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ABSTRACT

Terahertz radars based on leaky-wave antennas are promising for the realization of radar systems with high resolution over short ranges.
This type of radar relies on spatial frequency mapping to realize a wide field of view without mechanical actuation or electrical beam steering.
Previously, integrated leaky-wave antennas based on metallic wave confinement have been implemented, but the high ohmic losses limit the
realized antenna gain, which is essential for extending the range of such a system when limited power is available. Here, we demonstrate an all-
dielectric leaky-wave antenna fabricated monolithically from silicon and then apply leaky-wave radar techniques to realize a terahertz radar
system capable of real-time data acquisition. Through this all-dielectric approach, we can avoid metallic losses, achieving an experimentally
measured maximum realized gain of 25 dBi and a 34.3° 3-dB field-of-view while utilizing established and scalable fabrication techniques
essential for the wide-spread adoption of terahertz technologies. We foresee this technique being applied to a variety of real-time radar
applications, and here we demonstrate two potential use-cases: multi-object tracking and differentiation of liquids.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0180941

I. INTRODUCTION

The use of terahertz frequencies for radar applications offers
unique opportunities in terms of resolution and object penetra-
tion. In particular, the shorter wavelength compared to traditional
microwave radar enables resolutions on the order of millimeters as
opposed to meters. In addition, terahertz waves have the ability to
penetrate non-metallic, dry materials, many of which are typically
opaque to light detection and ranging (LIDAR).! The combina-
tion of these properties defines a niche where terahertz waves are
uniquely suited for the detection of small targets that are optically
hidden from the viewer.

The earliest terahertz radars were based upon terahertz time
domain spectroscopy,”” using optically pumped photo-conductive
antennas in combination with a mechanical delay line to real-
ize ultra-broadband systems with depth resolutions on the order

APL Photon. 9, 036107 (2024); doi: 10.1063/5.0180941
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of micrometers. However, there exist several fundamental barri-
ers to the practical application of these systems. First, they rely
on mechanical actuation to realize in-plane beam scanning, which,
when combined with long integration times results in impractically
long acquisition times, for real-time tracking. Second, these sys-
tems are typically bulky and far from portable, while only producing
nano-watts of terahertz power, which is rapidly dispersed due to
path loss, limiting the effective range. The combination of these fac-
tors makes the prospect of wide spread adoption of such a system for
ranging and localization improbable.

In competition with terahertz time domain spectroscopy,
terahertz frequency modulated continuous wave radars have
emerged,® capable of improved range due to higher output pow-
ers at the expense of bandwidth and, hence, depth resolution. To
realize beam steering, a quasi-optical reflector is typically mechan-
ically actuated with a piezo-electric or otherwise mechanical stage.
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This mechanism is much faster than raster-scanning but still results
in an inherent trade-off between achieved resolution and measure-
ment times, while the chirp time required and the impact of phase
noise become increasingly important.”

These points were addressed through the use of leaky-wave
antennas (LWA) in combination with a frequency swept tera-
hertz transceiver as a terahertz radar.” '’ Without mechanical parts,
the size and complexity of the system are significantly reduced, while
the innate frequency scanning of leaky-wave antennas enables single
shot imaging of a single plane with a wide field of view—a crit-
ical capability in the terahertz regime where broadband, efficient,
and integrated phase-shifters for the realization of phased arrays are
still elusive. Hence, for applications where reduced resolution is per-
missible, particularly for localization, the practical advantages of an
integrated system are significant.

Previously, terahertz leaky-wave antennas have been proposed
for a variety of platforms, including all silicon,'"'* silicon on an insu-
lator,"” 3D-printed cyclic olefin copolymer (COC),'* 3D-printed
alumina,” hollow metallic waveguides,’ terahertz microstrip lines, '
parallel plate waveguides,'”'® spoof surface polariton waveguides,'’
and indium-phosphide.””** Many of these antennas utilize metals
for mode confinement, hindering the maximum realized gain due
to ohmic losses incurred. Those that do not include metals are nar-
row bands due to frequency dependent coupling mechanisms'' ' or
reliance on photonic bandgap crystals.'> Alternatively, waveguides
realized monolithically from high-resistivity float-zone silicon could
be utilized to instantiate a leaky-wave antenna. In recent years, sub-
strateless silicon waveguides” ** have been used to realize a range
of passive components,”*”” including a variety of high gain end-fire
antennas.””*’ This approach is attractive as the intrinsic material
losses of these devices are nearly negligible, ensuring very high
radiation efficiency. As long as coupling to free space is managed
carefully, conserving the limited terahertz power can be generated
with currently available sources. More recently, terahertz sources
and detectors have been integrated to form simple terahertz systems
on a chip,”""* enabling the possibility of future fully integrated radar
systems based on all-silicon waveguides. In this context, we aim to
consolidate the practical advantages of frequency scanning anten-
nas for radar applications with a high efficiency dielectric waveguide
platform, focusing on the development of a high gain frequency
scanning antenna.

The proposed antenna utilizes continuous fast-wave leakage
between a dielectric waveguide and an adjacent dielectric slab,””
negating the need for scattering elements typical of a periodic LWA.
This is critical for a substrateless, dielectric, leaky-wave antenna
where the lack of a metallic ground plane for shielding makes
it difficult to suppress the undesired symmetry that arises from
the radiating elements, which results in a halving of the power
radiated in the desired direction. In infrared photonics, this can
be partially addressed through the use of apodized grating struc-
tures,” although to realize this asymmetry, a multi-stage etching
process would need to be employed, increasing the fabrication
complexity.

