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Integrated Cooperative Synchronization for Wireless Sensor Networks

G. S. S. Chalapathi ~, Bernhard Etzlinger

Abstract—A precise decentralized clock synchronization
method, referred to as integrated cooperative synchronization
(ICS) is proposed in this letter. ICS is a delay compensating
method that relies on mean-field message passing, where the mea-
surement phase is integrated into the message passing phase.
By selecting an extended factorization of the underlying joint
a-posteriori distribution of the clock parameters and an appropri-
ate message scheduling for link initialization, ICS is conceptually
much simpler than conventional message-passing methods while
achieving similar accuracy and reduced computational com-
plexity. Moreover, it has only slightly higher implementation
requirements compared to less accurate consensus methods.

Index Terms—Clock synchronization, mean field, message
passing, wireless sensor networks.

I. INTRODUCTION

LOCK synchronization is one of the basic building blocks

for many applications in wireless sensor networks (WSN)
or the Internet of Things (IoT) [1]. Thereby, increasing the
node density advocates the application of decentralized syn-
chronization methods [2]-[9]. From those methods, delay
compensated approaches in [2]-[4] outperform the approaches
in [5]-[9] as inaccuracies that result from the communication
delay between nodes are mitigated.

From an implementation perspective, an outstanding work
is the non-delay compensated method in [6]. In this method,
each node records the time-of-arrival of packets broadcast by
its neighbors. With the content of the received packet, i.e.,
the transmission timestamp and the current state estimate,
it can update its own clock estimate with simple computa-
tions, and then broadcast it to the neighbors. This conceptional
simplicity sets a benchmark for decentralized synchronization
schemes.

In message passing [2], [3], the Mean-Field (MF) principle
is of particular interest, since it inherently supports a broad-
casting mechanism of synchronization information, has only
moderate computational complexity and has guaranteed con-
vergence. However, its biggest shortcoming compared to [6] is
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the requirement of two operational phases that are necessary
for practical implementation. First, each node has to collect
time measurements with all its neighbors and store them for
the second phase (requiring additional memory resources).
Second, the nodes have to iteratively update and broadcast
their local messages. In contrast, the heuristic method in [4]
has similar complexity as [6]. However, it uses a flooding prin-
ciple that extracts a tree topology from the network, which is
prone to error propagation.

In this letter, we propose an MF message passing scheme
that integrates the measurement phase into the message pass-
ing phase. The main novelty is that we rely on an extended
factorization of the a-posteriori distribution of the clock param-
eters and a specific message passing schedule such that with
each broadcast packet a node can collect a new measure-
ment and do message passing computations. This mitigates
the two major drawbacks of [2] and [3] with only a small loss
in achievable accuracy. The proposed method has a similar
implementation complexity as the consensus method in [6].

II. SYSTEM MODEL AND NETWORK DESCRIPTION

A. Network, Clock and Timestamping Model

We consider a network containing P = M + A stationary
nodes, consisting of M > 1 synchronous master nodes and
A asynchronous agent nodes. The node indices are collected
in the corresponding disjoint sets M = {1,2,..M} A =
{M+1,M+2,...P} for master and agent nodes, respectively,
that form the set of all nodes P = M U A. The network
topology is represented by the set S that contains all node pairs
(p, g) that can directly communicate to each other. Moreover,
we require that all links are symmetric, i.e., if (p,q) € S =
(q,p) € S. Further, we define the neighbor set of node p € P
as 7, = {q|(p, q) € S}, i.e., it contains all the nodes which
are directly connected to the node p.

A stationary skew-offset clock model is considered, where
the local time at a node p, ¢, (%), is related to the reference
time ¢ with clock skew «, and offset 3, by

ep(t) = apt + By (1)

The clock parameters are collected in the vector #, =
[1/ap Bp/ap]t. Agent nodes have unknown #,, whereas
master nodes are assumed to have #, = [1 O]T, i.e., absolute
synchronization [10] is considered.

Each node p € P broadcasts N, packets, each indexed
by np = 1,...,Np. All neighbors ¢ € 7, will receive the
packets. Per link (p,q) € S, this yields N, packets p — ¢
and N, packets ¢ — p. The npth packet p — ¢ is trans-

mitted at reference time tnop), and received at node ¢ at

t;gf’l) = tz()%]) +Apg +wpg® ), where A, is the unknown com-

munication delay that is assumed to remain constant and wy,” )
is the measurement noise, modeled as normal Gaussian distri-

bution [2] with wz(,Zp )N (0,02). Timestamps are recorded

(n
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Fig. 1. Topology of a wireless network with 10 randomly placed nodes. Red

circles indicate master nodes, blue crosses agent nodes, and the dashed lines
the communication links.

np)

at node p at transmission as cp (t}(),O ), and measured at node ¢

at reception as cq(tzgg”l)). Using (1), the receive timestamp is

Cp(t;(:éj)) — Bp
Qp

() )

cq( pq,1 ) =% + aquZ” +aqApg + Bq. (2)

In the following we will use as short notation for the transmit

timestamp E;,(,np ) & cp(tl()né’)) and for the receive timestamp

e £ cq(t)).

