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Highlights
What are the main findings?

e After inverting the amplitude of the sub-aperture images and performing incoherent
subtraction, the technical features of the moving target can be extracted, and these technical
features are obvious. These technical features are beneficial for detecting moving targets.

e Compared with conventional moving target detection methods, the proposed method can
extract technical features of moving targets, detect moving targets, and determine the direction
of moving targets.

e  The proposed method is based on a specific imaging scenario of terahertz video SAR, and can
also be used in other scenarios.

What is the implication of the main finding?

e  The proposed method is used for moving target detection in video SAR, which can detect the
true position of the moving target and determine its direction. The detection process is fast and
reliable.

e The processing results indicate that the technical characteristics of the moving target are obvious.
In deep learning object detection, training detection models based on these technical features
will result in better detection performance.

Abstract

Terahertz waves are located in the “transition zone” between millimeter waves and infrared light.
Terahertz video synthetic aperture radar utilizes the high operating frequency, strong radar cross-
section intensity, and high azimuth repetition frequency of terahertz waves to detect and track
ground moving targets. The conventional methods for detecting moving targets do not take into
account the imaging characteristics of moving targets in terahertz video synthetic aperture radar. The
Constant False Alarm Rate (CFAR) detection method is used together with other methods to detect
moving targets, resulting in unsatisfactory detection performance. This article proposes a new
detection method for single channel slow-moving targets in terahertz video SAR based on shadows
and light spots, which extracts the features of the shadow and spot areas of the moving target, and
determines the position and direction of the moving target through the identification of the shadow
and spot areas. The progressiveness of this method is verified by simulation and experimental tests.

Keywords: image amplitude inversion; incoherent subtraction; moving target detection; shadows;
terahertz video SAR
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1. Introduction

Synthetic Aperture Radar (SAR) is a microwave imaging system that operates over long
distances, in all weather conditions, and around the clock. Synthetic aperture radar can overcome the
limitations of clouds, fog, rain, snow, and darkness, and achieve high-resolution imaging and
recognition of targets [1,2]. In order to have the ability to detect, recognize, and track ground
maneuvering targets in real-time under harsh conditions such as clouds, dust, smoke, and fog, the
concept of Video Synthetic Aperture Radar (Video SAR) has been proposed abroad. By continuously
observing the scene, continuous image frames of the target scene are obtained, and the imaging
scenes are dynamically presented in the form of video [3,4]. The image and motion status information
of moving targets in the scene can be obtained by continuously monitoring the imaging scene.
According to the relationship between the frame rate, imaging resolution, and radar operating
frequency of strip video SAR [5], the SAR imaging frame rate is positively correlated with the radar
operating frequency. Compared with other radars, the higher the operating frequency of a radar, the
shorter the imaging time and the faster the imaging speed. To ensure the smoothness of video images,
it is required that the frame rate of the image be no less than 5 frames per second. Considering the
imaging scene, it is required that the radar operates in the terahertz frequency band. This is an
important reason for using terahertz video SAR [6]. In the terahertz frequency band, radar operates
at high frequencies, with short wavelengths, and is sensitive to the Doppler effect of moving targets.
A higher azimuthal sampling rate is used in data collection, which makes it easier to leave clear
shadows of moving targets in the radar illuminated area. At the same time, moving the image of the
moving target outside the radar illuminated area is beneficial for separating the image of the moving
target from the imaging area and for detecting and locating the moving target. Terahertz video SAR
has become a research hotspot in recent years as a new radar imaging system.

At present, moving target detection can be divided into three types: single channel based moving
target detection [7-12], multi-channel based moving target detection [13,14], and deep learning
network-based moving target detection [15-17]. The detection method based on single channel
synthetic aperture radar data is divided into range velocity and azimuth velocity detection according
to the velocity of the moving target in the imaging plane. Due to the different effects of the two speeds
on imaging, they have different detection methods. When a moving target has a range velocity, the
Doppler spectrum generated by the radar shining on the moving target will shift. By using Doppler
spectral shift and the imbalance caused by the shift, clutter is estimated in complex images and
background images are established. The image of the moving target can be revealed by image
subtraction. There are several typical detection algorithms, such as nominal spectrum method, energy
balance method [18], maximum likelihood method [19], and time-domain method [2,20]. When a
moving target has azimuthal velocity, the Doppler spectrum of the moving target will be stretched.
During self-focusing processing, changes in Doppler modulation frequency are estimated and image
sharpness is improved. These methods are used to detect the azimuthal velocity of moving targets,
thereby detecting moving targets. There are several typical algorithms for detecting moving targets
in terms of azimuth velocity, such as multi-view correlation method [21], image sharpening method
[22], crop averaging method [23], time-frequency analysis method [24], and image gradient method
[25]. Based on the differences in data from multiple receiving channels, the target is effectively
detected from the background through clutter suppression methods. This is the general principle of
multi-channel moving target detection method. According to clutter suppression methods, there are
several multi-channel moving target detection methods, such as the Phase Center Biased Antenna
(DPCA) method that utilizes the spatiotemporal characteristics of the target, the Space Time Adaptive
Processing (STAP) method, the Along the Track Interference (ATI) method that uses interferometric
processing, and the Multi Aperture Interference Processing method [26]. The process of the moving
target detection method based on deep learning networks is as follows: the identified data is divided
into mutually exclusive training and testing sets; During the training phase, feature extraction of
moving targets is performed on the identified training set to obtain the model parameters of the deep
learning network; During the training phase, hyperparameters are adjusted to estimate the accuracy
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of the training model, and the optimal model is selected for detecting moving targets [27-29]. In
terahertz video SAR, the process of multi-channel moving target detection is complex and clutter
cannot be completely suppressed. The deep learning-based moving target detection method has the
problems of insufficient radar data, incomplete and atypical data sets. These issues result in a lack of
generalization ability in the trained deep learning network. Meanwhile, the training process is time-
consuming and difficult to use for detecting moving targets in terahertz video SAR with high real-
time requirements.

