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Abstract —This  paper experimentally demonstrates a
frequency-sweeping notch-beam sub-THz radar frontend based
on a two-line array antenna featuring computational imaging.
Operating within 237.5 GHz and 250 GHz with 12.5 GHz
bandwidth, the radar utilizes a 12 . delay line to achieve
frequency-sweeping capabilities. This con guration allows
dynamic notch-beam scanning across angular ranges from
-26.5% to 28*. The radar frontend is highly compact with a total
size of 20 mm £14.3 mm £1.2 mm, including the beam-steering
network, a magic-tee for creating the 180 * phase shift required
for creating the notch-beam, and the antenna array, and
is implemented by silicon micromachining. The radar was
evaluated with single and dual-target scenarios utilizing and
benchmarking different computational imaging algorithms,
i.e., matched lter (MF), FISTA, and MUSIC. It was found that
the MUSIC algorithm outperforms MF and FISTA in range
and angular resolution in single-target scenes, achieving a
range resolution of 7.8 mm and an angular resolution of
15.7%, with detection errors of less than 6.6 mm and 3.5 £,
respectively. Although the MUSIC algorithm maintains reliable
range resolution in dual-target scenarios, it performs poorly in
providing angular information.

Index Terms —Radar, compressed sensing, Sub-THz, frequency
sweeping, notch-beam.

I. INTRODUCTION

ADAR systems are critical across various applications,

including defense operations, security and concealed
weapon detection, automotive safety, and environmen-
tal monitoring [1]-[5]. Despite their widespread adoption,
radar technologies continuously seek advancements in res-
olution, compact design, and the adoption of adaptive sig-
nal processing techniques to navigate the increasing com-
plexities of modern operational environments. Introducing
radars at sub-terahertz and terahertz frequencies offers a
signi cant advancement, addressing existing challenges by
exploiting large bandwidth capabilities [6]. This progress
enhances range resolution and contributes to the miniatur-
ization of radar systems, promoting increased compactness
and versatility [7]. Conversely, sub-terahertz frequencies
are prone to signi cant path loss, limiting to short-range
applications, and the dif culties of implementing active
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components and phase shifters at these frequencies restrict
the hardware implementations and, thus, the performance.

An innovative beamforming technique, frequency sweep-
ing, has been developed and utilized in many applications
because it offers beam-steering at drastically reduced hard-
ware complexity, i.e., not requiring phase shifters and thus
simplifying system architecture and enhancing manufac-
turability, reliability, and cost ef ciency, though at the cost
of deteriorating range resolution [8]-[10]. [11]-[14].

Notch (delta) beam shape has been traditionally used
in monopulse radar systems [15]. Due to its sharp-slope
radiation pattern, a notch-beam provides higher angular
resolution than a broad beam with a wide radiation pattern.
In [16], the notch and broad beams for sub-THz radar were
conceptually investigated by radar simulations. Their ap-
plication at sub-THz frequencies exempli es the utilization
of traditional methodologies with modern radar technology
exploring new frequency ranges.

Silicon micromachining has emerged as an enabling
technology for implementing sub-THz and THz compo-
nents. This technique enables the fabrication of waveguide
components with micrometer-size features, high produc-
tion uniformity, and, in contrast to other fabrication tech-
nigues such as CNC milling and additive manufacturing,
offers high volume-manufacturability [17]. Surface rough-
ness in the order of a few nanometers can be achieved by
silicon micromachining, superior to any other fabrication
techniques, leading to the lowest insertion loss waveguides
reported in the literature [18]. Many silicon micromachined
components operating at the sub-THz frequencies are suc-
cessfully demonstrated in the literature [19], [20], highlight-
ing the outstanding potential of silicon micromachining to
implement integrated systems in this frequency range [20].

Utilizing unconventional radiation patterns, including
notch-beam shape, requires advanced signal processing
for target detection and localization. The sophistication
of signal processing algorithms is paramount in the ef -
cient detection and localization of targets. Among these,
the MUSIC (Multiple Signal Classi cation) algorithm and
FISTA (Fast Iterative Shrinkage-Thresholding Algorithm) are
noteworthy for their advanced capabilities in estimating
signal direction of arrival and reconstructing sparse signals
from limited data, respectively [21], [22]. These algorithms
leverage the high-resolution potential of sub-THz radar
technology and communication to enhance computational
imaging performance [23]-[28].



