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Transmitarray in PCB Technology for Backhauling

in the 300-GHz Band
Orestis Koutsos, Francesco Foglia Manzillo, Member, IEEE, Mathieu Caillet, Ronan Sauleau, Fellow, IEEE

and Antonio Clemente, Senior Member, IEEE,

Abstract—In this paper, a low-cost transmitarray antenna,
fabricated using standard printed circuit board (PCB) technology
is reported, with application to point-to-point communications
in the 300-GHz band. The proposed structure is vialess and
comprises only three metal layers with tailored anisotropic prop-
erties in transmission. Based on a previously reported numerical
model and design of the unit-cell, a 3-bit 140×140-element
transmitarray antenna is optimized and demonstrated. The
transmission coefficients of the eight unit-cells are characterized
experimentally. They exhibit linear phase responses and high
transmissivity in a 100-GHz bandwidth. A peak gain of 43.3 dBi
and an aperture efficiency of 39.0% are measured. The prototype
performance is comparable to that of state-of-the-art high-gain
antennas leveraging on more expensive technologies.

Index Terms—transmitarray antennas, 300 GHz, printed cir-
cuit board, high gain, backhaul, 6G.

I. INTRODUCTION

THE development of sub-THz wireless networks is ex-
pected to meet the capacity requirements of the future

mobile devices and the Internet of Things (IoT), enabling
unprecedented communication speeds. Specifically, the fre-
quency region around 300 GHz is suitable for establishing ra-
dio links with data-rates up to hundreds of Gb/s [1], providing
huge bandwidth services. In such networks, backhaul antennas
will be one of the most important blocks, enabling massive
data streams with low-latency over relatively long distances.
Very high gain (≥ 40 dBi), high efficiency and stable beam
performance are required to mitigate the severe path loss and
increase the link capacity.

Several high-gain antennas, based on different beamforming
architectures and fabrication processes, have been demon-
strated at frequencies beyond 100 GHz. The existing so-
lutions include dielectric lenses [2]–[4], traditional [5] or
quasi-planar [6] reflectors, corrugated horns [7], leaky-wave
arrays [8] using quasi-optical beamforming networks [9],
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Technologies du numéRique (IETR) - UMR 6164, F-35000 Rennes, France
(e-mail: orestis.koutsos@cea.fr).

F. Foglia Manzillo, A. Clemente and M. Caillet are with Univ.
Grenoble Alpes, CEA, Leti, F-38000 Grenoble, France (e-mail: anto-
nio.clemente@cea.fr; francesco.fogliamanzillo@cea.fr).

R. Sauleau is with Univ Rennes, CNRS, Institut d’Électronique et des
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[10], and waveguide-based corporate-feed networks [11], [12].
Among them, dielectric lenses have been proposed in several
works. However, they might be unsuited to future sub-THz
backhauling antennas requiring advanced pattern shaping and
polarization conversion. Indeed, special fabrication techniques
and materials might be necessary to achieve the necessary
surface and refractive index profile, leading to relatively costly
and bulky systems.

Conventional reflector antennas are bulky and their per-
formance becomes quite sensitive to the fabrication accuracy
of their surfaces at 300 GHz. On the other hand, series-fed
[8] and parallel-fed [11] antenna arrays with integrated quasi-
optical beamforming systems are thin and enable, in principle,
very high gain. However, their implementation at sub-THz
frequencies requires expensive manufacturing techniques, such
as silicon micromachining, in order to realize the very fine
design features necessary to attain low-loss and broadband
performance.

An alternative low-cost and attractive solution is the use
of spatially-fed antenna architectures such as transmitarrays
(TAs) and reflectarrays (RAs). These systems inherit the ad-
vantages of classical lenses and reflectors, respectively, while
they are relatively thin and compatible with planar fabrication
processes. They can perform a wide range of transformations
of the field emitted by the primary source, using electrically
thin planar arrays of unit-cells (UCs) by optimizing their scat-
tering properties and spatial distribution. In contrast to RAs,
TAs do not suffer from feed blockage, enabling more effective
techniques for the reduction of the total antenna height. Several
high-gain prototypes were presented in W- and D-band, e.g.
[13]–[16], exhibiting good radiation performance, even when
realized in standard PCBs. However, scaling at 300 GHz UC
designs reported at lower frequencies becomes prohibitive due
to the constraints of most accessible fabrication technologies.
Indeed, the very few TA and RA antennas reported in the 300-
GHz band or above [17]–[19] are limited in gain and aperture
efficiency. The trade-off between maximum performance of
the UC and its suitability for the practical realization is often
mitigated by increasing the number of metal layers and/or by
leveraging on costly wafer-scale manufacturing processes [19].

