IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 69, NO. 10, OCTOBER 2020

7813

Adaptive Displacement Calibration Strategies for
Field Structural Health Monitoring Based
on Doppler Radars

Davi V. Q. Rodrigues™, Student Member, IEEE, Delong Zuo~, Ziyan Tang™,
Jing Wang ™, Student Member, IEEE, Changzhan Gu™, Senior Member, IEEE,
and Changzhi Li*, Senior Member, IEEE

Abstract—This article presents two displacement calibration
algorithms for Doppler radar demodulated data, which
contribute to accurate monitoring of small vibrations even
when the conventional arctangent demodulated displacement
exhibits abrupt jumps. The field structural health monitoring of
a traffic signal support structure was carried out by a 5.8-GHz
Doppler radar to verify the effectiveness of each algorithm. The
radar sensor captures and downconverts the microwave signal,
which is phase modulated by the mast arm motion after being
reflected on the ground. When conventional nonlinear phase
demodulation is employed to retrieve the mast arm displacement
from the Doppler radar baseband responses, sudden jumps
are encountered in the displacement measurement. Two novel
algorithms, referred to as the adaptive low-pass filtering
algorithm (ALFA) and the adaptive joint signal processing
algorithm (AJSPA), respectively, are suggested to eliminate
jumps in phase-demodulated Doppler radar data. These
strategies are compared in terms of accuracy and computational
cost. The simulated and experimental results are provided to
validate the proposed techniques. The presented methods can
have wide applications in radar-based vibration monitoring.

Index Terms— Displacement measurement, Doppler radar,
nonlinear phase demodulation, remote sensing, structural health
monitoring (SHM).

I. INTRODUCTION

TRUCTURAL health monitoring (SHM) is the process
of continuously observing the integrity of structures,
such as bridges, high-rise buildings, and dams, in order to
extend their useful life, reduce maintenance costs, and improve
public safety [1]. Cracks, corrosion, and loss of connections
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may change the natural frequency and mode shapes of civil
infrastructures, provoking its abnormal operation. Traffic sig-
nal support structures are in a strong need for SHM to enable
timely maintenance in order to avoid catastrophic failures
such as abrupt fracture. Indeed, bearing the self-weight of a
horizontal arm and the dynamic loads from wind excitation,
the junction of a traffic signal support structure has been
observed to be susceptible to fatigue damage [2].

As the aging of worldwide critical infrastructures raises
concerns, advances in SHM technologies have been pursued
over the past few decades. Conventional SHM can be accom-
plished in several ways. Accelerometers, which are relatively
cost-effective and can be readily instrumented, have been
frequently used for vibration measurements [3]. Nevertheless,
the twice integration of acceleration data contributes to errors
added to the displacement measurement. Eddy-current prox-
imity sensors, laser sensors, and vision-based sensors are three
representatives of noncontact solutions for SHM. However,
these sensors have practical limitations. Eddy-current displace-
ment sensors and laser displacement sensors are both sensitive
to the measurement range and the surface condition of the
objects [4]-[6]. Vision-based sensors demand large computa-
tional resources for image recognition and have dependence
on lighting conditions [7]-[9].

Researchers have applied Doppler radar systems for animal
and human noncontact vital sign detection, monitoring of
sleep apnea, and accurate tumor tracking in lung cancer
radiotherapy [10]-[14]. Doppler radar sensors are attractive
for their robustness against weather condition and ambient
light, longer monitoring range, and noncontact operation.
Benefiting from the ability to provide accurate low-frequency
displacement measurement, short-range microwave Doppler
radars have emerged as a potential solution for monitoring the
health of civil infrastructures, such as historical buildings and
bridges [15]-[20]. In addition, the potential cost of Doppler
radar sensors after CMOS integration and mass production
could be much lower than the costs associated with cameras
and laser vibrometers. Radar sensors may be solely employed
or combined employed in wireless smart sensor networks
to detect structural deflections [21]-[23]. Furthermore, with
the growing interest in sustainable energy, an increment in
the number and size of wind turbines brings the necessity
of SHM for them, and noncontact radar technologies can
provide complementary alternative to the existing solutions.
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Early detection of the rupture of the blade tips or of damages
in the yaw-bearing system may prevent serious disasters,
especially in earthquake-sensitive areas. Short-range Doppler
radar signatures of industrial wind turbines have been analyzed
and verified, introducing a new form of SHM for those
infrastructures using portable Doppler radar systems [24]-[26].

