [9]. MB-OFDM supports multiple data rates of 53.3-480Mbps. The ranges at
which the MB-OFDM system at various data rates can achieve a packet error-rate of 8% with a
link success probability of 90% for channel model (CM) 1 (CM1) are listed in Table 2.1, in which
the ranges for 110-480Mbps are from [9] and the range for 53.3Mbps is estimated by multiplying
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the range for 110Mbps by 42 .
Besides the 10 octets MAC header and 4 octets frame check sequence (FCS), the MAC
payload sizes of PNC information and Probe Request and Probe Response are 5 and 24 octets,
RREQ and RRES packets are 24 and 20 octets, respectively. Due to the high rate of UWB
carriers, the differences between payload sizes are within several microseconds. Therefore, for
simplicity, all command frames used in the simulations have a fixed 20-byte payload and are sent
at the base data rate of 53.3Mbps. The corresponding parameters used in the simulations, as
summarized in Table II, are based on the current MB-OFDM specification [9] and 802.15.3
standard [1].
The simulator generates peer discovery requests one by one between randomly chosen
DEV pairs within a given piconet with a total of 10 million trials. For each request, the command
frame is first backed off with the initial contention window CW . The backoff counter decreases
Q

by 1 at each idle backoff slot. The DEV sends the command at the beginning of a backoff slot if
its backoff counter is 0. The conditional collision probability p is kept constant within each
simulation, and collisions are simulated by a random number generator based on this probability.
For each backoff slot, a uniformly distributed random number is generated between 0 and 1. If the
number is smaller or equal to the given p value, a transmission starts on the channel. A collision
occurs if the DEV sends a command in the same backoff slot. If the backoff counter is not 0 while
another DEV starts transmission, the DEVfreezesthe counter until a successful transmission time
( T ) is passed. A command is dropped after the maximum number of retry_count M is reached.
0

Thus, a command fails if and only if the M-th retransmission encounters a collision. Due to the
broadcasting manner, there is no retransmission for the RREQ command, i.e., M= 0 for all RREQ
frames. The peer discovery fails if any command in theframeexchange sequence fails. The total
number of failures and the individual process delays are recorded. The expected piconet peer
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discovery times shown in Figure 2.7 are the average results of these trials for different cases from
the simulations.
Since the same assumptions, such as constant p and T , are used in the simulations, the
0

simulation results are almost identical to the numerical results from the delay analysis in Section
3.5. Due to the frame exchange time for the PNC information commands, the peer discovery
times for the standard method when it is successful are 100 us higher than those for 3PHP over
the full range of p values. The average peer discovery time for the standard method when
successful is 37% higher than that for 3PHP at p=0.2, and 60% higher at p=0 (no collision). Also
shown in Figure 2.7, the mean successful network layer routing discovery time employing the
standard method (not including the time for the M A C layer to declare peer discovery failure) is
200% higher than the mean successful peer discovery time employing 3PHP, and 100% higher
than the mean peer discovery time employing the standard method when it is successful. For
example, at p = 0.1, a successful routing costs 668.9 p.s on average while the 3PHP and the
standard method (when successful) cost 216.3 [is and 316.3 ps, respectively, on average. Clearly,
a successful M A C layer peer discovery is much more efficient than network layer route
discovery.
At the same time, due to the multiple hops and the RREQ broadcasting, the network layer
route discovery failure probability is much higher than that of the M A C layer peer discovery. The
theoretical and simulation results for the failure probabilities of M A C layer peer discovery
between reachable DEVs are compared with those of route discovery in Table 2.3. At p=0.05, the
M A C peer discovery failure ratio is only 0.0006% with multiple backoff retransmissions, while
the network route discovery failure ratio is already 9.75%. Whenp increases to 0.2, the M A C peer
discovery failure ratio is still very low at 0.16%, while the network route discovery failure ratio
becomes quite large, at 36%.
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However, if the destination DEV is out of the radio range of the source DEV, the standard
method will enter into unproductive backoff retransmissions until peer discovery fails after the
maximum number of retry_count M is reached. This incurs a substantial delay, as the backoff
delay is quite large. Moreover, the source DEV then has to initiate a network layer route
discovery process to find a path to the destination DEV. Even without any collisions (p-0), Figure
2.7 shows that the standard method spends 1118 ps just to finish the backoff retransmissions, and
another 518 us for route discovery. In all cases, the peer discovery time goes up as p increases.
This increase comesfromthe increasing number of backoff stages resultingfromthe higher
collision probability. With p=0.2, on average the source DEV will spend 2056 as on unsuccessful
MAC layer peer discovery and 911 |as on subsequent successful network layer route discovery. In
contrast, the 3PHP scheme only incurs less than 5 ps in average delay. Compared with 3PHP, the
time spent on failed MAC layer peer discovery alone is more than 5.5 times higher, and even the
average time for successful network layer route discovery is about three times that of peer
discovery employing the 3PHP scheme. Overall, the average peer discovery time for the standard
method, including successful network layer route discovery, is 9.5 to 10 times that of the 3PHP
scheme, e.g., the delay for 3PHP is 221 ps when p = 0.1, but 2204 us for the standard method.
Since 3PHP incorporates MAC layer forwarding, connectivity between any two associated DEVS
is guaranteed. By eliminating futile backoff retransmissions to out of range DEVs and subsequent
network layer routing, 3PHP significantly reduces the total peer discovery time for out of range
DEV pairs.
With the same p value, the expected peer discovery time increases with the piconet
coverage range ratio. A larger piconet results in a higher no-connection probability. Therefore,
more MAC layer peer discoveries will fail when the standard method is employed, necessitating
network layer routing. The expected piconet peer discovery times for both 3PHP and the standard
method (including network layer route discovery if needed) vs. the coverage range ratio are given
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in Figure 2.8. With coverage range ratio below 0.5, the difference between the 3PHP and the
standard method is only 100 us. With larger piconets, the peer discovery times for 3PHP remain
almost unchanged, but those of the standard method increase significantly due to an increasing
no-connection probability. For instance, at p=0.1, the average peer discovery time with 3PHP is
almost constant at around 217 ps for all piconet sizes, but that of the standard method increases
from 316 to 1097 ps when the piconet coverage range ratio increases from 0.5 to 1. In other
words, the performance of 3PHP is efficient and stable, but the performance of the standard
method is degraded by up to 70% if the piconet is operated at the maximum coverage. The peer
discovery (including route discovery) failure probability of 3PHP, which equals that of the M A C
layer failure probability listed in Table 2.2, is quite small. Due to the much higher failure
probability of the network route discovery process, the peer discovery failure probability
(including route discovery) of the standard method as shown in Figure 2.9 becomes significantly
higher than that of the 3PHP. If the piconet operates with the maximum beacon power for
maximum coverage (r/R=l), the peer discovery failure ratio for the standard method is 4% at

p=0.05, and 15% when p=0.2, compared with 0.0006% and 0.16% for 3PHP, respectively. Thus,
the 3PHP method is not only more efficient but also much more reliable than the standard method
employing network layer routing between unreachable DEVs.
The proposed 3PHP employing PNC forwarding can improve the peer discovery
performance of the IEEE 802.15.3 M A C employing any suitable PHY. Furthermore, by
exploiting the multi-rate support of, e.g., the U W B PHY, further performance enhancement is
possible through route optimization. With the standard method, network layer routing finds a
route with a randomly chosen intermediate D E V , which successfully delivers the RREQ to the
destination. Thus, PNC forwarding is a close approximation to it. The proposed route
optimization algorithm finds out the best 2-hop forwarding route for directly unreachable D E V
pairs using the rate information collected by the PNC with self-learning. The optimized route
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results in significant higher throughput than that of PNC forwarding. The enhancement increases
with the number of DEVs in the piconet because more routes are available.
In fact, with multiple rate carriers, even if a direct connection exists between two DEVs, it
is not necessarily the best choice. The detailed route optimization methods considering different
traffic characteristics will be discussed and results will be presented in detail in Chapter 3.

2.7 Conclusion
Peer discovery is crucial to peer-to-peer data delivery in 802.15.3 WPANs. The existing
MAC layer peer discovery methods cannot guarantee full connectivity between DEVs within a
piconet through direct peer-to-peer connections if the piconet operates with a radius greater than
one-half of the maximum transmission distance. Up to 41.3% of intra-piconet DEV pairs may fail
to communicate with each other directly if the piconet radius equals the maximum transmission
distance. If the source cannot reach the destination DEV directly, the standard peer discovery
method fails after wasting much time on futile backoff retransmissions, and network layer ad hoc
routing is needed to complete the connection within the piconet, which is unreliable and
inefficient. In this chapter, taking advantage of the central control topology of an 802.15.3
WPAN, we have proposed a novel third-party handshake protocol, 3PHP, for fast and reliable
peer discovery and connection re-establishment with full connectivity support. The 3PHP scheme
achieves much faster peer discovery in all cases, using only a single round of control frame
exchange. For DEV pairs in the piconet that are not directly reachable, 3PHP replaces the
expensive and unreliable network layer routing needed on top of the standard method with a
simple, efficient and reliable MAC layer forwarding technique. Furthermore, the proposed 3PHP
requires only minor modifications to the standard, and is well compatible and inter-operational
with legacy DEVs implementing the standard MAC.
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Analytical and simulation results show that 3PHP achieves 25-37% faster peer discovery
time over the standard M A C method between DEVs within range, and 9.5-10 times faster i f the
destination D E V is out of range, while substantially reducing the peer discovery failure
probability. Since connection establishments rely on peer discovery when peer information is
unavailable or the exiting connection is broken, the 3PHP provides a fast response to set up
connections. Furthermore, the route optimization algorithm in the P N C can be employed to
provide the best M A C layer forwarding routes by self-learning the available rate information
between DEVs, which significantly increases system performance in terms of transmission time
and effective data rate, without extra cost and overhead. The centralized control of 3PFTP makes
these optimizations possible in one step. For directly unreachable D E V pairs, the optimized route
information is provided in the reply P N C Information command to the source D E V so that an
explicit M A C forwarding path can be established together with the peer discovery process.
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Successful peer discovery frame exchange sequence in standard protocol.
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Table 2.1

M B - O F D M U W B transmission range for each data rate
Data rate (Mbps)

Range with CM1 (m)

53.3

17

110

12

200

7.4

480

3.2

Table 2.2

M B - O F D M U W B simulation parameters

Data rate

53.3 Mbps

SIFS

10 us

C M D payload

20 octets

BIFS

14.6875 ps

CMD

16.875 \is

RIFS

24.6875 us

Imm-ACK

13.125 us

CWmin

8

Max. retry_count (M)

3

CWmax
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Table 2.3
Conditional

Failure probability (%) M A C vs. network routing
MAC Peer Discovery

Network Route Discovery

collision
probability (p)

Analysis

Simulation

Analysis

Simulation

0.05

0.0006

0.0006

9.7511

9.7532

0.1

0.01

0.0105

19.0162

18.9986

0.2

0.16

0J581

36.2046

36.1963
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Chapter 3 Application Aware Intra-piconet Route
Optimization with Multi-rate Carriers
1

3.1

Introduction

In this chapter, we present a performance enhancement method for Institute of Electrical
and Electronics Engineers (IEEE) 802.15.3 intra-piconet communications by taking advantage of
the multi-rate physical layer (PHY) and diverse application traffic characteristics. As higher
P H Y data rates are typically achievable over shorter transmission distances, a low rate link
between two devices (DEVs) can potentially be replaced by a higher rate multi-hop connection
through intermediate DEVs in the same piconet. A novel application aware shortest path (AASP)
algorithm is proposed for centralized intra-piconet route optimization, which finds the route that
requires the minimum overall channel time allocation (CTA) based on the traffic parameters.
Furthermore, a sub-optimal best 2-hop forwarding (B2HF) method is used to reduce the
complexity of the A A S P algorithm. Performance evaluations show that the effective C T A rates
vary dramatically for different applications, and can be greatly increased by simply delaying the
acknowledgements. Especially for low rate links and between unreachable D E V pairs, the A A S P
and B2HF algorithms yield very high optimization ratios, which increase with frame payload
size and the density of DEVs in the piconet. In general, the number of links that can be optimized
between arbitrary D E V pairs increases with increased piconet size. The B2HF achieves similar
performance results with small or median piconet sizes, and the A A S P achieves more significant
improvement over the B2HF at larger piconet sizes.

1

A version of this chapter has been published. Z. Y i n and V . C . M . Leung, IEEE 802.15.3 Intra-piconet Route

Optimization with Application Awareness and Multi-rate Carriers, in Proc. A C M I W C M C ' 0 6 , pp. 851856, Vancouver, B C , July 2006.
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The rest of this chapter is organized as follows. Section 3.2 discusses the intra-piconet
route optimization issue in 802.15.3 wireless personal area networks (WPANs). Section 3.3
defines the effective C T A rate, which will be used to evaluate system performance. The link
optimization condition and optimization probability are analyzed in Section 3.4. Also in Section
3.4, we propose the centralized A A S P algorithm and a low complexity B2HF algorithm to find
the optimal/sub-optimal routes based on the application traffic parameters, and discuss the
implementation considerations. Simulation results based on the multi-band orthogonal frequency
division multiplexing (MB-OFDM) ultra-wideband (UWB) P H Y are presented in Section 3.5,
followed by conclusion remarks in Section 3.6.

3.2

Motivations for intra-piconet route optimization

IEEE 802.15.3 WPANs mainly work within piconets. In each piconet, DEVs exchange
data in a peer-to-peer manner under the control of a piconet coordinator (PNC) [1]. Quality of
service (QoS) is supported by allocating guaranteed channel time for each traffic stream.
Depending on the piconet size, some DEVs within the same piconet may be out of radio range
with each other. Thus, network layer routing may be necessary to ensure full piconet
connectivity. We have proposed a third-party handshake protocol (3PHP) [2] to solve the peer
discovery problem and speed up link establishment through the active involvement of the PNC.
Thus, two DEVs may be connected by either a direct peer-to-peer link or by medium access
control (MAC) layer forwarding by the PNC or by another D E V chosen from the optimal 2-hop
connection algorithm. P N C forwarding is sufficient for command exchanges and would be an
optimal choice for directly unreachable DEVs i f all links had the same data rate. Obviously, this
gives the minimum number of hops between any unreachable intra-piconet DEVs as in many
existing ad hoc routing protocols designed to minimize the number of hops. In all cases, once a
route is established, it will be used for all traffic between the pair of DEVs, regardless of the
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application type.
Most of M A C protocol analyses assume that all links work with a fixed data rate, which
is not a good assumption regarding practical piconet behavior. Many contemporary wireless
systems, including 802.15.3, support multiple transmission data rates. With a multi-rate PHY, a
multi-hop route with shorter hop distances and higher rates may achieve a higher throughput than
a longer single-hop direct connection. Similarly, M A C layer forwarding between unreachable
DEVs may employ DEVs other than the P N C , or even multiple hop connections, for better
performance.
In an 802.15.3 piconet, each channel time allocation period (CTAP) is shared using time
division multiple access (TDMA), thus the total cost for a multi-hop connection is simply the
sum of CTAs of each individual hop. To maximize piconet capacity, the intra-piconet route
should be optimized to minimize total transmission time, which in turn maximizes the effective
stream throughput. In particular, when a U W B P H Y is used, DEVs will operate with the
maximum allowed power, due to the extremely low emission limit [3]. Thus, minimizing
transmission time also reduces energy consumption.
In general, route optimization can be solved with shortest path algorithms (SPAs).
However, since they are designed for wireline networks, the exiting SPAs, such as open shortest
path first (OSPF) [4], require all routers to maintain a routing table based on the link state
information of the network. This is not practicable in wireless systems where terminals employ
half-duplex transmissions, and link bandwidths vary with distance, mobility and channel
interference. To maintain link state information at each node requires frequent information
updates, and will introduce excessive system overhead. Because the PNC has information on all
DEVs in the piconet and full control of CTAs, a centralized route optimization at the P N C is
more efficient and realizable.
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During a frame transmission, the P H Y preambles and headers are transmitted at the base
rate, and only the payload is sent with the achievable data rate. Moreover, inter-frame spaces
(IFS) and acknowledgements (ACK) are inserted as necessary. Thus, wireless transmissions
incur huge overheads. The actual data rates seen by the upper layer are much lower than the P H Y
transmission rates, and vary radically for different applications. As a result, an optimal route
between two DEVs for one kind of application may not necessarily be the best for another, due
to different traffic parameters. Therefore, we need to enhance route optimization with application
awareness.

3.3 Effective CTA rate with multi-rate P H Y
Most wireless networks today employ a multi-rate P H Y that supports a set of data rate
dependent modulation/coding parameters. In an 802.15.3 piconet, the beacons as well as the
P H Y layer convergence procedure (PLCP) preambles and the P H Y / M A C headers are all sent
with the base rate. Therefore, the size of a piconet can be adjusted by the PNC by changing the
beacon power. The frame payload transmission rate is chosen based on the receive signal
strength indicator (RSSI) measured during the reception of a PLCP preamble. Due to the
extremely low power consumption requirement of W P A N devices, the achievable data rate drops
dramatically when the distance increases. B y abstraction, the data rate can be modeled as a
discrete function of transmission distance d between two DEVs as follows:

Rate(d) = S ;
i

where, R

m+i

R <d<R ,
M

t

\<i<m

(3.1)

- 0, R is the transmission range of rate 5,-; and S\ and S are the minimum and
i

m

maximum data rates, respectively. If J is greater than R\, then Rate(d) = 0 and the DEVs have no
direct connectivity.
The 802.15.3 M A C supports several acknowledgement types for different applications.
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No acknowledgement (No-ACK) is used in broadcast and multicast addressed frames. Delayed
acknowledgement

(Dly-ACK)

is

used

only

for

isochronous

connections.

Immediate

acknowledgement (Imm-ACK) is used for all command frames and asynchronous data. ImpliedA C K is introduced in the 802.15.3b [7] to allow polling and a more efficient use of channel time
with bi-directional data transfer. For transmissions in a C T A time slot, a short inter frame space
(SIFS) precedes all Imm-ACK frames and D l y - A C K frames, and a minimum inter frame space
(MTFS) duration is allowed between a frame and the next successive frame transmitted, i f the
first frame had the A C K policy of either N o - A C K or D l y - A C K .
The traffic parameters of a given application as seen by the M A C layer are expressed as
app=(size, ack, k, m),

(3-2)

where size is the M A C frame payload size in bytes; ack is the A C K policy for the application
stream; k is the number of blocks, each consisting of m data frames, required by the application
in a C T A ; and m is the number of data frames in a block. Thus, m = 1 for N o - A C K and ImmA C K , and m > 1 when D l y - A C K is used.
The C T A for an application can be divided into two parts: the effective transmission
time, i.e., the transmission time of frame payloads (TP), and the frame transmission overhead
(TO).

TO includes the

PHY/MAC

headers of all frames,

and

the

corresponding

acknowledgements and IFSs i f applicable, i.e.,
k(H + MIFS) + SIFS - MIFS
TO(app) = TO(ack, k, m)

k(H + T_ ImmA CK + 2SIFS)
k[m(H + MIFS) + T_DlyACK

+ 2SIFS - MIFS]

ack = no

-ACK

ack = Imm -ACK

(

3

•)
3

ack = Dly _ ACK

where, H is the transmission time of P H Y and M A C headers; and TImmACK

and

T_DlyACK

are the times of an Imm-ACK frame and a D l y - A C K frame, respectively.
Define TP(i, size) as the transmission time for a frame with payload of size bytes at rate
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Si, where i is defined as the rate index. The length of C T A for an application over a link with rate
index i, i.e., link rate 5„ is therefore
CTA(i, app) = kmTP(i, size) + TO(app).

Define the effective C T A rate
CTA.

SCTA

(SCTA)

(3.4)

as the data rate seen by the upper layer during a

includes only the frame payload, counted only once for the same data frame

forwarded over a multi-hop connection. Due to IFSs and base rate transmission of physical
preamble and P H Y / M A C headers,

SCTA

is much lower than the corresponding P H Y rate, and

varies significantly for different applications, even i f the same physical link is used. Let the
CTA(app) be the total C T A length of all hops for the application connection, thus,
CTA(app)=

^CTAii^app)

(3.5)

hops in the connection

kxmxsizexS

iflpp) =

S TA
C

CTA(app)

—

(3.6)

where ih is the rate index for the given hop. Apparently from (3.3) to (3.6), Imm-ACK brings
op

the highest transmission overhead, thus the Imm-ACK gives the lower bound of

SCTA-

On the

other hand, the upper bound is obtained when frames are transmitted with only MIFSs in
between.
For the overall piconet, assume the application connection is established between
randomly selected D E V pairs, then the expected C T A length for this application is simply the
average C T A length of all D E V pair combinations. Thus, the expected C T A length and effective
C T A rate are given by the following:
CTA{app)

- Average(CTA(app)) of all D E V pair combinations

Piconet

S TA
C

kxmxsizexS

(.app)

Piconet

= ——

CTA(app)

Piconet
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(3.7)

(3.8)

With tradeoff between data rate and transmission distance, the expected C T A length and
effective C T A rate given in (3.7) and (3.8) depend on piconet rate distribution, which changes
with piconet size and the number of DEVs in the piconet. A detailed analysis of piconet rate
distribution is not the focus of this chapter, and will be presented in Chapter 5.

