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Abstrac t - A large variety of time synchronization protocols for wireless sensor networks has been suggested. 

Yet, setting up a sensor network for synchronized data acquisition based on those algorithms is not a trivial task. 

This paper outlines two different approaches to time synchronous sampling in wireless sensor networks, 

discusses their advantages and disadvantages and gives recommendations on when to chose which approach. 
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I. Introduction 

 

In recent years intensive research has been done on the synchronization of clocks in wireless sensor networks. 

Summaries of the state-of-the-art protocols are given in [1-3]. Descriptions of individual time synchronization 

protocols can be found in [4-6]. Publications on synchronized sampling using wireless sensor networks are, 

however, much rarer. Yet some examples can be found [7-9]. 

When setting up a wireless sensor network for time synchronous data acquisition the design goals usually are to 

minimize the latency of data transmission while maximizing the network’s availability as well as the quality and 

integrity of the data. Common challenges are the changing quality of wireless links over time [10] as well as the 

limited capacity of the batteries that often power the sensor nodes. Thus usually a tradeoff has to be found 

between the latency and data quality that benefit from frequent communication and the network availability that 

is mainly determined by the amount of energy used for communication and computation. In this context it is 

interesting to note that in a wireless sensor network the energy cost of computation is generally small compared 

to the cost of communication [11]. The software for wireless sensor nodes should be efficient and have a small 

memory footprint since wireless sensor nodes are usually equipped with microprocessors that are energy 

efficient but have little computational power and memory. Furthermore, the software should be reliable and 

easily extendible to ease its adaption to new sensing applications. This is best achieved by a modular software 

design with little or no interdependencies between the individual software modules. 

Section II of this paper describes a wireless sensor network in terms of a generic multi-channel sampling system 

and outlines two different approaches to synchronized sampling. An overview of the effects of synchronization 

errors and clock updates by the synchronization protocol on the acquired signals is given in section III. Section 

IV contains a theoretical analysis of the approaches’ properties. In section V conclusions are drawn from this 

analysis and the direction of future research is outlined. 

 

II. Approaches to Time Synchronized Sampling 

 

A. Model of a synchronized sampling system 

 

According to [12] a wireless sensor network can be modeled as a generic multi-channel sampling system. In 

such a system every channel samples a continuous signal 𝑥𝑖(𝑡) based on a series of trigger pulses. The trigger 

pulses are generated from a monotonically nondecreasing clock at predetermined values. At the output of the 

system the sampled signals 𝑥𝑖(𝑛) are combined to form a vector-valued signal 𝑥⃗(𝑛) =  (𝑥1, 𝑥2, … , 𝑥𝑁). We 

define synchronized sampling as the acquisition of samples 𝑥𝑖(𝑡(𝑛))  from all input signals for the same timing 

instants 𝑡(𝑛). 

In a wireless sensor network one or more channels may be located on a single node. All nodes transmit the 

acquired data to a base station where the combined output signal 𝑥⃗(𝑛) is formed (see figure 1a). 

 

B. Proactive and Reactive Synchronized Sampling 

 

The literature on time synchronization for wireless sensor networks describes two classes of protocols [2,3]: a-

priori and a-posteriori. A-priori synchronization protocols continuously synchronize clocks of the nodes in the 

network, so that every node always has an estimate of the network’s global time. Well known examples of a-

priori synchronization protocols are FTSP [4] and TPSN [5]. 
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Figure 1. synchronized Sampling with wireless Sensor networks 

 

A-posteriori protocols only synchronize the clocks once an event occurs, i.e. the estimate of the event’s time of 

occurrence on the network’s global timescale is calculated only after the event has occurred. An example of an a-

posteriori synchronization protocol is RITS [6]. 

