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ABSTRACT A completely embedded, planar, dual-element dielectric based antenna directly fed by a substrate
integrated insulated guide within the same layer in Sub-THz band is presented in this paper. A dielectric layer
is employed to make the structure stable. The proposed structure is compatible with the standard planar
millimeter-wave and terahertz manufacturing technologies. To minimize the reflection loss, matching air
holes inside the guiding channel of the waveguide and air holes with a smaller perforation radius surrounding
the antenna are created. The proposed compact antenna, which has been successfully tested, covers the
frequency range of 234.5-278.1 GHz with a measured impedance bandwidth of 17.01%, a proper simulated
average radiation efficiency of 93.6%, and a maximum gain as well as average gain of 16.08 dBi and 12.56
dBi from measurement results, respectively. Because of these features, the suggested antenna would be a great
candidate for short-range wireless applications in Sub-THz frequency bands.

INDEX TERMS Dielectric-based antenna, dielectric resonator antenna, substrate integrated insulated guide,

Terahertz (THz), wideband antenna.

I. INTRODUCTION
ERAHERTZ (THz) frequency bands can provide the
required vast spectrum for new applications that need high
data rates in 6G wireless systems, such as the distribution of
wireless data at high speed, wireless cognition, sensing, and
the Internet of Everything (loE) [1], [2], [3]. Additionally, the
capabilities of high spatial resolution and proper penetration
depth with nonionizing radiation properties make these
frequency bands a highly desirable choice for imaging systems
[3],[4]- However, wireless communications in these frequency
bands pose a greater challenge due to the presence of high
propagation path loss, imprecise fabrication of the antennas,
and atmospheric attenuation [5], [6]. Therefore, meeting the
requirements of future wireless systems requires the
development of high gain and wideband antennas [7], [8], [9].
Numerous antenna designs have been reported to improve
antenna performance in Sub-THz and THz frequency bands,
such as a leaky wave waveguide-fed THz antenna based on a
dielectric lens structure [10], THz horn antennas [9],
reflectarray antennas [11], THz photoconductive antennas
based on a defective photonic crystal substrate [12], [13], and
Fabry—Perot cavity antennas [14]. The integration of
conventional lens and horn antennas with other planar devices
is challenging due to their bulky size and non-planar form

[15], [8]. Therefore, to realize compact-integrated systems
operating at THz frequencies, antenna development in planar
form is necessary [8]. On-chip antennas realized in the
standard metal-oxide semiconductor (CMOS) process are
good candidates for the integration from a fabrication
standpoint. However, they suffer from poor radiation
efficiency and low gain characteristics [4], [16], [17]. A
dielectric  resonator antenna (DRA) possesses the
advantageous characteristics of low loss, easy integration with
other components, high gain, and small size, making it a
suitable solution for improving the antenna performance in the
THz regime [18], [19], [20], [21].

To dewvelop a compact antenna with the capability of
integration with other devices, a feeding mechanism in planar
form is needed [22]. Substrate integrated waveguide (SIW)
structures based on a planar technique exhibit compatibility
with both standard printed circuit board (PCB) as well as low-
temperature co-fired ceramic (LTCC) fabrication technologies
[23]. However, the antenna fabrication using SIW technology
for frequencies above 200 GHz is considerably intricate and
costly due to the metallization of tiny vias [24]. Dielectric
waveguides of planar geometry, such as substrate-on-glass
(SOG) dielectric waveguides and substrate integrated image-
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guides (SIIGs), are suitable for being employed as feeding
networks in the millimeter wave (mmW) and THz integrated
circuits where the waveguide transmission losses are
determined by the dielectric losses [22], [25], [26]. Some
works were conducted to integrate a cylindrical DRA and a
photonic crystal waveguide in THz frequency band for end-
fire radiation [27] and [28]. In [27], for example, an integrated
DRA based on SOG technology showed an impedance
bandwidth of 5.2% in the frequency range of 317 to 334 GHz.
In [28], a topological photonic crystal waveguide showed a
low transmission loss. However, the proposed structure needs
many perforation air holes in comparison with the structure
reported in [27], and is suffering from lack of a needed
supporting substrate due to the thin and fragile silicon wafer at
THz band.