B. Stochastic Model

To each node we assign a Gaussian prior distribution p(#))
on the clock parameters, and on each link a Gaussian prior
distribution p(Aj,) on the communication delay.

The approximate local likelihood function [2] of c((zzp ) given
the clock parameters #, and # is
p(c((;;f”) [#q, ¥p, Apg)
1
ocexp(—Q—2 | apg® g + bpgPp — Apg ||2)7 3)
Uw
where a%” )2 [cgzp ) —1] and b%” ) = [—E:,(,np ) 1]. Similarly,

the likelihood of the n4qth ¢ — p packet, ng € {1,..., Ny}
can be derived by interchanging p and ¢q in (3). The pairwise
NP

likelihood function of all measurements cpg = [{ C((IZP Frg=1>

{cha Yur

nqzl]T between p and ¢ is

NP
p(Cpg|Pq, Bp, Apg) H P(Ct(zgp)mq»”p»qu)

np=1
N,

x H p(cj(,ZQ)h?q,ﬂp,qu). 4)
ng=1

Collecting the pairwise likelihood function over all links
and joining the prior distributions yields the global posterior
function

p(@,Ale) o< [ p(@g) I »(Apg)

q'eP (p,q)€S

N, N,
X ( H p(CEIZ”)Iﬂq,ﬂp,qu) H p(C;ZQ)Wqﬂ’vapq)) &)

ny=1 ng=1
= H p(Pq) H P(Apg)p(epg|Pq, Fp, Apg), (6)
q'€P (p,a)€S
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(a)

Fig. 2. (a) Wireless network, (b) corresponding FG for conventional
MF based cooperative synchronization and delay estimation, (c) FG with
extended factorization for MF based integrated cooperative synchroniza-
tion. The following short notation is used: fzﬁ = p(dp), f,fq = p(Apq),

fzg(?“) = p(CI(an))Ir’pn’q, Apq) and fpg = p(epq|Pp, g, Apg)-

where the vectors ¢ and A collect all ¢y and Ay, respec-
tively, for (p,q) € S, and # all #,, p € P. From (6), an
estimate of the clock parameters of node p is obtained by

f}p = argmax/p(ﬂ,A|c) d~d,, (7
where ~ #, denotes all entries of # except #,.

III. CONVENTIONAL MEAN FIELD MESSAGE PASSING

Conventional MF message passing finds an approximate
solution b(?#p) ~ [p(?,Alc)d~#, to solve (7) in an
iterative way [2], [3]. MF synchronization has high accu-
racy and moderate computational complexity, but requires a
measurement phase and message passing phase in practical
implementation. Coordinating these phases becomes highly
challenging in asynchronous networks and thus prevents a
broad application.

In the following, we will shortly introduce the basic MF
equations to highlight the shortcomings in its practical imple-
mentation. Thereafter, modifications needed for ICS are intro-
duced. Motivated from practical observations, we consider the
following simplifications: (i) all links have the same mea-
surement covariance crf, and (ii) no prior on the distances is
available, i.e., p(Apq) has infinite covariance.

Conventional message passing uses the factorization (6)
to construct a factor graph (FG). For synchronization,
this factor graph matches the topology of the network
(see Fig. 2(a) and (b)). Thus, messages that are passed over
the edges of the FG directly translate to packet transmis-
sions between nodes. For example, parameters of messages
between variable vertex #; and ¥#o can be transmitted in
packets between nodes 1 and 2.

On such a factor graph, MF operates iteratively after all
measurements are obtained. The meagurements are collected in

the matrices Ay, =S [a(qu3 IR ,a(ggq) ;, b(pl% IR ,b(%\]],;[”));]T
and By, £ [bg .....bgp” L ay o apg” IT.
Starting from an initial guess AE,?I) and 1}1(0 a node
computes' at iteration i
5 (%) 5 (1)
AGHD) _ 1T (Bpgdy + Apgdy,’) )
e (Np + Ng)
5 (i+1) -1 T (A(D) 5 (1)
¥, =P, (mU,P + D A (Apg — Bpgd, ))’ ©)

q€Tp

INote that (8) and (9) are a simplified version of the message passing
equations in [3].
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where

P, =Po,+ Y Ay Ay, (10)

q€Typ

and P , and mg ,, are the precision matrix and weighted mean
of the prior p(#,). After the computations are completed,

the node broadcasts its estimate 1?( 2 to its neighbors, and
vice-versa receives their estimates. Zi“he method has two short-
comings. First, the iterations have to be coordinated among
all nodes, and second, the measurements have to be col-
lected before starting the message passing, requiring additional
coordination of the network and memory for (2 N, + 2 Ny)
timestamps that have to be stored at node p per neighbor q.

