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Abstract— Performance of pulse-coupled distributed synchro-  In this paper, we investigate the impact of log-normal shad-
nization in wireless ad hoc networks is known to depend critically owing on distributed synchronization by considering the sys-
on the topology of the corresponding connectivity graph. ThiS am of distributed discrete-time Phase Locked Loops (PLLS)
paper evaluates the impact of log-normal shadowing on the din [41 It i d that the b ficial effects of
convergence of distributed discrete-time phase locked loops proposg in [4]. IS argue a . e_ enercial e egs .0
(PLLs). It is argued that the beneficial effect of shadowing on Shadowing on the performance of distributed synchronization
distributed synchronization can be seen as an instance of the can be interpreted as a manifestation of the "small-world”
"small-world” phenomenon. Evidence of this is further provided effect on distributed processing discussed in [11] [14]. This
by evaluating average path length and clustering coefficient of -,cjysion is corroborated by the evaluation of average path

the wireless network through simulations. length and clustering coefficient [10] of the graph underlying
Index Terms— Distributed synchronization, small-world net- the wireless network through simulation.
works, shadowing.

Il. SHADOWING AND SMALL -WORLD AD HOC NETWORKS

|. INTRODUCTION In this section, we briefly discuss the model considered
in [7] [8] [9] of wireless network with log-normal random
ISTRIBUTED synchronization based on pulse-couplegbnnections (Sec. II-A). Then, we introduce the basic concepts
oscillators is currently being investigated for wirelesand measures defining a small world network (Sec. II-B).
networks as a promising alternative to the traditional packetinally, Sec. II-C provides a numerical example to show the
based approach [1] [2]. Its convergence properties have bégipact of shadowing on the topology of a wireless system and
shown to depend critically on the topology of the connectivitthe relationship with small-world networks.
graph describing the underlying wireless network [3] [4],
which in turns hinges on the considered propagation scenag&o.
Conventional models for ad hoc or sensor networks are ) ) )
based on random geometric graphs [5] (or equivalently onCONSideri’ nodes randomly located in a given area. Fo-
Boolean models [6]), wherein nodes are assumed to BSiNg on any two nodes at a relative distanceve define
randomly located in a given area (possibly infinite), an@S £’(d) the power received over the distande The two
any two nodes are considered connected if their relaf}@des are considered connectedHfd) > F, where iy
distance is smaller than a given transmission radius. Althou§ifasures the sensitivity of the receiver. In random geometric
useful abstractions for analysis, these models neglect #f@Ph models [5], that neglect channel randomnéig)) is
inherent randomness of wireless connections due to fadfiglerministic. A typical choice i?(d) o 1/d*, where the
and shadowing. Recently, there have been a few attempt# 10SS exponent is = 2 = 4. The previous condition then
consider more realistic scenarios where connection betwd&8dsd < r, with r usually referred to as the transmission
any two randomly located nodes is not deterministically fixd@dius. More realistic models account for the random nature
by the network geometry, but occurs with a given probabili:?‘c propagation, and model powét(d) as a random variable.
which is a function of the relative distance. In particulai! this case, the connectivity evet(d) > P, occurs with a
references [7] [8] [9] studied connectivity and coverage cglven.probablllty that depends ®l1[§]. A typical and relevant.
the network in the presence of slow fading due to log-norm&#S€ i that of log-normal shadowing, that models slow fading,
shadowing. Moreover, it was briefly stated in [7] [9] thatWith P(d) = 1070/d®, where random variable is Gaussian
shadowing effectively turns wireless networks into "smallith Zero average and varianeé (see [7] [8] [9]). Notice
world” networks [10] by breaking a few close connectionfat foro ;o the model reduces to a random graph [12]
and creating a small number of long-range links. \[I;;lﬂe for o — 0 it boils down to a random geometric graph
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Fig. 1. Average path length and clustering coefficient of a wireless networw' THE IMPACT OF SHADOWING ON DISTRIBUTED TIME

with K = 100 randomly located nodes and log-normal shadowing versus the SYNCHRONIZATION

standard deviation of shadowirg As discussed in [11] [14] and references therein, small-
world networks enhance the capacity of the participating nodes
to perform distributed tasks, such as broadcasting a given
information or attain consensus starting from a disorganized
éatate. In this Section, we show that the same small-world effect
is observed while studying distributed processing in wireless
networks in the presence of log-normal shadowing. For this,

neighbors of node andk;(k; —1)/2 is the so called clustering . 2 . L
coefficient of nodei: C; — 2E, /(ks(k: — 1)). The clustering we consider tr_le ;ystem qf d|§tr|buted discrete-time PLLs for
time synchronization studied in [4].

coefficient of the network is the evaluated by averaging overl) Distributed discrete-time PLLsWe consider a net-

all the nodes. : : S :
. ork of K clocks with different free oscillation frequencies
Small-world networks are usually characterized by bot K : .
1/T}i, that communicate over the wireless network at

high clustering coefficient and small average path length. . . . )
Such a scenario is made possible by the occurrence of a ‘(’/‘vnd' The clocks are defined by discrete-time functighs),

long-range connections that link different clusters [10] [llﬁ'at’ in case of isolated nodes, evolvetgs:) = nTy +0x (n),

As remarked in [7] [9] and further discussed below, log- here indexn = 1,2,... runs over the periods of the clock
. ) . nd 0 < Ox(n) < Ty is the instantaneous phase. Two

normal shadowing makes this phenomenon possible. A relate o ) )
nchronization conditions are of interest. We say fkie

numerical investigation based on an artificial model wher?

links are broken and rewired at random following [11] wa$ ocks ardrequenqﬁynchron|zed 'ﬁ’“(nJrl)_.t’“(n) = T for
reported in [13]. eachk and for sufficiently large:, wherel/T is the common

frequency. A more strict condition requires fulequency
and phasesynchronization, i.e.f;(n) = -+ = tx(n) for
. N . n sufficiently large.