Based on those two classes of synchronization protocols we derive two approaches to synchronized sampling: a 

proactive and a reactive one. Proactive synchronized sampling uses a priori time synchronization to synchronize 

the clocks of the sensor nodes. Those clocks form a virtual common clock allowing for all acquisition channels 

to be sampled at the same timing instants (see figure 1b). In reactive synchronized sampling all sampling 

channels acquire samples independently from each other using their unsynchronized local clocks (see figure 1c). 

On acquisition the samples are timestamped according to the local clock of the sensor node. Later, the sample’s 

local timestamps 𝑡𝑖(𝑛) are translated to timestamps 𝑡0(𝑛, 𝑖) on the network’s global timescale using a-posteriori 

synchronization. The samples acquired this way will in general not have been sampled at the same timing 

instants, i.e. 𝑡0(𝑛, 𝑖) ≠ 𝑡0(𝑛, 𝑗) for two nodes 𝑖 and 𝑗. In order to obtain a truly synchronously sampled output 

signal 𝑥⃗(𝑛), the signals 𝑥𝑖(𝑛) from the individual sampling channels have to be interpolated and resampled at 

common timing instants 𝑡0(𝑛). 

 

C. Frequency of timing information 

 

The triggering of a sample based on the common virtual clock in proactive synchronized sampling and the 

acquisition of a synchronized timestamp in reactive synchronized sampling are equivalent in the respect that both 

create a known point in time that can be used for further processing. 

Either way the frequency with which this time information is included in the sampling process can be varied. It 

is possible to only trigger/timestamp the beginning or end of a block of 𝑛 samples with a synchronized clock. 

The other samples can be triggered based on an unsynchronized local clock or left without timestamps. If needed 

the missing timing information can be reconstructed by interpolation. 

The advantage of this is that in proactive sampling a clock with a lower but more stable frequency (e.g. watch 

crystal) may be used for the virtual common clock, while the triggering of the individual samples is done with a 

higher frequency but less stable one (e.g. RC-oscillator). In reactive sampling taking less timestamps reduces the 

amount of data to that has to be transmitted. 

 

III. Effects of Synchronization Errors and Clock updates 

 

As the clock of a wireless sensor node is used to generate the trigger pulses for sampling, the properties of the 

clock as well as any changes to the clock’s value, i.e. by a synchronization protocol, have a direct influence on 

the timing instances at which samples are acquired. Ideally, the series of trigger pulses used for sampling is 

equally spaced with the same period and phase on all sensor nodes. The real series of trigger pulses will differ 

from this ideal due to clock errors. In real world data acquisition systems the true sampling instances are usually 

not known. Instead it is simply assumed that the samples were taken at the ideal sampling instances. In this case 

the errors in the sampling instances will translate into distortions in the acquired signal. In this section we 

analyze the signal distortions caused different kinds of clock errors or the synchronization protocol. Furthermore, 
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we outline the possibilities to correct those distortions if information about the true sampling instances is 

available. 

 

A. Effects of Clock Errors 

 

In general, clocks exhibit three kinds of synchronization errors: offset, drift and jitter [1-3]. To illustrate the 

general effects of those errors, MATLAB simulations were done. The values for offset, drift and jitter are chosen 

arbitrarily and are not related to any real-world measurement setup. The simulation uses a sine signal with a 

frequency of 𝑓𝑖 = 5 𝐻𝑧 and a sampling rate of 𝑓𝑠 = 128 
1

𝑠
. The signal is sampled at ideal sampling instants 𝑡𝑖𝑑𝑒𝑎𝑙 

equally spaced in the interval [0,1] as well as at non-ideal sampling instants 𝑡𝑟𝑒𝑎𝑙  with 128 Samples each. The 

sampling instants, the acquired signal and the magnitude spectrum of the acquired signal for the ideal and non-

ideal sampling are shown in figure 3. 

 

A clock offset Δ𝑇 causes a time shift in the sampling instants (see equation 1). As can be seen from figure 3a it 

causes a phase shift in the acquired signal while leaving its magnitude spectrum unchanged. 

