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Te advent of Synthetic Aperture Radar (SAR) imaging has presented the possibility of remote monitoring of civil infrastructure
on a large scale. Although well established for observing slow and long-term phenomena, its application to vibration-based
structural health monitoring (SHM) remains relatively unexplored in the current literature. Tis study demonstrates the use of
micro-Doppler SAR (MDSAR) using data from spaceborne platforms for measuring structural vibrations of a real bridge,
specifcally the line of sight velocity time histories of the deck. Tese measurements are compared to synchronous ground truth
data to validate the method and assess its accuracy. Experimental results show that MDSAR measures vibration with an error in
velocity on the order of 1mm/s and successfully identifes the bridge’s dominant frequencies from two separate SAR acquisitions
at diferent times. Spectral correlation with ground truth data reaches values up to 0.88. Frequency estimation errors are essentially
controlled by the resolution of the spectrum, which in turn is limited by the acquisition time. In this work, a frequency resolution
of 0.06Hz is achieved for an acquisition duration of 16 s. Given these results, it is expected that MDSAR could be suitable for
monitoring natural frequencies and performing modal recognition for bridges. Further improvements in the technology and in
the analysis algorithm could potentially enable the accurate measurement of mode shape components.
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1. Introduction

Vibration-based structural health monitoring (VBSHM)
methods, which typically rely on conventional contact sensors
such as accelerometers, are widely used for assessing the
structural state of civil infrastructure [1]. VBSHMhas long been
the subject of research, with numerous studies aimed at
identifying damage from vibrational features. Te literature
includes several comprehensive reviews that collect a variety of
traditional methods used for diagnostics and damage detection
[2–6]. Although contact measurement approaches have been
proven to be efective, they also face signifcant limitations,
which have led to the exploration of remote sensing alternatives.

Firstly, the installation of sensors directly on a structure,
such as a bridge, poses logistical challenges [7]. Deploying
accelerometers or similar devices often requires safety
precautions, trafc disruptions, and specialized workers,
which collectively infate costs and delay the operational
readiness of the monitoring system. Moreover, maintaining
and calibrating sensor networks introduce further com-
plexity and long-term expenses [8]. Tis becomes prob-
lematic when dealing with large-scale infrastructure, where
a large number of sensors are needed to achieve sufcient
spatial coverage [9]. For example, the Mezcala cable-stayed
bridge was instrumented with a total of 124 sensors (in-
cluding accelerometers and other sensor types) at an
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estimated cost of USD 1.8 million, covering both installation
and maintenance over an operating period of 30 years [10].
Secondly, in regions with a high concentration of aging
infrastructure—where safety concerns are important and
widespread monitoring is promptly needed—conventional
VBSHM becomes impractical [11], especially when re-
sources are limited. To overcome these challenges, the focus
of research has increasingly shifted toward remote sensing
for SHM [12], as these technologies do not require the
physical installation of the sensor on the structure. Several
solutions, each based on diferent physical principles, exist
and have been studied, including the use of uncrewed aerial
vehicles (UAVs) [13–15], laser vibrometers [16], light de-
tection and ranging (LiDAR) [17, 18], and ground-based
Doppler radars [19–21]. As an alternative to these ap-
proaches, SAR satellite remote sensing is of particular in-
terest due to its unique capabilities. SAR is a radar imaging
technique capable of producing high-resolution images of
the Earth’s surface. Unlike optical sensors, which passively
capture refected sunlight, SAR systems (as well as other
active sensors like ground-based radar and LiDAR) actively
illuminate the scene and measure the backscattered elec-
tromagnetic signal, which is parameterized in terms of its
refectivity (magnitude) and phase. Te signal carries in-
formation about the surface geometry, the electromagnetic
properties, the distance between the radar and the surface
targets, and the relative motion between the sensor and the
target—the latter two being part of the measured phase,
which is a property fundamental for generating the SAR
image and particularly relevant for this work. A major
advantage of SAR lies in its ability to capture large areas
(typically many square kilometers) while maintaining high
quality imaging capability. Moreover, the cost of SAR im-
agery is rapidly decreasing thanks to the advent of com-
mercial providers on the scene. Generally, prices range from
a few hundred up to a few thousand USD (e.g., up to
3000–5000 USD [22]), depending on spatial resolution and
revisit time (i.e., the time interval between successive ac-
quisitions). In some cases, SAR data are freely available, such
as from the Sentinel-1 mission [23].

In the context of SHM, one technique making use of the
benefts of SAR is interferometric SAR (InSAR). InSAR is
a method that compares the phase information of successive
SAR acquisitions to detect and quantify surface displacements
in the image over time [24, 25]. In previous years, advanced
multitemporal InSAR techniques, such as persistent scatterer
interferometry (PSI) and small baseline subset (SBAS), have
been developed to monitor surface deformation [26] with
millimeter-level accuracy [27]. As a result, InSAR has been
increasingly applied and validated in civil engineering appli-
cations for SHM. Te literature case studies include long-term
monitoring of dam foundations [28], bridge defections [27],
and even detection of scour-related features [29]. Another
beneft of SAR technology is its archive of historical data,
enabling retroactive analyses of collapsed infrastructure [30]
and supporting the development of early warning systems for
risk assessment [31]. Despite these advantages, InSAR has
limitations that restrict its use for certain SHM tasks:

• It is efective for measuring slow, long-term de-
formations, but it is not suited for rapid and bulk
movements [32];

• InSAR requires a large number of acquisitions for
reliable results [33] and cannot measure displacements
from a single SAR image;

• Te temporal resolution of InSAR depends on the
revisit time of the satellite, which is typically on the
order of days.

Due to these limitations, InSAR cannot be used to assess
the vibrational behavior of structures; however, a diferent
class of techniques exists that works on single-pass (i.e.,
individual) SAR acquisitions and is capable of detecting
vibrational information. Tese approaches exploit micro-
Doppler (m-D) efects induced by target motion and are the
focus of this study.

When a moving target is illuminated by a radar signal,
the backscattered signal is subjected to a phase shift due to
the Doppler efect [34], a well-known phenomenon caused
by the relative motion between the sensor and the target.
Standard SAR processing assumes the scene to be static,
producing accurate images of stationary ground targets.
When targets move during an acquisition (or vibrate, as for
civil infrastructure components), uncompensated phase
shifts are introduced into the receiving signal, generating
artifacts in the fnal SAR image. Tese artifacts can be
grouped into two types, depending on the nature of the
motion: Doppler, caused by translational movement, and m-
D, caused by periodic or oscillatory micromotions (m-m) of
the target [34]. Consequently, the m-D efect in SAR imagery
carries kinematic information of targets such as vibrations
[35], presenting the opportunity to reconstruct structural
dynamics from single-pass SAR acquisitions. Several
MDSAR techniques have been developed to measure m-D
information from SAR imagery, where some of these have
been applied to the feld of civil engineering SHM. For
a comprehensive review of MDSAR methods and their
working principles, the reader is referred to the recent lit-
erature review by Rollo et al. [36]. In the following, selected
publications on measuring vibrational features from m-D
signatures in SAR data are reported. Initial works focused
mainly on demonstrating the potential of them-D extraction
techniques under controlled environments, using isolated
vibrating corner refectors (CRs) mounted on shaker devices
to replicate vibration without interference from the sur-
roundings. For example, Chen et al. [37] measured a vi-
bration frequency of 2.3Hz from a CR on a shaker, with an
error of 0.3Hz with respect to ground truth, although
amplitude estimates were not reported. Ruegg et al. [35]
studied the efects of both vibrating and rotating targets and
successfully extracted a 1-Hz frequency from a rotating CR.
Recently, Clemente et al. [38] and Rollo et al. [39] applied
tracking and backprojection techniques to reconstruct vi-
brations with a frequency of 2Hz and a vertical amplitude of
15mm, validated against synchronous ground measure-
ments. Finally, Lotti et al. [40] conducted experiments across
a wide range of frequencies and amplitudes, extending
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measurements beyond simple case studies. Tis work in-
cluded an experimental validation based on synchronous
ground truth measurements and demonstrated that vibra-
tions comparable to those found in civil infrastructure could
be captured with SAR.

