Performance Evaluation of UWB Sensor Network
with Aloha Multiple Access Scheme

Romeo Giuliand and Franco Mazzenda
! RadioLabs Consorzio Univeraitindustria, Via del Politecnico 1, 00133, Rome, ltaly,
email: romeo.giuliano@radiolabs.it
2 University of Rome Tor Vergata, Via del Politecnico 1, 00133, Rome, Italy
email: mazzenga@ing.uniromaz2.it

Abstract—The performance of a multi-hop Ultrawideband transmissions. Differently from traditional cellular networks
(UWB) sensor network based on Aloha multiple access technique interference reduction by scheduling node transmissions is

is evaluated in terms of the average link outage probability and ;
the overall network throughput for different coverage radius hard to apply in sensor networks [4], [5] where nodes are

of the UWB sensor device. The architecture of the considered Oftén deployed in ad-hoc fashion and energy saving is a
sensor network is based on the creation of multi-hop routes Primary constraint. The performance study of MAC protocols
using intermediate nodes for each source-destination pair. Packets for UWB sensor networks is an active area of research. Several
transmission at each node follows a Poisson distribution with activities in this field are currently performed within the I1ST-

assigned normalized traffic. Performances are obtained using PULSERS project and some of them focus on contention
a novel semi-analytical procedure that allows to account for

multiple access interference and realistic propagation conditions. base_d MAC protocols such as Aloha [6] ar_ld qarrler sense
The proposed calculation procedure can be used for sensor Multiple access (CSMA). However, the application of these
network design based on Aloha with multi-hop as well as for protocols to sensor network is not straightforward since both

analysis of an existing installation. Aloha and CSMA have to be modified to support multi-hop
transmissions. As observed in [7] even if CSMA protocols
| INTRODUCTION are attractive in single-hop communication scenario, they can

i , significantly limit the performance in a multi-hop scenario
Wireless sensor networks are very special networks Willhare the communication is performed for example by a

large number of nodes collaborating to accomplish COMMQR,ence of minimum-length hops. For this reason in this
tasks such as environment monitoring and alarm, positioni%per we analyze the performance of UWB sensor networks
location tracking and so on. Sensors are battery powered g)lloq on the Aloha protocol for multi-hop networks proposed
their coverage is usually limited to few meters. Thus, in order [7] in terms of the network throughput as a function
to cover larger distances, sensors can organize themselegne nymber of active multi-hop routes in the area and
to create & multi-hop communication network. Due t0 thee normalized traffic per node. Single link performance are
large variety of services that sensor networks can offer, Uy eqsed in terms of the outage probability which accounts
trawideband (UWB) technology [1], [2] seems to be a viablg,, ihermal noise and multiple access interference due to other
candidate to offer a unique wireless communication platforfyve ysers that can be arbitrarily sparse in the sensor network
for services integration thus av0|d|ng.the potgntlal explosidf}as The calculation procedure presented in this paper is
of the number of wireless technologies required t0 SUPPQILLeral and allows to account for arbitrary sensor network
the different services e.g. Bluetooth, ZigBee, IEEE 802.154,,|q5ies and realistic propagation including shadowing. It is
etc. When compared to other existing technologies, UWfgher shown that the validity of Gaussian approximation [7]
allows to realize networks with very high capacity, it cafy, the multiple access interference may lead to a significant
S%Jppo” dl_fferent services characterized F’y a W'd‘_e range W der-estimation of the outage probability and then to an over-
bit rates, it ensures low system complexity and, finally, dygsimation of performance parameters. The proposed approach
to the very large bandwidth occupied by the UWB signalsy, pe represented as a two steps procedure. The link outage
the implementation of localization features is easier. One gf,hapility, indicated withP,,; is first evaluated in a closed
th_e main problems in UW_B introduction is its COEXISteNCR5thematical form. Then the unknown probability density
with other systems but this problem can be overcome Ry,iions (pdf) of the random variables appearing in the outage
adopting suitable countermegsgres as demonstrated in {3}y jation are evaluated using simple and fast Monte Carlo
In a sensor network, transmissions of sensor nodes Maylig ations and then used in the calculation/f,;. Results
uncoordinated so that collisions resulting from two or morg,, yhe gutage probability are then used to evaluate the traffic
nodes sending data at the same time over the same transﬁ‘l'ﬁiughput for routes with a different number of hops as a
sion channel can often occur. Suitable medium access conf{l tion of the number of active links in the area and the
(MAC) schemes have been developed to coordinate sensismajized traffic per user. The paper is organized as follows.

