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Abstract. Synchronization discrepancies between acceleration response data sets may result in non-negligible 
errors in experimental mode shapes computed as part of operational modal analysis (OMA). Time lags between 
acceleration response data sets are usually encountered in wireless structural health monitoring systems, in 
which clock synchronization is not inherent. Nonetheless, deviations from perfect synchronization between 
acceleration response data sets can also be observed in cable-based systems, in cases where more than one data 
acquisition unit is used. Methods for eradicating synchronization-induced errors in mode shapes extracted 
through OMA predominantly include computationally intensive analyses performed at the output stage of OMA. 
In this paper, a synchronization method for removing errors from mode shapes extracted through OMA is 
presented. This method is applied at an intermediate stage of OMA by computing time lags between acceleration 
response data sets based on the phase differences at modal peaks in the Fourier spectra of the data sets, and the 
corresponding expected phase differences derived either from numerical analysis or from engineering judgment. 
The proposed method is verified through simulations of synchronization discrepancies with time lags artificially 
inserted into acceleration response data sets and validated through field tests on a pedestrian overpass bridge. 
 

1 INTRODUCTION 

Assessing the operability of civil infrastructure assets is usually hindered by uncertainties infiltrating the entire 
structural life cycle from conceptual design to structural maintenance. As part of planning for infrastructure 
resilience, which has been drawing increasing attention in modern societies, obtaining knowledge on the current 
structural condition of civil infrastructure assets alleviates uncertainty-induced misjudgments in structural 
maintenance strategies implemented to avert hazards to public safety. Furthermore, the advances in sensor 
technologies have enabled contributions from structural health monitoring (SHM) systems to traditional 
structural maintenance strategies, such as non-destructive testing through visual inspections. SHM-derived 
knowledge on structural condition is usually obtained by applying system identification methods, a large part of 
which falls into the category of experimental structural dynamics for extracting structural dynamic properties, 
such as eigenfrequencies and vibration mode shapes. Traditional experimental structural dynamics dictate 
investigating the structural dynamic behavior using the input-output relationship of structural vibrations, by 
artificially exciting structures, usually referred to as “experimental modal analysis”. However, civil infrastructure 
typically includes large-scale structures, such as bridges and tunnels, which require special equipment and large 
amounts of energy to be artificially excited. As a result, research has been focusing on output-only methods for 
experimental structural dynamics, which are associated with the so-called “operational modal analysis” 
(OMA) [1]. OMA methods have the advantage of not requiring artificial excitation of structures, thus causing 
negligible disturbance to the operation of civil infrastructure [2].  

Research on OMA methods has been widespread in the last four decades [3]. In particular, methods for 
deriving structural dynamic properties have been proposed using either raw acceleration response data (“time-
domain methods”) or acceleration response data represented as harmonic functions via the Fourier transform 
(“frequency-domain methods”). Seminal time-domain OMA approaches include the stochastic subspace 
identification method [4] and the Ibrahim time-domain method [5], while in the frequency-domain, examples of 
notable approaches are the peak-picking method complemented by the frequency domain decomposition 
method [6]. Representing common ground among these approaches, the main goal in OMA is to extract three 
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basic types of structural dynamic parameters: eigenfrequencies, mode shapes, and damping factors. While 
damping has been an obscure area in experimental structural dynamics with damping factor estimates not being 
fully understood [7], methods for extracting eigenfrequencies and mode shapes are relatively more 
straightforward. Eigenfrequencies are extracted purely on the basis of the frequency content of structural 
responses, usually through peak-picking in Fourier amplitude spectra of acceleration response data. Mode shapes 
are estimated using the relationship between the Fourier phase angles at the eigenfrequencies. As a result, for 
correctly estimating mode shapes, absolute synchronization between structural response data sets is a 
prerequisite [8]. While in conventional SHM systems, cabled connections of sensors to a single data acquisition 
unit ensure perfectly synchronized data, synchronization discrepancies may occur in wireless SHM systems, 
where clock synchronization is not intrinsic, and in cable-based SHM systems with more than one data 
acquisition units. 