While m-D approaches are less mature than InSAR in
the context of civil SHM, they have also been applied to real-
world case studies employing methods such as the subpixel
ofset tracking (SPOT). Biondi et al. [41] used SPOT to
identify cracks in the Mosul Dam, based on vibrational
anomalies reconstructed from SAR imagery, and validated
these crack locations with those obtained from the PSI
InSAR technique. In a later work, Biondi et al. [42] examined
several bridge case studies, detecting anomalies in the vi-
brational behavior of the structures as determined by SAR
m-m measurements. Tis investigation successfully identi-
fed locations of cracks and expansion joints in the deck,
which were validated with photographic documentation.
Focsa et al. [43] retrieved the natural frequencies of a bridge
using an MDSAR method, reporting errors ranging from
0.03 to 0.5Hz; however, the actual accuracy remains un-
certain as the comparison relied on asynchronous ground-
based radar measurements, and multiple spectral peaks were
identifed nearby the true frequencies. Recently, Vattulainen
et al. [44] employed a modifed backprojection algorithm
(BPA)—an MDSAR technique distinct from SPOT—to es-
timate the dominant frequency on a bridge, reporting an
error of 0.04Hz validated against synchronous measure-
ments. However, their work only focused on a frequency-
domain comparison and did not cover a time history re-
construction of the vibrations.

In summary, m-D SAR techniques ofer a promising
alternative to traditional VBSHM methods, enabling vibra-
tional information to be measured both remotely and over
large areas from single-pass SAR images. Prior studies have
largely focused on controlled experiments, and real-world
validation remains limited. Notably, no previous study has
applied MDSAR to a full-scale civil structure while directly
validating measured vibrations against synchronous ground
truth data in the time domain. A comprehensive metrological
evaluation of any MDSAR technique, including SPOT, is still
missing. Furthermore, the possibility of using SAR data for
modal extraction, specifcally for identifying natural fre-
quencies and mode shapes, remains largely unexplored.

Te objective of this study is to address the following
research questions:

i. Can MDSAR be used to measure the vibration time
series of a real-world structure?

ii. In the context of a real-world structure, how accurate
are these measurements, and what are the limitations
of the technique?

iii. What are the future possibilities for extracting modal
parameters from spaceborne SAR data?

To explore these questions, the case study of the South
Portland St. Suspension Bridge in Glasgow, UK, is con-
sidered. While this paper focuses on the measurement of
vibrations and qualitatively discusses the extraction of

individual modal parameters (i.e., natural frequencies and
mode shapes) from SAR data, a detailed approach to
a proper modal extraction will be presented in a future
publication.Tis work constitutes a signifcant advancement
in the use of SAR for VBSHM. It presents the frst metro-
logical assessment of a SAR-based micro-Doppler method
for measuring the vibrations of a real, instrumented bridge
under operational conditions. By comparing the SAR-
derived velocities against synchronous ground truth mea-
surements, this study confrms the potential of this tech-
nique and identifes its current limitations.

Te remainder of this paper is structured as follows.
Section 2 provides the necessary background for SAR-based
vibration monitoring, including an overview of SAR prin-
ciples and the efects of moving objects in SAR images. It
then introduces the SPOT algorithm, covering azimuth
subaperture segmentation, subpixel tracking, and velocity
time history reconstruction. Te section continues with
a description of the South Portland St. Suspension Bridge
case study, followed by the layout of the contact-based
accelerometer system used for validation and the method-
ology used to compare SAR-derived results with ground-
truth data. Section 3 presents and discusses the experimental
results. It begins by evaluating the SAR-measured vibrations
against the ground-truth data using various metrics. It then
addresses the three key research questions of the study and
discusses current limitations and potential improvements
for modal extraction using SAR. Finally, Section 4 sum-
marizes the main fndings and outlines current challenges
while proposing directions for future developments.

2. Materials and Methods

2.1. Principles of SAR Technology. A SAR operates by
transmitting and receiving radar pulses while traveling at
a velocity vp on a moving platform, which in this case is
a satellite. SAR signals are EM waves with much longer
wavelengths (see Table 1) than those used by optical sensors,
and since they are active sensors, SAR systems are not
dependent on sunlight or weather conditions.

Typically, a SAR acquisition spans several seconds for
a duration ta and involves the sensor collecting backscattered
radar pulses while illuminating the same ground target from
multiple positions along the fight path. Te processing of
the data—to account for the diferent phase changes for each
pulse due to the moving platform—synthesizes the antenna
(or aperture), hence the term synthetic aperture in SAR. Te
SAR sensor is tilted with an incidence angle, θ, with respect
to the vertical direction of the surface, and the radial distance
from the ground target (e.g., the bridge being monitored) to
the sensor is referred to as the slant-range distance, R(t); this
direction is often referred to as the line of sight (LOS) of the
sensor. Figure 1 shows the orbit geometry for a specifc
acquisition mode, known as spotlight mode, which is dis-
cussed later in this section.

SAR images are complex valued matrices, where each
pixel contains both a magnitude and a phase component.
Te magnitude and phase represents the refectivity (i.e.,
intensity) and the delay of the backscattered signal,
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respectively. Figure 2 shows an example of a refectivity map
from spotlight acquisition of the Golden Gate Bridge
compared to the corresponding optical image. In general,
the refectivity is afected by the type of the material and
shapes of targets; metallic objects with sharp geometries are
prominently visible in the refectivity map. Te resulting
complex-valued matrix is arranged in range-azimuth co-
ordinates. Te range direction corresponds to the radial
direction from the sensor to the ground target (the slant-
range), while the azimuth direction aligns with the platform
fight path. Te resolution of the refectivity map (i.e., the
size of the pixel in azimuth and range) is defned by the
azimuth resolution, Δx, and the range resolution, Δy. Both
these quantities depend on the wavelength of the transmitted
signal, λ, with the azimuth resolution additionally depending
on the acquisition time, ta.

