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Abstract—Time synchronization in embedded sensor networks is an
important service for correlating data between nodes and communication
scheduling. While many different approaches to the problem are possible,
one major effect of clock frequency difference between nodes, environ-
mental temperature changes, has often been left out of the solution. The
common assumption that the temperature is static over a certain period
of time is often used as an excuse to assume constant frequency errors in a
clock. This assumption forces synchronization protocols to resynchronize
too often. While there exists hardware solutions to this problem, their
prohibitive high cost and power consumption make them unsuitable for
some applications, such as wireless sensor networks.

Temperature Driven Time Synchronization (TDTS) exploits the on-
board temperature sensor existing in many sensor network platforms. It
uses this temperature sensor to autonomously calibrate the local oscillator
and removes effects of environmental temperature changes. This allows
a time synchronization protocol to increase its resynchronization period,
without loosing synchronization accuracy, and thus saves energy and
communication overhead. In addition, TDTS provides a stable clock
source when radio communication is impaired. We present the theory
behind TDTS, and provide initial results of a simulated comparison of
TDTS and the Flooding Time Synchronization Protocol.
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I. INTRODUCTION

Synchronizing two embedded systems over a wireless channel is
a challenging problem. One has to consider several error sources
including the accuracy of time stamping of a common event, message
loss due to wireless channel fading and shadowing, and changes
in the clock frequency due to environmental changes (temperature,
acceleration, etc.). In addition to this, sensor networks add yet another
challenge into the equation: energy efficiency. Several synchroniza-
tion protocols have been proposed in recent years, addressing many
of these problems.

In Reference Broadcast Synchronization [1], every node keeps
the relative drift between its local clock and every other clock in
the network. By comparing the timestamps of periodic broadcast
messages, the nodes calculate the clock offsets between the receiving
nodes, thus successfully eliminating any transmit latencies. Only
processing delay at the receiver and the difference in propagation
delay between the nodes are potential error sources.

A more complex model is solved by the Timing-sync Protocol
for Sensor Networks (TPSN, [2]). In TPSN, every node tries to
synchronize to one reference node through the establishment of a
synchronization tree. In addition, TPSN uses a handshake synchro-
nization exchange which eliminates receive, transmit, and propagation
delays. This handshake is similar to what is used in the Precision
Clock Synchronization Protocol (IEEE 1588, [3]). However, IEEE
1588 is targeted for wired Ethernet networks, and only early results on
the feasibility of IEEE 1588 over IEEE 802.11 have been published
[4].

The Flooding Time Synchronization Protocol (FTSP, [5]) improves
upon TPSN through an elaborate and accurate method of time-
stamping messages. In addition, FTSP contains a reference node
election mechanism and implicitly establishes a synchronization tree.
This makes the synchronization algorithm extremely simple, and thus
has become one of the most popular synchronization protocols used

in sensor network research. One problem that plagues FTSP, and any
other synchronization protocol relying on a synchronization tree, is
that two nodes that are in two different synchronization branches can
still be radio neighbors. It has been shown that the synchronization
accuracy of these two radio neighbors can be severely impacted, due
to the fact that synchronization errors propagate differently down each
synchronization branch. A solution to this problem is provided by the
Gradient Time Synchronization Protocol (GTSP, [6]). In GTSP, the
nodes listen to the beacon messages of all their neighbors and update
their local time using these timestamps. Thus, there is no reference
node nor synchronization tree within the network. Even though this
solves the problem of high synchronization errors between neighbors,
it introduces the problem of how to anchor the network to some global
reference, such as Coordinated Universal Time (UTC).

One problem none of these synchronization protocols addresses
is the change in frequency over time due to temperature variation.
Every protocol assumes that the temperature changes slow enough
within one synchronization period, and thus the resulting frequency
error is constant. Recent work [7] however showed that there are
clear limits to this assumption. One attempt at solving this problem
was introduced in the Rate Adaptive Time Synchronization Protocol
(RATS, [8]). RATS uses a model of long term clock drift in order
to predict the synchronization interval. It can thus achieve with
high probability an application specific synchronization accuracy,
while optimizing the resynchronization interval. However, RATS
does not use temperature measurements directly, and thus ignores
an information source directly responsible for clock drift itself.

