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Abstract—A very low-profile sub-THz high-gain frequency
beam steering antenna, enabled by silicon micromachining, is
reported for the first time in this paper. The operation bandwidth
of the antenna spans from 220 GHz to 300 GHz providing a
simulated field of view of 56◦. The design is based on a dielectric
filled parallel-plate waveguide (PPW) leaky-wave antenna fed
by a pillbox. The pillbox, a two-level PPW structure, has an
integrated parabolic reflector to generate a planar wave front.
The device is enabled by two extreme aspect ratio, 16 mm x
16 mm large perforated membranes, which are only 30 µm thick,
that provide the coupling between the two PPWs and form
the LWA. The micromachined low-loss PPW structure results
in a measured average radiation efficiency of −1 dB and a
maximum gain of 28.5 dBi with an input reflection coefficient
below −10 dB. The overall frequency beam steering frontend is
extremely compact (24 mm x 24 mm x 0.9 mm) and can be directly
mounted on a standard WM-864 waveguide flange. The design
and fabrication challenges of such high performance antenna in
the sub-THz frequency range are described and the measurement
results of two fabricated prototypes are reported and discussed.

Index Terms—beam steering, leaky-wave antennas, silicon
micromachining, terahertz radiation, quasi-optics, submillimeter-
wave antennas, silicon on insulator

I. INTRODUCTION

THE availability of radio frequency systems working at
sub-THz frequencies (from 100 GHz up to 1 THz) has

been increasing in the last years due to technological advances
improving the performance of both passive waveguide com-
ponents [1] and active circuits [2] in this frequency range.

At the same time, the development of high-performance RF
components in the sub-THz region enables new applications
that can exploit the large bandwidth available at such high
frequency, or the highly-miniaturized RF front-ends resulting
from the reduced wavelength. Radar systems are one of the
applications that can benefit from going to higher frequencies
due to the achievable high resolution and the interactions that
electromagnetic waves have with different materials as the
frequency increases [3]. Even if solutions for radars exist at
lower frequencies providing high-gain, low side-lobe levels
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(SLL), and beam steering capabilities, their scaling to sub-
THz frequencies implies many technological challenges.

A commonly used antenna for high frequency radar ap-
plications is a reflector fed by a horn due to its excellent
performance and commercial availability [4], [5]. Their main
drawback is the high volume and mass, as well as the need for
moving mirrors or stages in order to achieve beam scanning.
Moreover, more advanced feeds such as spline profile horns
[6], multiflare angle horns [7] or corrugated horns [8] require a
more complex fabrication process, which becomes challenging
when approaching submillimeter-wave frequencies.

Integrated lens antennas (ILA) can be a good alternative
for applications requiring high gain in the sub-THz frequency
range [9]. ILAs provide a more compact solution than tradi-
tional optical systems since the source is in direct contact with
the substrate of the lens antenna. Konstantinidis et al. [10]
reported on a CNC-milled hyper-hemispherical lens antenna
fed by an open-ended waveguide for radar applications. ILAs
can be also implemented at much higher frequencies as shown
by Alonso-Del Pino et al. in [11], where they developed
a 1.9 THz ILA. The silicon lens was micromachined and
required a total amount of 13 wafers for the lower gain
version (32 dBi). The same authors recently demonstrated
beam steering capabilities with a similar design at 550 GHz
[12], however, the presented solution requires movement of
the lens by external mechanics, which increases the overall
complexity, cost, and volume of the system.

Frequency scanned antennas have been shown as a good
alternative to mechanically scanned systems due to their lower
cost, size, and complexity. Although they cannot provide
the entire bandwidth at each individual direction in space,
they allow to scan the beam in one direction by changing
the working frequency, thus becoming a good solution when
compactness is a priority and the required range resolution
is not high. Such systems can be implemented by true-time-
delay (TTD) lines or leaky-wave antennas (LWA), for example,
and their use for sub-THz radar applications was demonstrated
in the WM864 band by Murano et al. [13]. The authors
used a periodically loaded microstrip LWA that generates a
fan-shaped beam scanning in elevation. However, a narrow
beam both in azimuth and elevation would require the use
of an additional beam forming network (BFN). BFNs tend
to be electrically long and would considerably decrease the
radiation efficiency of the antenna at sub-THz frequencies if
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implemented in microstrip technology.
The rather complex topology of BFNs for high gain and

