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ABSTRACT

In the next generation wireless networks, the gngwidemand for new wireless applications is
accompanied with high expectations for better dquabf service (QoS) fulfillment especially for
multimedia applications. Furthermore, the coexistef future unlicensed users with existing license
users is becoming a challenging task in the nextegdion communication systems to overcome the
underutilization of the spectrum. A QoS and intenrfiee aware resource allocation is thus of special
interest in order to respond to the heterogeneawsstraints of the next generation networks. Irs thi
work, we address the issue of resource allocatiotlen heterogeneous constraints for unlicensed multi
band ultra-wideband (UWB) systems in the conteutfire Home Networks, i.e. the wireless personal
area network (WPAN). The problem is first studigthlgtically using a heterogeneous constrained
optimization problem formulation. After studying ttharacteristics of the optimal solution, we prepa
low-complexity suboptimal algorithm based on a sft@ger approach that combines information
provided by the PHY and MAC layers. While the PEWel is responsible for providing the channel
quality of the unlicensed UWB users as well ag tinéerference power that they cause on licenseds)s
the MAC layer is responsible for classifying thdiaensed users using a two-class based approadh tha
guarantees for multimedia services a high-priofigyel compared to other services. Combined in an
efficient and simple way, the PHY and MAC inforonatpresent the key elements of the aimed resource
allocation. Simulation results demonstrate that fteposed scheme provides a good tradeoff between
the QoS satisfaction of the unlicensed applicatiith hard QoS requirements and the limitation ho# t
interference affecting the licensed users.
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1.INTRODUCTION

While the next generation wireless networks aradelriven by a large set of new application
requirements, they are promising to provide higlaa rates and better quality of service (Qo0S)
achievement especially for multimedia applicatiofifiereby, as the number of wireless
applications is increasing, the coexistence ofoueritypes of wireless devices is one of the
major challenging issues.

On the other hand, while spectrum resource has nb@cimcreasingly scarce, spectrum
occupancy measurements have shown that most ofatsegned radio spectrum is still
significantly underutilized. In that context, cotyme radio (CR) and ultra-wideband (UWB) are
two recent and exciting technologies that offer reutions for the spectrum scarcity and
spectrum underutilization. CR is based on the specsensing and dynamic spectrum access
(DSA) techniques to find available spectrum whielm de used by a CR user without causing
any harmful interference to licensed users [1]. TAWWB approach is however based on an
underlay usage of the spectrum obtained under tpogler spectral density (PSD) limitations.
With this latter solution, even if the transmissioask should protect existing systems, there is



interest in finding a flexible method for managihg spectrum access of the secondary users in
order to satisfy high-priority multimedia servicehile reducing the interference they cause on
the licensed users.

So far, UWB has been attracting great intereshaasp@ropriate technology for unlicensed next
generation short range communications. In 2002, Rbderal Communications Commission
(FCC) regulated UWB systems by allocating them3Heto 10.6 GHz spectrum for unlicensed
use [2], with a power spectral density level restd to a maximum of -41.3 dBm/MHz. This
stringent power limitation should ensure an undeusage of the spectrum with little effects on
other licensed services. One of the techniques gsexp for high-rate UWB by the
IEEE802.15.3a workgroup is based on orthogonaluigeqy division multiplexing (OFDM)
referred to as MB-OFDM [3]. Since 2005, this MB-OWA@&pproach has been supported by the
WiMedia Alliance that promoted it to the ECMA Intational standardization body. As a
result, on December 2005, ECMA International evaltyuapproved two standards for UWB
technology [4] based on the MB-OFDM WiMedia solaticCMA-368 for high-rate UWB
PHY and MAC Standard and ECMA-369 for MAC-PHY Irftere for ECMA-368. However,
these standardized UWB systems do not integrate edfigient adaptive mechanisms for
dynamic spectrum usage and interference mitigation.

In the literature, the resource allocation probler®@FDM systems is addressed in general as an
optimization problem where optimal and suboptimabcarrier and power allocation are
proposed using one of the two well-known optimizaticlasses: margin adaptive and rate
adaptive [5, 6]. Besides, some studies have beeotet to the resource allocation problem
under interference constraints. In [7] for instartbe authors define an optimization allocation
problem that maximizes the system throughput {he.sum of the rates of all users) while
limiting the interference caused by each unlicensser. Comparatively, in [8], a suboptimal
resource allocation algorithm that minimizes thltoterference caused by unlicensed users as
well as their transmitted power is presented. I [@e authors introduce optimal and
suboptimal power loading algorithms for an OFDM4xAsCR system under interference
limitations.