It is a well known fact that the quartz crystal’s resonant fre-
quency changes with change in temperature. This led early on to
the development of Temperature Compensated Crystal Oscillators
(TCXO, [9]). In a TCXO, the crystal is co-located with a temperature
sensor. After an initial factory calibration, where the typical frequency
vs. temperature curve of the particular crystal is measured, a small
compensation mechanism measures the temperature during runtime,
and accordingly tunes the crystal to the right frequency. There are
two major problems with using a TCXO in sensor network platforms:
(1) high cost and (2) high power consumption. The increase in cost
comes from the necessary initial calibration process, and the higher
power consumption is due to the addition of electronic parts in the
TCXO. At the same time, new low-power communication schemes,
like Koala [12] turn the radio off for days at a time. After such
long sleep intervals, their clocks accumulate a significant time error
due to changes in temperature, and thus have to increase their guard
bands. The increased guard bands waste energy, and thus temperature
compensated clocks could help to minimize this effect.

The question we address is whether a time synchronization pro-
tocol can be used to temperature calibrate the local clock? The
contribution of this work is the development of such a protocol, the
Temperature Driven Time Synchronization Protocol (TDTS). TDTS is
a technique that autonomously learns the calibration parameters of the
local crystal to essentially provide a stable TCXO. TDTS enhances
standard synchronization protocols by allowing them to increase
the time between resynchronization beacons, without impacting the
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Fig. 1. The error in the frequency error estimation of a sensor node is

hampered by two different phenomenas: (1) quantization due to the digital
nature of a clock, and (2) temperature induced frequency drift. Simulation
shows that there is an optimal resynchronization period at which estimation
error is minimized.

synchronization accuracy. This increase in resynchronization period
reduces the impact of time synchronization on power consumption,
as well as communication overhead.

II. FREQUENCY ERROR ESTIMATION

The nominal frequency of a local clock fo is the fundamental
unit of a time synchronization protocol. It is impossible for a system
to achieve a better accuracy than 1/f, due to quantization effects
in the local clock. Thus, the local frequency has a major impact in
how accurate a time synchronization protocol can estimate its current
frequency error. More precisely,

1

Jo-T
where 0 is the error in the frequency error estimation, and 7' the
resynchronization time between timestamp beacons.

Equation 1 suggests that the longer we wait between synchro-
nization exchanges, the better the accuracy of our frequency error
estimation. Unfortunately, this is only true in an environment where
the temperature doesn’t change. In reality, the frequency error of
a clock changes with temperature. Let’s define the temperature
dependent frequency as

ft)=(1+6@®) - fo

where §(¢) is the frequency error and can be expressed as () =
g(x(t)). Here, g() is a function defined by the resonating element,
e.g. a quadratic curve for a tuning fork crystal, and r(t) the
temperature at time ¢.

Given two beacons from a remote node A, each containing the
precise time the beacons were sent, a node B can estimate its current
frequency error relative to node A’s clock using

(taz —tp2) — (ta1 — tB1)
tas —tar '
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Without loss of generality, let’s assume that 7' = t 42 — t41 and that
the clock of node A is perfect. Thus, the measured frequency error
becomes
t
s T (tm—tm) _ J. 22 g(s(r))dr
Q= T - T ’

where ft tAlz g(k(7))dr is essentially the accumulated error over the
interval from ta; to tas. In other words, it computes the average
frequency error over the time between the two messages. Thus,
assuming that the frequency error changes over time, the error the
time synchronization protocol will make in terms of frequency error
estimation at the time instance ¢ 42 is

dr(taz) = dq — g(k(ta2)), )

where d¢ is the current drift estimate, and g(x(t42)) the actual drift
of the crystal.

This gives us the theoretic background to investigate the errors
made in frequency error estimation of a time synchronization pro-
tocol. In order to verify these results, we need to simulate an
actual time synchronization protocol. None of the currently available
sensor network simulators capture the effect of change in clock
frequency due to changes in environmental temperature. At best,
some simulators model different static clock frequency offsets [10],
[11], but these offsets are static over the time of a simulation, and
are thus not useful for our experiments.

We enhanced Castalia [10] with a revised clock model, that takes
as input a temperature trace file and adapts the clock’s frequency error
at runtime. Since Castalia provides a very good channel and power
model for the Texas Instrument CC2420 radio module, we added
a realistic timestamping mechanism that models the timestamping
errors found on the CC2420 radio chip. In order to evaluate TDTS
versus a current time synchronization protocol, we implemented
FTSP in Castalia. This implementation is based on the FTSP code
currently available in TinyOS 2.1. Verification simulations showed
similar accuracies in the simulation of FTSP compared to results
found on a real testbed of motes.

