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Radio Resource Sharing for Ad Hoc Networking
With UWB

Francesca Cuomo, Cristina Martello, Andrea Baiocttember, IEEEand Fabrizio Capriotti

Abstract—Ultra-wideband (UWB) radio is becoming a potential of this technique can be exploited. We concentrate on
promising field for new generation’s digital communication the definition of radio resource sharing principles that could be
systems. This technique, based mainly on the impulse radio applied to support IP pure “best effort” traffic (e-mail, WEB

paradigm, offers great flexibility and shows enormous potential in b . file t f t dat . ith i
view of a future broadband wireless access. In this paper, we aim rowsing, file transfer, etc.) or data services with specific

at presenting the main principles to design a multiaccess scheme quality-of-service (QoS) requirements. The paper is organized
based on UWB. The potential of UWB is exploited within a dis- as follows. Section |l describes the reference architectural

tributed ad hoc wireless system, where we describe the principles scenario. Section Ill introduces the model considered for the
for the definition of a medium-access control (MAC) for mobile definition of the radio resource sharing scheme. The joint

computing applications and we analyze the main performance wer and rat ianment paradiam for radio r ] harin
results derived from simulations. A general framework for radio power a ale assignment paradigm Ior radio resource sharing

resource sharing is outlined for classes of traffic requiring both IS given in Section 1V, whereas Section V presents simple,
elastic-dynamic and guaranteed-reserved bandwidth. Then, suboptimal algorithms and procedures that apply the resource

we discuss the issue of supporting the proposed radio resourcesharing principles identified in Section IV. In Section VI, we
sharing scheme by means of a distributed MAC protocol. illustrate performance results while supporting elastic-dynamic

Index Terms—Ad hoc networks, medium access control (MAC) bandwidth class of traffic. Finally, Section VII concludes the
protocols, power control, radio resource sharing. paper and discusses lines for future work.

|I. INTRODUCTION

LTRA-WIDEBAND (UWB) technology is an emerging ,
U paradigm both in the field of radar applications anf: YWB Multiple Access
digital communications. UWB systems are mostly based onIR transmits extremely short pulses (0.1 to 1.5 ns) giving
impulse radio (IR) technology, which has recently reacheibe to wide spectral occupation in the frequency domain (band-
an appreciable degree of development so as to be ablewidth from near dc to a few gigahertz). The typical pulse, named
support high data rates with low power consumption and Iothonocycle,” is the building block for data transfer that is com-
complexity in terms of transmission/reception operations [lfonly obtained by using the pulse position modulation (PPM).
[2]. By combining a transmission over a wide radio spectruin a binary context, a logical “zero” is transmitted by one mono-
band with lower power and pulsed data, UWB causes lesgcle centered at timg, whereas a logical “one” is transmitted
interference than conventional narrowband radio and offésg the monocycle shifted by seconds (centered &t + 6). In
potential to hit the market in unlicensed bandwidths. order to allow several users to share the same radio resource si-
Today itis clear that UWB is a promising field to create smalmultaneously, the time-hopping (TH) code is added [2]. Below,
high bit rate transceivers that could be used for a wide set of ape consider the use of pseudorandom TH codes.
plications, from wireless local area networks (LANs) to ad hoc Fig. 1 reports an example of transmission by two users,
networks, from IP mobile-computing to multimedia-centric apeach characterized by a TH code word. Whereas the first
plications. In this context, a consistent amount of literature haser uses the TH cod§l, 3,0,2,...}, the second uses the
been dedicated to the analysis of UWB transmission/receptiword {3,2,5,4,...}. Each code word element corresponds to
principles and of its relevant performance [3]-[7]. Besides thesge of the possibléV;, time shifts in theZ; period, that is,
key issues, the challenge in using UWB technology in wirelesise pulse repetition time (typically a hundred or a thousand
communication systems lies in the development of multiple agmes the monocycle width). Eady is divided into N, time
cess techniques and radio resource sharing schemes. bins of period7,. N, consecutive pulses transmitted at the
The aim of this paper is to outline a framework for th@ulse repetition time are dedicated to the transmission of 1-b
adoption of UWB in a wireless ad hoc system, where the mafgymbol). The bit rate associated to one code word is then
R = 1/(N, - Ty). The period of a code word is denoted/dg
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of the WHYLESS.COM project IST-2000-25197. with the T'; and with each other: whereas the first assumption
The authors are with the University of Rome “La Sapienza,” Infocom Depargan pe easily satisfied, the second one is more unrealistic. How-
ment, 00184 Rome, Italy (e-mail: cuomo@infocom.uniromal.it; martello@in- . .
focom.uniromal.it; baiocchi@infocom.uniromal.it; fcapriotti@libero.it) ever, thoth the users are not synChromzed with each other and
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User A: time-hopping code = 1, 3, 0, 2
User B: time-hopping code = 3, 2, 5, 4
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Fig. 1. UWB multiple access scheme.