IV. INTEGRATED COOPERATIVE SYNCHRONIZATION

In contrast to conventional MF, ICS uses the factoriza-
tion (5), in which each likelihood function obtained with a
single packet exchange is considered separately, i.e., it per-
forms message passing on an extended FG (See Fig. 2(c)).
In every transmitted packet, the transmission time stamp is
appended, and by measuring the receive time, the receiver
can construct a single packet likelihood directly after recep-
tion. If the transmitter additionally includes its current message
parameters, this likelihood function can be directly used for
message passing. Thereby, the message passing does not oper-
ate iteratively as a message is passed only once over every
single edge.

Although the proposed modification seems trivial, the mes-
sage scheduling requires careful consideration when no prior
delay estimate is available. Therefore, we will first introduce
the computation rules for standard operation when previous
accurate delay estimates are available, and thereafter discuss
the special case when a new link is initialized, i.e., when no
prior delay estimate is available. The transition between those
modes is per node and depends on a simple local decision.

A. Mode I: Standard Operation

Nodes perform message computation for synchronization
in the standard operation mode if an accurate estimate of the
delay to the neighbor is available. This mode is motivated by

observation that AT Ay = aSIZQ)T agy’ +Zb (np) T g’;p)

in (10) and AT B, = Yal? bl + Y by (1) T alnr)
in (9). Selecting message passing only in the dlrectlon of
packet transmission will reproduce the first parts of those
sums.

Each node g broadcasts packets to its neighbors, where
the ng4th packet includes the transmission timestamp EZ; 7, its

A(kq)

clock estimate ﬂq

bors Ag;” q), p € T4. Here, k; and ky, are the recursion
indices for the clock parameter estimate and for the delay esti-
mate, respectively. If a node p receives the ngth packet from
node g, it can directly perform the following message passing

, and the delay estimates to all its neigh-

computations on the branch of the FG that includes fq; a)

g ”q T (1, ng) _ (ng)T ¢ A (Kpg ny) 5 (kq)
Php) = aip! a, mipt) =T (AL — i 9y,
e8Y)
to then update its local variables
P;kp'i‘l) _ P;kp)+ PE]Zq),m;kp‘H) ( )er(nq)’ (12)
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and estimates
(kp) nq) 5 (kq)
A (pg+1) _ kpqApg + (a:gqq)" Jr]Déqq)”q )
Apg ., (13)
kpg + 1
ﬂ(kp'f‘l) (P(kp""l)) 1 :E)k,,—f—l)' (14)

~(k 1 ~
The updated parameters 19; v D) and Ag,kp +1) are broadcast

with the next packet. If a node is a master node, i.e., p € A,
then the clock parameters are not updated as in (14), but
remain constant. Note that no timestamps from previous pack-
ets have to be stored, i.e., the message passing happens with
the same packet as the measurement recording.

B. Mode II: Link Initialization

We consider the initialization Péo) =0, (0) = 0 for

all non-master nodes p € A and Aéq) =0 for all links
(p, q) € S. Thus, we assume not having any prior knowledge
on the network, except the clock parameters of the master
nodes.

When a node p € A receives the first packet from a neigh-
bor with accurate clock parameter estimates, i.e., from a master
node (or a node g with a sufficiently large clock estima-
tion index kg, referred to as pseudo-master node), it would
not be able to compute the standard mode equations. Firstly,

Pl(gl) cannot be inverted in (14) after only one reception, i.e.,

P;,l) = P%,), as it has only rank one (See (11)). This would

not be a limitation if node p has already updated P;,kp ), kp >1
times with received packets from other (pseudo-)master nodes.
However, secondly, as the delay is not known before, m%)
in (11) will be inaccurate and severely perturb the network
synchronization process.

Therefore, we propose that every node has one set of link

k
initialization variables P fglt and ;fglt, and that the fol-
lowing procedure is executed when a node p receives a packet

from a neighboring (pseudo-)master g.

1) Node p initializes P’} . =0, m{’) . =0 and k) =

2) Node p updates the local initialization variables for the
for the first two packets received from a (pseudo-)master
q as in (11), with A;q) = Aéq) =0.

