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Abstract —The inherent channel characteristics of impulse-based UWB networks affect the MAC layer performance significantly. Most
previous studies on evaluating MAC protocols are based on prolonged simulations and do not account for the multiple-access interference
due to multipath delay spread. In this work, we develop CTU, an analytical framework for Capturing the Throughput dependencies in UWB
networks, while taking into account the PHY layer effects. The key attributes of CTU are: (a) It is modular; it can be easily modified to provide a
basis for evaluating a wide range of MAC protocols for impulse-based UWB networks. The only requirements are that the MAC protocol under
study be based on time-hopping and the modulation scheme be pulse position modulation; these are common design decisions in UWB
networks. (b) It considers the channel characteristics in addition to MAC layer effects; CTU correlates probabilistically the multipath delay
profile of the channel with the packet error rate. We employ CTU to evaluate the performance of different generic medium access procedure.
We compare the results with those from extensive simulations and show the high accuracy of CTU. We use CTU to assess the impact of
various system parameters on the MAC layer performance; we make several interesting observations that are discussed in depth.

Index Terms —Ultra-Wide Band (UWB), Wireless Communications, Multipath Delay Spread, Modulation.
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1 INTRODUCTION throughput is defined to be the throughput when the nodesein th
etwork always have packets to send, i.e., their outgoireugsi

always non-empty. We call our framewoi® TU” for short
r('for Capturing Throughput dependencies in UWB networkse T
key attributes of CTU arga) it is modular and therefore flexible,
and (b) it captures both physical layer characteristics and MAC
layer effects. CTU computes the probability of packet loss d
to (i) MAC layer collisions and (ii) multiple access interémce
(MAI) due to delay spread effects. It then combines them to
compute the saturation throughput. The immediate beneiih fr
dur analysis is that it obviates the need fepeatedsimulations.
We elaborate on the attributes of CTU below:

CTU ismodular and hence applicable to a wide set of MAC
protocols. The part of the CTU framework that computes packet
losses due tdMAl is generic and can be used in conjunction
with any MAC layer protocol. The only requirements are that
. . __the protocol be based on time-hopping (TH), a multiple asces
evaluations (most of such __efforts do not account for mullipa rocedure, and that the underlying modulation scheme barin
delay spread efiects), or (i) PHY layer analyses to model t ulse Position Modulation (BPPM); this is common to most

behavior of a single link in the presence of delay spread.pfts:—r PHY/MAC layers designed for UWB networks. The building
layer analytical framework that quickly and accurately mpfees block for CTU is a basic MAC layer procedure that is likely te b

the 'mp?‘Ct of the UWB PHY layer atiributes on MAC_ Iayerthe foundation for more complex TH-based MAC layer protscol
mechanisms, can be of great help throughout the protocames CTU accountsfor crosslayer dependencies. Multiple-access

Process. ) interference in UWB networks not only depends on the extént o
In this paper, we develop an analytical framework to compu&emay spread but also on the access procedure defined by te MA

the average saturatio_n thro‘ﬂghp“t and evaluate its dep(_aiexﬂ;e protocol. CTU provides a seamless methodology of integgati
on PHY layer effects, in multi-hop UWB networks. The sati@mat o access procedure with the effects of delay spread; ier oth

words, it captures the cross layer dependencies betwedrtilfe

The medium access performance of multi-hop impulse—basn
UWB networks is significantly affected by the PHY layer cha
acteristics, and in particular by thaultipath delay spread1].
Due to reflections from various objects, multiple copies/gja
of the same transmitted signal appear at the receiver; egmh c
has a different amplitude, phase and delay. The copiesfenger
with later pulse transmissions and this significantly dfethe
long-term network throughput. Clearly, the extent to whible
multipath delay spread affects the performance dependsi®n
pulse rate at the PHY layer, the topology, as well as thetglaifi
the receiver's hardware to compensate with the ray reaeptis
we discuss later. Therefore, when evaluating MAC protodels
signed for UWB networks, it is critical that one accountstfogse
effects. Most previous studies on UWB, however, are limiied
either (i) possibly time-intensive simulation-based MA®tpcol
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results from extensive simulation experiments that wegerf the receiver has to be synchronized with all of its poteritahs-

We also find that while obtaining simulation results takegsda mitters. The receiver-based approach is much simpler; Yemwe

generating results with CTU requires less than one hour. one could encounter collisions between the pulses froneraifft
Using CTU to assess system performance. With CTU, transmitters, directed towards the same receiver. Pristaould

we examine the impact of various system parameters on tme both approaches, as in the one that we describe in the

saturation throughput. We discuss in detail, many intargst following section.

trends that are observed. We believe that CTU can help design Note that it is extremely difficult to guarantee that time himg

and implementers choose UWB MAC layer system parametetsguences of nodes are orthogonal to each other. To sdtisfy t

appropriately during network design. requirement, the number of chips within a sequence frame twav
The rest of the paper is organized as follows. In sectionb2larger than the number of nodes in the network, i.e., each node

we provide background on the UWB PHY layer and discussill need to have a dedicated chip-time for duration. As weveh

related work. In section 3, we describe our analytical fraom in section 4, this can result in extremely long sequence dsam

in detail. In section 4, we compare the simulated behavior ahd as a consequence to longer delays, especially at lovg.load

the candidate MAC protocol with the behavior observed witBontinuing the above discussion, the average spacing batwe

CTU. We also describe the impact of various system parasietsuccessive transmissions as per the THS will have an effettteo

on network throughput under saturation conditions, reploet achieved performance, as we analytically show later. Withrter

trends that we observe and the interpretations thereokdtios1 spacing between the time-hops, the pulses could be senastes f

5 we demonstrate how CTU can be adjusted to facilitate @iffer rate; however, there is a higher possibility of collisioWgith

MAC protocols for UWB. In section 6 we elaborate on somnger spacing, the possibility of collisions is reducedywever,

of our assumptions and we discuss the limitations of CTU. Olarge delays could be incurred. Note also that even if tingphtg

conclusions form section 7. sequences are orthogonal, parallel transmissions cdrcatise
interference to each other. This is because: (a) Due to paitti
2 BACKGROUND AND RELATED WORK delay spread, rays may appear in neighbor successive chips,

ereby distorting pulse receptions that belong to orthado
opping sequences (we analyze the impact of this effectdtic®e

3). (b) Nodes may transmit in an asynchronous manner, asd thi
can cause pulse collisions. Although this is possible, is plaper
2.1 Time-hopped Binary-PPM we assume that nodes transmit in a synchronous manner.

Time hopping has been used in previous approaches for gharin
a single impulse-based UWB frequency band among multiple -
users [6]. In mobile ad hoc networks, imposing fixed TDMAelik i'z The modified SV model
schedules is difficult due to the fact that nodes could be taobiUWB transmissions experienceulti-path delay spreadA trans-
A completely random access scheme is (a) unlikely to provida@tted UWB pulse, radiated using an isotropic antenna, takte
high throughput and (b) requires nodes to acquire synchatiopn multiple paths (as a consequence of reflections from various
at arbitrary unpredictable time instants. Time-hopping i®orm objects) and results in multiple time-shifted copies atrdeeiver
of spread spectrum communications specifically designed {8]. Each received copy (called ray) may have a differentlamp
impulse based systems. In single-band approaches, nadssiit tude, phase and delay. Beyond a certain delay thresholiedcal
as per pseudo-random time-schedules; the pseudo-randane naghe delay spread of the channel, the signal amplitudes may be
of time-hopping provides a reasonable level of robustness donsidered negligible. For indoor environments, measargsn
collisions. To the best of our knowledge, all protocols deed have shown that the delay spread is of the order of tens of
thus far, for impulse based UWB ad hoc networks, use timeanoseconds. If the time-spacing between the UWB pulses is
hopping as the basic means of providing multiple-access. dmaller than the delay spread of the channel, copies of artri&n
time hopping, a fixed number of chip-times are aggregated ted encoded bit interfere with the subsequent encodedTlits.is
form a sequence frame. The duration of each sequence framealledinter-symbol interferencer ISl for short. Various methods
is Ty and thus the number of chip-times per sequence framave been proposed in order to combat ISI, such as equafizati
is Ty /T.. Binary PPM (BPPM) signals are comprised of pulse§?7] and Maximum Likelihood Sequence Detection (MLSD) [9].
each transmitter sends a pulse in only one of the chip-timesEqualization methods could be used to alleviate the effetts
each sequence frame. The specific chip-time is determingldeby ISI [7] due to signals emitted from the associated trangmit
node’s time hopping sequence (THS), generated as per ag@seudawback with equalizers is that they cannot mitigate fetence
random number (PN) code. Each pulse represents an encodigelto rays produced by other neighbor transmitters thaiaiee
bit, which can be &0’ or a ‘1l’, as determined by the pulsesimultaneously. Our study captures these effects; as waiaxp
position duringT... If the pulse occupies the first slot, it representthe following section, we assume that each receiver is @gaip
a“0” , otherwise d1” . A Viterbi decoder is usually embeddedwith an equalizer, and we capture the impact of ISI due tollgdra
at the receiver [7] for the soft-decision decoding of theeteed pulse transmissions from different devices. FurthermbteSD
information. is a decoding mechanism for trellis codes [10] that operagr o
Time hopping sequences may be either sender-basedlimear ISI channels [11]. Traditional MLSD detectors ardtgu
receiver-based. In receiver-based time hopping, a recexmects complex and therefore difficult to implement in practice J[12
to receive a pulse only in one of the chip-times in a sequenthus, a combination of reduced-complexity MLSD algorithms
frame. In the sender-based case, the transmitter sendésyiased and equalizers is a potential strategy that can also beipaligt
on its own THS. The sender-based strategy is robust; howeaeopted.