It is noted that the design of this antenna was previously
expounded in our numerical study,”* and here we expound there-
upon with more-detailed information about the design, experimen-
tal validation, and a demonstration of terahertz-range radar.

APL Photon. 9, 036107 (2024); doi: 10.1063/5.0180941
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The following paper is divided into four sections. First, we
design an all-silicon leaky-wave antenna with an auxiliary dielectric
lens. Then, we perform a thorough experimental characterization
of this antenna to determine its suitability and limitations for radar
applications. Finally, we derive a single shot imaging algorithm for
de-embedding the depth and angular information from complex-
valued reflection measurements, including an analysis of the limit of
the achievable depth and angle product. We provide two illustratory
demonstrations for applications of terahertz radar: first, multi-object
tracking, and second, in-container liquid differentiation.

Il. ANTENNA DESIGN

Previously, an integrated frequency division multiplexer was
proposed based upon in-slab beam-forming of slab modes launched
by fast-wave leakage from an unclad dielectric waveguide into an
adjacent dielectric slab.’” In this case, the leakage rate and radia-
tion angle are controlled by the separation between the waveguide
core and the slab. As the guided waves propagate in the dielec-
tric waveguide, they undergo phase change with respect to distance
in addition to gradually leaking power. This translates to a wide
aperture distribution with a linearly ramped phase. In the cited
work, in-slab focusing at a desired point is achieved by compen-
sating for this change in phase by progressively shortening the
distance from the slab edge to that point, resulting in convex cur-
vature. Thus, the leaked terahertz waves that enter the slab via these
convex-curved boundaries will constructively interfere at the afore-
mentioned point, forming a focus. Critically, due to the dispersion
of both the waveguide and slab modes, the location of this focus is
frequency-dependent, resulting in a frequency-scanning focus that
may be collected at different points in the slab, thereby achieving
frequency-division multiplexing. By placing the focus in the far-
field, a collimated frequency-scanning beam is launched rather than
a focused beam, and this is the basis of the antenna that is the main
subject of the present work.

The antenna is composed of three connected stages, as depicted
in Fig. 1. The leakage channel is a dielectric waveguide, which guides
the fundamental E;' mode as it is continuously leaked into an adja-
cent dielectric slab. This slab is bordered by a gradient-index (GRIN)
anti-reflection coating realized by etched holes in the silicon slab;
this facilitates the conversion of the slab mode into free-space. Then
an external astigmatic lens is used for H-plane collimation, designed
to enhance the far-field gain of the antenna package. The following
sub-sections describe the design of each component individually.

A. Uniform leakage wave tunneling

A slow-wave waveguide will not leak energy into free space
without radiating elements to introduce a discontinuity, as is com-
monly utilized in scatterer based, periodic leaky-wave antennas.”’
In lieu of scattering elements, an intermediary medium is required
to induce power leakage, and in this case, a dielectric slab serves
this purpose. This slab is capable of supporting its own guided slab
mode with a slower wave speed than the waveguide mode, which
induces a gradual power transfer from the waveguide mode into
the slab mode by a process of evanescent coupling, also known as
wave-tunnelling.

9, 036107-2
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FIG. 1. Proposed leaky-wave radar module. A schematic drawing of the proposed
leaky wave radar package highlights the various components, including the fast-
wave leakage channel, the GRIN anti-reflection coating, and the auxiliary cyclic-
olefin-copolymer (COC) lens. These elements are mounted in a fixture, 3D printed
from polylactic acid (PLA), and designed such that they do not interfere with the
device’s operation.

It is intuitive that as the separation between the waveguide
and the slab is reduced, the degree of overlap of the evanescent
fields will increase, accelerating the rate of leakage and increasing
the modal index of the waveguide, which is now loaded by the
nearby slab. Previously, a theoretical analysis of the leakage between
a dielectric waveguide and an adjacent slab was presented to quantify
these relations, which was later verified by full-wave simulation.*® In
Figs. 2(a)-(c), the critical outcomes of this analysis for the EM wave-
guide mode are presented for a high-resistivity float-zone waveguide
core of width 200 um and an adjacent slab, both with a thickness
of 250 um, with separations varying from 20 to 200 pm. Here, we
adopt a realistic permittivity of 11.68 and neglect material losses as
the loss tangent, tan &, is known to be less than 1.5 x 107 at these
frequencies.”

The leakage profile is indicative of the effective aperture of the
antenna—a larger aperture corresponds to a higher gain. In this case,
a uniform leakage profile is desired, with an aperture of 14.5 mm.
This design process is performed at the center frequency, 275 GHz,
and as such, the performance degrades as the operating frequency
deviates from this point. In Fig. 2(a), at low frequencies, the rate of
leakage accelerates rapidly, causing rapid leakage and, thus, a poor
aperture is formed. At high frequencies, the rate of leakage is lim-
ited, leading to residual power in the guide even with long trailing
channels at the minimum fabricable separation of 20 um, limiting
the efficacy of the antenna at these frequencies.

