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Clock synchronization is an issue of vital importance in applications of WSNs. This paper proposes a
proportional integral estimator-based protocol (EBP) to achieve clock synchronization for wireless sensor
networks. As each local clock skew gradually drifts, synchronization accuracy will decline over time.
Compared with existing consensus-based approaches, the proposed synchronization protocol improves
synchronization accuracy under time-varying clock skews. Moreover, by restricting synchronization er-
ror of clock skew into a relative small quantity, it could reduce periodic re-synchronization frequencies.
At last, a pseudo-synchronous implementation for skew compensation is introduced as synchronous
protocol is unrealistic in practice. Numerical simulations are shown to illustrate the performance of the
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1. Introduction

Recent years have witnessed great advancement in smaller,
cheaper and low-power sensors which are capable of sensing,
collecting, processing data and communication through wireless
channel [1]. Sensor networks are mainly used for data fusion [2],
which highlights the necessity for a synchronized clock of time
among sensors, that is, all local sensors should share the same
global reference time. For example, in distributed data fusion
process, sensor readings and time-stamps are grouped into
packages and then pass along to their neighbours so that fusion of
such information will be used to calculate a precise estimate. In-
deed, the fusion of individual sensor readings is meaningful only
with packets that are time-stamped by each sensor's local clock.
High accuracy of local clocks is also essential for energy-saving
purposes [3], as sensor nodes need to spend most of the time in
the sleeping mode with only occasional interactions with neigh-
bouring nodes. Furthermore, most common services in WSN, in-
cluding coordination, communication, object tracking or dis-
tributed logging also depend on the existence of global time [4,5].

To develop successful clock synchronization protocols for
WSNs, several issues need to be considered carefully. First, WSNs
have wide deployment of sensors which increase the complexity
of the network. This leads to scalability requirements for the
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synchronization protocols. Additionally, wireless communication
is unreliable and may suffer from severe interference. Hence the
synchronization protocol need to enhance the robustness in order
to avoid node failures and packet losses. Furthermore, the energy
conservation becomes a significant concern due to the fact that the
smaller size sensors are almost battery-based with limited power
supply. To avoid this restriction, it is required to optimize energy
use in software levels. Effective protocol with low overhead in
both communication and computation still remains to be studied
further.

There are two kinds of clock synchronization protocols: struc-
ture-based and distributed. In structure-based protocols a hier-
archical topology is created within the WSNs. Initially, one node is
chosen to be the root node which is treated as the global clock
reference, then a spanning tree based on this root node is created.
Afterwards, each node synchronizes both its clock skew and its
offset with respect to its parent node. Typical examples are listed
as follows. Timing-sync Protocol for Sensor Networks (TPSN) [6]
establishes a hierarchical structure in the network and then a pair-
wise synchronization is performed to construct a global timescale
throughout the network. Flooding Time Synchronization Protocol
(FTSP) [7] initially elects the root of the network which maintains
the global time and all other nodes synchronize their clocks to that
of the root with periodic flooding packets. Reference Broadcast
Synchronization (RBS) [8] is proposed as one-hop time synchro-
nization, where a node is selected as reference node and then
broadcasts a sequence of synchronization messages to other re-
ceivers in order to estimate both clock skew and offset of local
clocks relative to each other. Sari et al. [9] further apply the joint
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maximum likelihood (JML) estimator of clock offset and skew
under exponential noise model in RBS protocol. Besides, [10] de-
velops a receiver-only synchronization which can synchronize a
series of sensor nodes by receiving time stamps of pair-wise re-
ferences while it could reduce the energy consumption of the
whole network. To deal with a time-varying nature of the clock
offset, a novel Bayesian approach to the clock offset estimation is
proposed in [11]. In most cases, structure-based protocols suffer
from computational overhead if a new root needs to be elected
under the circumstance of dynamic changes of communication
topology. To our best knowledge, they do not satisfactorily handle
node failures or packet losses.

Confronted with the above problems, distributed protocols
have been proposed for time synchronization in WSNs. These
protocols work in a distributed way and do not require a specific
tree topology or a root node, thus have the advantages of being
scalable and robust to node failure and packet losses. Typical ex-
amples include [12-19]. Among distributed protocols consensus-
based ones serve as the most popular designing methods. Existing
consensus-based algorithms can be classified into two main ca-
tegories according to their ways of implementation, synchronous
[20,21] and asynchronous protocols, also known as gossip [22]. For
asynchronous protocols, Schenato proposed an Average TimeSync
(ATS) protocol [23] which is based on a cascade of two consensus
algorithms to make all the nodes converge to a virtual reference
clock by tuning compensation parameters for each node. CCS [24]
reduces the clock errors between nodes whose locations are
geographically close and achieves long lasting synchronization by
converging all nodes to a common skew. He proposed a novel
maximum time synchronization algorithm (MTS) [25,26], for de-
lay-free case and a weighted maximum time synchronization al-
gorithm for random delay case. Other work includes [27], etc. For
synchronous implementation, see [28-31]. Initially, synchronous
implementation seems unrealistic as it requires each node to up-
date its information simultaneously, which implicitly requires a
common clock, which contradicts the fact that they do not share a
common global clock. Carli et al. [29] proposed a synchronization
algorithm that is based on a proportional-integral (PI) consensus-
based controller. A similar approach, based on the second-order
consensus algorithm, has been proposed in [30] to deal with the
synchronization of networks of non-identical double integrators.
Based on [30], Carli and Zampieri [31] further develop a pseudo-
synchronous implementation way for synchronous protocols and
it is proved to have the same performance. Since then researchers
can focus on designing synchronous synchronization protocols but
implementing them using a pseudo-synchronous implementation.

