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Abstract— A distributed algorithm to achieve accurate time
synchronization in large multihop wireless networks is presen-
ted. The central idea is to exploit the large number of global
constraints that have to be satisfied by a common notion of time
in a multihop network. If, at a certain instant, Oij is the clock
offset between two neighboring nodes i and j, then for any
loop i1, i2, i3, . . . , in, in+1 = i1 in the multihop network, these
offsets must satisfy the global constraint

Pn
k=1 Oik,ik+1 = 0.

Noisy estimates bOij of Oij are usually arrived at by bilateral
exchanges of timestamped messages or local broadcasts. By
imposing the large number of global constraints for all the loops
in the multihop network, these estimates can be smoothed and
made more accurate.

A fully distributed and asynchronous algorithm which func-
tions by simple local broadcasts is designed. Changing the
time reference node for synchronization is also easy, consisting
simply of one node switching on adaptation, and another
switching it off. Implementation results on a forty node network,
and comparative evaluation against a leading algorithm, are
presented.

I. INTRODUCTION

Several distributed applications over wireless networks
require accurate clock synchronization. Examples are closing
control loops over wireless networks [1], object localization
or tracking in wireless sensor networks [2], and slotted proto-
cols in communication networks [3]. We present a distributed
asynchronous algorithm to achieve higher performance clock
synchronization in multihop wireless networks, and experi-
mental results comparing it with a leading algorithm.

We improve the accuracy of clock synchronization by
exploiting global network-wide constraints satisfied by the
very notion of time, and achieve this through a completely
asynchronous, distributed algorithm employing only local
broadcasts. Suppose Oij is the offset of the clock at node
j with respect to the clock at a neighboring node i, at a
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certain time. An estimate of Ôij can be formed by bilateral
exchange of timestamped packets between the neighboring
nodes i and j. These estimates are, however, noisy and
are based only on the particular timestamped packets ex-
changed between the two neighboring nodes. Now con-
sider any loop i1, i2, . . . , in, in+1 = i1, in the multihop
network. Then

∑n
k=1 Oikik+1 = 0. By imposing several

such global constraints, one for every loop in the graph, the
noisy estimates Ôij can be further improved. We provide a
distributed asynchronous algorithm that thereby exploits all
global information, and not just along a rooted tree, as is
traditional. It only uses local broadcasts, does not need any
global topology knowledge, or any construction of a rooted
tree. Further, changing the clock reference node requires only
a message to the new node. We also present the results of
an implementation over a 40-node Berkeley Motes testbed,
comparing it with a leading time synchronization protocol.

II. RELATED WORK

An algorithm suitable for clock synchronization in ad hoc
networks is proposed in [4]. Its basic idea is to generate
time stamps using unsynchronized local clocks that when
passed between devices will be transformed to the local
time of the receiving device. The accuracy obtained is in
the order of milliseconds. A time translation control time
protocol is also developed in [5]. An impossibility result
is also established under asymmetric delays. In [6] clock
drift between nodes is assumed to be linear, and nodes
exchange timestamps to estimate the best linear fit. For a
multihop network it is proposed to organize the network as
a tree hierarchy, with nodes in layer i synchronizing with
nodes in layer i-1. Its performance was tested on an 802.11b
multihop ad hoc network, achieving an accuracy of 3 ms
over a single hop. In [7] also a hierarchical tree topology
of the network is used, with the average accuracy obtained
being around 17µs for the synchronization of two motes.
In the scheme RBS (Reference Broadcast Synchronization)
described in [8], an intermediate node transmits a reference
packet and the other nodes record the time at which they
receive it. They then exchange this recorded time to find
their clocks’ difference. The accuracy obtained for two motes
is within 11 µs. A multihop extension is also proposed to
synchronize at least two groups of nodes, but it relies on
effective clustering of the nodes around the broadcast nodes.
More recently, in [9], the Flooding Time Synchronization
Protocol (FTSP) is proposed which uses MAC layer time-
stamping capabilities to eliminate several sources of error
on the time synchronization process, and linear regression to



compensate for the possible drifts in the clocks. A leader or
root is elected through message exchanges, and the global
time is passed from the root to all nodes through flooding.
The average accuracy obtained for a 60-node network (with
a maximum of six hops from the root) is 14 µs.

