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Abstract—This letter presents an ultrathin transmitarray (TA)
in the D-band (110–170 GHz) by utilizing the bonding layer effect
of spatial filters. The standard printed circuit board process limits
the performance of spatial filters, resulting in a poor phase-shifting
range in the sub-terahertz. The proposed unit cells based on the
frequency selective surfaces use only two substrates to be ultrathin.
By attaching the additional metal layer on the other side of the
bonding substrate, the bonding layer effect can be maximized. Con-
sequently, the proposed unit cells achieved a 271° phase-shifting
range without any additional substrates. The proposed TA is the
first to attain a high gain of more than 40 dBi in the D-band
by reducing the quantization loss. The TA is synthesized using
ten types of unit cells that have a low insertion loss of less than
1.5 dB. A 25.5 dBi horn antenna was selected as the source. The
focal-to-diameter (F/D) ratio is 1.686 for the TA. The proposed
TA, which is comprised of 50 176 elements, attains a peak gain of
44.3 dBi, an efficiency of 24.1%, and a bandwidth of 6%
(134.5–143.5 GHz).

Index Terms—Bonding layer effect, D-band, high gain, sub-THz,
transmitarray (TA).

I. INTRODUCTION

W ITH the increasing popularity of wireless devices, data
traffic has encountered a serious issue [1]. Large num-

bers of devices, including not only mobile phones but also the
Internet of Things, use wireless communication due to its con-
venience. This situation causes a lack of bandwidth resources.
In 6G communication, the Gbps data rate in the terahertz (THz)
band, which is the frequency range from 0.1–10 THz, has been
obtained [2]–[4]. However, the implementation of antennas in
the THz band is challenging in terms of the inherent performance
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and rigorous communication environment, such as high loss,
low fabrication precision, and high propagation loss in the free
space [5], [6]. In particular, the attenuation due to atmosphere,
rain-induced fading, and foliage cannot be neglected [7]–[9].

A transmitarray (TA) is an attractive candidate in terms of a
high gain for overcoming high attenuation and its easy fabrica-
tion using the printed circuit board (PCB) process. The unit
comprised of TA utilized spatial filters, bandpass filter, and
low-pass filter, using frequency selective surfaces (FSSs) and
can be a multilayer structure consisting of substrates, metal
layers, and bonding layers [10]–[12]. The unit cells need to have
the properties of low loss and a 360° phase-shifting range to
obtain a high gain with reduced losses, which are insertion and
quantization losses.

Stacking up more substrates of the unit cells enhances the
phase-shifting range. When each substrate is laminated, the
phase-shifting range is generally extended by 90°. However,
increasing the number of substrates leads to a rise in insertion
loss because the substrates are lossy.

In addition, it is not possible to completely align the position
of the substrates when stacking in the PCB process. Furthermore,
the fabrication error can often occur when laminating substrates
in the PCB process. It does not make critical degeneration of the
unit cell performance in the Ka-band. However, the wavelength
in the THz band is short, so the fabrication error can cause
the unit cell performance to be degraded. It is possible that
laminating one more substrate might not help the phase-shifting
range increase by 90°. As stacking more than three substrates in
a PCB can cause fabrication errors, it is desirable to use one or
two substrates for the unit cells in the sub-THz. The unit cells
used two substrates that generally have a 180° phase-shifting
range.

The bonding layer must be used to laminate substrates in
the PCB process. The bonding layer in the Ka-band can be
ignored because the thickness of the bonding layer is extremely
thin compared with the wavelengths in the Ka-band. However,
the bonding effect in the sub-THz cannot be negligible, so it
must be considered when designing unit cells. The structure is
called a doubled layer, which is the inserted metal layers to both
sides of the bonding layer. It is called the bonding layer effect
that considers the effect of the bonding layer using a doubled
layer structure. The proposed unit cells use two substrates and
one bonding layer using the doubled layer, maximizing the
bonding layer effect to enhance the phase-shifting range with
low insertion loss. The proposed unit cell achieved a 271.09°
phase-shifting range without any additional substrates.
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Fig. 1. Geometry of the conventional unit cell employing FSSs. (a) Bandpass
filter type. (b) Low-pass filter type.

Fig. 2. Geometry of the proposed unit cell using FSSs. (a) Bandpass filter
type. (b) Low-pass filter type. (c) Mixed filter type.

This letter proposes a low-profile TA with high gain by
utilizing spatial filters. The proposed TA laminated with only
two substrates has been thinly fabricated by the standard PCB
process. The rest of this letter is organized as follows. Section Ⅱ
presents the novel unit cell configuration utilizing the bonding
layer effect, which uses the doubled layer, and compares it to a
conventional unit cell. Section Ⅲ describes the simulation and
measurement results obtained using the fabricated TA. Finally,
Section Ⅳ concludes this letter.