In MB-OFDM UWB, few related studies are proposed $pectrum sharing and resource
allocation. The authors in [10] focus on the adapsiubcarrier selection and power allocation in
OFDM-based UWB systems in a single-user schemeuliuser optimal and suboptimal sub-

band and power allocation scheme for the multibdidB systems is also proposed in [11]

under limited power constraint.

None of the above mentioned studies takes intoideration the service differentiation and the
QoS support for multimedia and real-time appliaagiovith the interference constraint. In the
perspective of a diversification of the applicati@guirements, this feature has however to be
considered in the design of allocation algorithms.

The objective of this paper is to study a novekhmieneous resource allocation optimization
scheme for the MB-OFDM UWB systems under interfeeeand QoS constraints so that we
can make a proper tradeoff between the QoS suppartthe interference level in order to
satisfy both the unlicensed multimedia users ared ghmary users. Eventually, we aim at
defining a new allocation scheme for the unlicens®lB users that takes into account the
following three major criteria: (i) the service féifentiation issue through the classification of
the UWB users in two classes: Hard-QoS (or HQo&3¥<clfor multimedia applications, and
Soft-QoS (or SQoS) class for data application}lie channel state information (CSI) through
the use of the effective SINR method; and (iii) tindtation of the interference introduced by
the unlicensed UWB users on the existing licenseaiu

The paper is organized as follows. In section 2 WB-OFDM UWB system model is
introduced. Then, an analytical study is defineddntion 3. The appropriate allocation criteria,
i.e. the service differentiation, the CSI and thieiference power are presented in order to serve



the optimization problem. Based on the aspectsepted in section 3, the constrained
optimization problem is derived in section 4. Wepwse in section 5 two algorithms for the

addressed problem; one optimal algorithm basedhdtegative procedure to obtain the optimal

sub-band and power allocation, and one low-compjesuboptimal algorithm based on a

simple cross-layer approach. Section 6 gives sitioalaesults for the proposed algorithms and
provides analysis and comparisons between the rpaaface of the optimal and suboptimal

solutions. Besides, we present some analysis omntaderence impact on licensed users as
well as the performance of the UWB users in terfpawver and rate satisfaction in order to

check the QoS support of users having strict Qg8irements.

2.SYSTEM MoODEL: MB-OFDM SOLUTION

The MB-OFDM UWB approach (or equivalently the WiMadolution) consists in combining
OFDM with a multi-banding technique that divides @vailable band into 14 sub-bands of 528
MHz each, as illustrated in Fig. 1. Five band gsop channels are defined, each consisting of
three consecutive sub-bands, except for the fifta which includes only the last two sub-
bands. A WiMedia compatible device should actuatlgke use of only one out of these five
defined channels. As mentioned in the introductioote that the PSD level is set to -41.3
dBm/MHz for UWB systems.

In this system, the MB-OFDM scheme is applied vattotal of 128 subcarriers per band, 100
data carriers, 10 guard carriers, 12 pilot and I6tones. The OFDM signal can be transmitted
on each sub-band using a 128-point inverse fastiéromansform (IFFT). The pilot tones are
used in order to achieve the coherent detectiom ddnstellation applied to the different
subcarriers is either a quadrature phase-shiftnge{@PSK) for the low data rates or a dual
carrier modulation (DCM) for the high data ratesffédent data rates from 53.3 to 480 Mbps
are obtained with the combined use of forward ewgoirection (FEC), frequency-domain
spreading (FDS) and time-domain spreading (TDS)pr@sented in Table 1. This enables
optimum performance under a variety of channel g varying the information data rate of
the system. The FEC used is a convolutional codle eading rates of 1/3, 1/2, 5/8 and 3/4.
Note that in Table 1, a new parametas introduced. This parameter will be defined estson
3and used for the exploitation of the CSI at thespdal level.

Emitted
Signal
Power

GSM
GPS
ISM
WiMAX
U-NII

-41.3dBm/MHz fe—e— W .