In this section, we briefly discuss the UWB PHY layer, the St
model and related previous studies [3], [4], [5]



The SV channel model characterizes the arrival of rays ait reference receivers and propose an analytical expre$sio
the receiver [4]. As per this model, rays arrive at the remeivthe average BER over flat AWGN channels. They derive the
in clusters. Within each cluster, rays appear in time as per tprobability of error taking into account collisions betwegulses
Poissonf) arrival process: of different transmissions. Although they consider the Htonge
of the different received pulses, they do not include anytipath
delay profile and therefore they ignore the effects of theayel
wherer,,; is the delay of the,, ray, relative to the'" cluster spread. Guvenc et al. in [16] investigate the effects of tdgp
arrival time,7; and the previousy — 1)* ray. Similarly, clusters various UWB parameters for multiple access, using a Gaussia
also appear as per a second Poisspipfocess: approximation method to model the multiple access interfee.

e AM-T_y) The main parameters of interest are the number of pulsesiper b
P(Ti[Ti-1) = Ae : (2) and the number of time slots per time frame. They are intedest

In each cluster, the power in the component rays, decaysras ipeobserving how the adaptation of these parameters per user
an exponential-decay profile. In addition, the model deiees (considering the channel quality observed by each of théiegta

P(rup| (1)) = Ae ATt TTEn0, 1)

the discrete time impu|se response of the 5igna| to be: the system behavior. However, in contrast to our work, tl'teymt
L v assess the effects of those parameters on system througigyut

ht) =35 awad(t = Tr — 1), (3) donot provide an analysis for estimating the per-node tjinput

=0 v=0 based on the probability of successful packet receptioneNttan

with ., being the multipath gain coefficient. The primar)}hat’ they do not show how the UWB frame length or the pulse

version of the SV model employs a Rayleigh distribution foe t repetiti(_)p affect the probab!lity of correct bit reception the
multipath gain magnitude. In particulag,; = p,.3..., Where probabﬂny of packet corruption. .
pv.1 IS equiprobably+1 and 101log,, |8.,i|*> o Normal(p,,0?). Studies on new MAC protocols for impulse-based UWB:
Moreover,u,; is given by: In [1], [17] we propose multi-band MAC protocols to allewgat
B B 5 the impact of both THS overlaps and multipath delay spread.
_ 10in(Pm) = 10TL/T = 107a/y _ o inl0 (4) Le Boudec et al. [6], [18] propose a scheme that uses dynamic

In10 20 . . . .

channel coding. The transmitter dynamically varies theecod

whdereP m 1S th?hmea}n E)ower gf the grst ra;; Oft the first cluts_terate upon receiving feedback from the receiver with regard t
and I', y are the cluster and ray decay-1aclors, reSpectivei,annel conditions. The scheme uses two types of THS: a

Exper.im.ental data, using Kolmogorov-Smirnov testing waath receiver-based THS and an invitation-based THS. Thisatioit-
1% significance level suggested that the lognormal ammlitu ased THS is unique for each communicating pair. After the

d!str?but?on seems 1o fit th? profile better than the Raylei ccessful transmission of a request using the receivezdbas
d!str!but!on [5]. Thus, in this paper we a_dopt_fhe lognorm HS, the pair switches to anique invitation-based THS and
distribution for the channel co_efhments;_ besides |t_suxacy, for uses this THS for the duration of the session. Along similar
the purposes of our study this model_ IS al_so_ easier to apbroges in [19] an enhanced joint PHY/MAC architecture and a
gnalytlgally than other models. We will revisit this modatdr, private MAC are presented for very low power UWB, where
in section 3. nodes listen to up to 3 hopping sequences at the same time;
) they always listen on a common broadcast THS and their own
2.3 Related studies when idle. The receiver-based THS approach is followed for
There are various studies on proposing analytical modelfiéo transmissions. U-MAC is proposed in [20]. In order to optimi
evaluation of MAC protocols, designing and evaluating MAGhe global network performance, U-MAC assigns rate and powe
protocols through simulations, as well as presenting athannel values to nodes through state declarations, which are estelled
models. We discuss these papers in what follows. into periodic hello message transmissions. The periodicity of
Analytical studies on modeling the performance of IR-UWB  hello messages considers the network stability in ordenvtida
MAC protocols: Our work is one of the few efforts to proposeunnecessary frequent reports and reduce the control aerhe
an analytical framework for MAC protocol evaluation in peds addition, the radius around each receiver is adjusted ierca
based UWB. An interesting study appears in [13], [14], whepgovide fairness between all sessions to the receiver. 1htfie
Merz et al. focus on evaluating how achieving synchronizati authors describe theoretical and practical approachesrttsithe
through common or private acquisition preambles affects tdevelopment of a THS based MAC protocol for radio resource
network throughput. They derive an analytical model (based sharing in UWB ad hoc networks. Benedetto et al. in [22]
decoupling approximation where all packet sources arenassu present UWB, a pure Aloha-based MAC protocol for low bit-rate
to have an identical and independent behavior) to compuge tiWB networks. UWB relies on the observation that a sufficient
saturation throughput with the two approaches. Their modal number of pulses in the synchronization sequence may lead to
be applied with different appropriate MAC protocols andw@sy  successful synchronization detection with high probghikven
tion algorithms. They show that private acquisition offaigher in the presence of multi-user interference. USVBrovides a
throughput benefits, especially in scenarios with many lghra hybrid scheme for THS assignment, which combines a common
transmissions. In addition, they compare their analytiesults control channel (through a common TH code) with dedicated
with those from their ns-2 simulations, while they also ddas data channels (through certain transmitter-receiver piircode
TCP traffic and large topologies. Giancola and Di Benedetto assignments). Although these studies build MAC protocaisiad
[15] present a novel method for estimating the BER (Bit Errdhe notion of pulse-level collisions, they consider simghannel
Rate) in impulse-based UWB networks with multi-user intend interference models, as well as low data rate scenatiesaw
ference. They consider the potential pulse collisions oaoy ISI is not prominent. Ding et al study issues related to cleann
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acquisition [23]. They conclude that existing MAC solutsoare 3.1 The core idea with CTU

unsuitable for UWB networks. Specifically, the authors exam o, primary task is to capture the impact of the multipatragel

TDMA and CSMA/CA approaches, which have been successiiffiead on the MAC layer performance, taking into accdajt

in ot_her environments. In [24], all nodes s_hare a THS and thes inherent properties of BPPM-enabled links, @opthe MAC

receiver broadcasts an invitation, as per this sequendenffl protocol scheduling aspects. In particular, we utilize ¢

transmitters compete during a contention period, to lockoathe  model, to approximate the level of interference within apditne,

receiver. In [25] the authors propose a full-duplex acceseme gye to ray arrivals. This enables us to compute the probabili

forimpulse-based UWB networks. The scheme takes advantaggf syccessful decoding of a bit, and progressively a MAGiay

the low duty cycle to maintain physical links among two noftes 5cket.

the lifetime oftheirlogical_link, thereby removingthe WEment  The packet success depends on the set of actions dictated

that the sender and receiver resynchronize for every paoket py the MAC layer protocol that is considered by the designer.

