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Abstract— In this paper, we propose a multiuser spectrum
allocation scheme for high-rate UWB systems under QoS
requirements. This scheme comes as a solution to the coexistence
of multiple users sharing the three sub-bands of the same channel
as defined in the WiMedia solution adopted for multiband UWB
systems. Indeed, WiMedia solution does not allow more than
three users to coexist in the same channel. Based on a constrained
multiuser optimization problem, the proposed allocation
algorithm allows multiple users to access the medium following a
mixed sub-band assignment and priority-based scheduling
approach in order to ensure an efficient differentiated spectrum
sharing. The resulting time-frequency scheduling algorithm
relies on the combination of two main metrics available at PHY
and MAC levels: the channel quality of each user provided by the
exploitation of the effective SINR method, and the QoS
constraint represented by a simple weighting parameter that
differentiates between two service classes. Simulation results
show the efficiency of the proposed scheme and how it guarantees

a good performance level for users having strict QoS
requirements.
Keywords- UWB; effective SINR; QoS; cross-layer.
I. INTRODUCTION
Ultra-wideband (UWB) is a wireless transmission

technology that has been growing industry wide interest
during the last decade. UWB is interesting because of its
inherent low power consumption, high data rates of up to 480
Mbit/s, and large spatial capacity. Furthermore, the power
spectral density is low enough to prevent interference with
other wireless services. This new technology has been
approved by the Federal Communications Commission in
2002 for unlicensed use over the 3.1 — 10.6 GHz bands with
an imposed power spectral density limit of -41.3 dBm/MHz
[1]. So far, two competing physical layer specifications are
currently available: one based on direct sequence spread
spectrum (DS-UWB), and the other based on multiband
orthogonal frequency division multiplexing (MB-OFDM). In
this article, we focus on the latter scheme which is supported
by the WiMedia Alliance [2] and has been standardized by
ECMA [3].

One of the main topics of interest in UWB systems is the
multiuser medium access management. This task is all the
more challenging than UWB systems are based on a
distributed network architecture where no device acts as a
coordinator. To this date, most of the allocation studies that
address the resource allocation issue in MB-OFDM systems

do not take into consideration the quality of service (QoS) and
the traffic differentiation matter in the multiuser environment.
In [4] and [5] for example, resource allocation solutions are
investigated but in the unique case of single-user MB-OFDM
systems. On the other hand, the authors in [6] consider the
multiuser context but without taking into consideration the
users QoS requirements.

In this work, we investigate the problem of resource
allocation and spectrum sharing in MB-OFDM with the aim of
proposing an efficient algorithm that allows a satisfactory
number of users, i.e. more than three users, to coexist while
responding to each user QoS constraints. At first, the optimal
allocation solution is obtained by deriving the adequate
multiuser optimization problem. From this analytical study,
we then propose a simple multiuser allocation scheme based
on priority principles and following a time-frequency
scheduling approach. Consequently, the proposed algorithm
renders possible the coexistence of multiple users in the same
three sub-bands of one WiMedia channel. In order to
differentiate between the existing users, we define two service
classes: hard-QoS (H-QoS) for real-time applications (voice,
video), and soft-QoS (S-QoS) for non real-time applications
(best effort and background). On the other hand, our algorithm
exploits channel information provided by the so-called
effective SINR method [7]. Combined in a simple and
efficient way, these service MAC condition and channel PHY
information metrics are eventually used for the scheduling and
the multiple access management.

The remainder of this paper is organized as follows. Section
II introduces the system model. Section III derives the
multiuser optimization problem and presents the optimal
solution. Based on that solution, we propose in section IV a
simplified time-frequency scheduling algorithm. Section V
presents simulation results showing the efficiency of the
proposed scheme, and the performance of the multiuser
solution compared to the single user WiMedia solution.
Finally, section VI concludes this paper.

