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Curved Synthetic Aperture Radar for Near-Field
Terahertz Imaging

Mavis Gezimati and Ghanshyam Singh

Abstract—High resolution imaging techniques will play an es-
sential role in the future smart imaging applications to provide
potential solutions for accurate detection, monitoring and classifi-
cation of the target. The potential of synthetic aperture radar (SAR)
systems to acquire high resolution images has opened new frontiers
and led to its exploration in new applications. The conventional
microwave radar imaging suffers limited range resolution in the
sub-millimeter wave range and optical imaging methods are con-
strained by the diffraction limit. In the terahertz (THz) regime of
the spectrum, the SAR systems could be operated in all the weather,
all the time and are capable of penetrating through clouds, smoke,
dust etc. to achieve high resolution images beyond the diffraction
limit. The curved SAR presents a SAR system created by circularly
encircling the target scene. The Circular SAR and Spiral SAR
which are based on a circular and cylindrical spiral scanning
trajectory, respectively are the scanning methods used for curved
SAR. In this paper, we have explored a new toolbox that enables
the rapid development of near-field THz-SAR imaging systems and
generation of large near-field THz imaging scenarios with the goal
to support and facilitate data driven research such as deep learning
in the THz community through synthetically generated SAR images
as well as its potential for THz based high resolution and 2D/3D
near-field imaging application. Initially, the potential advantages
of THz-SAR over Microwave SAR and optical imaging methods
are presented. Further, a frequency modulated continuous wave
(FMCW) radar testbed is simulated in multi-input multi-output
(MIMO) configuration for the target frequency band. Moreover,
the circular and cylindrical SAR scanning methods are explored for
near-field imaging of point targets to obtain 2D and 3D THz-SAR
images, respectively. Also, the radar images are reconstructed using
the Back Propagation and Polar Formatting Algorithms, focusing
on short range applications like indoor environments. Finally, the
SAR performance evaluation metrics are reported and a roadmap
for future work is presented.

Index Terms—Synthetic aperture radar (SAR), THz imaging,
circular SAR, cylindrical SAR, 2D and 3D imaging, near-
field, radar image reconstruction, high resolution imaging,
reconstruction algorithms, MIMO, FMCW.

I. INTRODUCTION

ADVANCED imaging techniques for indoor environment
monitoring is a very important concept for future gen-

eration smart and connected healthcare (healthcare 4.0) mon-
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itoring, which require high resolution imaging abilities for
accurate localization, monitoring and classification. Lidar and
cameras based on near-infrared and visible light facilities are
being intensively investigated [1], however their reliance on
the optics, limits their performance in bad weather conditions
such as snow, rain and fog. Further, the positioning systems
at radio frequencies have limited functionality caused by long
wavelengths, likewise millimetre wave radars are constrained
by restricted range resolution in the sub-millimetre (sub-mm)
wave range. Consequently, the ability for all weather sensing
and high-performance imaging is anticipated for the future smart
indoor monitoring systems, with capability to provide accurate
detection through high resolution imaging.

Recently, the higher frequency and short wavelength spectra
– the Terahertz (THz) spectrum (0.1 to 10 THz and 30 μm
to 3 mm) has been explored which exhibit great application
potential. The potential of sub-mm resolution in the THz regime
of the spectrum is attributed to the smaller wavelength and
large bandwidth in this frequency region which is located in
the transitional band between the macroscopic electronics to
micro-photonics [2]. The radar imagers systems based on THz
technology are rapidly developing and will be excellent future
candidates for fine resolution and all-weather applications [3],
[4], [5], [6].

The THz imaging systems are broadly categorized as far-field
THz imaging and near-field THz imaging as presented in Fig. 1.
The THz imaging categories scope that has been explored in this
paper are indicated with yellow colour in the diagram. Both the
far-field and near-field THz imaging have been widely explored
in various applications as reported in [7]. However, the major
limitation of far-field THz imaging is the diffraction limit which
affects image spatial resolution. To overcome this challenge,
it has been suggested to collect THz signals in the near-field,
thus breaking the diffraction limit and provide high spatial
resolution [7]. The THz near-field is also classified as: 1) aperture
type near-field and 2) aperture-less type near-field [8]. In the
aperture type imaging, coherent measurements are implemented
on an aperture and the object is focused by propagating the
wave backwards to its exact location [1]. The aperture-less type
THz imaging uses focal plane imaging whereby the intensity
distribution on an imaging plane is measured to illustrate an
object. Here, we study the THz aperture type near-field imaging
based on Synthetic Aperture Radar (SAR) imaging. The SAR
imaging systems utilize the measured THz amplitude and phase
from multiple beam paths or multiple positions to reconstruct
an image.
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Fig. 1. THz imaging scope explored in this paper.

The SAR imaging based on remote sensing has been broadly
applied in the microwave regime of the spectrum (below 30 GHz)
and offer a long exploration range. The applications of SAR
are being broadened through the THz spectra to high resolution
imaging, high resolution localization, material characterization,
non-destructive testing (NDT) and near-field imaging and sens-
ing applications. Even though the THz spectrum is limited by
sensing range caused by free space path loss and high atmo-
spheric attenuation, however it exhibits great potential to enable
imaging applications in the short range or near-field, especially
in the indoor environments which could be the basis of more
applications for example, household robotics, health monitoring,
building fire detection, etc. [7], [9], [10].