3.4

Intra-piconet route optimization with application awareness
Although link rate is modeled as a function of link distances in (3.1), the actual link

distance is hard to obtain, since huge overheads can be incurred for distance measurements by
times of arrival (ToA) or other methods. However, since the P N C monitors all command
exchanges, including peer discovery commands, the P N C can obtain the data rates between
reachable D E V pairs from their frame exchanges by self-learning without extra overhead, and
store them in an NxN rate matrix (RM), where N is the total number of DEVs within the piconet,
including the P N C . Thus, in practice, distance measurement in not necessary for link rate
gathering. As defined by the standard, each D E V is assigned a unique device identifier (DEVID)
in the piconet, which is used in all frame headers instead of the real M A C address. The DEVID
for the PNC, i.e. PNCID, is always 0x00. Therefore, rate information can be stored in the P N C
with a relatively small memory space. Assume that:
•

Without considering child/neighbor piconets and ignoring interference, a piconet is
abstracted as a circle, with the PNC at the center.

•

The piconet size is represented by the piconet radius r (0<r<Ri), which is controlled by the
beacon power.

•

Other DEVs are uniformly distributed in the piconet.

•

RMjj is the current data rate index of the link between DEV, and DEV) stored in the RM in
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the PNC. RMjj = 0 i f DEV, and DEV; are out of range or the rate information is not yet
available, and RMy = oo i f / = j.
•

A l l DEVs transmit with the maximum allowable power when sending data. Since the
wireless links are symmetric in nature, clearly RMg=RMji.

3.4.1 Direct link optimization condition
For a lower rate link, a two-hop connection with higher rates might require less
transmission time. Consider a link between D E V I and D E V 2 with distance D and data rate Si,
and a DEV3 that has distances D\ and D2 from D E V I and DEV2, with data rates of S and Sj,
t

respectively, as shown in Figure 3.1. For easy interpretation, let D\>Dz, thus Sj<Sj. For a given
application, the link can be optimized i f the sum of the CTAs for the two hops with 5, and Sj is
smaller than the C T A required for the direct link with Si, i.e., given Ri+\<D<Ri, Rj+\<D]<Rj, and
Rj+i<D2<Rj, thus D<D\+Di<R&Rj, a 2-hop connection via DEV3 is better than the direct
connection i f and only i f
(3.9)

CTA (i, app) + CTA (j, app) < CTA (/, app)

Substituting (3.4) into (3.9) results in
km[TP(l,size) - (TP(i,size) + TP(j,size))] > TO(app)

(3.10)

Equation (3.10) implies that a direct link can be optimized by a 2-hop connection i f and
only i f the reduction in payload transmission time is greater than the additional transmission
overhead. Thus, given rate index i,j, I, the frame payload size threshold (P h) for a specific traffic
t

type can be derived. No optimization is possible if the frame size is smaller than the threshold for
that specific traffic type. Provided (3.10) is satisfied, a link with distance D can be optimized
with two links of rates S, and Sj i f there is a D E V within the optimization region, shown as the
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shadowed area in Figure 3.1. Using the function COLA(R, r, x) [2] defined in Chapter 2 to
represent the intersection area of two circles, where R and r are the radii of the two circles
respectively, and x is the distance between the centers of the two circles, the optimization region
is given by
AREA (D,i,j)
0p

= 2COLA(R ,R ,D)-COLA(R ,R ,D)
i

j

j

j

(3.11)

With all DEVs uniformly distributed in the piconet, for a piconet with radius r, the
probability that a randomly chosen D E V is in the optimization region is

PDEV (D,i,j)*

AREA

nn

(D, i, /) fl

j

0p

AREA.

—

rnnpt

(- >
3 12

where AREApiconef^nr , and fl represents the common area. With a total of N DEVs in the
2

piconet, the probability that the link between two specified DEVs can be optimized is the
probability that there is at least one other D E V in the optimization region, i.e.,
P (D,i,j)*\-{\-PDE {D,i,j)) -

N 2

0p

0p

(3.13)

Obviously, provided D is smaller than the transmission range of rate Si, the optimization
probability decreases as D increases, since the optimization region decreases. Also the
optimization probability increases with the number of DEVs. Thus, the optimization probability
for links employing a specific data rate depends on the density of DEVs and the distribution of
the distance D for that data rate.

3.4.2 Route optimization algorithms
Based on the current rate information stored in RM, the P N C can determine the optimal
route for a given application stream between any DEVs by using a shortest path algorithm, such
as Dijkstra's algorithm [5]. Because SCTA varies dramatically for different traffic parameters, the
61

link cost has to be modified dynamically. Dynamic adjustment is not possible in fully distributed
systems, but is ideal for a centralized control topology as in 802.15.3. In general, let y/ = (i, k, I,
..., z,j) be the list of DEVs in a route between DEV, and DEV/, e.g., y/= (i,j) represents the nonoptimized link between DEV, and DEVy with rate RMy, and route y/ = (i, k, j) consists of an
intermediate node DEV*, etc. Let hop be a link between D E V and DEV& within y/ with a link
fl

rate index RateIDh

=
op

RM b- Then the optimal route y/ is a route that minimizes the total
a

transmission time of all hops along the route. Thus, the application aware shortest path (AASP)
algorithm is proposed to find the best path y/, as follows:
CTA (app)=

^CTA(RateID ,app)

v

(3.14)

hop

hopczW hops in i//

AASP(i,j)

= i (CTA ,(app))
m n

(3.15)

v

In (3.14), the link cost (transmission time) for each hop CTA(RateIDh ,
op

app) depends on

the application parameters, and shall be recomputed for each new application by (3.4).
A 2-hop connection via the P N C can guarantee connectivity in all cases, and a direct link
is most likely to be optimized by a 2-hop connection. Thus, the best 2-hop forwarding (B2HF) is
often an optimal route. With B2HF algorithm, the P N C finds a D E V in between that minimizes
the total C T A length, i.e., for a pair DEV, and DEV/, the best route is given by D E V , where
k

B2HF(i, j) = i n (CTA(RM ) + CTA(RM ))
m

ik

kj

(3.16)

kc[0,N]

Especially, for unreachable D E V pairs, i.e., RM.. = 0, (3.16) is equivalent to

B2HF(iJ)

= i
m

n

( - l -

+

-l-),

if RM, =0

(3.17)

Obviously, the optimal 2-hop forwarding described in Chapter 2 is a special case of
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B2HF. Because the PNC checks only the DEVs that have higher rate links to the source and the
destination, complexity is greatly reduced with a tradeoff of slightly lower performance than
AASP.
In 802.15.3, the source D E V calculates the time unit (TU) size based on the application
parameters, and requests a C T A by sending a channel time request (CTRq) to the PNC with the
number of TUs and T U size so that the P N C can efficiently allocate channel time. However,
since T U size alone does not provide enough traffic information for a stream, the P N C cannot
decide i f route optimization is possible. Furthermore, for a stream with multi-hops, according to
the current 802.15.3 standard, each hop needs to request a C T A slot separately with the PNC as it
regards each hop as an independent stream. Thus, there is no coordination among these hops. For
instance, a failure in an intermediate hop breaks the entire route, but the P N C assumes that an
independent stream is terminated and keeps allocating CTAs for other hops until it is eventually
notified by all participating DEVs to terminate.

3.4.3 Protocol implementation considerations
Because command exchanges are performed during the contention access periods
(CAPs), when the PNC needs to actively listen to the transmissions in the channel and decode all
frame headers, no message exchange overhead is introduced to the system by the proposed
protocol.
To implement the protocol route optimization algorithm, first the P N C will allocate a
small amount of memory to save the rate information gathered from the command exchange
monitoring. Furthermore, minor modifications are required in the CTRq structure to enable
integration of the route optimization algorithms into the M A C protocol. Defined by the standard,
a 2-octets CTRq T U field is included in the CTRq structure, The CTRq T U field indicates the
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unit of time that the D E V is using for the CTA(s) it is requesting. The resolution of this field is 1
us and therefore has a range of [0-65535] ps. With the proposed route optimization capability,
the D E V will need to send not only the T U size information, but also the application parameters,
including payload size, A C K method, block size, and the number of blocks in a T U . Thus, we
propose a new 4-octet application parameter field in the CTRq, as shown in Figure 3.2. This field
should be appended to the standard CTRq fields so that it would be compatible with legacy
DEVs implementing the standard 802.15.3 M A C .
There is another potential benefit from the proposed methods over the standard M A C .
With the traffic parameters, a D E V can actually use the CTRq to request a C T A to any
destination D E V in the piconet, even i f the destination D E V is not directly reachable and hence
no peer information is available to the source D E V . Using the parameters provided in the CTRq,
the P N C can choose the optimal route using the A A S P algorithm based on the current RM, and
compute the T U and C T A length accordingly. Then it can include the explicit M A C forwarding
information in the Channel Time Response command returned to the D E V , and broadcast the
C T A reservations in the following beacon frames. With explicit M A C forwarding, the P N C
knows the hops that belong to one stream, and can better manage the corresponding CTAs; e.g.,
it can adjust downstream CTAs to match upstream allocations, reroute the traffic i f an
intermediate D E V fails, and release all CTAs for a stream i f either the source or destination
terminates the session.
In practice, with the route optimization enhancement, the P N C will broadcast the
individual C T A information in its beacon to allocate CTAs for each hop in the stream
connection. If a D E V is implemented to utilize the explicit M A C forwarding information
element (IE), as defined in Section 2.4 of Chapter 2, the P N C can also send a P N C information
command with the M A C forwarding IE in its beacon to notify all hops in the route.

64

For legacy DEVs implementing the standard M A C protocol, the stream IDs should be
unique for all streams associated with a given legacy D E V . Thus, to ensure the inter-operability,
the P N C gathers the information on the capabilities of each associated DEVs, and assign
different stream ID to the legacy DEVs i f the standard CTRq structure is used,

3.5

Simulation method and numerical results

3.5.1 Simulation parameters and evaluation method

The specification of the M B - O F D M U W B P H Y [6] is used for performance evaluations.
M B - O F D M supports multiple data rates from 53.3 to 480Mbps; however, only a subset of the
multi-rates is used in the simulations. The same setting of transmission ranges as in Table 2.1 is
used. The N o - A C K method is not included in the simulations since it is used for broadcasting or
multicasting frames only.
The simulator is written in C++. Each simulation generates a piconet at random with a
PNC D E V at its center and A M other DEVs uniformly distributed within a coverage area of
radius r. No D E V mobility is considered in the simulation. For each simulation, application
streams are generated for all D E V pair combinations using the same traffic parameters, i.e., a
total of N(N-\)I2 streams are generated. The simulator computes the distances between D E V
pairs to determine the corresponding rates by (3.1); thus it is assumed that all rate information is
available in the RM. Note that distance information is not necessary in practice, as the PNC can
obtain the required link rate information in a self-learning manner by listening to command
exchanges between DEVs.
Direct connection and P N C forwarding for unreachable DEVs are used as the basis for
comparisons. Between unreachable DEVs, the total C T A length is the sum of the CTAs allocated
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for each hop, computed based on the link data rate and traffic parameters. The simulator records
the number of links, the average C T A length, and the expected SCTA rate for links with each data
rate. For the same set of application streams, the routes with A A S P and B2HF are discovered
respectively in the same simulation. With each route optimization method, the simulator records
the number of links that are optimized, the optimized average C T A length, and the optimized
mean throughput for links with each data rate. Each data point is obtained by averaging the
results of one million simulations with the same set of parameters.

3.5.2 Effective CTA rates and optimization frame threshold
Figure 3.3 presents the effective C T A rate (SCTA) values for links with different P H Y
rates, payload sizes and A C K options. The figure shows that SCTA is much lower than the
corresponding P H Y rate due to a heavy transmission overhead, and varies significantly for
different A C K options. Larger payload sizes and D l y - A C K with larger block sizes lead to higher
rates. For example, for traffic over a 53.3Mbps link with a 1024 bytes payload, SCTA with DlyA C K increases by 7.8% and 15.5% with 2 packets per T U and 8 packets per T U , respectively,
over of the corresponding SCTA with Imm-ACK. With 480 Mbps links, the SCTA values with ImmA C K for 1024 and 4096 bytes payloads are 127.5 and 284.7 Mbps, respectively; and the SCTA
values for D l y - A C K with 2 packets per T U and 8 packets per T U are, respectively, 30.6% and
70.7% higher than those for Imm-ACK.
Due to the transmission distance limit, some D E V pairs are out of range when the radius
is greater than half of the maximum range. With the increase of piconet size, the ratio of
unreachable and low rate links increases. Thus, the expected SCTA decreases gradually with the
piconet size, as will be discussed in more detail in Chapter 5. Again, larger payload size and DlyA C K lead to a higher SCTA than smaller payload size and Imm-ACK. For example, as shown in
Figure 3.4, for a piconet with 20 DEVs, the piconet SCTA for 4096 bytes payload is 28.8% higher
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than that of 1024 bytes payload, i f the piconet operates with the maximum coverage. Figure 3.5
shows the piconet SCTA with 1024 bytes payload and 20 DEVs. The upper limit and lower limit
are given by only a MIFS between frames and Imm-ACK, respectively. B y using 2-packet and 4packet D l y - A C K , the expected effective C T A rate increases by 10.2 - 30.6% and 16.9 - 57.1%,
respectively, over the Imm-ACK. Therefore, even without route optimization, the SCTA for a link
and a piconet can be greatly increased by simply using a larger payload size and replacing ImmA C K with D l y - A C K , i f the application allows.
Obviously, no optimization is possible for links with the highest data rate. For other data
rates, i f the link distance D is smaller than the sum of the maximum distances of the higher rate
links (Ri+Rj), the link might be optimized i f the frame payload is greater than the threshold, P ht

The maximum distances (D ) and P h for different traffic parameters are listed in Table 3.1.
max

t

Clearly, P /, for lower rate links is lower than for higher rate links. Multiple optimization options
t

exist for 53.3 Mbps links with Imm-ACK; for example, it could be optimized with two 200 Mbps
links i f the payload is greater than 653 bytes. However, to optimize 200 Mbps and 110 Mbps
links, the thresholds become 6906 and 2878 bytes, respectively. Moreover, D l y - A C K gives a
lower P^ than Imm-ACK, and P h decreases with the number of packets in a T U block.
t

Therefore, low rate links and streams with larger payload sizes and D l y - A C K are more likely to
benefit from route optimization. Consequently, an optimal route between a given pair of DEVs
for one application is not guaranteed to be the best for another. However, with the same payload
size, i f a link can be optimized for an application with Imm-ACK, it can certainly be optimized i f
D l y - A C K is used, but not vice versa.

3.5.3 Link optimization results
To show the effectiveness of the proposed route optimization algorithms, we define the
link optimization ratio (LOR) for links with a specific data rate as the number of links optimized
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by the route optimization algorithms divided by the total number of links with the given rate. For
unreachable D E V pairs, LOR is given by the fraction of links that can be optimized by
forwarding over DEVs other than the PNC. The rate optimization ratio (ROR) for links with a
specific rate is defined as the percentage of improvement on the expected SCTA for links with the
given rate.

Similarly, the piconet LOR is defined as the number of optimized links divided by

the total number of link combinations, and ROR as the percentage of enhancements over the
expected SCTA of the piconet.
For unreachable D E V pairs, P N C forwarding is not always optimal. Figure 3.6 presents
the LORs with A A S P for unreachable pairs with Imm-ACK and 1 kilo-byte (KB) payload. The
figure shows that at any given piconet size, LOR increases with the number of DEVs N due to
more potential routes being available. For example, with piconet radius r at the maximum
transmission range of 17 m, the LOR is 14.9% with 5 DEVs, increasing to 62.1% and 77.9% with
20 and 40 DEVs, respectively. Moreover, streams with a larger payload and D l y - A C K achieve
higher LORs due to reduced frame overhead ratio, as shown in Figure 3.7, which also shows that
B2HF achieves similar optimization results as A A S P when the piconet radius is less than 12
meters. A A S P gives more significant improvements over B2HF only at larger piconet sizes.
The proposed route optimization algorithms increase the effective C T A rates significantly
by finding the best relay DEVs and replacing low rate single hop links with high rate multi-hop
connections. For example, Figure 3.8 shows that even with Imm-ACK and 20 DEVs, the
effective C T A rates with 1 K B and 4 K B payloads are increased by 14.4% and 28%,
respectively, with A A S P , and 13% and 17% with B2HF, respectively, over P N C forwarding
when r =17 m. Again, B2HF results in only a slightly lower throughput than A A S P at smaller
frame and piconet sizes, but it has more performance degradation than A A S P at larger piconet
and frame sizes.
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The results in Figure 3.6 to Figure 3.8 also show that LOR and rate enhancements are
lowest at r « 12 m, because the P N C is more likely to be an optimum forwarding D E V between
unreachable DEVs in a medium sized piconet.
Between directly reachable DEVs, a significant portion of low rate links can be
optimized. Again, LOR increases with the number of DEVs, N, and the payload size. However,
LOR decreases with piconet size, since larger piconets have longer links. Figure 3.9 presents the
LORs with Imm-ACK for 53.3Mbps links by A A S P . With 20 DEVs, the LORs are 18.2% and
78.9% for 1 K B and 4 K B payloads, respectively. The numbers increase to 29.5% and 94.5% i f
7V= 40. For 53.3Mbps links, the RORs from A A S P relative to the effective C T A rates given in
Figure 3.3 for different piconet radii and traffic parameters are shown in Figure 3.10. For
instance, with r = 17 m, the ROR for a 1 K B payload is only 1.7% with Imm-ACK, but increases
to 10% with D l y - A C K . With r = 7 m, the RORs with Imm-ACK and D l y - A C K go up to 13,6%
and 36.9%, respectively, since the 53.3Mbps links have relatively shorter distances. For 4 K B
payloads, RORs increase respectively to 18.5% and 24.5% at r =17 m and 56.6% and 70.4% at r
=7 m. Similar trends are obtained for 110 Mbps and 200 Mbps links with lower LORs and RORs.

3.5.4 P i c o n e t o p t i m i z a t i o n results

Because the unreachable link ratio and low rate link ratio increase with piconet size, in
general, the overall piconet optimization ratio increases with piconet radius. The LOR and ROR
for the overall piconet with 20 DEVs and Imm-AAK at different payloads are given in Figure
3.11 and Figure 3.12, respectively. Higher payload sizes lead to higher LOR and ROR. In a
maximum coverage piconet, with 1024 bytes payload, 27.9% links can be optimized, with a
7.6% increase in the effective C T A data rate by the A A S P algorithm. If the payload size is 4096
bytes, 56% of links can be optimized, which produces a 20.6% increase in data rate. The A A S P
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brings better performance than the sub-optimal B2HF, especially for large piconets. For
example, with 4096 bytes payload and r equal to 17 meters, B2HF optimizes 42% of links and
increases the effective piconet C T A data rate by 14.5%, compared to 56% and 20.6%,
respectively, by the A A S P algorithm. However, i f the piconet radius is smaller than 12 meters or
the payload size is small, the difference becomes very small.
Figure 3.13 presents the piconet LOR obtained by the A A S P algorithm with 1024 bytes
payload versus number of DEVs. Figure 3.14 shows the ROR for different A C K policies and
optimization methods versus number of DEVs. At the same piconet size, the optimization ratio
increases with the number of DEVs. The higher D E V density provides more chance of
optimization to lower rate links, thus also increases the system throughput. For example, in a
maximum coverage piconet with Imm-ACK and 1024 bytes payload traffic,the LOR and ROR
increase from 5% and 2% to 38% and 15%, respectively, as the number of DEVs in the piconet
changes from 5 to 40. With the same number of DEVs, larger piconet size leads to a higher LOR
than does a smaller piconet. For example, with Imm-ACK and 20 DEVs, the LOR is 10.94% to
27.88% for piconet radius of 10 meters and 17 meters respectively (Figure 3.13). Again,
compared with Imm-ACK and the B2HF, D l y - A C K and A A S P has higher LOR and ROR. With
20 DEVs, 1024 bytes payload and a maximum piconet size of 17 meters, 24.2% more links can
be optimized by A A S P for D l y - A C K with 2 packets per T U than that for Imm-ACK (Figure
3.13). Under the same conditions, A A S P improves the overall piconet effective C T A rate by
11.4%, while B2HF improves only this quantity by only 9.5% (Figure 3.14).
The above results show that the proposed A A S P and B2HF algorithms bring significant
improvements in effective data rates to unreachable DEVs and low rate links, which in turn
contribute to a higher effective piconet rate, increased system capacity and reduced system
energy consumption. For streams with smaller frame sizes, B2HF can be used to reduce the
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algorithm's complexity without a significant performance degradation compared with A A S P ,
which should be applied only for traffic with larger frame payload sizes when the piconet size is
large.

3.6

Conclusion
In 802.15.3 WPANs, direct peer-to-peer connections and M A C forwarding via P N C do

not necessarily give the best effective C T A rate for specific traffic streams. In this chapter, we
have proposed a novel application-aware shortest path algorithm to obtain the optimal intrapiconet route based on the traffic parameters. To reduce computational complexity, a suboptimal best 2-hop forwarding mechanism is also introduced. These procedures employ
centralized control at the P N C with link rate information gathered by self-learning, thus
eliminating the information collection and distribution overhead in traditional shortest path
algorithms. As traffic of different applications may have different transmission overheads, the
achievable C T A rate varies dramatically. Thus, the optimal route for one application is not
guaranteed to be the best for another application, even between the same two DEVs. To integrate
the proposed route optimization algorithms with the current 802.15.3 standard, the CTRq
structure is modified to allow the P N C to perform route optimization using the traffic parameters
for dynamic link weight computation for each application stream. We have presented simulation
results that show that the optimization ratios for unreachable D E V pairs and low rate links are
quite high, especially with large payload size, D l y - A C K and high D E V density. Thus, the
proposed route optimization methods can substantially increase the effective link and piconet
C T A rates, which can translate to power savings and increases in piconet capacity.
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Figure 3.1

Link optimization with two higher rate links.
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Figure 3.2

Proposed application parameter field in CTRq.
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Figure 3.3

Effective link C T A rate with different traffic parameters.
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Figure 3.4 Piconet expected effective C T A data rate vs. frame size with 20DEVs and Imm-ACK.
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and Imm-ACK.
74

;ure 3.8

Effective C T A rates for unreachable D E V pairs with Imm-ACK and 20 DEVs.
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Figure 3.10

Rate optimization ratio for 53.3Mbps links with A A S P .

