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Abstract

WiMedia standardized a fully distributed high data rate communication
using ultra wideband (UWB) for wireless personal area networks (WPANs).
WiMedia Medium Access Control (MAC) provides a synchronous data com-
munication service by Prioritized Channel Access (PCA) and isochronous
service by Distributed Reservation Protocol (DRP). In this paper we propose
three different approaches to analyze the reservation protocols, PCA and DRP,
of WiMediaś MAC. In the first two approaches we kept the portions of the
superframe fixed for DRP and PCA traffics while the third approach follows
random reservation. To test out the PCA and DRP by proposed approaches
we presented a scenario of connected devices and incoming devices with
mix traffic (video, VoIP and best effort). By means of simulations using
Omnet++ and analytical results, we demonstrate that the network offers
maximum throughput as well as minimum blocking and energy consumption
when using the third approach, provides access to medium by Hard, Soft
and PCA reservation under the WiMedia rules and policies. The throughput
fairness is also estimated for the three approaches using Gini index.
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1 Introduction

Medium access control (MAC) protocols play an imperative role to handle
the challenging quality of service (QoS) provisioning issues by efficiently
controlling the access and utilization of wireless channels. In July 2008,WiMe-
dia Alliance and European Computer Manufacturers Association (ECMA)
International announced a joint development relationship. Both partners
agreed upon the development of specific standards, which will be conducted
jointly and by mutual cooperation of the engineers of member companies. For
high data rates wireless personal area networks (WPANs) the ECMA standard
[1] defined Physical and MAC layers which offer a number of policies and
control mechanisms to ensure the QoSprovisioning. Ultra-Wideband (UWB)
offers a number of advantages over other short range technologies; e.g., high
data rate, low power and precise positioning, which makes it more suitable
for the WPAN. UWB also supports various data rates ranging from 53.3 to
480 Mbps over distances up to 10 meters [2].

In general, MAC protocols can be contention free and contention based,
and some proposed ones are a combination of both. Contention free protocols
require more challenging mechanisms to handle access to the channel by
competing devices with different traffic types. For this reason WPANs are
designed centralized or decentralized. IEEE 802.15.3 [3] is an example of
centralized approach where the devices form a cluster called Piconet, and
a coordinating device, called Piconet Coordinator (PNC), manages all the
members of the piconet. The PNC has the knowledge of the member devices
and assigns the available Medium Access Slots (MASs) often based on Time
Division MultipleAccess (TDMA) approach. But the centralized approach has
a number of limitations; e.g., QoS provisioning, scalability of the network and
if the PNC fails the whole network goes down. Furthermore, the connectivity
of multiple Piconets is costly in terms of inter-piconet interference and leads
to degraded performance [4]. To address these problems a distributed MAC,
which is based on multiband orthogonal frequency-division multiplexing
(MB-OFDM), has been proposed by WiMedia Alliance [5] and ECMA [1].
Both IEEE 802.15.3 and WiMedia MAC are based on slotted superframe
where each device reserves slots in the superframe, by using reservation
protocols defined in the WiMedia standard.

In the aforementioned background, this paper addresses and contributes
to a detailed analysis of DPR and PCA reservation protocols of WiMediaś
MAC both analytically and through simulation. Unlike other works, mixed
traffic (video, audio and best effort) is considered in the analysis. Besides
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analyzing the throughput and fairness of the WiMedia MAC protocols, we
also analyze the blocking probability and the energy consumption of WiMedia
devices experienced during transmission, backoff and reattempts to access the
channel.

UWBś MAC protocol analysis, with different parameters and approaches,
has been reported in previous works both by analytical models and through
simulations, but most of the previous works focus on one or two traits of
the analysis. That is, previous works either consider DRP or PCA in the
analysis or consider throughput and delay or single traffic e.g. video, audio or
best-effort or just analyze the protocols via analytical models. MAC layer is
modeled as queuing system by Markovian arrival process (MAP) and phase
type distribution (PH) and the throughput is analyzed with respect to traffic
load in [6], but the authors only consider DRP, ignoring its types without
considering the different traffic types. In [7], the authors presented a study on
the delay performance of DRP channel access for Multi-band OFDM Alliance
(MBOA) UWB MAC by a bi-dimensional Markov chain model, where one
dimension represents queue size distribution and the other is for allocated slots.
UWB based WPAN, where physical layer adaptive modulation and coding is
coupled with the DRP and the delayed acknowledgement schemes at the link
layer, has been studied in [8]. However, a proper simulation environment,
types of reservation protocols and impact of traffic types on protocols are
missing. In [9], reservations are based on traffic type and priority but lacking
the analysis of different reservation types (DRPHard, DRPsoft and PCA). Two
reservation algorithms, subframe-fit and isozone-fit are proposed in [10] to
analyze the blocking probabilities in reservation process. An analytical model
for DRP based on shadowing effect, to account for slow statistical channel
variations, has been studied in [11]. The authors consider both hard and soft
DRP, and have proposed a channel model to describe the dynamic behavior of
the UWB shadowing channel at the packet level. On a first-come first-served
basis a contention-free distributed protocol has been analyzed for delay and
throughput fairness in [12], but the work lakes a comprehensive analysis on
blocking and shadowing. A study focusing only on the delay performance of
DRPunder different reservation patterns and the dynamics of UWB shadowing
channel has been presented in [13]. The authors have modelled the system as a
discrete-time single server queue with vacation represented by the quasi-birth
and death process to analyse the performance of DRP.