Recently, the THz imaging technology has demonstrated
salient potential and has become a research hotspot in vari-
ous applications spanning NDT, radar communication, personal
screening, automotive, material characterization, security, ob-
ject detection and healthcare monitoring. Moreover, its unique
characteristics including non-ionizing, non-invasive, high sen-
sitivity to polar molecules such as water and penetrability to
dielectric materials play a crucial role in these applications [11].
As a result, the THz based imaging promises great potential as
a versatile imaging tool complementary to Magnetic Resonance

Imaging (MRI) and X-Ray imaging tools [12]. With the techno-
logical advances in THz range, there is a high renewed interest
in high resolution and 3D imaging that exceeds the limitations
caused by optical sub-elements or illuminating beam through
THz imagers based on SAR technique [13], [14].

There are two types of spatial resolution in high resolution
imaging for THz systems: 1) range or depth resolution which is
not diffraction limited, this depends on pulse spectral bandwidth
and not changed by SAR imaging and 2) azimuth resolution
which is 2-dimensional and is limited by Rayleigh scattering
criterion i.e., the use of optical wavelength. As compared to
the microwaves, THz waves provide more spatial resolution,
however the conventional THz imaging systems are associated
with long scans due to raster scanning whereby pixel by pixel
scanning is performed [15], [16]. The SAR system is called
curved SAR when the synthetic aperture is produced or created
by circularly encircling the scene to be imaged. The circular-
SAR (C-SAR) and spiral-SAR (S-SAR) which is based on a
cylindrical spiral trajectory are the scanning methods for curved
SAR. The C-SAR and S-SAR imaging allow faster scanning
with improved resolution and capability of signal-to-noise ratio
(SNR) improvement through collecting data measurements from
a diverse angular range along full-flight rotation path of 360°
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thus accumulating more information of the target scene relative
to the linear-SAR (L-SAR) imaging.

A. Advantages of THz-SAR Over Microwave SAR and Optical
Imaging Methods

The THz-SAR is capable of penetrating through dust, smoke,
cloud, all weather, day and night, leading to increased target
recognition and high-resolution imaging. As compared to the
microwave SAR, the advantages of THz-SAR include larger
bandwidth, shorter wavelength, higher resolution, higher carrier
frequency, aperture speed, frame rate and could be used for
real-time imaging and moving target detection at high range
resolution [17]. Therefore, it is meaningful to study imaging
in the THz regime of the spectrum. As compared to the con-
ventional THz imaging systems based on optics, THz-SAR has
potential to achieve better resolution, constant resolution that
does not depend on depth of focus linked to optics and better
signal-to-noise ratio (SNR) as well as increased acquisition
speed. It utilizes radar motion to synthesize a large aperture
to yield high angular resolution [18], [19], [20].

The advantages and characteristics of S-SAR and C-SAR
include: improved target recognition accuracy through ability
to acquire target scattering characteristics in all the directions,
high resolution through broadening of effective bandwidth in
wavenumber domain and ability to acquire 3D target location
information unlike in conventional linear SAR which is limited
to 2D [21]. The capability of 360-degree observation of curved
SAR makes it more attractive to reconstruct a moving object
trajectory or scene.

B. Related Work

The developments in system-on-chip complementary metal
oxide semiconductor (CMOS) radio frequency integrated cir-
cuits (RFIC) have resulted in the emergence of cost-effective fre-
quency modulated continuous wave (FMCW) millimetre wave
radars for imaging applications. The radar imaging systems
include multiple input multiple output SAR (MIMO SAR),
interferometric SAR (InSAR) and tomographic SAR [22], [23],
[24], [25], [26]. In [8], a THz near-field imaging system based
on SAR has been developed for precise, high resolution NDT
of packaged aluminium etched antenna arrays and for flexible
gold electrode array surface imaging. Novel THz-SAR test-beds
based on FMCW radar front-end and vector network analyser
(VNA) are being investigated for short range applications in-
cluding NDT, security/defence, material characterization and
automotive [27].

Significant progress has been made on Multi-Input Multi
Output (MIMO) multi-static array SAR, with algorithms for 2D
and 3D MIMO circular SAR imaging and the SAR imaging
technology having been broadly investigated in the microwave
spectrum for various applications [28]. In [29], C-SAR tech-
nique was applied to develop low cost and compact single
channel FMCW radar for a high resolution microwave imaging
system. They developed an image reconstruction algorithm and
analytically analysed the developed system with discussions of

the differences between their system and previously reported
systems.

The application of ultra-wideband (UWB) radars in mi-
crowave imaging for investigating early and accurate tumour
detection has recently gained popularity in breast cancer studies,
with image contrast attributed to the conductivity and dielectric
permittivity differences between healthy and tumour tissue. The
UWB CSAR was explored for breast imaging and for detection
of breast tumour based on microwave imaging in [30]. The
time domain global back propagation reconstruction algorithm
was adapted to circular trajectory acquisition of the data. They
also proposed a sectional method for image reconstruction that
compensates changes in global velocity for multilayer mediums.
The suitability of the system for imaging of breast tumour was
examined using experiments on breast phantom designed to
emulate normal and tumour tissues through 3D printing fabrica-
tion and MRI. When compared to the MRI imaging, the UWB
C-SAR demonstrated potential as a tool for early diagnosis
and treatment monitoring. The microwave based UWB SAR
have also been reported to be suitable for imaging sensing
applications in monitoring oil reservoir, wall imaging, material
characterization, geo mapping, weather forecasting and tissue
imaging [31]. The application of radar based microwave imaging
for breast cancer detection has been also investigated in [32]
where the matching pursuit algorithm (MPA) has been applied
to reconstruct scattering map of the breast from the monostatic
Inverse Synthetic Aperture Radar (ISAR) imaging.

