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Abstract—In this paper, we present an innovative transmit power
control scheme, based on optimization theory, for wirelessensor
networks (WSNSs) which use carrier sense multiple access (&3\)
with collision avoidance (CA) as medium access control (MAL
protocol. In particular, we focus on schemes where severalemote
nodes send data directly to a common access point (AP). Undéne
assumption of finite overall network transmit power and low traffic
load, we will derive the optimal transmit power allocation grategy
that minimizes the packet error rate at the AP. This approach
is based on modeling the CSMA/CA MAC protocol through a
finite state machine and takes into account the adjacency max
(associated with the transmit power distribution) of the nework.
It will be then shown that the transmit power allocation problem
reduces to a convex constrained minimization problem. Our esults
show that, under the assumption of low traffic load, the power
allocation strategy, which guarantees the lowest delay, cpiires the
maximization of network connectivity, which can be equivaéntly
interpreted as maximization of the number of non-zero entres of
the adjacency matrix. The obtained theoretical results areconfirmed
by simulations for unslotted Zigbee WSNSs.
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minimizes the estimation mean-square error at the fusioece
of a network where sensors transmit to the fusion centerrvisy
wireless links. In [8], the authors jointly optimize the datource
guantization at each sensor, the routing scheme, and therpow
control strategy in a WSN in order to derive an efficient solut
for the problem of overall network optimization. Finally, [9] the
authors present an opportunistic power allocation styategich
is based on local and decentralized estimation of the liglality.
In this scenario, only nodes experiencing channel conditabove
a pre-fixed quality threshold are allowed to transmit, inesrtb
avoid a waste of energy.

In this paper, we propose an innovative transmit power obntr
scheme for Zighee WSNs which builds upon optimization tizeor
This approach relies on the assumptions of (i) low trafficdloa
and (i) finite overall network transmit power, and its goglthe
minimization of the packet error rate (PER) at the accesatpoi
(AP). Modeling the carrier sense multiple access with silh
avoidance (CSMA/CA) medium access control (MAC) protocol
through a finite state machine, it is possible to allocatdrdm@smit

Wireless sensor networks (WSNSs) are an interesting reseapowers at the sensors in order to maximize the number of ones

topic, both in military [1], [2] and civilian scenarios [3]n
particular, remote/environmental monitoring, surveitta of re-

of the adjacency matrix, i.e., to maximize the number ofvacti
connections between the nodes in the network. In all cases, w

served areas, etc., are important fields of application oN&/S will assume that the sensors transmit directly to the APsThi

These applications often require very low power consurmysiad

assumption holds in industrial and home monitoring apptce,

low-cost hardware [4]. One of the most common standards f@here the nodes’ position is a priori determined. In moreegah
wireless networking with low transmission rate and highrggpe scenarios, the positions of the nodes could be unknown,dhen
efficiency has been proposed by the Zigbee Alliance [5]. Ia thcan consider estimating the positions of the nodes are afsim

context, an interesting research direction for the desfiglv8Ns
is related to network architectures able to guarantee highgy
efficiency. In particular, since the overall energy avddaim a
WSN is typically limited (all nodes are battery-equippetije

and applying our optimized transmit power control. The jmsgxl
optimization approach will guarantee a lower PER than that
in a scenario where all nodes transmit at the same power, yet
guaranteeing relevant energy savings.

research community has focused on the derivation of transmiThe structure of this paper is the following. In Section II,
power allocation strategies which allow to maximize a sfieci the optimization-theoretic model, upon which this work &sed,

performance indicator, yet guaranteeing high energy gavin

is presented, describing the simplified model and the opéohi

In [6], the authors present a comparison between three pownsmit power allocation strategy. In Section lll, the lZég stan-
control schemes based on the analysis of the received sigmrd and its implementation in the Opnet simulator are desdr
to-noise ratio in dense relay networks. In particular, orfie ¢tn Section IV, the performance, in terms of PER and delay,

these opportunistic schemes aims at extending the lifetifribe

is presented, focusing on the impact of the adjacency matrix

relays, in order to maximize the lifetime of the entire netkvo the traffic load, and the used power allocation strategyalfin
In [7], the authors introduce a power allocation scheme lhiGSection V concludes the paper.



[l. OPTIMIZATION-THEORETICMODEL The complement ofA(S) corresponds to
A. Definition of a Simplified Model for Zighee Sensor Networks - { 1if Ajj =0

In the following, we first introduce some key parameters of a AlS) = 0 otherwise
Zighee sensor network. Then, we present a simplified version
its MAC protocol and, under the assumption of low traffic Ioadal
we propose a simplified analytical model for the estimatibthe
following main network performance indicators: PER at the A
and average delay.