In single channel moving target detection methods, the influence of range velocity on moving
target imaging is more sensitive than that of azimuth velocity. The electromagnetic waves emitted by
terahertz video SAR illuminate the surface of a moving target, causing a certain Doppler frequency
shift due to the target’s motion, resulting in the resulting image deviating from its position. The image
appears defocused and deformed, forming light spots. At the location of the moving target, due to
obstruction from the target, there is a dark area that becomes a shadow. Shadows are important
features that distinguish them from the background and represent the position of the target. Shadows
are often used as an important basis for detecting moving targets. The detection method of moving
targets based on shadows can be considered a reliable and feasible detection method. The detection
process of traditional shadow detection methods is as follows: after image denoising, the consecutive
frames in the image sequence are registered, and the dynamic shadow information of the moving
target is extracted through the inter frame difference of the images. The moving target is detected
through CFAR. Reference [30] uses a single frame image to reconstruct the background image and
proposes a local feature analysis method based on a single frame image for detecting moving target
shadows, which can effectively remove “ghosting” in multi frame image moving target detection
algorithms. References [31,32] proposed a shadow detection method based on background
subtraction. This method uses “SIFT+RANSAC” algorithm to register multiple frames of images; This
method uses median filtering to linearly enhance the region of interest while maintaining resolution;
Afterwards, the background image was extracted using the multi frame mean method. The image to
be detected is subjected to threshold segmentation and differential with the background image, and
the obtained image is subjected to morphological processing and connected domain filtering. The
moving target result is obtained through Constant False Alarm Rate (CFAR) detection. The obtained
results indicate that the shadow detection method based on background subtraction can effectively
extract the shadows of moving targets in video SAR images.

Using existing single channel-based moving target detection methods, residual noise from static
backgrounds still exists in the differentiated images, which seriously affects the detection of moving
targets. In the terahertz frequency band, the scene of the generated image is small, and the number
of moving targets in the illuminated area is small, the image formed by the moving target is separated
from the actual shadow position of the moving target, and high requirements are placed on the
timeliness of detection. Based on these reasons, this paper proposes a new single channel slow
moving target detection method for terahertz video SAR based on shadows and light spots. This
method can extract the image and shadow of the moving target through image processing, and obtain
the motion direction of the moving target through the features of the image and shadow.

Compared with existing single channel moving target detection methods, the innovation of this
paper mainly lies in the following aspects.

1. Perform range compression and azimuth keystone transformation on single channel terahertz
video SAR data, and shift the Doppler zero point to the Doppler center, and divide the echo data into
left and right sub apertures in the azimuth time domain. Then, image the left and right sub aperture
data separately, and perform registration, Gaussian smoothing, amplitude inversion, binarization,
and image subtraction on the imaged image. After image subtraction, perform image opening and
closing operations and cluster division on the resulting image, and finally obtain a composite image.
This series of operations can eliminate background noise and obtain shadows and images of moving
targets.
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2. The direction of motion of the moving target can be determined based on the vertical position
relationship of the markings made in the defined area of the shadow and light spots of the moving
target.

3. Based on the image characteristics of the shadow and spots of the moving target, the center
position of the shadow and spot of the moving target can be determined for subsequent parameter
estimation.

4. After dividing the echo data into left and right sub apertures, there is a problem of inconsistent
amplitude changes caused by radar irradiation in the left and right sub apertures. After processing
in this article, the influence of radar irradiation on image subtraction has been eliminated.

5. The method proposed in this article for processing single channel terahertz video SAR data is
not complicated and employs conventional morphological processing. Fast detection can meet the
timeliness requirements of terahertz video SAR moving target detection.

The organizational structure of the remaining part of this article is as follows. Part 2 introduces
the reasons and conditions for shadow formation, as well as the differences between moving target
shadows and other shadows; Part 3 introduces the theoretical basis and process of moving target
detection; Part 4 introduces the simulation and measurement results and their analysis; Part 5 is the
summary and outlook of this article.

2. Shadow of Moving Target

The electromagnetic waves emitted by radar illuminate the surface of a moving target, and due
to the Doppler effect, the received Doppler spectrum of the moving target undergoes frequency shift,
deviating from the actual position of the moving target. Due to the occlusion of the moving target,
shadows are left at the true position of the moving target. In low-frequency SAR images, there are
shadows generated by moving targets. Due to the presence of a large amount of coherent speckle
noise in radar images, the scattered energy of moving targets is low, and shadows are often
submerged in the background and noise, making it difficult to identify and detect [33,34]. Terahertz
video SAR has a high operating frequency, short wavelength, and is sensitive to the Doppler effect
generated by moving targets. Terahertz video SAR is irradiated on the surface of a moving target,
resulting in a significant frequency shift and deviation from the radar’s irradiation area. At the true
position of the moving target, there is a noticeable dark area compared to the surrounding area, and
shadows become an important feature of moving target detection.