II. SYSTEM MODEL

The WiMedia PHY is designed to achieve data rates of up
to 480 Mbit/s per user. Between 3.1 GHz and 10.6 GHz five
band groups are defined. Support of band group 1 is
mandatory. Support for all others is optional. Except for the
highest band group, all groups consist of three frequency bands
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Figure 1. WiMedia channel distribution.

as shown in Fig.1. One frequency band in WiMedia is 528
MHz wide and is divided into 128 OFDM subcarriers, 100 out
of them are used for data. Time frequency codes (TFC) in
conjunction with the 5 frequency band groups are used. Each
TFC provides a hopping sequence applied to a band group.

The constellation applied to the subcarriers is either the
quadrature phase-shift keying (QPSK) for the first five rate
modes, or the dual carrier modulation (DCM) for the highest
three data rates. Table I gives the details concerning the data
rate, modulation and coding rate for each WiMedia PHY mode.

The WiMedia MAC is based on distributed control [2].
This means that the MAC layer does not define any device to
be an access point, but instead all devices have equal
responsibilities and equal rights for gaining access to the
TDMA channel. For the medium access, WiMedia introduces
the so-called prioritized channel access (PCA) and distributed
reservation protocol (DRP). While the former is well known
from the enhanced distributed channel access (EDCA) used in
IEEE802.11¢, the latter is based on an advanced reservation
scheme ensuring collision-free access to the channel. None of
these access mechanisms are actually used to jointly address
the QoS issue and solve the collision problem.

In the sequel, we propose to combine reservation and
negotiation principles provided by DRP with the proposed
QoS-constrained allocation algorithm. Hereby, it is expected to
obtain an efficient access mechanism for the WiMedia system
that gives satisfaction to each user conditions.

III. PROBLEM FORMULATION

A. Service Differentiation parameter

It is proposed to classify the UWB service types into two
classes: hard-QoS (H-QoS) class for services that have strict
QoS requirements (voice, video) and soft-QoS (S-QoS) class
for services that have tolerance for some requirements (BE,
background). To represent this service differentiation, we
define for each user & a QoS priority level PL. This PL
definition has to ensure two differentiation levels: the class
level where an H-QoS user should have a considerable
advantage on an S-QoS user, and the service level where two
services that belong to the same class have to be differentiated
according to their different data rate requirements. The PL is
thus a combination of the class weight and the data rate
requirements and is defined as follows

PL, =qr, )]
where

=1 for S-QoS
{qA or S-QoS users )

q, =2 for H-QoS users

TABLE 1. WIMEDIA SYSTEM DATA RATES

Data Rate Modulation Coding FDS TDS A
(Mbit/s) Rate
533 QPSK 173 Yes Yes 1.49
80 QPSK 12 Yes Yes 1.57
110 QPSK 11/32 No Yes 1.52
160 QPSK 12 No Yes 1.57
200 QPSK 5/8 No No 1.82
320 DCM 12 No No 1.85
400 DCM 5/8 No No 1.82
480 DCM 3/4 No No 1.80
and,
R, —R
n — 1 + k min (3)
Rmax - Rmm

where Ry, R,;, and R, are the requested rate of user k, the
lowest and highest data rates taken from WiMedia modes (see
Table I), respectively.

B. Channel Quality parameter

Assuming that the instantaneous SINR for each subcarrier
is known by each user, namely resulting from classical channel
estimation operations for example, it is possible to get an
evaluation of the system level performance in terms of BER by
using the effective SINR approach [7]. This method consists in
finding a compression function that is able to represent the
characteristics of each sub-band by mapping the sequence of
varying SINRs to a single value that is correlated with the
actual BER [8]. It is given by

N

SINR,; =—2In {%;exp(—%)} 4)

where N is the number of subcarriers in a sub-band, SINR; the
ratio of signal to interference and noise for the i subcarrier
and A is a scaling factor that depends on the selected
modulation and coding scheme (MCS). A is computed and
evaluated for the eight WiMedia data rate modes as shown in
Table 1. In the following the effective SINR will be used as a

metric providing the channel information for each user.