76

Radius (m)

Figure 3.11

Piconet link optimization ratio vs. piconet size with Imm-ACK and 20 DEVs.
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Figure 3.12

Piconet rate optimization ratio vs. piconet size with Imm-ACK and 20 DEVs.
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Table 3.1
P H Y link rate (Si) (Mbps)

Link optimization frame payload thresholds (in bytes)
200

110

53.3

Link range (Ri) (m)

3.2-7.4

7.4-12

12-17.0

Opti rates (Si+Sj)

480 + 480

200 + 480

110 + 480

200 + 200

110 + 200

D =(Ri+Rj) (m)

6.4

10.6

15.2

15.8

19.4

Imm-ACK

6909

2878

759

653

1232

D l y _ A C K 2pkts/TU

4737

197L

518

447

843

D l y A C K 4pkts/TU

3565

1460

382

332

624

D l y A C K 8pkts/TU

2878

1206

311

272

520

max
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Chapter 4 Adaptive Contention Period
Suspension for Energy Savings
4.1

1

Introduction
In Institute of Electrical and Electronics Engineers (IEEE) 802.15.3 medium access

control (MAC), carrier sensing multiple access with collision avoidance (CSMA/CA) is used in
contention periods (CPs) to send commands and asynchronous data. The brief occurrences of
CPs cause bursty channel access, thus conventional models based on Poisson arrivals and
saturation assumptions are no longer applicable. In this chapter, we model C P access in each
superframe as a contention resolution problem by applying a frame aggregation strategy for
efficient frame transmissions in CPs. Insight gained from this problem formulation motivates us
to propose a novel adaptive CP suspension (ACS) scheme that is easily implemented using a CP
counter (CPC) at the piconet controller (PNC). The CPC counts down in each idle slot and resets
with the appropriate contention windows size after each collision. When the CPC reaches zero,
which implies the completion of the contention resolution process, the P N C can safely suspend
the remaining CP and devices (DEVs) can go into sleep mode to save power. Without any
complicated estimation algorithm, the proposed A C S adapts to all kind of traffic patterns and
collision resolution situations. It is very easy to implement, and brings significant performance
gains in terms of channel efficiency and energy saving.

The rest of this chapter is organized as follows. The contention access modeling problem

1

A version of this chapter has been published. Z. Y i n and V . C . M . Leung, Adaptive Contention Access Suspension

in IEEE 802.15.3 M A C , in Proc. IEEE Broadnets'07, Raleigh, North Carolina, U S A , September 2007.
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is discussed in Section 4.2. In Section 4.3, we model contention access behavior as a collision
resolution problem, by incorporating a frame aggregation method. Further in Section 4.4, we
analyze the effective CP length for collision resolution to motivate the need to adapt to traffic
load and collision situations. In Section 4.5, we propose the novel A C S scheme for dynamic CP
length adjustment. The energy costs of the standard and A C S schemes are analyzed and
compared in Section 4.6. The protocol implementation considerations are discussed in Section
4.7. Simulation and numerical results are presented in Section 4.8 to show the effectiveness of
the A C S scheme, followed by conclusions in Section 4.9.

4.2

C o n t e n t i o n access i n 802.15.3

W P A N

The 802.15.3 wireless personal area network (WPAN) M A C uses a connection oriented
approach to guarantee quality of service (QoS) for real-time streams. Multimedia streams and
large amounts of data are sent in reserved channel time allocations (CTAs). However, all
commands are exchanged by contention access. The 802.15.3-2003 base standard defines two
contention access methods: slotted C S M A / C A in the contention access period (CAP), and slotted
Aloha in the management CTAs (MCTAs) [1]. The recent 802.15.3b-2005 [2] M A C amendment
allows multiple CPs in a superframe, and C S M A / C A is used consistently in all CPs, so that the
use of slotted Aloha in M C T A s is eliminated. Thus, the PNC can allocate CTAs for contention
access besides the C A P and M C T A s . Use of contention CTAs besides the C A P in a long
superframe gives newly arrived commands more opportunities to access the channel, and reduces
response times.

CPs are used to communicate commands and/or asynchronous data, collectively referred
as commands in this chapter. Commands are used to carry control or information messages.
Although they usually have very small payloads, command frames are essential to piconet
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operations. In fact, all piconet functions are accomplished by corresponding command exchanges.
For example, to establish a stream connection, the source D E V first contends for access and sends
a Channel Time Request (CTRq) command to the PNC. The P N C replies with a Channel Time
Response command to the D E V , and assigns a C T A time slot for the stream i f the request can be
satisfied. The PNC also broadcasts all C T A information in beacons so that the DEVs know when
to start their transmissions. Thus, commands need to be delivered correctly and promptly.
However, the nature of contention access means that collisions cannot be totally eliminated.
The M A C protocol employed during a CP is slotted C S M A / C A , similar to the basic
access method in 802.11. The M A C uses the clear channel assessment (CCA) capability of the
physical layer (PHY) to detect whether the channel is busy or idle. To reduce collision
probability, a D E V transmits one frame at a time during a CP, with every frame, except for the
immediate acknowledgement (Imm-ACK) frame, first backed off before transmission. The PNC
may send a Command a short inter-frame space (SIFS) following the Imm-ACK or following a
frame with acknowledgement (ACK) Policy field set to no acknowledgement (No-ACK) in a CP,
without performing backoff.

Each D E V with pending frames maintains a backoff counter that is initially set with a
random number uniformly distributed between 0 and C W i - l , where C W j
m

n

m

n

is the initial

contention window (CW) size, similar to the saturation assumption. In the base standard [1], the
backoff counter is maintained across superframes and is not reset with each beacon. This situation
may cause some undesirable results, specifically, at the end of each CP when there is not enough
time for a frame transmission. In such cases, DEVs keep decrementing their backoff counter in
the rest of the CP, which will cause a high collision probability at the beginning of the next CP.
Therefore, the 802.15.3b amendment [2] specifies that DEVs shall choose a new random backoff
counter value at the start of every CP.
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The backoff counter is suspended outside the CP and whenever the channel is busy during
the CP. It is decreased by 1 i f the channel is sensed idle for a backoff inter-frame space (BIFS).
When the backoff counter reaches zero, the D E V may transmit a frame i f there is enough time
remaining in the CP for the frame transmission/exchange.
When a frame is transmitted and the expected A C K is not correctly received by the D E V ,
the retry_count is incremented, the C W size is doubled so long as it does not exceed C W

m x

, and

the backoff counter is then set to a new random number based on the next backoff window size. If
the transmission is still unsuccessful after the maximum retry_count (3 as specified in the
standard) is reached, the frame is dropped. Also, i f the total time elapsed since the frame was
queued for transmission has exceeded the transmission timeout specified for the frame, the
backoff counter is reset and the transmission is cancelled.

4.3

C o n t e n t i o n access m o d e l i n g

Both C S M A / C A and slotted Aloha are classic random access schemes. Traditionally, a
continuous random access channel is used in the analysis. Channel traffic is based on two major
models: Poisson arrival and saturation assumption.

Poisson arrivals on a continuous channel in which stations are eligible to access at any
time have been studied extensively in the literature for both an infinite [3][4][5][6] [7] and finite
[8] number of stations. Recently, C S M A / C A with exponential backoff and finite users under a
saturation condition has attracted a lot of research interest, especially the 802.11 distributed
coordination function (DCF) [9][10][11][12][13][14] [15], in which Bianchi's Markov chain [9]
becomes the canonical model. Similarly, the 802.15.3 C A P has been studied under the same
saturation assumption, in [16] [17]. Theoretically, the saturation condition provides a throughput
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limit for stable system operations over a continuous channel. Similar techniques and Markov
models are used for 802.11 DCF under non-saturation conditions in [ 18][ 19][20][21 ] [22].
However, none of the above assumptions are valid for contention access in 802.15.3
M A C . First, since real-time streams and large amounts of data are sent in channel time allocation
periods (CTAPs), only a small amount of data and command frames are sent with contention
access, such that the saturation assumption is far from reality in 802.15.3 CPs. Second, DEVs are
only eligible to access the contention channel during the CPs that include the C A P , M C T A s
and/or contention CTAs and occupy only a small portion of a superframe in segments; thus the
random access channel is no longer continuous. Third, due to the brief occurrence of CPs, most
new command frames arrive during contention free CTAPs, and are backed off for channel access
contention at the beginning of the next CP time slot. Thus, although the Poisson process is a
reasonable abstraction for new stream or packet arrivals in a D E V , in CPs command frames arrive
in bursts rather than following a Poisson process. Therefore, none of the existing models is
suitable to describe the 802.15.3 CP behavior. How to accurately and correctly model the
802.15.3 CP behavior is still an open issue that is worth investigating.

With time division multiple access (TDMA) in the CTAP, DEVs not involved in a C T A
can enter SLEEP mode to reduce energy consumption. B y default, the unallocated time in a
superframe is used as the CAP. In CPs, all active DEVs continuously sense and receive over the
channel, even i f there are few or even no frame arrivals. For a D E V , the energy consumption of
channel sensing is only slightly lower than that of transmitting or receiving, and is significantly
higher than that of the power saving SLEEP mode. Thus, a significant amount of power is
consumed unnecessarily, especially when the CP is long and traffic load is low [23]. How to
dynamically adjust the active CP length to save energy while still providing a fast command
frame exchange is an interesting and important problem, and is discussed later in this chapter.
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4.4

Adaptive C P length adjustment

Although previous analyses with Poisson arrivals and saturation assumptions give good
insights into the performance of C S M A / C A , they are not applicable to 802.15.3 CP access due to
the bursty command frame arrivals and segmented CPs, as discussed in Section 4.3. Furthermore,
most previous analyses did not consider the system energy cost. A large amount of energy is
unnecessarily wasted i f the CPs have a light traffic load [23], because active DEVs continuously
monitor the channel during the CPs. For battery powered W P A N devices, it is critical to minimize
the energy cost. We are therefore motivated to propose a better engineering design that removes
the unnecessary regions of CPs after all pending frames have been sent.

4.4.1 Frame aggregation for efficient CP access
Due to the small payload sizes of command frames, each frame exchange incurs a
significant overhead. It is quite inefficient i f every frame contends for access individually. Thus,
frame aggregation should be used whenever possible. In fact, the standard already includes an
aggregation method for some commands. For example, CTRq can be concatenated; therefore, i f a
D E V has multiple channel time requests for several streams, the corresponding CTRq information
elements (IEs) can be appended together so that only one CTRq command is sent. Similarly,
aggregated frames can be used to combine multiple frames [17]. Such aggregation brings
significant throughput enhancement to the CPs by reducing frame contention, lowering collision
probability and reducing overhead. Therefore, we propose that each D E V shall merge all pending
command frames into one aggregated command frame for contention access in the next
superframe. Sometimes, aggregation might not be possible i f the frames are addressed to different
destination DEVs. However, even without frame aggregation, a transmission opportunity (TxOP)
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technique similar to 802.1 le can be used to let a D E V send all pending commands consecutively
without extra channel contention.

4.4.2 Effective CP length analysis
Each D E V with a pending aggregated command frame begins contention at the start of the
C A P , i.e., the first CP, of the next superframe by first going through a random backoff using the
initial contention window size, C W j . As new arrivals during the superframe are not eligible for
m

n

access until the next superframe, the CP behavior can be modeled as a collision resolution
problem, as i f a virtual collision has occurred between all pending aggregated frames at the start
of each superframe. While multiple CPs are allowed in a superframe, frame aggregation obviates
the need to allocate contention CTAs. In the subsequent discussion, we shall assume that the CP
in each superframe consists of only one extended C A P , and the terms CP and C A P will be used
interchangeably.
The benefit of higher throughput with frame aggregation comes at the expense of
potentially higher delays. Aggregation imposes a delay of up to one superframe before the next
access. Unlike European Computer Manufacturers Association (ECMA) standard ECMA-368
[32], which specifies a fixed superframe length of 65536 ps, 802.15.3 allows variable superframe
length and is thus more flexible. In each beacon, the PNC broadcasts the current superframe
length chosen between mMinSuperframe and mMaxSuperframe, with a maximum value of 65535
ps. If the delay is unacceptable for some commands when the superframe is too long, for timely
response, the PNC can either define a shorter superframe size or use multiple CPs. If multiple CPs
are used, they should be distributed evenly across the superframe, and frame aggregation can be
applied to each CP, which begins a new collision resolution process, as discussed here.
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There are many collision resolution algorithms in the literature, including but not limited
to the classical tree splitting [6][24], infinite and multiple stations [25][26], time-constrained [27],
and some algorithms designed for wireless local area networks (WLANs) [28] [29]. In general,
they aim to minimize the average collision resolution period (CRP). Here, we only consider the
C S M A / C A exponential backoff method defined in the 802.15.3 standard, since the design of an
optimal collision resolution algorithm is outside the scope of this work.
. With the proposed frame aggregation, all pending frames involved in the virtual collision
at the start of a superframe are either sent out or dropped by the end of the CRP. The remaining
part of the CP in the superframe that exceeds the CRP will have no frame access. To reduce the
system energy cost contributed by channel monitoring during the CP, we propose to dynamically
adapt the CP length in each superframe to the effective length required to complete contention
resolution, so that DEVs can turn off their radios after the completion of collision resolution.
Obviously, the effective CP length should be adapted to the number of contending frames, as the
higher the number of frame arrivals, the longer the CRP, and hence the longer the effective CP
length.
The Markov chain in [9] is the most widely used model for both saturation and nonsaturation throughput analysis of the C S M A / C A protocol. A main assumption of these models is
that the conditional collision probability p is constant and independent at each transmission,
regardless of the number of retransmissions experienced. The same Markov chain can be
extended to the CRP analysis. However, a D E V sends only one frame, i f any, in a superframe
with the frame aggregation. The number of DEVs contending for access is decreased by one after
each successful frame transmission, and the contention window size is doubled with each
collision. Thus, p decreases with each collision and/or successful transmission. Let po be the
collision probability for the initial transmission, and p be the collision probability for the z'-th
t
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backoff stage retransmission. Clearly, during the collision resolution process, po >p\> ...> p -\ >
m

p . As a result, a close form representation of the collision probability is very hard to derive.
m

Even i f an approximate model is available, it only gives the expected delay for a frame.
Let Xj be a random variable representing the delay for contending frame i, i.e., the time that frame
i is successfully transmitted or dropped due to the maximum retransmission number being
reached. Thus, X is also the collision resolution time for frame /. Assume that a total of n frames
t

are contending for access in a C P , then the system collision resolution time, i.e., the C R P , is
simply given by the maximum of the resolution time in all of these frames:

CRP = X ^=m x(X ,X ,-,X )
m

a

l

2

n

(4.1)

The distribution of the maximum value, X , differs considerably from the distribution of
max

X, especially when n is large. Several proofs about X x and Xi are given in [30], which shows
ma

that ProbLYmax > X) increases as n increases, the distributions diverge, and the distribution of

X^

is affected by dependence among X\, e.g., the mean E[X] and the variance.

4.4.3 C P l e n g t h a d a p t a t i o n

To achieve stable system operation, the average number of new arrivals X should not be
greater than the average number of departures p. If an equilibrium condition is obtained with a C P
length of L such that X = p, the P N C can set the effective C P length to L in the superframe, and
allow DEVs to go to SLEEP mode in the remaining C P to save energy. Assume the number of
frames contending for access in a superframe is n and the probability that a frame finishes its
collision resolution within L is a, i.e., ProbLYj <L) = a. The frames that are not transmitted in the
effective C P are sent in the next superframe in new aggregated frames. Then the expected number
of frames contending in a superframe, as shown in Figure 4.1, is given by
89

(4.2)

n-A/(l-a)

For a given number of new frame arrivals, E[X] and E[CRP] = E^^]

can be found.

However, the number of new frames and the current collision resolution conditions are difficult to
estimate. If a fixed length, e.g., E^Xj^,

is used for the CP length, contention resolution may

finish sooner and the extra time is wasted, or some frames may not be sent successfully and have
to be postponed to the next superframe, leading to higher contention in the next superframe and
further frame delay.

Based on (4.2), multiple equilibrium conditions may exist. Since more idle slots occur
during the final part of the CRP, it is possible to choose a shorter L to obtain a higher throughput.
However, given the frame arrival rate, a shorter L leads to a higher number of contending DEVs n
due to deferred access, and a lower success ratio a, which results in a longer delay and a higher
frame drop ratio. Furthermore, it is very difficult for the PNC to promptly adapt to large variations
of frame sizes and arrival rates and control the effective CP length accordingly.
Therefore, the average CRP from the analytical model is not sufficient for a good
engineering design of adaptive CP length control. Although it is theoretically possible to choose a
statistically optimal CP length for a given number of contending frames, this method is not
feasible in practice, as it requires the PNC to accurately estimate the number of arrivals.

4.5

A d a p t i v e C P suspension

scheme

During the CPs, each active D E V , including the PNC, keeps monitoring the channel, and
maintains a backoff counter i f it has a command frame in its queue. As Imm-ACK is required
after each successful command frame transmission except for broadcasting and multicasting
frames, DEVs can generally distinguish the successful transmissions from collisions based on
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whether a frame transmission is followed by an I m m - A C K . Thus, ternary feedback (idle, success,
and collision) may be available for the DEVs. This would be true i f the Imm-ACK is sent by the
PNC. Depending on the piconet size, i f an Imm-ACK is sent from a D E V to the PNC or another
D E V , not all other DEVs can overhear the exchange due to a possible hidden terminal problem.
Therefore, correct ternary feedback can only be guaranteed at the PNC but not for all DEVs.
To provide a simple but functional control of the effective C P length, we propose the A C S
scheme, which dynamically adjusts the effective C P length for different traffic load and
contention situations. Note that even i f a longer C P length is announced by the P N C via the
beacon, the A C S scheme will allow the PNC to terminate the C P when it finds out that the
collision resolution is completed, so that DEVs can go into SLEEP mode to save energy.
To accomplish this goal, a C P Counter ( C P C ) is introduced in A C S to count the number of
idle backoff slots observed throughout the CPs. The C P C is initialized with C W j . Whenever a
m

collision is detected, the

CPC

is reset with the next level

CW

size until

CWmax

n

is reached, as

shown below:

max

(4.3)

max

where k is the number of collisions observed in the current superframe's CPs.
In each superframe, DEVs with pending frames contend for access in CPs with an initial
random backoff within C W i , and increases its C W size when it is involved in a collision. At
m

n

each D E V , the backoff counter is chosen as a random number uniformly distributed between 0
and C W - 1 . The CPC is updated with the next level C W whenever a collision is observed,
regardless of which D E V is involved in the collision. Therefore, the CPC value is always greater
than the backoff counter of any D E V involved in the channel access, i.e., the CPC gives the most
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conservative estimate of the collision situation. The CPC is stopped whenever the channel is
sensed busy in the CP, i.e., during a successful transmission or collision, and is decreased by 1
every time the channel is sensed idle for a BIFS. When CPC is decreased to zero, all contending
frames have either been sent successfully or dropped upon reaching the maximum retry_count.
Thus, the remaining time in the CP is no longer useful for access and the CP should be terminated
immediately.
The backoff counter at each D E V and the CP Counter are reset at the start of the C A P in
each superframe. Similarly, they should be reset at each CP when multiple CPs are used when the
superframe is long and timely response is required. If every D E V maintains a separate CPC, it
could turn off its radio when its CPC reaches zero. However, this works only i f no hidden
terminal exists in the piconet. Otherwise, the CPCs in different DEVs might become
unsynchronized, which leads to potential missed frames due to some DEVs turning off their radio
early. Since all DEVs are associated with the PNC, there is no hidden terminal to the PNC. To
fully utilize the inherent centralized operation of 802.15.3 M A C , in the ACS scheme we maintain
the CPC only at the PNC, and implement a new command, CP_Suspend, to indicate the CP
suspension. The PNC can safely send a CP_Suspend command whenever the CPC is decreased to
zero. Upon the receipt of a CPSuspend command, an active D E V can turn its radio off and go
into SLEEP mode for the rest of the CP to save energy. Therefore, the proposed method can
effectively reduce the power consumption of all active DEVs during CPs.

With A C S , the effective CP length is dynamically adjusted according to the number of
contending frames, without complicated frame estimation in advance. Obviously, the expected
effective CP length with ACS is the mean CRP plus a small extra time of the mean idle CPC
backoff slots and a CP_Suspend command transmission time. Moreover, the A C S ensures all
pending frames are sent in the current superframe if the CP is long enough for collision resolution.
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Thus, it provides fast frame delivery, minimizes the frame delay, and improves energy efficiency.
The PNC will not send the CP_Suspend command i f the remaining time in the CP is not
enough for the CP_Suspend command transmission, and it can choose not to send the
CP_Suspend command i f the energy cost of channel monitoring in the remaining CP is less than
that of transmitting and receiving the CP_Suspend command frame over the piconet.