In Fig. 2(b), we observe the dispersive nature of this leakage
mechanism, and from the phase constants of the slab and the wave-
guide loaded by the nearby slab, the leakage angle as shown in
Fig. 2(c) is derived as

Sin Oy = L2 )
Bstab

The combination of these factors limits the maximum achievable

bandwidth of this scheme.
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FIG. 2. Characteristics of waveguide-slab leakage. (a) Leakage rate from guided
to slab mode for various waveguide-slab separations. (b) Phase constant of wave-
guide mode when loaded by slab at various separations. (c) Launch angle of the
slab mode arising from leakage from the waveguide.

Using the relationship between separation, leakage rate, and
leakage angle, an iterative design algorithm described previously”
can be implemented to determine the necessary separation and
waveguide curvature required to project a beam into the far-field.
The separation between the waveguide and the slab is designed
in three sections in order to achieve the leakage profile shown in
Fig. 3(a). First, the waveguide is gradually introduced to the slab to
avoid a sudden index discontinuity while allowing low frequency
components to leak. Then the separation is tailored to induce a
uniform leakage profile; to achieve this, the separation is gradu-
ally decreased until the minimum possible separation is reached.
Finally, a long trailing section with the minimum viable separa-
tion is introduced; this is critical to improve performance at higher
frequencies where slow leakage results in residual power in the wave-
guide after the uniform leakage region. The separation between
the waveguide and adjacent slab across the length of the chan-
nel is shown in Fig. 3(b). The beam formation is achieved by a
lateral offset of the waveguide relative to the feed, as shown in
Fig. 3(c). This offset compensates for the accumulated phase as
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FIG. 3. Design of the continuously leaking waveguide. (a) Desired leakage profile
for the formation of a uniform aperture at 275 GHz. The separation between the
waveguide and the slab (b) and the lateral offset (c) are designed such that the
leakage profile in (a) is achieved while the desired focus is in the far-field.

the wave propagates along the feed waveguide, ensuring that the
phase profile of the leaked wave is ramped, generating a collimated
beam at the output, which is essential for realizing high far-field
gain.

B. GRIN anti-reflection structure

In this antenna, the dielectric slab acts as an intermediary
medium for broadband, scatterer-free leakage but ultimately acts
as an obstacle to the effective transfer of terahertz power from
the waveguide to free space. The Fresnel losses at the edge of the
slab increase with the incident angle, until ultimately total inter-
nal reflection occurs at, the critical angle 6. ~ 18°, calculated as
0c = arcsin(no/ns;). To overcome this, the boundary of the slab is
angled such that the center frequency is normally incident, ensur-
ing that across the operating band the incident angle remains below
the critical angle and Fresnel losses are minimized. However, these
losses are still not negligible, even at small incident angles. Com-
pounding this, the component of the beam that is reflected at this
interface will continue to propagate internally until it is eventually
radiated, forming undesirable side lobes, or is dissipated at the input
as additional reflection loss. For these reasons, an anti-reflection
scheme is essential.

APL Photon. 9, 036107 (2024); doi: 10.1063/5.0180941
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In optics, a related problem arises in the design of solar cells.
In order to couple light into high-index dielectrics as the sun passes
through the sky, varying the incident angle, GRIN optics are utilized
to overcome weak transmission at oblique incident angles.”’** In
particular, quintic index transitions have been shown to be a simple,
compact, and effective mechanism to realize efficient matching over
a broad range of incident angles. In this case, a gradient index can
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FIG. 4. GRIN anti-reflection structure design overview. (a) Effective medium GRIN
anti-reflection coating used to match the slab mode into free space. (b) Quintic
gradient curve used to design this anti-reflection structure, showing the cropping
due to fabrication constraints. (c) Broadband transmission of the GRIN structure
derived through the discretized ray tracing method.
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be realized through the perforation of the silicon slab with cylindri-
cal holes arranged in a hexagonal lattice, as long as the lattice period
has a deep sub-wavelength period; hence, the lattice period, a = 125
pm is selected. The Maxwell-Garnet approximations,*’ in combina-
tion with the transcendental solution for the slab mode index,** can
be used to derive the range of achievable indices. Then, using these
values, the quintic gradient index distribution can be calculated.*!
Due to fabrication constraints, the minimum possible hole diameter
is 20 pm, and in order to maintain the mechanical stability of the
structure, the maximum diameter is limited to 115 um. At 275 GHz,
these correspond to modal indices of 3.00 and 1.28, respectively,
incurring some residual discontinuity between the slab mode, the
GRIN structure, and free space. In Fig. 4(a), this matching scheme
is outlined with a single unit cell of the GRIN anti-reflection coat-
ing highlighted, with hole diameters corresponding to the gradient
in Fig. 4(b).

To validate the performance of this design, a ray-tracing model
is implemented to simulate the transmission of slab mode through
the gradient index structure at various incident angles. The GRIN
structure is discretized into 30 segments, modeling the transition
from silicon into free-space via the GRIN structure, with each
segment’s refractive index corresponding to the modal index of a
silicon slab perforated uniformly with holes of diameter shown in
Fig. 4(b). Then Snell’s Law and Fresnel coefficients are applied itera-
tively at each interface to calculate the final transmission magnitude
and transmitted angle. This process is repeated at each frequency
to account for the slab mode dispersion, yielding the results shown
in Figs. 4(c) and 4(d), respectively. Here, transmission efficiency is
in excess of 95% for incident angles up to 17°, corresponding to
a maximum transmitted angle after refraction of 70°, incidentally
expanding the field-of-view of the antenna.