exchanged. A theoretical treatment on optimal routingeddling |, particular, a packet transmission may fail due to any @ th

and power control appears in [26]. The authors show thath@) o|iowing two reasons:

design of the optimal MAC is independent of the choice of the 1y The packet collides because more than one senders transmit

routing protocol and (b) a minimum energy route is prefegdbl gimyitaneously towards the same receiver. Here each tissiom

establishing long hops or invoking direct transmissionsMAC  3ils because the same THS is being used. We denote the

protocol for single-transceiver UWB ad hoc networks based @robability of such a collision agc.

the use of busy signals is proposed in [27]. The key objectivep) The packet does not collide in the above case; however, it

of the MAC protocol is to facilitate the detection of colBsi s partially corrupted, due to high multi-access interfeelevels

of UWB signals by using UWB pulses. However, the protocol igyaly. This partial corruption may occur becauge) individual

not designed with the intent of maximally exploiting the éaale  pse transmissions may collide due to partial THS overlaps

spectrum in the presence of delay spread. and (b) there is a high interference energy due to multipath
Studies on the Impact of Delay Spread: In [28], the authors components. We argue that the impact due to (a) is negligible

compute the conditional bit error rate for TH-BPSK (Timey|ater in the section) and denote the probability of such rigla

Hopped Binary Phase Shift Keying) UWB, in a mU'“'Usereorruption due to (b) byPa4;. In particular:
multipath-channel environment. However, unlike with ourrly

the authors assume that a pulse from an interferer willdeMiith Praiture = Puac + (1 — Puac) - Puar (5)
at most one pulse from the user of interest. In addition, theeyot T

study the cross layer dependencies between the MAC and Pb'tl
layers. Gubner and Hao, in [29], derive an analytical folarfor
the average bit error probability at the PHY layer, considgthe

e goal of CTU is to compute the per node throughput by
izing the value of P,i..-.. The above probabilities are in-
terdependent, since the computationmf.c utilizes the value

. . 0f Proiuure, @S We demonstrate later in this sectidherefore, the
IEEE 802.15.3a model. They observe that, if one were to densi calculation of P.ui... is an iterative procesBefore proceeding

an observation window thgt accounted for 99% of the int_en‘ee ith the presentation of our design, we provide a detailetl I
energy QUe to pulse copies, the perforr_nance over a link Wogni'{h our assumptions in what follows.

be identical to a case where one considers the delay spread to

be infinite. In other words, they show that there is a maximum ) .

duration (maximum value of the delay spread) over whicheul§-2 Design assumptions

copies will need to be considered. The authors however, do ®@r analytical tractability, we make the following assuiops;
consider multi-access interference or MAC level charésties. we elaborate on some of them in section 6.

In [30] we perform a simulation study of the impact of delay 1) All nodes are independent from each other, i.e., the mitwo

spread on the throughput in UWB networks with a simple model; g decoupled.

we do not consider any ray fading model (as with the SV model).2) Nodes always have packets for transmission in their qaieue
Channel Models: There exists a lot of work on modeling the In other words, we consider conditions of saturation.

multipath delay spread profile. Foerster [5] proposes aatiari  3) Only nodes that are within the transmission rargeof

of the SV model that adopts the Nakagami fading distribution a receiver can interfere with packet transmissions towards

[31] Cassioli et al. consider only one cluster with an expia that receiver. Furthermore, the transmission range is much

decay of the ray powers. Ghassemzadeh et al. [32] modify the  smaller than the deployment region.

single-cluster model of [31] to include a noise-like vanat 4) Each bit is represented byB repetitions of a pulse

with lognormal statistics. Greenstein et al., in [33], grsan transmission (repetition coding).

interesting comparison of these models. 5) We assume that both the transmission and the reception of
the same pulse occur during the same chip.

6) The duration of the multipath delay spread is fixed and
equal toA; this implies that we are interested in rays for

In this section we present CTU, a framework for estimating th which the received power is above a certain threshold, a

MAC layer performance, in pulse-based UWB networks. In orde reasonable approach as shown in [29]. We assumeAhat

3 OUR ANALYTICAL FRAMEWORK

to make the description easy to understand, we first highthgh corresponds to an integer number of chips= N. - T..

main idea and discuss the assumptions that we make throtighod) Receivers are equipped with an equalizer. Therefores ray
the design of our framework. Moreover, we explain the openat do not interfere with subsequent pulses from gwme

of a simple MAC procedure, which we use as a benchmark to  transmitter. In addition, we assume that bit errors are
progressively build CTU and justify our design decisions. independent.



8) The path-loss is fixed; we assume an attenuation of 20 dB
for a transmission rate of 110 Mbps, over a distance of 10m
[5], and for both the given transmitter and interferers. We
elaborate on this assumption in Section 6.

DATA

(includes
RACK, ACK,

9) There is no overlap between the rays induced by a sin- BEACON) X__Rx
gle transmitter in any slot; the received pulses/rays are /‘
not distorted. The rays are assumed to arrive within slot Success
boundaries.

10) We assume randomly assigned (potentially overlapping)
THSs. Therefore a given transmitter may transmit within
a given chip of a frame with the same probability as within
any other chip in that frame.

11) The number of active transmitters that can cause imterfe
ence remains a constant during a packet's transmissi®ig- 1: .MAC state diagram. The DATA state also includes the
This number can actually increase in some cases whifgnsmission of RACK, ACK and BEACON messages.
decrease in others; the former effect is detrimental to
packet receptions while the latter aids the process. Thus,
on average, one might expect the behavior to be similar to

BackOff

Failure ™

that of the assumed system. IDLE state: A node resides in théDLE state for a random
12) Two or more packet transmissions sent to the same receffgration, waiting for potential REQ transmissions. If no ®E
at the same time with the same THS will collide. arrives within this time, the node will go to the REQ state, to

g?itiate a new session. Note that if Chloe is in tHaLE state,
e?r@d the random duration expires before Jack completes a REQ

region A. CTU estimates the MAC-layer network throughputt,r"_’msmissipn to her, Chioe will abort this REQ rece_ptio_nd an
by computing the packet failure probabilit§.:..... Throughout will transition to theRE_Qstate. Agam_, the model fo_r thls simple
the rest of this section we describe the procedure of comgutProcedure can be easily replaced with other possibilities.
Pfaiure, Which determines the per-node long-term throughpBackOff State: If Bill is transmitting a REQ to Chloe at the
for this we consider a basic MAC layer procedure as a drivirgame time as Jack, the two REQ messages will célidee both
example, discussed in what follows. Jack and Bill are using Chloe’s THS for their REQ transmissio
Jack and Bill will realize that a collision has taken pladecs
Chloe will not send a RACK back. Jack and Bill will both go to
the BackOff state, and will initiate their random backofhérs.
The single-band MAC layer procedure that we use for modelivghen a timer expires, the corresponding node will re-trahsm
purposes is a simplified version of the one in [6]. Note thateh the REQ to Chloe. With this backoff algorithm, the contentio
could exist more intelligent MAC protocols [34] than the onevindow increases exponentially from 0 tofor the first¢ REQ
considered here. CTthan be easily tuned to characterize differentollisions, and remains af for up to ¢ failures. If the REQ
impulse-based protocol@s explained later in section 6). In ourdoes not go through i consecutive attempts, Jack will abort
considered toy MAC protocol, nodes utilize randomly ovepllmg  his transmission, and will send a new REQ to another, rangoml
THSs. The protocol operations are shown in Fig. 1. selected neighbor. Moreover, if Chloe is already in the DATate

Let us assume that Jack wants to send a data packet towith Bill, Jack will go to the BackOffstate, until he receives a
neighbor, Chloe (Fig. 2). Jack is in tHREQ state, while Chloe BEACON message from Chloe, notifying him that she is now
is in the IDLE state. The following takes place (Fig. 1). idle.