4.6

S y s t e m e n e r g y cost i n c o n t e n t i o n p e r i o d

The 802.15.3 standard is designed to enable long operation times for battery powered
DEVs. Besides the active mode, the standard provides several power management (PM) modes
that enable inactive DEVs to turn off for one or more superframes. Moreover, every D E V in the
piconet can enter the SLEEP mode, i.e., power down or turn off, during the CTAs when the D E V
is not scheduled to transmit or receive data. However, all active DEVs are required to monitor the
channel during all CPs, even though no or few data frames are sent. The proposed A C S scheme
makes an exception of this requirement by also allowing a D E V to enter the SLEEP mode when
the effective part of the CP has concluded.
Let H be the total transmission time of the P H Y preamble and P H Y / M A C headers, and
TACK

be the transmission time of an Imm-ACK; obviously

TACK - H

as an Imm-ACK has no

payload. Denote Tf as the average transmission time, including H, for a command frame. Thus,
ignoring any propagation delay, the times for a successful transmission (T ) and a collision (T )
s

c

are given, respectively, by the following:

T = T + SIFS + T
S

F

.

lmm

T =
c

ACK

+ BIFS

T +BIFS
f
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(4.4)

(4.5)

In a CP, the energy costs for an active D E V can be classified under four different
conditions:

•

TRANSMIT - the D E V is transmitting data.

•

R E C E I V E - the D E V is receiving a frame addressed to it from another D E V . Note that a
D E V overhears the headers of all transmitted frames in the piconet, regardless of the
frame destination.

•

IDLE - the channel is sensed idle for a BIFS sensing slot.

•

SENSEBUSY - the D E V senses that the channel is busy, but the frame is not addressed to
itself or is not recoverable due to low signal to noise ratio (SNR).
Let E , E , E , E
T

R

B

H

E be the energy cost per unit time for TRANSMIT, RECEIVE,
s

SENSEBUSY, IDLE and SLEEP modes, respectively. In general, E > E >
T

R

EB > E but the
H

differences between them are not very significant. However, they are all much higher than Es
because an active D E V continuously monitors the channel, while a D E V in SLEEP mode can
simply power down or even turn off the radio.

There are three possible channel states: idle, successful transmission, and collision.
Assume N is the number of active DEVs in the piconet. For each channel state, the system energy
cost, i.e., the total energy cost for all active DEVs, can be estimated as follows:

•

In the idle state, all active DEVs keep sensing the channel for a period of BIFS; thus,

E =NE,BIFS

(4.6)

UH

•

For a successful transmission, besides exchanging the frame/Irnm-ACK between the
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sender and receiver, other active DEVs also overhear and receive these frames. After a
D E V receives the M A C header and finds that the frame is not addressed to it, it can
change to S E N S E B U S Y mode to save energy. Also, the channel is idle for a SIFS and a
BIFS, respectively, before and after the Imm-ACK. Thus,

E

= (E + E )(T + T ) + NE, (SIFS + BIFS)

succ

T

R

f

+ (N-2)(E (H

+T ) +

R

•

ACK

E (T -H))

ACK

B

f

Similarly, for a collision involving k frames, where N > k > 2, the DEVs other than the k
senders will sense the channel busy for the whole T/ period, and all DEVs need to wait
for the channel to be idle for a BIFS after the collision. Thus,

Komon

= (kE +(N- k)E )T
T

R

(4.8)

+ NEjBIFS

f

Therefore, the total system energy cost during collision resolution depends on the number
of frames transmitted, collisions encountered as well as the idle slots elapsed. However, i f the
total CP length TQP is longer than the CRP, without A C S all DEVs will keep monitoring the
channel until the end of TQP, i.e., the system will spend an extra energy cost of

E

^-NP^-CRP)

std

(4.9)

With the proposed ACS method, after the CP_Suspend command is received, active DEVs
can switch to SLEEP mode immediately for the remaining CP. Let Tcsc be the CP_Suspend
command transmission time, the extra cost with ACS is

E

=NP BIFSxCPC

ACSexlra

+ (E +(N-\)E )T

I

T

R

csc

(4.10)

where CPC represents the remaining counter value when the collision resolution is finished.
Depending on the collision situations, CPC could take any value from 0 to the current CPC C W
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size. Let E[CPC] be the expected CPC value at the end of collision resolution. Since CPC cannot
be greater than

CWma ,

much lower C W

max

X

the expected value of CPC is at most CWmax/2. In practice, E[CPC] is

/ 2 . Thus, the energy saving from the A C S is given by

Esave

=

Estd _extra

~ EACS

_extra

(4-11)

Obviously, when the traffic load is low, the CRP is significantly shorter than TQP, and
A C S can bring a considerable energy saving to the system by terminating the remaining
unnecessary idle channel sensing period in the CP. However, i f the P N C determines that it
consumes more energy for an active D E V to receive the CPSuspend command than to sense the
idle channel for the rest of the CP, i.e., (4.11) returns a negative result, the PNC can decide not to
send the CP_Suspend command, even if the CPC becomes zero.

4.7

Protocol implementation considerations

The ACS is a protocol enhancement to the current 802.15.3 standard. To include it into the
standard, some modifications are required as follows:

•

Frame aggregation should be enabled in all DEVs. For frames that cannot be aggregated,
they should be sent consecutively together with only a SIFS between the frame exchanges.

•

Each D E V only performs one contention access process for the pending frame in each
superframe. Furthermore, the backoff counter should be reset with CWmin at each
superframe instead of the current C W size.

•

A new CP_Suspend command is added. We can use the reserved command type hex value
0x00IF, with a null command payload for the CP_Suspend command.
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The proposed A C S not only dynamically controls the active region of CPs, thus greatly
reduces the energy consumption from idle sensing for all active DEVs in the piconet, but also
provides extra time units and more flexibility for idle channel reuse. The PNC sends beacons for
CP and C T A information. Therefore, the P N C can estimate the expected active length of CP
based on prior superframe situations, and tentatively allocates some CP time units to streams that
require extra channel time allocations even i f that time units are still in the CP. In this case, the
DEVs involved in the stream can send packets only i f they have received a CP_Suspend
command before the tentative scheduled time slot. No CP_Suspend command received implies
that the contention resolution process is not finished yet, thus the DEVs will simply ignore the
tentative allocation.

The other practicality consideration of the A C S scheme is the inter-operability with legacy
DEVs implementing the current standard. With the current standard, an active D E V can send a
frame at any time in a CP. Thus, potential frame losses may occur i f only part of the DEVs in the
piconet have A C S implemented, and the P N C turns to SLEEP mode after the CPSuspend
command. Therefore, in a hybrid piconet with both legacy DEVs and A C S enabled DEVs, the
PNC should stay active throughout the CPs to receive frames from legacy DEVs. For the A C S
enabled DEVs, they will still benefit from the CP region suspend with reduced active CP length
and energy saving.

4.8

S i m u l a t i o n m e t h o d a n d n u m e r i c a l results

4.8.1 Simulation method and parameters
The simulator, written in C + + , implements the C S M A / C A method in CPs defined in the
802.15.3 standard [1][2]. Frame aggregation described in Section 4.4, is used at each D E V . The
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simulator creates TV DEVs, including the PNC. The expected number of aggregated frames n, i.e.,
the number of contending DEVs, is set from 2 to N. At each setting, the simulator generates n
frames on n randomly chosen DEVs, for C S M A / C A contention access. To focus on the
contention resolution, the channel is assumed free of transmission errors.

As explained in Section 4.4, multiple CPs are not useful when frame aggregation is used;
therefore, the simulator uses a single CAP at the beginning of each superframe. However, the
results can be easily applied to multiple CPs, as they can be regarded as extensions to the C A P i f
frame aggregation is not applied in succeeding CPs. Alternatively, i f frame aggregation is applied
before each CP, then each CP behaves as the CAP in a new superframe.
For the ACS scheme, the PNC maintains the CPC as described in Section 4.5. If the CPC
reaches zero and the remaining time in the CP is greater than Tcsc, the PNC sends a CP_Suspend
command to suspend the CP. In the simulations, each successful aggregated frame is followed by
an Imm-ACK. For simplicity, a delay limit is not set for the frames; i.e., a frame is dropped only
if the maximum retry_count m is reached without successful transmission.
In 802.15.3, an Imm-ACK contains only a 10-octet M A C header. With a null payload, the
CP_Suspend command has only 2 octets of command type and 2 octets in the length field, besides
the 10-octet M A C header and 4-octet frame check sequence (FCS). In CTRq commands, each
CTRq IE is 12 octets. With frame aggregation, the payload size is a little bit larger i f multiple
commands are aggregated together. For simplicity, we use a 40-octet M A C payload size for all
aggregated frames in the simulations. The superframe and maximum CP length are set at 50 ms
and 10 ms, respectively.
The simulation parameters summarized in Table 4.1 are based on the 2.4GHz P H Y
specification [1]. The P H Y preambles and the P H Y / M A C headers are sent at 22Mbps with
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quadrature phase-shift keying (QPSK) and uncoded differential QPSK (DQPSK) modulations,
respectively. The frame payloads are also sent at 22Mbps with uncoded DQPSK.
To the best of our knowledge, no energy consumption model exists for 802.15.3 DEVs
employing the 2.4 GHz PHY. Therefore, we use the experimental results for IEEE 802.11 W L A N
interfaces [31] as a reference. As W P A N transmitters already operate with very low power, we
assume that they transmit data with the maximum allowed power to maximize coverage. To
evaluate the energy cost, we use a normalized energy model, as shown in Table 4.2. This model is
based on a per unit time energy cost of 1 for a D E V in the SLEEP mode. Accordingly [31],
energy costs per unit time are 15, 18 and 28, for the IDLE, R E C E I V E and TRANSMIT states,
respectively, relative to that for the SLEEP mode.

As DEVs overhear all frame transmissions, the energy costs for SENSEBUSY and
RECEIVE states are approximately equal. Because of the active channel monitoring, the energy
cost of the IDLE state is only slightly lower than that of the R E C E I V E state, and much higher
than that of the SLEEP mode. Therefore, most of the energy will be wasted by idle sensing if the
traffic load is low [23]. Terminating the unnecessary idle time brings better energy efficiency to
all active DEVs.

The simulator records the contention resolution time, the effective CP period with A C S ,
the number of collisions and the number of dropped frames during the CP. In addition, it reports
the energy cost of each D E V based on its states, and computes the total system energy cost. The
results are averaged over one million simulation runs.
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4.8.2 Simulation results

4.8.2.1 Active CP length and relative throughput
As control frame payloads are quite small, the effective throughput S is very low. To
better illustrate the results, we define relative throughput (SR) as the expected number of
successfully transmitted frames (with payload size of E[PJ) in a certain period of time, T. For
simplicity, we ignore the frame drops due to exceeding delay threshold or transmission errors, and
only consider those due to collisions when the maximum number of retransmissions m is reached.
Thus, the dropping probability is

m

i'=0

where p is the collision probability at the z'-th backoff stage, as discussed in Section 4.5. This
t

formula differs from other saturation and non-saturation analyses where p is assumed to be a
t

constant. Let the expected collision resolution time be E[CRP].

Since the expected effective CP

with ACS requires some extra CPC countdowns after the completion of collision resolution,

E[A CS]

= E[CRP)

+ E[CPC]BIFS

+T

C S C

(4.13)

Without A C S , DEVs remain active during the entire CP of length TQP in each superframe.
Thus, the SR of the CRP, A C S , and no_ACS are given by the following:

S (CRP)

= n(\-P )T

S (ACS)

= n(\-P )T

R

R

I E[CRP]

D

S R(no _ACS)

I E[ACS]

D

= n(\-P )T
D

100

IT

CP

(4.14)

(4.15)

(4.16)

Note that

E[CRP]

is an ideal value that assumes the termination of a CP as soon as the

collision resolution is finished, which is not realizable in practice due to the difficulty of
estimating the number of contending DEVs and the collision resolution situations. Therefore,
and SR(CRP) provide theoretical lower and upper bounds for any dynamic CP adjustment

E[CRP]

scheme.
Figure 4.2 gives the expected effective CP length with different numbers of contending
DEVs, n. Since each D E V sends only one aggregated frame, thus a total of n frames are involved
in the collision resolution. The simulation results are obtained by using a fixed number of frame
arrivals in each superframe. Therefore, they provide the expected mean values of the active CP
length conditioned on a specific number of new frame arrivals. Note this is not to assume a
constant arrival rate, but to show how ACS adapts to varying number of frame arrivals. This
philosophy also applies to the relative throughput comparison below and the energy consumption
results in the next section. In practice the number of arrivals in each superframe varies with the
traffic pattern, but the results allow average system performance to be obtained if the probability
distribution of n is known.

The ACS scheme has a slightly longer effective CP length than the lower bound given by
a system with perfect knowledge about the CRP, which is caused by the CP_Suspend command
frame transmission and the countdown of a conservatively estimated CPC. The A C S scheme
shortens the effective CP significantly and is well adapted to the varying number of frame
arrivals. The effective CP changes dynamically according to varying collision situations, with the
expected values given in Figure 4.2.

With the standard (no-ACS) method, all DEVs need to actively monitor the channel
throughout the CP. Comparatively, with a 10 ms CP, A C S with frame aggregation reduces the
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effective CP length by up to 97% on average if only two DEVs are competing for access, and by
49.5% even if all 30 DEVs are contending. In the 802.15.3 M A C , all the unallocated time in a
superframe is used as the C A P by default. Therefore, when the stream traffic load is low, the C A P
can be significantly longer, and the proposed A C S scheme is particularly effective.

Figure 4.3 gives the results on relative throughput (SR), which is computed as the expected
number of successful frame transmissions in 100 us. The relative throughput without A C S
increases gradually with the number of contending DEVs, because more aggregated frames are
sent in the CP. A C S achieves slightly lower throughput than the upper bound, but this is still
much higher than it would be without A C S ; in fact, the CRP length is the same with or without
ACS. However, without A C S , all active DEVs keep monitoring the channel for the entire CP
length, thus wasting time sensing an idle channel even though the collision resolution is finished.
This wasted time results in a much lower relative throughput when A C S is not applied.

As a comparison, Figure 4.3 also shows the relative throughput under saturation traffic
condition (i.e., each D E V always has a frame to send) from simulations, similar to the saturation
throughput analysis of 802.11 D C F [9]-[15]. We can see that the relative saturation throughput
drops monotonically with increasing numbers of contending DEVs, and differs significantly from
the throughput upper bound and A C S results. This result clearly shows that the saturation
assumption is not suitable for CP access modeling in 802.15.3 M A C . From the maximum value at
n « 3, as n increases, the CRP drops to its minimum value at n « 9, and then stabilizes at a
constant value when n > 15. This scenario is similar to the C S M A / C A results under nonsaturation traffic conditions [18]-[22] .

With the proposed A C S scheme, maximum throughput is obtained with the number of
contending DEVs n « 3, because the initial contention window size

102

CW i„
m

is 8. The backoff

counter is chosen uniformly from 0 to C W - 1 ; thus, the mean backoff counter is (CW-l)/2. As a
result, for a D E V with contention window CW, the transmission probability in a backoff slot is
2/(CW-l). The maximum throughput is achieved when the total transmission probability for all
DEVs, given by 2«/(CW-l), is approximately 1. Thus, with C W = 8, n « 3. The biggest drop in
SR appears when the length of ACS in excess of the expected CRP length is proportionally
highest. This situation occurs when the number of collisions is more than 3, so that CPC has to
count down from C W

m a x

while the number of contending DEVs is relatively low. As shown in

Figure 4.3, the most severe throughput drop is observed at n ~ 9. The effective throughput then
increases with the number of contending DEVs and stabilizes at a larger number of contending
DEVs, due to the removal of unnecessary CP.

4.8.2.2 Energy cost results
With A C S , an active D E V enters SLEEP mode after the CP_Suspend command frame is
received. The reduced effective CP also considerably reduces the energy consumption for the
power-limited W P A N DEVs. If A C S is not used, the IDLE state energy consumption contributes
a larger portion to the total system energy consumption in the CPs.

Figure 4.4 presents the average total system energy cost for a 10 ms CP length with 10
active DEVs. Without A C S , the total energy cost is very high, and the cost is quite stable with
only small increases as the number of contending frames goes up. By comparison, the energy cost
of ACS increases at a higher rate with the number of contending frames. However, as the
proposed A C S scheme adapts to the number of frame arrivals and terminates the CP as soon as
the CPC counts down to zero and the CP_Suspend command is sent, the proposed scheme
achieves substantial lower energy cost than the no-ACS case. As shown in Figure 4.4, the A C S
reduces the average energy cost by 89.5% if only 2 frames are contending for access, and by
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68.5% i f all 10 active DEVs have frames to send. The average energy cost of ACS is only slightly
higher than the lower bound given by perfect knowledge of the CRP length. The extra energy
consumption comes from the CPC idle slots countdown and the CPSuspend command
transmission.

The system energy cost is affected not only by the number of contending frames, but also
by the number of active DEVs. Figure 4.5 presents the average total energy cost of a system with
different numbers of active DEVs generating 5 contending frames in the CP. It shows that the
average total energy cost of all active DEVs with A C S is 83% lower than that of the standard
protocol without A C S when 5 contention frames, are involved in collision resolution. The average
energy costs increase linearly with the number of active DEVs as they overhear all transmissions
over the channel. Without A C S , the standard protocol wastes a lot of system energy after the
conclusion of the CRP, as DEVs keep monitoring the idle channel. Thus, by suspending the CP
when its effective part has ended, A C S improves energy efficiency, which is indicated by the
much smaller gradients in Figure 4.5 than is shown for the standard protocol.

4.8.3 Adaptive CP suspension vs. fixed CP length adjustment

With A C S , the effective region of a CP is adapted to the number of frames involved in the
collision resolution as well as the actual contention resolution situation, with mean duration given
in Figure 4.2. However, i f the PNC sets a fixed length L for the CP, some frames might not be
transmitted successfully within L. Figure 4.6 shows the probability that the CRP is not finished
within a CP of length L. It indicates that 32-52% of all CRPs are not complete within a CP length
equal to the mean CRP. Even if L is set to the mean value under A C S , 6-20% of all CRPs are still
not complete when the number of contending DEVs is less than 15. Thus, if the CP is set to a
fixed length, time is wasted for shorter collision resolutions, and extra delay and contention are
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introduced to frames that are not successfully transmitted in the given CP length.

Figure 4.7 shows the cumulative percentage of the successful frame transmissions as time
elapses over the CP. Clearly, a higher number of contending frames reduces the success
probability due to the increased collision probability. The cumulative curves also feature a steep
linear part in the middle regardless of traffic load. Beyond that, the number of successful
transmissions increases at a lower rate and then settles to a constant value. This property may be
employed by the PNC to choose an optimal length for the CP for a system in equilibrium with a
known average frame arrival rate.
Although the simulation results are obtained with the 2.4GHz P H Y , they can easily be
extended to any other P H Y , such as direct sequence ultra-wideband (DS-UWB) and millimeter
wave (mmWave) alternative PHYs. In fact, these alternative PHYs have even higher data rates
than the 2.4 GHz PHY, and thus each frame requires less time for transmission. Therefore, for the
same multimedia streams, shorter CTAPs are required, and longer CPs are left in the superframes.
On the other hand, the effective CP region will also be shorter at any given frame arrival rates due
to the reduced frame transmission time under the higher rate alternative PHYs. Consequently,
ACS with frame aggregation can suspend the CPs even earlier, and saves more energy. Therefore,
the proposed A C S scheme will be even more effective with the alternative high rate PHYs.

4.9

Conclusion

IEEE 802.15.3 M A C provides QoS support to real-time streams using reserved T D M A
slots for contention-free transmissions in CTAPs, leaving the CPs in the superframes for
transmission of commands and a small amount of asynchronous data via C S M A / C A access.
Such sporadic access renders the traditional C S M A / C A analyses based on Poisson arrivals and
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saturation channel traffic inapplicable.
In this chapter, we have proposed an efficient frame aggregation technique at each D E V
to minimize access contention. Based on this technique, the contention access behavior in the
CPs can be viewed as a collision resolution problem involving aggregated frames arriving in the
previous superframe.
Although computation of the optimal CP length is plausible theoretically, it requires that
the PNC have accurate knowledge of the new frame arrivals, which is not possible in practice.
Also, it is hard for the P N C to adapt quickly to large frame size and arrival variations. This
insight motivates us to propose the novel Adaptive CP Suspension scheme to dynamically adjust
the effective region of CPs based on the current frame loads and collision situations. The
proposed A C S scheme employs centralized control at the P N C using a CP Counter to track the
number of idle timeslots that have occurred since the last collision. The PNC suspends the
remaining part of a CP by sending a CP_Suspend command whenever the CPC has decreased to
zero.