1 2 4 5 6 7 8 9 10
/ Frequency (GHz) \
A

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5

Band Band Band Band Band Band Band Band Band Band Band Band Band Band

T eeeen

3432 3960 4488 5016 5544 6072 6600 7128 7656 8184 8712 9240 9768 10296 (MHz

Fig. 1. UWB spectrum and sub-band distributionidMedia solution.



Table 1. WiMedia data rates and the associatedryedesd.

Data Rate | Modulation | Coding | Frequency Time Code bits A
(Mbps) Rate Domain | Spreading | per OFDM symbol
(N Spreading | Factor

53.3 QPSK 1/3 Yes 2 100 1.49

80 QPSK 1/2 Yes 2 100 1.57
110 QPSK 11/32 No 2 200 1.42
160 QPSK 1/2 No 2 200 1.57
200 QPSK 5/8 No 2 200 1.82
320 DCM 1/2 No 1 200 1.8b

400 DCM 5/8 No 1 200 1.8P

480 DCM 3/4 No 1 200 1.80

The coded data is spread by using a time-frequeadg (TFC). In all, there are two types of

TFCs. The first one is a time-frequency interlegvi{iTFI), where the coded information is

interleaved over three bands and the second oadixed frequency interleaving (FFI), where

the coded information is transmitted on a singladba@ FC allows each user to benefit from

frequency diversity over a bandwidth equivalenthe two or three sub-bands of one channel.
In addition, to prevent interference between cousee symbols, a zero padding (ZP) guard
interval is added instead of the traditional cyghefix (CP) used in the classical OFDM

systems. The ZP simply consists in trailing zerod eequires a specific processing at the
receiver side to compensate for the lack of cystiacture in the received signal and hereby
make possible a simple OFDM demodulation through E&mputation [12].

From the physical layer point of view, the WiMedialution offers potential advantages for
high-rate UWB applications, such as the signal stitess against channel selectivity and the
efficient exploitation of the energy of every sigreceived within the prefix margin.

Concerning the MAC layer and the medium accesgymabmation of carrier sense multiple
access (CSMA) and time division multiple access NIH) is adopted to ensure prioritized
schemes for isochronous and asynchronous traffics.reserve any TDMA access for
isochronous and other data transfer, a distribuesgrvation protocol (DRP) is used. For
network scalability, meaning possible less usextfaeresources when the number of devices
increases, prioritized contention access (PCAjasiged using a CSMA scheme [4].

Channel time is divided into superframes. A supeng is the basic timing structure for frame
exchange and it is composed of two major partsphtecon period (BP) and the data transfer
period (DTP). The duration of the superframe iscHjgel as 65536us, and the superframe
consists of 256 medium access slots (MASSs), whielat of equal length, 256s.

3. CROSSLAYER |NFORMATION

The proposed allocation scheme counts on the tiolfeof information located at two different
levels, more precisely the PHY and the MAC levéis.this section, we present the new
functionalities of these two layers that should tdbote to the optimization problem
formulation.

3.1. MAC layer Information
3.1.1. Service classification

Since multimedia applications services are key iapgfpbns in next generation wireless
networks, especially in high-rate UWB networksisidesirable to assign them a high level of
priority in any radio access mechanism. A two-les@lvice classification model is proposed in



this paper to ensure the prioritization principieldo respond to next generation systems QoS
requirements. Consequently, we classify the UWBiseltypes into two classes:

1. Hard-QoS class (HQoS): This class is defined fquliagtions or services that
require strong QoS support, more precisely multimexpplications. Voice and
video services for instance are non delay-toleagplications, they have thus strict
QoS requirements and they definitely belong to ¢hass.

2. Soft-QoS class (SQoS): This class is dedicategpiications that don’t have strict
QoS requirements, more precisely non real-time ada @pplications. Best effort
(BE) and file transfer services for instance artayéolerant applications, they
belong thus to this class.

3.1.2. Weight assignment

The defined service classification scheme offetwalevel priority-based model which affects

the scheduling decision. Effectively, we assign lass weight to the different users or

applications belonging to the two defined clasgekigher weight is thus to be assigned to the
service type with strict QoS requirements.

Our weight assignment model is divided into twotgiafixed class weight assignment and
dynamic service weight assignment:

* Fixed class weight

A constant weight is assigned to the users aimirsgeessing the network based on the class to
which they belong. This approach is proposed irj {@6IEEE 802.16 where the four defined
classes are assigned four weights according taldss priority. Similarly, according to our
two-level service classification model, weight 2aigributed to HQoS class and weight 1 to
SQoS class.

