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Abstract — The design and characterization of a 60x60-
element high-gain, wideband transmitarray antenna at 300 GHz
are presented. A numerical model is used to accurately design the
8 phase-shifting anisotropic unit-cells of the array (3-bit phase
quantization). The planar lens comprises only three metal layers
and no metallized vias. It is fabricated using a low-cost, standard
printed circuit board technology. A 20-dBi horn is used as a feed.
The experimental characterization demonstrates a peak gain of
37.0 dBi with a maximum aperture efficiency of 48.6% and a 1-
dB gain bandwidth of 19.0%. These features, combined with the
cost-efficient fabrication process, make the prototype a very
attractive candidate for point-to-point communications in the
300-GHz band.

Keywords — transmitarray antenna, sub-THz, 300 GHz,
Beyond 5G, point-to-point, high gain, printed circuit board.

I.  INTRODUCTION

The continuous growth of the global mobile traffic and
connected objects is leading to the saturation of the current
wireless network capacity. Possible solutions could be
represented by the network densification using point-to-point
links, such as backhauls and fronthauls, and by the
exploitation of the high end of the millimeter-wave (mmWw)
range. The larger absolute available bandwidth beyond 100
GHz, could enable data-rates up to 1 Th/s [1]. Therefore, it is
crucial to develop high-gain, efficient and wideband antennas
using reliable and affordable technologies. However, the
current sub-THz antenna solutions rely on expensive, high-
resolution technologies, such as low temperature co-fired
ceramic  (LTCC) and  silicon-on-Insulator  (SOI)
micromachining [2]-[5].

Transmitarrays (TA) are very attractive candidates for
high-gain and wideband applications [6]-[11]. These antenna
systems do not require lossy feed networks and do not suffer
from feed blockage. In addition, the phase-shifting array is
compatible with planar fabrication processes, such as printed
circuit board (PCB) technology. However, the few PCB-based
TAs demonstrated beyond 100 GHz are limited in gain and
bandwidth [10] or include vias, which increase the costs and
sensitivity to standard fabrication tolerances [11].

In this contribution, a 60x60-element TA antenna, realized
in PCB technology, is presented for point-to-point
communications at 300 GHz. The proposed unit-cell (UC) is a
three-layer, vialess anisotropic structure. This architecture
became quickly attractive for designing TAs thanks to its
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Fig. 1. (a) Exploded view of the square TA unit-cell. The three metal
layers (illustrated in grey color) are interleaved by two dielectric spacers
(in orange) and a bonding film (in blue). (b) Rotator patterns for the
proposed 3-bit TA. A second unit-cell for each rotator design is obtained
by mirroring the element with respect to the y-axis.

wideband behavior and the possibility to tune the phase of
transmission varying only the geometry of the inner layer [6],
[7], [10].

The design procedure of the proposed unit-cell, described
in Section 11, resorts to a cascaded sheet admittance model,
introduced by the authors in [8]. Then in Section IlI, the
design and characterization of the prototype is detailed. The
optimal focal distance and phase distribution of the array are
selected to maximize the gain and aperture efficiency,
considering a 20-dBi feed illumination. The measured antenna
gain (37.0 dBi) is very close to the maximum achievable
theoretical value, showing the effectiveness of the UC design
procedure. Finally, the prototype is compared to high-gain
state-of-the-art antennas at frequencies beyond 100 GHz.

Il.  UNIT-CELL DESIGN AND OPTIMIZATION

A. Unit-Cell Geometry and Modelling

The stack-up of the unit-cell (UC) is shown in Fig. 1(a).
The structure comprises three metal layers, interleaved by two
dielectric spacers and one bonding film. Specifically, two
linear polarizers are arranged orthogonally on the outer



Table I. Realized admittance values and phase of transmission at 300
GHz for the rotators of Fig. 1(b).

Unit-cell Im{Y. }no Im{Y,}no Phase (°)
ucil 3.854 -0.83 58
uc?2 2.17 -1.86 90
ucs3 0.44 -4.58 140
uc4 -0.46 -12 174
ucs -0.83 3.854 238
uce -1.86 2.17 270
ucr -4.58 0.44 320
ucs -12 -0.46 354

surfaces, allowing almost purely x- and y-polarized waves to
go through the bottom and top side, respectively. The inner
layer, referred to as rotator, realizes the polarization
conversion. This UC is particularly convenient for the design
of broadband TAs with high-phase resolution [6]. Indeed, the
rotator geometry can be modified to tune the transmitted phase
without significantly affecting the 90° polarization rotation nor
the insertion loss (IL).