This paper evaluates a minimalistic radar frontend's
potential in single and dual-target image reconstruction
scenarios. It investigates the array's ability to detect and
localize targets using frequency-steering notch-beam in
experimental scenarios, comparing MF, FISTA, and MUSIC
algorithms. A potential application of the minimalistic an-
tenna frontend includes in-cabin car radar applications for
driver and passenger monitoring, fast and ef cient airbag
triggering, and left kids or pets in the car which in recent
years has attracted a lot of attention.

Il. FREQUENCY-SWEEPING NOTCH-BEAM SCANNING
CONCEPT AND IMPLEMENTATION

A. Frequency-Sweeping Notch-Beam Scanning Concept

The most straightforward approach to create a steerable
notch-beam by frequency-sweeping is to utilize a two-
element antenna array with out-of-phase excitation sig-
nals, in which the beam-steering is achieved by adjust-
ing the phase of each antenna element. In contrast to
conventional complex beam-steering techniques utilizing
individual antenna-element phase shifters, this approach
realizes the required phase shift for beam-steering by two
delay lines with different lengths in the feeding network
connected to each antenna element. The length differ-
ence between the delay lines results in a linear relation-
ship between each antennas frequency and input phase.
The principle for the discussed two-element frequency-
sweeping array is depicted in Fig. 1. As demonstrated in
the gure, increasing the operation frequency increases
the phase difference between the antenna elements. This
frequency-dependent phase difference, ¢© (f), between an-
tennas 1 and 2, is instrumental in steering the beam by
frequency sweeping. Despite the array's relatively small
aperture of 1.25, .—where , . is the wavelength at the
center frequency—and the physical antenna separation, D,
of 0.75, ¢, employing two open-ended waveguide radiators
and the delay line length difference of 12 | . offers a steering
range of §25%, shown in Fig. 4.

Given the two-element array as a pair of point-source
antennas spaced by distance D with a phase difference ¢©,
the total radiated eld in direction  p (the counterclockwise
angle from antenna 2 to antenna 1 as shown in Fig. 1), at
a distance r in the far- eld of the array, is given by:

E/&EE, M 2 AE, el I /21 ¢©) )

where the rst and second terms in (1) represent the eld
component due to antenna 1 and antenna 2, respectively,
Ep is a constant amplitude, and 2 is de ned as:
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k, the free-space wavenumber, is equal to , in which
is the operating wavelength in free space and is different
from |, ¢ which is the wavelength at the center frequency.
The phase difference can be calculated as:
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Fig. 1. lllustration of the notch-beam shape for a two-element antenna
array, steering the beam by sweeping the operation frequency. lllustration
of the frequency-dependent phase shift due to different-length delay lines
in the feed network, leading to the frequency beam-steering.

where | 4 refers to the guided wavelength. As a result, Eq.
(1) can be rewritten as:

EA2 By el*©”2 cos@ 12 ¢©/2), (4)
using trigonometric identities, further simplied Eq. (1) to:
H
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highlighting the signicant inuence of the delay lines
length difference on the beam steering.

In addition to target localization, two essential perfor-
mance metrics of a radar system are range and angular
(cross-range) resolution, which is the capability of discrim-
inating targets close to each other. Different strategies are
commonly employed to enhance the angular resolution
of a radar system, such as increasing the size of the an-
tenna aperture or incorporating advanced signal processing
algorithms with simple antenna arrays. The relationship
between range resolution and system parameters can be
described as follows [29]:

Co
CRE——— (6)
2 BW,g
where ¢R is the range resolution, cp is the speed of light in
free space, and BW is the effective bandwidth on target.
Due to the nature of frequency-sweeping beam scanning,



the effective bandwidth on the target is narrower compared
to the total bandwidth of the system. The effective band-
width on the targets could be calculated as:

HPBW
BWey F———— BW
Scanning span

where the HPBW is the half power beam width ( 30 *§2%) of
the peaks and the scanning angle is the span for scanning
notch beam (54.5%), and the BW is the total available band-
width of the system (12.5 GHz). In addition, the angular
resolution of the notch beam corresponds to the HPBW
of the notch. The HPBW (= 30 *82%) is determined from
the two peaks of the notch beam. As shown in Fig. 4,
the amplitudes of these peaks vary with scanning, making
it challenging to formulate a precise angular resolution.
As can be observed, a larger bandwidth contributes to
better range resolution, which is grounded in the Fourier
Transformation principles.

B. Implementation of beam-steering frontend

A block diagram of the implemented frequency-sweeping
notch-beam radar frontend, featuring two line array anten-
nas, is shown in Fig. 2. The hardware is discussed in detail
in [10] and [12] and brie y summarized here. Creating the
notch radiation pattern requires a 180 * constant phase shift
between the two antenna elements, which is implemented
by a magic-tee. The antenna array is fed by the delta
port of the magic-tee, whose outputs are connected via a
delay-line network to the dual-element antenna, designed
to achieve beam-steering from -26.5 * to 28* for an operating
bandwidth of 12.5 GHz, spanning from 237.5 to 250 GHz.

The antenna array comprises two unbalanced corporate-
fed single-line (1 £8) sub-arrays with reduced sidelobe level
in the H-plane. The length difference of the feeding lines
is 12, . at the center frequency, inducing a frequency-
dependent phase shift between the sub-arrays required for
beam-steering. The utilized delay line network creates more
than §90* of phase difference by sweeping the frequency
from 237.5 to 250 GHz.

The beam-steering frontend has a standard WR-3.4 rect-
angular waveguide interface, enabling the direct connection
of the fabricated frontend prototype to other system com-
ponents.

Ill. SIGNAL PROCESSING

A pivotal aspect of designing radar systems is the se-
lection of suitable signal-processing techniques that align
with the hardware's capabilities. The utilized antenna ar-
ray's unique characteristics signi cantly in uence signal-
processing algorithms' ef ciency, potentially reducing com-
putational load. To comprehensively investigate the pro-
posed frequency scanning notch beam radar system, the
performance of three advanced algorithms—MF, FISTA, and
MUSIC—is evaluated. These algorithms, each with different
levels of complexity and approaches, are selected for two
primary reasons: rst, to verify the functionality of the radar,
and second, to determine which algorithm is best suited to
this hardware.

Fig. 2. Block diagram of the radar frontend showing different components
in the signal chain and the frequency beam-steering.

Advancements in compressed sensing algorithms have
markedly enhanced radar computational imaging, offering
a signi cant leap forward from conventional methodolo-
gies, such as time reversal or the Fast Fourier Transform.
These advanced approaches unlock the potential for more
ef cient and effective radar imaging, setting a new standard
for processing techniques in the eld and requiring higher
computational complexity. The following standard formu-
lation summarizes the essence of compressed sensing:

y EKx Aw, ()

where x represents a signal vector of length N in R N, and
y is a compressed signal vector of length M in R M, with
M ¢ N. The matrix K, the compressed sensing (measure-
ment) matrix, encapsulated the transformation from  x to
y, incorporating both the incident and re ected electrical
corresponding to each pixel of the discretized FoV as in
(8), and w is an added Gaussian noise to the signal. Eqg. (8)
explains how to Il up matrix K.

i iKmrnpr
ei JKm nEmr|
avr,

i ijKmrnpgi
ei JKm nEmn
&,

E' and E" represent the incident and re ected electrical
elds, respectively. In (9) and (8), indices m and n denote
the m™" measurement (speci cally, the mt" frequency sam-
ple) and the nth pixel within the FoV, respectively. Addition-
ally, ki, signi es the wave number associated with the m
measurement and r,, indicates the distance from the radar
to the n'" pixel. Utilizing the rst Born approximation and
using the rst term of the Taylor expansion, the coupling
between pixels is neglected. The re ected signal of each
pixel is the multiplication of the incident eld and the re-
ection coef cient of each pixel. The maximum normalized

re ection coef cient to perfect electric conductors (PEC) is
1. Thus, for the PEC target, the re ected and incident waves
are equal:

K/CE[Kmn]MEN, Kmn A (8)
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|
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A. Matched Filter (MF)

MF technique is widely used in radar signal processing
to maximize the signal-to-noise ratio (SNR). This method



enhances the detectability of the radar by correlating the
received signal with a template of the expected signal [30].
For a given radar inverse problem as (7), the MF provides
the least square solution using (10).