In this work, an integrated dual-element dielectric-based
antenna concept with a substrate integrated insulated guide as
the feeding structure is presented for Sub-and THz bands for
the first time. Most of the reported substrate integrated DRAs
in the literature operate at Sub 100 GHz frequencies [29], [30].
They are made up of two parts, namely a substrate integrated
DRA and a feeding structure, which are often not implemented
within the same layer, and their designs are compatible with
the conventional microwave and Sub 100 GHz manufacturing
technologies. Therefore, from the fabrication perspective, they
are not practical for application in the THz frequency range
due to errors resulted from the assembly process and
manufacturing techniques such as metallization of tiny vias for
frequencies above 200 GHz [24]. Additionally, the conduction
(ohmic) losses are crucial at the THz band, thereby limiting
the employed feeding methods such as microstrip line and
substrate integrated waveguide (SIW) technologies [22], [31].
Here, we proposed a fully embedded dielectric antenna, which
is fed directly by the substrate integrated dielectric guide
within the same (substrate) layer. The employed feeding
method is implemented within the substrate integrated circuit
technology, which is compatible with standard planar
millimeter-wave (mmW)/Terahertz (THz) manufacturing
technologies [31], [32], [33]. It is worthwhile to note that for
the sake of proof of concept, alumina has been used in this
work. However, the proposed solution can be used at a higher
end of the THz band with low loss materials such as silicon
based on deep reactive ion-etching (DRIE) [25] and has the
capability of hybrid integration with various waveguide
structures on the same substrate [31] and [33]. Furthermore,
an air-gap is created between the guiding channel (the alumina
layer) and the ground (metal) plane of the proposed antenna,
resulting in not only lower transmission losses (due to the
decrease in waveguide attenuation) but also antenna gain
enhancement based on the image theory. The proposed
antenna brings the benefits of small size, simple design, wide
bandwidth, high gain, high radiation efficiency, and
completely embedded design in a waveguide system with the
capability of easy integration in the mmW or THz systems.
This paper is organized as follows: The design principles, the
substrate integrated insulated waveguide as a feeding
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mechanism, and the antenna structure are presented in detail
in Section II. Section III compares the simulated and the
measured results. Finally, the conclusion is drawn in Section
Iv.

Il. DUAL-ELEMENT DRA OPERATING PRINCIPLES

The proposed antenna structure consists of three main parts,
namely a fully-embedded dual-element dielectric antenna,
substrate integrated insulated guides, and an electric wall. The
dual-element DRA is fed directly by planar dielectric
waveguides operating in EZ3; mode. By considering the field
distribution similarity between the propagating mode in the
waveguide and the HEM ;5 mode of the cylindrical dielectric
resonator, it is expected that the proposed waveguide can
excite the dielectric resonator mode, and therefore, broadside
radiation patterns can be achieved. In this section, the
proposed waveguide that forms the feeding mechanism and
antenna configuration are presented, and a bandwidth study is
also performed.

A. FEEDING MECHANISM

To feed the dual-element DRA, we introduce a substrate
integrated insulated waveguide in the frequency range of 220-
280 GHz. It is constructed by creating symmetric air-hole-
perforated sections in a triangular lattice on both sides of an
alumina guiding channel with a relative permittivity of 9.8 and
tand=0.001, where the substrate is supported by a metal coated
RO4003 layer with a permittivity of 3.55 and tand=0.0027, as
shown in Fig.1. The perforated sections decrease the effective
dielectric constant of the alumina substrate. Therefore, this
structure operates based on a total internal reflection
mechanism similar to substrate integrated image guide [31],
[33], where the guiding mechanism is provided due to the

A

/ AAlumina Layer

(a)
RO4003 Layer
V*\/>c
tsd 1] .
td I - - < y<—T
Wy
+—>
Wairgap Ground
(b)