« Dynamic service weight

Since different services belonging to the samesatagy have different QoS requirements, we
define a dynamic service weight that ensures aitiaddl level of differentiation between users
according to their requested data rates. Consdguentiserk is assigned a service weight
defined as

R( B R’\il’l
Rnax - Rnin
where R, is the usek requested data ratR,, and R.x are respectively the lowest and the

highest data rates taken from the WiMedia datamaides as presented in Table 1. Evidently,
this service weight gives advantage to users havigly data rate requirements.

§ =1+ (1)

Note that if two or more users require the sama date which results in assigning them the
same weight, an additional differentiation levedEamanded which is the delay tolerance. For
instance, two users belonging to the same clashavidg the same rate requirements have to
be differentiated according to their target delaguirement, so that the user with a lower delay
tolerance is considered as a higher priority user.

* Absolute user weight

Provided by the MAC layer, the fixed and the dynamveight definitions ensure an adaptive
rate differentiation for the end-users accordingtheir requirements and to the system
constraints. Accordingly, the absolute user weiftis the combination of the class weight with
the service weight defined as



W, =qxg )

whereqy is the usek class weight ansg; is its service weight.

3.2. PHY layer Information
3.2.1. Channel State Information (CSI)

Since the unlicensed UWB users have to learn attwutchannel conditions to adjust their
transmission parameters, useful channel informatéonbe provided to each user by exploiting
the CSI. Assuming that the instantaneous SINR &ohesubcarrier is known by each user, it is
possible to evaluate the system level performamd¢erms of BER by using the effective SINR
approach. The basic idea of the effective SINR oektis to find a compression function that
maps the sequence of varying SINRS to a singlesvdlat is correlated with the BER. This new
channel approach used in the 3GPP standardizasican aeffective link to system mapping
method [13,14] is useful in representing the gualita sub-band by a scalar value stated as

SINR, = r{%i I(SINR)) @3)

wherel(x) is called the information measure functidhthe number of subcarriers in a sub-band
and SINR the ratio of signal to interference and noisetf@ith subcarrier. Referring to the

Exponential Effective SINR Mapping (EESM), we uBe following expression fdfx)
X
1(x) = eXp(—;) 4)

where/ is a scaling factor that depends on the selectsdutation and coding scheme (MCS).
In our systemy is computed and evaluated for the eight WiMedia date modes as presented
in Table 1.

Eventually, the effective SINR writes

()

SINR; =-4 In{ > SINR)}

1
N & TPET
In practice, based on the CSI knowledge, each igsegipable to compute the effective SINR
value in each sub-band by using (5). For instaimcthe case of one channel divided irge- 3
sub-bands and withk =3 users, the physical layer information is reducethe knowledge of
only Bx K =9 effective SINR values.

3.2.2. Interference Power

With the limited power imposed by the FCC to théaemsed UWB users, we have to be aware
in any power allocation scheme to limit the integfece that could be caused by the UWB users
to the primary users sharing the same spectrumeNpoecisely, since we are dealing with
heterogeneous environment due to different seml&eses or traffic types, this will absolutely
lead to different power level assignments. Our dbje is thus to control the power assignment
of the different UWB users in order to limit or text the interference caused by these users on
the primary users.

According to [15], in OFDM systems the interferemqmewer caused by a secondary uker
assigned a subcarrieand affecting a primary usaris defined as

Ili],i =Pk,iIi (6)
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wherel, = [ & § Jf (7)

1
U_=
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where Py; is the power allocated to uskrin subcarrieri, n'the spectral distance between
subcarrieti and the center of primary useband, Af the bandwidth of primary userband and
®, (f) the spectral pulse shape of subcairier

We extend these formulas to the MB-OFDM systenwbtain
Ilij,b = I:)k,bl b (8)

(-

Wherelbzi [ o ¢y (9)

i=1 1
(' _E)N

wherePy, is the power allocated to udem sub-band andN the number of subcarriers in one
sub-band.