The proposed A C S scheme ensures that all contending frames are transmitted before the
CP suspension, and dynamically adapts the effective CP length to the number of frame arrivals
and collision situations. Simulation results show that the A C S scheme significantly reduces the
effective length of the CP, in which all active DEVs continuously monitor the channel, thus
increasing the effective CP throughput and greatly reducing the power consumption for all DEVs
in the piconet. Simulation results show that A C S effectively adapts to changes in channel traffic,
substantially shortening the effective region in a CP in which all active DEVs continue to
monitor the channel, and significantly reducing the system energy cost by allowing DEVs to turn
off their radios during the suspended parts of the CPs.
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The proposed A C S scheme works for any non-continuous contention access channel with
brief access periods, including the beacon enabled 802.15.4 networks. Similar work might be
extended to non-saturation contention access modeling, e.g., in the 802.16 Wi-Max networks.
We also perform studies on approximate modeling for CRP distribution based on binary treesplit and non-saturation models. The PNC can further improve the performance of A C S by
choosing an optimized contention window size by traffic estimation, which will be part of our
future studies.
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Table 4.1

802.15.3 2.4 GHz P H Y / M A C simulation parameters

10 us

P H Y specification

2.4 GHz P H Y SIFS

P H Y data rate

22 Mbps

CCADetect

7.273 us

Superframe length

50 ms

BIFS

17.273 us

Max. C A P length

10 ms

Preamble

17.455 ps

CP_suspend command length

4 octets

TACK

Cmd frame payload

40 octets

cw

min

8

P H Y header

2 octets

cw

max

64

M A C header

10 octets

Max. retrycount (m)

Table 4.2

(preamble + headers) 22.545 us

Normalized energy cost model

Operation Mode

Energy cost

SLEEP (E )

1

IDLE (Ei)

15

s

R E C E I V E (E ) and SENSEBUSY (E )

18

T R A N S M I T (E )

28

R

3

B

T

Note: Normalized energy based on SLEEP mode in a unit time.
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Chapter 5

5.1

Scatternet Connection Data Rate
Optimization with Multi-rate Carriers

1

Introduction
In this chapter, we first analyze the link rate distribution of an Institute of Electrical and

Electronics Engineers (IEEE) 802.15.3 piconet employing multi-rate carriers at the physical
layer, and show that the expected piconet link rate decreases gradually with the piconet radius.
Furthermore, the effective scatternet connection rate is defined to minimize the stream
connection cost in a scatternet by optimizing the piconet coverage. Analytical and simulation
results show that direct peer-to-peer communications in 802.15.3 piconets bring a huge gain in
the expected data rate of intra-piconet links. While the maximum piconet size minimizes the
number of piconets in the scatternet and the number of hops for a randomly chosen connection, a
medium sized piconet radius yields a higher scatternet connection data rate. Thus, configuration
of scatternets needs to consider the piconet size and channel reuse, given the number of logical
channels available.
While existing analyses of medium access control (MAC) protocols often assume a fixed
data rate for all transmissions, many contemporary data transmission techniques, including the
ultra-wideband (UWB) physical layer (PHY), support multiple data rates that adapt to the
changing path gains between transmitters and receivers. Therefore, it is important to take rate
adaptation into account when investigating the engineering design of 802.15.3 wireless personal

1
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area networks (WPANs), which is also an objective of this chapter.
For a large scale scatternet consisting of multiple piconets, extensive studies [1][2][3][4]
on Bluetooth scatternet formation have focused on the topology configuration problem that arises
due to the constraint of master-slave communications between no more than 8 active devices in a
Bluetooth piconet [5]. In contrast, the 802.15.3 M A C allows a large number of active devices
(DEVs) to communicate directly in a peer-to-peer manner over a piconet, under control of the
piconet coordinator (PNC) [6]. Therefore, scatternet formation for 802.15.3 WPANs presents the
new problem of how to select the coverage area of the piconets and connect them to form the
scatternet in order to satisfy certain communication performance criteria. For multimedia
transmissions in high data rate (HDR) WPANs, it is desirable to maximize the overall effective
connection data rates of the multimedia data streams. With a constant link rate, the best result is
obviously achieved by minimizing the number of piconets in the scatternet by maximizing the
size of each piconet, thus minimizing the number of hops in a connection. However, in a piconet
with multi-rate carriers, reducing the piconet size could increase the average data rate between
DEVs. This tradeoff will be explored in this chapter. Given such a tradeoff, choosing the right
piconet size to minimize overall transmission cost in a scatternet is an important open issue,
which will be studied further in this chapter.
The rest of this chapter is organized as follows. Section 5.2 discusses the piconet and
scatternet formation issues. In Section 5.3, the expected piconet link rate of an 802.15.3 piconet
is derived with full connectivity supported by P N C forwarding. In Section 5.4, the expected
scatternet connection rate is defined and analyzed with respect to the piconet size. Numerical
results for 802.15.3 WPANs based on the multi-band orthogonal frequency division multiplexing
(MB-OFDM) U W B P H Y are presented in Section 5.5. Section 5.6 discusses how the results of
these analyses can be applied when practical channel conditions are taken into account. Section
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5.7 concludes the chapter.

5.2

I E E E 802.15.3 n e t w o r k f o r m a t i o n issues

The IEEE 802.15.3 M A C works with a multi-rate P H Y , in which a mandatory base rate is
used for the beacon and command frames, and the P H Y and M A C headers for robustness. The
frame payload is sent with a data rate selected from a set of predefined rate-dependent
modulation parameters according to the link quality requirement, for example, the frame error
rate (FER) threshold, and the perceived link condition, which depends on the distance between
the transmitter and the receiver, the propagation environment (e.g., shadowing and fading
effects), and interference from co-channel and adjacent channel piconets. While the propagation
environment and interference conditions are hard to quantify, in general closer DEVs may
communicate with higher data rates over the shorter links between them. Before a D E V requests
a channel time allocation (CTA) from the P N C , it selects the data rate based on previous
estimates of the link condition and calculates the amount of time required in the CTA. The C T A
duration is then conveyed to the P N C in the C T A request. The C T A , once assigned, remains
unchanged until the D E V sends a new request to the P N C , for example, when the traffic
condition or link quality has changed.
Depending on the piconet size and D E V positions, some DEVs may not be able to
directly communicate with each other, as the distances between them exceed the maximum
transmission range. In Chapter 2, a third-party handshake protocol (3PHP) is proposed to solve
this problem by employing M A C forwarding to provide full M A C layer connectivity between
directly unreachable D E V pairs in a piconet [7] [8].
Unlike pure ad hoc wireless networks, where all mobile devices share a common wireless
channel, each 802.15.3 piconet works on a different logical channel except for child and
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neighbour piconets. Thus, unless there is a bridge D E V associated with the PNCs of adjacent
piconets, communication between DEVs in the two piconets is not possible. Due to the very low
power emission limit, especially for U W B transmissions, a D E V should always use the
maximum allowed power when sending data to minimize the FER. This principle, when applied
to the PNC, results in a piconet with the maximum coverage by default.
Two methods are provided by the 802.15.3 standard for controlling transmitter power [6].
The first method allows the PNC to set the maximum transmit power for the contention access
period (CAP), beacon, and management CTAs (MCTAs), but excludes association M C T A s . As
all DEVs associated with a piconet need to correctly decode the beacons from the PNC, the PNC
can reduce the transmission power of beacon frames to limit the distance of DEVs that can be
associated with it. Thus, the piconet coverage area and hence the size of the piconet are
determined by the transmit power of the beacons. Controlling the power during beacon
transmissions allows the PNC to reduce transmit power without adversely affecting operation of
the piconet. The second method allows a D E V to use a C T A transmission to request the remote
D E V to change its transmit power. Thus, i f two DEVs have a "good" link in a CTA, they can
reduce their transmitter power to decrease the power usage, and to reduce interference to other
networks, while still satisfying the channel quality threshold for the application.
As this chapter addresses the issue of piconet size, we consider that the PNC can adjust
its beacon power to control the size of the piconet, and that all DEVs transmit data at maximum
power using the highest data rate achievable within the link reliability constraint.
Wireless spectrum is a scarce and valuable resource, especially for H D R WPANs; e.g.,
the 802.15.3 P H Y at 2.4GHz has no more than 4 channels available [6]; the M B - O F D M U W B
P H Y has only 4 logical channels for Mode 1 devices and a maximum of 16 i f all bands are used
[9]; the direct sequence U W B (DS-UWB) P H Y has 2 bands each with only 6 channels [10].
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Therefore, the number of 802.15.3 piconets simultaneously operating within radio range is quite
limited compared with Bluetooth, which is channelized using pseudorandom hopping sequences
with 79 frequencies. As the interference region is much larger than the coverage area of a
piconet, the limited number of channels also limits the ability of channel reuse in a large scale
network.
With the tradeoff between data rate and distance, in a system with a given density of
DEVs, a smaller piconet covers a smaller number of DEVs with a higher average data rate within
the piconet. This situation contradicts the fact that a larger piconet covering more DEVs tends to
have a higher traffic demand and larger bandwidth requirements: On the other hand, for a
scatternet covering a large area, a smaller piconet size leads to more inter-piconet forwarding
over a larger number of piconets, which in turn lowers the effective data rate in the overall
system. From a system perspective, it is desirable to minimize the average stream transmission
cost, i.e., to maximize the effective mean connection data rate, between randomly chosen D E V
pairs in the scatternet. Thus, the link data rate, the piconet traffic load and the piconet coverage
area need to be considered systematically taking into consideration of channel reuse.

5.3

Expected piconet link rate
Data rate adaptation in the presence of propagation impairments and interference in the

multi-rate P H Y employed by 802.15.3 WPANs is a complex problem that is beyond the scope of
the present chapter. Assuming all data frames are sent with the maximum allowed power, the
data rate generally decreases with increasing distance between communicating DEVs i f we
assume that the same impairments due to propagation and interference affect all the links.
Therefore, in this chapter we optimistically employ the following simplified model, which
ignores the effects of propagation impairments and interference, to facilitate theoretical analysis
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at the M A C layer. We model the payload data rate simply as a discrete function of the distance d
between the transmitter and receiver, as in Chapter 3.
Rate{d) = S ;
i

R <d<R
M

\<i<k

n

(5.1)

where Rk+\ = 0, and R is the transmission range of data rate 5, that meets a given FER objective.
t

Thus, R\ corresponds to the maximum transmission range with the base (lowest) rate S\ at
maximum power, and Sk is the maximum data rate. Based on (5.1), each piconet is abstracted as
a circle with the PNC at the center. In practice, propagation effects and interference result in a
reduction of the transmission range, and (5.1) should be modified by reducing the values of R

{

accordingly so that the effects of fading, shadowing, and interference could be taken into
account.
Without considering any child and/or neighbor piconet, we assume the following:
•

A piconet consists of ./V DEVs in which one D E V located at the center of the piconet acts
as the P N C and all other DEVs are uniformly distributed in the coverage area of the
piconet.

•

The coverage area of a piconet, represented by a circle of radius r (0 < r < R\) around the
PNC, is controlled by the transmit power of beacon frames.

•

Traffic streams are generated at random, i.e., the source and destination DEVs are
randomly chosen among the N DEVs, and all traffic streams have the same parameters.

•

If a direct peer-to-peer link exists between the source and destination DEVs, the stream is
transmitted with the maximum allowed power at the maximum achievable data rate in
one C T A slot. Otherwise, the stream is forwarded by the P N C with two separate C T A
slots, as proposed in [7].
We define the expected piconet link rate (EPLR), denoted as E[S], as the expected
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effective data rate for a connection between a pair of randomly chosen DEVs within the same
piconet. Connections over both direct peer-to-peer links and indirect links employing P N C
forwarding need to be considered. For unreachable D E V pairs, the P N C forwarded frames
consume additional C T A slots, but they are not counted when calculating the effective
connection rate. Assume that all connections are used to send the same amount of data. To
determine the E[S], the link rate distribution needs to be derived for the following two types of
connections.

5.3.1 Type A: Connection between a DEV and the PNC
Since r < R\, the maximum coverage range, all DEVs can exchange data directly with the
PNC. A D E V can communicate with the PNC at rate Si i f the D E V is within the circle of radius
Ri centered at the P N C . With uniformly distributed DEVs in the piconet, the probability
distribution of the data rates for type A connections is given as follows:
0

r <

Ri+i
k

(5.2)

In 802.15.3 M A C , each data stream is sent in a C T A requested from the PNC. Multiple
connections utilize separate CTAs in a time division multiple access (TDMA) manner without
interference between them. Suppose there are k connections, each sending the same amount of
data

L

in its allocated CTA. Thus, for connection i with rate Si, the C T A length is LISi, and the

average C T A length for these connections is the sum of all these CTAs divided by the number of
connections. Therefore, the expected C T A length for a type A connection is given by the
following:

(5.3)
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The expected data rate for a type A connection is then

AS] = —

E

L__

=~

-

(5-4)

(YPAS) t)h.
(LPAS
S

E A T T ]]

5.3.2 Type B: Intra-piconet connections between DEVs other than the PNC
As peer-to-peer communications are supported in an 802.15.3 piconet, direct connections
shall be used for intra-piconet streams whenever possible. However, i f a pair of DEVs are out of
each other's radio range, the stream between them has to be forwarded by some other D E V . In
the following analysis, the P N C is used to forward frames between DEVs with no direct
connection, as defined earlier. We employ the common overlap area (COLA) function COLA(R,
r, x) defined in Chapter 2 to obtain the intersection area between two circles of radii R and r,
where x is the distance between the centres of the two circles [7]. For a piconet with a coverage
radius of r, the probability of each data rate can be derived as follows.
The probability that the source D E V is at distance x to x+Axfromthe PNC is

P(x) = ^-Ax
r

(5.5)

Given the source D E V at distance x from the PNC, the probability that a data stream can
be sent at rate 5 , is simply the probability that the destination D E V is in the same piconet and
1

within the circular rings of R{ and R \ centred around the source D E V . Thus
i+

r<.S )= ^ <' - ° ^ "'- A<i<k
C0LA

R

X)

C

LA

R

.

X)

Ax

(5.6)

k

P(no direct link | x) = 1 - £ P(S,. | x);

1<i<k

Therefore, the probability of Sj and no direct link for a type B intra-piconet connection are
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(5.7)

lP(S |x)P(x)dx;

Pg(S ) =

i

t

\<i<k

(5.8)

P (no direct link) = 1 - £ P ( S , )

(5.9)

B

1=1

For connections with no direct link, the P N C is used to forward the frames. With the
source D E V at distance x from the PNC, i f the source and destination DEVs are out of range, the
destination D E V should be in the same piconet but outside the coverage region of the source
D E V , within an area given by nr - COLA(R\,
2

r, x). As to the data rates, the source to P N C link

rate is given by (5.1), and the forwarding link rate depends on the destination position. Thus, the
conditional probability that the forwarding link has rate 5, is
P(i,x) = P(Forward with S. | ((no direct link)& (Src_DEVat x from PNC)))
0;
^

r</k„l<i<*

-COLA:R ,X)

^

IA+1

w -COLAR ,r,x)
2

h

I

<

<

R

R

< ^ <

I

<

K

l

(5.10)

x

*R?-COLAR A,*)-(^-COLAR^*)).
nr
-COLA[R r,x)
?dl -COLA,R ,R ,x)

^

X

J

<

R

A

<

I

<

K

v

2

k

x

i=k

k

nr-COLA[R ,r,x)
x

Combining the results of (5.1) and (5.10), the conditional probability that an unreachable
D E V pair is linked by the P N C with rate Sj from the source to the P N C and rate 5, from the P N C
to the destination is given by

P(i, x)P( no direct link | x)P(x)dx
Fw

_Prob(i,j)

P (no direct link)
0;

;

r>*

i

; +

(5.11)

B

r< R

M

Thus, the combined probability distribution of PNC-forwarded connections can be
represented by a lower triangular matrix with elements, as follows:
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n • , -A ,•
Distribution = <
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where Fw_Distribution

P r o b { i

>
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+

F w

-
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ti,0;

i

.0;

„
(5.12)

i<j

denotes the conditional probability that given no direct link, the connection

ij

consists of two links with rates Si and Sj, respectively. Thus, the equivalent data rate for type B
intra-piconet connections can be estimated by

E [S] = ~
B

^—k—i

k

X P ( S . ) ~ + P (no direct l i n k ) £ t
B

i=i

B

/

1=1

In a piconet consisting of

(- )
5

13

FwJ>xob(i, /)(-! + -1)

j=\

Sj

bj

DEVs uniformly distributed over the area of the piconet, the

total number of D E V pairs is N(N-\)/2, of which (N-l) pairs involve the P N C and have type A
connections between them. Therefore, the probability that a connection between a randomly
selected pair of DEVs is a type A connection is simply 2/N, and the overall piconet data rate
distribution and the E P L R are given by

k

P( no direct link) = 1 - £ P(S,)

(5.15)

1=1

T — r

[S]=-

E

X P(S, ) — + P(no direct link)J] j Fw_
j

(=1

/

(=1 7=1

Prob(i,

( 5

-

1 6 )

+ —)
Sj

dj

Note that (5.13) and (5.16) do not account for the low data rate for headers and extra cost
of frame forwarding, such as headers, inter frame spaces (IFS) and acknowledgements. Thus, in
practice the E P L R values will be slightly lower than the results from the derivation. In Chapter 3
[11], this issue is further investigated with the effective C T A link rates under various application
traffic parameters.
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PNC forwarding for un-reachable DEVs is used to get the analytical results in this
chapter. If we apply the intra-piconet link optimization algorithms proposed in Chapter 3, the
E P L R can be further increased slightly. As shown in Chapter 3, the optimization ratio is
application dependent. Thus, a close analytical model is hard to obtain. However, the E P L R
values and trends obtained with intra-piconet route optimization will still be similar to what we
have derived from the PNC forwarding method in this chapter.
Compared with other wireless networks with centralized control, such as infrastructure
mode W L A N and Bluetooth, where all intra-cell or intra-piconet connections have to be relayed
by the central node, the combination of direct peer-to-peer communications and centralized
control in 802.15.3 W P A N provides great flexibility, efficiency and performance gain in terms of
throughput for intra-piconet connections.

5.4

Scatternet formation considerations

The 802.15.3 M A C allows peer-to-peer communications among DEVs, and up to 236
active DEVs can be associated with a PNC in an 802.15.3 piconet, compared with only 7 active
slaves in a Bluetooth piconet [5][6]. Thus, the scatternet formation problem for 802.15.3 WPANs
is fundamentally different from that for Bluetooth. In a dense 802.15.3 scatternet with a large
number of DEVs, the scatternet formation problem has two parts: (1) how to optimize coverage
areas of the piconets with respect to certain performance criteria, such as the average number of
piconets along the route of a connection or the average cost of a connection; and (2) how to
connect the piconets with the given size into the scatternet. In this chapter, we aim to solve
problem (1); particularly, we consider optimizing the piconet coverage during scatternet
formation to minimize the transmission cost. Assume the following:
•

The scatternet covers a two dimensional region with an area of A, where A is much larger
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than the piconet size, with each piconet represented by a circle with radius r.
•

The piconet coverage coefficient c is defined to represent the ratio of effective piconet
area considering overlaps between adjacent piconets. Thus, c is always smaller than 1;
e.g., with regular hexagonal topology, c = 1.5-^3 / n « 0.827 .

•

The number of piconets n in the scatternet is approximately n « AlicTtr ).

•

The scatternet is fully connected, and all links among DEVs within the same piconet have

1

data rate A , where X ~ E[S], given by (5.16) with piconet radius r.
r

r

In wireless transmissions, the interference distance (R/) is always greater than the data
transmission range R due to the difference between data reception and interference thresholds.
Thus, Rj can be much greater than the piconet radius r that is determined by the beacon power.
Since each piconet occupies a logical channel, no other piconet operating simultaneously in its
interference region should use the same channel except for child and/or neighbour piconets.
Because a child and/or neighbour piconet uses a private C T A reserved from the parent piconet,
the use of child and/or neighbour piconets does not increase the piconet capacity. We define the
cluster size M as the required number of different logical channels to assign to the piconets in the
interference region without channel reuse. Clearly, the minimum value M j is obtained when all
m

piconets are operating with the maximum coverage, i.e., r-R.

n

Let p be the cluster factor, given

by MIMmm- A larger p means more channels are required to provide channel reuse without
degrading channel quality. Thus,

M = i(^)

2

c r

;M

= 13-)
c R
2

m j n

;p =A

2

(5.17)

r

In 802.15.3, T D M A is used to assign CTAs for admitted data streams. Therefore, when a
stream connection is established, the PNC of each piconet along its route allocates a guaranteed
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C T A time slot for the stream. Thus, the total cost of the stream transmission is simply the sum of
all these CTAs. Obviously, i f each hop has a rate of A , the throughput of the connection is still A
r

r

regardless of the number of hops. To evaluate the effective data rate at the system level, a packet
forwarded along a multi-hop route is counted only once although it consumes resources over
multiple piconets. We define the effective scatternet connection rate (ESCR) as the expected
effective rate of a connection from a source D E V to a randomly chosen destination D E V in the
scatternet, passing through an average of L piconets, ESCR ~ AJL. In a two dimensional
scatternet consisting of n piconets laid out in a regular pattern, L~ 0(4n)

• Thus, the upper limit

of ESCR with piconet radius r is given by

ESCR ^(r) = ^- = 0\
m

4n J

= k^ = 0(^fL) = k ^L
' *Jn

-J~A

-JA

2

(5.18

2

where k\ and k are constants that depend on the pattern of piconets in the scatternet
2

configuration. Once the piconet radius r is decided, it is desirable to cover the scatternet with a
minimum number of piconets, which is achieved, in a given planar area, by a regular hexagonal
configuration, as shown in Figure 5.1.
Therefore, in a dense network, the regular hexagonal configuration gives the upper limit
of ESCR. Assume a scatternet coverage area with length X and width Y. With the hexagonal
configuration in Figure 5.1, the centres of the piconets are separated by dx = 1.5r and dy -

Jsr

along the x and y axes, respectively. Let nx and ny be the number of piconets along the x and y
axis, respectively, thus,

X
n

x

Y

«—-;n

Y

1.5r

a-—\n

Sr

XY
= nn
x

Y

=

I

p-r =

1.5V3r

2

n

«

p—

,

m

(5-19)

1.5V3 r

2

Assuming the scatternet is constructed by the regular hexagonal configuration with DEVs
uniformly distributed in it, and data streams are generated between random D E V pairs.
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Considering only one dimension, let X\ and X be the position of source and destination DEVs
2

that are uniformly distributed in the dimension with length X. Thus, X\ and Xj are random
variables with uniform distribution, and {Xx-Xi) follows a uniform difference distribution. The
distance between the two DEVs .in this dimension, represented by AX = \ X\ - Xi |, has a
probability density function of

— (1-—)

p

X

0<x<X

r

X

s

,

m

( - °)
5

0

2

otherwise

Thus the mean of | X\ - X | is given by
2

|]= f xP _ dx

E[AX] = E[\X -X
{

[Xi

2

=j

Xii

(5.21)

Similarly, the mean of AT = | Y\ - Y | for the other dimension is simply 7/3. Let An and
2

x

A«ybe the number of piconets along the x andjy axes, respectively. Thus,

An

Y

«

AX

1.5r

=

X

4.5r

AY
Y
An * - j = - =—T=-

;

v

V3r

(5.22)

3V3r

As shown in Figure 5.1, inter-piconet hops can occur diagonally in the hexagonal
topology. Thus, the expected number of hops for two randomly chosen D E V s is given by
if An < An 12 ox
x

max(AHy , A « ) ;
r

An < An 12
Y

.
max(A« ,An )
min(An , An ) H
—
—;
x

x

Y

r

Y

x

(5.23)

otherwise

Particularly, toxX= Y= JA..

