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Abstract—Two high-gain flat array antenna designs operating
in the 320 – 400 GHz frequency range are reported in this paper.
The two antennas show measured gains of 32.8 dBi and 38 dBi
and consist of a 16 × 16 (256) element array and a 32 × 32 (1024)
element array, respectively, which are fed by a corporate H-tree
beamforming network. The measured operation bandwidth for
both antennas is 80 GHz (22 % fractional bandwidth), and the
total measured efficiency is above −2.5 dB and above −3.5 dB for
the two designs in the whole bandwidth. The low measured loss
and large bandwidth are enabled by optimizing the designs to
the process requirements of the SOI micromachining technology
used in this work. The total height of the antennas is 1.1 mm (1.2
λ at the center frequency), with sizes of 15 mm × 18 mm and
27 mm × 30 mm for both arrays. The antennas are designed to
be directly mounted onto a standard WM-570 waveguide flange.
The design, fabrication, and measurements of eight prototypes
are discussed in this paper and the performance of the antennas
compared to the simulated data, as well as manufacturability
and fabrication repeatability are reported in detail.

Index Terms—corporate beamforming network, array anten-
nas, waveguide arrays, terahertz radiation, submillimeter-wave
antennas, silicon micromachining, silicon on insulator

I. INTRODUCTION

W IRELESS mobile traffic keeps growing, and it is
expected to reach 131 EB/month by 2024 [1]. The

current trend to meet this traffic demand is to make use of
the available terahertz (THz) region of the electromagnetic
spectrum that will enable multi-Gbps wireless data links
[2]. One of the main problems with THz links is the high
atmospheric attenuation, which degrades the signal-to-noise
ratio and, thus, the maximum capacity of the channel.

The gain and bandwidth of the antennas used for data links
are critical parameters in order to increase the channel capacity
[2], [3], which is particularly relevant in the THz range due to
the higher atmospheric attenuation mentioned above. For this
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reason, the interest in developing high gain and broadband
antennas at frequencies above 300 GHz has increased in the
last years [4]–[10].

One of the main difficulties when implementing antenna
frontends in the sub-millimeter wave (sub-mmW) range and
above is the reduced size of the wavelength, that scales all
components down in size. Optical systems such as reflectors
or lenses, which are several wavelengths in size and do not
usually require micrometer size features, are relatively easy to
manufacture up to the THz range [4], [5]. Reflectarrays can
be a good alternative to reflectors and can be manufactured by
a lithography process at a low cost [10]; however, they have
a narrow operation bandwidth and usually have low radiation
efficiency.

These optical systems can achieve high gain values and
wideband operation, but they tend to be heavy, bulky, and
involve careful alignment of the feed antenna. Quasi-optical
systems have been developed as an alternative solution to opti-
cal systems [6], [7], [11]. They can integrate one-dimensional
reflectors or lenses in parallel plate waveguide (PPW) technol-
ogy, thus reducing the total volume and mass of the system,
but limiting the beamforming to one plane. Therefore, quasi-
optical systems need an additional beamforming network
(BFN) in PPW technology to generate a pencil-shaped beam
[11], making their fabrication still challenging in the THz
range.

Corporate-feed array antennas can provide high gain and
broadband operation, but they require waveguide BFNs with
increasing complexity as the number of elements of the array
increases. The geometrical complexity of the BFNs makes
their fabrication extremely challenging at THz frequencies
by classic CNC-milling techniques, due to the small features
and high uniformity required to achieve a good performance.
Tekkouk et al. [8] reported on the first corporate feed ar-
ray antenna above 300 GHz using silicon micromachining of
standard silicon wafers. Although this approach allowed the
first implementation of such an antenna, the design failed to
take full advantage of the silicon micromachining technology,
which resulted in increased loss and narrow bandwidth. The
results served as a proof of concept for the use of sili-
con micromachining for sub-mmW array antennas, but also
brought out the importance of a fabrication-oriented design
for waveguide components when approaching the THz range.