First of all, each sensor notlés characterized by two main
parameters: (i) its position on a two-dimensional plane @péts Ri
transmit power, as stated in the following definition. T;

Definition 1: A sensoris represented by a couple= (z, P),
wherez € R? is the sensor position anB < R is its transmit Wwhich represent the sets of indices of the sensors whjotan

The number of ones in the adjacency matrix is given by the
djacencyof sensor networkS and is denoted byA(S)|. The
complementary adjacency is given by the number of zerosan th
adjacency matrix and is denoted p§(S)|.

For eachi = 1,..., N ,we define the following two sets:

(j=1,...,N|A;; =1}
(j=1,...,N|A; =1}

L
L

power. receive from and transmit to, respectively. We denoteéhyand
We assume that the detection operation is described by ah id&; the complements of these two sets.
threshold model, as stated in the following assumption. In order to make the theoretical analysis feasible, the &gb
Assumption 1 (Threshold reception)Given two sensors; = Sensor network is described by the following simplified mode
(r1,P) and sy = (w2, P,), there exists aminimum power  Assumption 2 (Simplified model):
functionII(z1, z2) such that sensot, receives the transmission
of sensors; if and only if 1) Poisson generation: the traffic generated by each sensor

in the network is modeled as a homogeneous Poisson
process [11]. The processes associated with different sen-
For instance, this assumption holds because of the prdpagat sors are independent of each other and have integsity

P1 Z H(Zl,xg).

loss (according to the Friis formula) and assuming that estinold (dimension: [pck/s]).

detector is used at the receiver [10]. In fact, in this casepibwer ~ 2) Limited CCA: before transmitting, each sensor waits for a

P, received by sensa#> can be expressed as: random backoff time, with averagés, (dimension: [s]),

A\ then s; checks if the channel is clear. This clear channel
P, = P,G.G, (—) Q) assessment (CCA) is limited only to those sensors whose
dmr indices lie in the setR;. In other words, the sensing is
where Gy and G, are the gains of the transmit and receive limited only to those sensors that can effectively (i.ethwi
antennasy is the distance) is the wavelength, and is the sufficiently high received power) transmit to th¢h sensor.

pathloss exponent. According to the ideal threshold detect The CCA has a duration equal f:ca.
model, sensosk, receives a transmission from sensgrif and 3) Infinite number of backoffs: if the channel is found buég t

only if P. > Py, where Py, is the (pre-defined) receiver current sensor transmission is delayed by a random backoff
reception threshold. In this case, time with averagelp, (dimension: [s]), which is longer
P A\ © than 7, as will be shown in Subsection IlI-A. During
(xq,z2) = GTCI? (T) the backoff period the traffic generation at the transngttin

sensor does not stop. There is no limit on the total number
A sensor network can be introduced as a set of sensors, of subsequent backoffs that a single packet transmission ca

characterized by their positions and transmit powers thegyeavith incur.
an associated minimum power function. 4) Constant transmission length: each transmission has the
Definition 2: A sensor networlof N elements is an ordered same lengthli,.ns = L/R, whereL is the packet length
setS = (¢, 11, 51, $2,...,5N), Wheresy, sz, ..., sy are sensors, (dimension: [b/pck]) andR is the transmission data-rate
c € R? is the position of the AP, anfll : R? x R? — R is the (dimension: [b/s]).
associated minimum power function. 5) Transmission turnaround time (TAT): after sensing, & th
Definition 3 (Adjacency matrix)Given a sensor network = channel is found idle, each sensor waits a turnaround
(¢, 11, 81,82,...,8Nn5), With s; = (2;,P;), ¢ = 1,...,N, its time, denoted a§raT (dimension: [s]), before starting its
associate@djacency matrixs given by transmission.
A(S) € RVXN For each sensos; (i = 1,...,N) the following counting
processes can be defined.
where D o « G;(t): the number of times that sensgrhas checked if the
Ay = A(S) = { Lt Py 2 (i, z;) channel is clear in the time intervil, ¢]
* * 0 otherwise P

e B;(t): the number of times that a packet transmission of
1For the sake of simplicity, we will simply use the term “serism refer to a .Sensorsi has been delayed’ throth the backoff mechanism,
wireless node with sensing capabilities. in [0,¢].