2

3) Node p then computes z?p init = P; 1)n1t m; 1)n1t and
adds it to its next broadcast, indexed by np At this point,
a deterministic error occurs on the phase estimate (sec-
ond entry of #, in;t) of the magnitude of the unknown
Apg.

4) Node ¢ computes the delay estimate with A(S) =

)% kq)
(agzp )z?p init + béq )1}‘( ?7)/2, and broadcasts the result
with its next packet.

. . . ~/
5) Node p corrects its previous estimate to @, ;i

~ N . . 2

¥ init [O,AS})]T and its variable m 7. =
~/ e g . .

Pz(yzi)mtﬂp init- It then adds the initialization variables

to its standard operation variables with P(k +1)

P 4 P2 ang m{r D) = s o m®

init"

6) Node p ]oms the standard operatlon moé]e and exe-
cutes (11)—(14) with the packet received in step 5.
Those steps, graphically depicted in Fig. 3, require the coop-
eration of node p and ¢ during the transmission of 4 packets.
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Fig. 3. Link initialization mode, with four packets exchanged between nodes
p and ¢ in (a) and their corresponding messages on the FG in (b).

TABLE I
PER NODE COMPUTATIONAL COMPLEXITY IN NUMBER OF OPERATIONS:
FOR ICS AND ATS PER RECEIVED PACKET, AND FOR CMF PER
ITERATION OF THE MESSAGE PASSING PHASE

Protocol | Additions Multiplications Div.
ICS 15 19 2
ATS 10 7 1
CMF (ITp|(BK —6)) +4K +8 | ([TpI8K)+4K +6 | 2

V. EVALUATIONS

For evaluating ICS we used a network of 10 nodes ran-
domly placed in a 1000 x 1000m? field as shown in Fig. 1,
where the connectivity is defined by the node range of 600 m.
The noise standard deviation o, was set to 93ns [2]. The
communication delays A,, are set to the propagation time,
i.e., distance between the nodes divided by the speed of light.
The clock skews were drawn by a normal distribution of stan-
dard deviation 100 ppm, i.e., a, ~ N (1,107%). Similarly the
standard deviation for the clock offset is selected to Ss, i.e.,
Bp ~ N(0,5). A node is selected as pseudo-master if it has
kp = 20 updates in the standard operation.

We compare the performance of ICS with the consensus
method from [6], referred to as ATS, and the conventional MF
method from [2] using K = 100 measurements and / = 4 iter-
ations, referred to as CMF. For evaluation, we depict 800 time
intervals, where each node broadcasts one packet per interval.
While ICS and ATS perform synchronization operations after
each broadcast, CMF has to collect its measurements first. In
Fig. 4, the RMSE of the clock phase (solid lines) and clock
skew (dashed lines) are depicted. While all methods achieve
similar accuracy for clock skew with the selected parameters,
the differences in the clock phase accuracy are significant.
ATS, which is limited by the communication delay, achieves an
accuracy of 27.5 us, while ICS and CMF achieve 0.23 us and
0.05 ws, respectively. Thus, ICS clearly outperforms ATS while
having a similar complexity and achieves results close to CMF
that has major drawbacks for ad-hoc network implementations.

Finally, we assess the latency and the computational com-
plexity. For ICS we define the latency as the number of
intervals until all nodes are pseudo-master nodes in standard
operation, i.e., k, times the network diameter (which is 3 in
this network). ATS has no latency, as all nodes update their
clock parameters from the first packet on. For CMF, the latency
is defined by the duration of the message passing phase, i.e.,
K plus 1. For the considered network we have 60, 1 and 104
intervals of latency for ICS, ATS and CMF, respectively. The
computational complexity is assessed in the number of mathe-
matical operations per received packet for ICS and ATS, or per
iteration in the message passing phase for CMF. The resulting
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Fig. 4. Numerical results with RMSE on clock phase (solid lines) and clock
skew (dashed lines).

numbers are shown in Table I. While ICS requires only slightly
more operations per packet than ATS, both are advantageous
to CMF in the message passing phase.

VI. CONCLUSION

While existing message passing based synchronization
schemes yield excellent results, they have major shortcomings
that prevent them from broad application. In order to mitigate
those drawbacks, ICS proposes to use MF message passing
on an extended factorization of the a posteriori function and
a specific message schedule, in order to achieve a simplistic
and still highly accurate synchronization method with drastic
reduction in computational complexity. Hereby, nodes have to
perform only simple computations, and take local decisions
for operating in a standard operation or in a link initialization
phase. The above-mentioned features make ICS suitable for
resource constrained WSN nodes. Despite convergence was
observed in numerical evaluations, a theoretical analysis has
to be carried out in the future work.
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