The topic of synchronizing sensor networks has drawn considerable attention in the scientific community 
with synchronization approaches usually realized through protocols and schemas implemented as part of network 
operation [9][10]. In wireless SHM systems, traditional synchronization protocols have been relying on message 
transmission latency between wireless sensor nodes with the concept of “beacon signals” sent by one sensor 
node typically designated as “master node” to the rest of the senor nodes being common [11]. Using estimates of 
message transmission latencies between the master node and other sensor nodes, beacon signals aim at ensuring 
that all wireless sensor nodes in the network use the clock of the master node as a basis for synchronizing their 
own internal clocks. Beacon signal approaches, however, rely on intra-network wireless communication, which 
is usually implemented with low-range transmission protocols, thus rendering its applicability in large-scale 
wireless sensor networks limited. Furthermore, the requirement for wireless communication renders beacon 
signal approaches inapplicable in cable-based systems with multiple data acquisition units. As a result, recent 
trends attempt to utilize third-party bases, such as the global positioning system (GPS), either for synchronizing 
wireless sensor nodes in a wireless SHM system or for synchronizing data acquisition units in cable-based SHM 
systems [12][13][14]. Despite ensuring high clock accuracy, GPS technology achieves global clock management 
through satellites, whose coverage may vary among different geographic locations and may also be affected by 
adverse weather [15]. Notwithstanding the accuracy achieved with the aforementioned approaches, 
synchronization errors may still appear in acceleration response data. As a result, research has also focused on 
removing synchronization-induced errors at the output stage of OMA, by utilizing the correlation between 
structural response data sets [16][17]. 

The previous discussion has highlighted standard practice in achieving synchronization in SHM systems, 
which is either achieved at an early stage of network operation/data analysis or at the output stage of data 
analysis. While early-stage approaches have proven effective in achieving intra-network synchronization, the 
error-free operation of SHM systems cannot be guaranteed and synchronization errors may still be present at the 
acceleration response data sets. Moreover, output-stage approaches are computationally expensive. This paper 
presents an approach towards removing synchronization-induced errors at an intermediate stage of OMA. The 
proposed synchronization approach relies on the correlation between acceleration response data sets collected by 
SHM systems. Specifically, time lags between acceleration response data sets are estimated based on the 
expected phase differences between frequency components corresponding to vibration modes. A preliminary 
implementation of the proposed synchronization approach in wireless SHM systems has proven the suitability of 
the approach for embedded processing [18][19]. In this study, the synchronization approach is verified through 
numerical simulations of a multi-degree-of-freedom oscillator over a broad range of potential delays. 
Furthermore, validation tests are performed on a pedestrian bridge, with two independent cable-based SHM 
systems installed on the bridge deck, showcasing the applicability of the proposed synchronization approach in 
practice. The remainder of the paper is organized as follows. Section 2 presents the synchronization method in 
mathematical terms, followed by the numerical simulations in Section 3. The validation tests on the pedestrian 
bridge are presented in Section 4, followed by a summary and an outlook on future research. 

2 DETECTION AND CORRECTION OF SYNCHRONIZATION-INDUCED ERRORS IN OMA 

The corrective measures towards removing synchronization-induced errors in OMA are presented in this section. 
First, the method for detecting time lags between acceleration response data sets is mathematically illuminated 
and, next, the incorporation of the time lag detection method within the steps of OMA is explained. 

2.1 A method for detecting time lags between acceleration response data 

The fundamental concept towards time lag detection draws from the “phase locking” concept, applied in chaotic 
dynamics [20]. In simple terms, correlation between signals, which in this study correspond to acceleration 
response data sets, is characterized by proximity in frequency content and lack of phase shifts. Adapting this 
concept to structural engineering, the mathematical description of the time lag detection method is illustrated 
with a simple single-degree-of-freedom (single-DOF) oscillator under free vibration, as shown in Figure 1. 
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Figure 1: Single-DOF oscillator instrumented with two independent SHM systems. 

 
Assuming that the response of the single-DOF oscillator is measured with two independent SHM systems, 

the acceleration response data collected by each SHM system are shown below: 
 

   1 1 1sin Δ ,a t A ωt θ t η t η     (1) 

   2 2 2sin Δ ,a t A ωt θ t η t η    . (2) 

 
In Eq. 1 and Eq. 2, a denotes the acceleration, A is the amplitude of the response, ω is the eigenfrequency 

of the oscillator, and t is the time expressed in discrete steps of length Δt. The phase angle of the response is θ. If 
the two SHM systems are perfectly synchronized, no time lag is expected between responses a1 and a2. 
Otherwise, assuming an arbitrary time lag τ between the two SHM systems, the delay between the respective 
acceleration response data sets is associated with a phase shift, as shown in Eq. 3 and Eq. 4, and in Figure 2. 
 