In this paper, we consider a distributed approach and develop a
proportional-integral estimator-based protocol (EBP) for clock
synchronization over WSNs. As each local clock skew may ex-
perience slow drift due to external environmental conditions such
as ambient temperature or battery voltage and on oscillator aging,
even if all clocks are perfectly synchronized at a certain time in-
stant, they will slowly diverge from each other. In the case of slow
changes of clock skews, tracking is a preferable choice. Compared
with the existing protocols, the concrete technical merits of the
proposed algorithm can be summarized as follows:

1. Theoretical contribution to tackle with clock synchronization
time-varying clock skew. Most existing synchronization algo-
rithms either ignore the drifted clock skew or ideally assume
the change of clock skew as a zero-mean noise [32]. Ahmad [11]
proposed a novel Bayesian approach to deal with time-varying
clock offset estimation by using a factor graph representation of

the posterior density but only in scenarios of pairwise synchro-
nization. In spite of realizing convergence of clock parameters,
they fail to take time-varying clock skew into consideration
when giving their theoretical analysis. We aim to develop a
consensus-based synchronization protocol which could theore-
tically prove the convergent result under time-varying clock
skew. The proposed protocol generally assumes that each
physical clock skew has a relatively small change bounded by
a constant quantity. By applying EBP, the synchronization error
of virtual clock skews can be bounded by a relative small steady
state error bound when physical clock skews are gradually
changing within certain limits.

2. Higher synchronization accuracy under time-varying clock
skew. Our work focuses on improving synchronization accuracy.
The comparison between other two consensus-based algo-
rithms indicates that the proposed algorithm could gain better
synchronization accuracy especially under time-varying clock
skew.

The proposed protocol also deals with random delay case and
shows that the convergence of virtual clock skew is in mean
square sense. After the clock skew compensation, an asynchronous
clock offset compensation protocol is presented. Inspired by [31], a
pseudo-synchronous implementation for EBP is presented as
synchronous implementation for clock skew compensation is
unrealistic in practice. Moreover, as pseudo-synchronous imple-
mentation requires no simultaneous action of each sensor node at
a global time instant, EBP with a pseudo-synchronous implemen-
tation could support both half-duplex and full-duplex systems.

The remainder of this paper is organized as follows. In Section
2, the wireless sensor network model and a time-varying clock
skew model for WSNs are introduced as the preliminary knowl-
edge. Section 3 introduces the proportional integral estimator-
based protocol. Filtering-based algorithms under both delay-free
and random delay cases are presented. Then a proportional in-
tegral estimator-based protocol including both clock skew and
offset compensation is proposed, where the convergent results are
shown in the main theorem and other two corollaries. In Section 4,
analysis of pseudo-synchronous implementation is presented for
handling the unrealistic synchronous implementation. Simulation
results are shown in Section 5. Conclusion of our work and several
open problems are given in Section 6. The proof of main theorem
is in Appendix.

2. Preliminaries

This section introduces some notations, preliminaries of graph
theory, wireless sensor network model and a time-varying clock
skew model.

2.1. Notations

R denotes the set of real numbers and R* denotes the set of
positive real numbers. 1 represents n-dimensional vector of ones
while 0 represents vector of zeros with an appropriate dimension.
R" represents an n-dimensional vector while R™" denotes an n,n
square matrix composed of real numbers. I" indicates identity
matrix with order n while 0" indicates zero matrix with order n. Z
denotes the set of nonnegative integer numbers.
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2.2. Graph theory

A weighted undirected graph @ = (V, &) consists of a non-
empty node set ¥V ={1,2,..,n} and an edge set ECV xV
where an edge of ¢ is a pair of unordered nodes. The neigh-
bourhood N; € V of the vertex v; will be understood as the set
{v; € VIvy; € &}, that is, the set of all vertices that are adjacent to
vi. If v; € N, it follows that v; € Nj, since the edge set in a (un-
directed) graph consists of unordered vertex pairs. d; denotes the
cardinality of A;. The notion of adjacency in the graph can be used
to move around along the edges of the graph. Thus, a path of
length m in @ is given by a sequence of distinct vertices:

Vig: Vigp -+ Vi )

such that for k=0, 1, ..., m — 1, the vertices Vi, and v; . are ad-

Tk+1
jacent. In this case, v;; and v; are called the end verti(+:es of the
path; the vertices v;, ..., v; _, are the inner vertices.

An undirected graph is called connected if for every pair of
vertices in @, there is a path that has them as its end vertices.
Associated with each edge (i, j) € & there exists a positive weight
&;;. For an undirected graph G, the degree matrix D(G) is defined as

follows:

di i=j
DGy =14 ' '
v {0 otherwise. 2
The adjacency matrix A(G) is defined as follows:
1 i#j,jeN,
AG); - { #JJEN
0 otherwise. 3)
The associated Laplacian matrix L(G) is defined as follows:
“1i#jjen,
LGy=10 i#jje&N,
d; i=j. @)

In this paper we consider a wireless sensor network model
represented by a weighted undirected connected graph g = (V, &),
where <V is composed of n sensor nodes and & stands for contact
between two neighbour nodes. Communication delay in WSNs
needs to be taken into account since they can be much larger
compared with the required synchronization accuracy [5]. We
mainly deal with two cases as follows:

1. There are no transmission or computational delays in WSNs.
Specifically, the transmission time of node i € v and the re-
ceiving time of node j € N; are considered to be instantaneous.

2. The communication delays at different time instants are as-
sumed to be positive random variables with constant mean and
variance and they are mutually identically and independently
distributed.

Finally, two important lemmas are introduced.

Lemma 2.1 (/33]). Consider a block matrix

C [A —B]

B 0 ()
where A, B € R™" are real, symmetric and positive definite (i.e. A and
B have positive real eigenvalues) and A and B can commute (AB=BA).

Let Agmaw ABmax b€ the maximum eigenvalues of A and B and 4 1y,
Apmin be the minimum eigenvalues of A and B. Any eigenvalue of C

satisfies the following bounds:
1. Re(d) > minAARe[ %(,1,4 - 42 - 4/15_,,,,-,,)], where 25 € {Ag mins A4 max)»

2. Re(d) < Re[%(/lA‘max + 42 max — A2 min )] Im(2) >.
‘]m[%(iA Ny A/%,min - 4Al§,max )]‘

Lemma 2.2 (Input-to-state stability [34]). For the linear time-in-
variant system x(k + 1) := Ax(k) + Bu(k) with a Schur-stable matrix A,
the zero-input response decays to zero exponentially fast, while the
zero-state response is bounded for every bounded input.