Several types of acquisition mode exist, each with dif-
ferent trade-ofs between resolution and spatial coverage
[46]. In this paper, spotlight acquisitions are used, with
durations ranging between 5 and 30 s. In this mode, the
radar beam is continuously steered (“squinted”) such that it
remains centered on the same area for the entire acquisition
duration. Spotlight mode ofers improved azimuth resolu-
tion thanks to the extended illumination time, but with
reduced spatial coverage compared to other acquisition
modes. Nonetheless, spotlight scenes can span areas ranging
from 5 to 20 km, enabling the monitoring of multiple
structures within a single image while providing fner

azimuth resolution. As these acquisitions target specifc
areas, they are usually not available through archive data
sources and must be tasked specifcally.

Te azimuth resolution for a spotlight acquisition is
described by the following equation:

Δx �
λR(t)

2 vp ta

, (1)

where the parameters are as previously defned.

2.1.1. Micromotion in SAR Imagery. Standard SAR pro-
cessing is designed to produce high-resolution images of
static scenes. As discussed in Section 1, targets undergoing
some micromotion during the acquisition period will cause
characteristic artifacts in the SAR image. Tis phenomenon
is known as the m-D efect and arises from small variations
in the radial velocities relative to the SAR moving platform.
In general, when a target moves at constant speed, the
relative motion in the LOS direction causes an azimuth shift
of the target from its true position due to the Doppler efect
[34]. Te azimuth shift, x(t), due to constant radial velocity,
vr, of the ground target along the LOS is approximated by
the relationship shown in the following equation [47].

x(t) � −
vr R(t)

vp

. (2)

In the case of a target vibrating around a static equi-
librium position, the azimuth shifts in the resulting image
will appear as ghost targets (or paired echoes) along the
azimuth direction, centered on the true position of the
target. Tese artifacts result from target m-m that induces
periodic time-varying changes in the radial velocity. Te
higher the velocity of vibration, the greater the separation
between these paired echoes from the true location.
Figure 3(a) shows a clear example of this efect for a single
scattering point, given by a CR oscillating vertically with
a constant frequency of 1Hz, and an amplitude of 10mm.
Te periodic motion generates a symmetric distribution of
the echoes, observable in the refectivity map.

It is important to note that m-m efects are best pre-
served in single-look data such as Single-Look Complex
(SLC) images, which contain both amplitude and phase
information from a single, unaveraged observation
throughout the entire acquisition time. While Multi-Look
Complex (MLC) products are commonly used in down-
stream applications due to their reduced speckle noise and
lower storage requirements, they are generated by averaging
independent looks, which both degrades azimuth resolution
and corrupts motion information, making MLC unsuitable
for micromotion analysis. In general, motion measurements
need full-resolution SLC images or even lower-level prod-
ucts such as raw or Complex Phase History Data (CPHD) to
preserve the phase modulations of interest. In this study,
SLC imagery was selected as it provides the necessary re-
quirements for m-m extraction, while remaining signif-
cantly less demanding in terms of memory and processing
resources compared to raw or CPHD formats.

Table 1: Radar frequency bands commonly used in SAR systems,
with their associated frequency and wavelength values [45].

Band Central frequency (GHz) Wavelength (cm)
L 1-2 15–30
S 2–4 7.5–15
C 4–8 3.8–7.5
X 8–12 2.4–3.8

Azimuth

R(t)

θt = 0

t = tavp

Line of sight

Figure 1: SAR spotlight mode acquisition geometry, showing the
start t � 0 and end t � ta times of the acquisition, the platform
velocity vp, the incidence angle θ, and the slant-range distance R(t)

between the sensor and the ground target.

4 Structural Control and Health Monitoring
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2.2. SPOT. Te technique used in this study is inspired by
the work of Biondi et al. [41] and enables the extraction of
radial velocity time histories from ground targets from
a focused SLC image. Te main processing stages are
described below.

2.2.1. Range-Azimuth Frequency Transformation. Starting
from the SLC matrix in range-azimuth coordinates, a fast
Fourier transform (FFT) is applied along the azimuth di-
mension.Tis results in a matrix in range-azimuth frequency
coordinates, as shown in Figure 3(b). Te resulting matrix
already contains features related to the target vibration.

2.2.2. Subaperture Segmentation. Te range-azimuth fre-
quency matrix is then split into partially overlapping azi-
muth subapertures as shown in Figure 3(b). Each
subaperture represents a temporal window of the full ap-
erture (ta), with a relative width controlled by the aperture
fraction:

α �
tsap

ta

, (3)

where tsap is the subaperture duration. Adjacent sub-
apertures can be processed to share a portion of the azimuth
frequency domain data and therefore be overlapping in time,
as described by the overlap ratio:

Ω �
tol

tsap
, (4)

where tol is the overlap duration between adjacent sub-
apertures. Given α and Ω, the total number of subapertures,
N, produced is given in the following equation.

N �
α−1

−Ω
1 −Ω

. (5)

2.2.3. Range-Azimuth Transformation. Each range-azimuth
frequency subaperture is transformed back to the spatial

Optical image
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Figure 2: A comparison between (a) optical and (b) SAR refectivity maps of the Golden Gate Bridge from a spotlight acquisition by the
Umbra-04 sensor (λ � 31 mm, date: March 25 2023).
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Figure 3: Example of micromotion efects in a TerraSAR-X acquisition (Trento, 18 December 2023, 17:09:29 UTC) of a vertically vibrating
isolated target (1Hz, 10mm). (a) Ghost targets in the range–azimuth image; (b) range-azimuth frequency representation showing sub-
aperture segmentation (yellow) and overlapping data sections (red).
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domain via an inverse FFT (IFFT), resulting in a series of N

range-azimuth images that are temporally spaced. Specif-
cally, the time vector assigned to the subapertures consists of
N linearly spaced values, starting at tsap/2 and ending at
(ta − tsap)/2.Tis ensures that each image corresponds to the
center time of its respective subaperture window, resulting
in a temporal resolution, Δt, as shown in the following
equation.

Δt �
ta − tsap

N − 1
. (6)

It is important to note that by segmenting the full-aperture
image into multiple subapertures of duration tsap (shorter than
the full acquisition time ta), the azimuth resolutionwill degrade
due to the reduced observation time. It is possible to preserve
the pixel spacing by applying zero padding during the IFFT to
upsample each subaperture whenmoving to the range-azimuth
domain. In this way, the granularity of the original image is
maintained, although the degradation in image interpretability
remains visible. Figure 4 shows examples of refectivity maps of
subapertures from a SAR acquisition over the South Portland
St. Suspension Bridge, illustrating the efect of diferent ap-
erture fractions: α � 1 (tsap � ta), α � 0.1 (tsap � 0.1 ta), and
α � 0.01 (tsap � 0.01 ta). Te fgure demonstrates how de-
creasing the subaperture time progressively degrades the azi-
muth resolution of the refectivity map.