        2 2 2 2 2 2 2 2sin sin ,a t τ A ω t τ θ a t A ωt θ θ θ ωτ           (3) 

2 1
1 2

θ θ
θ θ τ

ω


  


 (4) 

 

 

Figure 2: Time lag between two acceleration response data sets. 

 
It is therefore evident that the time lag between two acceleration response data sets can be retrieved by 

obtaining the phase angles at frequencies corresponding to the eigenfrequencies of the structure being monitored. 
For estimating the phase angles from acceleration response data sets, the fast Fourier transform (FFT) is used: 
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In Eq. 5, N represents the length of the acceleration response data set a, F is the complex Fourier series, ω 

is the frequency of the κth element in the Fourier series, and Δt is the time step at which the acceleration data is 
sampled. The phase angle estimate δ is obtained from the FFT as shown below: 
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By obtaining the phase angles from two acceleration response data sets and by using Eq. 4, the time lag at 

frequency component κ is computed as: 
 

   2 1κ κ

κ

δ ω δ ω
τ

ω


 . (7) 

 
The periodic nature of trigonometric functions restricts the difference in phase angles to 2π and, by 

extension, the respective time lags to a value equal to 2π/ωκ = Tκ of frequency component κ. This restriction is 
eliminated by adding an integer multiple k of π to Eq. 7, which is generalized as follows: 
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. (8) 

 
Naturally, multiple k may assume any integer value. For determining the appropriate value of multiple k, 

additional conditions are necessary, which are described in the following subsection. 

2.2 A phase shift condition for removing time lags from acceleration response data sets 

The fundamental premise of the proposed synchronization approach is that acceleration response data sets are 
correlated. Correlation between acceleration response data sets is ensured for the single-DOF oscillator shown in 
the previous section, since the oscillation is dominated by a single frequency component. In practice, civil 
engineering structures are infinite-degree-of-freedom systems; therefore, acceleration response data sets from 
real structures exhibit rich frequent content, which, theoretically, spans a broad bandwidth. However, since 
structural vibrations are usually dominated by a few frequency components, it is common practice to reduce 
models of civil engineering structures to multi-degree-of-freedom (multi-DOF) oscillators by discretizing 
structural mass and stiffness to a few locations.  

Despite offering a simplified representation for performing structural dynamic analysis, the dynamic 
behavior of multi-DOF oscillators is described by eigenvectors whose components are not always of the same 
sign. Difference in sign between two degrees of freedom in an eigenvector indicates that in the corresponding 
frequency component the degrees of freedom lie on opposite sides with respect to the equilibrium position. In 
this context, it has been proven that acceleration response data sets obtained from degrees of freedom v and w are 
either fully positively or fully negatively correlated at modal frequency component r (i.e. frequency component 
corresponding to a vibration mode) [21]. However, since every acceleration response data set in a multi-DOF 
oscillator is essentially a summation of modal frequency components, adding modal frequency components 
inconsistently correlated (some with positive correlation and some with negative correlation) usually results in 
loss of correlation between acceleration response data sets in the time domain. As a result, the time lag detection 
in the proposed synchronization approach is performed in the frequency domain considering the correlation 
between individual modal frequency components, which relates to the expected phase as: 
 

0  for 1
Δ ,

  for 1r v w r

ρ
θ θ θ v w

π ρ


     

 . (9) 