The problem of forming a minimum variance estimate
based on using global information is studied in [10], with
particular attention paid to the reference broadcast synchro-
nization (RBS) method of [11]. It is shown that the minimum
variance estimate satisfies the global property of sum of
offsets over loops being zero. A scheme for forming the
estimate based on the RBS method is proposed, and an
analysis is also carried out. A theoretical analysis of our
algorithm is provided in [12].

III. SYSTEM MODEL

We suppose that the clock drift at a node follows the linear
form: Ti = αit + Oi, just as in [6], [9], [5] where Ti is the
local clock, αi and Oi are the drift parameters that express
the relative speed of the clock and the offset respectively, and
t is the real time. Neighboring nodes exchange timestamps
to estimate the best-fit offset line between them by using a
recursive least squares (RLS) estimation approach.

IV. PAIR-WISE TIME SYNCHRONIZATION BETWEEN
NEIGHBORS

Consider two nodes i and j that can communicate directly,
and want to determine their offset Oij and skew αij by
exchanging packets. By the offset Oij(t) we will mean the
difference in the two clocks Tj(t)− Ti(t). By the skew αij

we will mean the ratio of the speeds αj

αi
. At time X(tk),

node i sends a packet p(tk) that includes this timestamp, its
latest estimate of its skew with respect to j, α̂ji(tk), and
its latest estimate of the time difference between received
and transmitted timestamps for packets from j to i, Γji(tk).
Packet p(tk) is received at time U(tk) by node j. Node j
can make a Recursive Least Squares (RLS) estimate α̂ij(tk):

α̂ij(tk) = argminα

k−1∑
l=−∞

λl−1−k [ U(tl+1) − U(tl)

−α [X(tl+1) − X(tl)] ]
2
. (1)

Then, using ᾱij(tk) =
√

α̂ij(tk)
α̂ji(tk) , the time at which the

current packet should be received can be estimated using
a window of N values of U(tk) and X(tk):

Û(tk) =
1
N

k−1∑
l=k−N

[U(tl) + ᾱij(tk) (X(tk) − X(tl))] . (2)

Then, we can determine the difference between the received
and transmitted timestamps at nodes j and i, Γij . This is
the sum of the offset of node j with respect to i, Oij , and
the transmission delay of the packet, ∆ij , at time tk. It is
estimated by substracting X(tk) from Û(tk):

Γij(tk) = Oij(tk) + ∆ij = Û(tk) − X(tk). (3)

However, we need to first determine the value of ∆ij so
that we can estimate the value of Oij(tk). In order to
achieve this, packets containing relevant information about
previously received packets must be sent back from node j
to node i. Accounting for the change in offset between Û(tk)
and S due to skew, Γij(S) is then computed as follows:

Γij(S) = Γij(tk) +
(
S − Û(tk)

) ᾱij(tk) − 1
ᾱij(tk)

. (4)

Symmetrizing, transmission delay and offset are estimated:

∆̂ji(tk) =
Γji(tk) + Γij(tk)

2
, (5)

Ôji(tk) = Γji(tk) − ∆̂ji(tk). (6)

V. MULTI-HOP TIME SYNCHRONIZATION

Just for simplicity of presentation, suppose that there are
n nodes all having clocks running at exactly the same speed,
except that they have different offsets. With node 1 chosen
as the reference, let zi denote the amount that node i’s clock
is ahead of node 1. So z1 = 0. Thus, if ti(t) denotes the
time at clock i at real time t, then ti(t) = t1(t) + zi for all
t. Let xij := zi − zj be the offset between nodes i and j.
Let Ni denote the neighbors of node i, and |Ni| the number.

Assume that through experimentation as in Section IV, we
obtain estimates x̂ij of xij = (zi − zj) for j ∈ Ni for all
i. The estimates will not be exactly equal to the true values.
We will also suppose that

x̂ji = −x̂ij for j ∈ Ni for all i,

so that nodes i and j have talked to each other in arriving
at this estimate (using the algorithm in Section IV).

The problem is this: We want to obtain estimates vi = ẑi

of the offsets with respect to the reference node.