2.2.4. Pixel Tracking and Velocity Estimation. A target that is
moving with a radial velocity vr will appear displaced along
the azimuth by a distance x determined by equation (2). If
the velocity varies over time, the shift x will also change in
diferent subapertures. Tese displacements are tracked
using 2D cross-correlation, applied to patches centered
around the target in each subapertures. Cross-correlation is
performed relative to a chosen reference subaperture, which
in this work is selected as the central subaperture. Tis
results in a time series of azimuth displacements x(t),
representing the shift of the target over successive sub-
apertures relative to the reference image.

Te corresponding radial velocity time history is then
computed by inverting the azimuth shift equation (2):

vr(t) � −
x(t) vp

Rref
, (7)

assuming the platform velocity and the slant-range distance
of the target, Rref , (which in this case corresponds to the
center of the scene) are constant over the acquisition period.
Each velocity estimate is mapped to its relative acquisition
time based on the time vector described in Section 2.2. To
enhance visualization in the time domain without altering
the signal bandwidth, the discrete velocity vector is
upsampled using Whittaker–Shannon (sinc)
interpolation [48].

2.2.5. Summary of the Processing Chain. Te key steps of the
algorithm are illustrated in Figure 5, where, for clarity, the
method is applied to a small region of interest (ROI) on one

side of the bridge deck. Te full processing workfow is
summarized as follows:

1. Start from the full-aperture SLC image.
2. Apply an FFT along azimuth to transform the image

to the range–azimuth frequency domain.
3. Divide the azimuth spectrum into, N, subapertures

using parameters α and Ω (equation (5)).
4. Apply zero padding to maintain the original image

dimensions and then perform IFFT to return each
subaperture to the range-azimuth domain.

5. Track the azimuth displacement of bright targets
across subapertures using 2D cross-correlation.

6. Convert azimuth shifts into LOS velocity using
equation (7); optionally, apply sinc interpolation to
increase the apparent sampling rate of the velocity
time series.

2.3. Case Study: South Portland St. Suspension Bridge. Te
South Portland Street Suspension Bridge is a historic pe-
destrian suspension bridge spanning River Clyde in Glas-
gow, Scotland, UK. It connects the ‘City Centre’ district on
the north bank to the southern districts of Laurieston and
the Gorbals. Constructed between 1851 and 1853, the bridge
was designed by engineer George Martin in collaboration
with architect Alexander Kirkland. Originally constructed
from wrought iron, the bridge has undergone several
modifcations, most recently in 2004 [49].

Te bridge features a single main span of 128m and
a deck width of 4.8m (of which 4.3m is walkable), as shown
in the technical drawings in Figure 6. Te deck is suspended
from four chains (two on each side), anchored into the
ground, and supported by two sandstone towers located at
the ends of the span. Figure 7 shows an aerial view of the
bridge across River Clyde, along with views from the top and
underside of the deck.Te maximum sag of the chains at the
mid-span is approximately 10.25m. Each side of the bridge
is supported by a total of 77 vertical hangers, which are
alternately connected to the upper and lower chains along
the span of the bridge.Te chains themselves are constructed
with difering specifcations:

• Lower chain: It is composed of fve wrought iron
plates, each measuring 100mm× 25mm.

• Upper chain: It is composed of four wrought iron
plates, each measuring 106mm× 32mm (this detail is
reported in Figure 6(c)).

Te chain node center points are equally spaced at 3.37m
as measured along a chain. As a result, the spacing between
the hangers gradually decreases from the center toward the
towers as the inclination of the chain increases. Specifcally,
the horizontal spacing between adjacent hangers varies from
1.68m at mid-span to 1.61m near the towers. Te distance
from the last hanger to the tower is approximately 0.96m.
Te bridge deck consists of steel truss elements supporting
a wooden walkway, which is then covered by a layer of
bituminous pavement. Te total mass of the bridge,

6 Structural Control and Health Monitoring
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Figure 4: Te efect of the aperture fraction, α, on the achieved azimuth resolution in a SAR image of the South Portland St. Suspension
Bridge: (a) full-aperture image α � 1; (b) subaperture with α � 0.1; (c) subaperture with α � 0.01.
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Figure 5: Flowchart of the SPOT processing algorithm used to extract radial velocity time histories from SLC spotlight SAR images. Te
sequence illustrates the workfow described in the summary of the processing chain.
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supported by the four chains, has been estimated to be
approximately 131.2 t (including the weight of the chains).
Te main structural characteristics of the South Portland
Street Suspension Bridge are summarized in Table 2:

Te South Portland Street Suspension Bridge was se-
lected as a case study for several reasons. First, the bridge is
highly refective in SAR images due to its steel structure and
the presence of sharp features and corners, enhancing its
visibility in the refectivity map. Second, as a pedestrian
bridge, it allows for the installation of monitoring equipment
without the need for trafc closures, enabling the collection
of vibration data under operational conditions without
disruption. Finally, the long span of the bridge and its
slender structure make it prone to vibrations with relatively
low frequencies of oscillations, with natural frequencies
ranging from approximately 0.38–2.2Hz (for further details
on the magnitude and frequency of vibrations and mode
shapes, see Section 2.4).

2.4. Operational Modal Analysis (OMA). A preliminary
investigation of the suspension bridge dynamics was carried
out by installing fve pairs of wired accelerometers, Model
PCB 393B12 [50], along both sides of the deck. Te sensors
were placed at intervals of approximately one-sixth of the
bridge span, as shown in Figures 8 and 9. To capture both
horizontal and vertical modes of vibration, two

confgurations were used: In Confguration 1 (Figure 8),
both lines of accelerometers were installed vertically, while
in Confguration 2 (Figure 9), the sensors on the western side
were installed vertically and the eastern side sensors hori-
zontally. Te ends of the bridge were not instrumented, as
a preliminary assessment indicated that the response at the
bearings was negligible compared to that of the monitored
points. Terefore, the ends were assumed to have zero
displacement. Acceleration data were acquired at a sampling
rate of 2048Hz for each sensor over approximately 20min,
during which time the bridge remained open to pedestrian
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Figure 6: Technical drawings of the South Portland Street Suspension Bridge: (a) side view showing the span and sandstone towers over
River Clyde in Glasgow; (b) cross-sectional view of the deck; and (c) detail of the top chain connection, with dimensions in millimeters.

(a) (b) (c)

Figure 7: Overview and structural details of the bridge: (a) aerial view of the bridge; (b) view along the top of the bridge deck; (c) view of the
underside of the steel truss deck structure.

Table 2: Principal features of the South Portland Street Suspension
Bridge.