C. 3D printed COC lens

The out-of-plane radiation pattern of this is fundamentally lim-
ited by the small physical aperture created by the thin edge of the
silicon wafer. This results in a so-called fan-beam, typical of other
antennas, which use the slab’s edge as a radiating aperture.”” *’ For
many applications, this is undesirable for two reasons: first, it limits
the maximum achievable gain of the antenna, and second, the out of
plane power can easily result in spurious reflections from the envi-
ronment, leading to multipath interference. To compensate for this,
we propose expanding the transverse aperture with free space optics
to form a module with a two-dimensional radiating aperture.”” In
this case, we design a cylindrical plano-convex lens with a bespoke
ray-tracing algorithm and manufacture this lens from a 3D printed
cyclic-olefin-copolymer (COC).**"” This lens is designed to correct
the fan-beam effect in the out-of-plane dimension while maintain-
ing the frequency scanning beams in the plane, and so a cylindrical
lens is a natural choice to correct this astigmatism. In this design
process, we assume COC is a lossless, dispersion-less material with a
permittivity ecoc = 2.31, in line with previous experimental charac-
terizations.”® Although the focal length of this lens is a free-variable,
for our target application, we desire a compact module, so we select
a desired lens cross section of 12 mm and a focal length of 15 mm.
Then, 2D ray-tracing is applied to optimize the lens profile y by vary-
ing a in the expression y = ar® + d. The Nelder-Mead method is used

APL Photon. 9, 036107 (2024); doi: 10.1063/5.0180941
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FIG. 5. Auxiliary 3D-printed COC lens. (a) Output from optimization of the parabolic
surface via a ray tracing algorithm, with a focus at 15 mm. (b) Optimized lens profile
comprising a quadratic surface and a fixed offset, d = 1 mm, where a = 0.0583.
(c) Photograph of a cylindrical lens 3D printed from COC.

to minimize an objective function, which considers weighted fac-
tors arising from the ray-tracing algorithm: the distance between the
mean of all ray intersections and the desired focus, and the thickness
of the lens.

In Fig. 5(a), we present the outcome of this optimization pro-
cess. As the desired lens is cylindrical, the optimized lens profile
is simply extruded to form a 3D solid. The in-plane resolution of
this process is limited by the width of the 0.4 mm extrusion noz-
zle, while the printing layer height is set to 50 ym. In Fig. 5(c), the
surface and internal finish of the lens are imperfect, resulting in a
cloudy appearance. It has been shown that this has a small impact
on lens performance, as this cloudiness arises from the presence of
air in tgq “printed material, which diminishes the aggregate refractive
index."””

I1l. ANTENNA CHARACTERIZATION
A. Measurement setup

To validate this design, the device is fabricated from a 250 um
float-zone, high-resistivity silicon wafer with a single mask and a
deep reactive ion etch process. Experiments are performed with a

9, 036107-5
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(2)

VDI WR3.4
TX/RX

34.50 mm

FIG. 6. Experimental setup for antenna characterization. (a) Overview of the exper-
imental setup, showing VDI extension modules aligned with antenna modules on
top of a motorized rotating stage for automated radiation pattern measurements.
(b) 3D printed antenna module with packaged antenna, integrated COC lens, and
rectangular waveguide alignment flange. For practical reasons, we design and
package the antenna inside of the 3D printed polylactic acid (PLA), such that the
alignment to the feed waveguide and external lens are fixed in place. The mount
is designed such that the PLA does not interfere with the electromagnetic wave
guide. (c) Side view of the radar module, highlighting key parameters. (d) Top
view of the radar module, highlighting the distance from the antenna to the lens.
Note that the radiation center of the antenna exists within the slab, such that the
edge of the slab is not at the focal length of the lens. (e) Macroscopic image of
the fabricated sample with micrographic inserts: (i) feeding taper to be inserted
into a rectangular waveguide for efficient coupling, (ii) unclad waveguide section,
and (jii) fine resolution features including the leakage channel and anti-reflection
structure—with some damage visible arising from incidental overetching during
fabrication.

APL Photon. 9, 036107 (2024); doi: 10.1063/5.0180941
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Keysight N5222B vector network analyzer (VNA) with WR3.4 VDI
extension modules. The largest dimension of the physical aperture
of the antenna is 35 mm without the lens and 51 mm with the
lens, implying Fraunhofer distances of 1.1 and 4.8 m, respectively,
and due to practical limitations, we cannot measure the radiation
pattern in the far-field. Instead, we measure the radiation pattern
in the radiative near-field at a distance of 200 mm. As shown in
Fig. 6(a), the antenna module is placed atop a rotating stage such
that the phase center of the antenna is centered above the rotating
axis. Figure 6(b) shows the fabricated silicon device supported by
the 3D printed fixture and coupled to the metallic waveguide feed
and COC lens. A computer is used to synchronize the VNA and
rotating stage to automatically measure the radiation pattern as the
antenna is rotated. In Fig. 6(c), the fabricated device is shown with
insert micrographs highlighting the key features of the antenna. To
measure the realized gain, we measure Sy, across the frequency range
at each transmission angle with the silicon antenna as the transmitter
and another diagonal horn antenna with a known gain in the range
of 22-25 dBi across the measured range as the receiver. This mea-
surement is compared to the same measurement performed with
a diagonal horn antenna in place of the leaky-wave antenna. The
realized gain is calculated as follows:

G(f,0) = Saewa(f>0)| = [S21,Hom (f, 0)]

+ GHom(f,O) -20 loglo Z;WA (dB), )

where Sy twa(f,0) is the measured transmission with the pro-
posed antenna as a transmitter at a distance of diwa from the
receiver, while S;1H0m(f,0) is the measured transmission with a
horn antenna with gain, Grorm(f,0), at a distance of dor. These
measured results are compared to results extracted from full-wave
simulation in the commercially available CST Studio Suite 2023, but
only in the case without the lens, as the lens’ large electromagnetic
size makes full-wave simulation impractical.

B. Measured results

In Fig. 7(a), we present the measured reflection, which is
below —10 dB across the measured band, highlighting good coupling
between the feed and the silicon antenna with reflections in line with
the simulated results. Notably, we do not see a significant increase in
reflection due to the inclusion of the external lens. Figure 7(b) is the
realized gain map of the antenna, showing the frequency sweeping
characteristic of leaky-wave antennas, with select frequencies plotted
in polar coordinates in Fig. 7(c). Then, Fig. 7(d) contains the max-
imum gain at each frequency with and without the inclusion of the
COC lens. With the COC lens, we observe an average increase in
gain of 6.5 dB, suggesting that this lens is effective at collimating the
H-plane component as intended. In Fig. 7(e), the approximately lin-
ear frequency scanning behavior is described. The maximum gain of
25 dBi is on-par with that of a standard horn antenna.

Here, we note the fabricated sample shows a minor deviation
from the simulations, namely, a 3-dB bandwidth of 53.5 GHz as
compared to 61.7 GHz in the simulation, while the field-of-view
is then compressed to 34.3° compared to 40.0° in the simulation.
We attribute these effects to fabrication tolerances, notably inci-
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FIG. 7. Experimental characterization of the proposed antenna. (a) Measured
reflection coefficients to demonstrate efficient coupling to free space over the
measured frequency range. (b) Radiation pattern measurement without lens over
frequency and angle of interest showing frequency scanning behavior. (c) Radia-
tion pattern measurements at selected frequencies across the operating band. (d)
Maximum gain over frequency, with and without the external COC lens. () Angle
of the maximum gain over frequency, describing the angular frequency scanning
behavior. At either end of the operating band, the relationship between angle and
frequency breaks down, resulting in the sudden discontinuities observed in this
plot, as a similar gain is observed across a wide range of angles.
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dental overetching leading to a narrower than designed waveguide
and overside holes in the GRIN structure. As a result, this changes
the dispersion relation at the core of the design methodology. A
thinner waveguide drives faster leakage from the waveguide as the
phase constant of the waveguide diminishes while the relative dis-
persion between the slab and waveguide is also changed—hence
these changes to the leakage profile and scanning angle outside of
the design frequency. As visible in Fig. 6(e-iii), overetching also
results in some damage to the anti-reflection structure, which may
hinder the matching at oblique angles, further suppressing the real-
ized gain. However, generally, the measured simulations confirm the
antenna’s ability to generate a high gain beam with quasi-linear fre-
quency scanning. In Table I, we compare this antenna’s performance
to other experimentally demonstrated leaky-wave antennas in the
literature.

IV. LEAKY WAVE RADAR
A. Signal processing

With the antenna characterized, we proceed to outline how it
can be deployed for single shot angle of arrival imaging based on
leaky-wave techniques. Fundamentally, leaky-wave radar is under-
pinned by the correlation between the received reflections and
the mapping between frequency and beam angle. In previous
studies,” " the received frequency domain spectra were discretized
with fixed windows in order to derive the spatial mapping. Impor-
tantly, this approach highlights the fundamental trade-off between
depth and angular resolution, with narrower frequency domain win-
dows resulting in higher angular resolution at the expense of range
resolution, which is derived from the bandwidth of the window.
Previously,” the angle of the target is mapped by calculating the fre-
quency at which the maximum change in reflection occurs. In both
cases, the range is determined by the inverse-Fourier-transform. We
propose that the directivity of the antenna can be used to window
the received reflection in the frequency domain in order to achieve
angular resolution limited by the beam angle and depth resolution
limited by the dispersion of the antenna. In this way, the spatial
mapping can be expressed as

A(6,d)=F " (D(6,f)-Su). 3)

In Fig. 8(a), an example S;; measurement is shown; this value is mul-
tiplied by the radiation pattern shown in Fig. 7(b), and the inverse
Fourier transform is applied to form the range map for each angle,
with two angles shown in Fig. 8(b), which, when applied to all angles,
results in the 2D mapping in polar coordinates as shown in Fig. 8(c).

Based on this approach, we can estimate the angular and depth
resolutions based on the antenna’s radiation pattern. In Fig. 9(b),
the depth resolution is calculated from the 3-dB bandwidth, BW, at
each angle with the equation as per the depth resolution of an optical
coherence tomography (OCT) system,>*

~2In2 c

1 BW? )
vy

Az

4
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TABLE I. Comparison of experimentally demonstrated leaky-wave antennas and this work.