A. Formulation

Note that the true xij’s satisfy the global constraint

xi1i2 + xi2i3 + · · · + ximi1 = 0,

for every loop ` = ((i1, i2), (i2, i3), . . . , (im, i1)) in the
multihop network. However, estimates x̂ij arrived at through
only bilateral transactions need not satisfy such constraints.

By enforcing the large number of such constraints, one for
each loop in the multi-hop network, the estimates {x̂ij} can
be smoothed and improved. In turn, this will lead to better
time synchronization with respect to any chosen reference
code. Moreover, we would like to perform such constrained
estimation over the ad hoc network with the nodes acting
in a completely distributed asynchronous manner. We will
now develop an algorithm where each node only needs to
asynchronously broadcast a few numbers. Each node updates
its numbers through an extremely simple formula based on
each received broadcast. This then will be shown to lead to
an estimate of the offset with respect to any node which acts
as a reference node.

Nodes will not need to know which is the reference
node, or the topology of the network. No tree rooted at



the reference node needs to be constructed. The manner of
changing from one reference node to another is also easy.
The old reference node simply starts adapting, while the new
one stops. The rest of the network automatically adapts to
this change, and need not be explicitly informed of such
reference handoffs.

Consider the network in Figure 1. Let A be the Node ×

Fig. 1. Example of a network.

Arc matrix, called the incidence matrix:

A =

(1,2) (2,3) (3,4) (1,4) (2,5) (3,5)
1 +1 0 0 +1 0 0
2 -1 +1 0 0 +1 0
3 0 -1 +1 0 0 +1
4 0 0 -1 -1 0 0
5 0 0 0 0 -1 -1

where in the row corresponding to node i, we have an
entry +1 for all arcs of the form (i, ∗), an entry −1 for
all arcs of the form (∗, i), and 0 otherwise. Let vi denote
the estimate of zi. Then the estimate of the offset between
nodes i and j is vi − vj , which is the inner product,
〈(ij)-th column of A, vector v〉. Hence, written as a vector
of estimates of arc offsets, it as AT v.

Thus we consider the least squares problem:

Minv‖AT v − x̂‖2.

The solution of this optimization problem is

A(AT v − x̂) = 0,

or

AAT v = Ax̂. (7)

Now let us consider the i-th row of A. It corresponds to node
i. It has a ±1 for every incident arc. Now the j-th column
of AT similarly has ±1 for every arc incident to j. Hence
(AAT )ii = # of neighbors of i = |Ni|. Also,

(AAT )ij = −1 if j ∈ Ni

= 0 if j 6 ∈Ni.

Thus the i-th entry of AAT v is

|Ni|vi −
∑
j∈Ni

vj .

Also, the i-th entry of Ax̂ is the sum of terms of the form
+1 times x̂i∗, or (−1) times x̂∗i, which in either case is x̂i∗.
Thus the i-th entry of Ax̂ is∑

j∈Ni

x̂ij .

Hence (7) can be written as:

|Ni|vi −
∑
j∈Ni

vj =
∑
j∈Ni

x̂ij for all i. (8)

Note that this is deficient by at least one rank. So we set

v1 = 0.

This corresponds to choosing node 1 as the reference node.
We will now consider the problem:

Minv

∑
i

|Ni|vi −
∑
j∈Ni

vj −
∑
j∈Ni

x̂ij

2

. (9)

We will solve this by coordinate descent since that will
provide a fully distributed algorithm, in addition to being
asynchronous. At the m-th iterate, let v(m) be the estimate.
We can take the initial iterate as

v(0) = 0.

Also, since node 1 is the reference, we also have

v1(m) = 0 for all m ≥ 0.

We will minimize over vi(k) perturbing it by δi to minimize
the objective function (9), while keeping vj(k) invariant for
j 6= i. Let

ej := |Nj |vj −
∑

k∈Nj

(vk + x̂jk)

=: “Reported error of node j”.

Then (
|Ni|2 + |Ni|

)
δi + |Ni|ei −

∑
j∈Ni

ej = 0.

So

δi =

∑
j∈Ni

ej − |Ni|ei

|Ni|2 + |Ni|

=
1

|Ni| + 1

 1
|Ni|

∑
j∈Ni

(ej − ei)

 .