collisions are not very likely to occur while just mutual interC. Reference Architectural Model
ference arises and can be compensated by transmitting sever%he reference architectural model is reported in Fig. 2. The

monocycles for the same bit [2]. model includes radio terminals (RT) and access points (AP).
We selected a distributed mechanism to handle radio resource
B. Ad Hoc Concept Based on UWB sharing that could be used both in an infrastructure network,

Recent research efforts have been dedicated to ad hoc fahere APs interconnect the RTs to the fixed network) and in a
works. Until recent years, these radio networks were consideigiére ad hoc network, supporting peer-to-peer communications
mainly for military applications, as their distributed architecbetween RTs. Fig. 2 highlights the presence of an medium-
ture offered a fundamental, operative advantage. As regardsaggess control (MAC) domain, where access to the radio
commercial sector, ad hoc networks are expected to enhance'@spurce is controlled. Every MAC domain refers to the area
networking world, by providing access where no infrastructutghere transmission of an RT (or AP) has an impact on the
is available, or by quickly and cheaply extending existing co¥ransmission/reception of other RTs (or APs). As a consequence,
erage areas [8], [9]. the multiple access control function will operate in every MAC

Several technologies are emerging for ad hoc networkiggmain, in order to share the capacity among the RTs/APs
[10], [11]. UWB appears competitive in this field and could b&elonging to thatdomain. Mutual interference among competing
exploited as a promising and flexible transmission technolodyTs/APs plays a fundamental role in the control of access to
that brings some specifically suitable advantages, thanks t¢ha radio part and power control is seen as a mechanism to
few UWB features matching exactly the requirements needeé used jointly within MAC procedures in order to increase
to design an ad hoc network. use of the radio trunk [15], [16].

First of all, UWB can provide high data rates in indoor, The radio resource sharing mechanism we are going to pro-
dense multipath environments [12], [13], as is expected of tR@se jointly manages both powers and data-rates in order to sup-
technologies of future generation radio systems. An additior2@rt two different classes of traffic. A first class of traffic named
feature of UWB is its flexibility in the reconfiguration procesgeserved bandwidth (RB), requires a QoS expressed as a given
of data rate and power, due to the availability of a number @fmount of bandwidth negotiated at the beginning of a session;
transmission parameters, which can be tuned to better matchtitig class typically accommodates time-constrained data flows.
requirements of a data flow. As far as radio-terminal equipmeftsecond class of traffic named dynamic bandwidth (DB), can
is concerned, this is generally cheaper than the equipment @bstically adapt the bandwidth to the varying system condi-
traditional technologies, as the structure of the receiver tigns; this class can be used to map the classic “best effort” ser-
extremely simple due also to the absence of a carrier. Vice of the IP networks. The name DB refers to the fact that

Moreover, IR calls for the synchronization of transmittingthe MAC can dynamically reconfigure the amount of bandwidth
receiving pairs (communicating through limk), but works into a time scale of the packet duration. This reconfiguration is
efficiently even though different links in the network aréeeded inorder to counteract changes in interference conditions
asynchronous; this feature is particularly suitable in an &hd to use the radio resource efficiently.
hoc network, where the absence of an infrastructure implies a
highly complex synchronization of all the network terminals.

In our work, we aim at defining a multiple access control pro-
tocol that can be applied in different architectural scenarios (aUWB transmission was analyzed in [1] and [2] according to
wireless, local area access or a pure ad hoc network) to supytbet standard, additive white Gaussian noise (AWGN) hypoth-
mobile computing applications [14]. esis, with independent users exploiting pseudorandom codes.

I1l. RADIO RESOURCESHARING MODEL
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Fig. 2. Reference architectural scenario and MAC domains.

The receiver is assumed to be synchronized exactly on the keeping the code length, constant, instead simply the number

tended pulse stream. The bit error probability is evaluated bf pulses to be integrated at the receiver changes.

assuming that the background, noise and UWB self interferenceAs regards power, this i® = Ew /(NnT.), whereEy is

are both gaussian and are, therefore, a function of the signalitte pulse energy. Hence, the power can be modified by changing

noise ratio (SNR). either the pulse energiyy, or Ny, or T,; these latter two are
We considerV pairs of communicating UWB terminals, eactspecific in the case of UWB IR. Adjustingy;, is an extremely

pair consisting of one transmitter and one receiver and using aimple way of adapting the power level, even though it trans-

pseudorandom code. In the following, we refer only to RTs evéaies into quantized variations becausg is an integer. In the

if the model applies also to communications involving also APsemainder of this paper, we deal withand P as though they