2.1. Formation of Shadows Generated by Moving Targets

Figure 1 shows the imaging scene of the moving target and the intensity distribution of the
shadow. Terahertz video SAR flies along the X-axis, and the moving target moves along the Y-axis
perpendicular to the radar’s flight direction. At an imaging accumulation time, the actual position of
the moving target forms a dark area, which is the shadow of the moving target. The intensity of the
shadow is related to the duration of the obstruction at that location. The position in the middle is
obscured for a long time, resulting in a dark shadow. The dark color at both ends is slightly light. The
higher the speed of the moving target, the shorter the duration of the obstructed area, and the less
noticeable the shadow formed at its location. The light spot on the left side of the moving target is the
image of the moving target. Due to the geometric shape of the moving target, the spatial variability
in the azimuth direction leads to geometric deformation of the moving target. During the detection
process, the shape similarity between the target and the real target is poor. In terahertz video SAR
images, shadows and images of moving targets can be observed.
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Figure 1. Shadows and images of moving targets. (a) Imaging scene of moving targets. (b) Shadow intensity.

Weak reflection areas in imaging scenes can form shadows under radar illumination, while
stationary targets at high altitudes can form shadows. Figure 2 is a schematic diagram of the shadow
formed by a stationary target under radar illumination. Figure 2a is a schematic diagram of the
shadow formed by the reflection of no energy in the unlit area observed from the radar line of sight
angle. Figure 2b is a schematic diagram of the shadow formed by the elevation target during the radar
accumulation time. The middle position is the imaging area of the stationary target. Shadow areas
are formed on both sides of the imaging area due to the obstruction of elevation targets. During the
imaging accumulation time, the near end of the stationary target is constantly obstructed, forming a
deep shadow area. The shadows of stationary targets at high altitudes are caused by the obstruction
of the area during radar imaging, resulting in lower energy than the surrounding areas. The
mechanism of shadow formation for moving targets is essentially the same as that for weak reflection
areas and stationary targets at high altitudes. This poses difficulties for detecting shadows of moving
targets.
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Figure 2. Shows the shadow generated by the elevation target. (a) Perspective from the range direction. (b)

Perspective from the azimuth direction.

2.2. Shadow Intensity of Moving Targets

The radar cross section is represented as the equivalent area, which is converted from the power
ratio of the scattering field to the incident field. The power ratio reflects the backscattering ability of

the target towards the incident electromagnetic energy, and its expression is as follows.
2

s

0=4r lim R® 2
E

R—o0

i

1)
Among them, R is the target distance, E.is the scattering field strength, and £, is the incident
electromagnetic field strength. When R is far enough, the incident wave illuminating the target is
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approximated as a plane wave. The radar shines on the surface of a moving target on the ground,

and the moving target is equivalent to a metal plate. The radar cross section (RCS) of a finite sized
metal rectangular plate illuminated at an angle of 9 to the normal direction is expressed as [35,36]:

0, = 6:—27[612172 cos? ¢[_Sin2(lf;:izi;¢) :|2

@)

Among them, k =27/ 4 s the free space wavenumber, A s the wavelength, ¢ and ? are

the length and width of the metal plate. Convert equation (2) into the expression for the radar

operating frequency I
5 oo f
CA ©
Using physical optics method, the RCS of a metal plate is proportional to the square of the
illuminated radar frequency. A metal plate with a width of 2m and a length of 1.5m was irradiated
with 5.3G (C-band), 10G (X-band), 30G (Ka band), and 220G (THz band) radars, respectively. The
radar cross sections (RCS) at observation angles of 0 for different bands are shown in the Figure 3.
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Figure 3. RCS of a metal plate at different frequency bands.

Table 1. Peak radar cross sections of metal plates at different frequency bands.

parameter C-band (5.3G) X-band (10G) Kaband (30G) THz band (220G)
RCS (dBsm) 45.4776 50.9921 60.5345 77.8406
Equivalent square(km) 0.2 0.4 1.1 7.8

The radar cross section generated by the terahertz frequency band acting on a metal plate is
much larger than that generated by other low-frequency radars, and this indicates that terahertz radar
has stronger backward reflection capability. The radar shines on the surface of the moving target, and
the reflected electromagnetic energy generated by terahertz radar is the strongest. Due to the Doppler
effect, the image formed by a moving target deviates from its actual position in the form of a light
spot. At the actual position of the moving target, the most electromagnetic energy is carried away,
leaving the most obvious shadow. Strong background scattering is more conducive to the formation
of more prominent shadows. This is one of the reasons why terahertz video SAR can use shadow
detection methods.

3. Single Channel Moving Target Detection

Compared to multi-channel moving target detection, using single channel data from terahertz
video SAR for moving target detection is simpler and faster, which is exactly what video SAR
requires.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.1. Shadow Intensity of Moving Targets

The echo signal generated by radar shining on the surface of a moving target is different from
the echo signal shining on a stationary target. The moving parameters of the moving target affect the
imaging position and the shape of the target. According to the model established by Raney, the
geometric relationship between the moving target and the carrier in the oblique plane is shown in
Figure 4.

Vi,

1
vt +—at

alm alm
2

7 M
2
v, +Eartm

Figure 4. Geometric relationship between moving target and carrier in oblique plane.

In the Figure 4, OA is the flight direction of the carrier, with a speed of 4 , and the position of

the carrier platform at time fn is A. M is the location of the moving target, with a range velocity
, a range acceleration 9 an azimuth velocity Ve, and an azimuth acceleration % .The shortest

distance from the moving target to the flight path is R, ,and the instantaneous slant distance from

. . . . R(z
the moving target to the carrier radar at time L is (t) .

