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Abstract - In this paper, we investigate a new approach for the spectrum allocation in UWB
systems. This approach consists in a cross-layer scheme that takes into
consideration the different users channel quality and quality of service (QoS)
requirements. The new scheme is based on the WiMedia solution proposed for
multiband OFDM UWB systems. The main objective is to propose a low-
complexity solution for the spectrum allocation that can manage all the users
constraints. Thus, we study the optimal solution of the spectrum allocation and
formulate it as a convex optimization problem. Then, we show that our
proposed scheme reduces significantly the complexity of the optimal solution.
Moreover, we show through simulations, that the new approach and the
optimal solution have close performance in term of error rate and they
outperform WiMedia solution proposed for UWB systems.

Keywords - OFDM, spectrum allocation, QoS, UWB.

1. INTRODUCTION

Ultra-wideband transmission is an emerging technology for future high-
rate, short-range wireless communications. Its wide bandwidth and low
transmission power density make it attractive to researchers since 2002 when
the Federal Communications Commission (FCC) regulated UWB systems by
allocating the 3.1 to 10.6 GHz spectrum for unlicensed use of UWB [1]. In
order to reduce interference with other existing systems, the FCC imposed a
power spectral density (PSD) limit of -41.3 dBm/MHz.

The IEEE 802.15a wireless personal area networks (WPAN)
standardization group defined a very high data rate physical layer based on
UWRB signalling. One of the multiple-access techniques considered by the
group is a multiband orthogonal frequency division multiplexing (MB-
OFDM) supported by the MultiBand OFDM Alliance (MBOA) and the
WiMedia forum [2], [3] which merged in March 2005 and are today known
as the WiMedia Alliance.

On December 2005, ECMA International approved two standards for
UWRB technology based on the WiMedia solution: ECMA-368 for high rate



UWB PHY and MAC standard and ECMA-369 for MAC-PHY Interface for
ECMA-368 [4].

There have been a lot of studies on the resource allocation in UWB system
based on the WiMedia solution. However, to this date, most research studies
on multiband UWB systems have been devoted to the physical layer issues.
In [5], [6], the authors propose resource allocation solutions for OFDM-
UWRB systems in a single-user scheme. In [7], the author considers the multi-
user context but without taking into consideration the wusers QoS
requirements.

The aim of this paper is to propose a spectrum management scheme based
on UWB signalling in a multiple medium access demand to ensure dynamic
spectrum utilization that differentiates between existing users. Therefore, we
propose to classify the users into two classes, the first called QoS class for
real-time applications that have strict QoS requirements (video recording,
A/V conferencing, interactive gaming, etc). The second class is called best
effort (BE) class for non real-time applications that have tolerance to some
QoS requirements (file transfer, Internet, etc). On the other hand, we propose
to represent each user channel quality by exploiting the exponential effective
SINR mapping (EESM) method used in OFDM systems [8]. Consequently,
we formulate the resource allocation problem as a convex optimization
problem taking into account the users classification and the EESM method
issues. Then, we propose our cross-layer approach that reduces the
complexity of the optimal solution given by the convex optimization
problem.

This paper is organized as follows. Section 2 introduces the WiMedia
model by presenting the PHY and MAC layers characteristics. Section 3
derives the problem formulation as a convex optimization problem and
presents the optimal solution. In section 4, we give the proposed low-
complexity cross-layer solution. Section 5 presents simulation results
showing the comparison between the proposed scheme and the optimal
solution, and the performance of the multiuser solution compared to the
single-user WiMedia solution. Finally, section 6 concludes this paper.

2. SYSTEM MODEL

2.1 PHY Layer

The WiMedia solution consists in combining OFDM with a multi-banding
technique that divides the available band into 14 sub-bands of 528 MHz, as
illustrated in Fig. 1. An OFDM signal can be transmitted on each sub-band
using a 128-point inverse fast Fourrier transform (IFFT). Out of the 128
subcarriers used, only 100 are assigned to transmit data. Different data rates
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Figure 1. Channel distribution for WiMedia solution.

from 53.3 to 480 Mbit/s are obtained through the use of forward error
correction (FEC), frequency-domain spreading (FDS) and time-domain
spreading (TDS), as presented in Table 1. The constellation applied to the
different subcarriers is either a quadrature phase-shift keying (QPSK) for the
low data rates or a dual carrier modulation (DCM) for the high data rates.
Time-frequency codes (TFC) are used to provide frequency hopping from a
sub-band to another at the end of each OFDM symbol. TFC allows every
user to benefit from frequency diversity over a bandwidth equal to the three
sub-bands of one channel. In addition, to prevent from interference between
consecutive symbols, a zero padding (ZP) guard interval is inserted instead
of the traditional cyclic prefix (CP) used in the classical OFDM systems
[10].