Then,N links are active and the SNR at tith link’s receiver is were continuous variables. This is justified by the typical values

of N; and N, that imply a negligible quantization effect on

P;gi; ) power and rate values.
SNR; = N i=L....N Moreover, in our model we assume that path gains remain
R; <m +Tro2 > Pkgki) fixed; path gains do, in fact, fluctuate due to changing multipath
k=1,k#i patterns and ultimately to terminal mobility. It is a customary
. _ @) assumption to deal with path gains as constants, which is jus-
where we use th_e following Qef|n|t|ons: tified when RT mobility is significant on a time-scale which is
R;  binary bit rate of theth link; at least one size larger than the time-scale for the MAC layer

P;  average power emitted by thith link’s transmitter;  connection adaptation (e.g., the time needed for power and rate
gi;  pathgain fromthéth link’s transmitter to thgth link's  assignment, channel measurement, signaling). This is indeed a

receiver; reasonable assumption in a mobile computing context. A sim-
n;  background noise energy plus interference from othéar modeling to the one assumed here is typical of most works
non-UWB systems; dealing with ad hoc network algorithms (e.g., routing) [17] or

o2  an adimensional parameter depending on the shapedgiver control schemes [18].
the monocycle.
Typical values of the above parameters are as follows [2] : the V. JOINT POWER AND RATE ASSIGNMENT AS AN
pulse duration is 0.75 ns afg = 100 ns;o? = 1.9966 10 3; OPTIMIZATION PROBLEM

n= 2~56_8 10! _V23- A basic requirement of the physical layer is to offer bit
Equation (1) is structurally the same as the one fouRghnsmission with an error probability no greater than a given
for asynchronous wideband code-division multiple acceg$reshold value. That in turn means that the SNR of ithe
(WCDMA). Apart from the value of key parameters (€.g., thgnik must not be maintained below a specified threshgjd
mutual interference “weight’), the major points that are yoreover, an upper constraint is enforced on the average value
specific to IR UWB are those showing how power and rate C@j the transmission power level; this value is referred to as
be adjusted. P...x. Therefore, from (1), we infer that the power levels and

The rate isR = 1/(N,N,T.), so that it can be modified p;t rates should meet the following constraints:
by changing either the basic chip tinié (that appears to be

guite atechnological challenge), or the numhgrof chip times , X )

per pulse repetition frame, or the number of pulses corre- { Tigii = RiviTyo kfgip’“gki 2 niltivi, i=1,...,N
sponding to an information bit. The latter is also the easiestway:) « p. < p__ T R; > 0.

itis similar to the WCDMA variable spreading factor, but differs - ' ’ )

mainly in its fine adjustment, which, in the case of WCDMA, It is natural to pose the power and rate assignment as an op-
is geometric. Furthermore, as opposed to WCDMA, to adjusitnization problem, and to aim at optimizing some throughput,
N, does not imply a change in code, since it can be varied bglay or energy consumption metric under the constraints in (2)
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[18]-[20]. The assignment problem splits into two subproblems, Moreover, we havé] (r, p) = H(p) whenr coincides with
depending on the required service guarantees. the set of the maximum rates satisfying (2). Hence, the optimiza-
In the case of RB flows, the target value®f comes as a re- tion (i.e., maximization) ofH (r, p) agrees with that off (p)
quirement from the network layer; hence, the point is to cheak the hypercubé0, Py,.<]"¥. The main result for DB traffic is
whether feasible power levels can be set in all transmitters, that a dyadic form turns out to be the optimum solution, i.e.,
that the required bit rates are supported. That in turn is equeither the new link is shut off, or it is admitted and then trans-
alent to the problem of the existence of a solution for the imission is performed at peak power. In other words, all active
equalities system (2) with a given set of values for bit rates. DB traffic links have to use peak power to optimize the overall
addition, the minimal power values are searched for. throughput according to (5). In fadf (p) can be demonstrated
The RB traffic problem can be specifically stated as follom® be convex with respect to each varialblein the hypercube
as shown in (3), at the bottom of this page, wheendp are [0, P...<]". Thus, we can write
the N-dimensional vectors of rates and powers, respectively.
The first N' inequalities can be compactly stated in matrix #(P) =H(P1, Ps, ..., Py)

form aspM > h, whereM = D — B, D is a diagonal <max{H(0,Py,...,Pn), H(Puyax; P2, ..., Pn)}
matrix whoseith diagonal element ig;; N, ;/(v;0?), B is a < max {H(e1Puax,e2Puaxs - -1 exPrax)} (6)
nonnegative matrix with nil diagonal elements and off-diagonal T ee{o 1}V ’ /

elements equal tg;; andh is an N-dimensional vector with
elements equal tg; /Tyo>. A positive vectorp, satisfying the o, ¢ binary values belonging t0, 1}. According to (6),

first N inequalities of (3), exists if the matrikI is such that the maximum of (p) is achieved in one of the vertices of the