FIGURE 1. The designed substrate integrated insulated guide, a)
Top view and (b) Side view.
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difference between the dielectric constants of the alumina
guiding channel and perforated sections as well as index
confinement in the vertical direction. The transition between
the waveguide and WR3 rectangular waveguides, used for
measurement purposes, is facilitated by the utilization of two
tapered channel waveguides, as illustrated in Fig. 1.
Additionally, an air gap is created between the alumina layer
and the ground plane. As shown in Fig. 1(b), the RO4003 layer
of light blue color implemented at two sides of the guiding
channel supports alumina layer. The radius and lattice constant
of the air hole perforation created using laser micromachining
are r = 0.1 mm and p = 0.264 mm, respectively. The
optimization process is performed through CST Microwave
Studio v2021. The optimized parameters used in the design
are: the width of the guiding channel W.= 0.258 mm, the
thickness of the alumina layer ts=0.254 mm, the thickness of
the RO4003 layer ts= 0.305 mm, the width of the air gap
Wiairgap= 3.5 mm, and the length of the taper Liper= 2.86 mm.
The designed waveguide is depicted in Fig. 1. It should be
highlighted that the dimensional parameters are optimized to
design a waveguide operating in its fundamental propagation
mode, to achieve a proper transmission, and to prevent the
bandgap effect resulting from the Bragg condition [31].

To fabricate the presented waveguide, laser micromachining
technology is employed to create the perforation of air holes.
The ultimate design is chosen by taking into account the
manufacturing limitations of laser drilling systems. The S-
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FIGURE 2. (a) Simulated and measured S-parameters of the
proposed waveguide, (b) magnitude of the electric field
distribution at 250 GHz (top view), and (c) magnitude of the
electric field distribution at 250 GHz (cross-sectional view).
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parameters were measured using an Agilent Network
Analyzer (PNA-X N5247A). The simulated and measured
results of the designed waveguide are shown in Fig. 2(a). The
discrepancies between simulated and measured results can be
attributed to materials and fabrication tolerances.
Additionally, the propagating field at 250 GHz, i.e., at the
center frequency, is confined inside the alumina guiding
channel possessing a high permittivity, as shown in Fig. 2(b)
and (c). The designed waveguide is then employed as a
feeding mechanism for the proposed dual-element DRA as
discussed in the next section.

B. ANTENNA CONFIGURATION

Figure. 3 shows the configuration of the proposed dual-
element DRA. The proposed dual-element DRA comprises
two identical dielectric antennas, which are completely
embedded inside the alumina guiding channel of the
waveguide on two sides of an aluminum wall. The aluminum
wall has been integrated between the two main antennas (two
main radiating elements) to avoid any potential internal
coupling that may occur between the two ports. A differential
feeding mechanism, wherein two excitation ports of the
antenna are out of phase and have the same magnitude, is
employed to feed the dual-element DRA.

To achieve high gain and proper radiation patterns, the
thickness of the RO4003 layer t;= 0.305 mm is chosen based
on image theory. The feeding waveguide mechanism and
dimensions are the same as the waveguide presented in the
previous section. The dimensions of the aluminium wall,
namely the width (Wn= 0.254 mm) and length (L= 7 mm),
have been taken into consideration with respect to the
feasibility of fabrication in our Poly-Grames Center at
Polytechnique Montréal. The width (W) and length (L) of the
whole structure are 10.7 mm and 10 mm, respectively. To
improve the impedance bandwidth, air holes having a radius
of r, on both sides of the guiding channel and matching air
holes with a radius and distance of rmatching aNd Amatching iNSide
the guiding channels are created. Additionally, four air holes
are removed on both sides of the alumina guiding channel. As
can be observed in Fig. 4, the created elements on both sides
of each individual alumina guiding channel are non-radiating
elements since the field distributions is concentrated only
inside two central elements. In fact, they contribute to enhance
the impedance matching and most of the radiation contribution
originates from the dual-element DRA created inside the
guiding channel. In addition, H-field and E-field distributions
of the dual-element DRA shown in this figure confirm the
excitation of the HEM 118 mode of the antenna. The first and
second coefficient numbers in 2x1y and 2x3y in the caption of
Fig. 3 designate the number of elements along the x-axis and
the y-axis, respectively.

C. BANDWIDTH STUDY

Here, we analyze the effect of radius (rz), the matching air
holes, and four non-radiating elements on the impedance
matching bandwidth with -10 dB matching criteria. Then, the
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FIGURE 3. Geometry of the proposed dual-element dielectric
based antenna (a) Dimetric view, (b) 2x1y configuration (top
view), and (c) 2x3y configuration (top view), when the diameter of
the main antenna is 0.329 mm.
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FIGURE 4. H-field and E-field distributions of the dual-element DRA
for 2x3y configuration from (a) Top view (XY plane) and (b) Cross-
sectional view (XZ plane), respectively.
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antenna performance for two different configurations of 2x1y
and 2x3y is investigated.