The exploration of reconstruction algorithms has been re-
ported in a couple of THz-SAR studies: the inverse Fast Fourier
transform was found to reduce computational expenses with
more precise ability to focus relative to the back propagation
algorithm (BPA) for near-field MIMO-SAR in [33]. While the
extended Phase Shift Migration (PSM) was proposed to be more
flexible for THz MIMO SAR [34] and the range migration
algorithm (RMA) and back propagation algorithm (BPA) were
reported to generate different image reconstruction results in
THz based SAR, contrary to microwave SAR systems [1]. In
[35], an adaptive sub-aperture integration technique for wide
angle SAR in THz applications was proposed for improved
imaging and [27], 3D SAR was demonstrated at 1.5THz for en-
hanced image quality relative to the 0.85THz -1.1THz frequency
band. Spiral SAR was explored in [2] and a UWB THz FMCW
generation technique and UWB signal fusion algorithm was
proposed for high range resolution and suitable for multilayer
systems [11].

The real time THz SAR was proposed that uses linear motion
for imaging in the near field range [36]. A motion error model
was proposed for THz CSAR to analyse THz image quality
[37]. The potential of fine resolution imaging using a fully
integrated FMCW THz-SAR or ISAR was demonstrated by
the system developed in [38] which was capable of detecting a
plastic ring and a metallic blade. The potential to detect tumour
beneath the skin, explosives and moisture level detection as well
as contrasting between fat and muscle was demonstrated. The
PSM algorithm has been considered better than the BPA, Range
Doppler algorithm (RDA) and the RMA was found to recon-
struct images with improved precision. The THz based C-SAR
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TABLE I
RECENT 3D IMAGING BASED ON THZ SAR

has been broadly studied in microwave regime of the spectrum,
however THz based C-SAR is not yet fully explored. Some of
the reported applications for THz radar in short and medium
ranges include automotive [35], body security, concealed object
detection and indoor localization of people and objects etc. [39].
THz stepped frequency SAR was also explored using an efficient
frequency scaling based algorithm that was suggested to perform
better than the BPA [40].

There is an increasing interest in THz imaging with 3D
imaging capability. Table I presents some of the studies that have
recently investigated 3D radar-based imaging at THz frequen-
cies. The capabilities of radar based 3D imaging and sensing has
also been recently investigated for various applications including
topographic mapping [48], deep learning based approach for
moving object localization [49], indoor human vital signs and
gesture/activity/posture localization, monitoring and classifica-
tion [50], [51] and other applications in the THz, radio and mi-
crowave frequencies [52], [53], [54], [55], [56], [57], [58], [59],
[60]. The capability of SAR technology to achieve 3D imaging
and the exploration of efficient reconstruction algorithms in THz
and Microwave frequency bands have been reported in various
studies including [40], [61], [62], [63], [64], [65].

C. Motivation

The SAR imaging has been broadly investigated in several
microwave applications and generally known to provide high
resolution images, however, very limited reported research exists
on THz radiation-based SAR. Moreover, only a few studies
have investigated on circular SAR and 3D imaging for THz.
The conventional THz imaging systems are still very limited by
insufficient development status and its high range resolution is
usually achieved by a femtosecond THz pulse sources while the
azimuth resolution is achieved by electronically or mechanically
scanning the target objects using a lens focused beam such as
in THz time domain spectroscopy (THz-TDS). Diffraction limit
poses a great problem in limiting the spatial resolution which
can be resolved using SAR systems.

Therefore, in this paper, we explore the potential of THz
radiation-based SAR for near-field imaging applications like
indoor environments and note the performance of two recon-
struction algorithms based on C-SAR. One of the emerging
technologies being used to achieve high resolution imaging is the
SAR imaging, which is an active coherent imaging system that
supports all weather and all day/night penetration capabilities
as compared to that of the optical technology. Additionally,
high resolution images enable simplified object localization,
classification and identification [9].

D. Contribution

The paper explores FMCW THz MIMO SAR imaging as
a technique for improved spatial resolution and scanning time
improvement relative to optical technology and improved spatial
resolution as compared to microwave radar imaging. The CSAR
imaging is also investigated as a better technique compared to
linear and rectilinear SAR. To be more specific:
� We explore a new toolbox that enables the rapid develop-

ment of near-field THz-SAR imaging systems and genera-
tion of large near-field THz imaging scenarios that can be
used for data driven applications as well as its potential for
THz based high resolution and 2D/3D imaging.

� The advantages of THz based SAR over Microwave SAR
and optical imaging methods are reported. Further, the back
propagation algorithm (BPA) and polar format algorithm
(PFA) based reconstruction algorithms have been explored.

� We will explain the 2D-and 3D-SAR imaging signal pro-
cessing. Further, an FMCW testbed is simulated in MIMO
configuration for the target frequency band.

� We simulate image reconstruction and near-field THz
imaging based on C-SAR scanning. Further, we explore
a SAR simulator based on THz for near-field applications
and comparison of the reconstruction algorithms based on
C-SAR is conducted.

� We report evaluation metrics used for SAR performance.
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Fig. 2. Flowchart of the THz MIMO-SAR image reconstruction.

E. Organization

The rest of the paper is organized as follows. The second
section describes the materials and methods used and we discuss
the attained results in the third section. Lastly, we summarize the
paper in the fourth section.