REQ state: Jack transmits a request (REQ) to Chloe (a randomlyith this MAC protocol a transmitter selects a neighbor as
selected neighbor), as per Chloe’'s THS. He then switches tqn@ receiver at random: i.e., we consider a scenario where an
THS that is unique to Jack and Chloe. Nodes in the REQ sta{gqjication sends packets to random receivers. This behisi

are only the transmitters that send REQ messages. Theiti@ite 554 possible when a node maintains sessions with many/all o
receivers may be in any of the other three states; however, ff neighbors. Note that only REQ messages are likely toesuff
REQs can be received successfully only when the receiver is\jac-level collisions (see the definition dfy ac above). Indeed

the IDLE state. with REQ messages, Chloe’s THS may be used by both Jack and

DATA state: After a successful reception of the REQ, both Jagkj|| at the same time: for RACK, DATA, ACK and BEACON
and Chloe are in thBATAstate, wherein Chloe responds to JaCk’ﬁansmissions, unique THSs are used.

request with a RACK message. Note that in (DATA state, a . _ .
THS unique to Jack and Chloe, is used. Jack now knows that’SiNg the basic MAC protocol described above, CTU computes
’ probability of a MAC-layer packet success, as we disquss

Chloe has accepted his request, and he proceeds with his DAI?I% ol
packet transmission. Chloe acknowledges the DATA reCBptiW at follows.

with an ACK message to Jack. At this point, the MAC layer

session between Jack and Chloe has ended. Both Jack and Chloe

further transmit a short BEACON message, on their own THSs1- With an IR-UWB receiver, it is possible that Chloe syncfizes with one
to inform their neighbors that they are nOV\; idle. Then. both THS, and that the other transmission creates interfere®weh a behavior can be

_ %corporated to CTU; to make the analysis more tractable sgerae that two or
them transit to théDLE state. more parallel transmissions towards the same receiveryaleallide.

Let us now consider a network deployment consisting
N nodes, randomly and uniformly deployed across a squ

3.3 The basic MAC layer procedure



O neighbor transmittery € ) will not pick Chloe, given thav has
i ls neighbor potential receivers (Fig. 2). With this,

Q s
i “‘ ,." /,’Q PnotChloe(i) - H [z ((1 - ll) . Praan(lﬁ).)] (8)

[

o\ e ol |

Jack Q:‘_; where Prqnge(lp) is given by Eq. (7). We now defin@, =

' Q Prreg + Ppara, Where Ppara is the probability that a node is
in the DATA state, and is computed in a manner similar to the

calculation of Prgq in EqQ. (6), with E,[DAT 4] in the numerator,

instead of E,[REQ]. The probability that the REQ from Jack to

Chloe does not collide with another REQ towards Chloe, isskqu

Chloe

Fig. 2. Receiver's neighborhood: Jack wants to send a packet to
Chloe, while there are i other neighbor transmitters (here i1 with

11=5, and i with [3=3). t0 Pchioe times Prx (M — 1), the probability that Chloe actually
) has M-1 neighbor transmitters:

3.4 Constructing CTU Pry(M —1) =

In order to computeP;..... as per Eq. (5), we need to derive N

Pryrac and Py ar. We derive these probabilities in what follows. = Z <M”_ 1> PM-L(1 — Py MDp ). (9)
n=M-—1

3.4.1 Computing the collision probability Parac As a consequence, for all possible values\of

Towards calculating’,rac, one needs to compute the probability N-1

of MAC collision for each of the packets (control and datatth Prac =1— Y Pontoe - Prx(M — 1), (10)

are exchanged throughout a session between a transmittex an M=2

receiver. In the general casey 1 will then be equal to the sum We now have an expression f@t,ac, which depends on the

of these probabilities. As we explain below, the probapitf expected time of residing in each state, as per Eqg. (6). We sti

a MAC collision is strongly dependent upon the density of theeed to calculate the constituent terms of Eq. 8]DATA] is

network, in terms of the number of nodes located in the viginieasy to compute; it corresponds to the expected number p$ chi

of a node. needed for the DATA, RACK, ACK and BEACON transmissions.
With our simplistic MAC protocol described in section 3.3This is equivalent to:

Puac can be non-zero for REQ transmissions only. Let ug:[DATA] =

denote byPrrq, Psackoss, Prore and Ppara, the probabilities _

of a node being in thé&fEQ, BackOff, IDLEand DATA states, =Nj- PB-(DATA+ RACK + ACK + BEACON) - (11)

respectively. The transition from one state to the othetaekov in number of chip$

process [35]; thus the probabiliiyz s that a node resides in the We derive E,[REQ)], as follows. If Jack’s REQ transmission

REQ state depends on the expected tien each state, i.e.,: fails, for each subsequent REQ retransmission for thatcqodet

request, Jack will reside in thREQ state. The probability of

E(REQ)] (6) having exactlyr successive REQ failures is:

Pree= R O B BackOf f1+ B [DAT A+ B IDLE]

L i PG = (PREC T - PREQ ).

et us again assume that Jack wants to send a REQ to Chloe r failures failure failure

(Fig. 2). If at least one more transmitter (besides Jackpsenye wish to point out here thapﬁ?lffm will ultimately be
a REQ to Chloe in parallel with Jack, both REQs will collidecomputediteratively by Eq.(5). From the above:

In this case,Pyac is equal to the probability that at least one .

other of Chloe’s neighbors transmits a REQ to Chloe, at theesa E|REQ] = Z(’" +1)N;- PB- REQ - PRE2 (12)

time as Jack. Clearly, this is heavily dependent ontthesmitter = " Jadtures:

d(_arr:sitycﬁlrouind Chloe. Th_e_propabilit;r/] tha; there asregodgs With regards to computingi:[BackOf f], the backoff contention
within 0€’s sensing vicinity, given that there akenodes I \ingow for the first¢ attempts follows the discrete uniform

the network, is: distribution in the value fieldo, 2” — 1), with = = 3,4, ..., 8. The
N\ 7R® . TR Nk average value for the contention windowds=1*! — 2° Hence:
Prange(K) = <K> (EP e e
> b1 2Tv r<¢

ob+2

Ei[r backof fs| = .8
[r e 8] {Zg_17+22_7%7 £<T§<

assuming a radial coverage of rangelLet Chloe haveyv/ active
neighbor transmitters, including Jack. The probabiftty.;.., that r

none of the othens — 1 transmitters picks Chloe, equals: and E[BackOff] = (Et[r backof fs] - Pffﬁlws) :
PChloe - b=1
M1 Finally to computeE,[I DLE], recall that the receivers for poten-
= Z <M B 1> (Preo)' (1 — Preo)™ ' " Puotchioe (i), tial REQ messages are in tHBLE state. Thus, nodes should stay
i=0 ! in the IDLE state for at least:[REQ]. Moreover, if Jack's REQ

WhEreP,oicniee (i) is the probability that the specifidransmitters towards Chloe collides, she should wait long enough for dack

do not pick Chloe to send a REQ at this p(_)int in time. To 5 \ye make an implicit assumption that the various packetsoafiixed size.
compute P,oicnioc(i), We consider the probability that the,;, If they vary, then an average value will have to be considered



come back from theBackOffto the REQ state, at least to try of the slots prior to slofS;, and is recursively given by:
to transmit the request again. Therefore, we consiérD LE]

-1
to be equal to2 - E:[REQ] + E:[BackOff], plus a uniformly Petuster(S1]S0) = ZAe’A“’”)%Pczuste7-(SnISo) (13)
distributed random interval with values betweeand E:[REQ)]. n=0
In particular:

Note thatP..ster(So) = 1. Given that a cluster starts in slst,
. E(REQ]+1 a ray appears in slo$; with probability P.q,(5:]S:). In order
5 .

E.IDLE] =2 E[REQ] + E;[BackOf f] to find the probability that a ray appears in skt we need to

The decision on the duration of this random interval depenfigd the probability that the previous ray (caused by the same
entirely on the protocol designer; here we employ the spneciﬂmse tran§m|SS|on |n.slcﬁo resulting in a cluster starting if;)
strategy for completeness (other strategies could beyeiasibr- aPPeared in any slot in the past, between siotand 5;—,. The
porated). first ray (corresponding to the clusterhead) appears in lot

At this stage, we have derived the expected time for being Ii-hence, the probability_that a _ra.y appears in slpgiven that the
each state; we may recursively compiiteso from Eq. (6), and clusterhead occurred in slet is:
Pyrac from Eq. (10). . i—j—1)Le

o Pray(Sil81) = 3 A0 E Py (85150) (14)
3.4.2 Computing Parar -

Towards calculating the probability of packet corruptiawedto 1N€ POWer in such a ray is lognormally distributed with the
multi-access interference, our design computes the piiiiyab associated normal distribution (in dB) having a mgan,; (as per
that a particular pulse is correctly mapped to a ‘0’ or a ‘Y, pEd. (4)) and s.tandard dey|at|®r3h. Similarly, the probability that
comparing the energy levels that appear in the two slots tffaf@y OCCUrs In Sl0B;+1 (i.€., Pray(Si+1/51)) can be computed.
comprise aT. chip. For this, we utilize the Saleh-Valenzuela Th€ Probability that there is a ray i, but notins;,, given
channel model (discussed in section 1), taking into accalitie that & cluster started is; is:

possible past_ time instances at vyhich interfering pulsekjdqnave Pa=(1- )\64%)3%(&_'51)

been transmitted. The computation of the correct pulseptene

in conjunction with the assumption that majority decodimgsed In this case, the (constructive) interference is lognormuih
by receivers, enable us derive the probability of bit faland associated normal parametess,;; ando.,. The probability that
further the probability of packet corruption due to MAI. there is no ray inS;, but a ray appears if; + 1 is:

More specifically, let us consider the scenario in Fig. 3.ngsi i1
TH-BPPM, we assume that the desired signal is transmitted in Pp = Z)\e**@*j)% Pray(S;]81) (1 — Pray(S:i|S1))
slot S;. Note here that slots; and S;;; belong to the same chip J=t
of interest. In this case, the interference is due to thegess
of energy in slotS; 1. A correlator function at the receiver will
compare the energies (plus noise) in the two slots and wdlidge
on whether &0” or a“l” was transmitted. For mathematical
tractability we consider a simplified analysis of a sucagssf Po = e N5 Pray(Si]S)
reception of a bit, ignoring the receiver functionality aamttitive
Gaussian noise. We assume that the bit is correctly detécted he interference in this case is the difference of two logmedr
the power in slots; is greater than the power in sist,; by ¢ random variables’ (with associated normal parametgss;,; and
dB. As shown in Fig. 3, the desired power (that in s$ot will o.x) andV (with associated normal parametess, ., andocs)
be equal to the received power due to the desired pulse pdus itg., the interference iV = U — V. We discuss the distribution
sum of powers of all rays appearing within skt Moreover, the Of W below. It is also possible that there are no rays in either of
interference power will be equal to the sum of powers of glsrathe slotsS; and S;.., however that situation does not create any
that arrive duringS; 1. interference.

The 1., cluster starts atf; (assuming the first cluster starts The distribution of W can be approximated as lognormal
at timet = 0 — slot S, in our scenario). They, ray in this With associated normal parameteis, and ow. There is no
cluster isr,, away from7j. Given the short range of UWB closed form solution for the distribution 6f”. However, several
signals, we assume that pathloss is the same for all thevegtei@pproximations have been suggested for sums of lognormal
rays irrespective of the transmitter; the pulse enafjy — r,,) random variables. We use thiilkinson’sapproach, due to its
is fixed. With this, one can ignore the effects of these factosimplicity [36]. Even though methods with greater accurexigt,
on the detection probability. In addition, the power (dB)tie the Wilkinson's approach has been found to provide readenab
v, Tay in thely, cluster is normally distributed with megn,, cumulative distribution functions for the sum of lognornmah-

(as per Eq. (4)) and standard deviatien, (a constant for the dom variables [37]. The approach is summarized as followes. L
channel). The channel coefficients themselves have a logglor/ = >_,_, I» be the sum off” lognormal random variables,.
distribution. When we sum the power from different pulses, wr'hen,I is also lognormal with the associated normal distribution
have to add lognormal random variables (as described lateig having a mean. and standard deviation. The x ando can be

In this case, the (destructive) interference is again logabwith
associated normal parameters;.1, ando.,. Furthermore, the
Probability that there are rays in both slgtsand S;1 will be:

section). approximated in the following way:

Given a pulse transmission in slst, there is a cluster that « Let X; = 10log,, I; be normal with meanx, and standard
starts in slotS; with probability Pei,ster(Si1S0). This probability deviationox,. Let Y; = ¢X; have meanuy, and standard
depends on the probability that a previous cluster starieghy deviationosy, wherec = In(10)/10.



Initial transmission Exponential drop- Exponential drop-off of

~ Clyster 1 off of clusters rays inside clusters
S %’\ A/‘/C)leterZ

N;T.=A

Fig. 3. The multipath delay profile, due to a pulse transmission in slot Sy. The pulse reception is expected in slot S;. Rays appearing in
S;+1 may cause interference to the reception of the pulse in the neighboring slot S;.

« Let X =10log,, I be the normal distribution associated withP.;,.:..-(Si|So) as per Eq. (13). Since the cluster can begin in any
the sumI of the F lognormal random variables. Then theslot betweens; and Sy, the average values of the parameters of

mean and standard deviation bfare: the lognormal distribution of the interference over all gibke
1 1 clusterhead locations are:
pux == (2Inur —05lnu2); ox = =VInuz —2Inwuy 51
C C —
= Pc uster l avl|l )
Whereu1 — Z::l elYn +U%/n /2, and )U‘(SO) ; ( lust ( |SO):U‘ \l)
- 2uy,, +20% 5—1
uz = 221 € " m+ U(SO): (Pcluste'r'(l'SO)Uav\l)- (15)
n= =0
+2Fi:1 ZF: iy, | 0500 Notice that(S,) and (So) are functions ofs and hence,

functions ofz. Thus, the average parameters of the lognormally

i=1 j=i+1 T . -
distributed ray power over all possible slots in framare:

assuming that the random variablgs are uncorrelated.

. We denote the Wilkinson’s sum of thie variables as: 1 M < 1 N . 16
F M(U)*mgﬂ( 0)s U(U)*m;ff( 0)- ( )
(MX,UX):@(MX“UXT;) . L. . . .. .
im1 There is a similar contribution from transmissions in ea¢h o

These equations can be modified to account for the differerd€ full frames within A. The total interference from these
between two lognormal random variables. transmissions will have a power that is lognormally disttéul

The “average” parameters for the lognormal interference YWIh average parametejs.,,, ando..,,,,. These are computed
slot S;, conditioned on the clusterhead beingdncan now be USing the Wilkinson’s approach described earlier:

expressed as (Havgurs Tavpu) = D (), o(w)).

Full Frames

Mavii = Pa - pi—1y0 — P - pliiv1,0 + Po - pw ) o
Case for partial frames: We initially assume that the values
Oavt = PA - 0cn — P - 0ch + Po - ow for M and L are known. We consider the case fuf first. The

which is what we use to compute the successful reception o W/S€ transmission occurs in some stat in frameo, such that

pulse, described next. Note that these average parameeees /€ ime span between slos and s; is given by:t. = a7./2,
function of the slots;. wherez € [i,2M]. Thus, there aré = x slots betweers, and S;,

As shown in Fig. 4, let\ — KTs + LT, + MT., so that for any including So. Here,u(Sy) anda(So) are computed to be (like in

oneinterferer, there ar& or K — 1 frames contained completerEq' (16)):
within A (depending on the position of slst, L chips of a partial 2M 1 M

. . 2
frame before ands chips of a partial frame after the block of full p () = 5o > i(So), andoi,(u) = BYYi > a(So)
frames. In addition(L + M)T. < Ty. The frames are numbered r=1 o=l
0 through K + 1, and S;, Siy+1 belong to frameo, as shown in For the case of L, we have; = MT. + KTy + z1./2, where
Fig. 4. Consider that an active transmitter has transmissio =z € [i,2L] andé = 2M + 2K - Ny + z. Moreover:

each of the full frames and (possibly) the two partial framés oL oL
we assume that a transmission in a chip is equally likely tdue pr(u) = 1 ZM(SOL ando? (u) = 1 Z”(SO)'
the randomness of the overlapping time hopping sequenttes), 2L = 2L =

probability of transmission that could cause interferemcslot \yie setg — L+ M. ThusA = KT; + 0T.. We assume there are

S; in frame0 is M/N; and that in framei + 1 is L/Ny. In all - ¢chips between the start of the “0"th frame asid Depending on
full frames, this probability is.. o _e, there are three possible cases.

Case for full frames: Consider the transmission of a pulse i, case a: From Fig. 4 it is clear thatf — = and L = 0—¢, where
some framey, whereu € [1, K]. The pulse transmission 0CCurs in. ¢ (1 g 1) and there are full frames inA. Considering a fixed
slot S, within framew, such that the time span betwesnand \4)ye of:, the expected parameters for the lognormally distributed

Si is given by:t, = MT.+ (u—1)Ty+xT./2, wherez € [1,2Ny).  power in slots; can be computed using the Wilkinson’s approach:
Thus, there aré = 2M + 2(u — 1) Ny + = slots betweers, and (Havy, Tavy ) =
avyy Oavy ) =

S; including Sy. Given that a pulse transmission occurredSin
a clusterhead may appear in any slat [0, 5], with probability = @(uavfumuM(U),uL(u),aavfu”,UM(u),aL(u)).