Characteristic Description
Name South Portland St. Suspension Bridge
Location Glasgow, Scotland, United Kingdom
Coordinates 55°51′17.79″ N, 4°15′20.11″ W
River crossed River Clyde
Type of bridge Pedestrian suspension bridge
Materials Wrought iron with sandstone towers
Main span length 128m
Bridge width 4.5m
Number of chains 2 per side
Chain sag 10.25m
Number of hangers 77 per side

8 Structural Control and Health Monitoring
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trafc. Vertical and horizontal acceleration time histories
recorded under Confguration 2 are shown in Figures 10 and
11, respectively. To extract the natural frequencies and mode
shapes, frequency domain decomposition (FDD) was ap-
plied to the collected data [51]. Te tool used for the modal
extraction was pyOMA, an open-source Python library that
enables OMA in both the frequency and time domains [52].
Te singular value decomposition (SVD) of the spectral
density matrix reveals peaks corresponding to the structural
modes at specifc frequencies. Te evolution of the frst three
singular values (SVs) is shown in Figures 12(a) and 12(b) for
Confguration 1 and Confguration 2, respectively. Te
fgures highlight that, under operational loads, the bridge
exhibits the greatest dynamic response within the frequency
range of 1.5 − 2.2Hz. Te frst nine dominant mode shapes
were identifed through the FDD technique, and the results
are summarized in Table 3.Te identifedmode shapes along
with their associated natural frequencies are shown in
Figure 13. It was observed that the bridge mode shapes are
predominantly associated with vertical motion. Only the
frst mode is horizontal, corresponding to the lowest natural
frequency of 0.38Hz. Te remaining modes are vertical,
consisting of an alternating sequence of fexural and

torsional modes. With one exception, these vertical modes
show clear sinusoidal deformation patterns along the deck,
with the number of nodes increasing from one to three. Te
single nonsinusoidal mode identifed has a frequency of
1.57Hz.

2.5. SAR Acquisitions and Experimental Validation. Tis
section presents the SAR dataset used in this study and
explains how the vibrations measured from SAR imagery
were compared to ground-truth data. It frst introduces the
characteristics of the SAR acquisitions and the parameters
used in the SPOT processing chain. Ten, it describes the
experimental setup, the processing of ground-truth data, and
the methodology adopted for validating the performance of
the technique.

2.5.1. SAR Data. Te SAR dataset used in this work com-
prises two high-resolution spotlight mode acquisitions
provided by Umbra [53], an X-band sensor constellation
that delivers data both for public and private use. Both
images were delivered as SLC products to preserve m-m
efects and were processed independently. Spotlight mode

20.4 21.7 21.9 21.9 21.7 20.4

128.0

Ch1 Ch2 Ch3 Ch4 Ch5

East
West

Figure 8: Accelerometer confguration—vertical–vertical (VV): schematic layout of the accelerometer installation for Confguration 1.
Sensors were placed vertically on both the eastern and western sides of the bridge deck to capture vertical vibrational modes.

20.4 21.7 21.9 21.9 21.7 20.4

128.0

Ch1 Ch2 Ch3 Ch4 Ch5

East
West

Figure 9: Accelerometer confguration—vertical–horizontal (VH): schematic layout of the accelerometer installation for Confguration 2.
Vertical sensors were installed on the western side and horizontal sensors on the eastern side to capture both vertical and horizontal modes
of vibration.
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Confguration 2: vertical accelerometers (West) Zoomed time axis view×10–3
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Figure 10: Vertical acceleration time history—west side: (a) full 20-min time history recorded by the fve vertical accelerometers on the west
side during Confguration 2; (b) zoomed-in view.

Confguration 2: horizontal accelerometers (east) Zoomed time axis view×10–3
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Figure 11: Vertical acceleration time history—east side: (a) full 20-min time history recorded by the fve vertical accelerometers on the west
side during Confguration 2; (b) zoomed-in view.
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Figure 12: SVD of the cross-power spectral density matrix: frst three singular values computed via FDD for (a) Confguration 1 (VV May
16 2024 20:00 [UTC]) and (b) Confguration 2 (VH May 16 2024 16:00 [UTC]).
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was selected to maximize the observation time and thus
azimuth resolution, as explained previously. Table 4 sum-
marizes the main features of the two SAR acquisitions used
in the analysis. Figure 14 illustrates the refectivity maps of
both SAR acquisitions with their corresponding optical
images for reference. Figures 14(b) and 14(d) show the SAR
refectivity maps from Acquisition 1 and Acquisition 2,
respectively. From the refectivity maps, the bridge is clearly
distinguishable from the water background given due to its
stronger backscatter. Te most refective regions of the
bridge are near the connections between the hangers and the
deck, and near the ends (where the hangers are longer),
while the central section appears less refective in both ac-
quisitions. Te two sides of the deck are clearly visible;
however, an additional linear feature can be observed, es-
pecially in Acquisition 2.Tis artifact is a mirror image of the
structure refected from the water beneath the bridge. Both
edges of the deck are being refected, but only the near edge
(in terms of range) appears distinct from the other features
in the SAR image, since the far edge mirror and direct
images overlap. Tis efect must be considered, as water-
related backscatter artifacts can introduce noise that afects
the velocity extraction. It is acknowledged that this noise will
naturally infuence the performance of the fnal results, and
in the present work it was not removed.

To measure the SAR time histories, the SPOT method
described in Section 2 was used. Table 5 provides a summary
of the processing parameters applied to each acquisition.
Tese parameters include the aperture fraction (α), overlap
ratio (Ω), number of subapertures (N), and subaperture
duration (tsap). Moreover, Table 5 also reports the sampling
frequency (fs) resulting from the parameters, the resolution
in the frequency domain (Δf), and the peak mean values of
the ground velocities vg,max for each acquisition. Target
pixels for the MDSAR analysis are selected based on con-
sistent refectivity and the presence of vibrational signatures.

2.5.2. Experimental Comparison. Te time histories mea-
sured by SAR and the resultant spectra were then compared
against ground truth measurements obtained by acceler-
ometers. To capture the full three-dimensional dynamic
response, Confguration 2 was adopted (Figure 9), which
included one row of vertical and one of horizontal accel-
erometers (as shown in Figures 15(a) and 15(b)). It was
assumed that the horizontal accelerations at both the west

and east sides of the deck were identical and that the
structural response along the longitudinal direction of the
bridge was negligible. Based on this setup, a 20-min ac-
quisition was performed at a sampling rate of 2048Hz,
during which time acceleration data were recorded from the
10 sensors. Te acquisition window was centered around the
satellite passage to ensure synchronous data collection. To
compute the velocities from the acceleration measurements,
the acceleration signals were numerically integrated. Prior to
integration, a sixth-order Butterworth band-pass flter with
cutof frequencies of 0.1 and 20Hz was applied. To avoid
introducing phase distortion, zero-phase fltering was per-
formed by processing the data in both the forward and
backward directions. Te resulting vertical and horizontal
velocity components were projected along the satellite LOS
direction to yield the radial velocities, accounting for the
azimuth and incidence angles during the acquisition. Te
scheme for the velocity projection is illustrated in Figure 15.
Finally, the 20-min radial velocity time histories were
cropped to match the time of the satellite passage.

Because the radial velocity measurements were available
only at a few discrete points, specifcally at every sixth of the
span, the full velocity profle was reconstructed by in-
terpolating the data through a superposition of the nine
mode shapes shown in Figure 13, with equal weighting
assigned to each mode during the ftting along the bridge
deck. Te reconstructed ground-truth radial velocities were
assigned to each of the extracted pixel locations, corre-
sponding to the points used in the MDSAR analysis. From
these, pixel velocity time histories and ground-truth mea-
surements were compared using Pearson’s correlation co-
efcients and root mean square error (RMSE) to
quantitatively assess the performance and accuracy of the
SPOT method on a real-world case study.