II. MATERIALS AND METHODS

The Terahertz Toolbox for simulating near-field THz imaging
radar systems [66] are explored. It enables near field THz
imaging scenarios generation which could be utilized for various
data driven applications. Using a set of programs and Matlab
functions, we simulated THz SAR Imaging and radar image
reconstruction techniques and algorithms. Fig. 2 shows the
flow chat that depicts the THz based SAR imaging and image
reconstruction.

A. THz Waveform Parameters

The first stage involves computing the chirp parameters of
THz sensors being tested. The chirp parameters include the
FMCW chirp starting frequency, IF (intermediate frequency)
signal sampling frequency, device center frequency and total
system bandwidth.

The parameters are then used to compute using the following
equations:

Chirp Slope K =
fsB

Nk − 1
(1)

where fs is the IF signal’s sampling frequency, Nk is sample
wavenumber and B is the bandwidth in Hz. The wavelength
λ = c

fc
, where c and fc are the speed of light and device center

frequency in Hz respectively.

Maximum Range RMax =
fsc

2K
(2)

where K is the Chirp slope in Hz/s.

Range Resolution RResolution =
c

Buseful
(3)

where the Buseful denote the used bandwidth of the total band-
width available. The instantaneous frequency (f ) and instanta-
neous wavenumber (k = (2πf/c)) are then computed using
eq. (4):

f = f0 +K (t+ τADC) (4)

where f0, and τADC are the FMCW chirp starting frequency
and time constant delay, respectively.

B. Setting the Antenna Elements/ Array Properties

The physical transmitter (Tx) and receiver (Rx) antenna el-
ements of the radar are set up by specifying the elements’
exact location as well as adding, enable or disable individual
elements. To compute the x-coordinate of each element, values
of x(λ) + x(mm) are added where x(λ) and x(mm) are the
number of wavelengths and millimeters, respectively. In this
way, the antenna element locations are entered as fractional
multiples of the wavelength (which is common), with added
offsets in millimeters. In the same way, the y coordinate is
calculated. The generation of the MIMO array is in the form
of a planar array that is located at the z coordinates specified
by the “Transmitter Z(m)” field which automatically updates
the “Receiver Z(m)” to match the changes of field “Transmitter
Z(m).” An orthogonality is attained using time-division mul-
tiplexing (TDM) MIMO wherein each transmitter is activated
separately, transmits the signal, and the signal is captured by the
receivers. Then, the next transmitter is activated, transmits the
signal, and so on. In the MIMO array mode, the beat signal is
simulated by the software from the multi-static MIMO array,
while in the equivalent phase center (EPC) virtual elements, the
beat signal is from the monostatic array containing elements at
EPC points of the MIMO array, i.e., virtual elements.

C. Creating MIMO-SAR Scan Scenario

The four scanning regimes are supported by the software as
follows: Linear method requires a collinear antenna array along
y dimension and the MIMO array is scanned across the y-axis
“Y-Step Size” sized steps expressed in wavelength multiples or
millimeters using the switch. The rectilinear methods scan the
MIMO array across the x-y plane. The circular scanning method
simulates a rotation of the target or axial rotation of the radar
around the target to scan the MIMO array across the θ dimension,
it requires the use of a single transceiver pair to synthesize a
circular pattern. Lastly, in the cylindrical regime, a cylindrical
aperture is synthesized by scanning the MIMO array across the
θ and y dimensions and requires a collinear array. The TDM
MIMO SAR mode is used to synthesize the array whereby the
signal transmitted by one transmitter is captured by the receivers
making up the array at the given step.
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D. Creating the Target Scene

Various methods are available to create the target scenes
or import the target, for example, using random points, table
of targets, STL (Standard Tessellation Language) and PNG
(Portable Network Graphics) file formats etc. The beat signal
is computed using either GPU (Graphics Processing Unit) or
CPU (Central Processing Unit). The trip path loss can either be
included or not. In the table of targets, the reflectivity and exact
position of individual point in the scene treated as ideal back
scatterers.

E. Image Reconstruction

The image reconstruction in SAR imaging is a mathematical
process that acquires projection data at the target position to
generate scene images. The mechanism used for image acqui-
sition and reconstruction process has influence on the image
quality [67]. We used the non-uniform C-SAR Back propagation
algorithm (BPA) and the uniform C-SAR polar format algorithm
(PFA) using the circular and cylindrical scanning methods to
acquire 2D and 3D images of the point targets, respectively.

F. Back Propagation Algorithm Review

The transmitted signal for a SAR imaging system can be
expressed as: s (t) = Aej2πft, where A, j and f are the
signal amplitude, complex number unit and transmitted signal
frequency, respectively. The target’s back-scattered wave is:
s (m, f) = δm s(t)ej2πfτm , where m and τ are the receiving
antenna position and twice signal time delay from the antenna to
object, respectively. The time delay τ is expressed as: τ = 2d/c,
where c is the speed of light and d the distance between target
and the antenna. The overall BPA process is defined as:

δBP (x, y, z) =

M∑
m=1

N∑
n=1

s (m, fn) e
− j4πfndm

c (5)

where the scanning points are denoted by M . From (5), the
complex ratio between transmitting and receiving signals can
be used to calculate the object function by solving matrix for
the given distance. The BPA constructs the object by integrating
echoes at distinct frequencies.