. _1 -
tEe spectrall rad'lus chD IS Igsshthan one. Rel;n(?]mber th?ﬁ percubg0, P,,..x]" . This corresponds to the extreme choice
the spectral radius of a matrix is the maximum of the moldu either zero or maximum power level transmission of ifie
of its eigenvalues. A sufficient condition for this and v~ pairs of RTs

to eX'St anc_i to be a nonneg_atlve m_atnx, Is that the mavlixs We shall show that this dyadic optimum solution entails an
strictly (or_lrreducuzly) domlqgnt dlagonally. In that case, t@qsential unfaimess in resource sharing, which can be mitigated
power assignmerg” = hM IS Pare.to qptlmal,_|n the senseby a possible change in radio channel path gains (e.g., because
that any other power assignmepitsatisfying (3) is such that ¢ yility). if mobility is on a smaller time scale than connec-

p > p". This power assignment is optimal both from the poinf,,/session lifetime. However, there is a basic conflict between
of view of energy consumption and because—according to t stem efficiency [optimization of (4)] and fairness.

hypothesi-s of the rgc_:onfigurabil!ty of_powers—it min.ifnizes In Section V, we present a practically feasible, distributed,
the blocking probability of new links (i.e., the probability of sub)optimal solution of the optimization problem mentioned

the event that a new link request is offered and cannot Peyis section for RB traffic (power minimization) and for DB

assigned a feasible power level according to (2), given a $gkic (throughput maximization). Furthermore, we discuss the
of already established links). faimess issue for DB traffic.
In the case of DB traffic, a strict requirement on the bit

rate does not exist; as a consequence, it is clear from the
form of (2) that a feasible solution for power levels always
exists, provided that the bit rates are sufficiently small. The This section exploits the models defined in Sections Ill and
DB traffic optimization problem for joint power and ratelV in the context outlined in Section II, i.e., UWB ad hoc
assignment is defined in this work by the following targefetworking. Section V-A outlines an MAC protocol for the
function representing the overall system net throughput: RB class with the objective of maintaining QoS requirements
by simple, distributed actions of RTs. In brief, since the
implementation of the minimum power solution would require

a complete reconfiguration of powers to adapt to every network
change due to new accesses or releases, a different, suboptimal,
Due to the constraints (2), it can be verified that for any fixegolution is proposed, which requires the acquisition of a

where the last max operator is carried over the entire permuta-

V. A PROTOCOL FORRADIO RESOURCESHARING

N
H(r,p) = Z Ri(p). 4)

p, we havef{ (r, p) < H(p) for all feasibler with margin with respect to the minimum power, and which aims at
N avoiding reconfigurations, in order to be easier implemented in

H(p) = Z 1 Pigii . 0< P < Py the distributed er}vironment qnder considgration. Sgction V-B
i ni + T50? é": Pogis app_ro_aches the issue of defining a practical solutllon for the

' h=T i ’ optimization problem for the DB class, that lends itself to a

(5) distributed implementation in the ad hoc environment; here

N
e R T2 N S
givenr > 0 find the minimump such that FPigii = RiviTyo k:§¢i Pigri 2mRivi 4=1,...,N (3)

0<PiSPmax
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In the case of both DB and RB traffic, the proposed subo - —— =" " sty 2
timal solutions are based on local measurements and signali MSI report } %
achieving a tradeoff between signaling load and accuracy of t \b interference report §
optimization. In this work in particular, we adopt a step-by-ste 4-——/ 2

approach: we assuni€ links are active and a new link requests
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A. A Simple Suboptimal Distributed Algorithm for Power and
Rate Assignment; RB Case