The rest of this paper is organized as follows: In section II we present
an overview of the WiMedia superframe and DRP. In section III, we present
the proposed approaches for analysis with a mathematical model for blocking
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and energy consumption. Section IV represents the proposed scenario and
simulation setup followed by results and discussion in section V. Finally, we
conclude the paper in section VI.

2 Preliminaries

This section presents an overview of the UWB superframe structure, DRP and
Gini index.

2.1 Superframe

UWB MAC channel time is divided into superframes. The total duration of
the superframe is 65,000 μs and is composed of 256 MASs with duration of
256 μs for each MAS [1]. The superframe has further been divided into two
main parts, a Beacon Period (BP) and a Data Transfer Period (DTP) as shown
in Figure 1. In BP, each user transmits its own beacon frames which consist
of a number of Information Elements (IEs). These IEs has timing and control
information of users to access the channel in a fully distributed manner and
synchronize. The beacon frames represent information about current users and
a view of the network which helps the incoming user to identify empty beacon
slots, occupy it and transmit its beacons. The beacon frames are also used to
reserve MASs in the DTP.

2.2 DRP

The MASs in the DTP are reserved, modified or released via DRP or accessed
via Prioritized Contention Access (PCA). DRP is used to reserve the MASs
mostly for isochronous traffic or nodes that need guaranteed access to the
medium, while PCA provides differentiated channel access to the medium
similar to IEEE 803.11e. When a node wants to reserve MASs, for data

Figure 1 Superframe structure
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transmission or reception, it negotiates with its neighbors via DRP IE and
reserves a set of MASs. The DRP frame contains a number of IEs representing
different pieces of information. The DRP contains the control IEs which shows
owner, status of reservation, reason codes, reservation types and some more
information about the reservation conflicts [1]. The device that wants to start
the reservation process is called the owner and the device that receives the
information for reservation is referred to as target. The type of reservation can
be Hard, Soft, PCA, Private or Alien BP. The Reservation status indicates the
status of the DRP negotiation process which shows that whether a reservation
is under negotiation, in conflict or established. The Reason Code is used by
a reservation target which shows that whether a DRP reservation request was
successful or not.

A DRP IE contains one or more DRP Allocation fields which are encoded
using a zone structure. The zone structure is split into 16 zones num-
bered from 0 to 15 starting from the BP which are further divided into
isozones – separated by fixed intervals. In this two-dimensional structure
of the WiMediasuperframe each column of the superframe matrix is called
an allocation zone as shown in Figure 2. In the reservation allocation IE,
each node includes a Zone bitmap and a MAS bitmap, where Zone bitmap
identifies the zones that contain reserved MASs and the MAS bitmap specifies
which MASs in the zones identified by the Zone Bitmap field are part of the
reservation. The reservation of MASs in the zones follows certain rules to
ensure fairness; a detail is available in [1].

2.3 Reservation Fairness using Gini Index

The Gini index represents a measure of statistical dispersion developed by the
Italian statistician and sociologist CorradoGini [14]. The Gini coefficient is a
measure of the inequality of a distribution, 0 expressing perfect equality and
a value of 1 expresses maximal inequality. We use Gini index to calculate the
throughput fairness by the following formula. Let l and k be two users having
observed throughput represented as O and the number of average throughput
observed in the system is represented as n then the Gini index for throughput
fairness is calculated follows.