beam steering antennas limits their implementation to waveg-
uide technology at sub-THz frequencies, since any planar
transmission line technology generates excessive loss. Some
work has been done in developing substrate integrated waveg-
uide (SIW) planar antennas in order to simplify the fabrication
process by using printed circuit board (PCB) technology
[14]–[16]. But the biggest limitations of PCB-based SIW
components are still the increased loss, the available substrate
thickness, and via geometries, that typically limit the maxi-
mum operation frequency of these systems below 100 GHz.

Quasi-optical beam forming networks can be a good alter-
native to classical BFNs. They can deliver compact, directive,
and low loss antennas, but its implementation at sub-THz fre-
quencies becomes challenging and all previous demonstrations
were done in PCB [14], [16], LTCC [17], or CNC-milling [18],
[19]. The works in [16]–[18] are based on pillbox designs, a
topology that was first introduced by Rotman [20] and it is a
particular case of quasi-optical BFNs.

Silicon micromachining has been an enabling technology
for low-loss waveguide components at sub-THz frequencies
[1], [12], [21]–[23]. Some of the advantages of silicon mi-
cromachining are the ability to fabricate features down to the
micron scale, batch production, better tolerances, and better
batch-to-batch uniformity. However, little work has been done
in using silicon micromachining for complex antenna beam
forming networks. Tekkouk et al. reported on a 350 GHz
silicon micromachined corporate feed antenna [24], achieving
a 29.5 dBi gain at the center frequency for a single beam at
broadside. However the measured gain was over 3 dB lower
than expected, and the authors attributed it to fabrication non-
idealities.

Sarabandi et al. [25] recently demonstrated a frequency
beam-steering antenna in the WM864 band using true time
delay lines. The long lines required to implement the TTD
BFN generating the steering of the beam are implemented in
a silicon micromachined waveguide technology to minimize
the insertion loss and avoid long-waveguide effects. The
directivity in the plane orthogonal to the beam steering is
achieved by series-fed patch antenna arrays, which gives a
total gain of 29 dBi but in a narrow 6 % fractional bandwidth
due to the serial feed topology in both BFNs. Such narrow
bandwidths on antennas with large frequency scanning ranges
fail to provide instantaneous bandwidth on a given direction in
space due to the large beam squinting, which can be an issue
when using them for communications or radar applications.

In this work we present for the first time a beam steering
front-end working at sub-THz frequencies based on a LWA fed
by an integrated quasi-optical BFN. The antenna has a 80 GHz
operation bandwidth and a center frequency of 260 GHz, with
a simulated beam steering between −75.6◦ and −19.4◦ in
elevation from broadside. The quasi-optical BFN reported here
represents the first hollow waveguide pillbox structure in the
sub-THz range, and is enabled by silicon micromachining.
The specific design considerations for the fabrication of such
antenna in the sub-THz frequency range are described and the
characterization of two manufactured prototypes is presented.

II. ANTENNA STRUCTURE AND DESIGN

The antenna can be divided into two main components:
the radiation part, a dielectric-filled parallel plate waveguide
(PPW) loaded with periodic slots forming a LWA; and the
quasi-optical hollow PPW BFN, namely a pillbox structure.
The shape of the beam in azimuth is determined by the
illumination of the parabola (in the x-axis), and the shape of
the beam in elevation is determined by the illumination of the
aperture by the LWA (in the y-axis), where the combination of
both results in a pencil shaped beam. The antenna is fabricated
by silicon-micromachining, as described in Section III.

A schematic drawing of the device is shown in Fig. 1.
Two of the three chips required for its assembly have high
aspect ratio (AR) membranes of 16 mm x 16 mm x 0.03 mm
(AR > 530:1), which make their fabrication very challenging
and where the mono-crystalline structure of the silicon wafers
is a requirement for the membranes not to break. In addition,
silicon micromachining allows for accurate perforations in
these membranes, which are used for coupling between the
PPW layers and for the LWA radiation.