A cost-effective design approach for ultra-high gain TAs at
300 GHz is proposed and demonstrated here. It is based on a
three-layer structure UC that exploits anisotropic transmission.
The selected UC design has been first presented in optics
[20]–[22] to achieve an asymmetric transmission in linear
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polarization with extremely broad bandwidth. This structure
has recently been proposed for TA designs [18], [23], [24], as it
allows one to modify the phase of the transmission coefficient
by optimizing only a single impedance sheet [24].

In this work, a TA antenna reaching a peak gain of 43.3
dBi in the 300-GHz band and fabricated using a standard
PCB process is reported for the first time in the literature. The
circuit model and design of the UCs of the TA were previously
described in [24] and are briefly reviewed. Several novel
design and experimental contributions are presented. Firstly,
the characterization of the complex transmission coefficients
of the bianisotropic UCs versus frequency is reported. The ex-
perimental results are obtained using a relatively simple setup.
They validate the full-wave simulations and the accuracy of
PCB manufacturing. Secondly, the design and characterization,
in the far-field region, of the TA fully demonstrates the
possibility of achieving extremely high gain using a low-
cost 3-layer PCB technology. To the best of the authors’
knowledge, this is the first antenna prototype in PCB that
exhibits a gain larger than 40 dBi in this frequency band.
Thirdly, the trade-offs among illumination taper, gain and
bandwidth are quantitatively analyzed.

The paper is organized as follows. Section II describes the
UCs and the measurement of their transmission coefficients.
The antenna prototype design and far-field characterization
are presented in Section III. The measured performance is
compared to that of other state-of-the-art high-gain sub-THz
antennas in Section IV, and design solutions to widen the
bandwidth are discussed. Conclusions are drawn in Section
V.

II. UNIT-CELL DESIGN

A. Operating principle and design procedure

The proposed phase-shifting UC has been presented in [24].
Its structure is shown in Fig. 1(a). It consists of three metal
layers and two dielectric substrates, held together using a
bonding film. The inner layer, named rotator, is responsible
for converting the x-polarized incident electric field into
the y-polarized transmitted field, generating co- and cross-
polarized scattered waves along the z-axis. Two strip gratings
are orthogonally arranged on the outer sides. The scattering
phenomenon in transmission is described by a 4×4 matrix
S21.

A numerical model of the UC and design procedure pro-
viding the optimal impedance tensor of the rotator has been
presented in [24]. The theoretical analysis proved that the
transmission coefficient of the proposed UC can achieve any
phase value in the range 0◦-360◦ with unitary amplitude at a
specific frequency. In addition, the rotator must exhibit purely
capacitive and inductive properties along its u- and v-axes,
respectively, shown in Fig. 1(b). Therefore, a straight dipole
rotated by ±45◦ in the xy-plane can be used as the initial
element in the design process. In order to derive a design
compatible with standard design rules of PCB manufacturers,
the minimum width of the metallic patterns is fixed to 80 µm.
The periodic size (P ) must be small enough to avoid grating
lobes appearing in the operating bandwidth (250 – 325 GHz).

(a) (b)

(c)

Fig. 1: (a) Exploded view of the proposed anisotropic unit-cell. The
substrates and the bonding film are depicted with orange and blue
color, respectively. (b) Topology of the inner layer, called rotator.
The same geometry can be used to obtain two phase-states with 180◦

relative phase difference. (c) Rotator geometries implemented for a
3-bit TA design. Dimensions are in µm. The widths of the metallic
strips in each rotator is 80 µm.