1 : 1 ?
R(tm ) = \/(Rm _vrtm _Eart’ij +[Vtm _vatm _EaatiJ (4)

The impact of azimuthal acceleration on the imaging of moving targets is small, ignoring the

third or more terms of . The above equation is expressed as:
(V-v, )2 +v; —a,R, 2

2R, 5)

R(t,)=R, —vt, +

2,2
= Rm _vrtm =
2R

m

2
V.=V =v)+ R
Among them, “ \/( V) 4y —aR, . The equivalent azimuthal velocity of the carrier is

related to the azimuthal velocity, range acceleration, and slant distance from the flight platform to
the moving target.
Generally, the velocity in the range direction is small. In equation (5), due to the reason of
2 2
v <R, ,the influence of *» onimaging is ignored. After orthogonally demodulating the echo signal
of the moving target, the obtained signal is:
4r 4
s, =C-exps—j—R(t,) R, —Vt, +——=
r p{ ] 2/ ( m )} m r-m 2R

m

V2
=C-exp{—j%Rm}-exp{j%vrtm}exp{—jZﬂ'ﬁti}

Among them, C is the signal amplitude and 4 is the radar wavelength. Compared with
stationary targets, the echo signal of moving targets has an additional linear term of azimuth time

©)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0526.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2026 d0i:10.20944/preprints202601.0526.v1

8 of 22

t f,==2v. /A

m with a center frequency . The frequency modulation rate of linear frequency
modulation signals is also different from that of stationary targets. The frequency modulation rate of
moving targets is related to the flight speed of the carrier, the azimuth velocity of the moving target,
the range acceleration, and the shortest distance from the target to the carrier. The range velocity
causes displacement of the range unit, and the displacement of the range unit results in bending of
the range unit data storage; The range velocity causes the lateral displacement of the target in the

image, with a displacement of Av=v.R,/V

.The azimuth velocity and range acceleration cause
secondary phase errors, which cause defocusing of moving targets in azimuth. In the terahertz
frequency band, the offset of the center frequency is inversely proportional to the radar wavelength,
that is, at equal velocities in the range direction, the offset generated by terahertz video SAR is greater

than that of other low-frequency radars, which is beneficial for detecting moving targets.

3.2. Theoretical Basis of Moving Target Detection

The operating frequency of terahertz video SAR is high, and data is generally collected in dechirp
mode. the difference frequency output signal of the radar is:

2 i~2R, ~ 2R
S,f(tete)zAVect(tT'—l/c)eXp{_j“._ﬂ-y[t_ ’eijA}
c c

P

Ar 4
-eXp{—JTJZ-RA}eXp{J ZyRZ}

@)

Among them, , A is the amplitude of the echo from the scattering point,

A

e is the azimuth time, ! is the range time, J¢ is the radar center frequency, 7 is the modulation
frequency, T, s the range pulse width, R is the distance from the point target to the radar, Ry i

the reference distance, and € is the speed of light, R=R R

The Fourier transform is applied to the range direction of equation (7), and the expression in the
difference frequency domain after dechirp is:

S[f(ﬁ,tm):A~Tp~rect|:Tp(ﬁ +2ZRAﬂexp{—j4—”ﬁ-RA} (8)
c c
Among them, Ji is the difference frequency. Without considering the constant term, the

shortest distance from a stationary target S to the flight path in the imaging scene is RS, and the

instantaneous slant distance from the stationary target to the radar at time s is

2,2
R(t,)=[R>+V*1> =R + ZRt 9)

s

The echo signal of point target S is:

sy (fist,)=4T, -rec{TP [ﬁ +2%RAﬂexp{—j4Tﬂfc -(Rs + Vztf j} (10)

2R

s

Perform azimuth Fourier transform to obtain:
2
5y (i fu)= AT, -rec{Tp [ﬁ +2ZRAHexp{—j4—”fc R, +j%} (11)
Cc Cc

s
as ARS

Among them, the azimuth frequency is
Without considering the constant term, the echo signal of point target M is:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0526.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2026 d0i:10.20944/preprints202601.0526.v1

9 of 22

V2
sml.f(f,.,tm) =A'Tp ~rect[Tp (f, +2%RAﬂexp{—j47ﬂfc (Rm -vt, +#j} (12)

m

The equation obtained by performing an azimuthal Fourier transform on the above equation is:

47[ ”ﬂRs aEn
Sy (fis fum) = AT, -rec{Tp (f, +2%RA\Hexp{—]7Rm +]Tu{} (13)
2 217
_ Y =T
Jon =1 i “ AR

Among them, , s,

In the squint mode, it can be seen from equation (11) that the Doppler spectrum of the stationary
target S is symmetrical about the Doppler zero point; From equation (13), it can be seen that there is
a frequency shift in the Doppler spectrum of the moving target M that is related to its motion state.
The Doppler spectrum of a moving target is asymmetric about the Doppler zero point. Static clutter
is similar to stationary targets, and the clutter spectrum is symmetric about the Doppler zero point.
In the azimuth time domain, the radar signal is divided into two sub apertures with the Doppler
center zero as the boundary, imaged separately, and then non coherent subtraction of the images can
preserve moving targets, suppress clutter and noise, improve the signal-to-noise ratio of the signal,
and enhance the detection capability of moving targets.

Divide the azimuth time-domain signal into left and right sub aperture signals with time zero as
the boundary, where the sub aperture smaller than 0 is the left sub aperture and the sub aperture
larger than 0 is the right sub aperture, and perform Fourier transform on them respectively.