Figure 1 summarizes the simulated result for two different nominal
frequencies, fo = 1lkHz and fo = 32kHz. It shows that the
simulated error of the frequency error estimates follows the two
theoretic limits, once limited by the quantization accuracy given by
Equation 1, and then hindered by the change of the frequency error
over time due to changes in temperature, given by Equation 2. This
shows that there is an optimal resynchronization time that minimizes
the error in frequency error estimation. This optimum highly depends
on the nominal clock frequency fo, and the temperature environment
the node is located at.

III. TEMPERATURE DRIVEN TIME SYNCHRONIZATION

The main idea behind TDTS is to measure the temperature during
frequency error estimation. Once we learned the relationship between
frequency error and temperature (i.e. we found g(k)), the node
can back off and increase the time between synchronization inter-
vals while adapting its frequency error estimation from temperature
measurements alone. Thus, the protocol contains two phases: (1)
calibration and (2) compensation.

It is to note that TDTS itself does not make any assumptions
on the network architecture, i.e., it is a technique to elongate the
time between resynchronization intervals, and thus is compatible with
network synchronization protocols like FTSP, GTSP, or a synchro-
nization tree similar to TPSN or IEEE 1588. However, it is assumed
that a node running TDTS, let’s call it slave node, receives accurate
time measurements from a remote node, called master, and that the
slave node can communicate with its master. This communication is
necessary, since the slave node has to let the master node know the
resynchronization interval. More detail to this communication will
follow in the next two subsections.
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Fig. 2. This graph shows the hourly average resynchronization time. In
the first 24h, TDTS calibrates the local clock, and thus uses a very short
synchronization period. Once calibrated, the resynchronization time rapidly
increase and thus saves power and communication overhead.

A. Calibration

At initialization, the slave node does not know its current frequency
error. Thus, it needs to rely on the cooperation of a master node that
has knowledge of the accurate time. In order to increase the precision
with which the slave estimates its current frequency error, it requests
from the master node timestamped beacons with the optimal interval.
The slave node can determine this interval by the knowledge of the
nominal frequency of the local clock, and some knowledge about
the temperature environment it expects, as we explained earlier in
Section II.

For each timestamp beacon, the slave node notes its current local
time fime and temperature 7. Using this information, and a simple
regression on the time, and time offset between the timestamp and
local time, the slave node can estimate its current frequency error dg
and offset average offser. It can now store this frequency error in a
calibration table containing temperature vs. frequency error estimates.
Assuming that the temperature doesn’t change, the slave node can
now inform the master that it is calibrated, and thus the master
increases the time between beacons. Subsequently, the slave node
will switch into the compensation state.

B. Compensation

During compensation, the slave node regularly measures the envi-
ronmental temperature. After every measurement, the slave checks the
temperature vs. frequency error curve to see if it knows the frequency
error for the corresponding temperature. If the table entry is missing,
then the node switches back into the calibration state, informing the
master to send timestamp beacons at the calibration rate. However, if
the frequency error is known then the current frequency error estimate
is updated using the calibration information.

It is to note that after the update in frequency error, the slave
node has to compensate its local offset estimation. More precisely,
every time the slave node changes its frequency error estimate after
a temperature measurement, it has to update its current local offset
estimate using

3o + d¢ ,
==t &)

where d, is the old frequency error, d the new frequency error, ¢/
the last local compensation time, and ¢ the current local time.

offset = offset +
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Fig. 3. If one ignores the one-time calibration overhead, TDTS quickly
outperforms FTSP in terms of accuracy with long resynchronization intervals.
This is for a 32kHz tuningfork crystal.

Even if the slave node is completely calibrated, i.e., if we found
the frequency error estimate for every temperature possible, the
master still needs to send the occasional synchronization beacon due
to inaccuracies in the calibration. These occasional synchronization
beacons assure that the absolute time error between the master and
the slave never increases above a certain threshold. After each such
beacon, the slave node calculates the absolute time error. If this error
is below the required synchronization accuracy, then the slave informs
the master to increase the beacon interval, in order to save energy.
There are several such increase strategies possible. In our current
TDTS implementation, we use an additive increase, multiplicative
decrease, similar to TCP’s congestion avoidance algorithm.