G. Polar Format Algorithm

The polar format algorithm (PFA) is computationally efficient
and has been used widely in the spotlight SAR imaging. The PFA
process involves firstly applying the reference point matched
filter (RMF) and then resampling to the image’s wavenumber do-
main. The consistent processing of the synthetic aperture data by
the conventional processes of PFA compromises the efficiency
of the PFA algorithm. For the imaging process, azimuth de-chirp
is applied to the echo data when using PFA. In range frequency
domain, the uniformly matched signal for a bi-static SAR system
is:

Sd (fτ , t) = wa

(
t

Ta

)
Wr

(
fτ
Br

)
× e−j2π fc+fτ

c ΔRp(t;xp,yp)

(6)

Fig. 3. Circular SAR geometry.

where wa and wr are the azimuth and range envelope respec-
tively, Ta is synthetic aperture time, fτ is the range frequency
variable,Br denotes the transmitted signal bandwidth andΔRp

is the differential range. The full derivation of the PFA image
reconstruction process has been derived in [22], [23].

H. Circular Synthetic Aperture Radar

The curved SAR imaging technology uses curved motion
of the radar to acquire omnidirectional 2D or 3D scattering
information of the target area. CSAR is a special form of curve
SAR and its typical geometry is shown below [2].

For general SAR, the 2D image is acquired through the syn-
thetic aperture in one axis and FMCW for length measurement
for the other axis. The spatial resolution in FMCW is determined
by the width of the frequency modulation of the source, which is
thus limited to several millimeters in THz SAR images. Circular
SAR as shown in Fig. 3 scans in a circle and synthetic aperture
is applied on both axes, making it possible to obtain 2D image
with spatial resolution of several hundred micrometers. When
observing an isotropic scatterer at 360°, the resolution can be
expressed as:

δx = δy ∼ λ

4cosθdp
(7)

I. Cylindrical SAR

The cylindrical SAR also known as spiral SAR (S-SAR)
imaging system is based on cylindrical spiral curve and performs
360° omnidirectional imaging which provides more abundant
and comprehensive azimuth scattering information, thereby
improving performance for target detection and classification
recognition. The typical space trajectory of the S-SAR is shown
in Fig. 4.

As shown in Fig. 4, the moving point moves uniformly along
the cylindrical busbar and the busbar uniformly rotates the
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Fig. 4. Cylindrical spiral curve space trajectory [2].

cylindrical surface axis. The moving point composite trajectory
motion is called the cylindrical spiral curve which is called right
spiral curve when it corresponds to the right-handed rule. The
spiral curve is determined by the direction of rotation, Lead (L)
or lift angle α and the radius R. The chirp signal transmitted by
the radar with bandwidth B and center frequency fc (assuming
energy loss during transmission is negligible) can be expressed
as:

s (τ, t) = rect

(
τ

Tp

)
exp

(
j2πfcτ + jπKτ2

)
(8)

where rect(.) denotes the rectangular window function, K is the
chirp rate, Tp is the signal pulse width and τ is called fast time.
The echo signal received by the radar after being reflected by a
point target P takes the form:

sr(τ, t)=σP rect

[
τ − 2RP (t)

c

TP

]
exp

{
j2πfc

∣∣∣∣τ− 2RP (t)

c

∣∣∣∣
}

· exp
{
jπK

∣∣∣∣τ − 2RP (t)

c

∣∣∣∣
2
}

(9)

where σP is the coefficient of electromagnetic scattering of
P . After considering reference signal from reference point O,
adjusting the linear frequency and compensating the video phase
term [2], the resultant mathematical model of point target echo
signaling SSAR is given by:

sr (τ, t) = σP rect

[
τ − 2ΔR(t)

c

TP

]
exp

[
−j4πf

ΔR (t)

c

]
(10)

where ΔR (t) = RP (t)−RO(t), f = Kτ

III. EXPERIMENTAL RESULTS AND DISCUSSION

The paper focuses on the implementation of the time domain
and frequency domain image reconstruction algorithms in THz
based FMCW MIMO CSAR which are executed on the CPU
of a 64-bit, Intel Core i5, hard disc 1TB personal computer
with MATLAB 2020b. A THz and Sub-THz Imaging Toolbox
for simulating near-field THz imaging radar systems and image

TABLE II
WAVEFORM PARAMETERS PARAMETER

reconstruction developed by the Wireless Information Systems
Laboratory (WISLAB) of the University of Texas at Dallas [66],
[67] are explored. The toolbox enables rapid development of
near field THz imaging radar systems and efficient generation of
large near field THz imaging scenarios which are very useful in
various data driven applications. Two popular image reconstruc-
tion algorithms: BPA and PFA were investigated for point target
reconstruction in THz SAR imaging using the novel circular and
cylindrical scanning techniques.

A. Simulation of 2D Imaging

The THz transmit signal in SAR systems can either be contin-
uous or pulse or pulse of Gaussian or chirp etc. [9], here the trans-
mit signal used is the was the chirp signal. The measurements
were performed at the FMCW radar chirp parameters, THz
center frequency and bandwidth presented in Table II. The THz
transmit signal in SAR systems can either be continuous, pulse
or pulse of Gaussian or chirp etc. [9], here the transmit signal
used is the chirp signal. The measurements are performed at
the FMCW radar chirp parameters: starting frequency, sampling
frequency, center frequency and bandwidth presented in Table II
with Nk = 50.

The waveform parameters are set as shown in Table II. The
antenna array is set as MIMO antenna array and the scanner
configured to simulate the THz imaging-based MIMO-SAR
scanning scenario in circular scanning mode instead of the
linear, rectilinear, and cylindrical scanning modes. In Fig. 5,
the physical array of the Rx and Tx antennas, the synthetic
array in the aperture and the MIMO aperture image scenario
are displayed. The target scene is created by specifying point
targets and computed the beat signal using the CPU. The im-
ages from the SAR scenario simulated are reconstructed using
the BPA C-SAR and PFA C-SAR reconstruction algorithms to
reconstruct 2D radar images.