For stationary targets, the result of the left sub aperture is:

$p(f) =4, iexp{—j“—”ﬁ&}sinc(ﬁf]exp{j”—”f}- (14)
’ S22 c ‘ 2 2
The result of the right sub aperture is:
T 4 . T, 7T,
Sp(f) =4 CXP{—j—ﬂfCRS}SIHC[ffjeXp{—jT”f} : (15)
: c

Observing the results in the azimuth frequency domain, there is a linear phase difference
between the left and right sub apertures, but the amplitude images are the same. For the moving
target, the processing result of the left sub aperture is:

S Sis )= AT, ~%-sinc{Tp [f, +2ZRAHexp{—j4—”fcRm}
c c

(16)
e ol )
The processing result of the right sub aperture is:
Swr (12 f) = AT, ~£sinc{Tp (fi +22R, ﬂexp{—j“—”fclem}
2 C c (17)

. T, 2v, .xT, 2v,
.smc[z"[fa— 2 Dexp(—] 3 (fa— n D
Like stationary targets, there is a linear phase difference in the imaging results of the left and
right sub apertures of the moving target M, but the amplitude images are the same. In theory, by
dividing data into left and right sub apertures in the azimuth time domain and imaging them, the
resulting targets can be cancelled. However, for moving targets, a range direction movement is added
to the moving target, which results in the motion information of the moving target remaining during
image subtraction.

3.3. Image Domain Processing

The azimuth time-domain signal is subjected to Fourier transform to obtain left and right sub
aperture images. The amplitude changes of the same pixel in the left and right sub aperture images
are different. The difference in amplitude variation can be understood as the asymmetry of the left
and right channels. The amplitude inconsistency of the left and right sub aperture pixels is affected
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by the offset of radar illumination. Due to the influence of the external environment, the images
formed by the left and right sub apertures have azimuthal offsets. In order to cancel out static clutter
and noise, it is necessary to align the images of the left and right sub apertures. This article adopts
the SAR-SIFT image registration method based on feature points to achieve registration of left and
right sub apertures. The amplitude of complex images is affected by random noise and coherent
speckle. After image registration, Gaussian smoothing is applied to the left and right sub aperture
images to eliminate the influence of coherent speckle noise. Shadows exist in the radar illuminated
area. Due to the influence of speckle noise, shadow energy is low, which is not conducive to shadow
extraction and detection. This article uses the method of image amplitude inversion to extract
shadows in the scene. The specific method is to obtain the energy of each pixel, convert the pixel with
the lowest energy to the one with the highest energy; The pixel with the highest energy is converted
to the one with the lowest energy. Taking this as an example, the energy of each pixel is converted
proportionally. These treatments enable the shadow image to be highlighted in the scene. In order to
reduce the influence of clutter and noise, the image with inverted amplitude is binarized. Non
coherent subtraction is performed after binary processing on the left and right sub images to obtain
a cancelled image. In incoherent subtraction images, in addition to the radar illuminated edges,
stationary targets are cancelled out and the image of moving targets is left behind. The image is
further decomposed into two images. Images with amplitudes greater than zero are positive images,
while images with amplitudes less than zero are negative images. Perform on-off operations on both
positive and negative images to reduce the impact of small pixels on detection. In both positive and
negative images, imaging points with similar characteristics are grouped together, and the imaging
points are clustered and the clustering regions are identified. Compared to the K-Means algorithm,
the Density-Based Spatial Clustering of Applications with Noise (DBSCAN) clustering algorithm
does not require a predetermined number of clusters and can identify noise/outliers. The DBSCAN
clustering algorithm can discover clusters of any shape, and is insensitive to outliers and initial
values. This article uses the DBSCAN clustering algorithm to cluster and partition the imaging points
of positive and negative images, and identifies the clustering areas. Finally, the positive and negative
images are combined into one image. Based on the identification of clustering regions in the
synthesized image, the shadow position, image position, and motion direction of the moving target
are determined. The entire processing flow is shown in the Figure 5.

3.4. Theoretical Basis of Moving Target Detection

In the subtraction image, in addition to the edges illuminated by the radar, stationary targets in
the imaging scene are cancelled out, the shadows of moving targets are highlighted, and the image
of moving targets is displayed in the form of light spots. Due to the incoherent subtraction of the left
and right sub apertures, the position of the region with opposite amplitudes (black and white areas)
is used to determine the moving target. In the same range interval of the subtraction image, there are
two regions with opposite amplitudes, which can be judged as the shadow and image of the moving
target. The region located in the radar irradiation area is the shadow of the moving target, and the
region outside the radar irradiation area is the image of the moving target. In the shadow area and
the image area of the same moving target, the areas with opposite amplitudes have opposite positions
in terms of their vertical positions. The direction of motion of the moving target is determined based
on the vertical position relationship of the amplitude within the shadow area and the image area.

In the composite image, the areas with clustering labels from positive and negative images are
delineated. If there are two enclosed areas within the same range unit interval, it is considered that
these two enclosed areas are the shadow area and image area of the same moving target. Within the
shadow area and the image area, the direction of the moving target is determined based on the
vertical position relationship identified by clustering from positive and negative images. The specific
approach needs to be considered based on the actual situation. In the destructive image, when
performing incoherent subtraction between the left and right sub aperture images, subtracting the
right sub aperture image from the left sub aperture image is exactly opposite to subtracting the left
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sub aperture image from the right sub aperture image. The vertical position relationship of different
amplitude regions in the shaded area is exactly opposite. Similarly, the determination of the motion
direction of moving targets within the area of the light spot should take into account the specific
situation of incoherent subtraction.