 
Theoretically, combining Eq.8 and Eq. 9 for any vibration mode shape would yield the time lag between 

two acceleration response data sets. However, determining a unique value for integer k in Eq. 8 is not 
straightforward. Rather, for multi-DOF systems, a value of k that satisfies Eq. 8 for at least two vibration modes 
needs to be selected. By generalizing Eq. 8 for m vibration modes, each having own integer multiples kp, a pool 
of “candidate” time lag sets is formulated by combining time lags detected at different modal frequency 
components with variable multiples kp. Finally, the set of time lags with the lowest variability σ is selected: 
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Choosing the lowest possible number of vibration modes p = 2 entails the risk of finding several 

combinations of multiples k1 and k2 that fulfil Eq. 10, i.e. several local minima. If acceleration response data sets 
are perfectly sampled, the correct candidate time lag set corresponds to the global minimum. In practice, due to 
the approximative nature of the FFT, deviations between the estimates of phase angles and the actual phase 
angles in the vicinity of 0.20 rad are not uncommon, which is sufficient to mask the global minimum and lead to 
“false positive” time lag detection derived from a local minimum instead. Although avoiding false positives 
altogether is impossible, measures to reduce the risk may be considered: 

 Reasonable bounds for expected delays should be defined, thus constraining Eq. 10 with respect to the 
size of the pool of candidate time lag sets. As a result, minimizing the variability in Eq. 10 produces 
fewer local minima. 

 Vibration modes with long periods should be used for further reducing multiples kp and the pool of 
candidate time lag sets, provided that bounds for expected delays have been set. 

The computational efficiency of Eq. 10 largely depends on the size of the pool B of candidate time lag sets. 
In case of vibration modes at high frequencies, several multiples kp are necessary for covering the range of 
expected delays, thus rendering Eq. 10 rather computationally intensive. To reduce the computational burden, 
the time lag detection process is applied in three steps (Eq. 11): 

1. Selecting one highly-contributing vibration mode as “dominant” mode, and compute the candidate 
time lags for the dominant mode. Each of these candidate time lags will be the first element in one 
candidate time lag set. 

2. For the rest m-1 vibration modes, identifying the time lags with the lowest difference from the time 
lags of the dominant mode, and only these time lags will be included in the respective candidate time 
lag set in the pool. Hence, kp-1 candidate time lag sets for each vibration mode (other than the 
dominant mode) are removed from the pool. 

3. From the pool, selecting the candidate time lag set with the lowest variability. 
Based on these three steps, Eq. 10 is extended to the “phase shift condition”, which will be used for time 

lag detection in the remainder of the paper: 
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To verify the time lag detection, upon calculating τ, acceleration response data sets v and w are 

synchronized, and phase angles φv and φw at q vibration modes (with q > m) are computed using the FFT. The 
time lag is considered acceptable if the difference between (φv – φw) and Δθ for all q vibration modes is below a 
case-specifically predefined threshold ε, as shown in Eq. 12. 
 

 , , 1,c v c wφ φ Δθ ε c q q      (12) 

 

3 VERIFICATION OF THE SYNCHRONIZATION APPROACH THROUGH SIMULATIONS 

The applicability of the proposed synchronization approach is verified through simulations on a 5-DOF 
oscillator. The purpose of the verification tests is to showcase the accuracy in time lag detection over a wide 
range of delays between two acceleration response data sets. First, the simulation of the oscillator is described, 
and then the results from batch analysis over a range of delays are presented. 
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3.1 Simulation of the 5 degree-of-freedom oscillator 

The oscillator is considered to have 5 lumped masses and to follow the stick model paradigm, i.e. considering 
only the translational degrees of freedom during oscillation. An overview of the technical characteristics of the 
oscillator is given in Figure 3. The oscillator is analyzed under broadband Gaussian excitation with a load profile 
compatible with the wind excitation profile specified in Eurocode 1, for terrain category I, basic wind speed 
vb = 25 m/s, air density ρa = 1.25 kg/m3, and orography factor co = 1. For collecting the acceleration response 
data sets from the oscillator, time-history analysis is performed with a time step of Δt = 0.001 s (i.e. sampling 
rate fs = 1000 Hz) and number of data points N = 65,536 using the Newmark-β algorithm for deriving velocities 
(ẋ) and accelerations (ẍ) from displacements (x) at each time step Δt with parameters γ = 0.5 and β = 0.25: 
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Figure 3: Overview of the 5-DOF oscillator. 

 

3.2 Batch analysis over a range of delays 

Prior to the batch analysis, the eigenfrequencies of the 5-DOF oscillator are computed. First, the “expected” 
eigenfrequencies are computed via modal analysis to gain insights into the expected dynamic behavior of the 
oscillator. The extracted eigenfrequencies are retrieved by applying the FFT on the acceleration response data 
sets. Both the expected and the extracted eigenfrequencies are shown in Table 1. 