G =

n∑
k = 1

n∑
l = 1

|Θav−k − Θav−l|

2n2Θav−R

(1)
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Figure 2 Two dimensional view of superframe

where
‘Θ′ observed Average Throughput value of users ’k’ and ’l’.
‘n’ is the number of Average Througput oberved.
Θav−R is the Average Througput of all users placed within the coverage ‘R’

3 Proposed Approaches for Analysis

The DRP plays an important role to guarantee the QoS of isochronous traffic.
The Devices use beacon IE to reserve the MASs in the superframe to transmit
data. Since the MASs are allocated by DRP without prior knowledge of the
traffic to ensure overall traffic load balance or fair distribution of the MASs
among the nodes, we propose approaches to test the performance of the reser-
vation based on the traffic types of incoming mobile nodes in the system. The
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nodes can use the DRP as a selfish approach to occupy the MASs for extended
duration ignoring the waiting nodes or low priority traffic nodes such as best
effort traffic. This selfish approach not only restricts the size of the network but
also degrade the performance. Furthermore, the standard [1] defines a number
of DRP reservation methods e.g, Hard, Soft, Private, PCA, etc. Hence, the
MAS allocation need to be carefully handled during the beacon period and
proper MAS access mechanism should be used.

3.1 Analysis Approach 1

In the first approach, we divide the superframe into two logically equal parts,
DRP part and PCA part as shown in Figure 3. For isochronous traffic (audio,
video), devices reserve the MASs based on hard DRP; once they occupy
specific MASs they release it when their data finishes. The asynchronous data
devices use the PCA part of superframe; devices occupy the MASs on first
come first serve basis. Following are the assumptions for this approach:

• The devices can use only hard DRP.
• The isochronous traffic nodes cannot reserve the PCA MASs and PAC

nodes cannot occupy the DRP MASs.
• The incoming devices are not allowed to use the relinquish request IE,

once a MAS is reserved as Hard.
• The allocation of MASs is based on first come first serve basis.

The purpose of this approach is to check whether we can provide a balance
to the MAS allocation by DRP and PCA and also to check the effect on PCA
traffic in the presence of hard reservation for both types of traffic.

3.2 Analysis Approach 2

Since isochronous traffic needs more guaranteed channels, more MASs are
reserved for DRP in this approach. Logically, one third of the superframe is

Figure 3 Superframestracture for approach 1
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reserved for PCA users and the rest for DRP users as depicted in Figure 4.
This approach trails the following assumptions:

• Device can reserve MASs by both hard and soft reservation.
• Incoming users with isochronous traffic cannot reserve the PCA MASs

and the same rule is applied to the PCA reservation.
• Incoming users can use the relinquish request IE to inform the neighbors

to release the MASs occupied by soft reservation.
• The allocation of MASs is based on first come first serve basis.

The PAC or DRP reservation devices will go to backoff once they find a
saturated superframe in their respective portions.

3.3 Analysis Approach 3

In this approach we use a dynamic reservation based on the traffic type and
do not specify or fix the MASs for DRP and PCA reservations as shown in
Figure 5.

This approach follows the following assumptions:

• No logical bounds are applied to the portions of superframe.
• Users can reserve MASs by hard and soft DRP and PCA reservations.
• The isochronous traffic devices can reserve the PCA MASs if they are

available. If a device with isochronous traffic wants to enter the system,
will first check free MASs, then will go to backoff and waits for a short
duration for PCA occupied MASs to be released,and finally will request
for releasing the MASs reserved by soft reservations.

• Incoming devices to system can use the relinquish request IE to inform
the neighbors to release the MASs occupied by soft reservation.

• Devices that are connected and those which are entering into the system
uses the DRP service primitive parameters e.g. desired bandwidth, avail-
able bandwidth and minimum bandwidth. The nodes use these parameters
and estimate that how much bandwidth they need and how much is
available in the system.

Figure 4 Superframe structure for approach 2
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Figure 5 Superframe structure for approach 3

Although, the first two approaches are not fulfilling WiMediaś standard
rules and policies, we use them as baseline for the third approach to fully ana-
lyze the different reservation methods. Besides helping in analyzing the third
approach, these approaches provide an overview of the reservation process
and an impact of hard DRP on soft DRP and PCA.

The joule per bit energy and blocking probability of the above proposed
approaches are modelled as follows.