Max gain 3-dB fractional Center frequency 3-dB field of External
Waveguide platform (dBi) bandwidth (%) (GHz) view (deg) Integrated lens
Hollow metallic’ 415 51 Yes No
Silicon photonic crystal'! e 2 325 e Yes No
Silicon slab'” 320 e Yes No
Silicon rib'? e 1 194 e Yes No
COC rib" e 120 e Yes No
Alumina photonic crystal'” e 10 105 S Yes No
Microstrip line' 18 32 275 38 Yes No
Parallel plate'® e e 225 35 No No
Spoof plasmon polariton'’ 16 41 182.5 30 Yes No
Substrate integrated”’ 154 15 60 18.2 Yes No
Indium phosphide*! 11 16 275 40 Yes No
Indium phosphide* 23 16 275 33 Yes Yes
This work 25 19 275 343 Yes Yes
afe

In addition, when the fractional bandwidth available at each angle is
limited, this can be further simplified to

~2In2 ¢

A .
2T T BW

®)

In order to achieve the finest possible angular resolution, the
frequencies propagated in each direction must be unique so that they
can be distinguished from all other angles. In other words, frequency
provides a one-to-one mapping to angle. Conversely, to achieve the
best possible depth resolution, the entire available bandwidth should
be directed uniformly across the field of view, as a broad bandwidth
is required to distinguish between subtle differences in time delay.
This is a fundamental limitation of leaky-wave radar. We attempt
to quantify this trade-off by analyzing the cross-correlation between
received signals to retrieve an intuitive definition of the angular res-
olution of the system. In Fig. 9(a), we show the similarity matrix of
the radiation pattern measured previously, defined as

po6; = Y 5 G(fi 0i) - G(fi- 0))
1] \/sz G(fi6)° \/ka G(fi6)

where a strong correlation between signals when i # j implies poor
distinguishability and, hence, poor angular resolution. From this, we
define the angular resolution as the range of angles for which the
correlation between the center angle and adjacent angles exceeds
0.5, as highlighted in Fig. 9(a). In Fig. 9(b), we compare the depth
and angular resolution and observe their inverse relationship, pos-
tulating that the product of the depth and angular resolution, as
shown in Fig. 9(c), should be approximately constant, approaching
a theoretical limit in the operating region of the antenna.

To quantify the interrelation between depth and angle reso-
lution, first consider the frequency scanning behavior as a linear
relationship between the angle of transmission 6 and the central
frequency, f;, such that

(6)

ff = (9_ G_f.'vhn)% +fMin> (7)
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where % is the rate at which the central frequency changes with
respect to angle. In actuality, this relationship is implicit in Eq. (1)
for small angles, although, as observed in Fig. 2, the relationship over
this frequency range is approximately linear. Then, we approximate
the radiation pattern of the antenna such that at each angle it is a
unity amplitude Gaussian in the frequency domain with a width wy
such that the FWHM is equal to the channel bandwidth BW, then

where
BW
wWo =

222

Then, assuming a constant beamwidth with respect to the center fre-
quency, the directivity at one angle can be expressed as the directivity
at any other angle, with the center frequency shifted such that

)

D(G,,f) :D(Gj,f +Afc). (10)
Then, the similarity between the radiation pattern at any two angles,

0; and 0, is contained within the auto-correlation function of
D(6;, f), denoted as D(f) = D(f) (Afe), which can be calculated as

D(f) «D(Nf) = [DHD(S +Af)df, (D

where Af. then comes to represent the difference in center frequency
between any two angles. Continuing by expanding Eq. (11),

o000 - fon (5 e 5 3 o

W(Z) Wo

e[ L AR
_exp( 5 (\/EWO)Z ) (12)
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FIG. 8. Visual description of the spatial mapping process used for single shot radar
image retrieval. (a) Magnitude of the received signal windowed by the directivity
measured at each angle to map the components of the received signal to direction.
(b) Inverse Fourier transform is then applied to each complex-valued, windowed
component of the received signal to estimate the time domain signal arriving from
each angle. In this case, one component shows an empty spectrum (red), while
the other component shows a peak at 225 mm (green) and 250 mm (blue). (c) 2D
map in Cartesian coordinates, built from this process applied to all angles and then
converted from polar to Cartesian coordinates. Here, we can see the recovered
radar image and corresponding ground truth, three optical posts arranged in a
triangle.

From here, the full width at half maximum, which we have defined
as the boundary for similarity, can be easily extracted from the auto-
correlation as it is similarly, a Gaussian function,

FWHM(f.) = V2 BW. (13)

This can be interpreted as the distance from the central frequency
required to reduce the auto-correlation to less than 0.5. Hence, by
inverting Eq. (7), this expression can be linked to the angular res-
olution, whereby the received signals at each angle are sufficiently

distinguishable from adjacent angles. Rewriting this in terms of

scanning angle yields an equation linking the bandwidth to the
angular resolution A6,

do
AB = d—fc\/i BW. (14)
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FIG. 9. Radar resolution parameters calculated from the previously measured radi-
ation patterns. (a) Correlation between the gain measured at each angle and the
gain measured at every other angle, describing the angular resolution of the sys-
tem. In this case, a strong correlation with other angles indicates poor angular
resolution, as the signal at a given angle is poorly distinguished from other angles.
(b) Depth resolution as defined in Eq. (5), and angular resolution as the range
of angles for which the similarity between the central angle and the surrounding
angles is greater than 0.5. (c) Product of the depth and angular resolution.