This work has been done within PULSERS - IST Contract n. 506897 47 Section Il the main features of the Aloha multi-hop MAC
the FP6 of the European Community. protocol presented in [7] are reviewed. In the same Section



the aggregate network throughput is defined. In Section Il we [1l. CALCULATION OF THE AVERAGE OUTAGE
provide a closed form for the link-outage probability assuming PROBABILITY

that UWB devices are not power controlled. In Section IV |ngicating with (z, yr) the generic position of a receiver

the semi-analytical approach used to evaluate Bg; IS the link outage probability conditioned @ 5, y5) is defined
illustrated. The main characteristics of the UWB-based sensqy.

device are illustrated in Section V. To prove the effectiveness
of the proposed procedure results are provided in Section VI.
Finally in Section VII conclusions are given.

C
Pyt = Proby —— y YR, 3
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where C' is the received power associated to the terminal
served by the reference receivelis the noise power andl is
. - . the intra system interference. Finapy = Ep/NoRy/Wouw B
The main characteristics of the Aloha multi-hop schemg . ier-to-interference raticz, is the bit rate andVyy s

presen;eg i_n [7; a_r € revi(;wsq dinbtr}[is Sectign. I he :jechniqk%ethe UWB bandwidth. Unless otherwise stated for notational
presented in [7] is an hybri etween circutt and pac g}mplicity in the following we omit the indication of the

switching. A multi-hop route between the source and ”}?ependence by 1, s in the formulation

destination nodes is initially created by means of a ro#{ﬁssuming that the sensor network is composed/tevices

dlscove_zry mechanism such as broadcgst percola’qon_m [8]. 3t can interfere with the selected receiver, the interferénce
nodes in the route are reserved for this communication. Wh be written as:

the nodes are mobile the route can be maintained by efficient
protocols techniques such as those presented in [9]. After the
route creation the source sends the packets to the destination.
Transmission in the tube is not continuous but it is packetized.
Itis further assumed that overall network traffic is Poisson witfhere x,» € {0,1}, m = 1,2,.., M are binary random
normalized values = At where) is the frequency of packets variables accounting for the terminals activity whose statistics

Il. ALOHA MULTI-HOP PROTOCOL

M

m=1

emission and- is the packet duration. depend on the selected traffic modé} indicates the fixed
power level transmitted by the non power controlled UWB
A. Network Throughput terminal. TheL,,, m = 1,2,..., M are M statistically inde-

pendent random variables accounting for the attenuation due to
propagation, including shadowing, between theh interferer

and the reference receiver. Indicating withthe attenuation
T™(M,G) = GPE(M,G), (1) between the UWB terminal served by the reference receiver,
fthe received powe€’ can be expressed &= PrL.

From (3) and (4) the link outage probability can be written as:

The overall network throughput wheld routes with iden-
tical number of hopsk, are active is:

whereP.(M, G) is the average probability of correct receptio
on a single link i.eP, = 1- P,,; whereP,,,; is the average

link-outage probability. The average &% is calculated over 0

the area. As shown in the following Section, tRe depends Pour = Prob{z <0} = / fo(x)dx, ®)
on M and on the normalized channel traffi¢, We assume ] -

that the traffic for each node &/M where M is the number Wherez is - pon

of active nodes i.e active links in the area. The outage prob- z=L-1~- Pr (6)

ability P,,; and thenP,. accounts for the network geometry, ~ .