Impact of Partial Overlaps: Due to partial overlaps of THSs,
there may be an interfering transmission in the chip of eger
This interfering transmission could be in either sl§t or in
slot S;+1, with equal probability. First, the two cases where this

i v T m interfering transmission occurs in one of the slots andethisr
K+t K KT e T2 1 e 0 no ray in the other slot, tend to compensate for each otirer,
(6-6)T, A S average in terms of the interference powers. In the last case, the

S, 1y

e /f///iz transmissjon occurs in sIc_Stz- and a ray due to this t_rar_13mission
WKH ‘# K K1 e T 2 1 P#O appears in §I0t8_i+1. In this case, due to the proximity of _tht_e
0T, A ele two signals in time, one may expect the powers to be similar
: and thus, they together contribute little to the interfeeepower

K-1

i
bl

Kel K —T,— 2 BT (these effects were implicitly validated via simulatioresdribed
BT, T later).

Deriving the probability of a pulse failure: In order for
Fig. 4. Handling the cases for which A covers partially sequence 5 pulse to be successfully deciphered, the desired powar plu
frames. the (constructive) interference must be greater thadB. This
The above notation indicates that the Wilkinson’s approich constructive interference is the relative interferencergroin slot
used to consider the sum &f lognormal random variables from S; and was computed as the difference in interference power in
the full frames and the two lognormal random variables froslotsS; andS;.:. The analysis thus far, assumed that the intended
the partial frames, to compute the associated normal paeasne transmission was in sla$;; if on the other hand, the intended
These parameters depend upon the value.oRemoving the transmission was in slof;;1, the computed interference acts as

condition one: destructiveinterference (since it is the relative power in skj.
, o Let . ando. be the mean and standard deviation of the normal
(Havy > Tavy ) = mZEB(uavfumuzw(uhm(uh distribution associated with the lognormal decision Jalgaz,
e=1 if the intended transmission is in sl&t. These values can be
Tavsus M (1), oL(W))- obtained by first considering the Wilkinson’s sum of the powe

e Case b: As shown in Fig. 4, in this casg/ =< =9 andL =0 In the desired pulser{) and the lognormal interference. If the

(no partial frames before the block af full frames). In this case: intended transmission is in slot..., the mean and the standard
0 deviationy’, and o, are computed by considering the difference

N @(uaufu” s (1), Oavp,yy, on (1)) in th_e desi_red pulset_(.)_and the lognormal interference computed

) o earlier, using the Wilkinson’s approach. Once the corradpw
Here, thek full frames and the partial frame containisg are ormal parameters in dB are obtained, the valuean be
considered in the Wilkinson's sum. subtracted from the resulting mean. We are interested in the
e Case c: In this case the slaf; is more thary slots away from propability thatz > 0. Accounting for the fact that the intended
the start of frame “0” (i.e. > 6). We will have K —1 full frames  {ransmission could be either in sist or in slot 5.1 with equal

and two partial frames wherg/ = e and L = Ny — (¢ — 0) @ propability, this desired probability is computed as:
shown in Fig. 4. In this case:

(Havs; Oavy) =

_ PP RS P -
s 90) = = 5 @i 0 Frutee = P20 = qerfel =g qerie=5 o) (49
avy s Oavy ) = 57— av ) MM s WL ) . . - ..
’ 7 Ny-0 ot fut The above expression is the probability that one pulse isived
Cavpon, o0 (1), oL (u)), successfully in the presence ®MAl. Now that we have this
expression, we can find the probability that a bit is corgectl

where the Wilkinson’s sum s compL_Jted OVET— 1 full frames 4000 4ed. Recall thats pulses make up a bit (repetition coding).
and the partial frames with and 7 chips respectively (averagedgi, .o the correct decision is obtained by majority decadirtg

over the appropriate slots as before). Considering alleticaeses least half of thePB pulses have to be correctly received:
now, the total average of the normal parameters of the lagally

distributed power as; are:

61 1 Ny -6
Havg = Havy * Tf + favy - Ff + favg - N

P (bit success) = 1—P(At least {P—QBJ pulses received in error) =

[PB/2]
PB . o
0—1 1 Ny —0 =1- Y (P L) - (1= Ppuse) P77 (19)
and 2 = 2, - 2 [ 2 . f . < . ) pulse pulse
Oavg Oavy Nf +Uav2 Nf +Uav3 Nf i=o Vi

Recall that the above calculation involves only one interfén Finally the probability of packet corruption due to MAI is:
Chloe’s neighborhood. Considering all possible cases dfipiri _ itspacke
active neighbor transmitters we have: Parar =1 = [P(bit success)]”"*/7eehet (20)
N1 Having computed botly 4c and Pasrar, we are able to calculate
(Havgsosns » Tavgrorm ) = EB (Havg - Prx(n),04,, - Prx(n)). (17) the probability of packet failure, as per Eq. (5). Howevepaaket
n=1 may be lost due to the corruption of either of the REQ, RACK,
Again the Wilkinson’s sum of the interfering powers is takerDATA or ACK transmissions. Let us denotey;/4*<*> and
Prx(n) (given by Eq. (9)) is the probability that transmitters P35 2°*<t> the probability of MAC collision and MAI destruction
contribute to the interference. respectively, for any of the above 4 types of packets. Fihs,



Parameter | Value Par ameter Value

REQ p_acket may be lost due to either a MAC collision or a Tc T nsec T 1493
corruption due to MAI. As per Eq. (5), for the REQ packet we A 80x 80 m? v 7.03
have: R I m A 0.0667
, , N 50 X 3
P, = Patac + (1= Pia3) - Paras Ph 120 P 5.59 "W
. 6 15
Thg RACK pack_et con_JId be lost o_nly due to MAI (i.e., no MAC F] 256 Rgte 110 Mbps
collision is possible since RACK is transmitted as per a ueiq Bandwidth | 7.5 GHz o 4.3 dB
i i DATA 2048 bits g 10 dB
THS), and only after the REQ packet is successfully received . T o =
PRACK _ (1- PREQ )- PRACK REQ 120 bits BEACON 32 bits
failure = failure) = = MAI RACK 120 bits Sim. duration | 10° slots
Furthermore, the DATA packet could also be lost only due to
TABLE 1

MAI, and only after REQ and RACK are successfully received: , ) )
Simulation parameters, when not variable
DATA (1 _ PREQ ) X ( RACK) DATA

Pfailure - failure 1- Pfailure : P]VIAI

Similarly, the ACK could be lost only due to MAI: while t_he simula_tions take many days. Note that throughoumt o
numerical experiments, we observed that convergence witl C
Pfitare = (1= PRS2 ) - (1= PRGGR) - (1 — PRite) - Piray s fast: the iterative operations invoked by our framewoske(
) o section 3.1) typically yield converged results in less ti200
Finally, the transmission process for a DATA packet as per thy nds.
considered MAC could fail if just one of the above packettsfai |\ compare the results produced by CTU and the simulator,
Hence: in terms of per node throughput, on average, for differefuas
Plaiture = Pﬁ]iffre + PRACK | pDATA | pACK (21) of Ny. Figs. 5 and 6 depict this comparison, for the cases with
N; = and , respectively, and foPB = 120. We observe that
Next, we compute the per node saturation throughput. Thise results from CTU are very close to those from the simulato
throughput is defined to be the product of (i) the fractioninfet the throughputs corresponding to CTU are shifted only byva fe
for which a node is able to send useful pulses and (ii) the rawdes with regards to the throughputs computed by the siorula
data rate; the throughput is expressed in units of bits/$ke. as seen in Fig.7 The discrepancy in the results are due to: (a)

duration during which useful data is transferred is: the approximations from the Wilkinson’s approach and (b)levh
(1= Prasture(DATA)) - EJ[DATA] - DAT A a constant pathloss of 20 dB is assumed in the analysis, tise Fr
DATA+ RACK + ACK + BEACON path loss model [39] is used in the simulations. Next, we use

However, the transmitter is able to send a pulse only onca/engU to examine the impact of system and environmental factor

sequence frame; therefore, this time has to be scaled downqbnythe performance.

a factor N;. If the raw data rate of the channel igate, the

achievable rate is scaled down by a faci® due to the use of 4.2 On the impact of system parameters on MAI

repetition codes. Thus, using Eq. (11): We first examine the impact of system parameters sudh &he
DATA - (1 — Ppasture) - Rate number of nodes in the networky,; andPB on theM AI. Fig. 8

Tput = E[REQI-E:[DAT A+ E:[BackOf fI+E:[IDLE] (22) depicts the probability of a pulse success versusnterestingly,
as N initially increases, the probability of pulse success also