« T;(t): the number of times that a sensgrhas transmitted in that is

[0, t] (counting both successful and unsuccessful transmission o 1 — o= FITi]Tirans
acts). Xe = 47 H (1—e )
. . JER:
o E;(t): the number of transmission errors incurred by sensor 7€
Sl' in [O,t] =~ Z thrans
For a counting proces®(t), define the steady state intensity e
as follows: = g|Ri|Tirans (5)

where we have used (3) and approximaﬁ%m(l — e 9Tkrans)
E[P(t+7) - P(t)] 2) with Zjem gTirans. The latter simplification holds in low traffic
t—00,7—0 T conditions, whereyT},.ns << 1. The notation|R;| stands for

. the number of elements of the sB;. From (5), the following

whgreIE[-] denotes the gxpected value. We recall that for ?tat.'onasr%plified expressions for network sensing and backofinsitées
Poisson traffic generation processes, the steady statesitytes LT
can then be obtained:

denoted byg. In the following, we assume that the limit at the

righthand side of (2) exists for all previously defined caogt FlGi] =~ (1 + Zjem 9Tirans)g
processes: this is equivalent to assuming that the netveardhies F[Bi] ~ (Zjem 9Trans)g-
a “steady state.” Under this hypothesis, the following &rium In general, the number of transmission errors accumulaged b
conditions must be satisfied: sensors; can be written in the following form:
FIT] = g ©) F[E] = viF[Gi] + MF[T] + i F[T}] + i F[T] - (6)
FIG;] = g+ F[Bi]. (4) Where the four terms at the righthand side can be charaeteaiz

follows. The termy; F'[G;] represents the intensity of transmission
Condition (3) states that, at steady state, the intensityrasfs- €rrors occurred because the channel was occupied by a packet
missions must be equal to the intensity of traffic generatiofiansmission that could not be detected by itk sensor during
Condition (4) states that, at steady state, the intensityhahnel @ CCA interval. The term\; F'[T;] represents the intensity of
sensing has to be equal to the sum of the intensities of packansmission errors due to interference from other sentws
generations and backoffs. cannot receives;. The term n;F[T;] represents the intensity
The backoff traffic intensity can be expressed as follows; Of transmission errors made because another sensor can begi
transmitting whens; is waiting the turnaround time between the
F[B;] = F[Gi]xi CCA and the transmission act. Finally, the texp#'[T;] represents
the intensity of transmission errors due to the fact thatioth
where y; represents the ratio between the numbers of backofignsors can begin transmitting in the first subinterval,eogth
and transmission attempts. In this way, the proce$%g@)} and 7rar, of a transmission act from sensqr In fact, if some other

{B;(t)} satisfy the following relations: sensor begins transmitting during the turnaround timeaitnot
detect the previous starting instant of a transmissionsbylhe
F[G;] = F|B;] + F[T}] = 9 last two terms appearing in (6) take into account transssi
I—xi errors which are independent of the network connectivity are
F[Bi] = xig- significant in the overall network error analysis.

. _ ... Under the assumption of low traffic load and with the simpli-
The termy; can be equivalently interpreted as the prObabIIItEfcation that all relevant processes are Poisson and indepén
for the i-th sensor, to assess that the channel is busy during {h

& coefficienty; in (6) can be computed as follows:
CCA. In order to derive a simple expression fgr, it is assumed i in (6) P

that the processe$7;(¢)} are uncorrelated and Poisson. This v =  lim P{max{T}[t + Tirans| — Tj[Tirans|} > 0}
simplification is meaningful in low traffic conditions. Indg in JER: T

this caseF[B;] << g and the processe;(t)} are statistically = 1— J (@ —e Pl )

very similar to Poisson traffic generation processes. Hewev JER;

as it will be shown in Section 1V, the estimated PER obtained ~ Z FIT3)Torans ~ [Ri| Tixansg.

with these simplifications is close to that predicted by l{stia)
simulations also in relatively high traffic conditions.
Under the above simplifications;; equals the probability o

JER;
f Similarly, the coefficient\; in (6) can be expressed as

finding at least one packet transmission event, during a time )\, = lim P{max{G,[t + Tirans] — G;j[Ttrans]} > 0}
interval equal to the transmission lengfh,.,s, in the set of tmoo jeT,
independent Poisson procesg€s;(t)}c=,. In other words, one = 1-— H (1— efF[Gj]Ttms)
can write: jeT,
st F‘G'T’rans2 T'Trans .
Xxi = lim P {max{Tj[t + Tirans] — Tj[Tirans] } > ()} Z [G]Th |7 | Tiransg
t—oo JER; : jETj



The coefficienty; in (6) can be estimated as where Tgo is the average backoff time. The average network
delay then can be expressed as

i = Jim P{ max {Tj[t + Trar] = T;[1]} > 0} SN b,
— 1=1"""
= 1- H (1 — e~ FlGdTrary ~ NgTrpr. D= N
i=1,..,N A(S
! s Dmin + DBO | ( )| Ttransg- (8)
Finally, the coefficient; in (6) is given by
Expression (8) for the delay shows that the network delagddp
Ki = tlim P{. n?axN{Tj [t + Trar] — T;[t]} > 0} linearly on the network adjacency.
—00 7=1,...,
= 1- H (1 — e FITTeary ~ NgTpr. B. Optimal Transmit Power Allocation
j=1,...N In this subsection, we discuss the following problem:

Problem 1 (PER minimization)Upon the assignment of a to-
éal available transmit power”,,, for the sensor networksS,
distribute it among the sensors in the network in order tomize
_ _ 5 the packet error probability at the AP.