N . . .
propagation and multiple access interference. A closed fo@Rd = po >y XmLm is the normalized interference. Due
expression fotP,,; is obtained in the next Section. to the statistical independence of the r.v.szirthe pdf ofz,

Assuming that nodes in the area are always connected usfag®) Is:

multi-hop routes with minimum number of hops we can define on
the average aggregate network throughput whemoutes are f2(z) = fr(@) ® fi(-2) ® 6 (90 + PT) : )
active as:
oo In order to obtain an expression fff(z) it should be observed
T(k)(M, G) = ZT(k) (M, Gy, = that the interferencé due tom, m = 0,1, ..., M active users
k=1 in the area can assume the following values:
= GPFM,G)m, ) Ih=0, Tn=po> La, m=12,.,M. (8
k=1 n=1

where {7} are the probability of having one route with . .. (M) o s =
o Indicating withp;, ’ the probability of the evenfl = I,,},
k hops between the source and the destination. {he the pdf of  can be written as:

can be determined from coverage analysis and, as shown In

Section VI, they depend on the network area dimensions as M o pon

compared to the coverage area of the single sensor. Definition/z (%) = Z pﬁn ) (fL <Jf + PT) ® ff($|m)) ;9
in (2) is consistent since when; = 1 and 7, = 0 for m=0

k > 1, the common definition of the throughput for single-hogvhere® denotes convolution angl;(x|m) is the p.d.f. of the
transmissions, is obtained. random variablel,, in (8), m = 1,..., M, representing the



interference due ton active users in the area. Thig(z|m) is now detailed. Fixing the positions of the receiver in the
can be further expanded as: area and assuming the position of the transmitter inside its
coverage area, we first evaluate the attenuaficon the link
fi(@lm) = foor,(2) @ foor. (@) @ - ® fpor,(2),  (10)  gansmitter-receiver in accordance to the selected propagation
and since interfering users are indistinguishable and share f@del and assuming that the receiver is in the coverage area
same propagation environmetit, r, () = f,,z, () for each of the transmitter. The radius of the coverage area is given

i=1,2,.., M . We further assumg;(|0) = 6(z). in Table I. Successively the area is densely gridded and for
Substituting (9) in (5) the outage probability can be compactach point on the grid, the values of the attenuation with
re-written as: respect to the receiver are generated in accordance to the
M ) considered propagation model. Generated propagation data
Pour =Y P B (11) are then used to calculate the samples for the fy,sfor
m=0 eachm = 1,2,..., M. In particular, the statistics of the r.v.
wherep%w) depends on the selected traffic model and 1, representing the interference due 7o active users are

0 evaluated considering groups af randomly selected grid
pon points that are not assigned to the reference receiver. Samples
= 4+ — |Qf,(—x|lm)dx, m =0,1,...,M. X
p / Ji ( PT> fo(=zlm) for L andI,,, m = 1,2..., M obtained from several snapshots
(12)  are then collected to form the corresponding histograms. Trials
From (12) thes,, are always lower or equal than unity andgre repeated until fluctuations in the histograms frequencies are

monotonically increase with and approach to unity for very negjigible. Histograms data are then used to obtain a particle
largem. Even though not explicitly indicated they depend ogpproximation for the desired pdfs i.e.:

the position of the reference receiver iieg, yr) and account

for the reduction in the system outage probability due to the - al

network geometry as well as on the path loss characteristics fr(z) = Z”P‘S(x =),
of the propagation environment. The average probability of p=0

correct receptionP, to be used in (2) can be evaluated after K1

averaging (11) with respect to the spatial coordinates of the fj(z|m) = Zejmé(:c —Ggjm), m=12 ..M (17)
receiver thus obtaining: j=0