Silicon micromachining is a promising alternative to classi-
cal machining techniques for the implementation of waveguide
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components in the sub-THz frequency range. Silicon micro-
machining can be used to fabricate low-loss waveguides [12],
high quality factor filters [13], complex waveguide 3D geome-
tries such as turnstile orthomode transducers [14], switches
and phase shifters [15]–[17], or antennas [5], [11], [18]. The
authors have also recently demonstrated the integration of
monolithic microwave integrated circuits (MMICs) in a silicon
micromachined platform where the RF, IF, and DC networks
are homogeneously integrated [19].

This work presents two high gain array antennas in the
320 – 400 GHz frequency range in silicon on insulator (SOI)
micromachining technology. The SOI technology allows for
multistep complex waveguide geometries [14], enabling a new
design of the input transition, BFN, and radiation cell in [8] to
improve the bandwidth and drastically increase the radiation
efficiency. As a result, the 16 × 16 element array antenna
presented here has double the bandwidth and a 5 dB loss
reduction as compared to previous work. These significant
improvements also enabled the development of a 32 × 32
element array, which represents the highest gain antenna in
the sub-THz frequency range not based on optical systems,
to the authors’ knowledge. The antennas in this work can be
directly mounted on a waveguide flange, avoiding the use of
additional CNC-milled test fixtures or custom-made flanges
that would increase the complexity, cost, and power loss of
the frontend.

II. ANTENNA STRUCTURE AND DESIGN

The antenna structure, mounted on a standard test port, is
shown in Fig. 1, and the cross-sections of the cutting planes
A and B are shown in Fig. 2. The antenna design consists
of 1) a 2n × 2n element array, 2) a corporate BFN, and 3) a
standard waveguide flange interface, which are implemented
in a four micromachined chip stack. All the electromagnetic
simulations for the design of the antenna were carried out
using the commercial software CST Studio Suite, and the
radiation cell was designed by a combination of the Method
of Moments and a numerical optimization genetic algorithm
[20], [21].

The interface in chip 1 allows for a direct connection to
a standard UG-387 flange, that is aligned by using a tightly-
fit circular hole and an elliptical hole in order to achieve a
repeatable flange-to-chip connection [22]. The stepped E-plane
bend (see Fig. 3a) matches the standard WM-570 waveguide
(570 µm × 285 µm) to the waveguide dimensions in the BFN
(600 µm × 275 µm). The SOI wafer defines the height of
the waveguide and it is chosen to be as close as possible to
the standard waveguide height; the width of the waveguide is
narrow enough to avoid the excitation of higher-order TEn0
modes, but it is made as wide as possible to reduce the
insertion loss of the BFN. The height and length of the step
are optimized to minimize the input reflections using the Trust
Region Framework algorithm implemented in CST [23], which
converges after seven iterations to a reflection level better than
−30 dB (see Fig. 4) by setting the initial parameters to half the
total height of the waveguide.

The BFN consists of an in-plane H-tree network that feeds
2n−2 radiation cells. The H-plane power divider was first
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Fig. 1. CAD model of the 32 × 32 element array mounted on a standard
WM-570 waveguide piece.
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Fig. 2. Cross-sections of the antenna model in Fig. 1 shows: a) input wave-
guide and stepped E-plane bend, and b) beamforming network, power dividers,
and radiating elements. Dashed lines represent the different layers etched in
an SOI wafer. The underetch produced by the silicon micromachining process
is also represented and was considered during the design. Not to scale.

designed to have reflections better than −20 dB in the operation
bandwidth, as shown in Fig. 4. The final dimensions of the
power divider are summarized in Fig. 3b. The complete power
distribution network, shown in Fig. 5, was initially simulated
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Fig. 3. Detailed geometry of the different sub-components in the antenna
frontend: (a) input E-plane bend, (b) power divider, (c) perspective view of
the radiation cell, and (d) top view of the radiation cell with different cavities
in solid lines and coupling slots in dashed lines.