L=

1±S4I
9V3

Substituting L into (5.18) and (5.19) yields
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(5>24)

*,=-*/L*
3.294;*,=
3 + V3

2.044

k

(5.25)

Vl.5>/3

Thus, given the piconet radius r, the approximate upper limit of ESCR is given by

ESCR (r)
max

(5.26)

» 2.044 A , « - 9 4 - ^ =
3

2

The result in (5.18) is the same as that shown in [12]. In fact, the problem is similar to
that considered in [12] i f a piconet is abstracted as a node, and the scatternet is modelled as a
network with n identical nodes, each capable of transmitting at a rate of X . As shown in [12],
r

(5.18) is the upper bound for the optimal network configuration. For randomly located nodes, the
throughput, i.e., the practical ESCR, will be smaller than the ESCRmax, and is given by the
following

ESCR(r) = O

yjnlogn J

= k.
3

X.

'

=0

yjn\o%n

Xr

Xr

^

y^AXogn j

4

(5.27)

*jA\ogn

where fa and £4 are constants that depend on the scatternet size and the randomness of the
configuration pattern. Equations (5.18) and (5.27) show that both E S C R

m a x

and ESCR decrease

with the scatternet coverage area A according to -J~A in the denominator. Although X decreases
R

with the piconet radius r, ESCRmax

a n

d ESCR, as functions of X r, are not monotonic. With a
r

given scatternet area A, we denote XR as the E P L R when the piconet operates at the maximum
transmission range R. To show the effects of piconet size on connection rate performance, using
the ESCRmax at maximum piconet radius R as the reference, the ESCR normalized index (NI) is
defined as follows:
ESCR (r)

_ Xr

ESCR^iR)

XR

m
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r

R

(5.28)

NI(r) =

ESCRjr)
ESCROW

_k

V

A

k

2

(5.29)

A RJAoJn~
R

In (5.29), ks is also a constant that depends on the scatternet size and topology. However,
it is difficult to find actual values for fa to £5, as they vary with the scatternet configuration.
However, the values of kj, to £5 are not critical, as the main objective of M i s to show the relative
changes of ESCR versus piconet radius r. With ESCR x(K) normalized to 1, a larger NI(r)
ma

means a relatively higher ESCR, compared with a scatternet with the minimum number of
piconets. Thus, NI (r)
max

function of X r, NI (r)
r

max

represents the upper limit of ESCR relative to ESCR x(K). As a
ma

is independent of the scatternet area. In practice, NI(r) < NI (r)
max

and

decreases with the scatternet area A due to a denominator of A\ogn . As will be seen in the
results in the next section, XR < X for r < R; therefore, piconets with the maximum coverage will
R

not necessarily give the best ESCR. On the other hand, with a reduced piconet size, the cluster
factor p is increased, thus more distinct logical channels are required for channel reuse without
co-channel interference.

5.5

S i m u l a t i o n a n d n u m e r i c a l results

5.5.1 Simulation method
The P H Y used in the simulation is based on the M B - O F D M U W B specification [9],
which has now been adopted as an European Computer Manufacturers Association (ECMA)
standard [13]. Basically, M B - O F D M divides the 3.1 to 10.6 G H z spectrum into fourteen 528
M H z bands grouped into 5 band groups. Within each band group, each time frequency code
(TFC) corresponds to a logical channel, which can be used to form a piconet. Thus, it supports
up to 4 piconets within interference range i f working in Mode 1, where only the first band group
is used, and up to 16 piconets within interference range i f all band groups are used.
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M B - O F D M supports multiple data rates from 53.3 to 480 Mbps. In the simulations, only
a subset of the supported data rates is used. The range at which the M B - O F D M system, operating
in Mode 1, can achieve a packet error rate (PER) of 8% with a link success probability of 90%
for channel model 1 (CM1) are listed in Table 5.1 together with some rate dependent parameters.
The ranges for 110-480 Mbps are from the proposed specification [9] and the range for 53.3
Mbps is estimated by multiplying V2 over the range for 110 Mbps, which is approximately 17
meters, same as that in Chapter 3.
For simplicity, in the simulations all links within the transmission range of each specific
data rate are considered error free, while all out-of-range transmissions fail, and all data
transmissions employ immediate acknowledgements (Imm-ACKs), i.e., an Imm-ACK is sent for
each successful data or command frame transmission. Since the transmission range is obtained to
satisfy a FER threshold, the error free assumption is valid as long as the FER threshold presents
an acceptable quality of service (QoS) to the application. The corresponding M B - O F D M and
M A C parameters used in the simulation are summarized in Table 5.2.
The simulator for investigating E P L R in a piconet is written in C + + . In each simulation, a
PNC D E V is generated first, and the piconet size is set with radius r. We assume the piconet size
is determined upon scatternet formation, with no dynamic piconet size adjustment later on. Then,
A M DEVs are generated and placed in the piconet coverage area with a uniform distribution.
Connections are generated between randomly chosen D E V pairs. Traffic streams over all
connections have fixed data frame payloads. The simulator first computes the distance between
the two chosen DEVs and sets the link rate accordingly. If the link distance is greater than the
range of 53.3Mbps, the connection employs P N C forwarding. With the given data stream
parameters, the C T A length for each link is calculated in consideration of the applicable IFSs and
acknowledgements (ACKs), as specified in [6]. The simulations find the data rate distributions
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and then compute the equivalent data rates taking into account PNC forwarding. The presented
results are averaged from one million randomly generated piconets.
A separate simulator is written in C + + to investigate the ESCR. As the main focus of this
chapter is to find the optimal piconet size, we assume that once a connection is established, each
piconet along the path allocates a C T A for it. In the simulations, the D E V density is set at 0.075
DEVs/m , as a higher density makes the scatternet more likely to be fully connected. The
2

scatternet is formed by the simple but practical stochastic algorithm that will be further discussed
in the Chapter 6 [18]. It randomly chooses an unassociated D E V to act as a PNC. After the new
PNC is generated, all DEVs within its coverage area are associated with it. This ensures that no
PNCs are directly reachable to each other. The process continues until no unassociated D E V is
left, i.e., all DEVs in the scatternet area belong to at least one piconet. A bridge D E V between
adjacent piconets is chosen from the DEVs that are reachable to both PNCs.
After the scatternet is formed, a separate graph is created, in which a piconet is abstracted
as a node, and two nodes are connected i f there is a bridge D E V in between. Then, i f the
generated graph is connected, shortest paths are computed between randomly selected node pairs
to yield the minimum number of piconets between any two randomly chosen DEVs not within
the same piconet. The average of the results is used as the average number of piconet hops L for
randomly chosen D E V pairs. The simulation result of L is calculated by the average values from
1000 randomly generated fully connected scatternet configurations. The ESCR is then calculated
as X IL. To compare with the theoretical results and as a reference for NI, an abstract regular
r

hexagonal topology is created to get E S C R x for the same scatternet area. We evaluate the
ma

optimal piconet coverage based on this simple scatternet formation method and M B - O F D M ;
however, the insight gained can be applied to any other scatternet formation methods and P H Y
layers.
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5.5.2 Simulation results
Figure 5.2 presents the rate distribution vs. piconet radius with 10 randomly located
DEVs in the piconet. The theoretical and simulation results are in close agreement, and show that
the fraction of lower data rate connections increases with piconet size. Although the P N C can
always communicate with any D E V within the piconet, some D E V pairs are out of range when
the piconet radius is greater than one-half of the maximum transmission range. For example, i f a
piconet with 10 DEVs operates with the maximum coverage, more than 41% of type B intrapiconet links [19] and 33% of all intra-piconet links overall, are unreachable with direct peer-topeer connections, and less than 16% can connect with 200Mbps or more (Figure 5.2). The use of
PNC forwarding ensures that a D E V can communicate with any other D E V in the piconet.
However, since the forwarded frame does not increase the overall rate but uses one additional
C T A , connections assisted by PNC forwarding normally have lower effective rates than do direct
peer-to-peer connections. The forward link rate distribution with P N C forwarding for directly
unreachable D E V pairs is given in Figure 5.3.
When the piconet radius is increased, the fraction of lower rate links increases, and the
E P L R declines gradually, as shown in Figures 5.4 and 5.5. Figure 5.4 provides the equivalent,
data rates for different types of connections in a piconet. Type A connections achieve higher data
rates than type B connections since the latter has some unreachable pairs and more long links.
The figure also shows that the equivalent rate for type B connections is 35.8% to 100% higher
than that of a network without peer-to-peer connection support, where all packets are forwarded
by the central controller, such as a Bluetooth piconet or an infrastructure W L A N . Therefore, the
support of peer-to-peer communications in 802.15.3 piconets provides much better performance
in terms of system throughput. The overall piconet equivalent data rate, i.e., EPLR, comes very
close to the (type B) intra-piconet data rate when the number of DEVs is more than a few, due to
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the small fraction of type A connections.
The frame overheads and IFSs are taken into consideration in the simulations, and the
resulting net throughput values for payload transmissions are converted back into the equivalent
P H Y rate by calculations to facilitate comparisons with the theoretical calculations. For example,
suppose the following for a PNC forwarded connection:
•

Sj and Sj are the link rates of the two forwarding links.

•

P is the total payload bits sent in a CTA.

•

TO is the total frame transmission overhead in a C T A , which includes the P H Y / M A C
headers of all transmitted frames, and the applicable A C K s and IFSs.
Thus, the C T A lengths of the two links in the forwarding connection are, respectively
CTA,=TO

+ PIS \
t

CTA =TO
2

+ P/Sj

(5.30)

The equivalent P H Y rate (SE) for the forwarded connection in the simulation is then
computed as follows:
P

S=
E
E

P

(CTA +CTA )-TO
l

=

2

P/S,+P/Sj+TO.

(5.31)

Figure 5.5 compares the analytical and the simulation results for EPLR with 10 uniformly
distributed DEVs in the piconet. The E P L R decreases gradually at a decreasing rate as the
piconet becomes bigger. A very high data rate, up to 480 Mbps, can be achieved for a very small
piconet. The EPLR is 55.5 Mbps at the maximum possible piconet radius of 17 m, 108.9 Mbps at
a 10 m radius, and 131.6 Mbps i f the piconet operates at one-half the maximum radius such that
all DEVs can communicate in a peer-to-peer manner. It also shows that the theoretical results
from (5.16) are slightly higher than the simulation results at a large piconet radius. The
differences come from the lower data rate for headers. With a larger payload of 4 kilobytes, the
136

simulation results become very close to the analytical results.
With the tradeoff between the piconet size and throughput, a smaller piconet has a higher
EPLR, but more piconets are required to form a scatternet that covers a given area, thus requiring
more inter-piconet forwarding for randomly chosen D E V pairs in an extended scatternet. To
evaluate the scatternet performance, Figure 5.6 presents the analytical results on the NI of ESCR
vs. piconet radius. As k is hard to estimate for randomly generated piconets, we use the same
5

value,

= 1, for different scatternet sizes. The piconet coverage coefficient c is set as 0.6 for the

results in Figure 5.6. Note that the arbitrarily chosen £5 value here does not give an accurate
estimation of NI values, but it clearly shows the trends of NI against the scatternet area and the
piconet size.
While ./v7

max

is independent of the scatternet area, Figure 5.6 shows that NI decreases with

increased scatternet area and is much lower than

Mmax-

The analytical results for

M

m

a

x

with

simulated E P L R are slightly lower than the theoretical analysis results, due to lower r values. In
all cases, the curves have two vertexes at piconet radii of approximately 6.5 m and 12 m. Since
the P H Y only provides a discrete set of data rates, a distance slightly longer than the range
threshold of one rate results in a. significant drop in the data rate to the next lower level.
Therefore, these vertexes are located, approximately, at the transmission ranges of the
intermediate rates. The corresponding cluster factors p, i.e. the number of distinct logical
channels required to avoid inter-piconet interference, at the two vertexes are 6.84 and 2,
respectively. As 802.15.3 has only a limited number of logical channels available for channel
reuse, the first vertex may result in excessive interference between DEVs in different piconets.
The second vertex corresponding to a 12 m piconet radius is much better able to avoid cochannel interference due to the smaller cluster size constraint, and should therefore be chosen for
best ESCR performance.
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To validate the analysis, simulations are performed to determine L only for piconet radii
of 7 to 17 meters, since very small radii are not likely to be used in practice for scatternet
formation. A l l results in Figure 5.7 are based on ESCR, computed from values of L obtained by
simulations. Simulation results based on the regular hexagonal scatternet configuration verify
that

Mmax

shows little variation between different scatternet sizes. The variation is caused by

rounding the number of piconets in each dimension to an integer for the regular hexagonal
configuration. Figure 5.7 also shows that M for stochastic scatternet formation shows similar
trends as
Although

Mmax

for regular scatternet configuration, when the piconet radius is higher than 12 m.

M < M

m

a

x

,

the drop in M due to the simple stochastic formation algorithm is less than

20%, compared with the

Mnax

for regular scatternet configuration. Compared with the analysis

results for M in Figure 5.6, the corresponding simulation results for stochastic scatternet
formation in Figure 5.7 show a similar trend but with a more obvious vertex at a 12 m piconet
radius and a faster rate of decrease as piconets get smaller. The latter is caused by greater degree
of overlap between randomly placed piconets, and hence a smaller value for the piconet coverage
coefficient, c. The variation in c in turn contributes to the deviations in the values of £5 from
simulations: 2.0-2.2 and 1.8-2.0 for stochastic scatternet formation over areas of 200x200 m and
2

100x 100 m , respectively.
2

5.6

Practical considerations

5.6.1 Channel modelling considerations
The above analyses and simulations are based on an idealized and simplified abstract
channel model with circular piconet coverage areas. This approach is commonly used in the
literature [14][15]. In practice, however, radio links are subject to changing path loss, shadowing,
fading, interference, etc., due to obstacles and non-ideal antenna patterns. Therefore in reality a
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piconet is not perfectly circular, and the data rate may not be a direct function of the link
distance. Thus, more accurate physical layer modelling is important in network-level research on
wireless networks [16][17]. When propagation effects are taken into consideration, a D E V s
transmission range at each data rate, while satisfying the FER threshold (which is assumed to be
a fixed parameter in the simplified model), becomes a stochastic parameter [17], and the link
distance is no longer sufficient to determine the maximum achievable data rate.
As T D M A is used for CTAs, there is only one active connection in a piconet at any time.
However, with multiple simultaneously operating piconets in a scatternet, adjacent channel
interference between piconets could further degrade link performance. For example, the logical
channels in D S - U W B and M B - O F D M are based on code division and time frequency code
(TFC), respectively, and neither is perfectly orthogonal. Therefore, adjacent piconets should
employ some cooperative mechanisms to prevent simultaneous transmission by DEVs in close
proximity, similar to the mechanisms used in the distributed M A C of ECMA-368 [13].
Development of such a mechanism is beyond the scope of this chapter and left for future
research.
Although distances are used in our simplified model for performance evaluation purposes,
in practice the scatternet formation process does not rely on distance information. DEVs estimate
the link condition and select the data rate by assessing the received signal strength. Given the
FER requirement, the maximum transmission range and the transmission distance R( for data rate
Si are reduced when channel impairments and interference are taken into account. However, the
tradeoff between piconet size and connection data rate revealed in this chapter still exists, and
our analyses are still applicable i f the transmission ranges i?, are reduced accordingly. Our
observation that an intermediate piconet size gives the best scatternet connection rate
performance remains valid. Therefore, when a D E V is elected to be the PNC, it should decrease
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the transmission power to the appropriate level when sending beacons, so that only the DEVs
within an intermediate distance from it can correctly receive its beacons and associate with the
piconet. In our performance evaluations, we have determined that this distance is given by the
transmission range of the second lowest data rate, i.e., 110 Mbps.

5.6.2 Result practicality and usability
The analysis and simulation results give high level insights into the end-to-end
connection rate in a scatternet. Thus, they provide guidelines on how to balance between the
channel reuse and connection rates. Although the findings are based on 802.15.3 WPANs, they
are also applicable to other T D M A based networks employing multi-rate carriers, such as
ECMA-368 [20]. A n even more important practical side of the results is for connection
establishment between randomly chosen DEVs. Traditionally, routing algorithms use the base
rate to broadcast/send route request/response packets, and thus, they aim to find a route with the
minimum number of hops. Our findings indicate that the minimum number of hops is not always
the optimal route i f the carrier has multi-rate support. In general, because longer hops have lower
data rates, the best end-to-end connection should be obtained with intermediate length hops with
higher data rates.
Furthermore, the findings can also be used in mobile ad hoc network and mesh networks.
However, in many of these networks, the channel access is based on channel sensing multiple
access with collision avoidance (CSMA/CA) instead of T D M A , as in 802.15.3. Thus, the
corresponding link cost should consider the expected backoff period and the collision
probability. The analysis presented in this chapter can then be applied to these networks with the
adjusted link rates for both network formation and route discovery.
If D E V mobility is considered, our results indicate that the connection can reroute
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through other more suitable DEVs when the link length changes and the original D E V in the
connection is no longer a good candidate based the given performance criteria. Thus, mobility
can actually increases the capacity of ad-hoc wireless networks [21].

5.7

Conclusion

The IEEE 802.15.3 W P A N is designed to support multimedia communications with high
data rates and peer-to-peer connections. Thus, the expected piconet link rate and effective
scatternet connection rate are very important performance criteria. In this chapter, we have
analyzed the data rate distribution of 802.15.3 piconets, and estimated the E P L R in a piconet.
The ESCR has been defined to represent the connection cost between a randomly chosen pair of
DEVs within the scatternet. ESCR performance has been analyzed with a normalized index to
show the impact of piconet size, and the upper limit of ESCR in a scatternet has been derived
using a regular hexagonal configuration. We have presented simulation results based on the M B O F D M U W B P H Y , which show that although the E P L R decreases as the piconet radius
increases, ESCR can be optimized with respect to the piconet size. Results show that an
intermediate piconet radius of 12m given by the transmission range of the second lowest data
rate achieves the best ESCR in a scatternet using the M B - O F D M U W B P H Y . Thus, scatternet
formation requires joint consideration of piconet size, channel reuse, and connection rate.
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Figure 5.1

Scatternet with minimum number of piconets arranged in regular hexagonal
configuration.
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—no connection - simulation
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Figure 5.2
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Piconet rate distribution with 10 DEVs.
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Figure 5.3

Forward rate distribution with PNC forwarding for direct unreachable D E V pairs.
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Radius (in meters)
Figure 5.4

Equivalent data rate of different type of connections.
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Expected piconet link rate (EPLR) vs. piconet radius.
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Analytical results on normalized index of ESCR vs. piconet radius.
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Simulation results on normalized index of E S C R vs. piconet radius.
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Table 5.1

Data rates and range parameters for M B - O F D M U W B mode 1 DEVs
Rate dependent parameters

Data rate
(Mbps)

Time

Range to achieve 8%

O F D M Coded

Code rate (R) spreading gain

bits/symbol

(TSF)

(NCBPS)

PER with 90% link
success rate in CM1
(m)

53.3

1/3

2

100

17

110

11/32

2

200

12.0

200

5/8

2

200

7.4

480

3/4

1

200

3.2

Table 5.2

M B - O F D M U W B and 802.15.3 M A C simulation parameters

D E V mode and channel model

Mode 1, CM1

O F D M symbol ( T

0.3125 us

S Y

M)

T_HDR(PLCP preamble+header)

13.125 us

SIFS (T_SIFS)

10 us

No. of DEVs in the piconet (N)

10

Piconet coverage

l m - 17m

Payload size ( L E N G T H + FCS)

1024 and 4096 bytes

Payload transmission time

TsYM><Ceiling[Ceiling[(l/R)x (8xpayload+6)

(TPAYLOAD)

XTSF]/NCBPS]
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Chapter 6 Stochastic Scatternet Formation for IEEE
802.15.3 WPANs
1

6.1

Introduction

In this chapter, we focus on the problem of forming a scatternet, i.e., given a chosen
piconet size, how to connect the piconets into a scatternet such that all devices (DEVs) may be
connected directly or indirectly. We consider the unique properties of the scatternet formation
problem for Institute of Electrical and Electronics Engineers (IEEE) 802.15.3 wireless personal
area networks (WPANs), and formulate it as a set covering problem. We propose a fully
distributed stochastic scatternet formation algorithm and compare its performance against a
greedy algorithm and idealized best/worst case scenarios. Without using the weight information,
the stochastic algorithm cuts the cost of message exchange in other clustering algorithms,
achieves better connectivity and requires less maintenance. We also discuss the scatternet
maintenance issue with dynamic piconet adaptation in consideration of stream locality and load
balancing. A channel borrowing method is proposed to alleviate temporarily high traffic load in a
piconet, without modifying existing scatternet structure. Simulation results show that the
stochastic algorithm results in only 20% more piconets than the ideal but impracticable greedy
algorithm. The resulting scatternet topology scales well with network size and is robust and
stable.
The rest of this chapter is organized as follows. In Section 6.2, we present the scatternet
formation problem and show that the existing Bluetooth scatternet formation and mobile ad hoc

1

A version of this chapter has been published. Z. Y i n and V . C . M . Leung, Scatternet Formation for IEEE 802.15.3

WPANs, in Proc. IEEE VTC-Fall'06, pp. 1-5, Montreal, Quebec, Canada, September 2006.
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network (MANET) clustering algorithms are inappropriate for 802.15.3 scatternets; we formulate
the problem as a set covering problem with channel reuse considerations. In Section 6.3, a
distributed stochastic algorithm is proposed, and the scatternet formation performance factors are
discussed; the upper/lower limits for the number of piconets in a scatternet are derived. The
numerical and simulation results are presented in Section 6.4. In Section 6.5, we discuss the
scatternet maintenance and piconet adaptation problems, and propose a temporary channel
borrowing method to allow simultaneous transmission in a piconet without modify the underlying
scatternet structure. Section 6.6 concludes the chapter.