— 0o

(16)

o M where {l,} and {g;,} are the centers of the bins of the
P.=>_ pi0 (1 - B(m)), (13) histograms forL and I,,. Finally {r,} and {6;,,} are the
m=0 corresponding frequencies obtained after histograms normal-
where B(m) = E{B,}, m=0,1,..., M. ization. For simplicity in our calculations we assumed that

Assuming that UWB devices operate independently and ed®hs centers were uniformly spaced in dB for every histogram.
one is active with probabilitProb{x = 1} = p and idle with The accuracy of the particle approximation is determined by

probability Prob{x = 0} = ¢ = 1 — p, the probability of the the stepA between two consecutive bins. Accounting for
event{I = I,,} is: the dimensions of the selected areas, the bins started from

—100 dB (or —100 dBm) and spanned a dynamic range greater
pM) = (M>pqum7 m=0,1,.., M. (14) than110 dB. From simulationA of 0.2 dB was observed to
m be a good value for our calculations. One of the advantage
The value ofp depends on the selected traffic model. IQf using particle approximation is the transformation of the
particular when the time interval between two consecutivBtegrals in (12) into sums.
packets transmitted by the same UWB device is exponential
with frequency\ we obtain: V. UWB DEVICE CHARACTERISTICS

p=1—¢2¢ (15) The main parameters of the single UWB-sensor device are

summarized in Table I. Both indoor and outdoor propagation

where G = A is the normalized traffic due to one usegnyironments are considered and they differ for propagation

transmitting a packet of duration *. conditions. A single one slope model for path loss has been
considered for both environments i.e.:

IV. SEMI-ANALYTICAL CALCULATION OF OUTAGE
PROBABILITY L(d) = Lo — 10y1logyo(d) + osz, [dB] (18)

To evaluate the system outage probability in (11) and thevhere Ly is the minimum coupling loss evaluated at a ref-
P, in (13) the pdfsf. (), andffm(x|m) are required. Their erence distancé, = 1 m assuming free space propagation
approximations can be obtained using the simple and fast Lo = —44.5 dB, ~y is the path loss exponent awdis the
Monte Carlo approach based on snapshots generation whignsmitter-receiver distance. Finallyis a zero mean normal

random variable with standard deviation one ard= 2 dB is

1The results in (15) can also be obtained by solving the Kolmogorov timpe standard deviation of the shadowing. The signal bandwidth
continuous equation for the state probabilities of a Markov chains [10] for

pure-birth process with decreasing transitions ratgs= (M — k)A, k = Wuw g is aboutl GHz and the center operating frequency is
0,1,..., M — 1 where) is the packet emission rate of a single device. ~ fy = 4.0 GHz. We assume a noise figuleF' = 9 dB and the



TABLE |
LINK BUDGET FORUWB WITH 250kB/S

Value
Parameters Indoor | Outdoor
Rykb/s] 250 250
max Pr|dBm] -17 -17
GrldBi 0 0
GRr|dBi 0 0
NF[dB 9 9
Wuws [G HZ] 1 1
Ey/No[dB] 20 20
folGHZ] 40 4.0 o3 1
¥ 3 2 02 1
R[m)] 9.7 30.0
——- Gaussian approximation

0 I I L I I L I I L
0 20 40 60 80 100 120 140 160 180 200

Number of interfering users - (m)

transmitter and receiver antenna gaindaBi. Using data in
Table | and solving the link budget we obtain the coverage

radius R indicated in the Table for both indoor and outdooFig. 1. Values of3,, as a function of the number of interfering users: Exact
transmissions calculation (continuous lines); Gaussian approximation (dotted lines).