4.PROBLEM FORMULATION

In order to address the resource allocation matter heterogeneous context under QoS and
interference requirements, we first study it aneally by deriving a constrained optimization
problem. We consider a system consistinggqfrimary users and UWB users where the first
K, users are HQOS users and the remaiiifi§y, are SQ0S users. The rate of a usar sub-
bandb is defined as

o =109,1+P E,.) (10)

whereE, is the effective SINR of usérin sub-band. The objective is to find a joint sub-band
and power allocation scheme for the UWB usersfairavay that maximizes the total data rate
of theK-K, SQoS users while respecting the following condgio

- maintaining a certain level of transmission fatetheK, HQoS users,
- limiting or reducing the interference power calibg the UWB users on the primary users,
- and respecting the total transmission poRseconstraint of the UWB systems.

The problem can be formulated as

K
T 2 2N
' k=K, +1b0S,

subjectto > 1,2 R, k1..,K
bOS,

(11)

whereB is the total number of sub-band,the HQoS usek required data ratd," the power

interference threshold defined by the primary use the set of sub-bands assigned to kser

In our caseS,, S,.., & are disjoint and each user is assigned one sutb-aring one time
interval. This problem is a mixed integer lineaogmamming problem sinc& are integer
variables [17]. Consequently, the problem is cfes$ias NP-hard. A method that makes the
problem solvable is to relax the constraint thathesub-band is assigned to one user only. The



idea is to allow the users to time-share each suigHtby defining a new paramejgn, which
represents the time-sharing factor for useaf sub-bandb. The optimization problem can be
reformulated as

S Pk,bEk,b
max Z Zpk,b |Og (:H'— )

RobrPro k=g +1be1 Lo

E
subject toz,okblogz(1+ kpb KL THOYS R k1K

k,b

K

kz_;pk,b =1 b :kaybs 10k b, (12)
K B

YY1 u= 1.

k=l b=l

K B

$3R,<h

k=1 b=1

The problem in (12) is a convex maximization prombleUsing standard optimization
techniques, we obtain the Lagrangian

- . P,E
= 3 Y aulog, ) + Ya, Bp, log (it R )

k=Ky +1 b=1 k.b kib (13)
B K K B
Zﬁb (1_Zpk,b ) +y(tuh ‘ZZ'Eb)ﬂPT‘ZZPKb)
b=1 k=1 k=1 b=1 k11

Sub-band Allocation

Let p, be the optimal solution. After differentiating §1®ith respect tog,, by KKT
optimality condition [18], we obtain

aE
og, (i) - - Y02y g =0, fok= LK,
yln2° In2° aE,
' (14)
1 yIn2
lo =) - 0, fde=K + 1K
%2 2" = )=h= vk
Sincep’, , should satisfy the following KKT condition
>0, P\, =
6!_ =:{=0, O<10*k'b < (15)
0P v .
<0, p,,=0
Substituting (14) into (15), we get
1, H >
Pes= o (16)
0’ Hk,b<18b

whereHy, is defined as



E
H,,=a, Iogz(ak “2) - ( yIn2) , fok= 1,.K,
' yln2° In2° aE_
' (7)
=log, _ 1 g2y fdk=K, + LK

wz n2° E,

We conclude that, for a chosen sub-banthe user with the largebt , can use the sub-band.
In other words, for a sub-bamdif Hy, are different for alk, then

Pep=1 p,,=0 forakzKk (18)

where k' = arg maxH, , (19)

Power Allocation

Let P, be the optimal solution. After differentiating (1®)ith respect toR,, by KKT
optimality condition [18], we obtain

1 ),  fork=1,..K,

ﬂdlz Eeo

(20)

b = Pp(———= fork=K, +1,..K

I2E

As a result, in order to achieve the sub-band awekp allocation, we have to compude, and
Py, for all the existing UWB users. We thus need tal fihe set ofy such that the HQoS users
rate and the total power constraints are satistibis can be stated as

R = Zamm‘”%>a fork=1,...K,
K B
2 2R,<

k=1 b=1

(21)

Interference Power Control

After allocating the sub-bands and the power todifferent UWB users, we eventually need to
satisfy the interference constraint. Since theriatence power of a usdrin a sub-band
depends on its allocated power in this sub-bangiween by (8), we control the interference that
may be caused by the UWB users to the primary usmrspying the same spectrum after the
power allocation. The control consists in reducthg power level of the users causing an
interference level that exceeds the primary useesference threshold.

In order to be consistent with the HQo0S users cammf we have to make a certain tradeoff
between the interference reduction and the QoSfaetion. LetP, , be the power that should
be allocated to the part of the sub-bdndausing interference. Thereby, we define a power
reduction parameteR’ for the different UWB users as the power that &hde reduced from

the allocated power in the band or the set of quieca that are causing interference to the
primary users. In the following we define the poweduction value in the case of SQoS and
HQoS users respectively.