SAR dechirp data

v

Compensate for the remaining video
phase

v

Keystone transformation

v

Fourier Transform in range direction

v
Azimuthal spectrum segmentation
Sub-aperture imaging
Sub aperture imaging PIN Sub aperture imaging
(SL) (SR)
v object detection
Image IEFistration Positive and Negative Decomposition of Image Data
: | v v v
Gaussian smoothing Gaussian smoothing Image opening and closing Image opening and closing
(SL) (SR) operation operation
. i X X i X DBSCAN clustering DBSCAN clustering
Image amplitude inversion Image amplitude inversion division division
Image binary processing Image binary processing Synthesis of positive and negative images
[ + I l
Image subtraction — Feature detection of targets

Figure 5. Algorithm flow of this article.

In many cases, if the shadow area is not obvious or the two types of markings in the shadow
area cannot be detected, the light spot outside the radar illumination area is used to detect moving
targets. The image of the moving target shifts outside the imaging area and is easily detected.

In this case, areas with different amplitudes or areas with two different markings outside the
radar illumination area are considered as images of moving targets. Similarly, the direction of motion
of the moving target is determined based on the vertical position relationship between the two
markers within the area of the light spots.

4, Verification of Simulation and Measurement

The simulation and actual measurement data of terahertz video SAR are from a test experiment,
and the main parameters are shown in Table 2.

Table 2. Main parameters of terahertz video SAR imaging scenarios.

parameter value unit parameter value unit
carrier frequency terahertz - slant range 2500 m
Imaging mode strip - flying height 1000 m
Synthetic aperture length 40 m Range Bandwidth 900 MHz
Range sampling rate 400 MHz Azimuth sampling rate 16 kHz
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4.1. Simulation

Considering that the target has a certain geometric size, 9point targets are used to represent the
stationary target and the moving target, respectively. The motion parameters of the 9point targets for
the moving target are the same, as shown in Figure 6a. Set the range direction speed to 10 m/s and
image the radar illuminated area. The imaging result is shown in Figure 6b.
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Figure 6. Point target simulation results. (a) Point target position. (b) Imaging results of point targets. (c) Left

sub aperture imaging results. (d) Right sub aperture imaging results. (e) Result of image subtraction.

The stationary targets of 9 points are set at the center of the imaging scene, and the moving
targets of 9 points are set at the edges of the center of the imaging scene, as shown in Figure 6a. The
simulation results of moving and stationary targets are shown in Figure 6b. The image of a stationary
target is at the center of the imaging scene, while the image of a moving target deviates from its
original position and is located on the left side of the scene. Figures 6c and 6d show the local images
of the left and right sub aperture imaging of the moving target, respectively. In Figure 6e, the image
formed by the moving target is preserved, and black and white areas representing different
amplitudes are exposed. These black and white areas are used as features of the light spot of the
moving target for detection. The vertical position relationship between black and white areas
representing different amplitudes is used to determine the direction of motion of moving targets.
When performing incoherent subtraction, the left sub aperture data is subtracted from the right sub
aperture data. In the subtraction image, within the spot area, the white area is above and the black
area is below, indicating that the direction of motion of the moving target is upward, that is, radially
away from the radar.

Considering the applicability of this method, moving targets in the C-band imaging scene were
selected for simulation. The imaging parameters are as follows:
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Table 3. Main parameters of C-band SAR imaging scenarios.
Parameters value unit Parameters value unit
operating frequency 53 GHz slant range 20 km
Imaging mode strip - Equivalent radar speed 150 m/s
Pulse duration of emission 25 us Range modulation frequency  2.5el1 Hz/s
Range sampling rate 7.5  MHz Azimuth sampling rate 104 Hz

Nine-point targets representing moving and stationary targets with certain geometric
dimensions were used for simulation, and the positions of stationary and moving targets are shown
in Figure 7a. The range direction motion speed of the moving target is 5m/s, and the imaging results
are shown in Figure 7b. The image formed by a stationary target is located at the center of the scene,
while the image formed by a moving target deviates from its actual position. The imaging result of
the moving target after image subtraction is shown in Figure 7c. Like the imaging scene in the
terahertz frequency band, the spot area of the moving target in the C-band has a black and white
region that is amplitude dependent, and the black and white region is in a vertical position
relationship.
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Figure 7. Simulation results of C-band moving target detection. (a) Location of the targets. (b) Imaging results.
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(c) Imaging results of moving targets after image subtraction.

The moving targets in the C-band and terahertz band exhibit similar technical characteristics
using the algorithm proposed in this paper. The simulation results show that this method is also
applicable to the detection of low-frequency moving targets.

4.2. Actual Testing Verification

The measured data in this article comes from a terahertz video SAR flight test conducted in a
certain location in 2021. The main parameters of the test scenario are shown in Table 2. The operating
frequency of terahertz frequency band video SAR is high, and the data in the range direction is
sampled using a dechirp mode with a range bandwidth of 900MHz and a sampling frequency of
400MHz. Terahertz video SAR uses a dechirp mode to sample range data, and there is a problem of
range drift in the echo signal. Therefore, the echo signal is subjected to range compression and range
migration correction before sub aperture partitioning. This article uses Keystone transform to correct
range walk in range migration correction. In the range frequency domain, azimuth time domain, the
Doppler zero point is shifted to the Doppler phase center, and the echo data is divided into left and
right sub apertures with the Doppler phase center as the boundary. Image processing was performed
on the left and right sub aperture data separately, and the imaging results are shown in Figure 8. In
addition to image registration, the amplitude of pixels in the left and right sub aperture images is
greatly affected by radar illumination.