Therefore, the size is set to P = 500 µm (λ0/2 at 300 GHz).
Four different rotators were employed obtain a 3-bit (8 states)
phase quantization. Indeed, for each unit-cell design (UC 1-
UC 4) a transmission coefficient with the same amplitude and
180◦ of phase shift, if compared to the original structure, is
achieved by mirroring the rotator with respect to the x-axis,
as illustrated in Fig. 1(b). The UC design was assisted by the
numerical model in [24], considering a central frequency of
280 GHz. The final rotator shapes are shown in Fig. 1(c). The
two outer gratings are identical. The filling factor was set to
0.32, giving Wg = 80 µm and Gg = 170 µm. Finally, the Isola
Astra MT77 was selected as substrate material. It has nominal
permittivity εr = 3 and dielectric loss tangent tanδ = 0.0017.
The bonding film has a nominal permittivity εr = 2.97 and
exhibits the same dielectric loss. To the best of our knowledge,
the material properties were characterized by the manufacturer
only up to 100 GHz. The substrate thicknesses are set to h1

= 0.127 mm and h2 = hg = 0.064 mm. Thus, the distances
among inner and outer layers are close to a quarter-wavelength
in the dielectric, which maximizes the relative bandwidth [24].

The selected UCs were simulated using periodic boundary
conditions in Ansys HFSS (version 2021). The main scattering
parameters are plotted in Fig. 2, for a normally incident
x-polarized plane wave. The common -3 dB transmission
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Fig. 2: (a) Magnitude of the transmission (T yx) and reflection (Rxx)
coefficients for an x-polarized incident wave. (b) Corresponding
transmission phase ∠T yx. The mirrored states are depicted with grey
color.

TABLE I: Bandwidth performance and phase of transmission of four
of the designed unit-cells. The values of the phase of the mirrored
designs are shown in brackets.

Design |T yx| ≥ - 3 dB |Rxx| ≤ - 10 dB ∠T yx at 280 GHz
UC 1 110 – 370 GHz 215 – 338 GHz -98◦ (82◦)
UC 2 145 – 337 GHz 220 – 325 GHz -59◦ (121◦)
UC 3 140 – 345 GHz 245 – 305 GHz -9◦ (171◦)
UC 4 200 – 335 GHz 218 – 295 GHz 31.5◦ (211.5◦)

bandwidth reaches 135 GHz (between 200 – 335 GHz),
corresponding to a 50% relative bandwidth. Each UC exhibits
even larger transmissivity, as demonstrated by Table I. For
instance, UC 1 covers a bandwidth close to 160 GHz (58%)
and up to 260 GHz (105%) for a transmission loss lower
than 1 dB and 3 dB, respectively. Finally, the relative phase
shift between consecutive phase states is very close to 45◦.
The maximum absolute phase error is around 6◦ at 280 GHz
and only 15◦ between 260 − 310 GHz. A tolerance analysis
was performed via full-wave simulations to evaluate how the
uncertainty on the material properties affects the performance
of the UCs. A maximum error of ±0.3 was considered in the
dielectric constant, while the maximum dielectric loss was set

to 0.003. With these parameters the insertion loss increases
by 0.5 dB at most and the phase errors by approximately 5◦,
with respect to the nominal design.

B. Characterization of unit-cell performance

A relatively simple measurement setup was employed
to characterize the performance of the proposed unit-cells.
Specifically, for each of the four rotator designs in Fig. 1(c),
a 50×50-element array with identical unit-cells, constituting
an engineered material-under-test (MUT), was fabricated. The
measurement setup, with one of the four fabricated prototypes,
is shown in Fig. 3(a). It is similar to the one reported in [25] for
a non-chiral UC using Gaussian-beam transmitting and receiv-
ing antennas. The large array size was selected to approximate
the infinite periodic boundary conditions that were enforced to
optimize the unit-cell design. Two identical pyramidal horns
(model Flann 32240-20) were used to characterize the MUT
and free-space link. They exhibit a nominal gain equal to 20
dBi at 280 GHz and a half-power beamwidth (HPBW) equal
to 17◦ and 18◦ in E- and H-plane, respectively.