Due to the long tails of _the log-normal distribution, Wh.”e Towards the goal of achieving synchronization, clocks are
a few short-range connections are destroyed by Shadow'n%o?]pled through the transmission by each node, say:the
small number of long-range connections are formed. Ther(g‘fa1 pulse at each time, (n). The topology of thé network
fore, by increasing the standard deviation of shadowing determines the power received by akt node from theith
it is expected that the network increasingly resembles a s P(dys), wheredy; — dyy, is the distance between the nodes.
world network. This is illustrated with the following numericalOnly leées received with sufficient DOWeP (dyi) > Py) are
example, and through investigation of a distributed SynChraétected. Based on the detected pulses,iamyglock updates

nization algorithm in the next section. Considkr = 100 EES instantaneous phasg (n). This operation is performed

is localized in clusters. Consider any nogehaving a given
number k; of edges tok; other nodes. If the all the;
neighbors of node were connected among themselves in
cluster, then there would be(k; — 1)/2 edges among them.
The ratio between the actual number of edgesmong the;

C. A numerical example

nodes rgndomlz Iloczjated .Ln ; ;qu;tre V:/I'tz un|tha|rea and gcording to the discrete-time PLL shown in Fig. 2. A timing
Cﬁngect.lon r_nrﬁ € h esr::rllde. n | ec.d ' V_V't4 OF‘J,'”O;”“ rror detector estimates a convex weighted sum of the time
shadowing. The threshold Is selected Bs = 4. Fig. diEerences between the local clock and the others;) —

shows the average path length and clustering coefficient ,0 n)fori € Tp = {i # k: P(dy:) > Py}, at thenth period:

[
the network, averaged over a large number of Monte Carlé
iterations of random locations and shadowing, as a function of Atp(n+1) = Z agi - (ti(n) — te(n)), (1)

the shadowing standard deviatien As expected, the average i€T,

path length decreases with increasimgand, moreover, it is with ax; > 0 and Ziel’k ax; = 1. This measure is fed to

enough to have a shadowing standard deviation of aroun . , :
o = 3-4dB in order to get the most relevant average pat?] oop filtere(z), whose outputidy(n + 1) drives the local

|ength reduction. On_ th.e_ other hand, the average CIuSterIngPropagation delays can be shown to contribute to frequency mismatch
does not vary as significantly as the average path lengihong nodes.
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0.2

A. A numerical example on distributed time synchronization
0.18 | In this section, we evaluate the convergence of the syn-

chronization algorithm discussed above on the random net-
work with log-normal shadowing employed in Sec. 1I-C. We
evaluate the standard deviatigin) of the clocks, where
£2(n) = 1/K-Y 1, (tr(n) —1/K 31—, ti(n))?, versus time
n, averaged over random location of nodes and shadowing.
The initial phases(0) = t(0) are selected randomly in the
set (0,1) (and t(—1) = 0), while the local free-oscillation
frequencies are selected independently in thel se1%. The
dashed lines in Fig. 3 correspond to the asymptotic result (4).
It can be seen that increasing the amount of shadowing in the
model (i.e., the variance?) improves both the convergence

n speed and the asymptotic phase error of the system of dis-
Fig. 3. Standard deviation of the clocks for the distributed system of discre%l-bmed PI,‘L,S' Moreover, as eXpemed from th,e QISCUSSIOH In
time PLLs versus time: for different values of the standard deviation of9€C. II-C, it is enough to have a standard deviation of around

shadowingo. Dashed lines correspond to the analytical result &) & 3-4dB to harness the most relevant advantages of shadowing.
0.6, u = 0).

0.16

0.14

(m) 0.1}

IV. CONCLUDING REMARKS

This letter focused on the effect of log-normal shadowing
ti(n+1) = te(n) + Abk(n + 1) + Ti. (2)  on wireless ad hoc/ sensor networks in terms of "small-world”

The number of poles in the loop filter(z) determines the propertie; of the gssoc_iated ponnectivity graphs.' It has been
order of the loops as for conventional analog PLLs. FoIIowin?“OW”’ via numerical simulations, that a shadowing standard
the algorithm in [2], we select the weighting coefficients, ~deviation of around3-4dB is enough to reduce significantly
asawi = P(dii)/ Yier, Pldis). the average path length of the network. The beneficial impact
2) ConvergenceReference [4] studies the convergence g¥f this phenomenon on a distributed synchronization algorithm
the system of discrete-time PLLs (2) for second-order |005@s also been validated, thus confirming the notion that small-
with filters (z) = eo/(1 — pz—1). Let us denote a possibleWworld netvyor!<s enhance the capacity of participating nodes to
common value for the frequency of all nodes1a4” (to be Perform distributed tasks.
determined), i.e.tx(n) — tx(n — 1) = T for sufficiently large
n, so that the clock of théth sensor can be written (for large
n) as

\Voltage Control Clock (VCC)
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