2.3. Clock model

Environmental conditions such as temperature, pressure, or
even humidity may affect the behaviour of the oscillator, causing
clock skews to speed up or slow down gradually. A time-varying
clock skew model is presented in [13] as

t
() = /0 athdt' + B, 7(0) =B, ®)
where 7;(t) is the local clock reading of node i; a;(t) is the physical
clock skew which determines the local clock speed; f; is the
physical clock offset and t indicates absolute reference time. For
each node i at ¢, it cannot acquire its physical clock skew «;(t). The
only information known by node i is 7(t). Explicit notation of t
indicates a;(t) is a slowly time-varying variable. Suppose this slow
change satisfies the following assumption.

Assumption 2.1. Slow change of physical clock skew ensures the
uniform boundedness of «,(t) at any time instant ¢t

1-p <at) <1+p, (7

where 0 < p, < 1 indicates the maximum drift. Crystal oscillators
used in sensor nodes normally have a drift between 30 and 100 ppm.

As the synchronization protocol is in discrete-time form, we
denote one sampling period as T. For the sake of simplicity, we
express a;(kT) = a;(k), V k € Z, ie., we assume T=1. Then one-

sampling-period drift during [kT, (k + 1)T] for node i is defined as
Aaik) = aik + 1) — ai(k), kez. 3

Another assumption concerning with the change rate of «;(t) is
made as follows.

Assumption 2.2. Slow change also ensures the uniform bound-
edness of Aq;(k) during any sampling period [kT, (k + 1)T]

|Aayk)| < p,, ()

where 0 < p, < 11is the bound on the change of i's clock skew in
one sampling period.

The objective of a distributed clock synchronization protocol is
to synchronize all the nodes with respect to a common virtual
reference clock as close as possible, namely

— t — o
) = fo a@)dt' + 7, 10
where a(t) = 2i=190 io the average value of clock skew at time t.

Every local clock i keeps an update of its virtual clock reading
7(t) as follows:

£(t) = F@(t), (), j € N, an
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where F(-) is a compensator depending on the information avail-
able at node i and its neighbour nodes j € N;. More specifically, we
consider F(-) as a linear updating rule, that is

A0 = G(&(Dg(0), 7(0), j € Ny), 12)

where G(-) is a linear function. &t) is the virtual clock skew
compensation quantity based on the information available at node
i and node je A; and by multiplying &;(t) with physical clock
reading ;(t), it aims to reduce synchronization error of local clock
skews.

If i(t) = a;, Vi € V, that is, all ;'s are constant quantities, then
a(t) = a. In this case the virtual clock skew and clock reading for
node i should asymptotically track @ and z(t),
lim@ytye; =@, YieV, limEe) -7t)=0,VieV.
t—o0 t—-o0 (13)

Define the indicator variable that measures the accuracy of
skew compensation: &(t) = &;(t)a;(t) — a@(t). If a,(t) is a slowly time-
varying variable, the objective is to bound the synchronization
error for virtual clock skew of node i as follows:
lime() = lim|&0)ai(0) - a®)] < ps, (14)
where p; < p; can be regarded as the synchronization accuracy of
clock skew compensation and p; needs to be made as small as
possible.

3. Proportional integral estimator-based clock synchroniza-
tion protocol

The proposed distributed protocol includes three parts which
are similar to the ones proposed in [23]: relative clock skew esti-
mation, clock skew compensation and offset compensation. The
proposed protocol uses the same components as [23] but deploys
different approaches compared with [23]. The main contribution is
to present a new synchronization protocol under time-varying
clock skews.

3.1. Relative clock skew estimation

Relative clock skew estimation algorithm aims to estimate the
relative clock skew of each node i with respect to its neighbour
node j € N;. The estimation value of relative clock skew will be
used to develop a clock skew compensation protocol.

Definition 3.1. The definition of relative clock skew at time t is as
follows:

ot ’ (15)

The estimation of relative clock skew will be discussed in two
cases.

3.1.1. Relative clock skew estimation in delay-free case
Some notations are listed as follows:

1. tj(k) indicates global time at which node j's clock reading z;(t;(k))
just reaches KT.

2. z(tyk)k € z,V j € Ny indicates node i's local clock reading
when node j announces that its local clock reading just reaches
KkT.

In delay-free case, if we take unavoidable measurement,
quantization errors and small drift of clock skews into

consideration, a low-pass filter-based algorithm introduced by
[23] is proposed in Algorithm 1.

In Algorithm 1, p € (0, 1) is a tuning parameter. The choice of p
can be treated as a tradeoff between the precision of new mea-
surement and prior estimation based on the old measurement. t*
and t~ represent, respectively, the right-hand limit and left-hand
limit of t. According to [23], for the case of constant clock skew «;,
applying Algorithm 1 yields the following convergent result

Hma = ai; (16)

Algorithm 1. Relative clock skew estimation in delay-free case.

Input: 7;(¢;(k)), 7 (t;(k — 1)) for i € V.
Output: &;;(t) for i, j € V.
1: Initialize &;;(07) = 1.
2: Set a common broadcast T to each node.
3: while 1 do
4: Update &;;(t1) < pdy;(t7)+(1—p)
att =t;(k), k € Z.

I
TG (B 7t (1)

5: Update &,j((t + 1)_) = dij(t+).

6: end while

3.1.2. Relative clock skew estimation in random delay case
Some notations are listed as follows:

1. tj(k) is the real broadcasting time at which node j's clock reading
7j(tj(k)) just reaches KT. At tj(k), node j broadcasts its hardware
clock reading z(tj(k)) to node i.

2. tj(k) indicates the real receiving time for node i. At tj(k), node i
receives packets from node j and immediately records its
hardware clock reading 7(t;(k)).

3. dy = tj(k) — tj(k), k € 7, is the communication delay from node j
to node i. For different d,'s, they are mutually independent of
each other.

In random delay case, if we take unavoidable measurement,
quantization errors and small drift of clock skews into considera-
tion, a low-pass filter-based algorithm introduced by [25] is pre-
sented in Algorithm 2.

Algorithm 2. Relative clock skew estimation in random delay
case.

Input: 7;(t;(k)), 7(t;(k—1)) for i € V.
Output: &;;(t") fori,j € V.
1: Initialize &;;(0) = 1.
2: Set a common broadcast T to each node.
3: while 1 do
Bii() < smmrnmay 2t t = ti(k)-
iy (1) = LuOTB V8l g e 7 at ¢ = (k).