To tackle potential barriers for practical implementations
and obtain robust performance, signal processing methods,
such as adaptive dc calibration, have been proposed [27]-[29].
It should be mentioned that the dc offset calibration methods
play an important role in data demodulation for SHM based
on quadrature architecture Doppler radars. The accuracy of
the radar displacement measurement relies on the successful
application of the dc offset calibration algorithm. In addition,
data-processing costs must be considered when developing
embedded software for SHM sensors with limited power and
computational capabilities [28].

This article addresses another challenge for SHM based on
Doppler radars. It was noted that sudden jumps are intro-
duced in the demodulated displacement measurement when a
5.8-GHz Doppler radar was employed to monitor the mast arm
motion of a traffic signal support structure. To overcome this
challenge, this article proposes an adaptive low-pass filtering
algorithm (ALFA) and an adaptive joint signal processing
algorithm (AJSPA). Both algorithms are presented and evalu-
ated, and their automated realizations are revealed. In addition
to the accuracy, computational efficiency for each approach
is discussed. The procedures described in this article are an
extension of the published results in [30], which presented
the major cause of sudden jumps when extracting oscillatory
displacement from the phase history of the Doppler radar data
and introduced the joint signal processing algorithm (JSPA).
However, the manual adjustment of the JSPA’s parameters
impedes its practical application. To overcome the abovemen-
tioned challenge, this article proposes an adaptive approach to
improve the previous JSPA and presents another method based
on adaptive low-pass filtering. To the best of our knowledge,
the issue of the sudden jumps in Doppler phase-demodulated
data has never been addressed, which highlights the main
contribution of this article.

The remainder of this article is organized as follows.
Section II elaborates the theoretical formulation of Doppler
radar on field SHM applications. Section III addresses the
problem of interest and shows the drawback of the conven-
tional demodulation algorithm for field SHM. Furthermore,
it details the displacement measurement calibration methods
and presents the simulation results that validate the theoretical
framework. Then, the field experimental setup and the obtained
measurement results are described in Section IV. A compara-
tive study between the two algorithms is provided in Section V.
The conclusions of this article are drawn in Section VI.

II. THEORY

The 5.8-GHz Doppler radar is housed in a waterproof
enclosure and attached to the bottom side of the traffic signal’s
mast arm with its two antennas pointing downward. The block
diagram for the field SHM based on Doppler radar is shown
in Fig. 1. A continuous-wave signal 7'(f) is transmitted toward
the ground, where it is phase-modulated due to the mast
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Fig. 1. Block diagram for field SHM based on Doppler radar.

arm motion. Then, the radio frequency (RF) reflected signal
R(r) is amplified and converted into baseband /() and Q(t)
signals using a quadrature mixer, after being captured by the
receiver. An accelerometer provides the ground truth.

A. Theory of Doppler Radar for SHM

The transmitted signal has the usual form of

T(t) = cos(ot + ¢(1)) (1)

where @ = 2z f represents the angular frequency of the RF
carrier.

The mast arm is located at a nominal distance of dp
above the ground with a displacement x(t), which can be
approximated as a sinusoid with time-varying amplitude m
and angular dominant frequency wp. Therefore, x(f) can be
expressed as

(2)

The total distance traveled by the RF continuous-wave sig-
nal between the transmitting and receiving antennas is 2d(t),
where d(f) = dp + x(t). The transmitted signal is reflected
by the ground. After the round-trip travel of the transmitted
signal, the amplitude-normalized received signal R(f) can be

written as
1 ® 3
A B A te ( a T)) ( )

where ¢ denotes the speed of light and 4 = c¢/f is the
free-space wavelength. Quadrature baseband outputs 7 (f) and
Q(t) are extracted by downconverting R(f) using the same
transmitted signal as a reference and may be analyzed by a
spectral analysis as follows [31]:

I(t) = cos (4”(” o M(r)) +DC;

