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promising solutions which can address them is the
Time Hopping IR-UWB (TH-IR-UWB) technique [4].
Impulse Radio Ultra Wide Band (IR-UWB) is a Its main advantages are low power consumption, low
promising technology to address Wireless Sensorcollision probability thanks to the time hopping
Network (WSN) constraints. However, existing newor technique and short pulse duration [5]. TH-IR-UWB i
simulation tools do not provide a complete WSN & kind of dynamic Time Division Multiple Access
simulation architecture, with the IR-UWB specifest ~ (TDMA) at pulse level [6]. The medium is dividedan
at the PHYsical (PHY) and the Medium Access Control frames and frames are divided into time slots. The
(MAC) layers. In this paper, we propose a WSN hodes transmit one pulse per frame and the pulse
simulation architecture based on the IR-UWB Pposition on a frame depends on the transmitter Time

Abstract

technique. At the PHY layer, we take into accobet t
pulse collision by dealing with the pulse propagati
delay. We also modelled MAC protocols specifidRo |

Hopping Sequence (THS). Thanks to this technique,
TH-IR-UWB offers multiuser access capabilities.
Unfortunately, available network simulation toolg] [

UWB, for WSN applications. To completely fit theNws suffer from a lack of sensors, sensing channels and
simulation requirements, we propose a generic and accurate TH-IR-UWB models at the PHY and MAC
reusable sensor and sensing channel model. Most ofayers. This work presents a generic WSN simulation
the WSN application performances can be evaluatedplatform that can be used to evaluate the whole WSN
thanks to the proposed simulation architecture. The architecture based on TH-IR-UWB, following criteria
proposed models are implemented on a scalable andike energy efficiency, latency or reliability. The
well known network simulator: Global Mobile remainder of this paper is organized as follows. In
Information System Simulator (GloMoSim). However, Section 2 we describe the problem. Section 3 ptesen
they can be reused for all other packet based related work. The proposed PHY and MAC layer
simulation platforms. models specific to TH-IR-UWB are described
Key words. Wireless Sensor Network, IR-UWB, respectively in Section 4 and 5. Section 6 presents

PHYsical layer, MAC (Medium Access Control) layer. Sensor and sensing channel models and finallyjdsect
7 concludes.

1. Introduction
2. Problem formation

A WSN consists of several sensor nodes scattered in
a small area [1-2]. The role of these nodes i®tzs a Our concern is the PHY layer which is in charge of
particular phenomenon and to report it to a basecoding and modulation, and the MAC layer which
station, for analysis. Such networks can be used fo controls the medium access [8]. Our goal is to rhode
applications like monitoring, local area control, the TH-IR-UWB technique at these layers in order to
industrial processes, civil safety, house automadiod analyze its impact on the whole network architestur
tactical applications [1-2]. However, we have talde in the WSN context. For this purpose, four main key
with several constraints when setting up a largdesc factors have to be considered: the transceiver
autonomous WSN: power consumption, simplicity, performance, the error rate, the energy consumption
low cost, small size [3]. Existing solutions basedthe problematic, the pulse collision and the channekss
Wireless Local Area Networks (WLAN) or the scheme. For each of them, the TH-IR-UWB
Wireless Personal Area Networks (WPAN) standards specificities must be considered, especially the
do not address all the mentioned issues. One of thediscontinuous aspect.