C. Problem Formulation

We consider a system consisting of K UWB users where
the first K, users are H-QoS users and the remaining K — K, are
S-QoS users. The rate of a user & in sub-band b is defined as

Tew = log,(1+ Pk,b‘fk,b) (%)

where Py, is the allocated power of user & in sub-band b, and
&.» 1s the effective SINR of user £ in this sub-band. The goal
is to optimize the sub-band allocation under the total power
constraint Py so as to maximize the total data rate of the K —
K, S-QoS wusers while maintaining a certain level of
transmission rate for the K, H-QoS users. The problem can
hence be stated as



k=K, +1beS;,
s.t. > r, 2R, k=1,. (6)
beS;
K B
2Bu<P
k=1 b=1

where B is the total number of sub-bands, R; the H-QoS users
required data rate, S; the set of sub-bands assigned to user %.
In our case, S;, S»,.., Sy are disjoint and each user is assigned
one sub-band during one time interval. Adopting a new
parameter @, ,, we can convert this problem into a convex
optimization problem [9]. This parameter represents a time-
sharing factor for the user k of the sub-band 5. The
optimization problem can then be reformulated as

max Z Za)kblogz(l+ "{;"’)

oo 2 o Dy
BisSis
@,

kb

st. Za)k,b log, (1+ V>R, k=1,..K, (7
b=1

1

B
>3 B,<P
1

k=1 b=

K
> w,=1 Vb 0<m,<l Vkb
o=
K

which turns out to be a convex maximization problem. Using
standard optimization techniques, we obtain the Lagrangian

L= z Zﬁokblogz(hr ka/;f/:b) ¥ Zak (Zwk1710g2(1+ /cbékb) R)

k=K, +1 b=1 kb k=1 b=l b

+Z,b’b(1 Za)kb) + (B ZZ >, ®)
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Let P*k,b and (u*k, » be the optimal solution. After differentiating
(8) with respect to P, and wy, respectively by KKT
optimality condition, we obtain

o | log, Bty L _ 201 5 k1K
yIn2" In2 a,&,
log, (22— L q_2In2y 5 _ fork=K, +1..K (9)

yIn2" 1n2 Eew

Since ', should satisfy the following KKT conditions:

>0 a)*k’bzl
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<0 w,, =0

kb
Substituting (9) into (10), we get
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where [, is defined as
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We conclude that, for a selected sub-band, the user with the
largest I;., can use this sub-band. In other words, for a sub-
band b, if I;, are different for all £, then

@y =1, a)*kyb =0 forallk=k' (13)

kK= argml?.xl b 14)

In order to compute /;, for all users, we need to find the set of
oy such that the H-QoS rate constraints are satisfied. Thus, an
iterative searching algorithm is needed; starting with small
values of ¢ and then increasing them iteratively until the data
rate for all H-QoS users are satisfied. However, this iterative
solution requires an intensive computation cost. Therefore, we
propose a suboptimal solution based on a simple cross-layer
approach in the next section.

IV. PROPOSED SCHEME

By analyzing the optimal solution obtained in the previous
section, we note that the allocation function given by (12) has
the following characteristics: (i) the function is monotonically
increasing with respect to &, and, (ii) the function is
monotonically increasing with respect to «; for the H-QoS
users. In other terms, the function depends on the user priority
and thus, the stricter the user requirements, the higher the
value of this function. Taking into account these
characteristics, we define a suboptimal allocation function
based on a cross-layer approach in combining information
provided by PHY and MAC layers. The idea is to replace ¢,

by a static parameter that could be defined once by all the
users. We propose thus to use the PL (or the service
differentiation) parameter defined in section III.A. This can be
justified by the fact that the PL parameter has the same
characteristics as ¢, ; both parameters depend on the service

requirements or QoS level. The proposed allocation function is
thus defined by

ik,b = PLkék,b (15)

This function, viewed as a suboptimal solution, combines in a
simple way the channel information through the exploitation
of the &, value, with the user priority level through the use of
the priority level function given by (1).