For assignment of the MASs to PAC and DRPreservation, we have divided
the superframe into CSF number of MASs. Let CDRP the number of current
MASs reserved for DRP and CPCA be the number of current MASs available
for PCA reservation then from this definition we have:

CSF = CDRP + CPCA (2)

For approach 1, the number of MAS in superframe is as follows:

CDRP = CPCA = CSF (3)

And for approach 2

CDRP = 3CPCA = 3/4 CSF (4)

In order to calculate how much energy per bit a user consumes, we define
the following definitions. For an arbitrary user X, let us assume that CT is the
duration of one MAS and according to the standard its value is 256μs and bx

is the number of MASs reserved by user X and RX is the offered physical
transmission rate. Then, according to [7], the number of bits per superframe
transferred by user is given as follows

FX = bx
∗CT

∗Rx (5)

Now, let EX be the joule per bit energy consumed by user X which is

E = PT /Rx (6)
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Where PT is the transmission power.
Thus, by equation 5 and equation 6, joule per superframe energy,

represented as EXSF , is given by

EXSF = EX
∗FX (7)

To calculate the blocking probability of a new user X into the system as
BX , we define

f(c) = Pr(CDRP = c)

BX = Pr(CSF − CDRP < bx) =
bx−1∑

i = 1

f(CSF − bx + 1)

BX = f(CSF ) + f(CSF − 1) + . . . + f(CSF − bX + 1) (8)

where X = 1,2,....,k
From equation 8 and equation 3 the blocking probability of DRP using

reservations by user X for approach 1 is calculated as follows.

BX = Pr(1
2CSF − CDRP < bX) =

bx−1∑

i = 1

f(1
2CSF − bx + 1)

BX = f(1
2CSF ) + f(1

2CSF − 1) + . . . . + f(1
2CSF − −bX + 1) (9)

From equation 8 and equation 3, the blocking probability of DRP using
reservations by user X for approach 2 is calculated as follows.

BX = Pr(3
4CSF − CDRP < bX) =

bx−1∑

i=1

f(3
4CSF − bx + 1)

BX = f(3
4CSF ) + f(3

4CSF − 1) + . . . . + f(3
4CSF − −bX + 1) (10)

4 Scenario and Simulation Setup

In this section, we present our scenario for simulation, in which we have a
connected network of 6 nodes and incoming nodes have a constant mobility as
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shown in Figure 6. For testing the proposed approaches, we consider random
arrival of nodes with different traffics in the system. The above scenario is
simulated using Omnet ++ 4.1 [15], an open source simulator, and different
results are generated for the analysis of DRP and PCA under the rules of the
proposed analysis approaches. The connected network is composed of 6 nodes
and the incoming nodes vary which will affect the existing reservation. The
nodes joining the network have a constant mobility of 0.5m/s as we are using
constant speed mobility model. All the nodes have a maximum transmission
power of 1 mW. The data rate is 480 Mbps and the traffic type is mix (video,
VoIP, best effort). The scheduling of the allocation process is maintained on
first-come first-served bases. The duration of the time slots are 256 μs.

5 Simulation and Analytical Results

Initially when the system is not saturated, the incoming nodes with both types
of reservation, in all three approaches, are accommodated. But with the arrival
of new nodes, the probability of getting the MASs to transmit data decreases
especially for DRP users. Figure 7 shows the amount of allocated MASs to
DRP and PCA reservation for the proposed approaches. In case of approach
1, the allocated MASs to DRP nodes are less due to the hard reservation
whereas MAS allocation is high to PCA traffic nodes because of large portion
of superframe is assumed to be utilized by best effort traffic nodes. Approach
2 provides more flexibility to the isochronous traffic nodes by using both hard
and soft reservation but still cannot reserve the free MASs maintained for

Figure 6 Network Scenario
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Figure 7 Allocation of MASs with DRP and PCA for the three proposed approaches for
incoming users

incoming PCA reservations. The incoming node scans the reserved MASs
and adopts its policy to reserve the MASs in a more flexible way in approach
3 and thus provides a more balance representation of MASs allocation to both
isochronous and asynchronous traffic nodes.

Figure 8 shows the throughput of the system with the arrival of DRP and
PCA traffic. Initially, the number of nodes in the system is less and there
are free MASs available for incoming reservations. The proposed approaches
contribute differently to the system overall throughput because of the different
reservation types and rules. Approach 3 shows a high throughput because of
soft reservation and PCAś MASs occupation. It reaches to 20 nodes high
level and then remains constant because of saturation. The throughput of
Approach 1 and 2 is low because of the fixed MASs for traffic types and
depends on the traffic of joining node in the system. Therefore throughput
of the system depends on the incoming node traffic type, rate and also the
employed approach.