We discuss the case of a UWB terminal pair wishing to sta
a new RB link. Let this pair be labeled zero. We assume thatt...
constraints (2) are met for on-going RB traffic links. The rate _. _
R, associated to the new link is constrained by QoS requir'(:e'g' 3. Signaling procedure for the access of an RB flow.
ments (e.g., limited transfer delay for real time services, time
deadlines for given blocks of data, a target SINR edge. More in detail, the access rule expressed by (8) can be
The power levePF, is chosen so that a margin is acquired ovasvaluated on the basis of quantities which can be discovered by
the minimum required SNRy. The margin, denoted as max-means of local measurements (eld), with the exception of
imum sustainable interference (MSI), represents the amountif,,..q, Which requires explicit signaling of th& receiving
additional UWB interference that can be tolerated while maiRTs. To be more precise, every receiver must signal its amount
taining SNR to belowy,. Formally, theith link can be charac- of MSI, whose value cannot be captured by means of measure-
terized by a margin derived as ments, and at the same time, every new transmitter must listen
P P to this signaling in order to comput®,jjowed -
iJii 1Jii L . .
Rilm + Us + MST,) = = MSI; = SR ni — Ui (7) A scheme describing the complete procedure is shown in
e ’ ! L Fig. 3. The procedure involves the transmitter for the new link
wherelU; = T2 S0, Pigri. (the RT A) and receiver (the RB), as well as4d’s neighboring
A number of constraints must be met: i) the MSI value musgeceivers (e.g., the RT), and consists of the following steps.
be nonnegative; ii) the interference due to the new RB link on Step 1) RTA contactsB to notify its intention to start a

link ac‘tLivation

the on-going RB links must be limited within their MSls; iii) the communication at a given rate, this signaling is also
power levelP, cannot excee® . heard byA’s neighboring receivefC') which in turn
The constraints listed above are all met iff is triggered to signal its MSI; this represents the
min { Pax, Pallowedo } 900 signaling phase. Obviously, if other receivers are in
~oRo — 1o — Uo 20 As MAC QOmain, they are also requested to answer
MSL giving their MSI.
With Pajiowedo = min { 5 : } . (8) Step 2) RTB measures the perceived interference and noti-
t<i<N | Trogoi fies the relevant result td; this is a measurement
The larger the acquired margin, the more probable the ac- phase.
commodating new links without having to rearrange the power Step 3) RTA has now acquired all the information needed to
levels, as assumed here. On the other hand, large margins also check the access rule given by (8), and can, thus, per-
imply an inefficient use of the spectrum and of RT energy. A form the access check phase. In shdrigomputes
tradeoff exists between the minimum power solution defined Panowea ON the basis of the MSI values and of the
in Section 1V, that implies power level rearrangements at any interference. The fulfillment of condition (8) means
change in the air interface, and a high margin approach with that a transmission power exists which is compliant
static power levels, chosen once and for all on activation of the with the requirements of the other links (i.e., with
RB link and kept constant throughout the link lifetime. their MSIs) and simultaneously allows the new link
1) MAC Procedures and Implementation Issues in the RB to acquire a positive MSI, given the required rate and
Case: In this section, we give a description of a distributed pro- the target SNR.
tocol applying the defined algorithm for the access of RB flows. Step 4) The final phase is the link activation, during which
We assume that RTs wishing to communicate with QoS require- a confirmation handshake is performedAyandB.
ments must initiate an access procedure at the beginning of the This acknowledgment implies also the update of the
data session to establish a link. MSiIs of the already active links; this is performed on
As said previously, the access procedure includes both mea- the basis of new measurements. As the transmission
surements and signaling operations in order to achieve a good from A to B starts,B, as a new receiver, also com-

tradeoff between slight signaling and sufficient network knowl- putes the amount of its MSI.
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With reference to the access procedure, a specific implemenThe target functiold = H(R,) is convex and, hence, it is
tation issue is concerned with the channels supporting signalingaximized either aky = 0 or at Ry = Ry max. The inequality
First of all, the signaling procedure considers multichannel aif ( Ry ,.x) > H(0) is equivalent to
interface to be a fact, since it must support concurrent active ~
links which will interfere each other. Z ciR;

A broadcast channel must be provided that will carry the 7 + Ui + ¢iRo max
access signaling exchange (see the access request). In our
specific context, this |mp||es devoting an a-priori known TH Thisis effectively an admission rule for new DB Iinks, aiming
code heard by everybody. Of course, multiple, concurrent a-the optimization of the overall DB throughput. The rationale
cesses are possible and, thus, this broadcast channel coul@afénd (12) is as follows: if the new link starts transmitting, the
used simultaneously by several RTs; however, the asynchi@rget functionfl is increased by?, max (gain), whereas each of
nism among different transmissions ensures that, even thoube bit rates of the ongoing DB links will be lowered because of
reciprocal time shifts are very short (in the order of ns), nacreased interference (cost). The balance between the gain and
catastrophic collisions occur, but just multiuser interferendbe costs is positive iff (12) is met. As a result, a new DB link
arises. can be stopped in the following cases: 1) ongoing RB links do