% AKY (10)

where, KCis the adjoint matrix of K, and X is a least square
approximation of x.

B. Fast Iterative-Shrinkage Thresholding Algorithm (FISTA)

FISTA enhances the recovery of sparse signals using
an accelerated gradient method, surpassing traditional IST
algorithms through iterative updates that include gradient
steps, shrinkage/thresholding, and updates of auxiliary vari-
ables [22]. The efciency of FISTA, particularly its rapid
convergence when compared to ISTA, is attributed to the
introduction of the auxiliary variable and an ingenious up-
date mechanism that leverages information from previous
iterations.

C. Multiple Signal Classi cation Method (MUSIC)

As a super-resolution technique, the MUSIC algorithm
excels in signal processing applications for estimating the
direction of arrival of multiple sources. By employing the
eigenvalue decomposition of the data covariance matrix,
MUSIC differentiates the signal subspace associated with
the sources, enabling precise estimation of the direction of
arrival angles [21]. This capability is invaluable in scenarios
with closely spaced sources or low signal-to-noise ratio con-
ditions, highlighting the algorithm's versatility and power in
radar and array processing applications.

In the proposed radar system, with only one transmit
(Tx) and one receive (Rx) antenna, the MUSIC algorithm's
capability is inherently limited. Speci cally, the maximum
number of correctly detectable targets is nj 1, where n is
the total number of antennas. Therefore, with the single Tx
and Rx con guration, the maximum number of correctly
detectable targets is one.

IV. RADAR PERFORMANCE CHARACTERIZATION

The experiments are performed in an anechoic antenna
measurement chamber operable within 67-750 GHz [31].
The chamber is equipped with a 4-degree-of-freedom fully
automated robot and is covered with high-frequency ab-
sorbers to minimize re ections, facilitating accurate radia-
tion pattern measurements. The S-parameters and patterns
are measured using a Rohde & Schwarz ZVA-24 Vector
Network Analyzer (VNA) with ZC-330 frequency extenders
operating in the 220-330 GHz. The measurement setup
is calibrated with a standard calibration kit using the
Through-Offset-Short-Match (TOSM) method, shifting the
measurement reference planes to the surface of the waveg-
uide anges right at the radar frontends input port. The
measured Si; is presented in Fig. 3.

The measured notch radiation patterns in the E-plane are
shown in Fig. 4. The beams are measured with 0.5 * steps in

Fig. 3. Measured Sp1 of the radar frontend in the notch-beam. As can
be seen, the input port is perfectly matched within the frequency range
of 237.5-250 GHz.

Fig. 4. The measured radiation patterns of the radar frontend at different
frequencies in the E-plane, showing the steerable notch pattern.

the E-plane and 0.25* steps in the H-plane and are averaged
and normalized over a 1 * angle (ve E-plane cuts) due to
the distributed nature of the targets in the scene. The half
power beamwidth in the H-plane radiation patterns was
characterized and is between 8.5 *-9.5% [12] in the steering
range.

The beam-steering frontend is rst evaluated by single-
target measurements, focusing on characterizing range and
angular accuracy, and then by dual-target scenarios for
characterizing the target discrimination capability.