A A

x(t) = m sin(wpt).

drdy 4mx(t)

R(t) = cos (a;r —

A (%Tm)cos(pa)ar—l—ﬂgi(t))—l—DC; @

p=—00

; (4:rx(r) drdy

+—+ Ae(x)) +DCo

Q(t) = sin 1 2

o0

= Z Jp (“’rTm)sin(,cmowr A¢()) +DCqo (5)

p=—00
where J, is the pth order Bessel function of the first Kind,
A@(t) is the total residual phase noise, and A¢(t) = 4rdo/
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A+ AO(t). It can be seen from (4) and (5) that the periodic
baseband signals are represented not only by a single tone but
also by a sum of infinite sinusoidal components at harmonic
frequencies of the displacement fundamental frequency wy.
Moreover, the Bessel coefficients of each harmonic component
are a function of the instantaneous motion amplitude. It can
even vanish under certain values of m.

A dc offset removal algorithm must condition the I /Q base-
band signal responses for phase demodulation. DC; and DCyp,
which are caused by circuit imperfections and the reflection
from stationary clutters, must be eliminated. Moreover, the [
and Q amplitudes must be normalized, and the location of
the 1/Q trajectory may be adjusted, using the measured data
to find its centroid. Then, the displacement measurement is
acquired after the arctangent demodulation, which recovers the
angular information and calculates the phase shift for each
of the two adjacent points. Phase unwrapping is necessary
to correct the phase discontinuity when the signal trajectory
crosses the boundary between two adjacent quadrants of the
I/Q constellation graph [32].

III. ADAPTIVE LOW-PASS FILTERING ALGORITHM AND
ADAPTIVE JOINT SIGNAL PROCESSING ALGORITHM

Phase distortion can significantly affect the accuracy of
Doppler radar displacement measurements. As a matter of
fact, for the SHM of a traffic signal structure, the long
distance between the mast arm and the ground surface and
the open environment lead to strong clutter noises coupled
into the Doppler radar system. Furthermore, the instantaneous
magnitude of the noise might be large at times. All these can
cause occasional low instantaneous signal-to-noise ratio in the
received signal and result in incorrect estimation of the phase
changes during sampling intervals, which is manifested as sud-
den erroneous jumps in the measured vibration displacement.

In this section, the aforementioned issue in extracting the
oscillatory displacement from Doppler radar phase history
is analyzed, and the two proposed adaptive algorithms that
handle this relevant challenge are detailed.

A. Adaptive Low-Pass Filtering Algorithm

The complex representation of the baseband signals after
combining the I/Q responses can be written as

y() = I(t) + j (1)

o0

4 )
z Iy (ETm) 29O girant o(t) (6)

p=—00

where o (f) represents the noise term. On the other hand, the
sampled version of (6) can be represented as

o0
YAt = D Cpel?™EA) 4 pmAL) (7
p=—00
where At is the sampling intervaland n =0,1,2,...,N —1

with N being the sampled data length. The complex coefficient
C, is equal to J,(4mm/1)ed¢0).

The data sequence [y(nAf)] 2‘:01 in (7) consists of an infinite
number of sinusoidal components. Therefore, it would not
be feasible to obtain an infinite number of unknowns C;,s
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and pwjs from a finite number of data samples. However,
the power of the harmonic components decays rapidly, so it
can be assumed that [y(n Ar)]nNz_ol is composed of k strongest
sinusoids by neglecting the weak sinusoidal components. The
value of k depends on the motion amplitude detected by the
Doppler radar [33]. Hence, (7) can be simplified as

k
Yn = Z Cpejpﬂ’o(ﬂm) + o, (8)
p=0
where v, is the sum of the noise term and the neglected weak
sinusoidal components.

To include only the k strongest components in the phase
demodulation of the Doppler radar baseband signals and pre-
cisely attenuate the insignificant high-frequency components,
a low-pass filter is applied to both the I and Q baseband
signals. The ALFA is based on the instantaneous vibration
amplitude of the mast arm, which decides the number, k,
of the strongest sinusoidal components of the 7/Q baseband
signals. In particular, the cutoff frequency of the low-pass
filter () is chosen to be slightly higher than the frequency
of the weakest observable harmonic component among the
k strongest ones (wy). Therefore, a circle fitting algorithm,
whose window size in seconds is empirically determined as
Tcf = 2m/wop, is used to perform the dc offset calibration
before the arctangent demodulation.