FE] 2 [(IT:] + [Ril) Tirans + 2N Trax] g°. This problem is equivalent to the one of minimizing the ollera
Therefore, the overall network error intensity can be eatird as {ransmit power to guarantee a desired packet error protyaatl
follows: the AP.

Under low traffic load assumption, using the estimate (7)hen t

Using the expressions found above for the coefficients,, 7;,
andk; in (6), the transmission error intensity can be approximhat
as

N _ 9 5 packet error probability, the solution of Problem 1 is eqiént
ZF[Ei] ~ (2|A(S)|Ttrans + 2N Trar)g to the maximization of the adjacen¢y(S)| of sensor network
=1

S. This fact allows to recast Problem 1 in the following form.
and the error probability, i.e., the ratio between the oVera Problem 2 (Network adjacency maximizationJpon the as-
network error intensity and the generation intensity (gibg Ng), signment of a total available transmit powEr,; for the sensor

becomes networkS, distribute it among the sensors in the network in order
N pip to maximize the network adjacen¢y(S)]|.
P, = M Assign to each sensoy; a transmission poweP; > 0, i =
jng 1,...,N. Then, the network adjacency is given by the following
(2| ]g”Ttrans +2TTAT) Ng. (7) function:
|A(8)| F(P17P27'--aPN)

>l

Expression (7) shows that, under the considered simpgfyin

assumptions, the error probability grows linearly with tregwork - 1\72:—1 N H(P; — (zj, z;)) )
complementary adjacengyl(S)|. =Ny g=1

In the following, we find an estimate of the average netwo [ 1lifz>0 . . .
delay. First of all, we remark that if, after the first backdfie WhereH( ) =1 0 otherwise 'S the Heaviside function.
channel is found idle, the total delay is given by For each sensos;, defineP; as the following set of transmit

power values:

Dpin = T, + T +T + Tirans- .
B1 T ACOA T ATAT T S P; 2 {(zj,2:), j=1,....N, withj#i}  (10)

This is the minimum average delay that a packet incurs if tr\]/vehereH(a:- z;) is the transmit power with which senser can
channel is found idle at the first transmission attempt. B th I P s

channel is found busy, the sensor waits for a backoff timé Wi{each SENS0s;. o N
averageTy,, then senses again the channel. If, at the SecondThe following property leads to the possibility of limitirte
e . Lo search of possible transmit powers for a sengdo the setP;.
transmission attempt the channel is found idle, the ovelelthy . ) : .
can be expressed @3, + Dio, where Proposition 1: For any set of transmit powerB, > 0, i =

1,...,N, there exists a set of valugd € P;, such that
Dpo = Ts, + Toca- I(P,P,...,Py) =T(P\, Py,..., Py) (11)
Under the low traffic load assumption, the probability of P,<P,Vi=1,...,N. (12)

having more than one backoff during a single transmissidn ac N _ . . .
is negligible, and, therefore, the average transmissidaydean  Proposition 1 simply means that, in the ideal thresholdadiete

be estimated as hypothesis, it is not convenient to allocate to sengax transmit
power that does not belong to the §&t since it would employ
D; = Duin+ Do¥i = Dmin + Do Z F[T}]Tirans extra power without gaining extra connectivity.
JER; For instance, in a network composed of 4 sensors, suppoise tha

~  Dpin + Do |Ril9Ttrans sensor 1 can reach the AP using a transmit power of 0.5 mW,



whereas it needs 1 mW to reach sensor 2, 2 mW to reach sersgtempts BFE is kept fixed toBE,,,.x = 5. After five unsuccessful
3, and 0.2 mW to reach sensor 4, respectively. In this casetransmission attempts, the packet is dropped. This béck-
P; ={0.5mW,1mW,2mW} contains the transmit powers thaialgorithm makes it likely that a node will eventually manage
allow to reach the AP and sensors 2 and 3. The optimal transinénsmit its packet.
power for the first sensor should be chosen in this set. Infact  After the back-off period has expired, a node, before effelt
example, it would not be convenient to choose a transmit powstarting the packet transmission, needs to sense the dhanne
equal to 1.5 mW instead of 1 mW because, despite the increaseder to assess its status. The Zigbee standard providesda CC
transmit power, the connectivity would be the same (sensortekchnique which allows a node to sense the channel for af&peci
would still reach the AP and sensors 2 and 4) time interval, referred to as CCA time. If at least anothedao
The power allocation problem can then written in the follogvi transmits during this interval, the channel is declaredybarsd
form. the node, which was sensing the channel, discards the paiciet
Problem 3 (Discrete optimization problemlfor each sensor starts a retransmission. On the opposite, if the channghitable,
i = 1,...,N choose a transmit poweP; € P; such that the the node, before transmitting, waits for a TAT period, inertb
functionT'(Py, P, ..., Py) (defined by (9)) is maximized while take into account internal radiofrequency interface iibcation.
satisfying the constraint
N B. Considered Opnet Model
Zpi < Prot. The simulations have been carried out with the Modeler pack-
=1 age of the Opnet simulator [16] and a built-in Zigbee network
model designed at the National Institute of Standards armth-Te
logies (NIST) [17]. We have considered star topologies in
stenarios wherév = 20 nodes transmit directly to the AP. The
considered topologies are shown in Fig. 1. More precisely:

This problem corresponds toraultiple choice knapsack prob-
lem which has been extensively studied in the literature [1
and can be solved by standard computational libraries, sisch

MOSEK [13]. T
« in Fig. 1 (a), N = 20 nodes are randomly deployed over
[1l. SIMULATION MODEL a 100m? squaré area and are approximately concentrated
A. Zigbee Standard towards the external perimeter of the surface;

« in Fig. 1 (b), N = 20 nodes are deployed over the same

surface as before, but present a few clusters and isolated

nodes;

in Fig. 1 (c), N = 20 nodes are placed in order to form four

small clusters and only one node is isolated from the others;

e in Fig. 1 (d), N = 20 nodes are placed over a regular grid
and form two " triangular” grids which converge at the AP.

The increasing need for low-power consumption application
has led to the creation of low-rate wireless personal ne¢svfirR-
WPANSs). One of the newest standards for WSNs, with significan
power savings, is Zigbee [5]. More precisely, the Zigheeéafite
provides instructions only for the upper layers (i.e., frahe
third to the seventh layer) of the ISO/OSI stack [14]. At the
first layers of the ISO/OSI stack (physical, PHY, and MACk th

Zigbee technology is based on the IEEE 802.15.4 standadd [ believefthat th;‘; cs\r;;iﬂered ltopplog:_e|s are represmtatiz h
and guarantees (theoretically) a maximum transmissioa-i@ae arge set of possible topologies. However, we remark tha

equal to 250 kpbs over a wireless communication link. We rkmathe proposed framework can be applied to a WSN with a generic

that, in this paper, we focus only on the first two layers of thtgpology._ , , . .

ISO/OSI stack (especially on the MAC layer): in this case th The original _NIST Zigbee model_ did not take into account

Zigbee standard is equivalent to the IEEE 802.15.4 standard §|gnal attenuation [18]. Theref(_)re, In our S|mulat|0n§_ v
The IEEE 802.15.4 standard employs a non-persistémmduced the cha_mnel attenuqtlon accorqlmg to the Fr_opqnga-

CSMA/CA MAC protocol. We remark that the non—persistentfon 'T‘Ode'.- In particular, the Friis formula s given by ?qu‘ (1)

CSMA/CA MAC protocol provides a medium access mechanisﬁ?d’ in this paper, we assunt& = G¢ = 1 (omnidirectional

which tries to avoid packet collisions. A node, before traitting antennas)A = 0.125 m (fo = 2.4 GHz), anda = 2.1. In all

a new packet, waits for an interval denoted as backoff ialenfaSesy iﬁ sho(;tefjr thﬁdog_mb’ which izthg n:faxri]mumtrgnzmission .
(BI), randomly chosen within a range defined during the netwoﬁﬂznge ahowe y(; ? 'é:] hee Sr:ard a;_r .tht edéecel\r/]e p((;wer !
start-up phase by the backoff exponeH) and expressed as'9her than a pre-defined threshold, fixed-60 dBm, the nodes

a multiple of a reference time interval, referred to as béfckd 2" exchange packets. i ) )
unit and denoted adp. In particular, the backoff interval is For each of the considered topologies, the distance between

a random variable uniformly distributed {0, (25% — 1) - Tg). the. nodes and, cqnsequently, th.e power attenuation, is wi@ehp
For the first transmission attempt, the Zigbee standard etefiﬁ)ff“”ﬁ’ on th%basfﬁl o;thedc_oordmates of the nodes. I‘I’hel_snesra
BE = BE,;, = 3. After the corresponding3/ has elapsed, 2'¢ N enfused to fill the a}r{af:ency. rr_}atnx_. In pf?rt_|cu ?r,smldleu
the node tries to send its packet again: if it detects a emfljs & Par Of nodes(s;,s;) with i 7 j: Ih si 1S SU 'C'g,nty close .
it doubles the previously chosen maximum waiting intervad a to transmit tos;, we insert a “1" in the corresponding entry o
selects a new value foBI, if, instead, the channel is free, it , _ _ _ _ _