Fig. 4. Simulated input reflections for the different sub-components in the
antenna frontend: E-plane bend, power divider, and 2 × 2 radiation cell. The
shaded gray area marks the design bandwidth.

and finely tuned in CST Schematic. For this simulation, each
of the 2n−2 outputs of the BFN was loaded with the simulated
S11 of the 2 × 2 element radiation cell, also plotted in
Fig. 4. The S-parameters of the complete antenna were then
confirmed with a full-wave simulation of the whole structure.

The radiation cell (see Fig. 2b and 3c,d) is fed through
a coupling slot from the power distribution network. The
coupling slot in chip 2 feeds a cavity in chip 3 that acts as
a power divider by uniformly exciting a set of four slots in
chip 4. These slots in chip 4 couple the energy to the open
ended waveguides, i.e., the radiating elements. This radiation
cell, which is implemented by using only three chips, has a
total number of five layers of different thicknesses doubling
the operation bandwidth as compared to [8].

The coupling slots in the radiation cell have a thickness
of 30 µm ( λ25 at the center frequency, 360 GHz), the layers

22mm
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m

Fig. 5. Design layout of the H-tree BFN for the 32 × 32 (n = 5) antenna.

TABLE I
SOI WAFER SPECIFICATIONS

Handle layer Device layer Buried oxide layer
thickness thickness thickness (BOX)

W1 275 ± 10 µm 30 ± 0.5 µm 3 µm ± 5 %

W2 320 ± 15 µm 180 ± 2 µm 1 µm ± 5 %
∗ Tolerances provided by the manufacturer, Utrasil LLC

containing waveguides have a thickness of 275 µm, and the
power divider layer in chip 3 has a thickness of 180 µm.
The steps for impedance matching in chips 1 and 2 have
thicknesses of 144 µm and 162 µm, respectively. These mul-
tiple layer thicknesses were chosen to provide the best RF
performance, and are enabled by the SOI micromachining
technology, at a low fabrication complexity. A 3◦ sidewall
angle was included in all the simulations in order to consider
the effects of the etching process. This value is a good initial
approximation, but the actual underetch strongly depends on
the mask design, and small deviations can have some influence
in the input reflections of the antenna.

Finally, the complete antenna structure, including the flange,
the alignment pins, and the nylon screw was simulated using
the Transient solver in CST to verify the overall performance.

III. FABRICATION

Prototypes of two antenna designs were fabricated simulta-
neously: a 16 × 16 (n = 4) element array antenna, and a 32
× 32 (n = 5) element array antenna with expected directivity
values in the central frequency (f = 360 GHz) from full-
wave simulations of 33.5 dBi and 39.5 dBi respectively. Two
fabrication runs were carried out, producing a total number
of six 16 × 16 element antenna prototypes and two 32 × 32
element antenna prototypes.

The antennas are fabricated by deep reactive ion etching
(DRIE) of SOI wafers at KTH Electrumlab, Stockholm, Swe-
den. DRIE is based on the Bosch process, which alternates
silicon etching and passivation cycles in order to achieve large
aspect ratio trenches on the wafer. The etching is performed in
an STS plasma etching tool with an etch rate of 2.5 µm/min
and a selectivity over silicon oxide of 450:1. An end-point
detection system, based on optical emission spectroscopy, is
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Fig. 6. SEM images of the manufactured devices: (a) hard mask stack
before DRIE process, (b) input waveguide section with stepped impedance
transformer in chip 1, (c) H-tree BFN in chip 2 showing waveguide structure
and coupling slots, and (c) radiating elements with a zoomed view showing
the coupling slots.

used in the plasma chamber to detect when the BOX layer
of the SOI wafer is exposed to the plasma. The biasing RF
power to the substrate is then switched to a pulsed mode, thus
avoiding any notching effects on the bottom of the trenches.
Two wafers (W1 and W2) are processed with a total number of
four photolithography masks. The specifications of both SOI
wafers are shown in Table I.