Furthermore, a critical point concerns the signaling of MSlksot have a sufficient MSI to overcome the increased interference
by several RTs, which are all triggered by the same event, i.eaused by the new DB link; and 2) the overall DB throughput
the access request; the relevant messages must also be collegtedd be decreased because of the new DB link entrant.
by one RT (4 in the example). The adoption of UWB facili- In order to highlight how the proposed suboptimal solution
tates the solution of this problem, since all MSI report messaggisuld be implemented in a distributed fashion, we remark that
could be brought onto the same channel, i.e., the same TH coge; conditionf ( Ro max) — H(0) > 0 can be interpreted as the
the various transmissions—starting with different delays—pasym of a “gain” term Ro max, the bit rate of the newly admitted
tially overlap in time, but can still be separated if a number g, if it can be admitted) and of a “loss” term (the sum of the
receivers are provided, each of which is trying to capture oBghount by which the bit rates of every other interfered link is
transmission. decreased) which must result nonnegative. Formally:

<1 (12)

i=1

N
i i i i i ZR max
B. A Simple Suboptimal Distributed Algorithm for Power and H(Romax) — H(0) =Romax — Z p,_ Gt
i=1

Rate Assignment: DB Case "I + ¢;Ro max
Let us assume tha¥V DB links are active and a new link N
wishes to join in. The SNR and peak power constraints are met =R max — Z OR; >0 (13)
for the already established links. Then i=1
) where the compone@lR; represents the decrease in the rate
N N P;gi; of theith link, due to the new access. As a consequence, to be
H(p) = 21 Ri(p) = Zl vini +U; ©) able to check (13) requires knowledge of the componémts
= = i=1,...,N.

If a new link joins in, the rate of the other DB links are ad- 1) The Fairness Issue for DB TrafficThe unfairness of DB
justed so as to achieve the maximum throughput under the SF&TIC Optimization depends essentially on the fact that the target
constraint, that is function (4) under consideration aims at maximizing overall

system throughput, as well as on the instantaneous character of

Poygoo Poygoo the derived admission control rule (13). To induce a fair radio re-
SNRo "R [0 + Uo] T Roly 70 source sharing, we require the history of each RT to be weighted
SNR Pigi; into the admission control, so that RTs that have been penalized
i =75 . . 3 : may be protected from greedy RTs that already have more than
Binew [ ; g[{l + Tro* Fogai] their fair share of bandwidth.
= ki =5 i=1,...,N The key idea is to redefine the target function as a weighted
Bi new (i +. Ui + cilto) sum of the bit rates, with time varying weights depending on the
0<P; < Ppax i=0,1,...,N (10)

amount of average throughput obtained by each RT up until that
) _ time (we denote this weight as). The optimal solution is again
wherec; = Tyo"Ioyogoi/goo- AS a result of (9) and (10), it gjther shut-off or transmission at peak power, but a link is ad-

follows that: mitted when it improves the “weighted” sum of bit rates, i.e., it
N could not improve the current, overall throughput, nevertheless
H =Ry + Z Ri new its th_rOL_Jghput has sufficient “merit” (large weight) to deserve
par} admission.
N The fair admission rule is the following, instead of (13):
=Ry + Z RLUl r
£ ""n; + Ui+ ¢;Rg N ¢ Ro max al
1;1 RO max — Z wlRZI—f—iR = RO max — Z wlaRL > 0.
maxd00 P i C; 10 max —
0 <Rp < =227 = Romax- 11 i=1 =1
<ho< =2 0 11) (14)



1728 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 20, NO. 9, DECEMBER 2002

Below, we identify the weight on the basis of the amount ¢
bits transmitted by means of a DB ddiarst Assumek — 1 <
bursts of lengthL; have been transmitted by a given RT in &

i\
®,

|

burst to be transmitted

timeT; (j =1,...,k—1). The averaged time rate, obtained by — A bUrst access 1o
an RT for the previous bursts up to the time of admission contr - M&, §
based on (14), is naméd. The expression to compulé after R report } 5
AT seconds, since the first request for transmission ofthe \’M—’ é
burst was issued, is 5 g
5 5 1 {
AL+ /;1 L 7 ;5 _ m-‘a A access confirmation
Y(AT) = ———— (15 & je——"" T
AT+ 3 T; g 55 W
7=1 o 38
: . : ® =57
where AL is the amount of bits transmitted of tfi¢h burst g §
within the time intervaAT (AL > 0). The averaged rate (15) =
can be evaluated simply by maintaining two state variables (e. .,
the averaged rate of the firkt- 1 bursts and the overall amountF_ 4. Sionali dure for th  a DB burst
of time required for these bursts). In accordance with (15), the - 'naiing procedure forfhe access ota urst
weight assigned by the entering link (zero) to ttieactive link,
is defined as Step 2) RTB measures the perceived interference and noti-
YoV, fies the relevant result td; this is the measurement
00— Iz
w; = exp <a ) , a>0. (16) phase.
Yo+ Step 3) RTA has now acquired the complete set of infor-
The equations above mean that, in the case of RTs receiving mation to check the access rule given by either (13)
a lower average bit rate than the one received by the requesting or (14) in order to perform the access check phase.
RT, the relevant penalties of their bit rate reductions are ampli- In brief, it checks whether its transmission results
fied by a weight greater than one and the amount of “unfairness” in an increase or a decrease of the overall (possibly
(i.e., the difference between the bit rates obtained in their history weighted) throughput.
by the requesting RT and the disturbed one) rapidly increaseStep 4) The burst transmission is confirmed by means of a
Conversely, if the requesting RT has a lower average rate than handshake betwee# and 5.
the disturbed RT, the weight is less than one and this decrease$ the transmission set-up phase fails, a backoff procedure
rapidly as the gap between the two enlarges. is begun in accordance with the various possible mechanisms