3. Results and Discussion

Tis section presents the results obtained using the SPOT
technique, comparing the LOS velocity time histories
measured from SAR imagery with synchronous ground-
truth measurements. For brevity, only three representative
time histories per acquisition are reported. Te results are
discussed separately for Acquisition 1 and Acquisition 2 in
the following sections.

3.1.Acquisition 1. Data for Acquisition 1 were collected over
an acquisition time ta � 7.50 s. As reported in Table 5, the
results were computed with an aperture fraction of
α � 4.14%, corresponding to a subaperture duration of
tsap � 0.31 s. Te overlap ratio Ω was set to 24%, resulting in
a sampling frequency of 4.15Hz, which was then upsampled
by a factor of 20 using sinc interpolation. A patch size of 7
pixels in azimuth and 1 pixel in the range was used for cross-
correlation tracking. Tis confguration was selected to
ensure tracking accuracy given the expected vibration am-
plitudes of the bridge deck. Groundmeasurements indicated
peak radial velocities between 0.5 and 2mm/s, with a mean

Table 3: Natural frequencies of the bridge case study, resulting
from operational modal analysis.

Mode Direction Type Frequency (Hz)
1 Horizontal Flexural 0.380
2 Vertical Flexural 0.545
3 Vertical Torsional 0.753
4 Vertical Flexural 0.852
5 Vertical Torsional 1.056
6 Vertical Flexural 1.481
7 Vertical Flexural 1.566
8 Vertical Torsional 1.825
9 Vertical Flexural 2.215
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Figure 13: Extracted experimental mode shapes: interpolated mode shapes (colored surfaces) identifed through OMA-FDD; the color
highlights the vertical component of the deformation; east (blue) and west (red) markers indicate sensor positions.
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maximum value of vg,max � 1.58mm/s (as reported in
Table 5).

Figure 16 shows the LOS velocity time histories for
three representative measurements made from diferent
locations along the deck, with the corresponding ground-
truth data. Tese show that the SAR measured velocities
approximately match the oscillatory behavior observed in
the ground-truth data; however, the velocity magnitudes
are generally overestimated. To evaluate the agreement of
the signals in the time domain, two metrics were used: the
Pearson’s correlation coefcient (ρt) and the RMSE, both of
which are reported in each subfgure. Starting with
Figure 16(a), it is possible to observe that the MDSAR
technique successfully captures the decreasing velocity
magnitude from approximately 2 to 0.5mm/s, supporting
the similarity between the two curves. Te time-domain
signals are, however, visibly afected by noise. Tis is re-
fected in the RMSE values, which range between 0.7 and
1.4mm/s (40.1%–76.1% of the maximum ground-truth
peak velocity), indicative of the challenges in measuring
the precise time history of velocity. Te temporal corre-
lation ρt values calculated from the SAR and ground-truth
measurements are reasonable, with coefcients ranging
from 0.46 to 0.66. In the frequency domain, performance
was assessed using the absolute frequency error (ϵf), es-
timated as the residual between the highest amplitude
frequency components of the SAR and ground-truth
measurements, and the Pearson’s correlation coefcients
of the respective spectra (ρf).

Tese metrics are also reported in the fgures presenting
the SAR measurement results. Figure 16 shows that the
dominant peaks identifed in the SAR spectra align well with
those from ground truths. Te residual error in the esti-
mation of the dominant frequency ranged from 0.04 to
0.10Hz, which is well within the spectral resolution of
Δf � 0.14Hz (limited by the short acquisition duration).
For the sake of clarity, dominant frequency refers to the
frequency that is most prominent (i.e., more visible) in the
particular signal. Additional low-frequency components also
appear in the SAR spectra. While some of these are likely
spurious (e.g., the lower-frequency peaks below 0.50Hz),

minor peaks around 0.75Hz are consistent with those ob-
served in the ground-truth data (e.g., Figures 16(a) and
16(b)). Nonetheless, the overall spectral agreement remains
fairly strong, supported by high frequency-domain corre-
lation values of ρf � 0.73 to 0.88.

Tese results are consistent across all measured pixels.
Figure 17(a) shows the spatial location of all processed
pixels, and Figures 17(b) and 17(c) show the values of
correlations, with a mean ρt of 0.48 and ρf of 0.74, aligning
with the representative examples. Subsequently, the analysis
investigated whether the observed vibrations were consistent
with the expected modal behavior of the bridge. Te cross-
power spectral density (CPSD) matrix was computed from
the full set of SAR-measured time histories. SVD processing
was then applied to this matrix, following the approach of
classical FDD used in OMA [51]. Figure 17(d) compares the
frst SV associated with SAR measurements to that obtained
from the ground-truth data. Te two curves exhibit a strong
similarity near the dominant frequency peak, with a residual
error ϵf � 0.10Hz that is again within spectral resolution
limits. Te SAR SV amplitude is overestimated, likely due to
residual noise. It is worth noting that the frequency peak
appears broad in both SAR and ground-truth datasets,
suggesting possible modal coupling—where vibrational
modes with closely spaced natural frequencies interact and
prevent full separation.

3.2. Acquisition 2. Data for Acquisition 2 were collected over
an observation time of ta � 16.54 s, which was more than
twice that of Acquisition 1. SAR time histories of velocity were
measured using an aperture fraction α of 3.54%, comparable
to the one used for Acquisition 1, resulting in a subaperture
duration of tsap � 0.59 s (which is greater than Acquisition 1,
due to the longer ta). Te overlap ratio Ω was increased to
71%, yielding a sampling frequency fs of 5.87Hz. As for
Acquisition 1, the signal was upsampled by a factor of 20
using sinc interpolation. A patch size of 7 pixels in azimuth
and 1 in the range was used, consistent with the confguration
in Acquisition 1. Ground-truth measurements indicated
similar vibrational amplitudes as those observed in Acqui-
sition 1, with a mean peak radial velocity vg,max � 1.29 mm/s
(see Table 5). In this case, fewer valid pixels were identifed for
measurement. Tis reduction was primarily due to reduced
deck visibility in the SAR image and a coarser range reso-
lution Δy, which limited the number of pixels on the target.

Figure 18 shows the time histories and spectra of the
measured radial velocities for three representative pixels,
one from the southern end and two from the northern end of
the deck. As for Acquisition 1, the time histories show
similar issues related to noise. Te RMSE values range from
1.0 to 1.1mm/s, comparable to those observed in the frst
acquisition. Due to the slightly lower peak velocities in this
dataset, the corresponding RMSE percentages are higher,
ranging from 73% to 95%. Temporal correlation coefcients
ρt are slightly lower than those in the previous case, ranging
from 0.35 to 0.41, with a mean value of 0.38 (compared to
0.48 for Acquisition 1). Despite the lower correlation and

Table 4: Principal features of the SAR acquisitions over the South
Portland St. Suspension Bridge.