Finally, as the depth and angular resolution can both be derived
from the bandwidth and central frequency, it is natural to combine
them. By combining Eqgs. (5) and (14), when the channel bandwidth
is sufficiently small, the product of the depth and angular resolutions
becomes

2v2In 2 df

AzAO = ———

- dfcc’ (15)

or if we consider this condition in terms of device bandwidth and
field of view,

2\/§ln 2 FOViwa

AzAG = c
BWLwa

(16)
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This intuitive result implies that, in order to achieve the best possible
resolution product, the ratio of bandwidth to field-of-view should
be maximized, and the only way to expand the field-of-view without
degrading the resolution is to simultaneously increase the operating
bandwidth.

Here, we arrive at a consistent but stricter limitation for the
depth-angle uncertainty than previously presented,” as we apply a
more-stringent depth resolution criterion and consider the differen-
tiability of each angular component from the broadband signal. We
note that the presented condition is still the best achievable value
under ideal leaky-wave frequency scanning, as variable bandwidth,
non-linear frequency scanning, non-Gaussian gain profiles, and the
presence of sidelobes all degrade the performance. In Figs. 9(b) and
9(c), we observe the impact of these effects by comparing the theo-
retical values derived here to measured values. We postulate that the
presence of side lobes in the antenna radiation pattern is the primary
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cause of this difference, as these effects are not accounted for under
ideal conditions.

B. Application demonstrations

In this section, we provide a demonstration of two potential
applications, multi-object tracking and in-container liquid differen-
tiation, of terahertz leaky-wave radar. For these demonstrations, the
vector network analyzer is connected to a computer in order to man-
age data-acquisition while simultaneously providing real-time radar
imaging at ~10 fps. The vector network analyzer sweeps 1001 fre-
quency samples in the operating frequency range of 220-330 GHz,
then the computer performs the windowing and inverse-Fourier-
transform described in Sec. IV A before generating a plot in polar
coordinates. We note that, while a vector network analyzer is used
in this case, it is foreseeable that an additional directional coupler to

—1504

—1504

x (mm)

0 2 4 6 8 10
Rotation Speed (deg./s)

FIG. 10. Demonstration of multi-object tracking. (a) Experimental setup for demonstration of multi-object tracking. (b)-(e) Recovered reflection profiles obtained in real time
as the posts are rotated around a common axis, where ¢ is the rotation stage angle. (f)-(g) x and y coordinates of each post, recovered from the radar data using a 2D
peak finding algorithm. Black dashed lines represent the actual position of the posts, determined by their known radius and angle. Discontinuities in the measured data occur
when a post is shadowed by another post. (h) Error between the recovered and actual positions. We note that this dependency on the angle is consistent with the angular
resolution determined in Fig. 9(b). (i) Position error with increasing motor speeds, noting that for the measured speeds, the error is unchanged.
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differentiate between incoming and outgoing waves could be devel-
oped on this platform such that the vector network analyzer could be
replaced with integrated sources and detectors in the future.”" "

Previously, we described the antenna in terms of 3-dB band-
width and 3-dB field of view, as these are common standards,
although, in practice, the usable bandwidth and field of view are
much broader than these common metrics would suggest. Effec-
tive spatial mapping is feasible across the linear frequency scan-
ning range, albeit with a much weaker received signal. Hence, the
practical field of view is dependent on the dynamic range of the
detector—in reality, with our laboratory based system, a field of
view of 60°, utilizing frequencies in the range of 240-320 GHz, is
effective, and for the following demonstrations, we will utilize the
entire spectrum to recover images, which maximizes the retrieved
information.

1. Multi-object tracking

The most elementary application of a terahertz radar module
is for the detection and range of objects. In contrast to microwave
radar, the shorter wavelength enables the detection of small objects
while maintaining the ability to penetrate some common obstruc-
tions, such as plasterboard or thin screens, which may block mon-
itoring with LIDAR or an ordinary camera. Due to the previously
outlined limitations, this technique is not suitable for multi-layer
imaging of fine structures typically associated with terahertz tech-
nologies. Here, we outline a simple demonstration centered around
tracking multiple moving targets simultaneously. As shown in
Fig. 10(a), four metallic optical posts with a diameter of 12 mm
are placed on a rotating stage at varying radii from the rotation
center. Then measurements are made continuously through a full
360° range of motion, with speeds ranging from 0.5° to 10° per
second. This demonstrates its suitability for real time tracking. In
Figs. 10(b)-10(e), a selection of the single shot frames captured
throughout the rotation shows that throughout the scan, multiple
objects at various depths and angles can be clearly resolved simul-
taneously. To quantify the localization accuracy, a 2D peak finding
algorithm is applied to each frame to find the position of each post,
and the positions determined are shown in Figs. 10(f) and 10(g).
In Fig. 10(h), this information is used to calculate the localization
error of each post. The error is dependent on the angular position
of the post, with higher errors at the edge of the field of view, in line
with the angular resolution calculated in Fig. 9(b). Within the 3-dB
field-of-view, the localization error is below the diameter of the post,
but beyond this range, the localization accuracy is degraded due to
the effect of image smearing as the linear relationship between angle
and frequency breaks down. Finally, the mean and standard devia-
tion of the error are calculated at various motor speeds, up to the
limit of our rotation stage, showing only a small increase in error at
these low velocities. To accompany this demonstration, we supply a
video showing real-time tracking of an optically obscured object in
the supplementary material, 1. In this video, an optical post is hid-
den behind a sheet of paper. In this case, both the obstruction and
the optical post can be localized. We note that the apparent size of
the objects is related to the angular and depth resolution of the sys-
tem and the angle of reflection. This results in similar apparent sizes
for the metallic post and the paper.
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FIG. 11. Demonstration of liquid differentiation. (a) Experimental setup for demon-
stration of the ability to differentiate between container liquids. (b) Reflection profile
of two HDPE containers, both containing water. (c) Reflection profile when one
container contains a 50% v/v ethanol solution and the other contains water. (d)
Reflection profile when one container contains ethanol and the other contains
water. (e) The peak amplitudes of each container as the water/ethanol proportion
of container 1 is varied.