- For SQ0S users:

For SQoS users, the allocated power is annullgtidrband or the set of subcarriers occupied
by a primary user. This is stated as



P, =0, andconsequently R =P, (22)

This gives a protection to the primary user whéducing the performance of the SQoS UWB
users. The performance degradation of the SQoS gkeuld be tolerable since these users do
not have strict QoS requirements.

- For HOOS users:

In the case of HQOS users, the interference rastucthould take into consideration the rate
requirements of these users. In other terms, tep® reduced to a level that can satisfy the
HQOoS constraints.

By taking the HQOS rate constraint given by (118,can write

B up -
ZIOQZ (1+ Pk,bEk,b) - Z Iogz (l+ Pk,bEk,b)2 Rk (23)
b=1 b=n,
whereny,-nyq is the bandwidth occupied by a primary user. 3g\{3) we obtain
zw(rk_Rk) -1
R € ——— (24)
Ek,b

This limitation in the interference reduction guateses the QoS support of the HQoS users so
that any power reduction does not affect their ratgpiirements.

As a conclusion, adapting the interference poweucton value to the users QoS level gives a
kind of tradeoff between the need to protect thengry users and guarantee the QoS support of
the HQoS UWB users.

5.OPTIMAL AND SUBOPTIMAL ALLOCATION ALGORITHMS

5.1. Mathematical characteristics of the optimal sation

To solve the formulated optimization problem, wstfistudy the characteristics of the sub-band
and power allocation functions given by (17) an@)(&spectively. These two functions have
the following properties:

» First, they are monotonically increasing with regpm E., This means that, for a
selected sub-band, the user having better chammelitons has more chance to be
assigned this sub-band with a good power level.

e Second, the two allocation functions are monotdlyidacreasing with respect ta.
This can be viewed as a result of the service miffeation principle. In other terms, the
functions depend on the user priority and thus,dtnieter the user requirements, the
higher the value ofy and consequently the higher the value of thesetifurs.

e Third, we conclude from the HQOS users constraiivergy by (21) thatoy is
monotonically increasing with respectRq

As a result, the power and the sub-band allocdtiontions depend on the rate constraints of
the users, more precisely the HQ0S users thatstacedata rate requirements.

5.2. Optimal Algorithm

Based on the above observations, we propose ativterlgorithm detailed in Algorithm 1 for

the search of the optimal sub-band and power dltmtaThereby, since the interference power
control is a step that follows the power allocatstep, the algorithm is divided into two parts:
the joint sub-band and power allocation part, dreimterference control part. In the first part,

10



the process consists in incrementmgteratively by a small valué until reaching the HQoS
users data rate request while respecting the posrestraint. Then, using the so-obtaingdthe
allocated power is refined in order to reduce thterference power to primary users as
described in the previous section.

Algorithm 1: Optimal Solution

Part 1: joint sub-band and power allocation

1- Initialization
alpha=1
a, = alpha®, fork=1,..ky
2- Sub-band allocation
a. for sub-bandb=1,..B
computély , using (17) for alk

obtaing, ,and k' using (18) and (19)

b. fork=1,..ky

computeR; using (21)
c. fork=1,..k,

find kwith R <R andR- R< R- R
d. while R <R

a,=a,+o

repeat a.,b. and c.
3- Power allocation
a. computePy, using (20) for alk

K B
b. computeP =) > R,
k=1 b=1
c. ifR<Rk
a,=a,+ 02
else
a.=a,-9l?2

repeat 2. and 3. untiy = R

Part 2: Interference power control

1- fork =1,.K
computel/, using(8) for the allocated sub-barid

K B
2- computel, =Y DIy,

k=1 b=1

3- if I >1h
a. find k and the corresponding allocated sub-bandth l,#0

b. if kO{k, +1,..,K}

reduce the power in the subcarriers causiregfirtence using (22)
else
reduce the power in the subcarriers causing imemfee using (24)

11



5.3. Suboptimal Algorithm

In order to reduce the high computation cost of dipimal algorithm due to the iterative
process, we define a suboptimal allocation algoritfihis suboptimal algorithm is based on a
cross-layer approach in the way of collecting tbeesponding information from the PHY and
MAC layers. The idea is first to replaagby a static parameter that can be defined oncallfor
the users. We propose thus to use the weight p&ealedefined in section 3.1. This can be
justified by the fact that the weight parameter th@ssame characteristicsgsboth parameters
depend on the service data requirements or thel€@e$s Second, in the suboptimal solution,
the power is equally distributed among the differesers and it is refined individually

according to each user conditions.