Specifically, the area illuminated by the radar is not the same in the left and right sub aperture
images. The amplitude changes of pixels in the same area of the image have inconsistency, and simple
image subtraction methods are difficult to obtain a clean background of moving targets. Careful
examination of the left and right sub aperture images reveals that most of the moving target images
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deviate from the imaging area in the form of light spots, which facilitates the detection of moving
targets. However, there are still images of moving targets that fall into the imaging area and mix with
strong scattering points.

<= Azimuth e Azimuth
l

Range
Range /

@) (b)

Figure 8. Imaging results of left and right sub apertures in terahertz video SAR. (a) Imaging results of left sub

aperture. (b) Imaging results of right sub aperture.

Terahertz video SAR uses a dechirp mode to collect range data, and a higher sampling frequency
is used in the azimuth direction. The image formed by the moving target deviates from the actual
position and enters the area outside the radar illumination area. If there are no artificial targets in the
scene, the image of the moving target can be determined by the light spot in the non -illuminated
area. If there are artificial targets in the illuminated area, the backward reflection energy of the
artificial targets is strong, resulting in “ghosting” in the non-illuminated area, which seriously
interferes with the detection of moving targets. The shadow left by the moving target in the
illuminated area is due to the obstruction of radar electromagnetic waves by the moving target during
the imaging accumulation time, and there is a weak energy zone in the true position of the moving
target. The shadows of moving targets, weak reflection areas (such as water pools), and shadows left
by elevation targets are essentially weak energy areas. The images formed by weak reflection areas
and stationary elevation targets affect the detection of moving targets.

After image registration, Gaussian smoothing, amplitude inversion, and binarization of the left
and right sub aperture images, a destructive image is obtained. The image is shown in Figure 9.

The image after subtraction is divided into radar illuminated area and non-illuminated area.
White and black target areas with opposite amplitudes are delineated. There is a defined area in both
the radar illuminated area and the non-illuminated area parallel to it, which is the moving target. The
delineated area in the radar illumination zone is the shadow of the moving target, while the
delineated area in the non-illumination zone is the image of the moving target, also known as the
light spot. In the shadow and light spot areas of the moving target, there is a vertical position
relationship between the white and black target areas within the defined area. Based on the
incoherent subtraction situation of image subtraction, the direction of the moving target is
determined. Figure 9 shows the result obtained by subtracting the right sub aperture image data from
the left sub aperture image data during image subtraction. The white target in the shadow area is
above and the black target is below, indicating that the moving target is moving upwards; The white
target area in the spot area is below, and the black target area is below, indicating that the moving
target is moving upward. On the contrary, if the right sub aperture image data is subtracted from the
left sub aperture data during image subtraction, the judgment result is exactly the opposite.
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Figure 9. Result of image subtraction.

The image after subtraction is divided into positive and negative images, and the DBSCAN
clustering algorithm is used to collect similar regions in the image. After performing image opening
and closing operations, the positive and negative images are combined to obtain the result shown in
Figure 10. Similar to Figure 9, the shadow, light spot, and motion direction of the moving target are
determined through the delineation of the image area and the identification within the area.
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Figure 10. Composite image after clustering.

Overlay the shadows, light spots, and directional markings of the moving target onto the full
aperture image to obtain the imaging result of the marked moving target as shown in Figure 11.
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Figure 11. Composite image after clustering.

The pulse frequency of terahertz video SAR is high, and the radar irradiation area is an elliptical
region at the imaging center. There are areas labeled 51, S2, and S3 within the radar illumination area,
which represent the shadows of moving targets. There are areas labeled L1, L2, and L3 outside the
radar illumination area, which are the images of moving targets. Figure 11 shows that the delineated
area labeled L1 and the delineated area labeled S1 are within the same range unit. The delineated
area marked as L1 is located at the edge of the radar irradiation area, and it is determined that this
delineated area is the light spot of the moving target S1. The delineated area marked as L3 is located
in the non-illuminated area of the radar, and the shadow in the image is not obvious. Based on the
relationship between the shadow and the light spot, the position of the shadow is estimated to be S3.
The strong scattering points in the illuminated area are cancelled out after image subtraction, which
does not affect the detection of moving targets.

On a normal road, the motion states of moving targets are diverse. The light spot of the moving
target moves outside the radar illumination area, and the shadow left by the moving target in the
radar illumination area is not obvious, as shown in Figure 12. By using the method described in this
article to process images of complex highway scenes, the detection results are obtained after image
subtraction. Outside the radar irradiation area, there are multiple light spot areas with black and
white target areas. Based on the black and white areas, these light spot areas are considered as the
light spots of moving targets.

The light spots labeled L1-L7 on the left side of the image exhibit typical black and white
features, indicating that the moving target is moving from bottom to top. The spot marked as L7-L10
on the right reflects the position of the black and white area of the moving target from top to bottom,
and the illuminated area in the middle cannot be detected due to the unclear shadow of the moving
target.

In spotlight mode, this method is used to detect moving targets, and the detection results are
shown in Figure 13.

The areas marked as L1, L2, and L3 in the Figure 13 are outside the radar irradiation area, while
the area marked as S1 is within the radar irradiation area. These areas exhibit black and white
characteristics and are represented as moving targets. The light spot distribution of the moving target
labeled as L2 is outside the left and right radar illumination areas. The delineated area marked as 52
is at the edge of the radar illumination area, and the technical features of the black and white area are
not obvious, but the spot position of the moving target is estimated through the delineated area L2.
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Figure 12. Detection of moving targets under complex road conditions in strip mode. (a) Detection results of
image subtraction under complex road conditions. (b) Detection results in images under complex road
conditions.