2. In-container liquid differentiation

A second potential application is in a front-line test for the dif-
ferentiation of liquids that appear identical under visual inspection
or are obscured by an opaque container. In contrast to common
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chemical analysis, this technique is non-destructive, and as the radi-
ation is non-ionizing, this technique can be applied without the need
for shielding. Reflectometry is a common technique for quickly dif-
ferentiating liquids based on the contrast in their reflection or trans-
mission characteristics. Here, we apply this technique qualitatively
to mixtures of two common liquids;i“/"“ ethanol, 7ghanoe = 1.70
— 0.21j, and water, #iwager = 2.52 — 1.11j, contained within High Den-
sity Polyethylene (HDPE) film canisters,”” nuppg = 1.53. Without
the depth resolution to distinguish the reflection from the air-HDPE
interface from the HDPE-liquid interface, we must consider the
measured amplitude as the sum of the two individual reflections

from each surface. In line with previous work on this topic,”” "
we model the normalized reflection magnitude as
Eg
T - |Po.HDPE| + |T0,HDPE THDPE,0PHDPE, Sample s (17)
0

where the first term represents the reflection from the air-HDPE
interface at the outer surface of the container, and the second term
represents the reflection from the inside surface of the container.
The Fresnel coefficients Pij and T;; are the Fresnel reflection and
transmission coefficients, respectively, calculated as

l’ii—ﬁ‘ 27’21'
pij= 2, Tij = 5> (18)
n,-+nj I’l,‘+f’lj

We assume that the loss from transmission through the thin HDPE
is negligible and ignore the curvature of the container. We model the
aqueous ethanol solutions with an empirically derived Triple Debye
model.”” This approach is consistent with the model we previously
presented.”” To determine the maximum sensitivity of our system,
various mixtures of ethanol and water are measured. As shown in
Figs. 11(b)-11(d), one container is filled with pure water, while the
second container is filled with various mixtures of water and ethanol.
The ethanol proportion is varied non-linearly to assess the mini-
mum step size that can be differentiated with steps from 50% to 2.5%
by volume. In Fig. 11(e), the results of this measurement are pre-
sented. Container 1 contains water (green marks), while container
2 contains various ethanol-water mixtures (blue marks). These
results are normalized to the maximum amplitude observed. We
observe experimental results in line with Eq. (17) and a minimum
differentiable step of 5%. With further calibration, we believe this
result could be improved.

V. CONCLUSION

Here, we present an all-dielectric leaky-wave antenna for the
terahertz range that can be monolithically integrated with a suite
of other passive components composed entirely of high-resistivity,
float-zone silicon. The antenna has an experimentally demonstrated
operating bandwidth of 20%, in which the maximum gain is 19 dBi
and a 3-dB frequency scanning field of view in excess of 34°. This
antenna, coupled with a 3D printed COC lens, further enhances the
in-plane gain by a further 6 dBi, reaching a maximum realized gain
of 25 dBi. These components are mounted in a 3D printed pack-
age in order to realize a practical hand-held module. We apply this
antenna module to the realization of a leaky wave radar by iso-
lating individual angular components using the measured antenna
radiation pattern, maximizing the angular and depth resolution
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achievable with this antenna. With a range resolution in the order
of 25 mm and an angular resolution above 10°, we can range and
track optically hidden objects and differentiate between liquids in-
containers. These techniques offer a feasible path toward real-time,
single-shot imaging with integrated and mass fabricable terahertz
technologies, which otherwise still remain elusive. Furthermore, the
techniques presented here can be feasibly scaled to higher terahertz
frequencies, where the performance of metallic antennas will be even
further degraded, while the device design could be further opti-
mized for increased depth or angular resolution depending on the
application-specific requirements.

SUPPLEMENTARY MATERIAL

Obscured Object Tracking:

A video demonstrating real-time object tracking. A metallic
optical post with a diameter of 12 mm is moved in front of the
antenna module, while the position is tracked on the screen. Paper
is introduced to obscure the post from view while the movement is
repeated, showing that the position can still be retrieved.

In-Container Liquid Differentiation:

A video demonstrating the real-time differentiation of ethanol
and water placed into high-density polyethylene containers. The first
two empty containers are placed in front of the antenna module,
then the left container is filled with ethanol, while the right container
is filled with water. A distinctly stronger reflection is observed from
the water filled container.
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