Fig. 1 also illustrates the wave propagation from the feeding
point towards free space. The H-plane sectoral horn in chip 2
launches a cylindrical wave that illuminates a parabolic reflec-
tor and is coupled as a plane wave to chip 1, where is radiated
by the LWA.

The final device consists of a stack of 3 chips, which was
found to be the minimum needed to implement such system.
These chips are completely metallized with gold, as described
in Section III, and the electromagnetic waves do not interact
with the silicon or silicon oxide, that are structural materials.
Each chip has a specific function that will be described in this
section. For the LWA, an additional perforated dielectric layer
has to be inserted to avoid unwanted radiation beams.

The commercial software CST Studio was used for the
electromagnetic simulations in this paper, where conductor and
dielectric loss, surface roughness, and geometrical fabrication
imperfections have been taken into account in the simulation
model.

A. Chip 1: Leaky-wave antenna

The LWA in chip 1 is based on a PPW loaded with a
periodic slot array on the top plate, generating an unbound
mode that radiates into free space [26]. The mode propagating
in the PPW is a quasi-TEM mode generated by the pillbox,
however, a pure TEM mode can be considered for the initial
antenna calculations.

The propagation constant, βy , of the unloaded PPW can be
written as in (1), where λ0 is the free-space wavelength, and
εr is the relative dielectric permittivity of the media inside
the PPW. The dispersion diagram of such a structure loaded
with periodic slots (2) forming a LWA is shown in Fig. 2
for a Teflon-filled PPW, where d is the period of the slots
and n the index of the Floquet harmonic. The insertion of a
dielectric medium in the micromachined PPW structure is a
straightforward solution to avoid the radiation of the n = 0
harmonic, since the LWA is designed to have a beam from
the n = -1 harmonic scanning from backfire to broadside (3).
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Chip 3: Interface to standard
 waveguide flange

Chip 2: Pillbox

Chip 1: LWA
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Fig. 1. CAD drawing of the antenna assembly showing the three-chip structure and the integrated dielectric substrate. Right part of the figure shows a
conceptual representation of the field propagation from chip 2 (cylindrical wave front) to chip 3 (planar wave front) through the coupling slots and radiation
diagram at 260 GHz.

The PPW height and dielectric material are set by the
fabrication constrains, and their selection criteria will be
further discussed in Section III. The period of the slots defines
the scanning of the beam, as provided by (3), and is fixed to
570 µm for a beam scanning from backfire to broadside in the
band of interest.

The most relevant dimensions of the antenna are shown in
Fig. 3 and Table I. The aperture size was set to 14 mm x 16 mm
for a directivity of 30 dBi at a center frequency of 260 GHz.
The size of the slots and the period in the x direction were
set for a radiation efficiency around 80 %, see Fig. 4. This
radiation efficiency takes into account the mismatching in the
input waveguide port of the device as well as the conductor
and dielectric loss.

The transition between the hollow PPW and the slotted
dielectric PPW is shown in Fig. 3. First, a perforated section
in the dielectric substrate of length λ/4 makes the transition
between air and dielectric media in the PPW. The diameter of
the holes is smaller than λ/10 at the highest frequency and
the transition is made before the LWA starts, which avoids
any phase aberrations. The transition between the dielectric
PPW and the slotted waveguide is implemented by linearly
increasing the length of the slots from 50 µm to 330 µm using
a six-slot taper.

B. Chip 2: Pillbox beam forming network

The pillbox is the integrated quasi-optical BFN that gen-
erates a planar TEM wave-front in the upper PPW in chip 3
from a cylindrical TEM mode launched by the H-plane horn
in the lower PPW in chip 2, as shown in Fig. 5. The E-field
amplitude profile in Fig. 5 represents the edge tapering on the
parabolic reflector, which is −15 dB with respect to the center

h d
�r

h = 275 �m
d = 570 �m
�r = 2.05

n = -2

n = -1

n = 0

Fig. 2. Dispersion diagrams for a periodically slotted PPW, showing the
propagation constant (βn) normalized to the free-space wavenumber (k0) and
the attenuation constant (α). Data extracted from full-wave simulations of the
loaded PPW structure.

of the parabola, and controls the SLL of the radiation pattern
in the H-plane of the antenna.