The areas marked as L1 and S1, L2 and S2 respectively represent the shadows and light spots of
the moving target. Based on the distribution of black and white points in the determined area, the
moving target is determined to move upward. The areas marked as L3 and S3 are the shadows and
images of moving targets. In the radar illuminated area, the shadows left by the moving targets are
not obvious, and images outside the radar illuminated area, namely light spots, are detected during
detection. The shadows and images marked as L4 and S4 are moving targets, and in the radar
illuminated area, the shadows are not obvious. Outside the radar irradiation area, a long and shallow
light spot slides out, and the energy of the light spot is dispersed, and moving target is not detected
during detection.
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Figure 13. Detection of Moving Targets in Linear Spotlight Mode. (a) Optical images of the road surrounding
the sundial. (b) Detection results after image subtraction in spotlight mode. (c) Detection results in full image in

spotlight mode.

4.3. Discussion

Author names should be styled as follows: first and middle names (given names) or initials
followed by surname. Please keep author names consistent from one paper to the next within our
publications.

After range compression and range shift correction, the Doppler zero point of a single channel
terahertz video SAR is moved to the phase center. Divide the echo data into left and right sub
apertures with the phase center as the boundary, and image them separately. After image
registration, Gaussian smoothing, amplitude inversion, and binarization processing, the sub aperture
images are non-coherently subtracted to obtain a subtracted image. Cluster the subtracted images
and perform image opening and closing operations to obtain a composite image. In destructive and
synthetic images, based on the image features of the moving target, the shadows and light spots of
the moving target, as well as the direction of the moving target, are determined.

This article selected terahertz video SAR scene and C-band SAR scene for simulation to verify
the detection algorithm proposed in this article. The simulation results show that there are features
of moving targets in the obtained images. During the actual testing process, three scenes were
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selected for detecting moving targets in strip mode and linear spotlight mode. In subtraction and
synthesis images, there are features of moving targets. The simulation and actual measurement
results show that the method proposed in this paper can detect shadows, light spots, and motion
methods of moving targets, and this method is feasible and effective.

The method proposed in this article may have unsatisfactory detection results. The speed of the
range direction of the moving target is too fast, and the image of the moving target passes through
multiple azimuth units without energy concentration, resulting in a light spot that fades into the
background and is difficult to detect. The moving target is located at the edge of the radar
illumination area, and the surrounding noise level is high. The shadow generated by the moving
target is not obvious, resulting in poor detection performance. Due to the sensitivity of velocity in the
range direction to the imaging of moving targets, the position of the shadow of the moving target can
be estimated based on the characteristics of the shadow and light spot generated by the moving
target. The vertical position relationship of the black and white areas within the shadow or spot area
of the moving target can be used to determine the direction of the moving target, and this method is
flexible.

The simulation process using the method proposed in this paper in C-band SAR images can
obtain features of moving targets similar to those in terahertz video SAR. In actual detection, the
speed of moving targets in the range direction has a significant impact on the imaging of C-band
SAR, and the shadows formed at the true position of the radar are not obvious, often being
submerged in the imaging background. Moreover, in the C-band, the pulse repetition frequency of
the radar is not high, and there is no radar non illuminated area like terahertz video SAR in its
imaging scene. The energy in the spot area formed by radar is not concentrated, and the image of the
moving target is superimposed on the background, making it difficult to detect the moving target.

5. Conclusions

This article proposes a new detection method for moving targets, and the method proposed in
this article is used to detect moving targets in terahertz video SAR. The experiment shows that the
method is feasible and effective. In terahertz video SAR, the method proposed in this article can meet
the real-time requirements. It is suggested to apply the detection method proposed in this article to
practical testing. The method proposed in this paper is effective in detecting moving targets in strip
mode and linear spotlight mode. The effectiveness of the method proposed in this paper in circular
spotlight mode or moving target detection still needs to be verified. In the circular spotlight mode, it
is recommended to use CFAR to detect moving targets in the subtracted image after subtraction.

The detection method has a basis for detection in the moving target detection method proposed
in this article, and these bases lie in the features of the moving target in the subtracted image and the
synthesized image. Using the features of the moving target mentioned in this article as the features
to be extracted by a deep learning network, a deep learning network is constructed to continuously
discover subtle features and improve the detection level of moving targets. This is a promising
method for detecting moving targets. The detection method proposed in this paper takes advantage
of the significant impact of the velocity in the range direction of the moving target on imaging.
Further research is needed to investigate the impact of azimuthal velocity on imaging for detecting
moving targets.
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Abbreviations

The following abbreviations are used in this manuscript: Phase Center Biased Antenna (DPCA) method
that utilizes the spatiotemporal characteristics of the target, the Space Time Adaptive Processing (STAP) method,
the Along the Track Interference (ATI).

THz-ViSAR  Terahertz Video Synthetic Aperture Radar

SAR Synthetic Aperture Radar

CFAR Constant False Alarm Rate

DPCA Phase Center Biased Antenna
STAP Space Time Adaptive Processing
ATI Along the Track Interference

SIFT Scale-Invariant Feature Transform

RANSAC Random Sample Consensus
RCS radar cross section
DBSCAN Density-Based Spatial Clustering of Applications with Noise
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