Table 1: Frequencies and periods of the oscillator. 

 Extracted (FFT) Expected (modal analysis) 

Mode 
Frequency 

(Hz) 
Period (s) 

Frequency 
(Hz) 

Period (s) 

1 1.953 0.512 1.914 0.522 
2 4.395 0.228 4.416 0.226 
3 6.744 0.148 6.693 0.149 
4 8.911 0.112 9.056 0.110 
5 11.749 0.085 11.752 0.085 

 
For the batch analysis, the acceleration response data sets are analyzed in pairs, with delays artificially 

inserted into one of the data sets in each pair. The delays inserted into the acceleration response data sets range 
from -1.0 s to 1.0 s; although a delay of 1.0 s is typically not expected in modern SHM systems, the range is 
deliberately exaggerated to showcase the applicability of the synchronization approach even for long delays. For 
each delay, the phase shift condition, shown in Eq. 11, is applied and the variability of the selected candidate 
time lag set, computed for a combination of eigenfrequencies from Table 1, is calculated. Furthermore, since this 
is a verification stage, apart from checking whether the phase shift condition yields consistent candidate time 
lags for all eigenfrequencies, the accuracy in time lag detection with respect to the actual delay also needs to be 
tested. Therefore, for the verification stage only, the actual delay inserted into the acceleration response data sets 
is included in the calculation of the variability to showcase that the phase shift condition avoids false positives.  
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The results for each pair of acceleration response data sets are shown in Figure 4. It is evident that the 
variability remains low (<0.004) over the entire range of delays. Particularly for short delays, which are more 
likely in practice, the variability is close to zero. As a result, the proposed synchronization method appears to 
yield consistent and accurate time lags over a wide range of delays. The proof of the applicability of the 
synchronization approach in real-life conditions is given in the next section. 
 

 

Figure 4: Variability of candidate time lags between pairs of acceleration response data sets from the oscillator 
over the range of delays inserted into the data sets. 

4 VALIDATION TESTS 

For proving the applicability of the synchronization approach in practice, field tests are conducted on a 
pedestrian overpass bridge. In this section, first the pedestrian bridge and its instrumentation are described, and, 
then, the results from applying the synchronization approach are presented and discussed. 

4.1 Description of the pedestrian bridge and of the instrumentation 

The pedestrian overpass bridge is located at the Inner Ring Road of Thessaloniki (Figure 5). The deck of the 
bridge has a total span of 40.80 m and total width of 5.35 m and is composed of a corrugated steel trough filled 
with high-strength concrete. The deck rests on 20 equidistant transversal beams, which, in turn rest on two 
longitudinal girders. The girders are supported by four reinforced concrete columns of circular cross section. The 
girder-to-column connections are achieved though bearings. Additional vertical support is provided by two 
skewed arches connected to the girders through 16 twisted strand cables. The lateral support of the deck is 
complemented by X-braces between the transversal beams. 
 

 

Figure 5: The pedestrian highway overpass bridge.  
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For the purposes of the field tests, two independently operating SHM systems (S1 and S2) are installed on 
the deck, as shown in Figure 6. Each SHM system comprises two accelerometers; the four accelerometers are 
placed uniformly over the entire span of the deck at a distance of 1/5·40.8 = 8.16 m. Preliminary analysis of the 
structure is conducted using a finite element model of the structure to estimate the anticipated dynamic behavior 
of the bridge. The preliminary analysis shows that the instrumentation in Figure 6 is capable of yielding the first 
four vertical mode shapes of the structure, which appear to have the highest contribution in the oscillatory 
motion of the bridge. The accelerometers are set to measure in the Z direction. 
 

 

Figure 6: Plan view of the pedestrian bridge with the two SHM systems. 

 

4.1 Results from the field tests 

The response of the bridge to pedestrian traffic as well as to vehicular traffic passing under the bridge is 
measured over a period of 10 minutes. The acceleration response data sets are averaged with a window size of 
32,768 points and with 50% overlap to eliminate noise effects. The sampling rate is set to fs = 512 Hz. For 
applying the phase shift condition, the first three vibration modes (m = 3) are considered, while for verifying the 
time lags, all four vibration modes are taken into account (q = 4). The first vibration mode is selected as the 
dominant mode and the time lags of degrees of freedom uz2, uz3 and uz4 are computed with respect to degree of 
freedom uz1. Furthermore, for retrieving the expected phase shifts at the four vibration modes, the finite element 
model created for preliminary analysis is reduced to a 4-DOF beam model compatible with the bridge 
instrumentation, as shown in Figure 7. The results from applying the phase shift condition are shown in Table 2. 
 