TABLE I
VI. RESULTS PROBABILITIES T, OF A ROUTE WITH A MINIMUM NUMBER OF k HOPS-
To prove the effectiveness of the proposed approach, we UWB SENSOR COVERAGE RADIUS15M
confs!der a _rectangular r_1etwork area. Sensors are rando_mly e = BT T AT =00
positioned in the area in accordance to a uniform spatial 1 0.0831 05001
distribution. We assume that the route discovery mechanism is 2 0.1694 0.4130
able to provide the routes with the minimum number of hops. 3 0.2049 0.0867
4 0.1897 0.0002
5 0.1388 0
A. On the Gaussian Approximation of Interference 6 0.0989 0
N . _ 7 0.0675 0
In order to simplify the calculation of,,;, multiple access 3 0.0377 0
interference is considered to be Gaussian[7]. However this 9 0.0097 0
assumption is only valid in very limiting conditions. In Fig.1 10 0.0002 0

we plot the 3, as a function of the number of interfering

nodesm for two different values of the sensor network area: ) )
10 x 10 m? and 40 x 40 mZ. To evaluate3,, we considered In the ared Data in Table Il are provided for two values

the formulation of f;(z|m) in (10) and the correspondingfor the sensor network area. As expected, the increase in the

Gaussian approximation. The mean and the variance of fighwork area leads to an increase in the maximum number
Gaussian approximation are evaluated usifgy, (x) that of hops for_ the routes. In order to outline the depen(_ience
was obtained from simulation. To obtain data in Fig.1 ng the mgxmurr]n numberkof h°p$ 0? 'g;e ::I?veraged_radlushas
considered a coverage area for the reference receiver wififnpare todt i network area, tl)n af ﬁ we |nf|cat(_e t ef
radius 15m. As shown in Fig.1 Gaussian approximation Camaxmum and the average number of hops as a function o
provide a good approximation for each only for areas the sensor coverage radius and assuming a fixed network area.

whose dimensions are comparable with the coverage area(o‘gfeXpeCtEd the decrease of the coverage radius leads to an

the reference receiver. For larger areas and moderate values TABLE Il
of m the central limit theorem cannot be applied due to NUMBER OF HOPS VSRADIUS - AREA: 40 X 20M2.
the larger spread of the values of the attenuation and, in
this case, Gaussian approximation underestimates the outage Radius [m] | Max hops | Average hops
probability. As expected the difference reducesramcreases > 10 3.98
even though the value of., for which the exact calculation ig i iég
and the approximation give the same result, increases with the 50 3 131
area. 25 2 1.17

30 2 1.08

B. Connectivity Analysis

In Table Il we indicate the probabilities; of having a
route with a minimum number df hops between two generic
source and destination nodes in the area. Results in Tablé‘
represent limiting distributions that have been obtained DYstne number of UWB-devices was selected in order to have full connec-
simulation assuming a very large number of UWB devicasity i.e. at least one path always exists between two generic nodes.

increase in the number of required hops. Due to the adoption
of Aloha protocol, the evaluation of the average number of
ops is important since the average throughput is dependent



pg=-16dB, P,=-17dBm

on the route length (see 2). Given the dimensions of tl ] . ‘ ‘ ‘

sensor network area, in order to minimize the number : — free space
hops coverage for the single sensor should be enlarged 0.9 : , —54=3,0=2 ||
example by increasing the transmission powegreven though e 2
this solution could be not energy conserving. However, o8y : ]
shown in the following, this may be not a good solution du o7l
to the increased interference among the devices and netw
throughput can decrease. a” 0.6y

050
C. Link Outage probability

0.4}

In Fig.2 we plot the averagg, as a function of the number
of active routes in the ared/. Results have been obtainec 0al
considering two different area extensions and assuming fi 5
space propagation. Results in Fig.2 have been obtained con 0.2, T 1 2% % 30 m 1

Active routes in the area

p0=-16dB, G=40, free space

0.9[8R By o DT : : 5 Fig. 3. AverageP. as a function of the number of active routes in the area;

el K% S T ; different propagation conditions.

071

M=10 (cont.), 100 (dot.), free space

06F

04f-

03

a2l P, =17dBm

- PT=-23dBm
0.1H : : i
A PT:-32.5dBm : : :

0 i 1 1
o] 20 40 60 80 100
Active routes in the area

Fig. 2. AverageP. as a function of the number of active routes in the are¢
different extension of the network are&d x 40m? (dot.) 40 x 20m? (cont.).