First, the reflection coefficient of the DRA for the (2x1y)
configuration without using the matching air holes is plotted
versus frequency for various r, dimensions (0.06 mm, 0.085
mm, and 0.1 mm) in Fig. 5 (a). With reference to this figure,
when rzincreases from 0.06 mmto 0.1 mm, -10 dB impedance
bandwidth of the antenna shifts upwards with an increase in r»
and the magnitude of the reflection coefficient is increased at
lower frequencies. It can be inferred from this data that the
reduction of the DRA dimension, and as a result, the upshift
of the antenna resonance frequency is responsible for the
observed decrease in the impedance bandwidth [18]. The
observed ripple and several minima in the reflection
coefficient of the developed antenna are caused by the
reflected waves between the proposed waveguide, the
radiating elements, and the aluminum wall. In addition,
matching air hole is used for a purpose of improving the
impedance matching, which is in agreement with coupling
mode theory [27]. For the sake of brevity, the reflection
coefficient of the DRA without employing the matching air
holes is presented and compared to that of the DRA with
employing the matching air holes whose dimensions have
previously been optimized (Fmaching= 0.0635 mm and
Omatching=0.214 mm). The simulation results shown in Fig. 5 (b)
demonstrate the improved matching for the case of the DRA
with the matching air hole. The final dimensions of the
proposed structure are specified in Table 1.

S1 " parameter(dB)

0
220 230 240 250 260 270 280
Frequency (GHz)
(@)

2X1Y(without matching air hole)
2X1Y(with matching air hole)

S11 parameter(dB)
N
o

-30

-35

-40
220 230 240 250 260 270 280
Frequency (GHz)

FIGURE 5. (a) Simulated S;; parameter for the (2x1y) configuration
of the DRA for various r, dimensions and (b) Study of the air hole
matching effect on S;; parameter for the (2x1y) configuration of
the DRA.
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TABLE 1. Parameters of the proposed antenna

Parameter | Value (in mm) | Parameter Value (in mm)
p 0.264 r 0.085
r 01 W 0.254
ts 0.254 Lm 7
ty 0.305 L 10
L tager 2.86 W 10.7
dmatching 0.214 rmatchinq 0.0635
Wairgap 35 A 0.258

-10

S parameter(dB)
8

-25 R
30 s, (2X1Y) ?' E
S,,(2X3Y)
36 [[-eeees $,,(2X1Y)
........ S,,(2X3Y) E
0
220 230 240 250 260 270 280

Frequency (GHz)

FIGURE 6. Simulated S parameters of the designed DRA for (2x1y)
and (2x3y) configurations.

o
=3

M
-

70

Radiation Efficiency (%)

60

50
220 230 240 250 260 270 280

Frequency (GHz)

FIGURE 7. Simulated radiation efficiency for two different
configurations of (2x1y) and (2x3y).

Similarly, the obtained results shown in Fig. 6 exhibit the
decrease in the reflection coefficient for the antenna
configuration (2x 3y) in comparison to the (2x1y), resulting in
the impedance bandwidth and mutual coupling improvements.
Therefore, a -10 dB impedance bandwidth of 18.3% in the
frequency range of 227.5-273.3 GHz is achieved for the
modeled structure without employing a fixture. Fig. 7 shows
the simulated radiation efficiency of the DRA for the two
different configurations of (2x1y) and (2x3y). The average
radiation efficiency of the DRA with (2x1y) configuration is
about 91% and that of the DRA with (2x3y) configuration is
about 93.6%. Hence, the improvement obtained is not
noticeable on the average radiation efficiency.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

Ill.  RESULTS AND DISCUSSION

In this section, the fabricated prototype and the mechanical
fixture designed for connecting the antenna to the VDI
extenders are presented. Additionally, in order to demonstrate
the performance of the presented DRA, an examination of the
radiation characteristics of the fabricated prototype, including
impedance matching, mutual coupling, gain, and radiation
patterns is carried out. To make an appropriate comparison,
the whole structure with the fixture is used to extract the
simulation results. The S-parameters are measured using an
Agilent Network Analyzer (PNA-X N5247A) and the
radiation patterns are measured with the NSI near/far field
system at our Poly-Grames research center, Polytechnique
Montréal, University of Montreal.