The new suboptimal sub-band allocation functiont thdl replace the optimal sub-band
function given by (17) is defined as follows

F+L,b ::\/\& EEk,b (:255)

Algorithm 2: Suboptimal Solution

1- Initialization
Pl’ed - 0
!
2- Power distribution

Pkb:E, fork = 1,..K
T B

3- Sub-band allocation
for sub-band=1,..B
computeH, , using (25) for alk
k' =argmaxH, ,
4- Interference control
a. fork=1,.K
computé,, using(8) for the allocated sub-barml

K B
L u
b. computel,=> > I},
k=1 b=1
c. if1 >

find k and the corresponding allocated sub-bandth l,#0

if kO{k, +1,..,K}
reduce the power in the subcarriersicauinterference using (22)
else

reduce the power in the subcarriers causing imemfee using (24)
r_ _ ed
R= P|2,b F{b
F?rred = F?rred + Pl;’r:d

5- QoS control - power refinement

if P %0
a. for k=1,..k,
computeR, using (10)
b. fork =1,..k,

findk' (K # K)with R, <R, andR - R< R- F
Reo =Rt R

12



The allocation function given by (25) can be vievesda cross-layer function since it combines
the user weight as defined in (2), information jded by the MAC layer, and the user effective
SINR in a sub-band as defined in (5), informatioovjled by the PHY layer.

Algorithm 2 presents the suboptimal solution. lis thlgorithm, the power is first distributed

equally among the existing users. Then, we prosedl the sub-band allocation using the
suboptimal allocation function given by (25). Tmerference control is done here before the
QoS satisfaction control. Thus, after the poweuotidn resulting from the interference power
control step, the power is refined in order to easthe unsatisfied HQo0S users having no
interference problem with primary users. To dowe, increase the allocated power of these
unsatisfied HQoS users by the amount of the powduaed from users having interference
problem with primary users.

6. SYSTEM PERFORMANCE

6.1. Channel model

The channel used in this study is the one adopyethd IEEE 802.15.3a committee for the
evaluation of UWB proposals [19]. This model is adified version of Saleh-Valenzuela
model for indoor channels [20], fitting the propest of UWB channels. A log-normal
distribution is used for the multipath gain magd#éu In addition, independent fading is
assumed for each cluster and each ray within tngtenl. The impulse response of the multipath
model is given by

ZI P\
h)=GX > a(z pa(t-T(3-7(z P (26)
z=0 p=0
whereG; is the log-normal shadowing of tith channel realizatior;(z) the delay of clustez,
and a;(z, p) andr, (z, prepresent the gain and the delay of multipptiwithin cluster z,
respectively.

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

6.2. Simulation results

In this section, we present the simulation resfdtsthe proposed allocation scheme and we
compare the performance of the optimal and the ubal solutions. For the simulation
scenarios, we use the proposed WiMedia data ratss Table 1) and we consider the first
WiMedia channel (3.1-4.7 GHz) for CM1 channel mod&nsequently, three unlicensed UWB
users are considered to send simultaneously bynghtdie three sub-bands of the first WiMedia
channel. Moreover, we consider a licensed userpyteg a bandwidth that varies from 1 to 50
MHz in the first WiMedia channel.

Since we aim at guaranteeing the QoS support dfimmedia applications, we present in Fig. 2
the power satisfaction of the HQo0S users causingrfarence on the licensed user. Two
scenarios are studied: scenario 1 consists of nlieensed HQoS UWB transmitting at a data
rate of 320 Mbps and two SQoS users transmitting3e8 Mbps; and scenario 2 consisting of
one unlicensed HQoS UWB transmitting at a data cfitd60 Mbps and two SQoS users
transmitting at 53.3 Mbps. As explained before,t@mly to the SQoS users that annul their
power in the primary user band, the HQo0S user reslits transmission power to a certain limit
that respects its rate requirement. Accordinglye giower reduction depends on the rate
requirementR, of the HQoS user and the bandwidth of the primagr occupying the same
UWB user band. As shown in the figure, if the dati® requirement level of the HQoS user is
high (R«= 320Mbps), the reduction is not considerable and tlee satisfaction is good.
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Fig. 2. Power satisfaction level of unlicensed HQ@s8rs causing interference to a licensed
user.