An schematic view and experimental con guration of the
single-target measurement setup are depicted in Fig. 5.
Given the frontend's narrow beamwidth in the H-plane,
positioning the Tx and Rx antennas as shown in the
Fig. 5 minimizes the coupling between them, increasing the
network analyzer's dynamic range. In these measurements,
one frequency extender operates as the transmitter and is
connected to a 1£8 antenna array with a broad fan beam
over the steering range [12]. The other frequency extender,
which acts as the receiver, is connected to the antenna
under test, i.e., the radar frontend prototype. The angular
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Fig. 5. (a) Schematic view of the measurement setupt. (b)Measurement
setup for the single-target measurement. Tx and Rx antennas are posi-
tioned vertically.

and range resolutions, ¢y and ¢ R, respectively, are de ned
as the width of the reconstructed image's range and angular
distributions at -3 dB from the peaks. The detection errors,
+R and ty, represent the deviation of the detected values
from the actual values.

A. Single-target Measurements

Three single-target scenarios were investigated to assess
the radar frontend performance in detecting and localizing
a target at different angles. The target is a vertically long
corner metal with 4 cm sides to enhance the signal-to-
noise ratio. At a distance of 0.6 m, the angular size of
the target is approximately 5.34 *. Due to the size of the
target, the target was assumed at a distance of 0.6 §0.01
m from the receiver (the phase center of the target would
vary according to the target geometry and angle) centered
at three distinct angles: 0 %, -14*, and +10.5%. The imaging
scene is discretized into range and angular bins of 5 mm
and 0.5%, respectively, covering a range from 0.5 m to 0.75
m and §30% FoV, totaling in N=51 £121=6171 pixels, and a
total of M=201 frequency measurement samples were taken,

(7) is classi ed as an underdetermined convex problem.

The target's actual location in the results is marked by a
black dashed line, indicating the center of the target.

The 2D reconstructed images for these three single-target
scenarios by the MF, FISTA, and MUSIC algorithms are
displayed in Fig. 6.

The rst single-target scenario is the target positioned
0.6 m away and aligned at -14*. Reconstructed images
from the measurement data, presented in Fig. 6(a) and
Fig. 7, illustrate the system's capacity for target visualization.
The three algorithms were able to successfully detect and
localize the target with a range error of less than 6.6 mm
and angular error of below 3.5 *, which are smaller values
compared to the physical dimension of the target. MUSIC
offers higher range resolution ¢R = 14.6 mm close to the
range resotluion for the non-scanning broad beam ¢R A
12.5 mm and angular resolution ¢u=24.7-. Notably, the
range resolution for MF and FISTA are compatible with
the nature of the frequency sweeping beam scanning and
effective bandwidth discussed in Section Il [16]. On the
other hand, the MUSIC, as a super-resolution algorithm,
provides higher range resolution. Moreover, due to the wide
notch-beam, the angular resolution results in low angular
resolution with a wide distribution.

Fig. 6(b) displays the reconstructed image of a target
situated at a distance of 0.6 meters and an angle of 0 *.
This visualization in Fig. 8 underscores the effectiveness of
the three algorithms under consideration.

Notably, the MUSIC algorithm demonstrated superior
range resolution ¢R=6.1 mm without range error, reaf-
rming its status as a super-resolution technique. Also,
in angular resolution, MUSIC offers angular resolution
¢u=15.9* with angular error 2 * that is less than the physical
angular size of the target. MF and FISTA achieved range
resolutions comparable to the rst scene with zero range
error. However, they did not present meaningful angular
information. This failure in accurate angular detection is
attributed to the poor notch depth at angular ranges from
U AE0* to uA10%

The reconstructed images of the third target scenario,
illustrated in Fig. 6(c) at a distance of 0.6 m and an angle
of +10.5%, showcase the precision with which the algorithms
can detect range and angular information.

The range and angular distribution of the reconstructed
images for this scenario in Fig. 9 highlights the superior
performance of the MUSIC algorithm in single-target sce-
narios.

A comprehensive summary of the ndings for the single-
target experiments is provided in Table |. This Table offers a
uni ed perspective on the comparative performance of the
algorithms under various test conditions. The red values in
the Table show that the angular detection error for MF and
FISTA in the second scenario is larger than the angular size
of the target.
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TABLE |

Single-target scene reconstructed images: targets positioned at 0.6 §0.01 m and (a) -14%, (b) 0%, (c) +10.5%.