 

𝑡𝑜𝑓𝑓𝑠𝑒𝑡(𝑛) = 𝑡𝑖𝑑𝑒𝑎𝑙(𝑛) + Δ𝑇 

 

According to [2] a clock’s drift 𝜌 is defined as the difference between its rate 𝑓 and the ideal rate of 1 (see 

equation 2). In this case the non-ideal sampling instances are given by equation 3. The drift is usually influenced 

by slowly changing quantities like temperature or battery voltage [2]. Thus it can be treated as constant for 

sufficiently short periods of time. In this case it only causes a frequency shift of the acquired signal (see figure 

3b). If the drift changes during the time of acquisition it causes a non-linear distortion of the acquired signal (see 

figure 3c). 

𝜌(𝑛) = 𝑓(𝑛) − 1 

𝑡𝑑𝑟𝑖𝑓𝑡(𝑛) = [1 + 𝜌(𝑛)] ∙ 𝑡𝑖𝑑𝑒𝑎𝑙(𝑛) 

Every clock is affected by some degree of jitter, i.e. the clock’s period randomly fluctuates around its nominal 

value (see equation 4). This, in general, causes a non-linear distortion of the acquired signal. However, the errors 

induced by jitter being usually small can be translated into amplitude errors and treated as additional amplitude 

noise degrading the signals signal to noise ratio (see figure 3e). 

 

𝑡𝑗𝑖𝑡𝑡𝑒𝑟(𝑛) = 𝑡𝑖𝑑𝑒𝑎𝑙(𝑛) + w(n),   w − white gaussian noise 

 

B. Effects of Clock Updates 

 

In order to compensate for clock errors like offset or drift an a-priori synchronization protocol needs to update 

the clock from time to time [1-3]. The most straightforward way is to directly correct the value of the clock. This 

causes a step in the clock’s value and effectively results in a high drift during one sampling period. The result is 

a non-linear distortion of the acquired signal (see figure 3e). 

 

𝑡𝑠𝑡𝑒𝑝(𝑛) =  {
𝑡𝑖𝑑𝑒𝑎𝑙(𝑛) − Δ𝑇 𝑛 < 𝑁0

𝑡𝑖𝑑𝑒𝑎𝑙(𝑛) 𝑛 ≥ 𝑁0
 

 

Alternatively the clock’s value may be changed gradually, e.g. through controlling the clock’s frequency with a 

software phase-locked loop [2]. While this method is less disruptive than the former, it still introduces a 

changing drift into the sampling clock and causes the acquired signal to be non-linearly distorted (see figure 3c). 

 

C. Correction of Signal Distortions caused by Clock Errors 

 

The knowledge of the exact acquisition times 𝑡(𝑛) of all samples 𝑥(𝑛) offers the possibility to correct the 

distortions to the acquired signal through interpolation and resampling. 

If the sampling instants were affected only by offset and constant drift and the signal 𝑥(𝑡) was sampled at a rate 

greater or equal to its nyquist rate, the continuous signal 𝑥(𝑡) can be perfectly reconstructed from its samples 

𝑥(𝑛) using sinc-interpolation. More practical interpolation methods using digital filters are discussed in [13]. A 

common feature of those interpolation methods is that the interpolation error decreases if the oversampling ratio 

is increased [13].  

(1) 

(2) 

(3) 

(4) 

(5) 
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Figure 3: effects of synchronization errors and clock updates on the acquired signal 

 

If the sampling instants were affected by a changing drift or jitter the samples are no longer uniform. In this case 

a perfect reconstruction of the continuous signal is in theory still possible, provided the average sampling rate 

was above the signals nyquist rate [14]. However, the Lagrange interpolation necessary for the prefect 

reconstruction from nonuniform samples is not practical [15]. Thus interpolation algorithms giving approximate 

only results have to be used in this case, e.g. sinc-interpolation [15]. Again the interpolation error of the 

approximate methods decreases as the oversampling ratio is increased [15]. 
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IV Analysis of Approaches 

 

The proactive approach to synchronized sampling is the more intuitive one. Real-world implementations of 

synchronized sampling use the proactive approach, as it seems, exclusively [8,10,11]. All samples are acquired 

ideally at the same time on all channels so that no additional signal processing, i.e. interpolation and resampling, 

is needed after acquisition. Yet synchronization needs to be set up before and maintained during data acquisition. 