However, in the case wheRy= 160 Mbps, we observe a substantial reduction level @slbe

if the bandwidth occupied by the primary user rgéa This proves that users with high data rate
are more protected, which guarantees a good lév@b8 support for multimedia applications
having high rate requirements. Besides, we notie¢ the optimal solution outperforms the
suboptimal solution with an average of 10% in kxgténarios.

In Fig. 3, we present the interference reductidio ria the cross-layer (suboptimal) solution for
the HQoS and the SQoS users in different conditiafe mean by interference reduction ratio
the ratio of the whole reduced interference leeslutting from the power refinement of the
users causing interference to primary users, tootiginal interference level obtained before
applying the new allocation scheme. We presentteeaocording to three valueslgfas shown

in the figure. We consider a scenario which coagi$tone unlicensed HQoS UWB transmitting
at a data rate of 320 Mbps and two SQoS usersniitimg) at 53.3 Mbps. As we can observe,
increasing the value &f, decreases the interference reduction level, wisiciormal since it is a
constraint imposed by the primary user to the UVéBrs. Besides, note that the interference
reduction in the case of SQ0S users is more impbriais is resulted from the fact that the
interference depends on the power which is annifiéde part of the band causing interference
by SQoS users on a primary user whereas it is eglincthe case of HQoS users.

0.5

I
—O— SQoS - Ith=-5dB
"] —3—sQoSs -ith=-10dB ||
- Ith = -15 dB |
-Ith=-5dB
- Ith = -10 dB ]|
- Ith = -15 dB ||

I I I I
| | | |
045 — — 4 ———F —— A4~ — —+ — —
| | | |
| | | |

Interference reduction Ratio

— —
0 5 10 15 20 25 30 35 40 45 50
Primary user bandwidth (MHz)

Fig. 3. Interference reduction ratio for the diffet users in different conditions
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Fig. 4. Rate Satisfaction of HQos and SQo0S usetfseiproposed scheme.

In Fig. 4, we present the average rate satisfaddwal of all the users in the optimal and
suboptimal solutions. We consider the same scenatgfined for Fig. 2. As shown in the
figure, HQOS users rate satisfaction level is mowre better than that of SQoS users. This
proves that the QoS support of the HQO0S usersdragteed in terms of rate satisfaction in both
optimal and suboptimal solutions. For instanceth@ case where an HQo0S user is causing
interference to a primary user occupying a bandwaft50 MHz, the rate satisfaction level is
almost 80%. On the other hand, since the SQo0S bsews less QoS requirements, their rate
satisfaction level decreases to 40% when they catesderence to a primary user occupying a
bandwidth of 50 MHz in the suboptimal solution. Bies, we note that the optimal and
suboptimal solutions perform very close in both Igmd SQoS cases. This can be justified by
the fact that, in both solutions, the sub-bandcaliion is the same, so the channel quality is the
same and what differs is the assigned power level.

7. CONCLUSION

In this paper, we have studied the resource altmtgiroblem for the unlicensed high-rate
UWB systems which use an underlay approach for cibexistence with already existing
licensed systems. This study gives an answer teghetrum sharing problem for the secondary
users having heterogeneous conditions and aimiogeatisting with the primary users.

The problem has been first studied analyticallydbyiving a constrained optimization problem.
This study has lead to an optimal solution whilesidering three main constraints: the QoS
requirements, the channel quality, and the interfee level caused by the UWB users on the
primary users. A suboptimal solution is also pregab# reduce the complexity of the optimal
solution. It is based on a cross-layer approaclthen way it jointly considers information
provided by the PHY and MAC layers.

Finally, we have shown through simulations thecegficy of the proposed allocation scheme
that guarantees a good QoS support for users wiitt sequirements. Besides, the slight

performance degradation of the unlicensed usetsdthaot have QoS requirements is viewed
as a sacrifice to ensure an efficient use of tleetspm that limits the interference affecting the

primary users. We have shown also that the optandl suboptimal solutions perform close,

which means that the new simplified cross-layerrapgh is advantageous and can be an
efficient solution for the QoS support and spectslraring matters in the next generation UWB
systems.
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