L ket. This procedure is repeated for twaegim The width of thg side of sur_face W_|II become _meanlngful foe tlyplcal
transmn; Its packet. p p - ". values of the transmit power considered in the following.rétwer, the maximum
after which, for the subsequent three unsuccessful trassom transmission range allowed by the Zigbee standard is 100 m.
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Fig. 1. Considered network topologies wilthi = 20 nodes.
Fundamental time uni 4us
LIFS 640 us
CCA time 128 1S 6x10°] _
ACK window duration 864 us ~.
TTAT 192 1S N
Ts 320 s
L (packet length) 512 (payload) + 120 (header) bits ax10°
=]
TABLE | o
PARAMETERS OF THEZIGBEE STANDARD. -
— Fig. 1 (a)
the adjacency matrix (i.ei;th row and;j-th column); otherwise, oxag? | Fig. 1 (b)
we mark the absence of communication with a “0.” We remark E:g i 8%
that the communication links may be asymmetric: in otherdsor -~ Theoretical
even if s; can communicate witls;, the opposite may not hold.
The distances between the nodes are also used to determine (i 95 0.6 0.7 0.8 0.9 1.0

the minimum (per-node) transmit power which allows eachenod AN

to reach the AP and (ii) the maximum transmit power which
guarantees that each node can reach any other node in therketwig. 2. Packet error rate as a function of the sparsity indéxevadjacency matrix.
. . AT In.all considered scenarios, the packet generation ratetitogy = 1 pck/s and
The _Zlgbee standard prowdgs |nd|cat|onls abouF the valfies 0" imber of nodes in the network & — 20.
the main network parameters introduced in Section IlI-AeTh
values of the relevant parameters for our simulations acsvsh powers assigned to the nodes using the proposed powertalloca
in Table I. The simulations have been repeated several tiites strategies, whereas we will denote the overall availableepas
different seed initialization parameters, in order to guiee that Pio. In particular, we will denote ad’;" the overall power
possible statistical fluctuations are avoided. that guarantees that each node, using a transmit power agual
We remark that the simplified theoretical model presented fi"™" = P5" /N, can reach at most the AP.

Section Il is compliant with the simulation model just déised. ) .
A. Impact of the Adjacency Matrix

IV. PERFORMANCEANALYSIS According to the analytical results in Section II, the perfo

In this section, we present the performance results in theance, in terms of PER, depends only on the number of ones in
presence of transmit power control. In particular, we fooms the adjacency matrix, regardless of their specific posstidrhis
the following key performance indicators: the PER and thieyde emerges clearly from the results shown in Fig. 2, where the PE
D (dimension: [s]). The delay is defined as the average tingshown as a function dfA(S)|/N?, i.e., the sparsity index of the
interval between transmission and correct reception mstaf adjacency matrix. In this figure, the performance with thevoek
a data packet. topologies in Fig. 1 is evaluated. For all scenarios, theketac

The simulations have been carried out referring to starltepogeneration rate is set ip= 1 pck/s. In the same figure, the PER
gies, i.e., all nodes transmit directly to the AP, and usiifigient predicted by the analytical model, given by the expressiofY),
values of the overall network transmit power and, consetlyjenis also shown. As one can see, the simulation curves are lo=g ¢
different values of the transmit powers allocated to thesser to the corresponding analytical analytical curve and thisnbre
In particular, we have considered two possible transmit growpronounced for values ofi(S)|/N? in the proximity of 1. In fact,
allocation strategies: (i) each node has the same transwiélp when the value ofA(S)|/N? is close to 1, the network is strongly
and (i) the transmit power varies from node to node and ®nnected and a node can sense any other node. Observing the
allocated using the strategy presented in Subsection IRl  Opnet log files (not reported in this paper for lack of spatees!
cases, the obtained simulation results are directly coetpaith by the nodes during the simulations, whet{S)|/N? approaches
the results predicted by the theoretical model. In factem@ig 1 (i.e., the network is fully connected and during a CCA opera
to the scenarios shown in Fig. 1, we have set the same transgaith sensor can detect the transmissions of all other s3ndoe
power at each node in order to allow each node to reach at mpatkets are dropped only during the TAT, when a node cannot
the AP (the per-node transmit power is denotedP#d”). In the sense other active nodes in the network during the trangmiss
following, we will denote as{P}, i = 1,..., N, the transmit of its packets. On the other hand, when the valu¢AfS)|/N?
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Fig. 3. Delay as a function of the aggregated offered traffadINg. Various Fig 4. packet error rate as a function of the aggregatedeafferaffic loadNg.
topologies withV' = 20 nodes are considered. The sparsity index is set at 0.8pjfferent transmit power allocation strategies are comsid for the topology with

decreases, some nodes may become isolated from the otfes g, 2019d%s presented n i 10 ) e pernode wansmiunt) g