»

ot

6: end while

According to [25], for the case of constant clock skew a;, ap-
plying Algorithm 2 yields the following mean square convergent
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result
E{ &)} = ay an
and

: A
’!T;Var{ aij(l<)} =0. 18)

3.2. Clock skew compensation

We apply the relative clock skew estimation Algorithms 1 and 2
which could guarantee the convergence result under constant
input of clock skew a;. Under slowly time-varying input of clock
skew ay(t), &‘,-j(t) is also a slowly time-varying variable. Considering
the slow varying properties, we will study the convergence
property of skew compensation using the same algorithm.

After éz‘ij(t*) is acquired, every node i uses a distributed updating
protocol to achieve clock skew compensation, which bounds the
error ¢(t) under slowly changing input o). At time instant
t = tjtk), k € z, each node i updates its clock skew compensation
quantity &(t). The virtual clock skew is compensated by multi-
plying &,(t) with its physical clock reading =(t) as &;(t)z(t).

The proportional integral estimator-based protocol is proposed
as follows:

Initialization: 4;0) = 1, w;0) =0,V i e V.

Main Loop:

at)

(1= en)8i(t) + eK; Y (@(t7) — ot + ey
JEN;
—eKp Y @(t7) — QR
JEN;
ot = ot - eKj Y @Gt — &),

JeN; (19)
where w; is an internal estimator state which acts as an integrator.
Specifically, o;(t*) accumulates the difference of (&(t™) — &;(t™)
a;(t™)) with its neighbours’ je A;. &; is called estimator state
which tries to estimate the virtual clock skew compensation
quantity such that a(tHa;(t") asymptotically approaches

T4t Ha) . P
===~ as close as possible when t goes to infinity. Kp, K; > 0

are called estimator gains; y > 0 is the information rate as it de-
picts the proportion of how much new information is introduced;
e > 0 is the step size. Each node i not only communicates its
physical clock reading z(t™) but also communicates its clock
compensation quantity &;(t7) and internal estimator state w;(t”)
with its neighbours j € N,.

This protocol is inspired by the continuous form of propor-
tional-integral dynamic average consensus estimator [33,35,36]
which can allow each node to approximately track the average of
the slowly time-varying inputs and bound the estimation error
related to the rate of slow change of inputs under a fixed network.
We indirectly use the discrete form of proportional integral dy-
namic average consensus estimator as each node i cannot access
its clock skew a;(t;(k)) while it can only use relative clock skew
estimation &‘ij(ﬁ) calculated in Algorithms 1 and 2 respectively.

As tj(k) is based on node j's measurement of kT, each node i
receives &ij(tj(k)) and performs (19) at different time instants be-
fore synchronization has finished. However, here we only consider
the synchronous form of (19) as in the implementation part, we
show that under pseudo-synchronous implementation scheme,
the protocol has exactly the same performance as synchronous
one does. By replacing t* and t~ with a common time notation
t(k + 1) and t(k) from a perspective of global clock, the following

equations hold:
ak + 1) £ atitkyh), ak + 1) 2 d(t k),
aik) £ Qi) diky £ deiky), ayk) £ @), 0)

The synchronous form of (19) is presented as follows:
Synchronous form:

Bk +1) = 8k + €Ky Y (@i(k) — oi(l0Rk)) + er(1 — &(k))

JEN;
—eKp > @ity — &(k)ay(k)),
JEN;
ok +1) = wk) — ek Y @) — 8i(kak)).
JeNi 21

The indicator that measures the accuracy of node i's local clock
skew is as follows:

A Zin:]ai(k) s Zin:]a,»(k)
k) = a;(k)a;k) — = ay(k) — e 22)
If we let
e(k) = [gk), ..., e,00O1, @) = [@yk), ..., ,dOT
&k) = [k), ..., &I, @k) = [w1(k), ..., 0,01, 23)
then (21) can be written collectively as
ak + 1) = &k) + eK(D; — Ak)w(k) + ey(1 — &(k))
— eKp(Dp — Alk))a(K),
ok + 1) = w(k) - eK(D; — Akyack). 24)
where A(k) is defined as follows:
A S
R et
0 otherwise. (25)
And the error dynamics can be written collectively as
u _ 11
e’(k) = ak) — Ta(k). (26)

Our main result is presented as Theorem 3.1. It shows that the
updating rule will lead to the boundedness of |lim, _ &;(k)|.

Theorem 3.1. Consider the communication topology of WSNs of n
sensors being a connected undirected weighted graph G with
its Laplacian matrix L where A, and Anqx correspond to the second
smallest eigenvalue and the largest eigenvalue of L respectively.
Each node i implements discrete-time synchronous form of
(21) with proportional and integral gains K, = K}, K = kK], y = xy’
where K, Kj, y' > 0. If Assumptions 2.1, 2.2 hold, k) converges

exponentially to a ball at the origin of radius 20 -n1*r21 =)

41 - /:1)2 = 2eypy(1=py) +/722

-1
7' pp(1=py+p) IVl .
L2 AR gs k — oo under the following control parameter
@—2ppK ] (I f 3 p

constraints:

+

2 Py <e 2-py—2pq
) ﬂ](] - /7]) P =pp

where 31, Ba, | V™! || are global information of the network defined in
the proof.
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Proof. The proof is given in Appendix. O

Theoretically, in the proof of Theorem 3.1, the proposed pro-
tocol (24) has been transferred into a discrete-time-invariant lin-
ear system. Once the conditions of control parameters are sa-
tisfied, the internal stability theorem would guarantee the
asymptotic exponential convergence of (24) as all eigenvalues of
system matrix are assigned into the unit circle. As the system input
(physical clock skew) is a slow time-varying variable, finite-time
convergence is unrealistic.

For constant clock skew a; the following corollary is
established.

