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Abstract. Synchronization discrepancies when measuring structural response 

may compromise the accuracy of information on the condition of structures, ex-

tracted from structural health monitoring (SHM) systems. Loss of synchroniza-

tion mostly concerns modern wireless SHM systems; however, synchronization 

discrepancies may also occur in cable-based systems in case multiple data ac-

quisition units without global clock management are used. This paper presents 

the implementation and validation of a concept towards synchronizing SHM da-

ta records containing structural response data, which is imperative for obtaining 

information valuable for accomplishing monitoring objectives. Specifically, the 

performance of a cross spectrum synchronization approach reported in a recent 

study, which builds upon cross spectral density phase angles of structural re-

sponse data transformed into the frequency domain, is investigated with struc-

tural response data from real structures. The cross spectrum synchronization 

approach is implemented into a wireless SHM system and into a cable-based 

SHM system, and it is validated through tests on a laboratory shear-frame struc-

ture and through field tests on a pedestrian bridge, respectively. The validation 

test results prove that the cross spectrum synchronization approach is capable of 

complementing traditional clock synchronization protocols, thus enhancing the 

accuracy of SHM outcomes. 

Keywords: Synchronization, wireless structural health monitoring, operational 

modal analysis, cross spectral density. 

1. Introduction 

The acquisition of long-term structural response data using sensor networks has pro-

vided structural health monitoring (SHM) practitioners with a broad wealth of infor-

mation on structural conditions, supplementing theoretical analyses and traditional 

structural maintenance practices, such as visual inspections [1]. Evidently, the high 

quality of structural response data translates to high quality of information, whereas 
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unreliable data could result in poor estimations of structural conditions [2]. Sources of 

data unreliability may be manifold: Sensor malfunctions, poor sensor installation, 

environmental impacts and inherent limitations in sensor operation may introduce 

inaccuracies in structural response data, which, in turn, may be reflected in the out-

comes of data analysis, e.g. through operational modal analysis (OMA) [3]. 

Particularly for OMA, a frequent source of data unreliability is the lack of syn-

chronization between structural response data records. Synchronization discrepancies 

may result from clock drifting between independent data acquisition units in cable-

based SHM systems or between wireless sensor nodes in wireless SHM systems, 

which, by definition, lack global clock management [4,5]. Synchronization discrepan-

cies may severely affect OMA outcomes, such as mode shapes, which rely on the 

phase relationships between structural response data records from different locations 

at peaks in the frequency-domain representations of structural response data [6]. 

Research approaches on ensuring network-wide synchronization through global 

clock management protocols have been reported from the field of informatics, as 

summarized in recent reviews [7,8]. From an SHM perspective, research mainly has 

been focusing on implementing global clock management of wireless sensor nodes 

[9]. Taking advantage of recent developments in embedded computing technologies 

[10], global clock management in wireless SHM may be achieved through embedded 

computing, as proposed by Nagayama et al. and by Wang et al. [11,12]. Embedded 

computing approaches for network-wide synchronization are usually tailored to the 

limited resources of wireless sensor nodes [13,14]. Nevertheless, global clock man-

agement strategies are usually applied upon commencing network operation, and 

synchronization discrepancies due to clock drifting may still occur on the long term 

[15]. As a result, approaches towards removing synchronization-induced errors at the 

post-sampling stage have been proposed, based on the phase angle relationships be-

tween structural response data sets [16,17]. 

Building upon the work presented in [16], this paper reports on estimating syn-

chronization discrepancies (“time lags”) between structural response data records by 

associating time lags with the cross spectral density phase angles of the records. As 

explained in [18], the slope of the cross spectral density phase angle curve can be 

mathematically related to the time lag between two structural response data records. 

Following up on the aforementioned works, this paper investigates the validity of the 

cross spectrum synchronization approach using structural response data from real 

structures. The cross spectrum synchronization approach is implemented into a wire-

less SHM system and into a cable-based SHM system, and it is validated through 

laboratory experiments with a shear-frame structure and through field tests on a pe-

destrian bridge, respectively. The validation tests demonstrate the capability of the 

cross spectrum synchronization approach to estimate time lags both in wireless SHM 

systems and in cable-based SHM systems. The remainder of the paper starts with the 

mathematical description of the relationship between the cross spectral density phase 

angles and time lags between two structural response data records. Next, the laborato-

ry validation tests are presented, followed by the field validation tests. Finally, the 

paper ends with the summary and conclusions as well as with a brief outlook on fol-

low-on research. 
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2. Time lag estimation using cross spectral density phase angles 