(except for the AP) and may no longer be able to sense them,(@&ghed lines) results are presented. The dotted lines trecenarios where no

that those packets may collide at the AP, leading to an iisere@ptimized power allocation strategy is used.

of the PER. of the aggregated offered traffic load, the network perfarcea
Referring to Fig. 2, one can see that the topology of the nodéhen the traffic load increases, however, the assumptiomke ma

in the network has a very limited impact on the PER when Section Il do not hold anymore. In this figure, the anabtic

|A(S)|/N? is close to 1 (the curves basically overlap). Wheaurve given by the expression in (8) is also shown. In thie s

|A(S)|/N? becomes lower, instead, the PER is higher in theell, the delay predicted by the analytical model is lowenttthat

scenarios relative to the topologies in Fig. 1 (b). For inse&a obtained with simulations. As in the previous case, the thpé

considering node 12 in Fig. 1 (b), when the transmit poweets ghe backoff procedure, due to the packet retransmissianba

to the minimum allowed common valu™® required to reach been taken into account, so that the average delay predigted

the AP, this node is isolated from most of the remaining nodesr analytical model is lower.

in the network. The packets transmitted by this node ardylike .

to collide with those F'iransmitted by nodesywhich are out yslf itc' Impact of the Power Allocation Strategy

transmission range, thus degrading the performance instefm In this section, we present the impact of the proposed transm

the PER. power allocation strategy on the performance of Zighee WSNs
The results in Fig. 2 also underline that the performancesdd@ particular, we consider strategies such that the sanmsrtra

not depend on the considered topology. In fact,¥ar = 20 pck/s, Power is allocated to each sensor or different transmit ps\aee

the good over|ap of the curves is due to the proposed transﬁﬁﬁOCiated to the various sensors. In the former Case,ahsmit

power allocation strategy, which minimizes the numbersadfi-c Power is set in order to allow each sensor either to commtaica

sions between packets transmitted by the nodes. Since theetu With any other sensor in the network or to communicate at most

of backoffs experienced by a node before transmitting isllsm#ith the AP. In the latter case, the transmit power is diffiérat

in low traffic scenarios, there is a good agreement between gfch sensor and is set according to optimization stratezgepted

analytical and the simulation results. For larger valued/gf the in Section II, where the total amount of available transnoitvpr

Corresponding results of which are not presented in th|$|paps aSSigned to each sensor in order to minimize the PER at the

for lack of space, the agreement is S||ght|y worse. |In thlseca AP. This Strategy leads to allocate low transmit powers tderso

in fact, it is likely that a node incurs in more than one batkofvhich are isolated and high transmit powers to nodes whiotbea

period before transmitting a packet. connected with a large number of remote nodes. In this wag, it
_ possible to minimize the number of collisions at the AP. Qfrse,
B. Impact of Traffic there will still be nodes which cannot sense each other ifigad

As shown in Section Il, the performance of a Zigbee WSNop possible collisions), but this is due to the limited amipah
under the assumption of low traffic load, depends only on tlwerall network transmit power.
number of ones in the adjacency matrix. In Fig. 3, where theln Fig. 4, the PER is shown as a function of the offered
delay is shown as a function of the aggregated offered traifid traffic load Ng in the network, for the topology presented in
Ng, the sparsity indeXA(S)|/N? is set to 0.87. Considering Fig. 1 (b). Different values of overall network transmit penv
Fig. 3, there is a good overlap between the simulation curwegh the corresponding sparsity indexes of the adjacenclixna
relative to the topologies presented in Fig. 1. In particulbe shown in Table Il, are considered. Under the transmit power
number of ones in the adjacency matrix, i.e., the numberfeac allocation strategy presented in Section Il, in Fig. 4 a@anance
connections, is the only characteristic that affects, foalkvalues comparison between scenarios with and without the use of the



Ava"%b!elg?\ﬁ'mp tot) Spars'iy Index network performance indicators (PER and delay), of thesstyar
3105 W 0.85 index of the adjacency matrix, the offered traffic load, ahd t
21073 W (P2in 0.605 transmit power allocation strategy. In particular, we hagsfied
that the proposed transmit power control approach, by miaiig
TABLE I the sparsity index of the adjacency matrix, allows to miziertihe
SPARSITY INDEXES OF THE ADJACENCY MATRIX FOR THE SCENARIO . .
PRESENTED INFIG. 1 (8). DIFFERENT VALUES OF OVERALL NETWORK PER for a given total network transmit power. In [19] we exten
TRANSMIT POWER ARE CONSIDERED the analytical framework introduced here and we clearlywsho

proposed transmit power allocation strategy is preserifég the advantages, not presented here due to lack of spacee of th
overall transmit power available in the network is alloch¢ither Proposed power allocation scheme over uniform power diloga
assigning a common transmit power to all nodes or using tABd RSSI-based power allocation scheme presented in [20]. |
proposed transmit power allocation strategy. Of courseth addition, in [19], we take into account the characterizatid a
latter case, the sparsity index of the adjacency matrix iximaWSN in terms of network lifetime.