Corollary 3.1. Consider the communication topology of WSNs re-
presented by a weighted connected and undirected graph G. Each
sensor implements the synchronous protocol (21) with proportional
and integral gains Kp = kKp > 0, K; = «K; > 0, y = xy’ > 0. If each local
clock skew a; is constant, the virtual clock skew a@;(k) converges to the

n
n a0 .
average consensus value of w and e®(k) converges exponentially

to zero as k — oo under the following control parameter constraints:

Pa 2-py=2p
2. .
B —pp T R
The proof of Corollary 3.1 follows directly from Theorem 3.1.
For random delay case, the following corollary is established.

Corollary 3.2. Consider the communication topology of WSNs re-
presented by a weighted connected and undirected graph G. Each
sensor implements the synchronous protocol (21) with proportional
and integral gains Kp = «K, > 0, K, = «Kj > 0, y = xy' > 0. If we take
Assumptions 2.1 and 2.2 and random communication delay into
consideration, e(k) converges exponentially to a ball at the origin of
radius in mean square sense:

B eyp,(1 = p; + p)(1 = p))

C A - p) = 2erp,(1 = p) + p;
2. limy_, E{ |ei(k)|} < p3,

3 limy_ Var{|ek)|} = 0,

v pp(1=py+po) Il v
2 =2ppKip(Lp

1. p,

under the following control parameter constraints:

P
-

<ey,

2. P2 (et
5 =) Pl =

The proof of Corollary 3.2 follows directly from Theorem 3.1,
(17) and (18).

3.3. Offset compensation

At the end of clock skew compensation procedure, all virtual
clock skews in WSNs have achieved average consensus value, i.e.,
they will run at the same speed @ under constant input a;'s or
their synchronization errors will be bounded by a relative small

1opk) IV
(k) = 1= el n_DKida(lp)

erpop(k)

5 under time-
(ot =1+ er)

steady error p, =

varying input «;(k)'s. Hence, it is necessary to compensate for
possible offset errors. We present the offset compensation protocol
as follows.

Initialization: 7,0) = 4;(0)7;(0) Vie V.

Main loop:
FAE) + 75()

ity

r=rn+1 iE(V.l'GNj,
[+ 1) = 1(t™) + AU)((t + 1)) = 7(t™)), @7

4t =

where y; is the confidence parameter. &;(t*) is acquired from (19).

4. Implementation
4.1. Implementation of clock skew compensation protocol

As shown in our proof of skew compensation, the synchronous
form (21) is applied. However, it is unrealistic to guarantee the
simultaneous actions of transmitting, receiving and updating at
the same time before local clock skews are synchronized. As a
result, synchronous implementation is impractical. To tackle this,
we present a pseudo-synchronous implementation. This idea is
triggered by the fact that although each local clock has different
local clock readings, the difference between either their clock
skews or offsets is bounded. Different from asynchronous im-
plementation where node i updates its information immediately
once receives only one packet from one of its neighbours j € N, in
pseudo-synchronous implementation, node i does not update its
states until it receives messages sent by all its neighbours. On the
other hand, pseudo means the transmission and updating instants
are determined by its local information, including its relative clock
with its neighbours while synchronous implementation requires
each local sensor share a common global clock, that is, a piece of
global information. We first specify the transmission and updating
time instants.

The transmission time instants of i € vV are defined by

ticky=t, where z(t) = kT. (28)

T is a positive parameter set as a default value known by all sensor

nodes. Namely, tf"r(k) indicates that the ith clock reading just
reaches hT.
The receiving time instants of j € A; are defined by

thk) = thk), Vje N (29)
The updating time instants of node i are defined by
tipto = max{ tholj € N U (i) }. 30)

namely the ith clock updates its state right after all its neighbour
nodes finish their transmission actions, included its own trans-
mission. Notice that, from the above definitions, tL’,p(k) > th(k).
Moreover, tf,(k) and tl’;p(k) can be determined by node i relying only
on its local information. Another important concept is defined as

—mint’ i
t(k)._m'_mttr(k), Viev. 31

The pseudo-synchronous implementation of clock skew com-
pensation is presented in Algorithm 3.
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Algorithm 3. Pseudo-synchronous implementation of skew compensation.

: Initialize &;(0) = 1,w;(0) = 0,Vi € V. Set a common broadcast period T to
each node.

. At time instants ¢i.(k)s node i broadcasts w;(ti.(k)) and d;(ti.(k)) to its
neighbours o € N;.

3: Node i receives a packet containing w;(t],.(k)) and a;(t] (k)) from its neigh-

bours j € A at time instant /, (k) and computes d&;;(t],(k)) according to

Algorithm 1 and Algorithm 2.

4: At time instant ¢/, (k), node i updates both w;(ti,,(k)) and d;(t.,,(k)) using

up

its stored information as follows:

Qi(tup(K)) = Qiltuy (k) + €K1 Y (wilt], (k) — wj (8], (h))di; (t7,(K)))

JEN;

—eKp Y (ai(t], (k) = a;(t],(h) & (8, (k) + ev(1 = Gi(t, (K))), (32)

JEN;

wiltup(k)) = wiltup(k)) = K1 Y (Gi(t, (k) — & (t, (k) di; (t, (K)))-

JEN;

5: During t € (t!,,(k),t,,,(k + 1)], the states of node i € V remain constant

i (t) = @it (k)),wi(t) = wi(tl, (k).

6: When time instant is at ¢/, (k + 1), go to step 3.

The performance of pseudo-synchronous implementation with
clock skew compensation is illustrated in Theorem 4.1. Before that,
the following assumption needs to be guaranteed.

Assumption 4.1. To guarantee the performance of pseudo-syn-
chronous implementation, t,ﬂp(k), t(k + 1) should satisfy the fol-
lowing inequality

o) <tk +1), VieV. 34)
Remark 4.1. Another interpretation of (34) is
t; < t, where t;: miaxfi(tl) = kT, t;: rrliinri(tz) =k + DT,

VieV. (35)

According to Assumption 2.1, physical clock skews are re-
stricted by a certain bound. As long as there exists a slight differ-
ence between Q,in and gy, this assumption is rather rational.

Theorem 4.1. The states of the pseudo-synchronous protocol (32)
evolve according to the linear discrete-time equation (21), which is
exactly equal to the synchronous protocol.