II. UNIT CELL DESIGN

Fig. 1(a) and (b) shows the conventional types of unit cells
laminated with two substrates, which are the bandpass and low-
pass types. While the bandpass filter unit cell with three metal
layers consists of two patches and a grid, the low-pass filter unit
cell is composed of only three patches [13]–[15].

The proposed TA is composed of a square set of unit cells
that have phase shifting. Each unit cell has a size (d × d) of
0.9 × 0.9 mm2 (0.42 λ0 × 0.42 λ0), where λ0 is the wavelength
in the free space at 140 GHz. The periodicity of the unit cell
is 0.9 mm. To synthesize accurate spatial filter responses, the
proposed unit cells are utilized with FSSs. The geometries of the
unit cells are presented in Fig. 2. All the unit cells are multilayer
structures consisting of two dielectric substrates and four metal

Fig. 3. Simulated results of the conventional unit cell with three metal layers
and the proposed unit cells with four metal layers in the Ka-band. (a) Transmis-
sion coefficient. (b) Phase delay.

layers attached to both sides of the substrate. In Fig. 2(a), the
unit cell based on a bandpass filter has two patches on layers
1 and 4 and two grids on layers 2 and 3 [13]. Fig. 2(b) shows the
unit cell based on a low-pass filter that has only patches on all
the layers [14], [15]. For the bandpass and low-pass unit cells,
their dielectric constant, loss tangent, and the thickness of the
substrates and the bondply are 2.98, 0.0013, and 127 µm, and
2.35, 0.0025, and 38 µm, respectively.

The grid and patch of the unit cells mean a shunt inductor
and capacitor in terms of the equivalent circuit [14], [15]. The
conventional unit cell with three metal layers has only three
shunt components. However, the proposed unit cell has four
metal layers so that one more shunt component can be added
to the equivalent circuit. If the proposed unit cell is utilized at
28 GHz, the effect of the additional metal layer is negligible.
Fig. 3 shows the transmission coefficient and the phase delay of
the unit cells with three and four metal layers. Each transmission
coefficient and phase delay of the unit cell with three or four
metal layers are similar. As shown by the result in Fig. 3, the
effect of an additional metal layer can be ignored. Because the
thickness of the bondply between layers 2 and 3 is thin enough
(≈ 0.003 λ028GHz ) compared to λ028GHz , the wavelength in the
free space is at 28 GHz. However, an additional metal layer
cannot be ignored because the thickness of the bondply is not
negligible compared with the free-space wavelength at 140 GHz
(≈ 0.018 λ0).

Fig. 4 illustrates the transmission coefficient and the phase
delay of the unit cells with three metal layers at 140 GHz by
varying the lengths of the patches (l1x , l1y , l2x , and l2y ) and
the width of the grids (w). The phase-shifting range is 208° at
140 GHz from −248° to −40° with a transmission coefficient
less than −1.5 dB. Likewise, the transmission coefficient and
the phase delay of the proposed unit cell are presented in Fig. 5,
varying the lengths of the patches and the width of the grids.
The proposed unit cells with a transmission coefficient less than
−1.5 dB can achieve a phase-shift range of 271° from −294° to
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Fig. 4. Simulated results of the conventional unit cell with three metal layers
in the D-band. (a) Transmission coefficient. (b) Phase delay.

Fig. 5. Simulated results of the proposed unit cell with four metal layers in
the D-band. (a) Transmission coefficient. (b) Phase delay.

TABLE I
GEOMETRIES OF THE PROPOSED UNIT CELL

−23°. The size and result of unit cells are shown in Table I and
Table II, respectively.

III. TA PERFORMANCE ANALYSIS

A. TA and Feed Design

The distribution of the cells is determined using the ANSYS
HFSS simulator based on the full-wave simulations. The wave-
front radiated by the feed is focused on a given direction by
compensating the required phase shift on the TA aperture. The
required phase shifts must compensate for the difference in the
spatial phase delay between the feed source and each unit cell.

The performance of the proposed unit cells was validated by
designing a 224×224-element TA (this corresponds to a TA
size of 94 λ0×94 λ0) to attain 45 dBi. The dimension of the
TA aperture for which the spillover and tapered efficiency were
maximized was determined.

TABLE II
PHASE DELAYS OF THE PROPOSED AND CONVENTIONAL UNIT CELL

Fig. 6. Simulated results of the quarter size TA and 1/16 size TA. (a) Gain.
(b) Normalized radiation pattern at 140 GHz under normal incidence.