A. PROTOTYPE FABRICATION

The presented and discussed dual-element DRA is
manufactured. Fig. 8 depicts the geometry of the designed
dual-element DRA (2x3y configuration) and photographs of

53.9 mm

A
4

> Epoxy—l___,‘ |

(b)
FIGURE 8. (a) Designed dual-element DRA, and (b) Photographs
of the proposed back-to- back prototype.

Extender

FIGURE 9. THz measurement set-up.
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the prototype. A larger slot is cut on the alumina layer to
assemble the structure, resulting in an air gap creation between
the central wall and the alumina waveguide. To mitigate the
effect of air gap region, an epoxy layer is employed on both
sides of the aluminium wall. In addition, metal screws are
employed to ensure stability and prevent any unwanted air gap
between layers, namely alumina layer, RO4003 supporting
layer, and aluminium ground of the designed fixture. A new
mechanical fixture was designed to measure the S-parameters
and radiation patterns of the proposed antenna. The fixture
connects the designed structure to WR3 VDI frequency
extenders. WR3 rectangular waveguides are extended to
minimize the impact of the fixture size as a scatterer on the
radiation pattern of antenna.

B. MEASURED AND SIMULATED RESULTS

The S-parameters of the proposed dual-element DRA are
measured and compared with the obtained simulation results
in the frequency range of 220-280 GHz. The simulation is
performed through CST Microwave Studio v2021. The THz
measurement system setup and the proposed antenna under
test (AUT) are shown in Fig. 9. The antenna is connected to
the measurement setup (VDI extenders) through the fixture
designed for this purpose.

The measured and simulated S-parameters of the whole
structure with the fixture are shown in Fig. 10. From Fig.
10(a), the measurement results indicate proper reflection
coefficient values and confirm the simulation results. The
impedance bandwidth is about 17.01 % from 234.5 to 278.1
GHz in measurements as compared to that of 19.59% from
224.6 to 273.4 GHz in simulations for the prototype shown in
Fig. 8. It is observed that there is a slight difference in
measured reflection coefficients at two ports (port 1 and port
2) due to the fabrication errors. As shown in Fig. 10(b), the
measured and simulated S;; and S;, parameter values are low
due to the aluminium wall, as expected. The difference
between the measured and simulated results are associated to
additional losses of the fabricated prototype and feeding
metallic waveguide used for the measurement.

To investigate the radiation patterns of the designed
structure, the fabricated prototype was tested using NSI
near/far field system at the Poly-Grames Research Center.
Since there are only two VDI- WR3 extenders for a
measurement at the frequency range of 220-280 GHz, one of
them (VDI-WR3 extender) was employed and connected to
the standard horn antenna (SHA) in the receiver side (RX).
First, the measured and simulated radiation patterns are
compared with each other when port 1 of the prototype is
connected to the VDI extender and port 2 is connected to a
matching load, and vice versa. Then the measured radiation
patterns are combined using MATLAB.

Fig. 11 shows radiation pattern measurement setups. As
can be seen, the system's measurement range is limited to -30°
to 210° in the XZ plane and -90° to 90° in the YZ plane due to
the system security boundaries (red color frame obstacles seen
on the system) and the rotation range of the system arm of the
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FIGURE 10. Simulated and measured (a) reflection coefficient for
each port and (b) mutual coupling between ports for the
proposed antenna in the presence of the aluminium wall.

FIGURE 11. Radiation pattern measurement setups of the
designed antenna.

standard horn antenna (SHA) in the receiver side (RX). Fig.12
shows the normalized co-polarization (Co-pol) and cross-
polarization (X-pol) radiation patterns for the two ports of the
designed DRA in the XZ and YZ planes at the frequencies of
247 GHz, 257 GHz, and 267 GHz. The high side lobe level
and ripples on the radiation patterns, shown in Fig. 12 (a) to
(c), can be attributed to the aluminum fixture and central wall
in this direction (XZ plane) acting as a scatterer. Additionally,
more ripples are observed on the measured copolar radiation
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FIGURE 12. Normalized Co-pol and X-pol radiation patterns of the designed DRA for three different frequencies (a) E-plane 247 GHz,
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FIGURE 13. Normalized combined simulation and measured Co-pol and X-pol radiation patterns of the designed DRA for various
frequencies: (a) E-plane 247 GHz, (b) E-plane 257 GHz, (c) E-plane 267 GHz, (d) H-plane 247 GHz, (e) H-plane 257 GHz, and (f) H-
plane 267 GHz in the XZ and YZ planes.
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patterns of port2 in the main lobe direction compared to port
1, which can be attributed to the imperfect fabrication and the ~ TABLE2. Comparison between current and previous works in the
merging of a few air holes shown in Fig. 8(a) during the  SuP-THz/THzbands