Based on this cross-layer function, we define a multiuser
sub-band allocation algorithm that describes all the allocation
steps. Indeed, in our system which consists of three sub-bands
in one channel, we consider two cases: the case of less than
three users (K < 3) in one channel using a simple frequency



sharing approach, and the case of more than three users (K >
3) in one channel using a time-frequency sharing approach.

The different steps of the algorithm are depicted by the
flowchart in Fig. 2. As illustrated, the case of K < 3 is a pure
priority-based case, where we assign one sub-band to each

user according to its /, , value.

Initialization
B=3
R, =200 Mbit/s for H-QoS users
R, . =53.3 Mbit/s for S-QoS users

ke min

A 4

Cross-layer sub-band allocation

Frequency sharing Time-Frequency sharing

)

Classify the K users in a decreasing

for k=1to K order {U,, ...,Ux} according
Assign to user k’ sub-band b’ to their 7,
where k' =argmf1xfw
b =argmax g, v
f Divide the users into two groups:
Case=2 : < High-Pr'ior'ity (HP): {U,,...,Us}
K=B Low-Priority (LP): {Up+s,... U, }
End No
A

y

1. Define a sub-band sharing factor Reclassify the K-B users in a

decreasing order {Ugyj, ..., Uk}
according to

- PL
lk_b :?Ihzglb (16)

_ 1k.[7 N
7, === where k € {U,...U,}
Kb
and &' € {U,,,...U} (18)
2. Determine the sharing coefficients

of user £ and user &’

Teh 2 and 7, = ! 19 3

I+, 47, Define a coexistence
< optimisation problem

3. Compute the new data rates of user max 7, forke{U,,,...Uy}
k and user k’ ol
. . 1h,> for ke{U,,....U, 17
Vew = Teslin and Vs =Teslen (20) i R’”“" orked v B} a7

Figure 2. Flow chart of the proposed scheme.

On the other hand, when K > 3, time sharing is added to
frequency sharing in order to allow more than three users to
coexist in the same channel. Besides, a priority-based
scheduling is also followed, but using a different approach than
in the case of K < 3. More precisely, the K existing users are
first classified in a decreasing order according to their

I 1, Values. Denoting B the number of sub-bands (B=3 in our

case), the first B users with the highest I «.» values are assigned

the available B sub-bands in the same way as in the case of K <
3. Then, the remaining K — B users aim at accessing the sub-
bands already allocated to the first B users through time
sharing. Therefore, these K — B users are reclassified according

to a new fk’b value which is the mean of the fk,b of each user

over the B sub-bands. This modified metric is justified by the
fact that these K — B users do not have any assigned sub-band
yet since all the available sub-bands have already been
assigned.

So far, we have a new user classification: the High-Priority
(HP) B users, and the Low-Priority (LP) K — B users. The
objective is to allow the LP users to coexist with the HP users
in an efficient time sharing way that respects all the QoS
constraints.

In other terms, for each LP user, we should find the
corresponding sub-band b that maximizes its rate while
minimizing the loss of rate of the HP user already assigned
this sub-band ». We then introduce a sharing factor 7, in (18)
that represents the spectrum utilization advantage of a HP user
on a LP user. Indeed, a HP user should have a data rate greater
than that of a LP user by a factor 7,. As a result, the allocation
of the K — B users is performed in a priority order: the highest
priority user from these K — B users chooses first the sub-band
or equivalently the user from the B already allocated users to
time-share spectrum with. To do so, that user makes an
exhaustive search to find the sub-band that responds to (17) by
using (19) and (20). We repeat the process until all of the K —
B users are assigned. Note that time sharing allows in principle
a large number of users to coexist. However, we will consider
here that at most two users can share the same sub-band in
time in order not to decrease the performance significantly. As
a result, up to K=6 users can coexist in one WiMedia channel.

V. SYSTEM PERFORMANCE

A. Channel Model

The channel used in this study is the one adopted by the
IEEE 802.15.3a committee for the evaluation of UWB physical
layer proposals. This model is a modified version of Saleh-
Valenzuela model for indoor channels [10], fitting the
properties of UWB channels. A log-normal distribution is used
for the multipath gain magnitude. Also, 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 modeling, 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.
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B. Simulation Results

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 I). The results are performed on the first three
WiMedia sub-bands (3.1- 4.7 GHz) for CM1 channel model.