4 EVALUATING OUR FRAMEWORK increases. This contradicts the common intuition that fgwudses

are likely to be successful a& increases. This is a direct
consequence of the impact of the number of interfering users
in the receiver’s (Chloe’s) vicinity and in particular EQ.7). The
MAI, as seen from Eq. (17), is dependent on the number of active
4.1 Validating the accuracy of CTU interfering transmitters. Whev is small, the number of nodes
We compare the analytical results produced by CTU with the siin Chloe’s range is even smaller. As the number of neighbors
ulated behavior of the network. The considered input patarse increases initially, the transmitters will compete amoagteother

are summarized in Table 1. In more detdﬂ_) We perform an for the few available receivers and will often end up in Beck Off
extensive set of simulations of the network, using a C++ simgtate. Thus, the number of active transmitters actuallyices
lation p|atform [1] We have incorporated the |ognorma|i|f@j and as a reSUlt, th®AIl reduces as well. Note that this happens
distribution in the SV model for the various pulse transioiss, With few nodes. However, beyond a certain density, the nodes
as per [5]. Our modifications to the simulator consist () are able to find receivers and thus, are able to stay as “active
generating the Poisson-based arrival of clusters and faysa transmitters. From this point on, théAl begins to increase again.
period A (N. chips) after each pulse transmission (Eq. (1), (2)J,ne point at which the transition occurs depends on the area o
and (b) the impulse response of transmitted pulses (as per Egployment {1), the transmission range, and. As one might
(3)). (2) We implement CTU in both C++ and Matlab, and we us&xpect, this point is somewhat independent of the valug,othe

it to compute the probability of packet transmission falupe decrease is due to the inability of transmitters to find nersiand
then estimate the average MAC layer throughput per nodeeras ot because of collisions due to overlaps between time+ihgpp

Eq. (22). The Stirling’s approximation [38] was used to canep
q ( ) 9 pp [ ] 3. In Fig. 7, the supported number of users is the node popnlédr which the

factorials and this c_on3|derably speeds_ up t_he compumtl'fjne average per node throughput is the maximum. Adding moresivdihe network
set of all our analytical results are obtained in less thaa fwour, will further decrease the node throughput due to conterdioth interference.

In this section, we evaluate the accuracy of CTU and discaoss h
CTU can guide MAC protocol design decisions.
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Fig. 10. The value of probability
P ar reduces with Ny.

sequences. Note here that this results due to the MAC priotoby Eq. (5) and (12) and hence is dependentiana; for the

design choice of selecting receivers at random. It is péssitat REQ message. Notice that for the different valuesngf the

a cleverer receiver selection strategy, adopted by anptitential values of Pyyac and Py (REQ) change.

protocol, will not present such a behavior. The combined behavior 0Py, ac and Pyar determines the
Notice that the value ofv; clearly determines the extent ofaverage achievable MAC layer throughput, as per Eq. (22). As

interference. The larger the value 8§, the smaller is the amountshown in Figs. 5 and 6, for very smakl, the average per node

of destructive interference experienced by receivers.dditeon throughput is very low, sinc&yac and Pyar are high. For

to Ny, the chosenPR value impacts the achieved performancenoderate populations (40 to 70 nodes) the average throtighpu

In Fig. 9, we plot the reduction iPy;4;, as the value ofPR is high; however asv increases further, the throughput decreases

increases. We observe that by increasing the redundandyein due to increase@s; ;.

number of transmitted pulses per bit, the negative impact of

interference is decreased and hence the probability of gpack 1

failure due to interference is reduced. Extremely highvalues o8 |
impact the network throughput, due to significant delaysvben ' _
pulse transmissions [30]. Finallyy4; varies conversely with g 06 TS
P,uise, as depicted in Fig. 10. f' 04| NF 10 ]
Nf30 -~
0.2 r Nf 60
4.3 On the behavior of the MAC layer NF9o

ol

Next, we examine the MAC layer success probability; ¢ 0 2040 Gilodios 100 120 140

with the simple MAC procedure considered (Fig. 11). With Bma__ _ o

N, transmitters have a very limited set of potential recaivter IF'g' #lf Th? Vg'.‘f’fe of PMACb IS r]l"t z'gn'f'ca”t'y affected by the

choose from. This causes a significant number of REQ calisio ength of Ny, for different number of nodes.

thereforePy ¢ initially has a very high value. A% increases,

more a_\rjd more receivers become available; this red_uces g1e USING CTU TO COMPARE DIFFERENT MAC

probability that a receiver is selected by more than onestritter.

The level of interference affects the value Bf;ac (since REQ PROTOCOLS

messages may suffer interference as seen in Eq. (12)). Figsn FThe modular nature of our framework allows one to tune it i@-ev

10 and 11, we observe that a5 increases Py 4; increases as uate a wide class of different TH-BPPM based MAC protocols

well, anddrives Py ac higher. ThusPirac does not drop sharply as well as different PHY considerations. Next, in subsestis.1

(but gradually) with the increasem. to 5.3, we demonstrate how CTU can be adjusted to facilitage t
Since the control messages (REQ, RACK, ACK, BEACON) amgerformance evaluation of different MAC protocols, for inhge-

of short length, compared to DATA packets, the impactil radio UWB. In particular, we describe a different MAC pratbc

on them is slightly less severe. This is shown in Fig. 12. THevhich we callM2), we implement it in CTU and we conduct

probability of REQ transmission failure is iteratively cpated numerical experiments to observe the performance of thig ne
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lr~————— Jack is using Chloe’s THS for the DATA packet, it is possible

08 | A ] that his DATA transmission collides with other possible PAT
o T transmissions towards Chloe. Thus, it may take a number of
% 06 T ] DATA transmission failures until the DATA packet is sucdedly
§ 041 NF10 —— ] delivered (if delivered at all). Clearly the inter-statartsition will
a' ozl Nf30 —— | still be a Markov process, hence we will have:
Nf 90 E[DATA]
Ppara =

E\[DATA] + E,[BackOf f] + E:[IDLE]’

where Ppara is the probability of being in th®ATA state (in-
Fig. 12. The probability of REQ packet failure depends on the  cluding successful and retransmission attempts). Medawhe
MAC operations. probability Pcyi.. that no other transmitters (besides Jack) pick
Chloe will now depend orPpara instead of Prrg. Moreover,
protocol; we discuss the CTU results and compare this MAG,, = Ppar4 in Eg. (9).
protocol with the one described in section 3. Similarly afobe [11) Upon failure of the DATA packet transmission, Jack will
we assume that the traffic is fully-saturated. go to theBackOffstate and he will retry the transmission as soon
as his back-off timer expires. The duration of each retrassion
iS¢t = Ny - PB- DATA; and for the successful transmission it

] ] ) iSts = Ny - PB-(DATA + BEACON). The expected time in
We consider a different MAC procedure that involves only BAT y,o pATA state considering transmission failures for the DATA
and BEACON packet transmissions. The new state diagram B%{cket will be:

this protocol is shown in Fig. 13. With this MAC, Jack uses

0 L L L L L L L
0 20 40 60 80 100 120 140
Nodes

5.1 A quick description of the MAC protocol

¢
Et[DATA] = Z |:(7‘ b+ tS) : r'D?aI;ﬁwes ) (1 - Pﬁl?lz;qe)} . (23)
r=0
IV) The expected time in th®&ackOff state for this MAC
protocol now depends on the probability of transmissiofufai
of the DATA packet, P41/, Thus, the expected time in the
BackOffstate will be:

T —,

Rx—"

BackOff

Success

Fig. 13. The state diagram for the M2 MAC protocol. The DATA r
packet is transmitted as per the receiver's THS. E[BackOff] = Z (Et [r backoffs] - Pﬁﬂfe) ) (24)

b=1

Chloe’s THS to transmit his DATA packet, without sending &0te that the timeF;[r backof/s] is computed as in section 3.