To demonstrate the effectiveness of the low-pass filtering,
white Gaussian noise (WGN) was added to 60 s of computer-
generated baseband signals. The dominant signal amplitude is
around 44 dB above the noise floor on the FFT spectrum for
60-s FFT window size and 1000-Hz sampling frequency. The
1.0-Hz vibration equation is expressed as x(f) = 10-sin(2xt),
where x and ¢ refer to displacement in centimeter and time in
second, respectively. In this simulation, the cutoff frequency
of the low-pass filter was set to 31 Hz, slightly higher than the
frequency of the weakest sinusoidal component, as shown in
Fig. 2(a). The arctangent demodulated displacement is shown
in Fig. 2(b). Several jumps are introduced. On the other hand,
in Fig. 2(c), the abrupt jumps are removed, since the motion
amplitude remained unchanged.

The flowchart in Fig. 3 depicts the automated version of the
low-pass filtering (ALFA) that adaptively changes its relevant
parameters based on the features of the examined data set.
The algorithm only requires as input the baseband signals,
the carrier frequency, the sampling frequency, and the window
size in seconds for the circle fitting subroutine. The angular
dominant frequency of the analyzed motion is calculated as the
lowest frequency of the structure motion. If jumps are detected
after the first iteration, the algorithm stops, and an accurate
displacement is provided. However, if jumps are identified,
more iterations must be performed. It should be noted that the
correct acquisition of @y is crucial for the convergence of the
ALFA. If Tcf is not correctly calculated, the ALFA will be
unable to demodulate the 7/Q baseband signals, resulting in
the algorithm to stuck in a permanent loop.

Analytically, the routine always identifies jumps when the
average of the first half of the demodulated baseband signals
differs at least 2 mm from the average of the second half.
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The corresponding steps to automatically derive the cali-
brated displacement in the occurrence of the latter situation
are presented in the following.

1) The time extension of the recorded radar signal, which
is referred to as the variable ff,, on the flowchart,
is calculated based on the sampling frequency. Initially,
the variable fg . is set to zero, and f.,q assumes the
value of fgpal.

2) As sudden jumps are detected, fopg Will assume the mean
value between fg, and the previous value of f.nq for
each iteration. However, f5ax remains unchanged.

3) The algorithm runs until no jump is identified or the
difference (fend — fstat) cOmes to a minimum value,
by which the Doppler radar data cannot be processed.
In the occurrence of either situation, an intermediate
demodulated displacement is generated.

4) When no jump is encountered in an intermediate demod-
ulated displacement, fs .+ assumes the last assigned
value of fepg, and fepg becomes fhpal.

Input : baseband
signals, £ FsTef

}

Spectium analysis |
(ogm= kwg)

|

Lowpass filter
(0, = O )

}

Cirele Fitting
(window size: Ter)

!

Demodulation

YES

Output - calibrated
displacement
measurement

Fig. 3. Flowchart for the proposed adaptive low-pass filtering algorithm.

5) The algorithm continues to run until the difference
(fstart — lend) vanishes, which only happens when
Istart = lend = Ifinal-

6) Finally, the intermediate calibrated displacement mea-
surements are concatenated, and the entire Doppler radar
calibrated displacement measurement is provided.

To avoid longer processing time delay, since SHM applica-
tions require the analysis of a large amount of data, such as
month-long data, the length of the I/Q signals fed as input
in the ALFA should be adequately chosen depending on the
employed digital signal processor.