The distance between the two horns was set to 11 cm, in or-
der to optimize the illumination of the MUTs and minimize the
spillover loss. For this distance, the edge taper on the MUT is
about 5.5 dB. The MUT was characterized using two different
approaches. The first measurement was carried out performing
preliminarily a thru-reflect-match (TRM) calibration, as shown
in Fig. 3(b). A metallic plate and an absorber were used
for the “reflect” and the “match” case, respectively. In the
second approach, the transmission coefficient of the MUT
was calculated through a relative transmissivity measurement.
The measured transmission coefficient in the presence of the
MUT has been normalized on the one measured between the
two horns, as in the “Through” setup shown in Fig. 3(b). In
both approaches, when the MUT is tested, the two horns are
arranged orthogonally to measure the transmission coefficient
T yx. Note that the measured magnitude of T yx is affected
by the illumination taper of the horns. As a consequence, it
is not fully representative of the simulated UC performance
under Floquet excitation, shown in Fig. 2(a). Nevertheless, a
good characterization of the relative phase of transmission,
∆(∠T yx), is possible. Using the first unit-cell, UC 1, as a
reference, the measured and simulated phase-shifts relative
to the other three tested unit-cells are plotted in Fig. 3(c).
The experimental results obtained using both measurement
approaches are reported and they are in tight agreement. A
phase fluctuation was observed in all measurements, which
was probably caused by interference due to multipath related
to reflections between the two horns and the MUT. It can
be seen that the noise is higher in the first measurement,
due to the 90◦ rotation of the horn, which takes place after
the TRM calibration in the measurement phase of the MUT.
Nevertheless, the measured relative phase shifts are close to
45◦, in line with the expected behavior.

The measured amplitudes of the transmission coefficients
of the four MUTs, obtained with the second characterization
approach, are shown in Fig. 4(a). They are greater than -
3 dB between 260 and 310 GHz. Full-wave simulations of
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Fig. 3: (a) Measurement setup used for the characterization of the
transmission coefficients of the UCs. (b) Schematic view of the cal-
ibration and the measurement technique for the MUT. (c) Simulated
and measured relative phase of the transmission coefficients, using
UC 1 as a reference. The simulated results were obtained using
periodic boundary conditions.

the actual measurement setup, including a finite MUT and
two horns, were performed to validate the consistency of
the measurements with numerical results. Fig. 4(b) compares
the measured |T yx| for UC 1, exhibiting the highest loss,
with two simulated curves, which are obtained enforcing
periodic boundary conditions on the cell and modeling the
measurement setup, respectively. The difference between these
numerical results expresses the impact of the illumination taper
of horns. It can be seen that the measured insertion loss is
well predicted by the simulated data of the finite array. The
observed agreement validates the design and manufacturing of
the UCs.

III. TRANSMITARRAY ANTENNA: DESIGN AND
MEASUREMENTS

To target an ultra-high gain, close to 45 dBi, the TA size
was set to 140×140-elements (70×70 λ2 at 300 GHz). The
structure is illuminated by a standard pyramidal horn (model
32240-10 by Flann Microwave) with a nominal gain of 10 dBi
and a HPBW of about 58◦ both E- and H-plane at 280 GHz.
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Fig. 4: (a) Measured magnitudes of the transmission coefficients of
the four tested MUTs. (b) Magnitude of the transmission coefficient
of UC 1. Measurements are compared to simulated results obtained
enforcing periodic boundary conditions and reproducing the measure-
ment setup, respectively (two horns and a finite MUT).

This feed and the TA illumination were selected to achieve a
relatively small height of the antenna system. To maximize the
peak gain, both the focal distance and the phase distribution of
the TA were calculated numerically using a hybrid simulation
tool. This numerical approach is based on ray tracing and array
theory, combining the simulated far-field quantities of both
the focal source and the UCs with their simulated scattering
parameters [26]. The optimal focal distance, calculated at 280
GHz, is found F = 42 mm, giving F/D = 0.6, where F is
the focal distance and D is the diameter of the TA.

The prototype was measured in an anechoic chamber at
CEA-Leti. The measurement setup, shown in Fig. 5(a), com-
prises the antenna under test (AUT) on the receiving (Rx) side
and a 20-dBi horn on the transmitting (Tx) end of a 12-m long
free-space link. This distance falls in the far-field region of
the antenna, considering that its effective radiating aperture is
reduced by the illumination taper. A conservative estimation
of the far-field distance consists in calculating the radiating
aperture as the circle, of diameter D = 70 mm, inscribed
in the physical square aperture. With this approximation, the
Fraunhofer distance (2D2/λ) is equal to 10.8 meters at the
maximum measured frequency (330 GHz). In the measurement
setup, two frequency converters (model ZC330 by R&S), were
used, mixing a local oscillator operating in the band from
9.155 GHz to 13.738 GHz (×24) and an RF signal in the range
from 12.222 GHz to 18.333 GHz (×18). They are connected to
a standard vector network analyzer (model ZVA24 by R&S).
Finally, two motion controllers were used for each antenna.
The motion controller in the Tx side was used to adjust the
azimuth angle, either at 0◦ or at 90◦. The motion controller in
the Rx side (AUT) was used to scan in the elevation angle and
obtain the radiation patterns in the two principle planes, i.e. E-
plane and H-plane. An additional motion control with scanning
capability on the vertical and horizontal axes has been used
at the Rx side to guarantee an extremely accurate position
of the antenna radiating and enable a neat measurement of
ultra-narrow beams. The two Flann horns of the measurement
setup in Section II, with 20 dBi nominal gain, were used for
calibration. The fabricated prototype is shown in Fig. 5(a) and
its phase profile in Fig. 5(b). The horn is connected to a WR3
waveguide. The feed horn and the TA are held together using
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Fig. 5: (a) View of the antenna prototype mounted on the transmitting
side of the setup. (b) Phase profile of the TA prototype.
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Fig. 6: Computed and measured gain and aperture efficiency of the
antenna prototype. The results are compared to an antenna comprising
an ideal TA, considering the same focal source and focal distance.