2) MAC Procedures and Implementation Issues in the DBesented in Section VI.
Case: We now give a description of a distributed protocol, rele- As regards implementation issues, these are similar to the
vant to the algorithm proposed for the DB class of service. Hei@)es presented for the RB case.
we assume that access is performed per burst, that is, each time
an RT has a new burst ready to transmit, it carries out the acC€8S PERFORMANCECASE STUDY: THE DYNAMIC BANDWIDTH
procedure. In addition, we account for both cases of access, that CLASS OF TRAEEIC
is to say, access based only on the optimization rule [i.e., con-

dition (13)] and access based on throughput optimization and" this section, we concentrate our analysis on the support
fairness [i.e., condition (14)]. of the DB class of traffic. We present a simulation model and

Again, the distributed nature of the algorithm requires botfie detailed performance analysis and results in order to verify

local measurements (to assess interference and noise befordaf@ffectiveness of the optimization algorithm based on (13),
after the onset of the new transmission) and signaling. as well as the fairness brought about by adopting a weighted

Fig. 4 represents a scheme of the access procedure in the {3Qghput as an optimization function [see rule (14)].
of a DB burst. We continue to refer thas the new transmitting
RT, to B as the new receiving RT, and @ as a RT neighbor A. The Simulation Model
to A. We developed an event-based simulator. We simulated an area
Step 1) RTA contactsB by transmitting the access requesbf 110x 110 m, where 80 RTs are randomly distributed with
message at its maximum powe,...; this signaling a minimum distance of 1 m. During the simulations, the RTs
is also heard byl’s neighboring receivefC) which  are assumed immobile [21]. The propagation model consists of
is triggered to adapt the rate to the new, increaseddeterministic geometric attenuation with distance, where the
interference and to signal its decrease of i@&fe path loss exponent is four; the set of transmission parameters
In the case in which fairness is accounted for [sagsed in the simulation is derived from [2]. The target SNR is
admission rule (14)], the average rafeof C isalso common to all the RTs and is equal to 14.7 dB. The ratio be-
updated and signaled. This represents the signalitygeen the maximum power of an RT and the background noise
phase. power is 2 10°.
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As far as arrivals are concerned, new bursts arrive according
to a Poisson process at ratburst/s and the burst size has afixed
length of 200 Kb. For each new burst, the source RT is selected
randomly from among all the RTs, whereas the destination RT
is chosen at random within a circular neighborhood, centered
in the source RT with a 55-m radius (single hop transmission).
Each RT handles a finite DB queue, able to accommodate up to
80 bursts, where upcoming data bursts line up, if enough room
is available. Once a burst becomes head-of-line, the signaling
and measurement phases before burst transmission are carried
out in order to verify the admission criteria stated in Section V.
These two phases are assumed to last approximately 15 ms. If
the admission check fails, the backlogged RT schedules a new
attempt; a numben of attempts takes place and, if all of them

are unsuccessful, the burst is discarded. In particular, we cefy 5.

sidered five access disciplines:
without backoff procedure (WOBP), based on (13) and

withn = 1;
—  with backoff procedure (WBP) based on (13) and with
n = 10;

with persistent backoff procedure (WPBP) based on
(13) and withn = oo;

with fairness (WF) based on admission rule (14) and
with n = oo;

without admission control (WOAC) where a burst is

transmitted at maximum power without any admission
check as soon as it becomes head-of-line.

Since we assume that the transmitter/receiver signaling mes-
sages are always successfully delivered and do not account for
radio resources allocated to signaling, the performance results
obtained represent the upper limit of achievable performance in
a realistic scenario [22].

The results are calculated by averaging over 25 different net-
work topologies with independent traffic patterns.

B. Performance Results

In this section, we report the main performance results de-
rived in the simulation analysis. All the figures report the be-
havior when considering the access disciplines identified above.