The analysis of this structure and the design of multiple
low-loss phase-shifting UCs can be eased and enhanced by
using the theoretical model and sheet impedance synthesis
procedure [8]. Specifically, each metal layer is modelled as a
2x2 anisotropic admittance tensor. In the xy system, due to the
polarization conversion properties, the tensor associated to the
rotator is non-diagonal. The transmission of the unit-cell is
then calculated through a cascaded transfer matrix approach,
as a function of the admittances of the layers, modelling the
dielectric spacers as transmission lines. The admittance tensor
of the rotator is then diagonalized so that the rotator is entirely
described by a pair of admittances, namely Y, and Yy, in the
crystal axes coordinate system (uv system in Fig. 1(b)).
Thanks to this coordinate transformation, the transmission
coefficient can be analytically expressed as
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where & is the relative permittivity of the dielectric spacers
and o is the impedance of free-space. The above expression is
derived assuming ideal polarizers, when the overall UC
thickness is half a wavelength in the dielectric and the rotator
is equally spaced from the two grids. Moreover, to minimize
the IL, the rotator is designed so that the crystal axes are at 45°
(or 135°) with respect to the xy system. The magnitude of
transmission coefficient in (1) is maximized when the rotator
admittances fulfil the following relation

2
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It can be demonstrated that the proposed UC can achieve both
perfect transmission and full phase coverage. In addition,

based on (2) the rotator must exhibit purely inductive and
capacitive properties along the u- and v-axis, respectively.
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Fig. 2. Simulated transmission coefficients of the eight unit-cells. (a)
Magnitude and (b) relative phase considering UC1 as a reference UC.

A relation similar to (2) can be found considering the
actual polarization grids. Once the locus of optimal rotator
described by (2) is found, 2N admittance pairs (Yy,Yy)
introducing equi-spaced phase shifts can be selected to design
a TA with uniform N-bit phase quantization. In this work, a 3-
bit TA design is presented to ensure low quantization loss. The
optimal rotator impedances of the eight UCs are listed in Table
I. They have been determined using the described procedure at
300 GHz and considering spacers of relative permittivity e, = 3
and thicknesses hy = h, + hg =0.127 mm.

B. Unit-Cell Design and Results

The next design step is the physical implementation of the
optimal admittances of the rotators. In this work, the rotator
designs were optimized using a full-wave commercial solver
(Ansys Electronic Desktop 2020) to approach the target values
and ensure the technological feasibility. In order to make these
designs suitable for a low-cost PCB process, the minimum
conductor width and spacing were set at 80 um.

To account for these strict constraints, different rotator
designs were employed, as shown in Fig. 1(b). By mirroring
the rotator with respect to the y-axis, a second phase-state is
found, shifted by 180° with respect to the corresponding
original design. Thus, only four different rotators are needed
for a 3-bit design. The periodical size of the unit-cells is P =
0.5 mm = 0.540, where 1 is the free-space wavelength at 300
GHz.



The two grids are assumed identical and their width and
gap are set at 80 um and 170 pm, respectively. Two low-loss
Astra MT77 substrates (er = 3, tan ¢ = 0.0017) and a bonding
film (erg = 2.97, tan dy = 0.0019) are used for the spacers.
Therefore, the total thickness of the TA is 0.255X (0.44Xo/+/€;.)
at 300 GHz and the minimum IL, calculated using the model,
is about 0.25 dB. The transmission coefficients of the 8 unit-
cells, computed under normal incidence enforcing periodic
boundary conditions, are shown in Fig. 2. A wideband
behavior is observed with a common 1-dB bandwidth of
almost 85 GHz. The relative phase shifts are very close to 45°
and the phase error is less than 15° in the common bandwidth.

I1l. TRANSMITARRAY ANTENNA

A. Antenna Design and Optimization

The design of the TA antenna is performed with a hybrid
simulation tool. An iterative procedure is used to optimize the
array phase distribution for maximum gain and aperture
efficiency, as a function of the focal distance. A 60x60-
element TA (30x304¢?) is designed, in order to achieve a gain
higher than 35 dBi.

The main drawback for large TAs optimized at a single
frequency, is the narrowband performance due to the
frequency-dependent spatial phase delay [9]. This effect can
be partly compensated by changing the properties of the
illumination. In a single-feed architecture, the bandwidth can
be improved by increasing the directivity of the focal source,
at the expense of an increased focal distance. Nevertheless, at
sub-THz frequencies the antenna height remains relatively
small. Therefore, a 20-dBi horn (model 32240-20 by Flann
Microwave) was selected as a good trade-off between antenna
profile and bandwidth coverage. The optimal focal distance is
F = 55 mm, corresponding to a focal-to-diameter ratio F/D =
1.83 and an edge taper of 13 dB, when the frequency of
optimization is set at 280 GHz.

As a comparison, when a 10-dBi source is considered, the
distance maximizing the gain at the same frequency is F = 20
mm (F/D = 0.67) and the edge taper is 17 dB. However, the
simulated 1-dB gain bandwidth becomes about 7.0%, whereas
in the proposed design it is close to 20.0%. With the 10-dBi
horn, the simulated maximum aperture efficiency (48.6%) is
also smaller if compared to the 20-dBi illumination (59.3%).