a plastic support.
The simulated and measured peak gain and the correspond-

ing aperture efficiency are plotted in Fig. 6 as a function
of frequency. The maximum measured gain is 43.3 dBi at
284.35 GHz, with an aperture efficiency of 39.0%. The high
efficiency of the proposed design is confirmed by the total
radiation efficiency, which is around 60.0%, estimated from
the measured gain and the simulated directivity of the system.
Moreover, despite the large size and phase variation across the
aperture (see Section IV), the -1-dB and -3-dB gain bandwidth
exceed 10.0 GHz (3.5%) and 17.0 GHz (6.0%), respectively.
The focal length in the prototype F = 42.5 mm is 0.5 mm
longer than its design value, due to an error in the fabrication
of the plastic spacer. As a consequence, the measured gain
response is shifted by 5 GHz (1.7% at 280 GHz) toward higher
frequencies with respect to that predicted for the designed
TA. Nevertheless, by considering the actual focal length, a
very good agreement between computed and measured gain
is found (see Fig. 6), validating the numerical approach. The
results are also compared to the calculated performance of an
ideal TA, i.e. a reflectionless discrete lens that provides perfect
phase compensation, assuming the same size and illumination
of the prototype. The measured gain loss with respect to this

(a)

(b)

Fig. 7: Measured pattern as a function of the elevation angle and the
frequency in two cut-planes: (a) H-plane and (b) E-plane.

reference case is lower than 3 dB between 270 – 310 GHz and
less than 2 dB in the -1-dB gain bandwidth, demonstrating the
high efficiency of the proposed UC and TA designs in standard
PCB technology.

The measured co-polarized radiation pattern as function of
the elevation angle and frequency is represented in Fig. 7 (E-
and H-plane cuts). The main lobe is very stable in the -3-
dB gain bandwidth, exhibiting HPBW equal to only 1◦ in
the same region. Co-polarized and cross-polarized patterns in
the H- and E-plane are plotted in Fig. 8, at three different
frequencies. The observed elevation angle is limited between
-15◦ and 15◦ in Fig. 8(b)-8(f) to provide a clear comparison
between simulations and measurements, which are in tight
agreement. The actual focal length has been used to derive the
numerical data. The maximum sidelobe level is about -16.7 dB
and -22 dB in the H- and E-plane, respectively, at 285 GHz.
Finally, the cross-polarization discrimination is better than 40
dB in both principle planes.

IV. DISCUSSION ON THE PERFORMANCE

The main radiation characteristics of the prototype are com-
pared to state-of-the-art high-gain sub-THz antennas in Table
II. It emerges that the proposed antenna achieves very-high
gain and high aperture efficiency with only three metal layers
and without vias, using low-cost standard PCB technology.
Compared to the four-layer, high-gain TA at D-band [16],
the aperture efficiency is significantly enhanced. Moreover,
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TABLE II: Comparison with state-of-the-art, high-gain sub-THz antennas.