2.1. PHYsical layer exclusion in the channel access. Thus, they do not
benefit from the multiuser access capabilities reffie
The main motivation of a PHY layer model is to by TH-IR-UWB. In addition, carrier sensing and
accurately represent the signal-to-bit and bitigmal ~ virtual carrier sensing techniques lead to high @ow
conversion. The best way to do it is to use a BibE ~ consumption. By keeping in mind these facts and the
Rate/Signal to Noise Ratio (BER/SNR) model with a simplicity constraint, we also model MAC protocols
network simulator. This technique allows a good for TH-IR-UWB.
balance between simulation time and accuracy. In
contrast, another solution which consists to an 3. Related work
interaction between a network simulator and a digit
signal processing tool is not viable due to theydar In the literature, several TH-IR-UWB MAC and
amount of processing time, especially in the WSN PHY layer models have been proposed [10-13].
context, where we have to deal with thousands of However [11-13] do not provide a network simulation
nodes. We can obtain a BER/SNR table either by architecture. In [11], a MAC layer protocol (UWB)
simulation with digital signal processing tools lsuas which takes into account the TH-IR-UWB PHY layer
Matlab [9], or by measuring the BER on real benefits is proposed. A common channel, defined by
transceivers. This table is used at the networkilsitar particular THS is used to exchange the THS befoge t
PHY layer to evaluate and simulate the Packet Errortransmission. In [12], a probabilistic pulse cadis
Rate (PER), in order to determine if a packet baset  model is proposed while [13] investigates on fimdin
delivered to the MAC layer or not. In addition tast appropriate THS in multiuser access networks. We
concept, we have to deal with the interference orlead our research in a context similar to [10], wha
collision management, which consists to detect wireless network simulation architecture based bR T
overlapping transmissions at a particular receiver. IR-UWB has been proposed and realized over the
Together, these two schemes lead to a high fidelity Network Simulator-2 (NS-2) [14]. The proposed model
the network simulation, especially with single chehn concerns the PHY and MAC layers. At the MAC layer,
techniques where Continuous Wave (CW) is used.it addresses the issues of power control. At th&y PH
However, with techniques like TH-IR-UWB we must |ayer, it uses a BER/SNR channel model and takes in
pay particular attention to the collision modehcs the  account the sub channel division, thanks to the THS
transmitted signal is in form of very short impse The interference management is performed according
instead of CW. The channel does not appear to beto the average orthogonality between two
occupied during the whole packet transmission transmissions using the same THS and the average
duration. So, two or more concurrent transmissidms  orthogonality between two transmissions, using
not systematically overlap. We should also notleat t  different THS [15]. However, these parameters being
the TH-IR-UWB technique is different to FH computed in advance, the impact of the pulses real
(Frequency Hopping), where transmission performed propagation delay disappears on the network simulat
with perfect orthogonal sequences does not inerfer PHY layer model. In addition, this model is not
With TH-IR-UWB, the orthogonality has to be directly addressed to WSN. It does not provide sens
considered at a particular receiver, as the pulseand sensing channel models. Its probabilistic @oic
reception time depends on the pulse propagatiaydel the successful communication among the interfering
In our proposed model, we try to represent the realones, which may not always represents the real PHY
behaviour of the PHY layer. Interference managementlayer behaviour, leads to a lack of accuracy. Warikh
is performed at the receiver and at the pulse Jewel  also notice that transmission, even if performethwi

taking into account the pulse propagation delay. perfect orthogonal THS can collide at a particular
receiver, according to the pulse propagation délais
2.2. MAC layer fact is not accurately taken into account in thedei®
in literature.

Due to the impulse behaviour of TH-IR-UWB,
traditional MAC protocols, for WLAN, or WPAN, 4. Proposed PHYsical layer model
which are generally based on the carrier sensing
mechanism seem to be inefficient. In fact, the free
channel concept changes and becomes difficult to
define. Moreover, the Request to Send/Clear to send
(RTS/CTS) also called virtual carrier sensing ahe t
TDMA schemes contribute to reinforce mutual

The ultimate goal of our model is to accurately
etect pulses that may interfere at a particuleeiver.
Moreover, we take into account the BER/SNR [6], in
order to reflect some TH-IR-UWB coding, modulation
schemes or transceivers performance. With TH-IR-



UWB, a transmitter sends pulses following a THS. A in spite of the use of the previous sequences &dib
pulse transmitted at the tiniés received at a particular transmitters. This is due to the pulse propagadiay.
receiver after the pulse propagation delay; at4t. At In case where the THS length is equal to one, itike
depends on the distandebetween the transmitter and this example, collisions occur when:

the receiver and also the pulse velowjiyse

€))
17pulse or

T s e e " €1 " 1, 47 and 5, = 5, — 05, = TS 0
Upulse = Afe 2) Or

From the above formulations, we can deduce that the

pulse reception time at a particular receiver i$ no (THS, L1 THS,)and &, = (6; — (THS, — THS;)t:) (5)

constant. Indeed, it depends on the distance batwee

the two considered nodes, and the central frequehcy In these formulad;sdenotes the time slot duration.

the UWB signal. As a result, the pulse collisionaat

particular receiver depends on the transmission THS4.1. Hypothesis

and also the propagation delay. These facts ledldeto

lack of precision of models that do not take into The underlined facts above constitute the

account the real pulse propagation delay like Eif¢e backgrounds of our model. To set it up, we consider

the pulse collisions depends on it. They also the TH-IR-UWB principle [6] at each transceiver:

demonstrate that the use of perfect THS does notframe and slot division. For each defined time aloa

systematically avoid pulse collisions or interferes, particular transceiver, we consider four states:

even in case of perfect synchronization.

At 6, = 6,and 1 (THS, L THS,) (3)

* |IDLE: There is neither transmission nor

ol | [ Jol [ [ lof [ [ [of || reception in this time slot.
NodeO~~_ | ~~~~__| "~~~ | TT---, *  TRANSMIT: The PHY layer is transmitting a
[ T T [o[a] T To[al T ToJa] | pulse in this time slot.
Nodel .= M M A v e« SLEEP: The PHY layer does not listen in this
""""""""""" time slot.