To illustrate the effectiveness of the ALFA, a varying-
amplitude motion was generated in computer simulation.
WGN was added to 200 s of simulated baseband signals. The
dominant signal amplitude is about 33 dB above the noise floor
on the FFT spectrum for 200-s FFT window size and 1000-Hz
sampling frequency. In this simulation, since the motion ampli-
tude changes as time progresses, the cutoff frequency of the
low-pass filter cannot be fixed. In Fig. 4(a), the spectrogram of
the baseband signals is depicted. In addition, the frequencies
of harmonic components used as references inside the ALFA
are highlighted (70, 38, and 20 Hz). It should be noted that
the higher order harmonic components vanish because of
the damping amplitude motion. The arctangent demodulated
displacement exhibited in Fig. 4(b) presents several jumps.
In Fig. 4(c), the low-pass filtering fails in removing the
sudden jumps. To adjust the uncalibrated displacement shown
in Fig. 4(b), the ALFA eventually separated it into three
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by the ALFA.

sections and then applied a low-pass filter to the baseband
signals of each section. The first section is low-pass filtered
with a cutoff frequency equal to 72 Hz. For the second
section, the cutoff frequency assumes a value of 40 Hz.
Finally, the third section is low-pass filtered with a cutoff fre-
quency of 22 Hz. Apparently, the cutoff frequencies adaptively
assumed the values of 72, 40, and 22 Hz, which are slightly
higher than the frequencies highlighted in Fig. 4(a). In fact,
the implemented MATLAB code of the ALFA defines the cut-
off frequencies of the low-pass filters as 2 Hz plus the nearest
integer greater than or equal to the frequencies of the weakest
harmonic components in each separated section. The value
of 2 Hz is chosen to ensure that no harmonic component
necessary to properly demodulate the signal is attenuated by
the low-pass filter. In contrast, Fig 4(d) shows the displacement
demodulated by the ALFA. All jumps are eliminated.

B. Adaptive Joint Signal Processing Algorithm

The joint signal processing algorithm (JSPA) consists of a
median filter and a revised circle fitting routine followed by
the conventional arctangent demodulation method to remove
jumps from Doppler radar displacement signals [30]. The
median filter is considered to reduce the excessive noise level.
In addition, it has an advantage in preserving edges of a
waveform and is less vulnerable to a single corrupted sampling
point, in comparison with the mean filter [34]. However, its
window length must be carefully chosen so that the I/Q
baseband signals may not suffer from severe attenuation,
especially in high amplitude motion situations.

However, since there may be jumps omitted by a median
filter, a revised circle fitting subroutine, which is a circular
interpolation subroutine is adopted to correct eventual dispari-
ties after the conventional circle fitting processing, so that the
remaining jumps are removed as well. In fact, in the case of
low SNR, some sampling points may lie close to the origin
of the constellation graph, and they tend to move randomly
around the four quadrants. Then, its phase angle fluctuates
considerably. The circular interpolation subroutine identifies
the points in the constellation graph whose radius is less than
a specific threshold (e.g., rry = 0.3) and replaces each of the
deviant points by the midpoint of the line segment connecting
its two neighboring points, making the absolute phase angle
differences smoother. Furthermore, the revised circle fitting
routine contributes to reducing the power level of the flicker
noise. A simulation is conducted to illustrate the performance
of the joint signal processing calibration method. WGN was
added to 60 s of computer-generated baseband signals. The
dominant signal amplitude is around 44 dB above the noise
floor on the FFT spectrum for 60-s FFT window size and
1000-Hz sampling frequency. The amplitude motion is 10 cm,
and the frequency of the motion is 1.0 Hz. Fig. 5 exhibits the
results of the simulation and the performance of the JSPA.
Fig. 5(a) shows the arctangent demodulated displacement.
Several jumps are introduced due to the instantaneous noise
level. In Fig. 5(b), it can be noted that most jumps are removed
by the median filter with a sliding window whose length
is equal to 3. The median filter performs two operations:
calculating the median value of the three sampling points
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inside the window and making the middle element of the
three-point array equal to the median value. To eliminate
the remaining jumps, the revised circle fitting with a thresh-
old radius of 0.3 is adopted to replace the severely cor-
rupted sampling points. The calibrated displacement is shown
in Fig. 5(c).