Proof. In order to analyze the pseudo-synchronous protocol (32),
we need to fix the sampling time instants. As t(k) represents the
first time instant in which the local clock reading of a node reaches
the value kT, according to the definitions given in (28), (30) and

(33)

considering Assumption 4.1, the following inequalities hold

L) <tk + 1) <tk + 1),k — 1) < tk) < tk),

tip((k = 1) < k) < th(k) < thy(k),

ti((k — 1) <ty < k) < tik),  VjeN;u (i) 36)
According to (33) we can deduce that

& tiph) = e, oitiyk) = witk)),

Atk = k), with, k) = aytk)). 37)
Substituting (37) into (32), it follows that Vi e vV

Gtk + 1) = ek Y (@th) — wftd)NAER)) + er(1 — &yt k)

JEN]
—eKp Y (at(k) — aj(tkDAHEK)) + Ayt k),
JjeN;
ot + 1) = wtd) — ek Y @tk — atd)a k).

jen; 38)

As t(k) is the common time reference, each local node renews its
states exactly at the same reference time. This completes the proof
of Theorem 4.1. o

Remark 4.2. The proposed proportional integral estimator-based
protocol applies a pseudo-synchronous implementation. With
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pseudo-synchronous implementation, each pair of neighbouring
nodes in WSNs communicate with each other according to their
own clocks and require no simultaneous actions of transmitting,
receiving and updating at a common global time instant. As a re-
sult, EBP with pseudo-synchronous implementation applies to
both full-duplex and half-duplex communication radio technology
in wireless communications.

5. Simulation results

This section provides two numerical examples. In Example 1,
comparison is done between our proposed protocol and two other
existing state of the art algorithms: the second-order linear con-
sensus algorithm (SLCA) [31] and the maximum time synchroni-
zation (MTS) [25] protocol. Example 2 illustrates the suitability of
large WSNs.

5.1. Example 1: Comparison between EBP and two other consensus-
based protocols

Consider a network topology in Fig. 1 composed of 15 labelled
nodes.

For EBP, the control parameters are selected as follows:
40y =1, #(0) =0, e =02,y = 0.09, K; = 0.75, K, = 1.65. As crystal
oscillators normally have a drift ranged from 30 to 100 ppm,
where an oscillator with 100 ppm drifts apart 100 us in one sec-
ond. Therefore the initial clock skew ¢;'s are randomly selected
from [0.9999, 1.0001] and clock offset f; from [0, 0.0002] s. As each
local clock skew experiences small drift, during one sampling
period the local clock skew is added by a random noise range from
[ — 0.00000915, 0.00000915], corresponding to [ — 0.03, 0.03] ticks.
It can be seen from Fig. 2 that it takes nearly 250 iterations to
reduce the maximum difference of skew below 0.1 ticks
( 1tick =1/32768 Hz = 30.5 ps). Fig. 3 shows the convergent
properties of offset compensation.

The comparison between EBP and other two consensus-based
algorithms (SLCA, MTS) are made from the following aspects:

1. Computational complexity: We assess the number of floating
point operations required for a global synchronization of a
wireless sensor network.

2. Synchronization accuracy: We compare synchronization accu-
racy for each algorithm under time-varying clock skew.

3. Convergent speed: We plot convergent curves of each algorithm
in one figure to do explicit comparison of convergent speed.

(D

\\@

N
K
L

Fig. 1. Network topology composed of 15 labelled nodes.

Maximum difference of skew (ticks/s)

0 50 100 150 200 250 300
Number of updating steps

Fig. 2. Convergent performance of skew compensation for EBP.

Maximum difference of offset(ticks/s)

Number of iterations

Fig. 3. Convergent performance of offset compensation for EBP.

Table 1
Computational complexity between EBP and other two algorithms with p, = 0.03
ticks/s.

Algorithm EBP MTS SLCA
Number of iterations required for convergence 130 20 200
Number of operations in one iteration 18 12 13
Total number of operations 2340 240 2600

5.1.1. Computational complexity

Comparison in computational complexity is done between the
proposed algorithm and other two consensus-based algorithms. In
particular, the comparison standard is based on how many num-
ber of floating point operations are required for each algorithm
after one-round synchronization with p, = 0.03 ticks/s.

Table 1 shows that the proposed protocol requires more float-
ing point operations than the standard fast-convergent-oriented
MTS algorithm but requires fewer operations than SLCA.

5.1.2. Synchronization accuracy

We have compared the synchronization accuracy among the
proposed protocol, MTS and SLCA under time-varying clock skews.
Table 2 contains statistics of the maximum synchronization error
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Table 2
Synchronization accuracy between EBP and other two algorithms with p, = 0.03
ticks/s after convergence.

Algorithm EBP MTS SLCA
Maximum synchronization error (ticks/s) 0.0364 0.2055 0.0578
Average synchronization error (ticks/s) 0.0511 0.1751 0.0752

Table 3
Synchronization accuracy between EBP and other two algorithms with p, = 0.03
ticks/s after convergence.

Algorithm EBP MTS SLCA
Number of iterations required for convergence 130 20 200

—o— EBP
— % —SCLA
—=—MTS [

Maximum difference of compensated clock reading (ticks/s)

200 300

Number of iterations

Fig. 4. Comparison in convergent speed among EBP, MTS, SLCA.

and average synchronization error for each algorithm.

Drawn from Table 2, the maximum synchronization error and
the average synchronization error for EBP in this static network
are 0.0364 and 0.0511 ticks/s respectively, compared with 0.1751
ticks/s and 0.2055 ticks/s of MTS and 0.0578 and 0.0752 ticks/s of

N W s O]
o o o O

Error(ticks/s)

=y
(=]

o

SLCA. This comparison indicates that EBP has the best perfor-
mance in synchronization accuracy than other two algorithms
when the clock skew is time-varying.

5.1.3. Convergent speed

Comparison in convergent speed is done between the proposed
algorithm and other two state of the art consensus-based algo-
rithm. Specifically, the comparison standard is based on how many
iterations are required for each algorithm after one-round syn-
chronization with p, = 0.03 ticks/s. Table 3 shows the comparison
result.

We have now plotted the convergent curves of each algorithm
in one figure to do explicit comparison of convergent speed. As
shown in Fig. 4, EBP demonstrates slower convergent rate than
MTS but performs better than SLCA.