 

Figure 7: Four-DOF beam model of the bridge deck for modal identification. 
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Table 2: Time lags detected in the validation test. 

DOF→ uz1 uz2 uz3 uz4 

τ1 (s) 
(f = 2.42 Hz) 

N/A 0.002 -1.335 -1.334 

τ2 (s) 
(f = 4.28 Hz) 

N/A -0.001 -1.348 -1.350 

τ3 (s) 
(f = 5.78 Hz) 

N/A 0.001 -1.344 1.345 

 
The time lags detected for the first three modes appear to be consistent. As expected, no time lag is detected 

between acceleration data sets from the same SHM system, since absolute synchronization is ensured from 
cabled connections. Rather, an overall time lag between the two SHM systems is observed as a result of the 
SHM systems operating independently from each other. Furthermore, it is evident that considering only the first 
two vibration modes might have been insufficient for estimating the time lag accurately; the discrepancy of 
approximately 0.015 s between time lags τ1 and τ2 is attributed to effects of spectral leakage in the FFT and on 
external factors infiltrating the acceleration response data sets (e.g. ambient noise). Mode shapes from 
measurements are extracted via the frequency domain decomposition (FDD) method [6]. The mode shapes prior 
and after the synchronization are shown in Figure 8 and compared to the mode shapes obtained from the finite 
element model in its reduced form. 
 

 

Figure 8: Vibration mode shapes before and after applying the phase shift condition. 

 
To further showcase the effect of the synchronization approach in correcting vibration mode shapes, the 

modal assurance criterion (MAC) is employed [22]: 
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Two vibration mode shapes ψb and ψc are similar if the MAC value is close to unity. The MAC values are 

computed for the four expected mode shapes (from the finite element model) and for the four extracted mode 
shapes (from FDD) and plotted in the so-called MAC matrix (Figure 9). MAC values for synchronized 
acceleration response data sets should be 1 for b = c and 0 for b ≠ c. Evidently, the diagonal form of the MAC 
matrix is indicative of the capability of the synchronization approach to yield correct mode shapes. 
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Figure 9: MAC matrices before and after applying the phase shift condition. 

5 SUMMARY AND CONCLUSIONS 

Synchronization problems in SHM systems may result in inaccurate estimation of vibration mode shapes as part 
of operational modal analysis. Approaches for synchronizing structural response data sets, such as acceleration 
response data sets, collected by SHM systems mainly focus on synchronization protocols implemented in 
wireless SHM systems, on employing GPS technologies, and on computationally expensive time lag removal 
methods at the output stage of OMA. This paper has presented a synchronization approach for detecting and 
correcting time lags at an intermediate stage of OMA. The proposed synchronization approach is based on the 
phase locking between frequency components of acceleration response data sets corresponding to real vibration 
modes. Based on estimations of the expected phase differences between two acceleration data sets retrieved 
either from numerical analyses or from engineering judgment, time lags between the acceleration data sets are 
detected and corrected. The proposed synchronization approach has been verified through simulations of a 5-
DOF oscillator over a broad range of delays artificially inserted into acceleration response data sets of the 
oscillator. The verification tests have demonstrated that the proposed approach is capable of accurately detecting 
time lags, with the highest accuracies being observed in cases of short delays between acceleration response data 
sets, which are more likely in practice. Furthermore, the synchronization approach has been validated through 
field tests on a pedestrian overpass bridge instrumented with two independently operating cable-based SHM 
systems. The field tests have showcased the ability of the synchronization approach to accurately detect the 
overall time lag between the two SHM systems, while, as expected, no time lag has been detected between 
acceleration response data sets collected by the same SHM system. Future research will focus on enhancing the 
accuracy of time lag detection by investigating FFT-induced approximations and on exploiting correlation 
features between acceleration response data sets for improving the efficiency of synchronization. 
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