mized according to the available power and, referring tadiselts

presented in Fig. 2, the higher is the sparsity index, theefas 1] 1. F. Akyildiz, W. Su, Y, Sank b _ 4 E. CaviA S

: ; _ -5 . F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. @ayi‘A Survey
th.e PER. Compa.“ng the curves refermnng =510 W on Sensor NetworksJEEE Communication Magazineol. 40, no. 8, pp.
with those referring toP;,,; = 3 - 10~°, the higher number of 102-114, August 2002.
ones introduced in the adjacency matrix by the proposedmnén [2] S. Barberis, E. Gaiani, B. Melis, and G. Romano, “Perfante evaluation

. — in a large environment for the AWACS system,”Rtoceedings of the Inter-
power allocation strategy allows to 5|gn|f|cantly reduce BER. national Conference on Universal Personal Communicatid@JPC’98),

This confirms that the PER performance depends only on the vol. 1, Florence, Italy, October 1998, pp. 721-725.
number of ones in the adjacency matrix. In the other caseB] C. Chong, S. Kumar, and B. Hamilton, “Sensor networks:olition,

when the number of connections between the nodes decreases ngonugifs’zggg challengesroceedings of the IEER/l. 91, no. 8, pp.
11247-1256, 2003.

the probability of collisions at the AP increases, sincesilikely  [4] M. Madou, Fundamentals of Microfabrication Boca Raton, FL: CRC Press,
that one transmitting node cannot sense another transgitode 1997.

. N [5] Zigbee Alliance Website, Kt t p: / / ww. zi gbee. org.”
out of its transmission range. However, the curves havedhees [6] W-J. Huang, F.-H. Chiu, C.-C. Kuo, and Y.-W. Hong, “Coajson of

trend for all values of offered traffic load. In particularhan Power Control Schemes for Relay Sensor NetworkSEE International
Ng is low, it is likely that the number of collisions at the AP is  Conference on Acoustics, Speech and Signal ProcessBRSEP 2007,

. . . vol. 3, pp. 477-480, April 2007.
low. Instead, when the traffic load is Iarger’ the proba;bllhat [7] J. Fang and H. Li, “Power Constrained Distributed Estiora Over Noisy

two nodes transmit at the same time increases and, subdBguen = channels in WSNs,42nd Annual Conference on Information Sciences and
the PER increases as well. In Fig. 4, the analytical results a _ SystemsQISS 2008, pp. 1053-1057, March 2008.

. .[8] W. Yu and J. Yuan, “Joint Source Coding, Routing and ReseWllocation
shown as dashed lines. These curves are close to thoseaisdoci for Wireless Sensor NetworkslEEE International Conference on Commu-

with simulation results, especially for scenarios in whitte nications, 2005.ICC 2009, vol. 2, pp. 737-741, May 2005.
sparsity index is small. Once more, the good agreement leatwel®] J. Matamoros and C. Anton-Haro, “Opportunistic Powelogétion schemes

. . . . . for the maximization of network lifetime in wireless sensoetworks,”
the analytlcal results and the simulation results is cordm IEEE International Conference on Acoustics, Speech andabigrocessing

thus further validating the analytical model. For the sake 0 (CASSP 2008 pp. 2273-2276, April 2008.

comparison, in Fig. 4 the PER in scenarios where no transrifl ; gijaPOFt,V\ﬁfelessS Communicatit?lﬂSigggnciples and practiceUpper
. . . . addle River, NJ, USA: Prentice-Hall, 1 .

power allocation strategy is use.d (dotted Imes) IS alSGNShdn. 11] D. Bertsekas and R. GallageBata networks Upper Saddle River, NJ,

these cases, the performance is worse than in the case with th usa: Prentice-Hall, 1987.

optimized transmit power allocation strategy. In factegia value [12] P. Sinha and A. Zoltners, “The multiple-choice knapspaeoblem,” Opera-

. . tions Researchpp. 503-515, 1979.
of overall network available power, the proposed powercallimn 13] Mosek Website, ht t p- / / waw. mosek. com’”

strategy allows to maximize the sparsity index of the adjage [14] A. Tanenbaum,Computer networks Upper Saddle River, NJ, USA:
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