In order to employ the automated version of the JSPA,
the window length of the median filter must be automatically
adjusted based on the existence or nonexistence of jumps
in the demodulated vibration measurement. As the median
filter is a nonlinear filter, it turns out that impulse response
and frequency analysis have no significance, and thus, the
adaptive window length must be chosen by a trial-and-error
process. Fortunately, the attenuation of the baseband signals
will be severe for a wide window length [35], [36]. Because
of that, an upper threshold value can be determined based on
the sampling frequency. As a rule of thumb, for the 1000-Hz
sampling frequency, nty is 19, whereas for 200-Hz sampling
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frequency, setting nTy to 5 reveals a proper choice. Moreover,
when the revised circle fitting routine is applied, it is found
that a good choice of the threshold value for the radius should
be 0.3 and 0.1, for the 1000- and 200-Hz sampling rates,
respectively, during the displacement calibration of Doppler
radar data sets.

The flowchart showing the adaptive JSPA (AJSPA) is exhib-
ited in Fig. 6. The algorithm only requires as input the base-
band signals, the carrier frequency, the sampling frequency,
and the window size in seconds of the circle fitting subrou-
tine. The angular dominant frequency of the displacement is
not needed. Based on the sampling frequency, the baseband
response’s time extension value is assigned to fgpg. Initially,
Istart 1S S€t to zero, and fepg i equal to fgpa. If there are no
jumps in the demodulated vibration measurement after the
first iteration, accurate displacement can be directly obtained.
On the other hand, if jumps are identified, the steps below are
necessary to automatically derive the calibrated displacement.

1) The variable f.,q will assume the average value between
tstart and the previous value of fopq for each iteration.
In addition, the window length of the median filter (n)
will be reduced to n — 2. If n starts to assume negative
values, it will be reset to nty. However, fs.« remains
unchanged.

2) The algorithm runs until no jumps are identified or the
difference (fend — Ifstart) cOmes to a minimum value,
by which the Doppler radar data cannot be processed.
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In the occurrence of either situation, an intermediate
demodulated displacement is generated.

3) When no jumps are encountered in an intermedi-
ate demodulated displacement, f,; assumes the last
assigned value of fopq and fepg becomes fgpal.

4) The algorithm continues to run until the difference
(fstart — fena) vanishes, which only happens if foan =
Iend = Ifinal-

5) Finally, the intermediate calibrated displacement mea-
surements are concatenated, and the entire Doppler radar
calibrated displacement measurement is provided.

To exemplify the advantage of the AJSPA over the JSPA,

a varying-amplitude motion was computer-generated. WGN
was added to 200 s of computer-generated baseband signals.
The dominant signal amplitude is about 40 dB above the
noise floor on the FFT spectrum for 200-s FFT window
size and 1000-Hz sampling frequency. In this simulation, the
arctangent demodulated displacement is shown in Fig. 7(a).
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Fig. 8.

Experimental setup with the Doppler radar sensor enclosure shown
in the inset (from [30]).

Various jumps are introduced. In Fig. 7(b), the JSPA with
n = 3 and rryg = 0.3 fails in removing the abrupt jumps
since the amplitude motion changes as time progresses. Fig
7(c), however, shows the calibrated displacement measurement
obtained by the AJSPA.

IV. EXPERIMENT RESULTS

To validate the effectiveness and robustness of both
approaches in the application of Doppler radars for SHM,
a 5.8-GHz radar is used to monitor the motion of a traffic
support structure, which consists of a 12-m horizontal mast
arm and a 6-m vertical pole. In the experiments, the horizontal
arm was manually excited by pulling a rope attached to it.
When the vibration reached certain amplitudes, the manual
excitation was stopped, and the vibration was allowed to decay
freely. The vibration was measured by the radar, which is
housed in a plastic enclosure and mounted near the tip of
the pole. In the meantime, the vibration was detected by a
conventional triaxial dc-response accelerometer of +4g in the
measurement range that was mounted on the arm at the same
axial location as the radar. Both the I/Q channels of the
radar and the channels of the accelerometer were sampled
by a National Instrument NI-9239 voltage input module on a
CompactRIO platform, which was our data acquisition system
(DAQ). To investigate the impact of sampling frequency on the
measurement quality, some records were sampled at 1000 Hz,
while others were sampled at 200 Hz. Fig. 8 shows the
experimental setup.