The WiMedia solution offers potential advantages for high-rate UWB
applications, such as the signal robustness against channel selectivity and the
efficient exploitation of the energy of every signal received within the prefix
margin. However, we will see in the next section that the exploitation of the
PHY layer at the MAC level is suboptimal in a multi-user context since the
medium access mechanisms do not take advantage of the sub-band structure.

Table 1
WiMedia system data rates
Data
Rate Modulation Coding FDS TDS
(Mbit/s) Rate

533 QPSK 1/3 Yes Yes

80 QPSK 12 Yes Yes
110 QPSK 11/32 No Yes
160 QPSK 12 No Yes
200 QPSK 5/8 No No
320 DCM 172 No No
400 DCM 5/8 No No

480 DCM 3/4 No No




2.2 MAC Layer

The WiMedia MAC protocol is a distributed TDMA-based MAC
protocol as defined in ECMA standard. Time is divided into superframes
where each frame is composed of 256 medium access slots (MAS).

Each MAS has a length of 256 us. Each superframe starts with a beacon
period (BP) that is responsible for the exchange of reservation information,
the establishment of neighbourhood information and many other functions.

WiMedia defines two access mechanisms: the prioritized contention
access (PCA) and the distributed reservation protocol (DRP). PCA provides
differentiated access to the medium for four access categories (ACs); it is
similar to the enhanced distributed channel access (EDCA) mechanism of
IEEE 802.11¢ standard. On the other hand, DRP is a TDMA-based
mechanism which enables a device to reserve one or more MASs for the
communication with neighbours.

2.3 Channel Model

The channel model used in this study is the one adopted by IEEE
802.15.3a committee for the evaluation of UWB proposals [11]. It is a
modified version of the Saleh-Valenzuela model for indoor channels, fitting
the properties of measured UWB channels. A lognormal distribution is used
for the multipath gain magnitude. In addition, independent fading is assumed
for each cluster and each ray within the cluster.

Four different channel models (CM1 to CM4) are defined for the UWB
system modelling, each with arrival rates and decay factors chosen to match
different usage scenarios and to fit line-of-sight (LOS) and non-line-of-sight
(NLOS) cases.

3. OPTIMAL SPECTRUM ALLOCATION

Our main goal is to find the best sub-band assignment for the
heterogeneous users. Therefore, we propose first to represent their channel
quality in each sub-band by using the EESM method. The basic idea of this
method is to find a compression function that maps a sequence of varying
SINRs to a single value that is strongly correlated with the actual BER [9].
In WiMedia case, one channel is divided into three sub-bands and the
allocation is made by sub-band; that means that each user is dynamically
allocated one sub-band for the duration of one superframe. Therefore, the
effective SINR calculated for each sub-band is given by
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where A is a scaling factor that depends on the selected modulation and
coding scheme (MCS), N is the number of subcarriers in a sub-band, and
SINR, is the ratio of signal to interference and noise on the i sub-carrier.

In our system model, we compute the effective SINR value for each user
in each sub-band by using (1). For instance, in the case of one channel
divided into N, =3 sub-bands, and with N, =3 users, the computation
result is a matrix containing N, x N, =9 effective SINR values.

After representing the channel power by the effective SINR value, we
formulate our allocation problem which goal is to maximize the BE users
data rate while maintaining a certain data rate threshold for QoS users under
a total power P, constraint.

Let U is the total number of users, U, is the QoS users number and
Uy (U=-U,,) is the BE users number. The rate of a user u in a sub-band b
is defined as

o = 10g2(1 + ])u,hEu,h) ()

where P, , is the allocated power of user & in the sub-band b, and E,, is the
effective SINR of user £ in this sub-band. The optimization problem can then
be formulated as follows
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where B is total number of sub-bands, R, is the QoS users required data rate,
S, is the set of sub-bands assigned to user u. In our case, S,,S,,..S, are
disjoint and each user is assigned one sub-band during one time interval. The
formulated problem is a mixed integer programming problem which is hard
to solve. However, we can convert this problem into a convex optimization
problem by adopting a new parameter p,, as proposed in [12]. It represents
a time-sharing factor for the user u of the sub-band b. The optimization
problem can be reformulated as
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Solving this convex optimization problem using Lagrangian gives the
optimal solution
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where o, f, and y are the Lagrange multipliers.
Consequently, using the KKT conditions [13], we conclude the following

Pus=L p.,=0 foralu=u

E
arg max (log, (—=-) — L a- yIn 2)) for BE users
u yIn2" In2 E,,
where u'= ’ (6)
aE,, 1 yln2
arg max (e, (log, ( )———(1- ))) for QoS users
u yIn2" In2 Eus

However, finding this optimal solution requires an intensive computation.
We need to find the values of «, that satisfy the QoS users constraints
regarding the data rate. To do so, an iterative algorithm is defined; we affect
small values to ¢, and increase them one by one to satisfy each QoS user
constraint.