Reference This work [16] [19] [4] [8] [11] [12]
Frequency

(GHz) 280 140 390 180 260 350 350

Architecture TA TA RA Lens Leaky-wave
array

Corporate-feed
array

Corporate-feed
array

Technology PCB PCB Quartz
lithography

Standard
milling

Silicon
micromachining

Silicon
micromachining

Silicon
micromachining

Height (mm) 42 340 10.6 ∼ 30 0.9 < 1 1.1
Aperture size

(mm2) 70×70 201x201 π(12.9×12.9) π(9×9) 12.1×13.8 11×11 25.6×25.6

Peak gain
(dBi) 43.3 44.3 32.8 34.0 28.0 29.5 38.0

Aperture eff. 39.0% 24.1% 29.3% >75% 25.4% 43% 61.0%
-3 dB gain BW 6.0% 6.4% 16% 35.0% 19.0% 12.5% 25%

X-pol (dB) -40.0 – -28.4 – -40 – –

SLL (dB) H-pl.: -16.7
E-pl.: -22.0 – H-pl.: -17.8

E-pl.: -20.5 H/E-pl.:-15.0 H-pl.:-20.0 H/E-pl.:-13.2 H/E-pl.:-13.0
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Fig. 8: Normalized computed and measured co- and cross-polarized
patterns in the two cut-planes at three different frequencies. H-plane
at (a) 280 GHz, (c) 285 GHz and (e) 290 GHz. E-plane at (b) 280
GHz, (d) 285 GHz and (f) 290 GHz. The observation elevation angle
is limited between -15◦ and 15◦ to provide a clearer comparison.

despite the use of an additional metal layer with respect to the
present work, the simulated bandwidth of the UCs in [16] is
narrower, and the corresponding TA achieves a similar relative
gain bandwidth.

The measured aperture efficiency is comparable to or even

higher than electrically smaller antennas that achieve gain
values lower than 33 dBi, leveraging on more expensive
technologies, such as quartz lithography [19] and silicon mi-
cromachining [8], [11], [12]. Furthermore, the proposed cells
and the TA architecture enable the radiation of pencil beams,
pointing at a given scan angle, with a very limited beam squint
over the -3-dB gain bandwidth, as opposed to sub-THz leaky-
wave antennas [8]. Finally, the PCB prototype and space-fed
architecture outperform in terms of maximum achievable gain
the lossy silicon-based antennas with corporate-feed networks
[12].

The main drawback of the proposed TA design is the
narrowband gain response (-3 dB relative gain bandwidth of
6.0%). This is not due to the transmissivity bandwidth of the
UCs, which is instead broad, as shown in Section II, but to the
frequency variation of the optimal aperture phase profile for
beamforming [27]. Indeed, very large TAs with phase profiles
optimized at a single frequency exhibit significant chromatic
aberrations. The phase error between optimal and actual phase
profile increases rapidly with frequency. A straightforward
solution to overcome this issue is to increase the directivity of
the focal source, at the expense of an increased focal distance,
assuming a single-feed illumination. To better understand this
impact, the gain frequency response, normalized to its peak
value, of TAs of various sizes, comprising the proposed UCs,
and illuminated by two different feeds (the 10-dBi an 20-dBi
Flann horns) are compared in Fig. 9. The phase profile and
focal length of each TA was optimized to maximize the gain at
the central frequency f0, taking into account the illumination
characteristics. The corresponding gain computed using the
aforementioned hybrid numerical tool. It can be seen that
with a 20- dBi gain source, the -3 dB gain bandwidth of the
70×70 mm2 size TA can increase up to almost 50 GHz (18%).
However, the optimized focal distance of the larger TA must
be set to F = 126 mm, leading to F/D = 1.8.

V. CONCLUSION

The design and the experimental demonstration of a very-
high gain TA in standard PCB technology was presented here.
The proposed phase-shifting anisotropic UC comprises only
three metal layers, without any metallized vias, achieving an
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Fig. 9: Comparison of the normalized gain frequency response for
square TA with different sizes, using two focal sources (FS) with
different gain values. The central frequency, f0, is equal to 280 GHz.

ultra-efficient broadband transmission in linear polarization.
The analysis and synthesis of each element was carried out
with the aid of a numerical model that enables an efficient TA
design. The performance in transmission of the designed UCs
were validated experimentally using a dedicated measurement
setup. A 3-bit TA was optimized for a 10-dBi horn feed, and
characterized in anechoic chamber. The final antenna system
achieves a 43.3 dBi gain with a high aperture efficiency
(39.0%) that is comparable to or even higher than antennas
leveraging much more expensive technologies. To the best of
the authors’ knowledge, this is the first TA in PCB and one of
the first antenna systems enabling a gain larger than 40 dBi
in the 300-GHz band.
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