Quantity Acquisition 1 Acquisition 2
Date May 20, 2024 May 16, 2024
Time (UTC) 21:40:40 20:21:23
Acquisition time ta 7.50 s 16.38 s
Center frequency f 9.6GHz 9.6GHz
Wavelength λ 31mm 31mm
Pulse repetition frequency (PRF) 4.96 kHz 6.05 kHz
Satellite velocity vp 7.65 km/s 7.67 km/s
Slant range Rref 765 km 768 km
Incidence angle θ 56.45° 47.67°
Range resolution Δy 18.8 cm 66.8 cm
Azimuth resolution Δx 19.5 cm 8.3 cm
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higher error, the SAR measurements still captured the os-
cillatory behavior, maintaining phase alignment with the
ground-truth signals.

Te power spectral density comparison also produced
coherent results (see Figure 19). Te frst SV of the CPSD
matrix, computed across all SAR-measured time histories,
aligns well with the corresponding SV from the ground-
truth data. Te most dominant frequency peak is captured
accurately, with a residual error of ϵf � 0.03Hz, well below
the spectral resolution threshold. Moreover, the SAR SV
spectrum exhibits secondary peaks in the 0.76 − 0.89-Hz
range, consistent with modal components observed in the
ground-truth signals and possibly associated with the lower
frequency modes of the bridge.

3.3. Discussion. Tree main research questions were posed
at the beginning of this paper and are answered here based
on the results presented.

3.3.1. Can MDSAR Measure the Vibrations of a Real-World
Structure? Yes—the experiments demonstrate that MDSAR
is unequivocally capable of measuring the vibrations of
a real-world bridge. No devices were installed on the
structure to enhance target refectivity during SAR collec-
tions. SAR measurements showed oscillatory behavior
consistent with the synchronous ground-truth measure-
ments, and spectral peaks from the SAR data aligned closely
with the ground-truth data, although some overestimation
of velocity values was observed.
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Figure 14: Comparison between optical and SAR imagery of the bridge: (a) optical image for Acquisition 1; (b) refectivity map from SAR
Acquisition 1; (c) optical image for Acquisition 2; (d) refectivity map from SAR Acquisition 2.

Table 5: SPOT extraction parameters and resulting velocity time history features.

Acquisition Peak vel. Acq. time Aperture frac. Overlap Sub-ap. number Sub-ap. dur. Samp. freq. Freq. res.
(-) vg,max (mm/s) ta (s) α (%) Ω (%) N (-) tsap (s) f s (Hz) Δf (Hz)

1 1.58 7.50 4.14 24.0 31 0.31 4.15 0.14
2 1.29 16.54 3.54 71.0 93 0.59 5.87 0.06
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3.3.2. How Accurate Is the Method, and What Are Its
Limitations? Te discussion on the accuracy of the method
and its limitations are tied in the context to the specifc
experimental conditions and scenario of the case study,
which was a full-scale suspension bridge with vibrational
peak velocities along the LOS ranging from 1 to 2mm/s and
dominant frequencies around 1.5 − 2Hz. However, it is
expected that the conclusions are applicable to similar
structures.

Te measured LOS velocity time histories and corre-
sponding spectra captured the main characteristics of the
bridge dynamics. In general, SAR measurements showed
vibration patterns consistent with the ground truth, in-
cluding visible phase alignment. Te RMSE remained
consistent at approximately 1mm/s across both acquisitions
and at diferent points along the deck, aligning with pre-
viously published results focusing on controlled experiments
with isolated targets [40]. It was also observed that SAR
measurements tend to overestimate overall velocity ampli-
tudes. Te relative error may be considered small or large
depending on the amplitude of the vibrations being mea-
sured. For these measurements, the RMSE corresponded to
40% and 95% of the true peak velocity for Acquisitions 1 and
2, respectively, which was again consistent with previous CR
experimentation [40]. Tis resulted in temporal correlation
values for the two acquisitions averaging to 0.38 and 0.48
(with the best individual pixel value reaching 0.66) for all
pixels. On the other hand, spectral correlation coefcients
were higher, reaching mean values of 0.65 and 0.74 (with
a maximum of 0.88). It is expected that better quality results
could be achieved when the bridge vibration velocities are
greater in magnitude.

In general, the noise amplitude expected from this
technique depends primarily on the following:

• Te radar wavelength (λ)—longer wavelengths result
in a coarser azimuth resolution (Δx, see equation (1)),
which increases tracking error.

• Te subaperture duration tsap—where shorter sub-
apertures worsen azimuth resolution, as shown in
equation (1).

• Te implementation of the tracking algorithm.

In addition to coarse azimuth resolution reducing
tracking precision, it also reduces tracking accuracy espe-
cially in dense urban environments when multiple closely
spaced scattering points are present (known as ‘cluttered’
environments [36]) due to the increased risk of confusion
between poorly resolved targets. Preserving a fne azimuth
resolution is therefore essential. Moreover, the use of
masking techniques can help identify and exclude areas or
features in the SAR imagery that may interfere with the
analysis or lead to false interpretations, such as the noise
introduced by water backscatter. As for the wavelength,
current commercial missions do not ofer sensing at shorter
wavelengths than X-band (λ � 24 − 38 mm), but future
missions may provide this capability. As for subaperture
duration, this is limited by the sampling period and by the
overlap ratio. Te sampling period must satisfy the Nyquist
criterion and thus has to be shorter than half the minimum
vibration period of interest. Also, the overlap ratio must be
smaller than 100%. Terefore, the sub-aperture duration
must necessarily remain shorter than the primary vibra-
tional period of the structure. Finally, improving the

(a) (b)

Line of sight
(LOS)

SAR
sensor

Vertical 
velocity

vz Radial 
velocity

vr

Incidence
angle
θ

Horizontal 
velocity

vx

4.50

(c)

Figure 15: SHM system and velocity projection method: (a) vertical accelerometer setup; (b) horizontal accelerometer setup; (c) illustration
of radial velocity projection from vertical and horizontal ground velocities using known satellite LOS geometry. Te SAR sensor image is
adapted from SatNOGS [54].
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Figure 16: Acquisition 1—pixel location, SAR measured LOS velocity, and velocity spectrum compared to ground-truth measurements of
(a) Pixel 1, (b) Pixel 2, and (c) Pixel 3. RMSE, frequency error ϵf, and time/frequency correlation values are included.
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tracking algorithm, either by optimization or by substitution
with more advanced techniques than SPOT, could reduce
measurement errors.

3.3.3. Will It Be Possible to Extract Modal Parameters From
Spaceborne SAR Data? Te principal limitations on the use
of MDSAR for the extraction of modal parameters are as
follows: the noise level and the short acquisition times
available from spaceborne platforms. Tese factors restrict
the extent to which a modal extraction can be performed.