B. Measurements

The antenna prototype, shown in Fig. 3, was measured in
the CEA-Leti far-field anechoic chamber. The gain is plotted
as a function of frequency in Fig. 4. The measured peak gain is
37.0 dBi at 290.9 GHz, with an aperture efficiency of 47.2%.
The maximum aperture efficiency is 48.6% at 279.4 GHz,
which is close to the optimization frequency, and it is more
than 40.0% between 250 and 300 GHz. The measured 1-dB
gain bandwidth is approximately 56 GHz, from 264 to 320
GHz, which is about 19.0%. The good agreement between
simulations and measurements validates the design approach.
Table Il compares the peak gain and aperture efficiency
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Fig. 3. (a) Photograph of the TA antenna prototype and (b) image of one
of the polarizers.
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Fig. 4. Gain and aperture efficiency of the antenna prototype as a
function of frequency. Dashed line: simulation. Solid line: measurement.

Table Il. Peak gain and aperture efficiency at 280 GHz of the prototype
compared to the upper bounds (Ideal TA) and the values achievable using
the optimal admittances of Table I.

Scenario Gain (dBi) Aperture eff. (%)

Ideal TA 384 66.0
Optimal 3-bit 38.0 60.7
Designed 3-bit 37.7 59.3

Measured 37.0 48.6

achieved by the 3-bit designed TA at 280 GHz to the values
computed for two reference designs with the same size and
illumination. The measured gain is only 1.4 dB lower than the
value that could be reached using an ideal TA, ie. a
reflectionless lens providing perfect phase compensation. The
gain of the optimal 3-bit TA design is estimated assuming the
optimal rotator admittances in Table I for the computation of
the transmission coefficients of the eight unit-cells. It is only 1
dB higher than the gain computed considering the actual UCs,
validating the design of the rotators described in Section 11.B.
The shape of the beam is very stable across the frequency
range, as shown in Fig. 5. The half-power beamwidth (HPBW)
is approximately 2° in the 1-dB gain bandwidth, in both
principal planes. The radiation pattern at two frequency points
is shown in Fig. 6. The first sidelobe level is about -24.6 dB
and -25.8 dB in the H- and E-plane, respectively. A sidelobe
level discrepancy between simulation and measurements is
observed in the H-plane (Fig. 6(a)), probably caused by the
impact of the mechanical support that is placed in this side of
the antenna, as shown in Fig. 3(a). The cross-polarization
discrimination is greater than -26.0 dB across the entire band.
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Fig. 5. Measured beam shape as a function of the elevation angle and the
frequency in two cut-planes. (a) H-plane, (b) E-plane.
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Fig. 6. Simulated and measured radiation pattern of the TA. (a) H-plane
at 300GHz, (b) E-plane at 300GHz.

The prototype features and measured performance are
compared to state-of-the-art (SotA), large aperture antennas at
sub-THz frequencies in Table Ill. It achieves both wideband
and efficient characteristics, while the radiation is very stable
across the entire bandwidth. Even with a low-cost fabrication
process, the antenna performance is comparable to prototypes
leveraging more expensive high-resolution technologies, such
as silicon micromachining [3], [5] and quartz lithography [4].

IV. CONCLUSION

A wideband, efficient large aperture TA antenna for point-
to-point communications at 300 GHz was presented. A
theoretical model was employed to study and effectively
design three-layer and vialess unit-cells. A 3-bit 30x3043 TA
prototype was fabricated using a low-cost standard PCB
technology, mounted on a 20-dBi horn. The measured peak
gain and aperture efficiency are 37.0 dBi and 48.6%,
respectively. The relative 1-dB and 3-dB gain bandwidth are
about 19.0% and 34.0%, respectively. These results
demonstrate the suitability of PCB-based TAs for high-
efficiency sub-THz wireless links.

Table 111. Comparison with state-of-the-art, high-gain sub-THz antennas.

This
Reference work [2] [3] [4] [5]
Freq. (GHz) 300 140 360 390 180
Architecture TA TA Waveguide RA Lens
array
Technology PCB LTcc | SOlmicro- | Quartz | o
machining wafer
Aperture size 18.7x 26.4% n(12.9
02 30x30 18.7 26.4 x12.9) | ™99
F/ID 1.83 1.87 - 1.07 ~1
Peak gain
(dBi) 37.0 334 38.0 33.6 34.0
Aperture >
efficiency 48.6% 50.1% 64.0% 29.3% 75 0%
1-dB Gain o o
bandwidth | 190% | 10.7% ) ) )
3-dB Gain o 0 o o o
bandwidth 34.0% 24.4% 22.0% 16.0% | 35.0%
Sidelobe
level (dB) -24.6 -21.0 -13.0 -17.8 -15
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