The multi-step SOI etching process described in [14] is
used to process W1. A scanning electron microscope (SEM)
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Fig. 7. Pictures of the manufactured antennas mounted on a standard WM-
570 waveguide flange. The antennas are aligned using two standard alignment
pins and fixated with a nylon screw. The antenna in (a) is the 16 × 16 element
array and the antenna in (b) is the 32 × 32 element array. The standard flange
size is 20 mm × 20 mm.

cross-section image of the silicon oxide hard mask stack is
shown in Fig. 6a. This stack of hard masks is later used for
the multi-step etching of the handle layer in W1 that forms
the impedance matching steps. The manufactured stepped
impedance transformer in chip 1, the H-tree BFN in chip 2,
and the radiating elements in chip 4 are shown in Fig. 6.

To form chip 3, see Fig. 2a, the device layer of W2 is etched
by using an oxide hard mask. The use of the device layer of
an SOI wafer is preferred over a standard silicon wafer due
to their better thickness tolerances, and due to the difficulty
to produce and handle silicon wafers with thicknesses below
200 µm. The handle layer of the SOI wafer has to be removed
to release the etched structures, which is done by bulk dry
etching in a fluorine plasma (SF6). The BOX layer and oxide
mask in the device layer are finally removed by wet etching
in a 50 % hydrofluoric acid (HF) aqueous solution.

After dry etching, the chips are cleaned in oxygen plasma
and metalized with an adhesion layer of titanium/tungsten
followed by 2 µm of gold in a DC magnetron sputtering tool.
Each antenna is then assembled by aligning the four chip
stack under the microscope, with the aid of integrated Vernier
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Fig. 8. Measured and simulated reflections for the 16 × 16 element array. The
dashed black line shows simulated data, the solid blue line and shaded blue
area show the mean value and the standard deviation (±σ) of the measured
reflections for the six antenna prototypes.

scales, and thermal compression bonded at 200◦C for 1 hour.
The authors described the bonding alignment method used in
this work in recent publications [11], [14], where better than
5 µm alignment accuracy is shown in the microscope images
of the Vernier scales. Fig. 7 shows the manufactured antennas
mounted in a standard waveguide flange.

IV. MEASUREMENT RESULTS

The gain, half power beamwidth (HPBW), input reflections,
and cardinal plane cuts of the radiation diagram were measured
for all the fabricated antennas. The data obtained from the six
16 × 16 element antennas is used to evaluate the new design
and fabrication technique by comparing it to the results in [8].
At the same time, the variability between different antennas is
investigated to evaluate the repeatability and uniformity of the
SOI micromachining process. Finally, the measurement data
of the two 32 × 32 element antennas is shown and com-
pared to the simulation results demonstrating the feasibility of
low-profile and high-gain antennas operating in the sub-THz
frequency range.

The input reflections are first measured using a Rohde &
Schwarz ZVA-24 VNA and a Virginia Diodes Inc. (VDI)
frequency extender with WM-570 waveguide flange interface.
The measured RL of the 16 × 16 element antennas is in good
agreement with the simulated data. Although the reflections
go above 10 dB around 340 GHz, the average value remains
below 16 dB in the design bandwidth. The RL is repeatable
for all six antennas, as shown in Fig. 8, where the simulated
value is plotted in dashed black lines, the mean value of the
measured data for all antennas in solid blue lines, and the
shaded area represents the standard deviation (±σ).

The input reflections of the two 32 × 32 element antennas
are plotted in solid blue and red lines in Fig. 9. The measured
data is also in good agreement with the simulations, and it
is possible to observe the higher reflections around 340 GHz
for this antenna design as well. This repeatable deviation
from the expected results indicates that a fabrication error
affects all antennas equally, hence ruling out misalignment
errors between the different chips, deviations in the height

Fig. 9. Measured and simulated reflections for the two prototypes of the 32
× 32 element array.