βy = 2π
λ0

√
εr (1)

ky,n =
(
βy +

2π
d n

)
− jα (2)

sin (θn) ≈ βy,n/k0 (3)

The diameter and focal distance of the parabolic reflector
are 16.4 mm and 11 mm respectively (F/D = 0.67). The
dimensions of the slots for the transition between the two
PPWs vary from 563 µm x 123.5 µm in the center of the
reflector to 689 µm x 132 µm on the edges. A more detailed
description of the pillbox beam forming network and in-depth
design procedure can be found in the literature [16], [18], [20].
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TABLE I
DIMENSIONS OF PPW TO LWA TRANSITION

Parameter Description Value

εr Teflon relative dielectric constant∗ 2.05

tan(δ) Teflon loss tangent∗ 4.5·10−4

th Teflon layer thickness 250 µm

h Height of the parallel plate waveguide 275 µm

φ Hole diameter 100 µm

λ/4 Length of air to dielectric transition 300 µm

w Slot width 300 µm

l Slot length 330 µm

l1 − l6 Slot length linear taper 50 – 330 µm

d Slot period in propagation axis 570 µm

dx Slot period in x axis (transversal) 400 µm
∗ Measured at 18 GHz by manufacturer

DielectricAir

�/4

w

l1 l2 l3 l4 l5 l6 l

d dx

�

�0 �r
y

x

Fig. 3. Schematic drawing of the transition between hollow PPW and slotted
dielectric PPW. Relevant dimensions are shown in Table I.

Fig. 4. Simulated radiation efficiency and aperture efficiency for the LWA.
The radiation efficiency includes antenna mismatching, conductor loss and
dielectric loss. The aperture efficiency compares the maximum theoretical
directivity of the antenna, given the aperture size, with the simulated directivity
including the amplitude tapering in both planes.

C. Chip 3: Chip-to-flange interface

Chip 3, as shown in Fig. 1, is used as an interface between
the in-plane silicon micromachined rectangular hollow metal-
lic waveguide in chip 2, and the standard UG-387 waveguide
flange. The chips contain holes for the alignment pins and
screws, which enable a direct connection to the waveguide
flange without any additional test fixtures or interfaces. This
direct-mount technique is superior to alternative setups using
CNC-milled transitions or test fixtures as described in [22],

In

-8      -6      -4      -2       0       2        4       6      8
x (mm)

0

-10

-20-50 -25 0
|E| (dB)

|E
| (

dB
)

x

y

z

D

F

Fig. 5. E-field representation of the quasi-optical beam forming network
in both PPW waveguides, and E-field amplitude tapering in the direction
perpendicular to the wave propagation. F and D represent the focal distance
and diameter of the parabolic reflector respectively.

[24], due to the lower accuracy generally achieved by the
CNC-milling process that drastically reduces the performance
of the antenna or device under test.

The alignment holes in chip 1 are photolithographically
defined, i.e. with micrometer-accuracy, to tightly fit the pins
of a standard waveguide flange. In addition, an increased
repeatability and accuracy is achieved by using elliptical
alignment holes as described by Campion et al. in [27]. The
holes are designed for an alignment accuracy better than 5 µm,
which is far superior to the standard flange-to-flange mounting
accuracy of 25 µm.

The input waveguide dimensions are 864 µm x 432 µm and
a stepped impedance matching section is included in the chip
to minimize the reflections between the standard waveguide
and the reduced height waveguide used in the rest of the
device. The height of the waveguide is 275 µm, chosen as
a trade-off between etching performance and electromagnetic
performance. The height of the matching step is set to 203 µm
and is calculated using the Trust Region Framework algorithm
[28], a local linear optimization algorithm implemented in the
simulation software CST.

III. FABRICATION

Two antenna prototypes were fabricated in separate batches
using the silicon on insulator (SOI)-wafer micromachining
process at KTH Electrumlab, Stockholm. The use of SOI
wafers as a substrate is critical for the fabrication of the
stacked-PPW structures at these high frequencies due to the
thin layers required to form the coupling slots and the LWA.
The SOI wafers used for this work have a 275 µm handle layer,
a 30 µm device layer, and a 3 µm buried oxide layer (BOX).
A simplified process flow is shown in Fig. 6.