5 L1 | > [1] | _I 1] | 1] | e SENSE: The PHY layer is receiving a signal
odez ¢ IHlustration 1 the whose power is too low be decoded in this
ol T T Jo[ [ [ Jo[ [ [ Jol 1 time slot.

NodeO~ ~ _ S~ S~ S~ « RECEIVE: The PHY layer is receiving a

] |~ T T = ol 11 = ol ] |‘A pulse on this time slot.
R s A A » . .
[2] T T T2 T [1] T 1 T The defined states above depend on the received or
i m o 2 transmitted pulse power. Thus, we accurately define
s ustration tis the noise level at each receiver.
B, = NoW (6)
Figure 1: lllustration of collisions. WhereW denotes the occupied bandwidhfy, = KT is

the thermal noise densitK denotes the Boltzmann
In the Figure 1, three nodes are perfectly syndhezh constant andT is the noise temperature. This is
Transmissions are performed with orthogonal THS but important because the noise power depends on the
they overlap at the receiver. Nodel and Node2 areoccupied bandwidth. Furthermore, in a BER/SNR
transmitting a sequence of pulses to NodeO inithe t  model, the probability of good reception depends on
slot THS1 equals to 1 for Nodel and the time slot the receivedSNR When two pulses arrive on the same
THS2 equals to 2 for Node2. Let us denditéhe pulse  time slot at a receiver, a collision occurs andghise
propagation delay between Nodel and NodeOd@nd which has the lowest level is added to the noisegpo
the pulse propagation delay between Node2 andwe perform the interference management according to
NodeO. In the lllustration 1, pulse collision dogst  the Signal and Interference to Noise Ratio (SINR)
occur because d; equals tod, and the two sequences computation [9], by taking into account the noise
(1111) and (2222) are perfectly orthogonal. In figure F.

lllustration 2, however, the transmitted pulseslidel P
SINR = o——— @)
Zall other + FPn



WherePs is the receiving pulse power amddenotes Wheret; denotes the frame duration ahg, denotes
the noise figureX ai other denotes all the interfering the packet length in bits. We only modify one sitatte
signals where the received power of each of them isas the transmitter always transmits on the same tim
lower thanPs. They are supposed to be conformed to slot for durationTy,,s As illustrated in Figure 2, the
Gaussian noiseln addition, we made the following wait function determines the position of the cutren

important assumptions: time slot and delays transmission until the nexieas
time slot position.

 The propagation delay is supposed to be v 4
constant during a packet transmission.

« To simplify THS management we consider MEDIUM ACCESSCONTROL LAYER
multi user networks where the THS length is A
equal to one. MAC Iayteri :gril? packet to Transmis$ion performed

» The PHY layer transmits one packet a time. v

e The PITIY.Iayer is ak_)Ie to receive cqncurrent WAIT FOR ACCESS MPULSE RADIO START
transmissions only if they do not interfere TIME SLOT TRANSM | SSION
with each other.

» Each started transmission must go on until all
the pulses that constitute the packet are sent.

* Nodes are supposed to be synchronized on the Figure 2: Transmission process.
TH-IR-UWB frames.

Access time slot appeare?

] 4.4, Reception
4.2. Representation

The packet reception model is a main feature in a

At the network simulator PHY layer, we represent pyy |ayer model. We deal with the reception process

by considering slots states at the rece

our impulse radio by a set of time slots according
the TH-IR-UWB principle. The time slot durationtis

and its representation can include the delay spisad
this case, overlapping reception detection is peréal

on a duration which includes this delay. Thankshi
nanosecond simulation accuracy offered by discrete
event simulation and the synchronization hypothesis
we are able to deduce the current time slot at a
particular  PHY layer by only considering the rinsmisgfon performed
simulation clock value. This is possible because th
frame repetition is a periodical process and tito¢ s
position within the frames does not change.

tymmod t
towr = E l%fj (8)
ts
WhereE|X | denotes the floor functioty,, gives us the Figure 3: Slot state transition.

position of the current slotft denotes the frame
duration andtg, is the simulation clock value at the When the PHY layer detects a new packet on the

pulse reception. medium, we first determine the position of the
occupied time slot (8). The reception sequence of a
4.3. Transmission particular receiver depends on the THS used for the

transmission and the propagation delay. In our fjode

A packet transmission process in TH-IR-UWB @S the THS length is supposed to be one, we only
consists in transmitting a pulse on a slot in eaame consider one time slot state. The transmitter séimels
until the full packet is transmitted. We model this Pulses on the same slot all along during the packet
process in the network simulator by modifying the transmission. According to the reception slot state
state of the affected slots according to the tramem different transitions are possible as illustrated i
THS. Transmission always starts on the first tinoe s  Figure3
of the sequence and laSigs