3.7°

Fig. 10. SEM image of the cross-section of a waveguide showing the sidewall
profile angle.

of the impedance matching steps, or chip-to-flange alignment
accuracy, since these would be random errors that cannot
systematically affect all the devices in the same way. One of
the possible reasons is a deviation in the sidewall profile from
the 3◦ angle considered during the design. The actual sidewall
angle in the antennas was found to be 3.7◦, measured by a
destructive test of one of the chips in an SEM, as shown in
Fig. 10. This value can now be used for a fine optimization
of the structure in a following fabrication iteration.

The gain, HPBW, and radiation patterns of the antennas
were measured in the millimeter-wave anechoic chamber at
NICT, Tokyo. The setup consists of a 2-axis azimuth/elevation
stage with the antenna under test (AUT) in the origin of
rotation. A diagonal horn from VDI is used as the transmitting
antenna, and it is placed at a distance of 1.2 m from the AUT
in a direct illumination configuration. Two VDI frequency
extenders driven by a Keysight PNA are used to measured
the received power while scanning the AUT. A picture of the
setup is shown in Fig. 11.

The E-plane and H-plane cuts of the radiation diagram
were measured at three frequency points (325 GHz, 360 GHz,
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Fig. 11. Radiation pattern measurement setup at NICT with 2-axis az/el
rotation stage.
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Fig. 12. Measured and simulated radiation pattern for the 16 × 16 element
array. Dashed lines show the simulated data, and the solid overlaid lines show
the measured data of the six manufactured prototypes.

and 400 GHz). The radiation patterns of the six 16 × 16
element antennas in Fig. 12 show the excellent agreement of
all the measurements with the simulated results. Black dashed
lines show the simulated data, while the measurement data
is represented as solid grey lines. The measurement data of
the six prototypes has been condensed to one plot for space
reasons, showing the low variability in the measured results
for the different devices.

The radiation pattern cuts of the two 32 × 32 element
antennas are shown in Fig. 13. The two solid overlaid curves
show the measured data for both prototypes, in excellent
agreement with the simulated data and showing the good
repeatability of the fabrication process again.

The 16 × 16 element antennas have a measured HPBW
of 4.1 – 3.3◦ and the 32 × 32 element antennas of 2.1 –
1.7◦. The simulated and measured data is shown in Fig. 14,
where the worst-case deviation from the simulated data is
0.15◦ for the 16 × 16 element prototypes and 0.12◦ for the
32 × 32 element prototypes. These deviations lie below the
measurement accuracy of the setup.
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Fig. 13. Measured and simulated radiation pattern for the 32 × 32 element
array. Dashed lines show the simulated data and the solid overlaid lines show
the measured data of the two manufactured prototypes.

16 x 16 element array

32 x 32 element array

Fig. 14. Measured and simulated HPBW of all the manufactured antennas.
E-plane is shown in red, and H-plane is shown in blue. Dashed lines represent
the simulated data, and the discrete points are the measured values for each
antenna.
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Fig. 15. Measured 2D plots of the main lobe for the 32 × 32 antenna #2 at
three different frequencies.

A 3D pattern measurement was also performed for one of
the 32 × 32 element antennas in order to verify the results
and investigate the radiation characteristics outside the two
cardinal planes. The results plotted in Fig. 15 show a very
symmetric radiation pattern with side lobe levels as expected
from a uniformly excited square aperture.