6.2

T h e 802.15.3 scatternet f o r m a t i o n p r o b l e m

The 802.15.3 standard specifies W P A N operations within a piconet. However, i f the
network scale is expanded, a scatternet has to be formed to interconnect multiple piconets. As the
cost goes down, low power, high data rate ultra-wideband (UWB) devices will prevail in the
foreseeable future; thus, efficient and reliable methods to form large scale 802.15.3 networks
become necessary. Although methods for Bluetooth scatternet formation and M A N E T clustering
have been thoroughly studied, they are not suitable for 802.15.3 WPANs due to the unique
characteristics of the latter. How to design effective protocols for 802.15.3 scatternet formation is
still an open issue.
Designed for high data rate (HDR) WPANs, the 802.15.3 medium access control (MAC)
mainly works within a piconet, and enables peer-to-peer communications under centralized
control within a piconet [1]. Where a piconet already exists, a child piconet may be formed to
extend its coverage. Moreover, a neighbor piconet can be created to share the same logical
channel. In either case, the existing piconet becomes the parent piconet, and the new
child/neighbor piconet acts as an autonomous piconet, except that it occupies a private channel
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time allocation (CTA) leased from the parent piconet's superframe, as shown in Figure 6.1. The
piconet coordinator (PNC) of the child piconet also belongs to the parent piconet, thus it can
communicate with DEVs in the parent piconet. However, i f no D E V acts as a bridge between the
neighbor and parent piconets, DEVs in the two respective piconets cannot exchange information.
For an 802.15.3 network covering a large area, several piconets need to be connected
together to form a scatternet. Since adjacent 802.15.3 piconets work on different logical channels
to minimize interference between them, inter-piconet communication between DEVs is not
possible unless there is a bridge D E V associated with both piconets. To maximize signal quality,
DEVs including PNCs should always transmit data with the maximum allowed power, which is
already limited to a very low level. Therefore, by default we consider piconets with a maximum
coverage. However, the piconet size can be reduced by lowering the transmit power of beacon
frames at the PNC to limit the distance of DEVs that can be associated to it. Thus, as mentioned in
Section 5.3, the two major issues in 802.15.3 scatternet formation are (1) how to choose the right
size for each piconet and (2) how to connect the piconets into a scatternet such that all DEVs may
be connected directly or indirectly.
The solutions to problem (1) depend on the target performance criteria. In Chapter 5 [2],
we address (1) by maximizing the connection data rate in a piconet. We find that an intermediate
piconet size is optimal for achieving the best link connection rate between two randomly chosen
DEVs in a scatternet. On the other hand, i f the target is to minimize the number of piconets,
obviously, the piconet should operate with the maximum coverage. In this chapter, we aim to
address issue (2); i.e., given a selected piconet size, how to form the piconets and connect them
together.
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6.2.1 Related work in Bluetooth and MANETs
Many solutions to the scatternet formation problem have been proposed for Bluetooth
networks, such as Bluetrees [3], BlueStars [4], BlueNet [5], BlueMesh [6], where the focus is on
topology configuration due to the constraint of 8 active devices in each piconet. As a result, even
if all Bluetooth devices are confined within a small area, it is still necessary to connect multiple
piconets into a scatternet. Thus, a connection to a nearby device in other piconets may require
multiple hops over existing piconets, or a better connection over new piconets can be created on
demand using a two-phase algorithm [7]. Since each Bluetooth piconet pseudo-randomly
frequency hops among 79 frequencies, a large number of piconets can co-exist without substantial
interference between them. A l l Bluetooth slave devices must communicate with a master, and
bridge nodes are used to relay inter-piconet packets. Thus, the masters and bridges become the
bottleneck in a Bluetooth scatternet. The topology configuration problem involves assigning the
roles of masters, bridges and slaves to the Bluetooth devices.
In 802.15.3 M A C headers, an 8-bit device identifier (DEVID) is used instead of the 48-bit
M A C address to minimize the frame overhead. As OxED-OxFF are reserved for neighbor piconets,
association, multicast, broadcast and future use, the 802.15.3 M A C supports up to 237 active
DEVs in each piconet. Comparatively, with Bluetooth, more than 30 piconets are required to
support the same number of active devices. Furthermore, as peer-to-peer communications are
supported under control of the PNC, the PNC is no longer a bottleneck, and the load is limited
solely by the piconet capacity.
However, to support a high data rate, the number of logical channels is quite limited; e.g.,
the 802.15.3 physical layer (PHY) at 2.4GHz has no more than 4 channels [1], and direct
sequence U W B (DS-UWB) has only 2 bands, each with 6 channels [24]. So the number of
802.15.3 piconets that can simultaneously operate within radio range is quite limited compared
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with Bluetooth. Consequently, channel reuse is an important consideration in 802.15.3 scatternet
formation, and scatternet formation should aim to minimize the number of piconets. The
comparison between 802.15.3 and Bluetooth networks is summarized in Table 6.1.
These differences make the existing Bluetooth scatternet formation algorithms inapt for
802.15.3 networks. A more suitable approach is to consider clustering schemes that have been
widely investigated

for applications in M A N E T s . Clustering guarantees basic system

performance, such as throughput and delay, in the presence of a large number of mobile nodes [8].
This is a particularly important requirement for high rate 802.15.3 WPANs with stringent quality
of servide (QoS) requirements. Clustering also simplifies routing by confining the routing process
in a virtual backbone consisting of the cluster heads and gateways [9] [10], resulting in a more
robust and stable architecture than that of a flat network.
In existing clustering protocols, many heuristic algorithms have been proposed to
construct a minimum connected (or weakly connected) dominating set (MCDS) [11]-[15], in
which nodes form a backbone for packet routing. M C D S construction is known to be an nondeterministic polynomial (NP) complete problem, which calls for heuristic solutions using
available information such as node weights. Thus, these algorithms all require explicit exchange
of control messages between mobile nodes to collect weight information for cluster head election
during cluster formation. Moreover, M C D S algorithms tend to create highly overlapped clusters
[11]. In some schemes, the cluster structure may need to be completely rebuilt during cluster
maintenance when some local events happen [11][15]; this is called the ripple effect of reclustering [8]. Thus, several algorithms are proposed to reduce the control overhead of cluster
maintenance, by limiting the re-clustering situations [15][16], and taking the device mobility into
account [16][17][18].
While the ideas behind these clustering protocols may lend themselves to 802.15.3
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scatternet formation by regarding a piconet as a cluster, they have been designed based on M A C
layer characteristics that are incompatible with 802.15.3 WPANs. Specifically, in MANETs,
control messages between mobile nodes are normally exchanged over a common broadcast
channel shared by all mobile nodes. However, in an 802.15.3 W P A N , a piconet has to be
established before any message exchange. Therefore DEVs cannot gather neighbor information
with explicit control messages until a piconet has been formed. Moreover, a D E V cannot
communicate with DEVs in adjacent piconets even i f they are within radio range, since different
piconets operate over different logical channels. Thus, only intra-piconet D E V information can be
collected.
Furthermore, M C D S algorithms aim to minimize the total number of nodes in the
backbone, including cluster heads and gateways, which correspond to the PNCs and bridges in an
802.15.3 scatternet. This may cause the backbone to become the bottleneck of the system. Since
we aim to minimize the number of piconets, i.e., the number of PNCs in an 802.15.3 scatternet,
the number of bridges is not as important as in an M C D S . As peer-to-peer communication is
supported for intra-piconet connections, the P N C is not necessarily the relay D E V for data
forwarding, and intra-piconet route optimization is possible [23]. Since DEVs in different
piconets need to communicate via a bridge, a higher number of bridges increases the potential
routes for data relay and alleviates the bottleneck problem. Therefore, an M C D S may not be
optimal for an 802.15.3 scatternet.
Since all DEVs in a piconet associate with the PNC, a piconet is essentially a 1-hop graph
of the PNC. Thus, i f the 3hBAC (3-hop between adjacent clusterheads) in [16] is used in 802.15.3
networks, child piconets need to be created to connect adjacent piconet connection, which in turn
increases the cluster structure complexity. Similarly, multi-hop clustering algorithms such as
[16][19][20] are not applicable to the 802.15.3 scatternet.
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6.2.2 802.15.3 scatternet formation problem formulation
A wireless ad hoc network with bidirectional links can be modeled by an undirected graph
G = (V, E), where Vis the set of wireless nodes, and \ V\ - n, the number of DEVs (nodes) in the
network. Each node is given a unique identifier (ID). The set of edges E represents the proximity
between each pair of nodes, thus

(6.1)

where D(i,j) is the distance between nodes i and j, and d

max

is the maximum transmission distance

for the wireless links. If Ei/=l, nodes i and j are neighbors of each other.
In general, the clustering of DEVs to form a scatternet is a vertex marking problem. If all
nodes are initially colored white, scatternet can be formed by marking all PNCs (cluster heads)
with red, bridges (gateways) with blue, and common nodes (DEVs) with grey, until no white node
is left. The weight w(i) of node i is defined as the number of unmarked (i.e., white) neighbors of
node i. To reduce co-channel interference, logical channels should be assigned such that no
adjacent piconets operate on the same channel. Without considering child piconets, a piconet can
be abstracted as a circular set region centered at the PNC with radius r given by the beacon power.
Thus, based on the graph representation, the scatternet formation becomes a circular set covering
problem with map coloring (channel reuse) considerations under the constraint of no available
weight information.

6.2.2.1 Set covering
Let us abstract the transmission range of a D E V as a circular set centered at the D E V
with radius given by the transmission range. Without considering child piconets, a piconet is a
circular set of a PNC, whose radius r is given by the beacon power. Thus, the 802.15.3 scatternet
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formation becomes a circular set covering problem with the following constraints:
•

No explicit message exchange is possible until a piconet has been formed, thus no weight
information is available.

•

To reduce the overlap, no P N C shall be a neighbor of other PNCs during scatternet
formation.

•

A l l other DEVs can associate with at least one PNC.

•

Bridges shall be selected to connect nearby PNCs.

6.2.2.2 Map coloring
The well-known planar coloring theorem tells us that all planar graphs can be filled with
only 4 colors, such that no adjacent cells have the same color [21]. This constraint implies that a
scatternet can be formed with only 4 distinct logic channels, so that no adjacent piconets use the
same channel.
However, lessons from cellular networks show that to reduce co-channel interference, a
higher reuse factor, thus, a larger number of logical channels, is desired [25]. Therefore, to
reduce interference, channels shall be assigned such that no adjacent piconets operate on the
same channel chosen from the limited number of available logical channels. Also a piconet
should always choose the channel with the least interference level. When interference is not
acceptable at any channel, a piconet has to choose a channel with the lowest channel time usage,
and create a neighbor piconet on it. Since the neighbor piconet operates in a reserved C T A time
from the parent piconet, they will never transmit data simultaneously. Thus, interference to other
piconets shall be calculated independently, analogous to cell sectoring in cellular networks.
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6.3

P e r f o r m a n c e of scatternet formation algorithms

6.3.1 Greedy algorithms
As set covering is an NP complete problem, the greedy heuristic is a common yet effective
solution. It simply chooses the D E V with the highest number of un-associated neighbors, i.e., the
highest weight, as the new PNC, until all DEVs are marked. Therefore, it requires the full
knowledge of node location and/or weight information, and assumes the DEVs are stationary
during scatternet formation.
As global information collection is unrealistic in large ad hoc networks, most of the
existing clustering algorithms use distributed approaches based on the collected weight
information of their 1-hop or even 2-hop neighbors. Leader elections are then performed for
cluster formation. Such elections can be viewed as modified distributed greedy algorithms. We
consider these algorithms for performance comparisons, but they are impractical for 802.15.3
scatternet formation, as DEVs cannot gather neighbor information until they have joined piconets.

6.3.2 Stochastic scatternet formation algorithm
With no weight information available upon scatternet formation, the stochastic method is
the best practice. Therefore, we propose a fully distributed stochastic algorithm that is suitable for
implementation. The scatternet formation process is divided into two steps:

6.3.2.1

Piconet formation
Each unmarked D E V passively scans the channel for beacons from neighboring PNCs to

associate with. If only one PNC is detected, the D E V marks itself grey. If two or more PNCs are
detected, it marks itself green as a bridge candidate. If no PNC is detected, the D E V contends to
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be a P N C with some backoff procedure; e.g., promoting itself to P N C with probability p or
backing off for a random period with probability l-p.
In the case where multiple PNCs are found within transmission range of each other, they
exchange commands for a merge so that no two PNCs are directly connected. This process can be
modeled as a conventional collision resolution problem. In dense networks, a binary backoff
procedure can be used to further reduce the multiple PNC promotion (collision) probability.
Considering the map coloring problem, to reduce interference and achieve better channel
reuse when a D E V is promoted to be a PNC, the D E V scans the channel and chooses the free
channel with the best channel quality.

6.3.2.2

Bridge DEV selection
Let all bridge candidates (green DEVs) obtain the received signal strength indicator

(RSSI) values of beacon frames from their associated PNCs, and send back the information to
these PNCs. The RSSI is defined as the power relative to the maximum receiver input power
level in 8 monotonic steps of 8 dB with +/- 4 dB step size accuracy. It is P H Y dependent and the
data is presented with 1 octets.
The PNCs choose the best candidate based on some criteria and agree with the peer PNC
to set the selected D E V as the bridge D E V (marked with blue). If bridge candidates exist
between two adjacent piconets, the best bridge candidate between two adjacent PNCs is selected
by the algorithm as follows.
To maximize the data rate between the bridge and the two PNCs connected by it, the best
bridge is the D E V closest to the mid point of the two adjacent PNCs, shown as the intersection of
x andy axis's in Figure 6.2a, where x axis is a line between the two adjacent PNCs, andy axis is
the perpendicular line at the middle of the two PNCs. Denote the middle point with position
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(0, 0), and the candidate bridge D E V position as (a, b). Let the piconet radius be r, and the
distance between the adjacent PNCs be 2d. Thus, the links between the bridge candidate D E V to
the two PNCs are given respectively as:
£>, = ^(d + a) +b
2

;D = ^(d-a)

2

2

2

+b

2

(6.2)

The bridge selection problem is to find the D E V which have the minimum distance to the
origin point (0, 0), i.e.

min(Va

2

+b ) = min(a + b ) = mm(D
2

2

2

2

+D )
2

2

(6.3)

With a free space model, the signal strength, thus the RSSI, is an inversed function of the
square of transmission distance. Therefore, (6.3) can be converted to:
maxiRSSIt+RSSIt)

(6.3)

In case of multiple DEVs returned by (6.3), a further selection is necessary to choose the
one that is closest to the y axis, thus have more balanced distance to both PNCs; i.e., the D E V
with smallest RSSI differences. Mathematically, it can be expressed as:
minfl RSSI - RSSI |)
X

2

(6.4)

The bridge selection protocol works as follows. For bridge candidates (green DEVs)
between PNC1 and PNC2 (assume the unique ID of PNC 1 is smaller than PNC2),
1.

A l l bridge candidates collect the received signal strength indicator (RSSI) of beacon
frames from the associated PNCs.

2.

Bridge candidates send the RSSI information to the PNC with lower ID, i.e., PNC1.

3.

PNC1 chooses the best candidate D E V I based on the algorithm described above.

4.

PNC1 sends the selection result to D E V I , and asks D E V I to forward the result to PNC2.
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5.

PNC2 acknowledges the selection to PNC 1 via D E V 1.

6.

D E V I changes the role to bridge D E V (marked with blue).

7.

PNC1 sends multicast messages to inform other bridge candidates between them to
change to regular DEVs.

8.

Once a bridge is selected, other bridge candidates in the two piconets demote themselves
to normal DEVs by associating only with the piconet with the better beacon signal.
Since bridge selection is confined to the bridge candidates and the corresponding PNCs,

the message exchange overhead is quite limited. In some cases, i f no bridge candidate exists
between two adjacent piconets and there is no other route to interconnect the piconets together,
the mechanism in the 3hBAC in [16] can be employed to choose a bridge pair in between, as
shown in Figure 6.2b. A bridge pair is formed when a D E V create a child piconet in the parent
piconet to connect a D E V from an adjacent piconet.

6.3.2.3 Best and worst case analysis
Assume that the scatternet region A is much larger than the piconet size, which is
represented by a circle with radius r, and that all DEVs are uniformly distributed within A.
Ideally, the formed piconets will cover the whole area. Figure 6.3 gives examples with ideal
hexagonal and square piconet coverage patterns. Define the piconet coverage coefficient c as the
ratio of effective piconet region (hexagons or squares in Figure 6.3) over the circular area.
Obviously, c is always smaller than 1. Therefore, the number of piconets N to cover the scatternet
area A is approximately
N = ceiling (A/(cm- ))
2

(6 5)

where the ceiling function returns the smallest integer value not less than the argument.
Obviously, the smaller the overlap, the lower the number of required piconets. Therefore, the
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optimal result is obtained by an ideal hexagonal topology with c

* ceiling(A/(c^nr ))
2

With the ideal square setting, c

squa

= 1.5-^3 I n ~ 0.827, thus

= ceiling^.385AI r )
2

(6.6)

- 2//r« 0.637, and

re

N

max

*ceiling(0.5A/r )

(6.7)

2

square

These ideal settings assume that there is a D E V in each PNC postion, and a D E V within
each overlapping area between adjacent piconets. With randomly distributed DEVs and mobility,
these assumptions cannot be guaranteed. As a result, the actual scatternet deviates from the ideal
topology, and requires more piconets than the optimal scenario. Furthermore, in practice, the
antenna pattern is not perfectly circular and there may be obstacles, such as walls, blocking the
link connectivity. Thus, the piconets and scatternet will not be as regular as we present here.
In the worst case, each P N C is only r apart from an adjacent P N C , therefore,
c

min

= V 3 / ( 2 * ) « 0.276 and,
7V

* ceiling(A/(c nr )) = ceiling(l A 55 A/r )
2

max

2

min

* 3N

min

(6.8)

Equations (6.6) and (6.8) give the lower and upper bound of the number of piconets
required to cover the scatternet area. In practice, due to the irregularity of piconet positions, the
number of piconets is between these bounds. The aim of the scatternet algorithms is to provide
realistic targets towards the lower limit.

6.3.3 Performance factors
Cluster formation convergence time and message exchange overhead are the two most
important performance metrics for clustering algorithms. Since any distributed algorithm for
leader election requires at least O(wlogn) messages [14], the complexity increases with the
161

number of devices n, and hence with D E V density and scatternet coverage area. As no explicit
message exchange for weight information gathering is needed in the stochastic algorithm, the
major cost for clustering is eliminated. Furthermore, for an unassociated D E V , piconet creation is
complete i f the D E V or any neighbor D E V becomes a PNC. Thus, piconet formation is also
distributed, piconets in the scatternet are formed in parallel, and the time complexity is only a
function of the scatternet coverage area. On the other hand, due to lack of weight information, the
stochastic method tends to have more piconets than the greedy algorithms. However, with good
channel reuse, the benefits of simplicity, reduced overhead and easy maintenance overcome the
disadvantages of the increased number of piconets.
The scatternet coverage degree, defined as the ratio of all piconet covered areas over the
scatternet region, is another important factor that has not been mentioned in previous literature.
Within the piconet covered area, when a D E V leaves one piconet, it can simply associate with
another PNC without any modification to the existing scatternet topology. If a PNC moves into
another piconet, it could try to handover the role to another PNC capable D E V in the piconet to
keep the existing cluster structure. On the other hand, i f a D E V moves outside the piconet covered
region, a new piconet needs to be formed and bridged to the existing scatternet. Clearly, as the
stochastic algorithm leads to better coverage than the greedy algorithms, it requires less structure
maintenance and has better stability. The comparison of stochastic and greedy algorithms is
summarized in Table 6.2.