The results for simulation of two-point targets at the center
of scene imaged by a THz-SAR system and reconstructed by
the two reconstruction algorithms are shown in Fig. 6. The
non-uniform CSAR 2D BPA re-constructor which performs cir-
cular scanning and 2D image reconstruction based on the back-
propagation algorithm whereby the synthetic aperture spans a
circular aperture and two-point targets in the x-z plane at the
y = 0 coordinate is firstly used. Using the same waveform
parameters, Rx and Tx antenna arrays, the non-uniform C-SAR
2D PFA re-constructor which performs circular scanning and
2D image reconstruction that is based on the Polar Formatting
reconstruction algorithm is used to reconstruct the radar image,
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Fig. 5. THz circular SAR set up; (a) antenna physical array, (b) synthetic array,
and (c) image scenario.

the synthetic aperture spans the theta dimension to form a
circular array and the point target of two points in the x-z plane
at the y-coordinate (y = 0).

The target contour in the radar image reconstructed using
PFA C-SAR is thinner and clearer. The thin and clearer contour
implies an increased ability of target recognition, thus providing
basis for subsequent recognition of the target. The ideal images
computed for PFA and BPA based reconstruction algorithms are
shown in Fig. 7. In the imaging platforms based on SAR, when
the chirp pulse signal is sent to the target, the signal reflected
from the target contains the information of the target and the
chirp. The chirp has to be removed to restore the target.

Fig. 6. Reconstructed radar images: (a) C-SAR BPA and (b) C-SAR PFA.

B. 3D Imaging Simulation

Performing 3D imaging of the target at a stand-off range
provides more detail and information for identification or recog-
nition of the target as compared to 2D imaging. Thus, it is useful
for instance in tissue imaging applications for offering more
anatomical information by enabling measurements from depths
of the tissue volume to be examined. There has been an increas-
ing interest in 3D capable THz imaging. In the electro-optic
based THz imaging, 3D imaging has been achieved through THz
computed tomography which enables non-invasive visualization
of the volumetric internal structure and non-destructive, contact
free inspection of soft materials [70], [71], [72].

However, the insufficient development status of the conven-
tional THz imaging technology limits the 3D realization due to
low spatial resolution. 3D imaging achieved using SAR promises
to provide high spatial resolution images that comply with
infrared or optical systems. The generation of high resolution 3D
SAR image at 1.5THz was demonstrated in [27] using electronic
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Fig. 7. Computed ideal images (a) BPA ideal image and (b) PFA ideal image.

transceiver modules which can be applied for indoor environ-
mental mapping useful for emergency scenario, rescue missions,
object and unconscious human detection and classification etc.
To synthesize the aperture along the cross-range direction, the
mobile platform with mounted SAR sensors followed a certain
trajectory thereby radiating electromagnetic waves towards the
target and the backscattered waves recorded. The raw dataset of
the recorded signals is then processed with frequency or time
domain reconstruction algorithms for reconstructing the image.

The 3D imaging theory could be explained from the repre-
sentation of the 3D imaging geometry shown in Fig. 8, which
extends the 2D imaging where x-axis propagation direction
provides range information and formation of aperture along the
y- or z-axis acquires the cross-range information to produce an
x-y or x-z imaging plane such that the y- and z-axis corresponds to
the azimuth direction and elevation direction respectively. For
2D imaging, the 1D trajectory is synthesized in the elevation
or azimuth direction and for 3D imaging based on the SAR
technique, the 2D trajectory along the elevation and azimuth
directions is synthesized to acquire the volumetric information
using a planar aperture configuration. Considering the geometry
of a monostatic configuration shown in Fig. 8. A transceiver at a

Fig. 8. 3D imaging geometry.

certain point Pn with n ∈ (1, N) and N = Ny ×Nz being the
total positions in the scanning track,Ny andNzbeing the number
of aperture positions in the azimuth and elevation direction
respectively and the (u, v) denoting the coordinates of azimuth
and elevation. To model the theory of image reconstruction:
consider the transmit signal p(t) in the form of a Gaussian, chirp
or single/multi-tone signal. For a transceiver located at Pn, the
signal received from suppose L scatterers are expressed as:

s (t, u, v) =

L∑
l=1

σlp

(
t− 2Rl

c

)
(11)

whereσlandR =
√
(xl +Rref )

2 + (yl + u)2 + (zl + v)2 are
the reflectivity from lth scatterer and slant range between the
transceiver and the lth scatter. For the VNA test bed, frequency
domain data Sf is firstly gathered and processed with the BPA
after zero padding and inverse Fourier transform st,zp. The voxel
value at location (xi, yj , zk) in the 3D image reconstructed grid
I can be given by:

I (xi, yj , zk) =

U∑
p=0

V∑
m=0

st,zp (tijk, up, vm)

× exp
(
−j4πfminRijk, up,

vm
c

)
(12)

where fmin is the minimum frequency of zero padded signal
and tijk the roundtrip delay for scatterer at (xi, yj , zk) in I .
Using the same waveform parameters as presented in Table II,
the antenna array is set as MIMO antenna array and the scanner
is configured to simulate the THz imaging-based MIMO SAR
scanning scenario in cylindrical scanning mode instead of the
linear, rectilinear, and circular scanning modes.