So the distributed algorithm is very simple: At each iterate,
some node, say node i, changes its vi to vi + δi, where

δi :=
1

|Ni| + 1

 1
|Ni|

∑
j∈Ni

(ej − ei)


=

1
|Ni| + 1

[Average of (ej − ei)

reported by its neighbors j] .

Thus, sporadically, each node i broadcasts (i, vi, ei). From
this each node can calculate:

ej = |Nj |vj −
∑
i∈Nj

(vi + x̂ji).

It then adjusts its vj to vj + δj . Then it rebroadcasts ej , etc.



Now, if the clocks do not run at the same speed, then the
product of the skews around a loop must be 1. So we can
simply substitute log(α̂ji) for x̂ji and use the same approach.

One can actually use the simpler recursion to solve the
optimization problem:

vi =

∑
j∈Ni

vj +
∑

j∈Ni
x̂ij

|Ni|
for all i. (10)

However, at the time of writing of this paper, due to software
errors, we have not finished implementing this algorithm and
so results are not provided.

VI. SIMULATION RESULTS

Before implementing the algorithms discussed, simula-
tions were performed to verify if the behavior of the al-
gorithms was as expected.

First, we simulated the pair-wise synchronization proce-
dure with different values of λ and N (forgetting factor
for the RLS algorithm and window size to estimate U(t)
respectively). We found through simulation with various
values of λ and N that a value of λ = 0.999 and N = 10
provide the best estimation accuracy without requiring too
much memory space.

Then, the skew of one of the nodes simulated was modified
frequently within the ranges (±100ppm) of the physical
oscillator [13] found on the experimental testbed used during
the course of the simulations in order to determine if the
calculations of skew and offset adapt to the changes. We can
see in Figure 2 that the skew estimate indeed adapts to the
real skew as it changes. Also, in Figure 3 we see that the
difference between the real and estimated offsets between
the two nodes is below 2 µs.
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Fig. 2. Simulation results of pair-wise synchronization: Skew estimation.

VII. IMPLEMENTATION ON BERKELEY MOTES

The Berkeley motes used in the implementation of the
algorithms described in the previous sections were the MICA
and MICA2 motes; see [14], [15], [16].

The communication stack on the Berkeley motes provides
an understanding of the sources of error in the time synchro-
nization process.
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Fig. 3. Simulation results of pair-wise synchronization: Offset estimation.

• The message to be sent is constructed at the application
layer and is then passed to the lower layers for its
transmission. The time that it takes to construct the
message and pass it down to the MAC layer is the send
time. This is the time period starting at the point the
Time Synchronization application calls sendMsg(),

• Once in the MAC layer, some time must elapse before
the message is actually transmitted over the medium,
since it has to wait until it has been determined that
the medium is idle. This is the access time. This is the
time period starting at the reception of the message at
the RadioCRCPacket component,

• Once the bits have been received at the receiver, the
message is reconstructed and passed up to the applica-
tion layer. The time taken to do all this is the receive
time. This is the time period starting at the reception of
the first byte at the RadioCRCPacket component from
the Radio Module,

Therefore, in order to reduce the sources of error in our
implementation, we have modified the MAC layer of TinyOS
to allow the timestamping of a packet at the time the first
byte is sent, instead of doing it at the application layer. We
also record the time at which the first byte is received by the
MAC layer at the receiver side for later use by the application
layer. In this way, we attempt to mitigate the send time,
access time and receive time as sources of error, leaving
only the propagation time, which is negligible in the case of
the broadcast medium used in the Berkeley motes.

VIII. PAIR-WISE SYNCHRONIZATION

For this first stage of testing, three motes were used for
the implementation, the sender and receiver as described
before, and a third mote connected to a PC through the serial
port acting as a data collector or gateway. This latter mote
continuously senses the medium and communicates the data
being transmitted to the PC.