In conclusion, we classify consensus-based algorithms into two
categories: one is synchronous protocol with pseudo-synchronous
implementation, e.g. EBP, SLCA; the other is asynchronous protocol
with asynchronous implementation, e.g. ATS, MTS. Asynchronous
protocol has its advantage of being easier to implement as it re-
quires fewer floating point operations. Moreover, the convergent
rate is faster than synchronous protocol. On the other hand, syn-
chronous protocol can realize higher synchronization accuracy
especially when physical clock parameters are time-varying.
Hence we could choose the appropriate synchronization protocol
according to the actual demand in practice.

5.2. Example 2: Suitability of large WSNs

Consider a 10 x 10 grid WSN that composed of 100 sensor
nodes. The initial physical clock skews were assigned randomly
from a normal distribution with mean 1 and standard deviation of
100 ppm. Each node broadcasts one sync packet per round in
random order with a one-hop range of its neighbours. Control
parameters are chosen as € = 0.3, y = 0.09, K; = 0.1, Kp = 0.01. Each
sensor node is implemented with EBP. The geographic distribution
of clock errors in the network is shown in Fig. 5 before synchro-
nization. Fig. 6 shows the convergent results. After 32 rounds of
iteration corresponding to 9.6 s, it can be seen that the maximum
error of virtual clock reading is reduced under 0.1 clock ticks/s,
well below the clock resolution.

If the communication range of each inner node increases from
4 to 8 nodes, it takes only 20 rounds of iteration (corresponding to
6.0 s) to constrain the maximum error of virtual clock reading

10
9
8

L7

L s

3
10

2

1

T
L
(o]

Fig. 5. Geographic distribution of error ticks before synchronization.
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Fig. 7. Geographic distribution of error ticks after 20 rounds of synchronization.

under 0.1 clock ticks/s, see Fig. 7. Notice that the increase of
transmission range and the number of sync packets contribute to
the performances of EBP, e.g. precision of synchronization, the
convergent property. Furthermore, if the skew compensation is
viewed as a preliminary step, the offset compensation demon-
strates better performance in convergent rate as each compen-
sated local skew is bounded by a relative small range, no matter
what degree the physical skew drifts to.

6. Conclusion

This paper presents a proportional integral estimator-based pro-
tocol to handle clock synchronization under time-varying parameters
over wireless sensor networks. Under the proposed distributed pro-
tocol, a network of sensors can achieve clock synchronization in a
distributed manner. Furthermore, the proposed protocol achieves
higher synchronization accuracy against time-varying clock skew. We
investigate the stability property of EBP and analyse the convergence
property under both delay-free and random delay cases. Finally, a
realistic pseudo-synchronous implementation is proposed. Future
work includes optimization of control parameters in order to acquire
better convergent property of EBP.

Appendix

Proof of Theorem 3.1. Define

aiaoik) = wik),  @k) = [@yk), ..., o001 . (39)

Multiplying (21) with «;(k), (21) becomes the following equivalent
form

ploak + 1) = aik) + ek Y @ik) — k) — eKp Y. (@(k) — ak;
JeN; JEN;
+ey(aik) — ak)) + A% k),
pyoik + 1) = @yk) — eK; 2 (@ (k) — a(k)) + Ai”(k).
JEN; (40)

where we have the following relationship with p(k), A/(k) and
Al (k)

%) Aai(k) Py
1-—"—<pl)=1- <1+ .
1-p P aik + 1) 1-p,
hod = — : —_ _ai(k) A,A
Af(k) = — eKp j§/,~ aj(k)[l aj(k)a”(k)]
ol 12 @®a
+ K] jg,’i wj(k)[l aj(k)a”(k)]'
Alk) = — €K, Z aj(k)(l - “"(k)&,-j(k)].
jem (k) 41)
Hence the aggregated synchronous form becomes
1 -ey) € €
-1, -S1
ak+ D] _ | el et " el [ad] %a(k)
ak+1| ey 1 ek °
plo)"! pk)
+@(l<)[ a(k) ]
@ (k) (42)
where Ly, L, ©(k), £(k) are defined as follows:
Lp=Kl, L =KL
K, K,
—e(—,f)(Ap ~ 5(ky) %(AI ~ 5(k)
ot =| " ? :
€5y = n
———A; - E(k
p (k)( [ (9)) 0o
LIPS JienN,
Z(ky; =9 ) ! !
0 otherwise. (43)
Consider the state coordinate change
vT
@(k) = [v, Sy(k),  x(k) = "’T (k).
S
T
o (k) = [v, Slok), ok)=| ¢ @ (k).
st (44)

where v, = % is the unit eigenvector corresponding to zero ei-

genvalue of Laplacian matrix L;, Lp. Define S such that [y, S] is an
orthogonal matrix. Under the new state coordinate system, (42)

becomes
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1-¢ T
0
pk)

yk+1) =

o] o k
x() + Ty ¢ [o(K)
d-en;_ ¢ g 0 (k)s LS

oy plk)

T T T
e a(k) + bk) 0 (o) — qk)y 0 ok,
plo| T 0 Bk 0 Gk

o o diky of
k+1 ky + ] ky+| 1 ky,
olk+ 1) =~ )o( ) [0 ) S}x( ) [ o Dol ®

where

__ €K _
byk) = s > aj(k)[l

jem

6Y](k)/\
k|,
ajlk) il )]

o K,
By(k) = p(k)s Ap — A(k))S.

q(k) = - ndf,’() je% @(k)[l “}f,k; C )]
Gho=- % )5T<Ap - A(K)S.
d(k) = — ndfl’o jeZNl a;(k)[l “;((k; Al;(k)]
Dy(k) = €K’ ST(AP AK))S.
45)

The error dynamic becomes
e(k) = v, S 1x(k) - Eoc(k).

n (46)
The first element o(k) of #(k) has the following dynamic:
otk + 1) = ay(k) + dykyy (k). 47

As oy(k) is an uncontrollable and unobservable state, it is dropped.

Define ¢* = [oyk), ...,
are given as

[X,(k”)]—u [X()]"'Az ©,

on(k)]T = S'@(k). The remaining dynamics

ok + 1) (k)

ek) = A [ X*(k)] + Aga(k).