In Fig. 5, the overall achievable throughput in the system
is shown, whereas Fig. 6 reports the individual throughput of
an RT: throughput in Fig. 6(a) is averaged during the entire
transmitter lifetime (i.e., by considering theN and oFF pe-
riods), whereas in Fig. 6(b) the time period considered coin-
cides only with the activity period dedicated to burst emission.
As the offered load increases, access mechanisms with admis-
sion control outperform WOAC: this is coherent with the fact
that data bursts are transmitted only when an increase in the
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overall throughput is foreseen. Moreover, for a total offered lodgp- 6.  Individual throughput.

of less than 32 Mb/s with the traffic parameters used, the higher

the number of attempts, the better the performance. When trary, higher values of the offered load result in a higher number
total offered load is greater than 32 Mb/s, the WPBP is not tloé RTs in the backoff state, depending on the number of at-
best choice because a number of RTs spend much of their titampts: only the RTs in the best locations can maximize their
in the backoff state. In fact, in Fig. 6(b), showing the individuahrget function and transmit. Note that an RT is in a “good” po-
throughput duringdN periods, we can observe that low valuesition when it is going to disturb a restricted number of receivers
of the offered load lead to a decrease in throughput as the |laadl contemporarily the achievement of a high bit rate is envis-

increases, due to the growing number of active RTs. On the caged thanks to the conditions of the current destination.
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As far as WOAC is concerned, both overall and individudlig- 10. Mean delay.
throughput saturate: indeed, when the offered load increases, the
interference level also increases, due to the use of the maximaoegligible, whereas burst losses due to protocol behavior are as
powerP,,.x and, as a consequence, the total throughput reaclhesvy as the numberof attempts is low; in the case of WPBP,
its maximum value. the protocol does not discard any burst, but if the offered load
Figs. 7-9 show the results concerning successful burst tramecreases, backoff time increases and burst loss, due to buffer
mission. We observe that a burst loss occurs due to both thedficerflow, exceeds the total burst loss probability of WBP.
nite queue length assumption and the backoff mechanism (if itNevertheless, although WPBP (for a low offered load)
is not persistent). The procedures with optimization are cleadynd WBP (for a high offered load) result in the algorithms
better than WOAC: in fact, although WOAC tries to transmiaichieving the maximum throughput, there is a tradeoff between
all the bursts that have arrived, heavy burst losses occur dueite throughput itself and the mean delay, as we can see in
buffer overflow, since queues are heavily backlogged with r&ig. 10. In particular, the higher the number of attempts, the
spect to WPBP, WBRn = 10), and WOBP. On the contrary, higher the mean delay perceived by a burst. However, the
in these two latter cases, burst losses due to buffer overflow admission rule in (13) produces a positive impact on burst
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Fig. 11. Performance of the with fairness admission control.

VII. CONCLUSION

The work presented here focuses on radio resource sharing
issues in ad hoc networking exploiting UWB communications.
The research effort synthesized in this work is twofold.

From a system point of view, the ad hoc concept based on
UWB radio is developed and guidelines for the design of the
MAC protocol are laid out. The basic steps in access procedures
involving both measurements and MAC signaling are defined.

As regards radio resource sharing, key issues are the power
and capacity assignment principles and algorithms. For this
purpose, the power and rate allocation problem has been for-
mulated for both elastic bandwidth data traffic and reserved
bandwidth traffic, the latter being characterized by bandwidth
guaranteed and/or delivery delay thresholds. Assignment has
been posed as an optimization problem that becomes an op-
timum power assignment for guaranteed quality (RB) traffic
and a joint power/rate allocation problem in the case of DB
traffic.

The need for a distributed algorithm means that suboptimum
algorithms are defined, that assume a step-by-step approach.
The major point here is that, even though (sub) optimization
also requires the application of an admission control rule for DB
traffic, good performance is obtained in terms of throughput and
delay. The fairness issue has also been considered within this
framework.

Further directions for the development of this research are:
1) the assessment of performance analysis when both classes of
traffic are considered; 2) the impact of routing: data bursts can
travel from source to destination by means of a multihop route;
there is a strict relationship between optimum route choice
and optimum radio resource assignment on each given link;
3) energy consumption requirements should be introduced, that
would contribute a reduction in power/rate intrinsic unfairness;

delay: the procedures with admission control actually ensuaad 4) the effect of a moderate mobility should be considered;

reduced delays compared with those measured for the WOAis will also reduce unfairness, but could imply a higher
Finally, we analyzed the fairness behavior of the propossifjnaling load and resource allocation stability.

admission rules (13) and (14). Fig. 11(b) shows the overall

throughput as a function of the offered load for WPBP
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