fabrication process of the designed alumina waveguide excited Frequency | o\ Realized Size
by port 2. Ref. Band %) Gain/ () Antenna Type
The combined co-polarization (Co-pol) and cross (GHz) Gain(dBi) e
polarization (X-pol) radiation patterns extracted from [34] | 1862055 | 9.96% 4x2 1o | NanoDRA
measured and simulated results are illustrated in Fig. 13 in the 2e-4
XZ and YZ planes at three different frequencies, i.e., 247 GHz, 0.32x Tapered
A [25] | 110-130 - 16 0.8x P
257 GHz, and 267 GHz. The co-polarization simulated results 0.2 antenna
demonstrate that the side-lobe levels are less than -10 dB at all 1483 0.6x DRA fed by
frequencies. The obtained normalized simulation results show (28] 1535 3.46% 74 0.5 | Photonic crystal
cross-polarization levels less than -60 dBi. The normalized 0356 waveguide
measured corresponding cross-polarization levels are less than [35] 132 9.9% 8.2 0167 | ©On-chip DRA
— 15. 38 dBi in the boresight direction. It should be noted that x0.57 |  (x1amay)
the system arm could only handle measurements from -30° to sl | 31133 106 0.687x hDRA_fed by |
210° in the XZ plane. Therefore, the combined radiation [36] | 311-331 | 69 : 0214 | P ﬁ:gé;jzsta
patterns of two ports cannot be extracted from -150° to -30° 0.327x onch
and from 30° to 150°. Therefore, the measured combined [20] 327 7.3% 6.7 0.436x arﬂ:m:g
radiation patterns are shown from -30° to 30° in Fig. 13. 0.545
L. . R N Dual-element
The me_asureq gain in _the boresight direction versus This | 2345t0 | oo l60p | 0.282x | DRA-fed by
frequency is depicted in Fig. 14 (a) for each port. The work 278.1 el : 0.217 | the proposed
fabrication errors such as a few merged air holes shown in Fig. waveguide

)o: free space wavelength at the center frequency

8(a) can be the reason for the difference between the measured
gains for each port. Additionally, the measured and simulated
combined gain (dBi) are shown in Fig. 14 (b). The ripples and these figures, it can be seen that the measured results confirm
fluctuations on the combined measured patterns shown in Fig.  the simulated results. Additionally, the maximum value of
14 (b) can be attributed to the fluctuations on the measured ~ Measured gain in this direction (boresight direction) is about
radiation pattern of the port 2 shown in Fig 14 (a) which are ~ 16.08 dBi at the frequency of 243 GHz. The difference

resulted from the fabrication errors shown in Fig. 8(a). From  between the simulation and measurement levels can be
attributed to alignment errors in the measurement setup.

15 ‘ . , ‘ Table 2 illustrates a comparative analysis of the proposed
16 antenna with previous works on antenna designs operating in
14 . the Sub-THz and THz regimes. From this table, it appears that
12 the proposed antenna can provide superior performance in
%1" terms of gain and impedance bandwidth.
g 8
6
¢ IV. CONCLUSION
z ‘ _ . ‘ _ A fully embedded dual-element dielectric-based antenna
220 230 240 250 260 270 280 directly fed by substrate integrated insulated guide was
F“’““Z;;V (GHz) proposed and demonstrated in the frequency range of 220-280

GHz. A high radiation efficiency of about 93.6% was
achieved. The developed prototype was fabricated and tested.
The measured results exhibit an impedance bandwidth of
about 17.01% over 234.5 to 278.1 GHz and a maximum gain
of 16.08 dBi in broadside direction that validate the simulation

E 8 results. These characteristics make the proposed antenna
6 suitable for short-range wireless communication applications,
47 imaging, and sensing, in the Sub- and THz regime.
2
220 ZZ;D 24‘4] 2;() 260 27"1] 280 ACKNOWLEDGMENT
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