In Fig. 9(a) and (b), the physical array of the Rx and Tx
antennas, the synthetic array in the aperture and the MIMO
aperture image scenario are displayed. The target scene is cre-
ated by specifying point targets and computed the beat signal
using the CPU. The images from the SAR scenario simulated
are reconstructed using the uniform CSAR 3D PFA reconstruc-
tion algorithm to reconstruct 3D radar images. The results for
simulation of two-point targets at the center of scene imaged
by a THz SAR system and reconstructed by the reconstruction
algorithm are shown in Fig. 9(c). The uniform CSAR 3D PFA
re-constructor performs cylindrical scanning and 3D image re-
construction based on the Polar Formatting Algorithm whereby
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Fig. 9. THz cylindrical SAR imaging set up (a) antenna physical array.
(b) MIMO aperture image scenario and (c) 3D radar image.

the synthetic aperture spans across the y- and theta dimensions,
forming a cylindrical aperture and 2 two-point targets in the x-y-z
space are used.

C. Quality Evaluation Metrics

The measurements of SAR image quality are important to
evaluate the performance of a SAR system. The quality evalua-
tion metrics are based on point target analysis. Several metrics
are used to evaluate the performance of SAR systems through
the formed image quality. Some of the metrics include visual
comparisons and automatic metric-based comparisons: spatial

resolution, differential resolution, mean square error (MSE),
peak signal to noise ratio (PSNR), normalized cross-correlation,
average difference, structural content, maximum difference and
absolute error. More metrics aligned to radar systems include
Peak to Side lobe ratio (PSLR), impulse response (IPR), Ad-
ditive Noise Levels (ANL), Multiplicative Noise Ratio (MNR),
Integrated Side Lobe Ratio (ISLR) and Point Spread Function
(PSF) [40]. Visually, the SAR image system distinguished be-
tween two target points, indicating good performance. From a
visual perspective, the reconstructed images are virtually differ-
ent in terms of the radar echo enclosing the target as can be seen
in Fig. 6. The echo surrounding the BPA C-SAR reconstructed
image is blurrier than that of PFA C-SAR which implies more
target recognition ability, thus BPA performed better than PFA
from the visual perspective.

D. Algorithms Comparison

Although new image reconstruction algorithms have been
proposed continuously, the PFA and BPA algorithms are still
being used and suitable for different applications including SAR
imaging. In both algorithms, images are formed in space domain:
the BPA directly uses the time domain into space domain and
in PFA, data is first processed by the reference point matched
filtering (RMF) then resampled to wavenumber domain. The
resolution features in the two algorithms are different: in BPA,
SAR data is focused using accurate Doppler phase in the imaging
scene, producing resolution features e.g., side lobe directions
and impulse response width that are consistent with range
Doppler contour analysis results. For PFA, the image resolution
features are dependent on the wavenumber spectrum shape,
resulting from far-field planar wave-front assumption being
induced and linear spatial variance regularized through polar
format mapping [68], [69].

The main advantages of the BPA are its parallelism which
makes it ideal for many core devices, for example GPU and hy-
brid CPU/GPU devices. The BPA is able to focus on any MIMO
array configurations resulting in increased design flexibility of
MIMO SAR systems. Also, it provides improved performance
for locating and focusing objects. However, the BPA suffers
high computational burden. The advantages of PFA include that
it provides user flexibility with choice for size, resolution and
location of the reconstructed image and can project signal history
on the focused plane, thereby compensating for non-planar
motion of the radar in moving target imaging [73]. Also, PFA
is more computationally efficient though it is only accurate in
small scene imaging.

E. Discussion

As presented in the preceding sections, the SAR imaging
technology is significantly more established in the Microwave
regime of the spectrum as compared to that in the THz whereas
THz based SAR brings several potential advantages due to
their shorter wavelength, higher carrier frequency, larger band-
width, higher aperture speed, increased frame rate, which could
be exploited for recognition of moving objects and real-time
imaging applications. This suggests that most of the currently
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available simulators or toolboxes have leveraged Microwave
based remote sensing and far-field imaging applications sce-
narios. Such simulators include: an open-source SAR simulator
based on the Shooting and Bouncing Ray (SBR) approach for
SAR simulation that uses NVIDIA GPU (Optix GPU), i.e., hard-
ware accelerated computing architectures for unprecedented
computational speeds and parallel processing, which is suitable
for computationally intensive ray tracing computations. The
computational performance of the reported approach has been
shown to offer orders of magnitude speed increase over CPU
speeds [74]. Another toolbox, free and open-source software
has been developed in Python for InSAR simulation for the
automatic analysis of artificial radar reflectors. The toolbox
is modular and standalone that provides functionality in two
layers: analysis of SAR time series without tasks that are
computationally demanding and analysis of the full area that
includes the analysis of the InSAR time series. The toolbox
demonstrates uniqueness in its application and the geodetic com-
munity [75]. The S1TBX (Sentinel-1) toolbox which is a part
of the SNAP (Sentinel application platform) software has been
developed for displaying, reading and writing data from different
remote sensing satellites like the ENVISAT, ERS, Sentinel-1.
COSMO-SkyMed etc. and is essential for various earth observa-
tion applications. Several interferometric and polarimetric tools
are included by the toolbox for data generation, preprocessing,
registration, calibration, data conversion and speckle filtering
etc. [76]. Another InSAR simulator called Delft object-oriented
radar interferometric software (DORIS) has been designed by
the Delft University’s Delft Institute of Earth Observation and
Space Systems for generating displacement maps and Digital
Elevation Models from Single Look Complex data and for
processing satellites data from ENVISAT, RADARSAT, ERS,
etc. A MapReady remote sensing toolkit has also been designed
that accepts level 1 detected SAR data, optical data from ASF
and single look complex SAR data, etc. It is capable of saving
various image formats including GeoTIFF [77]. The Broadview
Altimetry toolbox has also been designed for reading, recording
and computing radar altimetry data from different official data
centers such as Envisat, GeoSat and CryoSat, etc. [78], high SAR
simulation performance has also been demonstrated by [79] for
supporting complex phase dependent processing and analysis
based on the SARCASTIC v2.0 engine. Other open source and
free toolbox for SAR data processing include but are not limited
to the SNAP, Orfeo toolbox, SARbian [80], Xpatch, RaySAR,
OptiX SAR [74].