In order to get better accuracy, the motes’ clocks were
modified to generate a lower granularity clock, which is
triggered by a crystal oscillator. The frequency of such
crystals was modified in the MICA motes to 500 KHz. For
this, the clock timer had to be changed since the original



timer (Timer 0) uses an 8-bit register to maintain the clock
counter. This would overflow at this frequency and we use
instead Timer 1 which has a 16-bit clock counter. These
changes were problematic since Timer 1 is already used for
other purposes by TinyOS, and the conflicts raised had to
be solved in order for TinyOS and our application to work
correctly. For MICA2 motes, a component to use a higher
frequency of 921.6 KHz was made available by Maroti et al
[17].

Although MICA motes were initially used for the imple-
mentation of the pair-wise synchronization, due to the lack
of wireless reprogramming and support in newer versions
of TinyOS, the subsequent experimentations were only per-
formed on MICA2 motes.

With the implementation on MICA2 motes, we obtained
an average accuracy of below 2µs (with a worst-case accu-
racy of 6µs) as can be seen on Figure 4. This is better than
the accuracy obtained in related works, with the exception
of [9]. It has similar results as ours since we use the same
timestamping technique to eliminate most of the sources of
error that appear when we try to synchronize nodes in a
network through message exchanges [18].
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IX. MULTIHOP TIME SYNCHRONIZATION

The algorithm was implemented on a 40-node network
where different grid topologies were enforced by software.
That is, although all nodes operated on the same cell, packets
were filtered out according to the multihop topology desired,
i.e., as in MAC filtering.

As with the implementation of the pair-wise synchroniza-
tion algorithm, we had a mote acting as a gateway to the PC
that continuously collected the packets transmitted by the
motes in the network. Each node sends a time synchroniza-
tion message to its neighbors, with a time interval randomly
selected between 25 and 45 seconds so we can reduce the
probability of collisions. The gateway mote requests the
reference time each mote has estimated, every 15 seconds.
To avoid collisions and errors in the measurements, instead
of each mote responding to the queries made by the gateway
mote immediately, they store the information regarding their
estimates of the time at the reference, at the time each query

is received on the external 512 KBytes flash EEPROM. The
complete information was collected once the experiment was
finished, so we could determine the accuracy of the algorithm
by comparing the estimate the reference mote had made at
each of the queries, which are identified using a sequence
number, with the estimate that each of the other motes had
at that same query.

For a particular grid of 4x10 motes, which results in a 9-
hop network, we show the minimum, maximum and average
accuracy obtained between the estimated time and the actual
time at the reference across the whole network in Figure 5.
The variant shown is that where the averaging is done over
neighbors at a fewer number of hops from the reference node.
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Fig. 5. Average closeness of estimated to real time in a 40-node network.

Such results are quite similar to the ones reported for FTSP
in [9]. So taking into account that leading research groups
on sensor networks, such as the ones in the University of
Virginia and Ohio State, use FTSP, we set to compare the
behavior of this algorithm with FTSP, by running it on the
exact same topology. FTSP nodes send time synchronization
messages every 30 seconds, and our gateway mote queries
the global time that every mote has estimated every 15
seconds.

The minimum, maximum and average accuracy obtained
between the estimated time and the actual time at the
reference across the whole network through FTSP are shown
in Figure 6.

Also plotted in Figure 7 is the behavior of the average
accuracy as well as the standard deviation for each of the
9 hops in the network. We can observe that our algorithm
provides better accuracy, and the estimates have smaller
standard deviation, than the estimates obtained using FTSP
in the same network. The statistics were computed starting
at query 100 so they are not affected by the initial state,
which can not be compared exactly since our algorithm starts
with the reference node already determined, while FTSP goes
through an election process to determine what node is the
reference, i.e., the node with smaller ID.

X. CONCLUSIONS

We have presented a clock synchronization protocol that
(i) is tailored to wireless networks, (ii) can exploit the broad-
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Fig. 6. Experimental results of FTSP on the 40-node network
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cast nature of the wireless medium, (iii) is fully distributed,
(iv) uses asynchronous messages, and (v) requires no topo-
logical constructions such as rooted trees. The algorithm
exploits global constraints required for a common estimate
of time, to improve accuracy in large multihop networks. It
has been implemented on Berkeley Mica2 motes testbed. We
have shown that as the number of hops grows our algorithm
presents a better comparative behavior as one expects from
the construction of the algorithm.
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