6.4

S i m u l a t i o n results

6.4.1 Simulation method and settings
The scatternet formation simulator is written in C + + . Each simulation generates a
scatternet in two steps from a number of DEVs that are randomly placed with a uniform
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distribution in a given area. D E V mobility is not considered, and hence there is no need for
scatternet maintenance. A l l piconets have circular coverage areas with normalized radii r - 1. The
scatternet region is an LxL square field. The D E V density p is defined as the number of DEVs per
square unit. The simulation results are averaged from 10,000 trials.

6.4.1.1 Piconet generation
During each cycle, the simulator sets a randomly chosen unassociated D E V as the new
PNC using the stochastic algorithm. As a comparison, the ideal greedy algorithm is simulated,
which sets the D E V with the highest weight as the new PNC. In the case of multiple DEVs with
the same weight, the lowest numbered D E V is selected. Once a new PNC is generated, the DEVs
within the coverage of the new P N C update their association list and mark themselves
accordingly. With the greedy algorithm, all unassociated DEVs also update their weights. The
process iterates until no unassociated D E V is left.

6.4.1.2 Bridge DEV selection
The simulator begins choosing bridges after all piconets are generated, i.e., no
unassociated D E V is left. If bridge candidates exist between two adjacent piconets, the candidate
that is closest to the middle of the two PNCs is chosen as the bridge D E V , as shown in Figure
6.2a. After all bridges are selected, a breadth-first searching (BFS) algorithm is used to check the
scatternet connectivity. The connected piconets become a sub-graph group. The group distance D
is defined as the shortest distance between DEVs from two non-connected groups. If D is smaller
than the maximum transmission range, a bridge pair can be used to connect them by creating a
child piconet, as shown in Figure 6.2b. Otherwise, the scatternet is not fully connectable.
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6.4.2 Results and discussions
As there is no message exchange for P N C selection in the stochastic algorithm, our
performance comparison focuses on the number of piconets N in a given scatternet. With DEVs
randomly distributed in the scatternet area, when the device density p increases, the selected
PNCs become random as well. Thus, with the same scatternet area, N increases with p in all
cases; e.g., Wis 8.9% and 32% higher than the optimal result at p - 2.5 with greedy and stochastic
algorithms, respectively (Figure 6.4). With p = 10, the numbers go up to 22.8% and 48.7%,
respectively. However, even without any weight information, the number of piconets generated
by the stochastic algorithm is only 21.2-23.4% higher than that are generated by the greedy
algorithm. In all cases, the number of piconets generated by the stochastic algorithm is still far
less than the worst case scenario.
Figure 6.5 illustrates two scatternets generated by the greedy and the stochastic algorithms
with L = 10 and p=5. The figure shows that the scatternet generated by the greedy algorithm has
a smaller number of piconets, but has more uncovered spaces, and is more likely to use bridge
pairs. Therefore, it requires more scatternet maintenance when a D E V moves to the uncovered
space. Although more piconets are required, the stochastic algorithm provides better scatternet
connectivity, with a higher average number of bridges per piconet (Figure 6.6a) and less
maintenance overhead. The higher number of bridges per piconet also provides more route
options. However, since the bridges and PNCs are used as the virtual backbone, and the scatternet
might not be fully connected, the result is not an M C D S . The scatternet is more likely not to be
fully connected when the D E V density is low, as shown in Figure 6.6b. For example, with L = 20,
the full connection probability is only 7% when p = 2.5, and increases to 96% at p = 5.
At any given D E V density, the number of piconets in the scatternet increases with the
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scatternet size, as expected. Figure 6.7 presents the number of piconets vs. L at D E V density p =
5. Figure 6.7a shows that the number of piconets N for the stochastic algorithm is 20-23% higher
than that of greedy algorithm. Figure 6.7b shows that the number of piconets in each dimension,
-J~N , scales linearly with L, with 10-11% more piconets for the stochastic algorithm versus the
greedy algorithm. The stochastic algorithm is quite stable and robust against random network
topologies; e.g., the standard deviation of the number of piconets N is only 4.48 with mean at
231.6 for 1=20.
Although the above results are based on idealized circular piconets and uniform
distributed DEVs, the results can be extended easily to other conditions. The same stochastic
scatternet process can be use on any D E V distributions, area terrain and irregular coverage
patterns. Therefore, the results presented in this section are more for performance comparison
purposes than the real network formation results. For example, in a scatternet with segregated
D E V groups, the formed scatternet will cover only a fraction of the overall region, thus, the actual
number of piconets in the scatternet could be far less than the lower limit calculated by an ideal
uniformly distributed scatternet that covers the whole region.

6.5

Scatternet maintenance and dynamic piconet adaptation
The simulation results in Section 6.4 focus on the scatternet formation algorithm without

considering the D E V mobility and scatternet maintenance. However, established in an ad hoc
manner, the 802.15.3 piconets and scatternet need continuous maintenance. Furthermore, as the
traffic load might be unbalanced in a scatternet, dynamic piconet adaptation would be necessary
to reallocate high traffic volumes in some piconets.
With the stochastic algorithm, a P N C shall scan the channel periodically to find i f any
other P N C has moved into its own piconet. If so, one of the PNCs shall give up its role and
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associate with the other PNC. The orphan DEVs left from the dissected piconet shall then repeat
the steps in 6.3.2 to associate with other PNCs or form a new piconet. This process is the similar
to the least cluster change (LCC) in [15]. Similarly, i f a bridge D E V is moving and becomes
disconnected with a PNC, the PNC shall ask the nearby DEVs to scan for the adjacent PNC, and
repeat the bridge selection process. Clearly, scatternet maintenance is a distributed and localized
•process, thus a ripple effect is prevented.
The capacity of a piconet has an upper limit decided by the piconet size and channel
interference. In extreme cases when a piconet cannot satisfy the heavy traffic load, it either denies
the traffic request or performs some adjustments. A straightforward approach to address this
problem is to partition a large piconet into several small piconets, or to form a separate piconet
with a different channel to handle the new traffic. If all channels are occupied, a neighbor piconet
can be created by reserving a private C T A period from another piconet. However, creating new
piconets or partitioning an existing piconet destroys the already established scatternet
configuration, and makes inter-piconet switching more frequent. More seriously, piconet
partitioning violates the restriction that no PNCs should be in the range of one another, may cause
confusion and undesired piconet merges in the resulting scatternet.
The 802.15.3 M A C is very flexible due to its time division multiple access (TDMA)
nature. Since each stream transmits only in given C T A time slots, simultaneous transmission is
possible i f two traffic streams are using different channels. Therefore, we propose a dynamic
temporary channel borrowing scheme to enable simultaneous transmissions within one piconet, so
that the scatternet structure does not need to be altered.
Assuming that all DEVs can switch to other logical channels i f required, we propose a
piconet time borrowing strategy for load balancing. If a piconet cannot satisfy the application
request for a new stream, the PNC performs a channel borrowing mechanism, as follows:
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1.

The P N C first queries bridge DEVs in the piconet, and obtains the channels used by
adjacent piconets.

2.

The PNC then searches for a free channel beside the channels used by adjacent piconets. If
available, it chooses the free channel with the least interference level.

3.

If no free channel is available, the PNC queries the bridge DEVs for the adjacent piconet
channel usage.

4.

The P N C chooses the logic channel from adjacent piconets that has the lowest channel
load. It forwards the channel time request (CTRq) information to the corresponding bridge
D E V , which then requests a private C T A from the peer PNC.

. 5.

The PNC allocates time slots for the new traffic on the free channel or the reserved private
C T A on the adjacent channel, and broadcasts the allocation information including, the
channel to be used and the C T A start and end time, in beacons.

6.

The DEVs get the information from beacons, and switch to the specified channel at the
scheduled C T A time for stream transmission.

7.

The PNC waits for CTRq for channel time cancellation, and releases the channel after the
stream transmission is completed. In the case of a channel borrowed from an adjacent
piconet, the PNC also informs the bridge D E V to send a CTRq to the peer PNC to release
the reserved private CTA.
Since the PNC sets the timing allocations and communicates management information for

the piconet in its beacon frames, P N C could temporarily schedule some CTAs with other free
logical channels. Therefore, instead of generating a new neighbor piconet, the P N C allocates
some traffic to the reserved time period from either a free logic channel or adjacent piconet, and
notifies the required channel code for communication to the involved DEVs in the beacons. The
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DEVs for this traffic stream then dynamically switch to that channel during the given period, and
switch back after the C T A unit is finished. The reserved time will be released as soon as it is not
required.
Therefore, the proposed method alleviates the traffic in heavy load piconets with free
channels or channel time borrowed from adjacent piconets. Logic channel reuse provides
simultaneous C T A transmissions in a piconet without changing the scatternet topology. Since no
new piconet is created, no extra piconet switching is introduced, and no extra beacon and
management frame exchange is necessary. Thus, the dynamic load balancing method achieves
simultaneous transmissions with great flexibility and spectrum efficiency.
Besides the load balancing, the stream locality should also be considered. If a stream is
between 2 DEVs which belong to adjacent piconets, the traffic will be forwarded by the bridge
D E V by default. Since direct peer-to-peer connection is allowed between DEVs, the 802.15.3
network is more flexible than Bluetooth. Thus, i f they can reach each other directly, a direct
connection is preferred by temporarily creating a child piconet for the stream. Thus, a two-phase
direct connection detection needs to be performed, analogs to the two-phase scatternet formation
proposed to Bluetooth [7]. However, this kind of optimization should be limited to stream
connections between adjacent piconets only. For connections across multiple piconets, the
existing scatternet backbone should be used to minimize the topology changes; i.e., traffic streams
should be forwarded by bridge DEVs along the route. The route optimization algorithms proposed
in Chapter 3 can then be employed in each piconet to choose the optimal intra-piconet route
between the bridge DEVs [23]. This will establish a near optimal end-to-end connection route
without global optimization. Thus, it is very efficient and flexible while minimizing the scatternet
maintenance.
The simulation and numerical results of the above mentioned methods are not presented
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because they are different topics from the scatternet formation, and depend heavily on the
scatternet setting and traffic load distribution. As part of our future work, we will evaluate them
with some typical, practical scenarios settings.

6.6

Conclusion
In this chapter, the 802.15.3 based scatternet formation problem is discussed. Some

fundamental differences make the existing Bluetooth and M A N E T clustering algorithms
inappropriate in 802.15.3 networks. Therefore, we reformulate the scatternet formation as a joint
problem of set covering and map coloring under the constraints of no neighbor information
available. Then we propose a fully distributed stochastic algorithm without using any weight
information. Thus, the major cost of message exchange in clustering is eliminated. Furthermore,
we propose a dynamic piconet adaptation method with channel borrowing mechanisms to provide
C T A allocations to extremely high traffic volumes, and taking into consideration of stream
locality while maintaining the existing scatternet structure. Simulation results show that the
number of piconets increases with the device density, and the stochastic algorithm increases the
number of piconets by only 20% compared with the impractical greedy algorithm. The stochastic
algorithm also yields better piconet connectivity and requires less maintenance. With a very small
deviation and linear increase in one dimension for the number of piconets, the proposed scheme is
scalable, robust and very stable.
Although information gathering is not possible before scatternet is established, it is
possible to perform some message exchange after the scatternet formation in order to optimize the
scatternet structure. Especially, it is particular interesting to use mobile agents for message
passing and efficient topology configuration [26] [27]. This will be part of our future work.
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Figure 6.7

Number of piconets in the scatternet vs. scatternet size with p = 5.
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Table 6.1

Network formation comparison: 802.15.3 vs. Bluetooth
IEEE 802.15.3

Bluetooth (IEEE 802.15.1)

Active devices

256

8

Piconet controller

PNC

Master

Communications

Peer-to-peer

Between master and slave

No. of channels

4-16 with M B - O F D M

A larger number by F H codes
chosen from 79 1MHz bands

1) End-to-end connection rate optimization

Target Issue

Table 6.2

2) Set covering

Topology configuration

Performance comparison: stochastic vs. greedy algorithms
Stochastic

Greedy

Complexity

Low

High

Message exchange overhead

Low

High

Convergence time

Fast

Slow

Coverage ratio

High

Low

Maintenance cost

Low

High

Connectivity

Better connectivity due to
more bridge DEVs available

Good

Number of piconets

High

Low
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Chapter 7
7.1

Conclusions

Summary
Institute of Electrical and Electronics Engineers (IEEE) 802.15.3 is designed for high

data rate (HDR) wireless personal area networks (WPANs), especially for multi-media
applications. The two most important features of 802.15.3 medium access control (MAC) are
direct peer-to-peer communications between devices (DEVs) within a piconet, and full quality of
service (QoS) support by guaranteed channel time allocations. In this thesis, we aim to provide
simple and effective engineering designs for protocol enhancements, and present several
performance optimization and evaluation methods for IEEE 802.15.3 networks including intrapiconet optimization, contention access enhancement and scatternet formation.
Since the piconet is formed in an ad hoc manner and all communications are peer-to-peer,
peer discovery is crucial to piconet operations. However, full piconet connectivity cannot be
guaranteed with the existing peer discovery method defined in the 802.15.3 M A C . We have
proposed an efficient third-party handshake protocol (3PHP), which utilizes this central
management of the piconet coordinator (PNC), to provide a simple and less costly M A C layer
peer discovery and eliminate the network layer routing process. 3PHP removes the unnecessary
overhead for directly reachable D E V pairs, and replaces network layer routing between directly
unreachable DEVs by an efficient M A C layer forwarding with optimal route selection. Thus, all
peer discovery processes can be finished in only one round of command exchange. Results show
that 3PHP reduces the peer discovery time by nearly one-half for directly reachable DEVs. More
significantly, between directly unreachable DEVs 3PHP has a much lower peer discovery failure
probability and is up to 10 times faster than the standard method in peer discovery as the latter
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fails and network layer routing is invoked.
We have also presented novel application-aware shortest path (AASP) and best two-hop
forwarding (B2HF) algorithms for performance enhancement on intra-piconet communications
that take advantage of the multi-rate physical layer (PHY) and diverse application traffic
characteristics. These algorithms find the optimal and two-hop sub-optimal intra-piconet routes
based on the traffic parameters and the rate information gathered at the P N C by self-learning,
which eliminates the information collection and distribution overhead in traditional shortest path
algorithms. The optimization ratios for unreachable D E V pairs and low rate links are quite high,
especially with large payload size, delayed acknowledgement (Dly-ACK) and high D E V density.
Thus, the A A S P and B2HF algorithms substantially increase the effective channel time
allocation (CTA) rates, which can translate to power savings and increases in piconet capacity.
While stream traffic is transferred in time division multiple access (TDMA) based C T A
period (CTAP), all commands are exchanged with carrier sensing multiple access with collision
avoidance (CSMA/CA) in contention periods (CPs). Due to the brief durations of CPs in
superframes, traditional modeling based on saturation and Poisson traffic is not valid for
802.15.3 M A C contention access. We have proposed a command frame aggregation scheme for
efficient frame transmissions, and based on this we have modeled the 802.15.3 contention access
as a contention resolution problem, and proposed an adaptive CP suspension (ACS) scheme for
dynamic effective CP length adjustment. A C S employs a CP counter (CPC) at the PNC to track
the number of idle timeslots that have occurred since the last collision. The PNC suspends the
remaining CP when the C P C is decreased to zero, which indicates the completion of collision
resolution. Thus, the A C S scheme ensures that all contending frames are transmitted before the
CP suspension, and dynamically adapts the effective CP length to the number of frame arrivals
and collision situations. Simulation results show that the A C S scheme significantly reduces the
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effective length of the CP, and greatly reduces the power consumption of all DEVs in the
piconet.
We have investigated the 802.15.3 scatternet formation problem and divided it into two
sub-problems. First, considering multi-rate carriers, we have studied the optimal piconet size
selection problem for best scatternet connection rate performance. Analytical and simulation
results show that direct peer-to-peer communications in 802.15.3 piconets bring a huge gain in
the expected data rate of intra-piconet links. While the maximum piconet size minimizes the
number of piconets in the scatternet and the number of hops for a randomly chosen connection, a
medium sized piconet radius optimizes the scatternet connection data rate. Thus, configuration of
scatternets needs to consider piconet size and channel reuse, given the number of logical
channels available.
Then, in consideration of the unique characteristics of 802.15.3, we have compared the
802.15.3 scatternet formation with existing Bluetooth and mobile ad hoc network (MANET)
clustering algorithms, and proposed a stochastic scatternet formation algorithm to eliminate
unpractical information gathering in 802.15.3 networks. The stochastic algorithm avoids using
weight information and hence saves the cost of message exchange incurred in other clustering
algorithms, while achieving better connectivity and requiring less maintenance. Simulation
results show that the stochastic algorithm results in only 20% more piconets than the ideal but
impracticable greedy algorithm. The resulting scatternet topology scales well with network size
and is robust and stable with respect to dynamic changes in the W P A N .

7.2

Future

research

The introduction of ultra-wideband (UWB) in 802.15.3a boosts the research and
development of 802.15.3 networks [1]. With the dissolution of the 802.15.3a task group, multi-
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band orthogonal frequency division multiplexing (MB-OFDM) U W B continues to be promoted
by the WiMedia Alliance [2], and will be used in the next generation Bluetooth and Wireless
universal serial bus (USB) [3][4]. Therefore, some features of 802.15.3 may be incorporated in
the next Bluetooth specifications as well, e.g., a higher number of active nodes and peer-to-peer
communications within a piconet.
European Computer Manufacturers Association (ECMA) standardizes the M B - O F D M
U W B P H Y in ECMA-368, and defines a distributed M A C protocol in contrast with the
centralized controlled 802.15.3 M A C [5]. In brief, the ECMA-368 M A C superframe consists of
256 medium access slots (MASs) and starts with the Beacon Period (BP). BP is used for
synchronization and reservation information broadcasting. Slot time reservation is performed by
a distributed reservation protocol (DRP). And a prioritized contention access (PCA), similar to
the enhanced distributed coordination function (DCF) channel access (EDCA) of 802.1 le, is
used in the unreserved time period. In future work, we will compare the similarities and
differences between the two standards as well as their advantages and disadvantages. We will
derive an analytical model to give better insight into the protocol characteristics and to facilitate
performance evaluations.
Although the analyses for the scatternet formation in Chapter 5 and Chapter 6 are based
on the IEEE 802.15.3 standards, the results give useful insights into the design of H D R WPANs
employing multi-rate carriers. With a distributed M A C approach in ECMA-368, each D E V is
virtually a PNC with all neighbour DEVs as members of its piconet, and the optimal connection
rate becomes a critical consideration for efficient service delivery. Furthermore, the observations
in Chapter 5 are particularly applicable to route selection in mobile ad hoc network (MANET)
and mesh networks. In many of these networks, including WiMedia and next generation
Bluetooth, C S M A / C A is used for channel access and data transmission instead of T D M A , as in
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802.15.3. Thus, the analyses presented in Chapter 5 can be applied by changing the
corresponding link cost to include the expected backoff period and the collision probability.
Moreover, while this thesis employs a simple model for link rate adaptation based on the
distance between two DEVs, in future work we will incorporate realistic propagation models for
HDR WPANs in our analyses when such models become available.
For adaptive CP control, the optimal CP length computation is theoretically plausible i f
PNC has accurate knowledge of the new frame arrivals, which is not possible in practice. Also, it
is difficult for the P N C to adapt quickly to large variations in frame sizes and arrival rates.
However, i f an appropriate successful delivery threshold is defined, advanced algorithms can be
developed to better estimate the number of contending frames in the next superframe, in order to
choose an optimal CP length for an equilibrium condition. Furthermore, the C S M A / C A binary
backoff method defined in the 802.15.3 standard is not well suited to solve the collision resolution
problem, even with the A C S in Chapter 4. It would be useful to find better contention resolution
schemes and backoff methods to reduce the collision resolution period. For example, based on the
estimated number of contending frames, one could choose the best initial backoff contention
window size, or use a constant contention window size that is larger than that specified in the
standard.
The interest in U W B is also extended to low-rate WPANs, known as IEEE 802.15.4 and
commercially as ZigBee [6] [7]. Presently, the time-hoping (TH) based impulse radio (IR) U W B is
defined by the 802.15.4a task group as the alternative P H Y for 802.15.4 WPANs [8]. In 802.15.4,
the D E V does not constantly sense the channel; instead, it turns off the radio during backoff and
does a two-stage sensing before transmission [6]. The application of the ACS scheme provided in
Chapter 4 is not limited to 802.15.3. In fact, it can be applied for any bursty arrival protocols, such
as beacon enabled 802.15.4, with proper contention counter design and protocol enhancements.
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To provide QoS support, stream admission control is performed in a piconet, usually on a
first come first serve basis. If no resource is available on the operating channel, the request will
be simply denied. However, with the dynamic piconet adaptation of channel borrowing proposed
in Chapter 6, we can jointly consider admission control and scheduling with distributed global
optimization involving multiple adjacent piconets. Based on the available resources, the PNCs
can cooperate to make optimal admission control and traffic scheduling to achieve the best
overall system performance. Although multimedia applications have stringent bandwidth and
delay requirements, they are loss-tolerant. Therefore, adaptive resource management can be
considered in admission control and scheduling. These cross-layer designs between PHY, M A C
and higher layer protocols can greatly enhance the system performance.
Furthermore, none of the existing M A C s utilizes the precise position-aware features
enabled by U W B technology. With location information gathered with new and enhanced
algorithms, we can utilize it into the M A C and network layer designs. For example, by
considering stream locations, simultaneously transmissions can be scheduled when channel
condition allows, and location based routing and network formation can be investigated.
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