While these simulation tools are versatile and useful for
providing the opportunity to mimic radar platform effects un-
der specified environmental conditions, making it possible to
theoretically validate the SAR models. There are substantial
challenges associated with simulation of real-world data using
SAR systems including the subjectivity of the collected SAR
signal to noise ratio. On the other hand, the existing THz based
SAR imaging studies have mainly focused on several aspects
of the performance of reconstruction algorithms as previously
reported. Moreover, the THz-SAR is currently very limited with
very few open-source implementations.

The THz-SAR simulation is performed as proof of principle
and demonstration of the feasibility and validity of SAR based
THz imaging for object recognition in indoor environmental
monitoring as well as the effectiveness of the explored re-
construction algorithms. The main purpose for exploring the
THz-SAR simulation seeks to discover an FMCW THz-SAR
for supporting and facilitating data driven research such as deep
learning in the THz regime of the spectrum through synthetically
generated SAR images. This extends the few currently existing
THz-SAR studies previously presented by incorporating syn-
thetic data generation methods. Moreover, the THz-SAR toolbox
supports extremely fast GPU parallel processing for unprece-
dented performance in addition to the advantages provided by
THz-SAR that are previously presented. The cumulative impact
of this contribution is a SAR simulation tool for near-field
imaging, for example, indoor environment monitoring which
could be useful for THz based health monitoring.

It can also be shown that the theories and methods explored
in this paper have been more broadly explored in the microwave
frequency range, with a more recent growing interest to explore
SAR in the THz range. However, the application in THz range
which has the outstanding capability for breaking diffraction
limited spatial resolution has not yet been fully exploited.
Based on the findings from literature, the performance of THz
based SAR systems is compared to the conventional millime-
ter wave (mmWave) SAR, where THz-SAR shows potential
to outperform microwave SAR due to their higher broadband
and frequency spectra as well as capability to operate in harsh
weather conditions and provide higher spatial resolution beyond
the diffraction limit. Even though the higher frequency spectra
suffer limited propagation distance due to higher atmospheric
absorption and high path losses, they are suitable for short range
applications, for example, indoor environments. Thus, the study
shows that THz based SAR systems have the potential for high
performance and that new applications are feasible, especially
indoor monitoring tasks including for health monitoring. Based
on the theoretical analysis, it can be concluded that the THz
frequency spectrum provides improved resolution compared to
the Microwave spectrum. As an outlook for future publications
and improvement of this work, comparative studies will be
performed including for comparability of various performance
parameters to other simulation works, comparative study on
the impact of the different THz frequencies on the quality of
the reconstructed image to find the optimum range and com-
parison of the experimental results with hardware-based results.
Further, deep learning models will be developed for extraction
of features of the mapped environment for indoor tasks such as
detection, classification and localization of the target objects.

IV. CONCLUSION AND FUTURE SCOPE

The THz-SAR testbeds are commonly based on FMCW and
VNA. In both the algorithms, images are formed in space do-
main, the BPA directly uses the time domain into space domain
and in PFA, data is first processed by the RMF then resampled
to wavenumber domain. Here, the PFA is used in reconstructing
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both 2D and 3D images because of its robustness and simplicity.
This paper seeks to simulate an FMCW MIMO C-SAR geometry
for 2D and 3D imaging and explore the potential of THz-SAR
system for high resolution imaging in the near-field applications,
for example, indoor environments. We have explored the FMCW
THz MIMO C-SAR of the THz imaging simulator and the im-
age reconstruction algorithms to circular-and cylindrical/spiral-
scanning for near-field THz applications. The THz-SAR image
acquisition and C-SAR image reconstruction algorithms are ex-
ecuted to investigate the potential of THz C-SAR based systems.
The main intent of the proposed approach is to explore a FMCW
THz-SAR to support and facilitate data driven research such
as deep learning in the THz community through synthetically
generated SAR images. One of the primaries to be addressed
in the future is addressing real-time imaging in THz SAR. Due
to increased pixels or voxels to be processed in real life appli-
cations, the time or computational power requirement for SAR
image processing drastically increases in the THz spectrum. The
reconstruction algorithms like the BPA inherit a high degree of
parallelism and lack data dependencies which can be utilized for
computation time reduction. Optimization of architectures for
signal processing considering parallel processing can be realized
for example, field programmable gate arrays (FPGA), etc. Deep
learning-based computing could be developed in THz CSAR
imaging applications for improved multimedia experience of
users based on distortion correction and efficient, high-speed
computing. New network architectures that consider security
demands will be required for example, 5G and beyond tech-
nologies, also the cyber physical systems for SAR imaging
to integrate computing, sensing and communication could be
explore through Internet of Multimedia Things (IoMT). The
applicability of THz-SAR for health monitoring could be also
explored.
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