The displacement calibration methods presented in
Section III were programmed in MATLAB to process the
Doppler radar’s signals. Fig. 9(a) and (b) shows the spectra
of the baseband signals and the conventional demodulated
displacement, respectively, for one of the recorded data
sets. The dominant frequency is 1.04 Hz and the weakest
sinusoidal component is identified at 40.5 Hz, as shown in
Fig. 9(a). Due to low SNR at times for the recorded I/Q
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baseband signals, several jumps are seen at the arctangent
demodulated displacement, as shown in Fig. 9(b).

The I/Q sinusoidal components of the baseband signals
are low-pass filtered with a cutoff frequency of 42 Hz.
Fig. 9(c) plots the Doppler radar displacement measurement
obtained using the low-pass filtering displacement calibration
method and the reference, which is the displacement estimated
by numerically integrating the corresponding accelerometer
response twice and high-pass filtering the result of each step of
integration with a cutoff frequency of 0.5 Hz. A discontinuity
in the demodulated displacement is seen in the first instance.
The root-mean-square (rms) error between the low-pass filter-
ing displacement measurement and the reference is 0.263 cm.

On the other hand, Fig. 9(d) shows the radar displacement
measurement obtained after the application of the JSPA, which
incorporates a median filter with a fixed window length of 3
and a revised circle fitting with a threshold radius of 0.1. The
reference, which is the ground truth, is also included in this
graph. Compared with the demodulated displacement using
the conventional arctangent demodulation, the abrupt jumps
are eliminated by the JSPA. The rms error between the radar
displacement measurement obtained with the application of
the JSPA and the ground truth is 0.283 cm.

To have a displacement calibration method appropriate to
interrogate in real time the status of the traffic signal’s mast
arm, the adaptive versions of both the low-pass filtering and
the JSPA can be implemented according to the steps outlined
in Section III. An example is provided in the following to
illustrate the advantages of the automated versions of the algo-
rithms over the versions with fixed parameters. Fig. 10 shows

the experimental results of the displacement measurement
obtained from a 326-s long data set. As the motion amplitude
had reached 20 cm, several sinusoidal components appeared
in the baseband signals’ spectrogram, as shown in Fig. 10(a).
The frequency of the weakest sinusoidal component and the
frequency of other harmonic components used as reference
inside the ALFA are highlighted. Fig. 10(b) shows the dis-
placement retrieved after applying the conventional arctangent
demodulation algorithm. Although the number of jumps in
the demodulated Doppler radar signal is only one for the
first 240 s, as time elapses and motion amplitude decreases,
the SNR deteriorates, causing an increment in the number of
jumps. The direct application of the low-pass filtering calibra-
tion strategy to the entire data set, with the low-pass filter’s
cutoff frequency fixed in 49 Hz, does not remove completely
the sudden bounces, as shown in Fig. 10(c). Since the motion
amplitude changes continuously as time progresses, the num-
ber of sinusoidal components on the spectra of the Doppler
radar baseband signals may decrease or increase. As a result,
the low-pass filter with the fixed cutoff frequency becomes
ineffective. Fig. 10(d) shows the displacement measurement
based on the radar signals with the direct application of the
JSPA with a fixed sliding window length (n) of three sampling
points for the median filter and a threshold value for the radius
of 0.1 on the revised circle fitting subroutine. The accelerom-
eter displacement measurement is also included in this graph.
Because of the unvarying window length, the median filter
attenuates part of the high-frequency sinusoidal components,
which is demonstrated by the severe displacement distortion
when its amplitude reaches about 20 cm.
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In contrast to the previous approaches, Fig. 10(e) and (f)
shows the displacement measurements after applying the
ALFA and the AJSPA, respectively. Since both methods adap-
tively modify the key parameters based on the motion features,
the sudden jumps are removed from the calculated Doppler
radar displacements. Although the displacement measurements
in both figures are mostly close to the ground truth, distortions
can still be found. As highlighted in Fig. 10(e), the sinusoidal
displacement measurement is interrupted by a discontinuity
at multiple instants. The discontinuity is included during the
intermediate process of cutting apart the displacement mea-
surement that still has abrupt jumps. Then, a new calibration
is performed using adaptive values for the key parameters of
the ALFA. In contrast, in Fig. 10(f), there is no discontinuity
at the first instance. However, when the SNR considerably
deteriorates, especially in low amplitude motions, the dis-
continuities appear, as it is exhibited in Fig. 10(f). The rms

error between the ALFA displacement measurement and the
accelerometer displacement measurement is 0.465 cm, and the
rms error between the AJSPA displacement measurement and
the accelerometer displacement measurement is 0.445 cm.