IV. RESULTS

The difficulty in comparing TDTS to a legacy time synchro-
nization protocol is the lack of a static resynchronization period.
The length of the resynchronization period during the calibration
phase of TDTS is given by the nominal clock frequency fo and
the expected temperature environment. However, TDTS has its limit.
It can not infinitely wait between resynchronization periods and
still periodically resynchronizes, as explained in the last section.
In addition, TDTS’ average resynchronization period will increase
the lesser it has to calibrate. Figure 2 shows the average beacon
interval per hour. We can clearly see that during the first 24 hours
of the simulation, TDTS is primarily in calibration mode, since it
has never encountered the environmental temperatures. However, as
soon as TDTS can rely on the calibration information, the average
resynchronization period rapidly increases.

Compared to FTSP, the overall accuracy of TDTS is very com-
parable. On average, through the whole 96h simulation, TDTS has
an average beacon interval of 329 seconds and 95% of the errors lie
within 14 tics of a 32kHz clock. FTSP with a static resynchronization
rate of T = 400 seconds achieves 95% of the errors within £3.2
tics. However, by examining TDTS after its initial calibration period,
TDTS’ average beacon interval increases rapidly, without impacting
its overall accuracy. Disregarding the first 24h of the simulation, the
average resynchronization period of TDTS increases to 1T = 439
seconds, after 48h it becomes 1" = 590 seconds, and after 60 hours
even T' = 730 seconds. At T' = 700s FTSP’s accuracy drops to 95%
of the errors within =11 tics, whereas TDTS maintains the +4 tics
accuracy. Figure 3 illustrates this behavior further.
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Fig. 4. Tllustration of what happens if time synchronization is stopped.
We can clearly see how FTSP’s performance worsens once the temperature
starts to change, whereas TDTS keeps the synchronization accuracy at a much
higher level.

A. Robustness

One further advantage of TDTS over a legacy time synchronization
protocol is in scenarios where communication either gets lost or
severely impacted. Examples of such scenarios are heavy environ-
mental conditions (snow on antenna, heavy rain, etc.), mobility
(moving outside radio range of peers), or covert military operations
where radio silence is crucial. In these scenarios, TDTS switches
automatically into a TCXO mode, where the frequency of the local
clock gets regularly updated. In contrast, legacy synchronization
protocols will have to rely on the last frequency error measured.
Figure 4 compares the synchronization accuracy of TDTS with
FTSP if the synchronization process gets stopped after 56 hours.
As soon as the temperature starts to change significantly from the
last temperature observed during the last synchronization interval,
FTSP starts to loose accuracy, while TDTS can keep its accuracy at
a very precise level. Over the 16 hours where no resynchronization
occurs, TDTS accumulates only 4ms of time synchronization error.
This corresponds to a clock stability of < 0.07ppm! Figure 5 shows
the calibration information TDTS collected during this experiment,
and compares it to the actual clock model fed into the simulator itself.
This plot shows that a time synchronization protocol can successfully
temperature calibrate a local clock oscillator, and thus removes the
factory calibration step necessary for a TCXO.

V. CONCLUSION

Temperature Driven Time Synchronization is a first step towards
an automatic temperature calibration of a local clock. We showed
that TDTS can outperform a standard time synchronization protocol
by exploiting temperature information to increase the synchronization
intervals. This increase results in overall network power savings, since
fewer synchronization messages have to be transmitted. In addition,
TDTS improves the robustness of an embedded device in case of
communication difficulties.

This paper introduces a first implementation of TDTS. For this
implementation, we chose FTSP as the host synchronization protocol,
since it is one of the most widely used synchronization protocols
in the sensor network community, and its implementation is readily
available. However, we plan to push this research further, improving
on some of FTSP’s problems by cherry-picking specific attributes of
other time synchronization protocols, like the local synchronization
accuracy of GTSP or the removal of propagation delay and send/re-
ceive latencies of TPSN. Overall, we believe that this work gives new
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Fig. 5. TDTS estimates the frequency drift function g(x) for the current
temperature, and stores it in a calibration table. In our simulation, g(k) is a
quadratic curve, as found in the tuningfork crystals. Even with only a 0.25C
temperature resolution, the performance of TDTS is extremely high.

insight into time synchronization by solving a problem introduced by
the underlying hardware a synchronization protocol relies on.
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