To have fair comparisons, we introduce a user satisfaction
index 77, as being the ratio between the effective SINR of the
sub-band assigned to user & and the best of the effective SINRs
across the B sub-bands of the same user. This is expressed as:

_ gk,b 21

B ml?x(é:k’b) (21
In Fig. 3, we compare the user satisfaction levels obtained
in the optimal and the cross-layer simplified algorithms. We
consider a three users scenario: one H-QoS user and two S-
QoS users. While the satisfaction index for the H-QoS user is
equal to one in the optimal and cross-layer solutions since it is
assigned its best sub-band in both cases, S-QoS users
satisfaction index varies according to their data rates. This is
due to the fact that the power of users is represented by the
effective SINR which depends on the data rate by means of 4
parameter (see Table I). We assume that S-QoS users data rate
is limited to 200 Mbit/s. Thus, we evaluate the performance of
the different users in the first five data rates. As shown in the
figure, the performance of the cross-layer solution is close to

that of the optimal solution previously defined. Note that this

—— HP users
==¥-= HP rate variation threshold
—@— LP users

Average rate variation

Number of users

Figure 5. Average rate variation of HP and LP users in a six users scenario.

result does not change in the six users case since the same sub-
bands will be shared among all the existing users.

In Fig. 4, a six users scenario is considered and the
performance is evaluated for the eight WiMedia data rate
modes, i.e. from 53 to 480 Mbit/s. The plotted curves

represent the £, / N, required to reach a BER=10"" for each

of the data rates. The users are classified in a priority order
where the highest priority user is the one having the highest

I +» value. As shown in the figure, the highest priority user has

a considerable gain compared to the lowest priority user. For
example, at a data rate equal to 200 Mbit/s, the highest priority
user outperforms the lowest priority user with a 2.3 dB gain.
On the other hand, the lowest priority user performance is
slightly degraded compared to the WiMedia solution. This
performance degradation of the low-priority users (or the S-
QoS users) can be viewed as a sacrifice for the sake of the
high-priority users (or H-QoS users) to ensure their strict QoS
requirements.

In Fig. 5, we present the performance degradation,
particularly the rate variation of the existing users in the case
of a six users case. Here, the users are classified according to
their priority order and the rate variation is defined as

allocated data rate

AR =
required data rate (22)

It actually represents the rate satisfaction of each user. We can
observe that a user rate is degraded proportionally to its
priority level, i.e. more the user priority is low, more its
performance is degraded. Besides, since the HP users have a
in (17),
we have to verify that their performance is never degraded

significantly and their QoS requirements are satisfied. Thus,
we define a high-priority rate variation threshold as

guaranteed minimum rate level represented by R

k min

R

k min

required data rate

s 23)
We consider here that all the HP users have the same required
data rate of 400 Mbit/s and that the value of R, , is equal to
200 Mbit/s. As shown in the figure, the HP users performance

responds to their rate constraint and the threshold is always
respected. Note the performance degradation of the LP users is



tolerable since these users have lesser requirements in terms of
data rate.

VI. CONCLUSION

In this paper, we proposed a solution for the multiuser
resource allocation under QoS requirements in UWB systems.
This solution is based on a time-frequency spectrum sharing
scheme which takes into consideration the channel conditions
and the users QoS constraints. Based on an optimal analytical
allocation solution, we proposed a simplified cross-layer
approach which combines the user QoS requirements (priority
level) and the user channel power (effective SINR) in a simple
and efficient function. This priority-based cross-layer
approach offers a solution for the coexistence of more than
three users in the same WiMedia channel while respecting
each user nature and requirements. Finally, we showed
through simulations that the proposed scheme performance is
close to the optimal solution performance. Moreover,
simulations showed that the cross-layer multiuser solution
enhances the performance of the H-QoS users while not
decreasing significantly the performance of the S-QoS users.
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