4. CROSS-LAYER SOLUTION

In order to reduce the complexity of the optimal solution and to exploit all
useful information needed for an efficient sub-band allocation, we propose to
transform the optimal solution into a simple suboptimal solution that takes
into consideration all the required properties and characteristics.
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Figure 2. Dynamic cross-layer spectrum allocation design.

Hence, since the complexity of the optimal solution resides in the
research of the ¢, parameter, we propose to study its characteristics in order
to find an alternative solution for setting it up. Note that this parameter
concerns the QoS users only. Thus, we propose to define a QoS entity that is
responsible for affecting a weight or priority level for QoS users. In fact, this
entity should be issued from the MAC layer which is charged for QoS
support and medium access control. As a result, the proposed cross-layer
approach consists in combining the information provided by the PHY layer
through the exploitation of the effective SINR and the MAC layer through
the weight generator entity (see Fig. 2). Consequently, the most powerful
sub-band is assigned to the user u having the highest allocation level AL
given by

AL, , = q, + max(SINR,; (u,b)) (7

where we have a perfect balance between the MAC and the PHY layers.

The advantage of this cross-layer approach is that it is simple to
implement and it agrees with the MAC conditions of the system that is based
on a distributed architecture where there is no central coordinator for the
spectrum management, so that each device is responsible for all computation
and measurements for the allocation. Consequently, this new approach
provides a low-complexity self-computation mechanism and assumes a
decrease in the data exchange between all the users.

5. SYSTEM PERFORMANCE

In this section, we present the simulation results for the proposed
multiuser cross-layer allocation scheme and we compare the performance of



the new scheme with that of the optimal solution as well as the single-user
WiMedia solution using TFC. Therefore, we use the proposed WiMedia data
rates (see Table 1). The results are performed on the first three WiMedia
sub-bands (3.1- 4.7 GHz) for CM1 channel model.

In Fig. 3, the case of three users transmitting simultaneously in the first
channel is shown. The three users have different data rates in order to show
the advantage of QoS users on BE users in terms of error rate. The QoS user
is allocated a high data rate from Table 1 (400 Mbit/s) and the BE users are
user outperforms the BE users although it is transmitting at a higher data
allocated a lower data rate (320 Mbit/s). As illustrated in the figure, the QoS
user outperforms the BE users although it is transmitting at a higher rate.

In Fig.4, we compare the performance of a QoS user transmitting at a rate
of 320 Mbps in the cross-layer solution to that in the optimal solution and to
the single-user WiMedia solution with TFC. Note that for the single-user
solution TFC is exploited because it offers better performance. As shown in
the figure, for a BER =10, the cross-layer and the optimal solutions are too
close and offer a 2.5 dB gain for the QoS user compared to WiMedia
solution.

In Fig.5, we consider the case of BE users transmitting at a rate of 200
Mbit/s and present their performance in the optimal and cross-layer
solutions. For a BER =107, the optimal solution offers a 0.5 dB compared to
the cross-layer solution. On the other hand, we note that the performance of
the cross-layer in the case of BE users is close to that of the single-user
WiMedia solution. This proves that the performance of the multiuser cross-
layer solution performance is never degraded compared to the single-user
WiMedia solution.
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Figure 3. Three users performance in the cross-layer solution.
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Figure 5. Performance comparison of BE users.

6. CONCLUSION

In this work, we proposed a dynamic cross-layer design for UWB
systems. This design combines the physical layer information through the
investigation of the effective SINR and the MAC layer through the QoS
parameters. We studied first the optimal solution of the dynamic allocation
under QoS constraints by exploiting the effective SINR and formulating an
optimization convex problem. By analyzing the properties of the optimal
solution we obtained, we proposed a lower complexity solution that is based
on a cross-layer approach by defining a simple linear allocation function.



Simulation results showed that the new multiuser cross-layer approach
outperforms the WiMedia solution proposed for a single-user scheme.
Moreover, we showed that the cross-layer solution performance is close to
the optimal solution performance.
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