The basis for estimating time lags with the proposed cross spectrum synchronization 

approach is illuminated in this section. As discussed in [16], time lags between two 

structural response data records, y1 and y2, are related to phase angles of the fast Fou-

rier transform (FFT) representations of the records at resonance peaks in the FFT 

amplitude curve, corresponding to vibration modes (“modal peaks”). The direct esti-

mation of time lags between y1 and y2 using the FFT phase angles at modal peaks is 

possible, assuming that the structural damping is “light” and can be considered quasi-

proportional to the mass and stiffness of the structure, which results in FFT phase 

angles from y1 and y2 at modal peaks deviating approximately by either equal to 0 or 

to π [19]. To overcome the limitations of the phase-angle synchronization approach 

reported in [16], the mathematical process described herein leverages a relatively 

wide frequency bandwidth for estimating time lags. Considering that y1 and y2 are 

essentially summations of p vibration mode frequency components (“modal compo-

nents”): 
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where Yr is the amplitude, fr is the frequency and θr is the phase angle, respectively, of 

the rth modal component, and t denotes the time. Using the discrete formulation of 

the structural response data records y1 and y2, i.e. substituting the continuous variable t 

with n intervals of duration Δt, the FFT expressions of y1 and y2 become: 
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Using Euler’s formula and the geometric sum formula, Equation 2 is transformed to: 
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with the quantities A, B, a, and b being defined as: 
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The cross spectral density between y1 and y2 is computed as follows: 

 ( ) ( )
*
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with (●*) denoting complex conjugate. Since the variable fr in Equation 4 represents 

the actual frequency of the rth modal component, applying Equations 3, 4 and 5 re-

quires knowledge of the exact eigenfrequencies of the structure, which, in practice, 

are generally unknown. Therefore, for obtaining the cross spectral density function, 

the frequency “bins” frk = rk/(NΔt) of the FFT representations of y1 and y2 (i.e. discrete 

frequency components at which the FFT is computed) closest to modal peaks will be 

used. By setting r = k = rk, the following expressions are obtained: 
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Using Equations 6-9, the cross spectral density function is reduced to: 
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with the respective phase angle being computed as: 

 
( )

( )
1 21

12

1 2

sin
tan .

cos

k k

k k

k k

θ θ
S γ

θ θ

−
 −

 = =  
−  

 (11) 

As shown in [18], the time lag τ of record y1 with respect to record y2 can be ex-

pressed as a scalar added to the phase angle of y1: 
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Using Equation 12 and setting r = k and θ̂1k – θ2k = Δθk, Equation 11 is transformed to: 
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Quantity Δθk essentially expresses the phase difference between y1 and y2 that is 

typically attributed to non-proportional damping. In practical applications of OMA on 

civil infrastructure, damping is generally low, frequently resulting in the assumption 

that Δθk = 0 or Δθk = π. Under this assumption, Equation 13 eventually yields: 
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2

k

k k
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γ πf τ τ β

πf

+
 −   −  (14) 

The full mathematical description of the cross spectrum synchronization method 

can be found in [18]. Equation 14 will be used as a basis for estimating time lags in 

the laboratory tests and in the field tests presented in the following section. 

3. Validation tests

This section presents the validation tests of the cross spectrum synchronization ap-

proach. The purpose of the tests is to show the applicability of the approach with 

structural response data from real structures and with different SHM systems. First, 

the cross spectrum synchronization approach is implemented into a wireless SHM 

system installed on a laboratory shear-frame structure. Next, the cross spectrum syn-

chronization approach is applied to data collected from a cable-based SHM system 

installed on a pedestrian bridge. 

3.1 Laboratory tests on a shear-frame structure 

The structure used for the laboratory tests is a 4-story shear-frame structure, compris-

ing four plates made of high-density fiber (HDF), each plate supported by four alumi-

num columns, as shown in Figure 1. The dimensions of each HDF plate are 

300 mm × 200 mm × 15 mm (length × width × thickness). Each aluminum column 

has a rectangular cross section of dimensions 20 mm × 2 mm. The height of each 

story is 245 mm, and the columns are assumed fully fixed at the base of the structure. 

The wireless SHM system installed on the shear-frame structure consists of four 

wireless sensor nodes of type Oracle SunSPOT [20]. Each wireless sensor node fea-

tures a 400 MHz ARM main processor, with a memory capacity of 1 MB RAM and 

8 MB flash memory, and a 802.15.4-compliant wireless transceiver. The sensing 

board of each wireless sensor node encompasses a temperature sensor and an 8-bit 

digital output accelerometer, of type MMA7455L, measuring at a selectable range 

between 2 g and 8 g, and at sampling frequencies up to 250 Hz. For the purposes of 

the laboratory tests, one wireless sensor node is installed on each story of the shear-
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frame structure. The wireless sensor nodes communicate with a computer, serving as 

a centralized server, via a gateway node, designated as “base station”. 

Base 

station

Sensor 

nodes

 

Fig. 1. Experimental setup for the laboratory tests. 