A D-band horn antenna manufactured by RF-Lambda was
used as the feeding source. The feed horn has a gain of 25.5 dBi
at 140 GHz, and the half-power beamwidth of the source is
8.62° in the E-plane and 8.5° in the H-plane at 140 GHz. The
focal length, F was set to 340 mm, and the focal-to-diameter
(F/D) ratio was chosen as 1.687 to provide maximum aperture
efficiency. The taper and spillover efficiency are dominant to
the total efficiency. Utilizing the full-wave simulation, the taper
and spillover efficiency were estimated to be 86% and 54%,
respectively [16].

An effective simple medium [17] was adopted instead of unit
cells to save time and to ensure that the gains of the large-size
TAs are actually improved. The effective medium is the simple
cuboid structure having constant permittivity and permeability.
The effective medium has the same impedance as the air, and
thus, the insertion loss becomes zero but produces various phase-
shifting levels by varying the permittivity and permeability. In
the design procedure, the phase-shifting levels of the effective
medium-based unit cells were determined to be equal to the
phase shifts of the actual FSS-based unit cells. Finally, this can
reduce the required simulation resources and time dramatically.

To confirm the tendency of the TA gain and radiation pattern,
the quarter and 1/16 size TA using an effective medium was
simulated. Fig. 6 shows the simulated TA gain and radiation
pattern of the quarter and 1/16 size TA with the effective medium.
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Fig. 7. (a) Cell distribution of the fabricated 112×112-element TA.
(b) Proposed 224×224-element TA under normal incidence.

Fig. 8. Measurement setup with the simulated model in the HFSS.

Fig. 7(a) shows the cell distribution of the fabricated quarter-
size TA consisting of 112×112-element. Fig. 7(b) shows the
fabricated proposed TA consisting of 224×224-element.

B. Fabrication and Measurement

The proposed TA was fabricated using the standard PCB
process. As stated above, the proposed TA consists of four metal
layers, two substrates (Taconic NF-30), and one bonding layer
(Tacbond 1.5). Fig. 7(b) shows a fabricated 224×224-element
TA (this corresponds to a TA size of 94 λ0×94 λ0) using the
proposed unit cells.

Fig. 8 presents the measurement setup of the proposed TA
antenna that consists of an Anritsu MS4647B vector network
analyzer, Tx, and Rx VDI WR 6.5 (110–170 GHz) waveguide
extenders, and Rohde & Schwarz SMW200A vector signal
generator. The proposed 224×224-element TA was illuminated
by the D-band horn antenna located exactly at the center of the
rotatable table. The distance between the receiver and transmitter
was about 37 m to satisfy the far-field condition.

Fig. 9(a) presents the measured gain of the quarter-size TA and
the proposed TA. Fig. 9(b) shows the results of the simulation
and measured radiation pattern of quarter size TA. Fig. 9(c)
and (d) presents the radiation pattern and cross-polarization of
quarter size and the proposed TA, respectively. The gain and
the radiation pattern of the quarter-size TA have a similar result
to the simulation. The measured peak gain of quarter size TA
and complete TA is 38.2 dBi and 44.3 dBi, respectively. The
measured half-power beamwidth of the proposed TA at 140 GHz
is 0.5° in the E-plane and 0.6° in the H-plane. The measured
efficiency is 24.1%, and the measured bandwidth is 9 GHz
(134.5–143.5 GHz).

Fig. 9. Results of measurement. (a) Measured gain of the fabricated quarter
size (112×112-element) and the proposed (224×224-element) TA under normal
incidence. (b) Measured and simulated radiation pattern of the quarter size TA.
(c) Measured radiation pattern of the quarter size TA. (d) Measured radiation
pattern of the proposed TA.

TABLE III
COMPARISON OF THE PROPOSED TA WITH OTHER WORK IN THE D-BAND

IV. CONCLUSION

This letter presents a low-profile and high-gain TA in the
D-band fabricated using the standard PCB process. It should be
noted that the TA in previous works could not attain a peak gain
above 40 dBi in the sub-THz. A novel scheme is presented to
overcome the limitation of the PCB fabricated conventional unit
cells by FSS enhancement of the phase-shift range in the D-band.
The proposed TA was compared with the previously developed
TA. The tunable range with less than a 1.5 dB insertion loss is
as much as wide, and a peak gain of 44.29 dBi is attained. These
results suggest that, in the future, the improvement of the RF per-
formance of the TA will enable 6G communication technologies
to be implemented. The comparison of transmitarrays in D-band
is presented in Table III. This letter demonstrates that a novel
and efficient unit cell scheme can overcome the limitation of
the PCB process and enhance the inherent performance in the
D-band.
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