REQ message first; Chloe will realize that Jack wishes to send’) RegardingE:[IDLE], we want the receivers to wait for

a packet to her by decoding an appropriate preamble; she t§@me time for transmitters to return from thlgackOff state,

to receive the data packet without sending a RACK messagelQot"y the DATA transmission again. Recall that as soon as a

Jack. As shown in Fig. 13, as soon as Chloe starts receiviP@CKEt transmission is initiated with M2, both transmitéerd

the DATA packet, she transits from tHBLE to the DATA state receiver transit to the DATA state; in contrast with M1, vehthe

along with Jack. If the DATA transmission is successful, &hl transmitter is in theREQ state, the receiver is still in thibLE

will transmit her short BEACON frame, thereby informing heptate. Thus for M2 we c.onsider that the recgiver_will waitlie t

neighbors that she is now idle. By receiving Chloe’s BEACONPLE state for the duration of a BackOff period, i.e.:

message, J_ack will know that_his DATA packet was received EIDLE] = E[BackOff].

intact; he will further transmit his BEACON frame, as wellnO

the other hand, if the DATA transmission is corrupted (eitthee V1) The probability of packet failure involves DATA packets

to a MAC collision or due to MAI), Jack will go to thBackOff only. As per Eq. (21), it will now be:

state, and he will retry his transmission after his backofirger DATA DATA DATA\ —DATA

is zero, as per the process described in section 3. saiture = Praiture = Pardc” + (1= Parac™) - Parar (25)
Note again that for Eq(23) and (24), P/,4%/ will be computed

5.2 Adjusting CTU to facilitate the new MAC scheme recursively through Eq(25). _

From this analysis it becomes clear that CTU can be easily
tweaked to facilitate the evaluation of different MAC protds
for impulse-radio UWB networks.

In order to apply the CTU framework to the afore-describemt pr
tocol, the following six adjustments would have to be perfed:
1) With this MAC protocol there is ndQREQ state, therefore
Preg = 0 in Eq. (6), sinceE:[REQ] = 0 in Eq. (12). Moreover, ) ) )
no ACK or RACK messages are involved, and thus their cont®-3 Assessing the behavior of M2 using CTU
bution is ignored in Eqg. (6) and (11); in addition, the proligh We embed the M2 protocol in our framework implementation and
of packet failure does not consider the successful trarssomis of we perform numerical experiments to assess its behavievhht
those frames. Moreover, BEACON frames again do not colliddollows, we provide a comparison between the behavior of M2
I1) Since DATA is transmitted as per the receiver's THS anahd the one of the MAC procedul1, described in section 3.
since there are no REQ/RACK transmissions, the DATA packetFirst we compare the probability of failure of the DATA
is not protected from MAC level collisions. In other wordsice packet transmission with the two protocols. In particuwes, are

12



interested in the percentage increase”j.i..-., when replacing 6.1 On the assumption of constant path-loss

M1 with M2. This increase is depicted in Fig. 14 for the cas . . .
of 50 nodes andv; = 50. We observe that the difference in theRs described in [2], there are two approaches for looking\WEJ

hy ) . . channel measurements. The first approach just approximates
probability of failure increases, as we increase the vafue®. . . ) . . . .
typical” locations of UWB devices (in effect ignoring patbss

With M2 the DATA packet is constantly more prone to failureand concentrating on multipath only) and the second approac
This is because the packet is not protected from MAC coltisjo 9 P y P

since REQ and RACK packets are absent. Increasing the v&lué”gs to provide a comprehensive statistical model (formg

PB decreases the probability of failure for both protocolacsi using different path loss exponents for LOS and NLOS coni)

Pyar decreases. However, this favors the performance of l\ﬁ&)metlmes for different parts of the UWB band). In the 80315

more than M2. The absence of the protective REQ and RA del, two different path-losses are used — 20 dB at a receive

Messanes see.ms 0 be tremendouslp dearading the perfam hstance of 10m from the transmitter and 12 dB at a receiver
ges . 'y deg 9 e MAitance of 4m from the transmitter [5]. Further, as noteRin

of M2, which cannot be substantially improved through therén . -

n the measurement process, it is difficult to separate thgeia

. |
ment of the value o 5. In contrast, M1 is already more rObUStscale and small-scale fading characteristics. Thus thendomal

to prolonged DATA failures, due to the REQ/RACK mechanlsrr}%dmg in the S-V models derived from measurements and used
and hence there is more space for performance improvement X S ) :
in the paper implicitly include the large-scale fading effe In

the increment of5. our simulations, we used a fixed path-loss of 20 dB for allpair
of transmitters and receivers to reduce the complexity. (¢hg
model will have to consider the exact distances and alsodhe&
800 of the channel — LOS or NLOS between each transceiver pair).
600 Another way of interpreting the fixed path-loss would be that
some interferers will have a larger path-loss, while othgils
have a smaller path-loss and using the same path-loss for all
200 transceiver pairs averages out this effect. A more accpeattdoss
model can also be integrated when computing the probalmfity
90 100 110 120 successful reception of a pulse in Eq. 18; however, one would
Size of PB (pulses) have to compute the average interference, conditional en th

Fig. 14. Substituting M1 with M2 incurs a tremendous increase in  channel attenuations to the different users.
Pyqi1ure, Which increases for increasing PB values.

1000

400

% increase in P(failure)

0

6.2 Other possible adjustments

1000 . .
As we showed earlier, various parameters such as the expecte

800 times in each state can be tuned as appropriate to the specific
600 MAC protocol under consideration, in order to derivg;ac
as per Eq. (10). This is easier when the MAC operations are
captured through a finite state machine. More than that,idens
200 a case where the packet sizes vary and the back-off algorithm
different from the one considered. These features can hiy eas
9 100 110 120 incorporated into CTU by appropriately modifying the sfiieci

Size of PB (pulses) portions of the framework. As further examples:

Fig. 15.. AIthopghincreasing Ny reduces failures, the replacement 1) While developing CTU, we assumed that nodes have a
of M1 with M2 increases Praiture. radial rangeR. However, note that this assumption is pri-
marily used to (a) fix a pathloss value and (b) determine the
number of possible interferers. One can easily incorporate
a different range distribution in the CTU framework. The
main change required will be in Eq. (7).

One may incorporate a different (than the SV) channel
model, as long as the model describes the ray inter-arrival
times and gains. For example, adopting the Nakagami
fading distribution instead of the lognormal distributifi}

is possible. In addition, one may consider a model where
clusters are fading independently or rays. In such a case,
Eq. (4) could be easily modified to include a fading term
with regards to the cluster arrival and a fading term for the
ray arrival [5].

3) We assume PPM in this paper. If BPSK is used, the polarity

400

% increase in P(failure)

Moreover, as in section 4, we vary the length of the sequence
frame Ny in order to observe how; ... varies. Fig. 15 depicts
the results for the case of 50 users ang = 120. Similarly as
above, we observe that even though higher valued,ofeduce 2)
the probability of failure for both protocols, M1 always nages
to protect the DATA packet transmission better than M2.

Hence, we have demonstrated that CTU can easily accom-
modate a plurality of variations of our basic MAC procedure.
The incorporation of a different MAC protocol requires simp
modifications mainly in the part that comput®s;ac; i.e., for
the given PHY implementation, no changes are required in the
computation ofPa; ;.

6 SCOPE AND LIMITATIONS OF CTU of the pulse will be different depending on whether a ‘0’

In this section, we elaborate on particular assumptionsencla- or ‘1’ is to be sent. In such a case, instead of looking at
ing the design of CTU, we discuss further potential adjustisie the energy difference between the time slots (as in PPM),
and we deliberate on the limitations of our framework. one has to simply look at whether the energy received in a
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slot is positive or negative. With minor modifications, oufi4]
analysis can be applied with BPSK.

[15]
6.3 Limitations of CTU

The CTU framework however, has the following limitatioifa)

CTU does not account for the use of convolutional or blockesod 6]
Incorporating the effects of coding will increase the coexgtly of
CTU. (b) We have based our analytical framework on TH-BPPM
based communications. Thus, other multiple access sheateé”]
(such as M-PPM, CDMA or OFDMA) are not applicable. As an
alternative transmission technique, the Wimedia Alliasgpports
an OFDM (Orthogonal Frequency Division Multiplexing) bdse
specification [40] for UWB.

(18]

[19]
7 CONCLUSION

We design and evaluate CTU, an analytical framework for MAEO]
layer throughput estimation in impulse-based multihop UWB
networks. The modularity of CTU enables one to easily tune#!
to model a wide range of MAC protocols; the only requirements
are that the underlying modulation scheme be BPPM and tinie2|
hopping be used as the multi-access procedure. CTU is the firs
analytical framework that captures the cross layer int@as o3
between the PHY and the MAC layers. We validate the accuracy
of CTU with extensive simulations and we observe intergstirEM]
properties through a plurality of numerical results. Hiyale use
CTU to analyze a different MAC protocol, which we compare
against the default protocol that we use. The analysis siggé?®!
that CTU can be easily modified to host the design of different
TH-BPPM MAC protocols. [26]
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