The gain of the antennas was measured using a calibrated
antenna standard. Three identical CNC-milled diagonal horns,
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Fig. 16. Measured and simulated realized gain and total efficiency for the 16
× 16 element array. Dashed black lines show simulated data, solid blue line
and shaded blue area show the mean value and the standard deviation (±σ)
of the measured data for the six antenna prototypes.
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Fig. 17. Measured and simulated realized gain and total efficiency for the
two 32 × 32 element prototypes.

manufactured by VDI, were used to perform the three un-
known antenna calibration method [24]. For the gain char-
acterization of the micromachined antennas, two of the three
horns were used as transmitting antenna and standard. Then
the antenna standard was replaced by each antenna under test
(AUT) in order to characterize the gain. The measured and
simulated realized gain and total antenna efficiency for the 16
× 16 element antennas are plotted in Fig. 16. Blue solid lines
show the average measured gain and efficiency, and the shaded
area represents the standard deviation (±σ) for each case. The
measured realized gain ranges from 30 dBi to 32.8 dBi, having
an average total efficiency of −1.5 dB (70 %). This efficiency
considers both mismatch loss and insertion loss.

The measured and simulated realized gain and radiation
efficiency for the two 32 × 32 element prototypes are depicted
in Fig. 17 and are in good agreement. The best-case antenna
(antenna #2) has a realized gain that ranges between 36 dBi
and 38.2 dBi, showing a total efficiency of around −2.2 dB
(60 %). The measured efficiency is slightly lower than ex-
pected from simulations, which could be due to an increased
sidewall roughness during the etching or a reduced metal
thickness on the sidewalls.

The corporate BFN is the main contributor to the loss in a
waveguide array antenna [8], [25] due to the long waveguide
sections. This loss is the main limiting factor for the maximum

Fig. 18. Gain estimation for a 2n × 2n element array considering equations
(1) and (2) and attenuation constant α from gain measurements at 370 GHz.
The blue line shows results from [8], and the red curve shows results
from this work. Individual data points show the measured gain for different
manufactured prototypes.

gain that can be achieved with a corporate feed 2n×2n element
array, and the maximum theoretical gain as a function of n can
be written as

ILBFN = α (dx + dy) ·
(
2n−1 − 1

)
(1)

Gmax = 10 · log10
(
4π ·Aap · λ−2

)
− ILBFN (2)

where ILBFN is the insertion loss of the BFN, α is the
attenuation constant in dB/mm of the waveguide, dx and dy
are the distance between radiating elements in x and y, Gmax
is the maximum theoretical gain, Aap is the aperture area, and
λ is the wavelength in free space.

The theoretical value of Gmax as a function of n is shown
in Fig. 18 at 370 GHz for the α values obtained from gain
measurements in [8] (α = 0.6 dB mm−1) and in this work (α =
0.13 dB mm−1). Each data point shown in the plot represents
an antenna prototype that has been manufactured and tested.
The curves predict that the SOI micromachining technology
presented here can achieve a maximum gain over 40 dBi at
370 GHz with a 64 × 64 element array antenna. The data
in Fig. 18 also shows how all the 16 × 16 element antenna
prototypes have at least 5 dB higher gain than the previously
published work [8] with identical aperture size while providing
double the operation bandwidth.

V. CONCLUSIONS

A high gain and broadband THz antenna technology has
been presented in this paper. The low-loss SOI microma-
chining process used for the fabrication of the antennas is
an enabling technology, allowing for the multilayer compact
geometries that are needed for the broadband operation. The
two designs shown in this paper demonstrate 32.8 dBi and
38 dBi gain with an 80 GHz operation bandwidth (22 % FBW)
in a low-profile design (the total height of the antennas is
below 1.1 mm). This work is, to the best of our knowledge,
the highest gain antenna reported in the sub-mmW frequency
range and above not based in optics (lenses or reflectors).
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The eight manufactured prototypes show excellent agree-
ment with the simulation data due to the high uniformity of
the micromachining process. In addition, the antennas can be
directly mounted on a standard waveguide flange, avoiding
the use of complicated and costly CNC-milled test fixtures,
custom flanges, or interfaces. Silicon micromachined array
antennas can be an attractive alternative to the commonly used
reflectors or lenses for point-to-point data links in the THz
range since they can provide well-matched, high gain, and
broadband operation as well as high miniaturization.
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