V. FURTHER DISCUSSION

To further understand the two proposed automated
algorithms, it is critical to compare their accuracy and com-
putational complexity. The accuracy of each displacement
calibration algorithm depends on the characteristics of the
measured baseband signals, which are affected by the mea-
surement conditions. Higher noise levels and clutters tend
to worsen the measurement accuracy. On the other hand,
computational power consumption is a concern in practical
radar applications and in SHM applications as the analysis
of large amount of data is needed. Therefore, low latency on
signal processing plays a critical role.
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in the ALFA, although the AJSPA needed more iterations
to remove the sudden jumps for some data sets. On the
other hand, the spectral analysis subroutine helps ALFA to
be more effective than the AJSPA on calibrating simulated
and experimental data with considerably deteriorated SNR.

VI. CONCLUSION

In this article, two algorithms to remove abrupt jumps
in phase-demodulated Doppler radar data from field SHM
applications are introduced. A series of simulations and exper-
imental measurements has demonstrated the effectiveness of
both methods. A deployment strategy has been provided for
both algorithms, confirmed by experimental measurements,
and compared in terms of accuracy and computational cost.
Subcentimeter measurement accuracy is achieved. The pro-
posed adaptive strategies may be used for the analysis of
long-term Doppler radar baseband responses by monitoring
small amplitude motions. Future research may consider the
use of the nonlinear radar technology, which has demon-
strated clutter rejection capability in the presence of mul-
tiple clutters, to achieve robust detection at the presence
of moving objects such as vehicles and humans in the
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TABLE I
RADAR MEASUREMENT ACCURACY
RMS error (cm)
Dataset Length(s)  Sampling rate (Hz) ALFA AJSPA
1 145.88 200 0.315 0.381
2 193.35 200 0.263 0.283
3 272.79 200 0.387 0.422
4 326.00 200 0.465 0.445
5 20.10 1000 0.293 0.315
6 193.87 1000 0.265 0.277
7 185.34 1000 0.315 0.275
TABLE II
COMPUTATIONAL COMPLEXITY
Latency (s)/ n°. of iterations
Data set Sampling rate (Hz) ALFA AJSPA
1 200 0.267/1 0.390/3
2 200 0.406/1 0.397/2
3 200 1.622/2 1.053/3
4 200 1.798/2 1.016/3
5 1000 0.156/1 0.295/2
6 1000 5.552/1 2.625/2
7 1000 5.443/1 1.008/1
A. Accuracy

The accuracy of different displacement calibration methods
is investigated by comparing the Doppler radar displacement
and the accelerometer displacement measurements and then
calculating the rms error for each proposed algorithm, which
are listed in Table I for seven experimental data sets sampled
with 200- and 1000-Hz rates. The length of the data sets varies
from 20.1 to 326 s. The displacement measurement error is not
only due to environmental noise but also due to radar system
noise, such as quantization noise and electronic noise. The
data sets presented an rms error between 0.26 and 0.47 cm.
As shown in Fig. 10(e) and (f), the displacement measure-
ments calculated by both the ALFA and the AJSPA exhibited
distortions. From the calculated rms errors, it is not easy to
conclude which one is superior in terms of accuracy. However,
even with the introduced noises and the existing distortions in
the displacement measurement, the Doppler radar sensor aided
with either algorithm provided a subcentimeter measurement
accuracy.

B. Computational Complexity

The assessment of the computational complexity was
accomplished by recording the time required for MATLAB to
complete the displacement calibration for the seven data sets
used in Section V-A. The elapsed time was estimated with
the MATLAB “timeit” operand. Table II shows the latency
and the number of iterations required by each data set to have
most of its sudden jumps removed. It should be noted that
the latency required by the AJSPA is shorter than the one
required by the ALFA, especially for longer data sets. This
is due to the demanding spectral analysis subroutine present
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