Tirans = lpdutf €©))



4.5. Power consumption management in piconetstructure. Nodes can easily be
put in doze mode when no communication has to be

The proposed power consumption model is an performed. However, this becomes more complex in a
enhanced GloMoSim power consumption model [16]. large scale WSN where routing is also performed by
Furthermore it takes into account the impu]se reatdr sensor nodes. The different states of Unslottecamt
TH-IR-UWB. The global power consumption the transitions between them are illustrated irufégt.
computation is based on the power consumed pee puls
transmission or reception. 5.2. Slotted-TH

5. Proposed MAC layer models In Slotted-TH, the medium is shared in MAC
frames and the transmitter is only allowed to start

By taking into account the facts outlined in Setio transmission at the beginning of a MAC frame, witho

2, we modelled two MAC protocols: Unslotted-TH and _carrier sensing. Medium sharing at the _MAC layer
Slotted-TH and their reliable versions: Reliable- Ntroduces the problem of access scheduling. Itean
Unslotted-TH and Reliable-Slotted-TH. These TH-IR- performed in a distributed or centralized mannerd A

UWB MAC protocols are very simple thanks to the use we can _reinforce mutual exc_lusion by aIIocating non
of TH at the PHY layer. Indeed, TH randomizes the overlapping MAC frames to different nodes or allibw

pulse positions, thus coupled with very short pulse to benefit from the multiuser access capabilitifsred

duration, the pulse collision probability decreages a by the TH-IR-UWB. In this protocol, the slot size

result, the MAC layer of this kind of technique dae impacts the latency. And, Iike. Unslotted-TH, th'e
very simple. Thus, complex and power hungry energy management can be easily performed; medium

mechanisms such as carrier sense and channe?haring into MAC_frames makes this process S”.”p'er-

reservation have no longer reasons to be used. In case of centralized SIOt.S allocation, the cautbr
choice problem occurs with large scale autonomous
WSN. But, if the sensor nodes positions are known i

5.1. Undotted-TH advance, it can be easily performed. Figure 5 étehib

In Unslotted-TH, the transmitter does not care &bou the Slotted-TH principle.

the channel state. Like ALOHA [17], once it has a
packet to send, it transmits it on the medium, ediog l Nelv Packet to transn Slot front appeared
to its own THS. \4 v

WAIT FOR START TO
NEW SLOT TRANSMIT

WAIT IN READY
No

Packet To )
Transmit’

Broadcast gacket

l New Packet to transn

\ 4
o START
"| TRANSMISSION

WAIT IN READY

No Unica$t packe
Packet to CHECK FOR PACK
Packet Type: T O TRANSMIT | [XMIT BCAST XMIT UCAST
Broadcast %acket abt pack f Packet [Sent
PACKET SENT |«
CE':ET%KT';%'T\EBAA?TK XMIT BCAST XMIT UCAST
T T Packet Sent
Packet[Sent
PACKET SENT |«

Figure 5: Slotted-TH illustration

4 Packet Sen

5.3. Reliable-Unslotted-TH
Figure 4: Unslotted-TH illustration.

Reliable-Unslotted-TH is the reliable version of
As the received packets are not acknowledged here, Unslotted-TH. It is very similar to ALOHA and
retransmission is needed. This protocol leads ¥ lo requires received packet acknowledgment. After
latency and gives a high priority to new eventdéo  sending a packet, the transmitter, waits for a
notified to the base station in a WSN applicatitin.  retransmission delay. If it receives an acknowleeligm
well suits applications where latency and new event before this delay expiration, it transmits a neveled;
notification are critical. It is also accurate fopower otherwise it retransmits the current packet urii t



number of retransmission exceeds the retransmission In this paper we presented a WSN simulation
limit. This protocol is adapted to WSN applications architecture based on IR-UWB. At the PHY layer we
where reliability is critical. By increasing the propose a model that takes into account pulsesgmili
retransmission limit we increase reliability butisth At the MAC layer, we model MAC protocol for WSN
may also impact latency. By increasing the applications by taking into account the TH-IR-UWB
retransmission delay we increase latency. Due ¢o th specificities. We also propose a generic and rdesab
packet acknowledgment process, power managemensensor and sensing channel models based on
become more difficult to be performed. However, electromagnetic wave propagation. The presented
nodes can be put in doze mode after the curreiepac architecture is modular so it can be easily modified
acknowledgment reception. reused.
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