THE ALGORITHMS' RANGE AND ANGLE DETECTION ERRORS FOR SINGLETARGET SCENARIOS

Parameters Algorithms Scenario 1 Scenario 2 Scenario 3
MF 2 0 2
Range error (xR mm) FISTA 6.6 0 1.6
MUSIC 6.6 0 1.6
MF 0.6 13 2
Angle error (+p¥) FISTA 0.6 12.5 15
MUSIC 35 2 11
TABLE I

DETECTION PERFORMANCES OF THE ALGORITHMS FOR DUAETARGET SCENES

Parameters Algorithms Target 1 Target 2
MF 0 0
Range error (R mm) FISTA 4.7 5
MUSIC 4.7 5
MF 4.5 3
Angle error (+p¥) FISTA 45 25
MUSIC 3.5 9




Fig. 7. Range and angular distribution of the reconstructed images of the
rst scene signal-target scenario for the three algorithms.

Fig. 8. Range and angular distribution of the reconstructed images of the
second scene signal-target scenario for the three algorithms.

B. Dual-target Measurements

Three dual-target experiments were conducted to evalu-
ate the radar system's ef ciency in detecting and localizing
multiple targets. Due to the similarity in scenarios and

Fig. 9. Range and angular distribution of the reconstructed images of the
third scene signal-target scenario for the three algorithms.

results, only one dual-target experiment is presented here.

The targets were strategically positioned at distances
of 0.6280.01 and 0.7480.01 m from the radar's center,
spanning angles of 15%, and -10*. The targets are the same
as single target tests, and the targets angular sizes are 5.15%,
4.33

The imaging scene is discretized into range and angular
bins of 5 mm and 0.5 *, respectively, covering a range from
0.5to 1 m and §30*. The scene has N=101£ 121=12221 pix-
els, and the total frequency measurement samples is M=201.
The results of dual-target tests are shown in Fig. 10, which
represents 2D reconstructed images, and Fig. 11, which
illustrates the range and angular distribution of the two
detected targets. In contrast to single-target measurements,
the MUSIC algorithm only detected one of the targets in
the dual-target scenario, while MF and FISTA detected both
targets with angular errors of below 3 *.

It can be concluded that MUSIC outperforms MF and
FISTA in single-target scenarios, but in multi-target cases,
MUSIC fails to provide acceptable angular resolution.

The localization performance of each algorithm when
confronted with dual-target scenarios is concisely captured
in Table Il, which provides detailed information on the
range and angular detection errors, illustrating the perfor-
mance of each algorithm in navigating the complexities
of multi-target con gurations. The red value in the Table
shows that the angular detection error for MUSIC is larger
than the angular size of the target.



Fig. 10. Dual-target scene reconstructed images: targets positioned in range at 0.62 §0.01 m and 0.748 0.01 m from the center of the Tx/Rx, encompassing

three distinct angles: 15 *, -10*.

Fig. 11. Range and angular distribution of the reconstructed images of the
dual-target scene: targets positioned in range at 0.62 §0.01 m and 0.7480.01

m from the center of the Tx/Rx, encompassing two distinct angles: 15 *,

-10%.

V. CONCLUSION

This paper thoroughly investigates a radar frontend de-
signed in the sub-THz range, specically between 237.5
GHz and 250 GHz. The radar frontend utilizes a two-
line antenna array and advanced silicon micromachining
fabrication techniques to implement a frequency-scanning
notch-beam covering an angular scan from -26.5 * to 28%
Moreover, the effectiveness of the MUSIC, MF, and FISTA al-
gorithms in different measurement scenarios was analyzed.
The MUSIC algorithm demonstrated superior range and
angular resolutions in single-target scenarios, aligning with
its super-resolution capabilities. However, its performance
is limited in multi-target scenarios due to the inherent

restriction in the number of correctly detectable targets.

In contrast, despite offering weaker resolution, the MF and

FISTA algorithms proved to be more robust in multi-target

scenarios. This robustness is due to their different data
processing techniques, making them less affected by the
limitations faced by the MUSIC algorithm.
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