0'35 1b 15 20 25 30
ering different values of’r i.e. coverage radius. As expectec coverage radius, [m]

the P, decreases withd/ but, as shown in Fig.2 for fixed/

degradation effects due to interference are reduced for lar@r 4. AveragePc as a function of the coverage radius of the UWB device.
areas. The reduction df. is more evident for large values of

Pr i.e. for larger coverage radius since the probability for each ) ) )
relay node of having one or more than one strong interferdf¥V SO that multiple access interference is kept to an acceptable

in the coverage area increases. As shown in the following thfye! even for relatively large number of active links. However,
may lead to throughput degradation. when (' increases performance becomes dependent on the
The effects of propagation loss on te are evidenced in coverage radius. In particular, it can be observed that when
Fig.3 where we plot theP, as a function of active routes the radius is kept small with respect to the_ netvx_/ork Arfea

in the area for different propagation conditions. As shown federate values a¥/ performance are practically independent
Fig.3 the increased propagation loss can be helpful to redfe!/ andG and variations i, are negligible. However when
interference among devices also for relatively large trafff¢ @nd the coverage radius increase, the probability of finding
conditions. However, the reduction of the coverage radi@§€ Or more relay nodes in the coverage area of the reference
increases the average number of hops in the route and, §§€iver increases and interference becomes higher s@that
principle, this could lead to variation in the aggregate netwofk reduced.

throughput. Finally in Fig.4 we plot th&. as a function of the

coverage radius of the UWB device and for different valuds. Results on the network throughput

of the network trafficG. Data in Fig.4 have been obtained for |, Fig.5 we plot the aggregate network throughput in (2)

small number of active links (e.g/ = 10) and forM = 50. 45 4 function of the network normalized traffitfor different

From the results in Fig.4 the sensitivity df. with G is number of active linksM in the area. Ther, in T(M,G)
evidenced. As expected, for sméllthe variations ofP,. with

the coverage radius are negligible i.e. the activity of the users iSthis maybe achieved by reducing the transmitter power of the UWB sensors



in (2) have been recalculated to account for different valueg]
of the coverage radius. As expected the aggregate throughput

Py =-16dB, v=2, Radius= 5m (cont.), 30m (dot.) [4]
10 T T T ,
H //
M=10 ; : e
—&— M=40 : /’ [5]
al —4&— M=100 ,/; |
—8— M=500 : : Pt N [6]
: .
H A
H 1]
: 7
il ‘ ! [7]

(8]

Throughput, T

(9]

[10]

0 4 8 12 16 20
Aggregate Normalized Traffic, G

Fig. 5. Average aggregate network throughput as a function of the number
of active links.

decreases witld/ due to the increased interference. From the
curves in Fig.5 sensor coverage areas with small radius seems
to be preferable since interference among the relay nodes is
reduced (on average) with respect to the case of coverage
with large radius. In this case, the increased valuePpfin

the small coverage case, counterbalances the increase in the
average number of hops that, looking (2) in principle, could
lead to a reduction in the throughput due to higher values of
m, for k > 2. Curves like those in Fig.5 give the indication

on the maximum normalized traffic that can be sustained by
the network without loss. For an area4if x 20m? this value

is aboutG = 2.

VII. CONCLUSIONS

We proposed a semi-analytical procedure to analyze the
performance of an Aloha-based UWB sensor network. The
sensor network performance were evaluated in terms of the
aggregate network throughput. The proposed procedure is
general and allows to account for arbitrary network topologies
and realistic propagation. No approximation are introduced on
the statistics of the multiple access interference and the validity
of the Gaussian approximation was discussed. The variations
of the aggregate network throughput with the coverage area
of the UWB sensor were analyzed. It was observed that
small coverage radius should be preferable in order to reduce
interference effects even though the average number of hops
per-route increase.
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