The number of packets in the system and its success and drop ratio depends
on the flexibility of the reservation approach, rate of arrival, rules and policies
applied to incoming traffic classes as well as the buffer size of the nodes. In
case of hard reservation and keeping the superframe reservation portions fix
for both traffic type leads to high packet drop. On the other hand, providing
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Figure 8 Throughput of DRP and PCA users for the proposedapproaches.

more flexibility to the reservation by utilizing the available MASs and keeping
a balance between PCA and DRP hard and soft reservations the number of
packet drops decreases. The packet drop of the incoming nodes for the three
approaches is shown in the Figure 9.

For further insight, we provide the consumed energy of all the users
both analytically and via simulations. The analytical results are illustrated
by Figure 10. For our analysis, we assume that the amount of traffic, each user
has to send, is equal, and it is represented by B. That is, B1 = B2 = B3 = . . .
BN = B where Bx is the traffic of user X. For our analysis, we assume that
the value of B is 10Mb. We also assume that the transmission power (PT ) of
all the users are constant and equal to 350mW. The energy consumed by user
X is calculated by Ex = PT × Tx where Tx is the time taken to transmit
data Bx at the gained data rate Rx by user X. It should also be noted that
users gain different data rates depending on their channel qualities. The total
consumed energy by all the users is the summation of the energy consumed
by each user; i.e, E = Σ Ex. In approach 1, for real-time traffics such as video
and audio, the users utilize half of the superframe. Hence, on average, the
data rates of the users are halved. This delays the transmissions, and results
in higher energy consumption. In conclusion, the availability of more MASs
and the introduction of soft DRP in approach 2 results in more available
channels, less delay, and lower energy consumption compared to approach 1.
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Figure 9 Blocking probality of the three appraoches

Figure 10 Gini index of allocated MASs

The simulation results for energy consumptions of the proposed approaches
are shown in Figure 11. These results validate the theoretical results presented
by Figure 10. The only important difference is that the simulations show higher
energy consumptions than the analytical ones. This is due to the fact that, in
our theoretical analysis, we do not consider the energy consumptions during
the backoff stages and the reattempts to access the channel.
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Figure 11 Simulation results for the energy consumptionof the three appraoches

The blocking probability of the three approaches for mixed traffic scenario
is shown in Figure 12. The blocking probability of all approaches is low for
a sparsely populated scenario due to sufficient MASs available for both DRP
and PCAreservations. However, as the number of users increases, the blocking
probability increases for all the approaches. In approach 1, for video and audio
traffic, the DRP users encounter frequent blockings due to fixed number of
MASs as well as extensive use of hard DRP; the blocking probability reaches
almost 90% once the number of incoming users to the system exceeds 60.
However, for the same approach, the PCAusers utilizing sufficient MASs have
less blocking probability.Approach 2, which offers flexibility to the DRPusers,
experiences less blocking compared to approach 1 due to sufficient MASs
for DRP. The blocking probability of the PCA users is higher compared to
approach 1 due to insufficient number of MASs for the PCAusers. In approach
3 the incoming users have more flexibility to utilize the whole superframe
when MASs are free.

The gini index is calculated using 30 nodes in terms of throughput accord-
ing to equation 1. As shown in Figure 13, Approach 3 offers better fairness in
term of throughput for all the nodes as MASs can be relinquished by utilizing
soft reservation and also by estimation of number of available MASs for a
specific incoming device compared to Approach 1 and Approach 2. Besides
QoS, approach 3 also provides the quality of experience (QoE) to the users
by avoiding unnecessary waiting in backoff and excessive re-attempting to
access the channels, resulting improved system utilization.
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Figure 12 Blocking probality of the three appraoches

Figure 13 Gini index of allocated MASs

6 Conclusions

We proposed three different approaches to analyse the reservation protocol
of WiMedia MAC for energy consumption and throughput fairness for both
isochronous and asynchronous data traffic types. In approach 1, we kept the
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superframe half reserved for DRP hard and half for PCA utilizing users, while
in approach 2, we introduced flexibility to DRP reservations for video and
audio traffic by applying soft reservation and dedicating more MASs for DRP
using nodes entering the existing network. To obviate the shortcomings of
these two approaches, we proposed approach 3 which reserves the MASs using
hard, soft and PAC reservation types with standard’s bandwidth estimation
primitives of ECMA standard. Furthermore, energy consumptions of the three
approaches are also presented by using the different reservation approaches.
The simulation and analytical results validate that approach 3 provides more
fairness in terms of throughput, less packet drop and more energy efficiency
compared to the other two approaches and thus not only guarantees QoS but
also improves the QoE.
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