In networks using a regular communication scheme, as it is the case in many measurement setups (e.g. [8,11]), 

this comes at little additional cost as the synchronization information can be included in the beacons that are 

send periodically by the base station. If, however, the communication in the network is irregular, as it is often the 

case in sensor networks with a highly dynamic topology (e.g. [12]), the setup and maintenance of synchronized 

clock comes at a significant additional cost. Furthermore, the synchronization precision deteriorates the more 

time has passed since the last exchange of synchronization messages [2,3]. Thus to achieve a high precision in 

synchronization a high synchronization rate is needed. This increases the amount of communication and creates 

an additional dependency between data acquisition and communication which is contrary to the design of a 

modular sensor software. 

The advantage of the reactive approach is that it largely decouples data acquisition and time synchronization, 

thus being advantageous for modular software implementations. No synchronization messages have to be 

exchanged when no data acquisition is done. There are no signal distortions due to clock updates, because no 

clock updates have to be done. Because a-posteriori synchronization is used there is no setup time needed to 

acquire synchronization before data acquisition [15]. Furthermore, the synchronization precision is independent 

of the rate of communication and comparatively high as the synchronization is always performed close to the 

time of sampling. The major disadvantage of the reactive approach is that timestamps have to be transmitted 

together with the samples, increasing the amount of communication. Another disadvantage is that the acquired 

signals have to be interpolated and resampled at the base station. This causes an additional computational 

burden. Keeping in mind that communication is energy-wise much more expensive than computation [4], this 

may still be a good tradeoff. The necessary interpolation also causes additional errors in the interpolated 

samples, as only approximate interpolation methods are practically feasible. This error, however, can be reduced 

by increasing the oversampling ratio for the acquired signal. If samples are lost from time to time on the wireless 

link the interpolation needed for the reactive approach may even be advantageous because missing samples can 

be reconstructed this way. 

The frequency with which synchronized timing information is included in the sampling process mainly 

depends on the property of the underlying clock. Basically the inclusion of timing information is equivalent to 

sampling the clock’s value. The reconstruction of synchronized timing information for the samples without 

explicit timing information is then equivalent to the interpolation of samples. Thus it is necessary to include 

synchronization timing information at a frequency higher than the rate of the changes in the clock’s drift 

including clock updates by the synchronization algorithm. Significant oversampling is desired in this case too as 

it increases the quality of the interpolation. A higher frequency for the inclusion of synchronized timing 

information, however, also increases the computational burden on the sensor node and has to be well below the 

processors clock frequency in order to be feasible. 

 

V Conclusions and Outlook 

 

Our analysis shows two general approaches to time synchronized sampling: a proactive and a reactive one. The 

proactive approach is best suited for the acquisition of signals sampled close to the nyquist frequency over 

reliable wireless links with regular and frequent communication. If wireless links a less reliable, communication 

less frequent and significant oversampling is an option the reactive approach is more robust and easier to 

implement. Interdependencies in the sensor software can be greatly reduced by using the reactive approach as it 

largely decouples data acquisition from communication. An interesting possibility is the combination of both 

approaches. Samples would be taken based on a proactive sampling scheme and later their times of acquisition 

would be refined using a-posteriori time synchronization. The frequency with which timing information is 

included in the sampling process has to be chosen according on the clock’s stability. 

Future work will include the verification of our theoretical analysis by applying the two approaches to real-world 

synchronous sampling applications on a machine test bench. Furthermore, a comparative study of the 

applicability of the various interpolation methods for signal reconstruction in wireless sensor networks will be 

done. 
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