At the beginning of the laboratory tests, the sensor nodes are initialized at a ran-

dom order via a beacon signal sent through the base station. Representing common 

practice in network-wide synchronization, each beacon signal contains clock infor-

mation of the server, which will be used for estimating synchronization discrepancies 

(τo) to be compared with the time lags estimated via Equation 14. Excitation is intro-

duced into the structure using an impact hammer successively at all stories. Each 

sensor node collects acceleration response data records at a sampling frequency of 

125 Hz, with each record containing 16,384 measurements. Prior to applying Equa-

tion 14, the acceleration response data records are averaged with a Hanning window 

of size 2,048 measurements and an overlap of 50%. The time lags are estimated in 

pairs of structural response data records y1 to y4, which are summarized in Table 1, 

along with the synchronization discrepancies τo. Figure 2 exemplarily illustrates the 

relationship between the time lag estimated using Equation 14 for pair y4-y3 and the 

slope of the respective cross spectral density phase curve. The trend in the cross spec-

tral density phase curves, which is indicative of the time lag, is evident. 

Table 1. Time lags τ estimated with the cross spectrum synchronization approach compared to 

synchronization discrepancies τo estimated from the clock information of the sensor nodes (ms). 

Pair τ τo 

y4-y3 -228 -237 

y4-y2 -233 -225 

y4-y1 -206 -216 
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Fig. 2. Illustration of the trend in the cross spectral density phase curves of pair y4-y3. 

The laboratory tests clearly demonstrate the effectiveness of the cross spectrum 

synchronization approach in detecting time lags between structural response data 

records in wireless SHM systems. The time lags detected with Equation 14 are in 

close proximity with synchronization discrepancies estimated using clock information 

of the server. The performance of the proposed approach with structural response data 

from a pedestrian bridge is discussed in the next subsection. 

3.2 Field tests on a pedestrian bridge  

The pedestrian bridge used for the field tests is an arch composite steel-concrete 

bridge located in Evosmos, Thessaloniki, Greece (Figure 3). The bridge has a single 

35 m-long and 4.60 m-wide span made of a steel trough filled with lightly reinforced 

concrete. Along its edges, the deck is supported by two box-section steel girders, each 

suspended from a skewed steel arch of the same cross section as the girder. A set of 

15 equidistant steel beams offer transversal bending support to the deck, and the gird-

ers rest on each end on cylindrical reinforced concrete columns via elastomeric bear-

ings. The lateral stiffness of the deck is supplemented by 8 x-braces of circular hollow 

sections. 

 

Fig. 3. Pedestrian bridge used for the field tests. 

Figure 4 illustrates the bridge deck instrumentation with 4 accelerometers of type 

Syscom MS2002+ along the half-length of the deck [21]. The accelerometers measure 
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acceleration in the z direction at a sampling frequency of 400 Hz, under operational 

conditions, i.e. under ambient excitation and operational loads, such as pedestrian 

traffic. The acceleration response data records used for the field tests have a total 

duration of 82 s, i.e. each record contains 32,768 measurements. Prior to applying 

Equation 14, the records are averaged with a Hanning window of size 8,192 and with 

an overlap of 50%. 
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Fig. 4. SHM system layout for the field tests. 

The field tests involve inserting time lags (τi) to pairs of acceleration response data 

records, ranging from -500 ms to 500 ms, and detecting the time lags (τd) using Equa-

tion 14. In each test, a pair consists of different acceleration response data records. 

The results of the field tests are illustrated in Figure 5.  
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Fig. 5. Ratios of detected time lags over inserted time lags for the field tests. 

As can be seen from Figure 5, the cross spectrum synchronization approach is ca-

pable of yielding time lags with satisfactory accuracy. Most of the time lags detected 

with Equation 14 are close to the time lags inserted in the acceleration response data. 

Moreover, the efficacy of the proposed approach, regardless of the locations of the 

acceleration response data, is proven. 
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4. Summary and conclusions 

The lack of synchronization between structural response data records represents a 

problem frequently encountered in both wireless SHM systems and in cable-based 

systems. Most research efforts in tackling synchronization discrepancies have been 

drawing from the field of computer science, e.g. implementing network-wide syn-

chronization protocols into wireless sensor nodes. This paper has reported on imple-

menting and validating a synchronization approach that leverages the cross spectral 

density phase between two structural response data records for estimating the time lag 

between the records. Building upon the mathematical relationship between the cross 

spectral density phase and the time lags between the records, shown in a recent study, 

this paper has demonstrated the efficacy of the cross spectrum synchronization ap-

proach using data from real structures. Validation tests have been conducted both in 

the laboratory, using a shear-frame structure instrumented with a wireless SHM sys-

tem, and in the field, using a pedestrian bridge equipped with a cable-based SHM 

system. Both the laboratory tests and the field tests have proven the capability of the 

cross spectrum synchronization approach to yield accurate estimates of time lags re-

gardless of the locations from which the structural response data have been collected. 

Future work will focus on automating the time lag estimation to enable embedding the 

cross spectrum synchronization approach into wireless SHM systems. 
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