(k) (48)
where

1 — €y 0T oT
p(k)
A=l o 4= ¢gps € gg|
pk) pk) p(k)
1
0 LI ) Y ]
plo” pk)
A4
-

2= o] ST

0

bky o 0OF
AA;=| 0 Byk) -Gk |,
0 Dk o"!
17

A;=1[v, S 0], A4_—T (49)

As STLS is of full rank, it is also invertible. Define new vectors as
follows:

€yVeTa(k)
70 = ey +pl)—1| &k =-yS'LSy 'S ak).
0 (50)
Then it satisfies
7 (k)
7 k) .
[Al Az] || T
As Ay ® 1" 1-pk)
n ey +pk -1 (51)
Define
k 7k
A EAR e
o"(k) (k) (52)

Hence we can give the dynamics of ¢(k)

7k+1D| | 7k x(k)
k+1)=Agk) - - AA ,
cler D =Ad [[a*(k+l)] [a*(k)]]+ ‘L*(k)]

- p(k)

k) = Ay + L 1=p00)
el = Ayl + = ey+p(k)—1 (53)

The dynamics of ¢(k) can be divided into two parts (k) and ¢*(k)

where ¢*(k) = [5K), ..., Gn_(0T. The dynamics of (k) are as
follows:
_d-ep _ 94 T _
ak +1) = 0 G o 1 k) = 1Ve (atk + 1) — a(k)
+ byl (). (54)

Based on (16),
guarantee the convergence of ¢(k),

lim, _ ,|by(k)| converges to O exponentially. To
A-ep)
pk)

” 2z % < 1 indicates the following con-
”

ditlon of control parameter constraint

must be less than one. As

P2 <o
1-p (55)

As Vl]atk + 1) - a(k)| is bounded by p,

k k
)C()_ o Py {1_[1_ey)
ol )7 cr+pl) -1, 1-¢ (k)

pk)

. . 1-
ol =g

eyp(k)p,

+ bk (k)| = ——M—M=——,
A k) -1+ er)

(56)
which indicates that (k) converges exponentially to a ball of ra-
dius %”22 as k > oo.

(k) = 1+¢p)

The dynamics of ¢, (k) are given by

1 €
k+1)=| —I+—A k
[ ) (p(k) 20 s]C*( )

2k S B
R NN
where
—yI = STLS STLS Byk) -Gk
e s . i -Go]
-s'Ls o' Dy o™

2K = k), oy g, (OT (58)

As L; corresponds to a connected undirected graph G, the
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following well-known property [20] is established:

STLS
I TI 2|| = ().
x20,1s=0 || ST || (59)

Hence 15,k + 1) — 3,(k)l is bounded as follows:

% _x 7Py
T+ 1) —57(k)| < ,
K v KoL)
7P
sk + 1) — 7.k < L
|0'*( Gyl )| Kl/lz(LI) (60)

In order to give a bound on ¢*(k), we need to prove that system
(57) is input-to-state stable, hence the spectrum of As needs to be

analyzed. Define the eigenvalue set of As as {/Il\l ;1\2”_2 } Based
on Lemma 2.1, the spectrum of As satisfies the bound

-k, < Re[spectrum(As)] < — «B,, (61)

where

B, = mjn%Re[y + Kot — (7 + Kp)? — 4(1(,/12(L))2],

By = %Re[y + 0 + Kplmae D) — 4G (L)P) + Kpﬂmax(m],

A € {HD), AmaxD)}. (62)
Eq. (61) indicates that As is not only Hurwitz stable, but also has a
stability margin bounded by 4, #,. To guarantee the spectrum of
(ﬁl + LAs) lying in the unit disk, the following condition needs

pky
to be satisfied

11+ el < p(k). (63)

As p(k) is bounded by 1 — % <plk)y <1+
-
servative condition is presented as

"2_ 3 more con-
1-p4

Maelict--L2
_ﬂ] (64)

By mathematical manipulations to (64), the step-size ¢ should
satisfy the following condition

2 -p, = 2p
B —p) (65)

)
ﬂ](l - /71)

<e<

As long as (65) is satisfied, there exists a ¢ such that
(ﬁl + ﬁAs) lies in the unit disk. By Lemma 2.2, system (57) is
input-to-state stable.

Let V become the similar transformation of I + ¢A; and suppose

that I+ eAs = VAV™! such that A is diagonal. By similarity trans-
formation V

(k) = V7I¢,k), (66)

system (57) is transformed into

A on—l
nk+1)= i (k)
0"l A,

.\ V_1[ By(k) —C«k)][ ;?(k)]

Dyky o™ | s¥de)
0
+ V1 ,
[ﬁ*(k +1- r?*(k)] (67)
. 1+l 1+ e . 1+¢hy 1+l
where 4 :dlag{ ;(k)‘, *p(k’; ‘} and 4, :dzag{ ;(k)”, +p(i'; 2}

are diagonal matrices with its diagonal elements being the

I+¢A
:</<>5' If we let #'(k)=[nk), ..., n, (k) and

w’(k) = [, (K), ... (01,
nk+D| | A 0" gk
k+1| o™ A, || 7P

N vl[[6*<k0+ 1>] ) [?k)]]

eigenvalues of

- Biky —G(k) [ ;?(k)]'
Dk o™ | o (68)
According to (16),
) Byk) —Gk) n-1 oyn-1
limfAgdo = I=[O g 1]'
ko Dyk) © o"' o" (69)

Hence it follows that 5'(k) exponentially converges to 0 as k — .

As |5k + 1) - 57"(k)| is bounded by KIZ o

pk)

k— oo

A k
lim 2y = lim [%] 2(0)
K— 00

N k
1-— [] + €ii+nl]

o IV p(k)

Kl [1 + e/ll\,-w-l]

p(k)

_ 1pp IV
(plo =1 = ey JKiialy 70

Adding the bounds (56) and (70) together, we conclude that &;(k)
converges exponentially to a ball of radius

_ eappk) 1y V|
p3 - K -1 2 A :
(p(k) + €y) ( ply -1 - e/1i+n71)l(112(L,) 71
This completes the proof of Theorem 3.1. =
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