Starting with the measurement of natural frequencies, the
frst observation is that the MDSAR spectra are consistent
with the ground-truth data and dominant frequency peaks are
successfully identifed from both acquisitions. Specifcally,
absolute frequency errors range from 0.03 to 0.10Hz, below
the spectral resolution (Δf) in all cases.Te correlation in the
frequency domain is very satisfactory, with mean values
ranging from 0.65 to 0.74, indicating that the spectra are very
similar. Te peak frequencies of the SVs show strong
agreement with those obtained through conventional OMA,
indicating that the SAR data can reliably detect dominant
frequencies. For example, for Acquisition 2, the frst SV re-
veals a sharp peak at 1.59Hz, matching the 7th OMAmode at
1.58Hz and featuring a frequency resolution of 0.06Hz
(comparable to errors observed in other VBSHM techniques).
Tis result was validated using the synchronous ground-truth
accelerometers. In contrast, for Acquisition 1, the SV for both
the SAR and ground-truth signals (Figure 17(b)), each show
a broader dominant peak. Tis is likely caused by modal
coupling of the 1.57- and 1.83-Hz modes, which could not be
individually detected due to the limited frequency resolution
of both SAR and ground-truth data. Te feasibility of the
measurement of the natural frequencies via SAR data is in-
herently constrained by the short observation durations of
current commercial satellite missions, which limit the

resolution of the frequency spectra. For instance, a 10-s ac-
quisition corresponds to a frequency resolution of ∼ 0.1Hz,
which may be insufcient to resolve closely spaced modes,
especially in complex structures where modal coupling (e.g.,
long-span bridges) is present. Furthermore, less excitedmodes
were not observed from the SVs, meaning that vibrations with
amplitudes below the measurement accuracy could not be
detected. In summary, dominant frequencies can be reliably
extracted only when the corresponding modal response along
the LOS is comparable to the estimated measurement error
and the acquisition duration is sufcient to achieve the desired
spectral resolution.

Mode shape identifcation presents additional chal-
lenges, as measurement accuracy plays a more critical role.
Efectively, using MDSAR is currently equivalent to using
data from very noisy ground-based sensors (with RMSE
noise in the order of ∼ 1mm/s) for a short acquisition time
(limited to 10 − 30 s). Under these conditions, even ad-
vanced OMA techniques struggle to distinguish superposed
modal responses with high accuracy in the presence of
tightly coupled modes. It is expected that modal recognition
could possibly be performed, allowing for the separation of
diferent mode shapes and at least the identifcation of the
phase of the modal components. It is also anticipated that
accurate mode shape extraction could be possible with an
appropriate extraction algorithm that could exploit multiple
successive acquisitions of the same target.

Te performance of MDSAR in identifying modal pa-
rameters could be improved by several strategies. One ap-
proach would be the use of CRs to increase refectivity at
specifc points on the structure. Placing these at antinodes,
where the modal response is the highest, would enhance
measurement robustness against clutter and noise. Te SAR
acquisition geometry could also be optimized in two ways:
(i) minimizing the incidence angle (θ) to maximize the
projection of vertical velocity along the LOS, therefore
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Figure 17: Acquisition 1—measurement position overview and CPSD comparison: (a) locations of extracted pixels; (b) time-domain
correlation and (c) frequency-domain correlation; (d) frst SV of the SAR and ground-truth CPSD matrices. Te frequency residual ϵf is
included.
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Figure 18: Acquisition 2—pixel location, SAR measured LOS velocity, and velocity spectrum compared to ground-truth measurements of
(a) Pixel 1, (b) Pixel 2, and (c) Pixel 3. RMSE, frequency error ϵf, and time/frequency correlation values are included.
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improving the m-D measurement sensitivity and (ii)
aligning the SAR range axis with the bridge span to max-
imize the number of independent measurement points along
its length. Tese improvements, however, require control of
the satellite orbits and their acquisition parameters. Te
observation time could be increased to improve frequency
resolution through several strategies. Longer duration SAR
products (up to ∼ 30 s) are already available for specifc uses
[55]. Additionally, data from multiple acquisitions with
consistent geometry and closely spaced in time could be
combined to efectively increase the total observation period.
Tis is becoming increasingly feasible as satellite constel-
lations grow, ofering more frequent passes. To address the
limitations imposed by modal coupling and coarse spectral
resolution, super-resolution techniques in the frequency
domain, such as MUSIC [56] and ESPRIT [57], could be
applied to the measurements made by MDSAR to separate
closely spaced frequency components. Another direction
could be integrating physical models such as fnite element
models (FEMs) into the processing pipeline to guide pixel
selection and improve tracking results by constraining the
solution with additional knowledge of the expected behavior
of the target dynamics. Looking further ahead, advances in
SAR satellite capabilities, such as longer acquisition dura-
tions, shorter revisit times, or higher carrier-frequency
sensors providing fner spatial resolution, could support
more accurate modal extraction.

4. Conclusions

Tis work presented an experimental validation and met-
rological assessment of a MDSAR technique for measuring
vibrations from a full-scale suspension bridge. Using high-
resolution spotlight SAR imagery, the SPOT algorithm was
employed to reconstruct LOS vibration velocity time series
of the South Portland St. Suspension Bridge.Te results were

then compared against synchronous ground-truth mea-
surements collected with a traditional accelerometer system.
Based on the experimental results, the following conclusions
were drawn:

• Te study confrms that MDSAR is indeed capable of
measuring real structural vibrations. Te SAR mea-
sured time histories, and frequency spectra capture the
main features of the bridge dynamics.

• Temeasurement noise of the LOS velocity in the time
domain has a standard deviation of approximately
1mm/s, indicating that the technique is suitable for
monitoring structural vibrations with amplitudes
greater than this value. In this specifc case, where peak
velocities of 1.5 − 2 mm/s were recorded, correlation
between SAR measurements and ground-truth time
histories reached values of up to 0.66, aligning with
earlier controlled experiments using CRs.

• Te measurement accuracy of the SPOT technique is
primarily infuenced by the radar wavelength, the
subaperture duration, and the efciency of the subpixel
tracking algorithm. While the subaperture duration is
limited by the sampling period, future improvements
could be obtained by employing satellite missions with
shorter wavelengths and by refning pixel tracking
techniques. Alternative MDSAR measurement
methods, such as those based onmeasuring signal phase
directly, could also be integrated into the measurement
pipeline and may yield increased sensitivity.

• Te technique presented is efective for estimating the
dominant vibrational frequency of the structure, with
a frequency resolution that essentially depends on the
acquisition duration of the spotlight SAR collection. In
this study, resolutions as fne as 0.06Hz were achieved.
With currently available missions, durations up to 30 s
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included.
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could be, in principle, reached, resulting in a frequency
resolution of approximately 0.03Hz.

• Extracting mode shapes is more challenging. Mean-
ingful results could be obtained in the absence of
modal coupling, but the overall performance is limited
by short acquisition durations and noise in the velocity
time histories.

• It is expected that modal recognition could be per-
formed, and that this would allow the separation of
diferent modes and at least the identifcation of their
phase components. Te accurate estimation of mode
shapes, however, would require the development of an
appropriate extraction algorithm.

In summary, future developments to improve the quality
of the MDSAR measurement would involve the testing of
other processing strategies developed in the literature,
deploying CRs at selected locations to enhance refectivity,
applying masking techniques to reduce noise in SAR im-
agery, integrating physical models, and exploiting multiple
acquisitions to extend efective observation time.
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