The SOI wafers are first wet-thermally oxidized at 1100 ◦C
to form 2 µm oxide layers on both sides of the wafers. These
layers are patterned by photolithography and dry etching to
form the hard masks Mask 1 and Mask 2, see Fig. 6 a,b.
A 2 µm plasma enhanced physical vapor deposition (PECVD)
silicon oxide layer is deposited on the handle layer completely
covering Mask 2, which is patterned to form Mask 3. This
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SiO2 Mask 1
Device Layer
Buried Oxide

Handle Layer

SiO2 Mask 2

a) b)

c) d)

e) f)

g) h)

275 �m
72 �m

30 �m

Fig. 6. Fabrication process flow shown with a cross section of the chip 2, not
to scale. (a) Initial SOI wafer, (b) patterning of masks 1 and 2, (c) PECVD
deposition of SiO2 layer for mask 3, (d) patterning of mask 3, (e) DRIE of
device layer, (f) DRIE of handle layer (first step through BOX), (g) DRIE of
handle layer (second step, 72 µm deep), (h) SiO2 removal and sputtering of
2 µm of gold.

275 �m

25 �m
30 �m

(a)

69 �m

(b)

Fig. 7. Cross-section SEM image of the sidewall of a PPW cavity using (a)
a standard Bosch process, and (b) a modified recipe optimized for etching
large trenches.

oxide mask stacking allows to independently etch different
heights in the handle layer, which are needed to fabricate
impedance matching geometries.

A STS multiplexed ICP system is used for the deep reactive
ion etching (DRIE) of the silicon. First, the device layer is
etched using a standard 2-step Bosch process. The etching
of the handle layer requires a modified etching recipe due to
the large open areas being etched to form the PPW cavities,
which are 16 mm x 16 mm large. The exothermic nature of the
chemical etching of silicon with sulphur hexafluoride (SF6)
makes the wafer overheat, thus inhibiting the polymerization
of the octafluorocyclobutane (C4F8), which is necessary for
keeping the sidewalls of the waveguides in a rectangular angle.
Fig. 7a shows a scanning electron microscope (SEM) image of
a 16 mm x 16 mm cavity etched with a non-optimized Bosch
process, with an underetching of over 40 µm, which would
strongly deteriorate the performance of the waveguides.

The modified recipe used for the etching of the handle layer
has a longer passivation step, lower chamber pressure and
higher platen power for the DC biasing. This recipe achieves
an etching with a much lower underetching, as shown in Fig.
7b, which is acceptable and can be easily compensated during

(a) (b)

(c) (d)

Fig. 8. SEM images of fabricated devices showing (a) LWA slots and reflector
in chip 1, (b) coupling slots and reflector in chip 2, and (c) input waveguide
horn antenna with stepped E-plane bend in chip 2. (d) Picture of the fabricated
chips before metallization.

the electromagnetic design of the waveguide components.
After etching the handle layer through Mask 3 the remaining

few nanometers of oxide are dry etched to expose Mask 2 and
the handle layer is now etched through Mask 2 to a depth of
72 µm. This second etching step from the backside of the wafer
defines the steps in the waveguides, and can be controlled with
an accuracy better than 5 µm. The silicon micromachined chips
are shown with SEM images in Fig. 8a-c. Fig. 8d shows the
chips after etching and before gold metallization. The chips
are finally metallized in a DC sputtering system to a thickness
of 2 µm on each side. The three SOI chips needed for one
antenna assembly after metallization are shown in Fig. 9a.

The Teflon sheet used in the PPW LWA is CNC-milled
from a 250 µm thick CuFlon substrate provided by PolyFlon.
The contour and the holes for the impedance matching section
are machined together with the copper cladding, that is later
removed by wet chemical etching. The criteria to select the
material to be integrated inside the antenna are: 1) ease
of machining, 2) sufficient thermal budget to survive the
subsequent gold-to-gold bonding, 3) low loss in the sub-
THz frequency range, and 4) low dielectric constant to avoid
higher order modes in the PPW and reflections in the air-
dielectric interface. The Teflon layer is slightly thinner than
the PPW cavity (250 µm thickness as compared to 275 µm
cavity height) to avoid any cracking of the membranes during
bonding due to the high coefficient of thermal expansion of
CuFlon (129 ppm/◦C). The lower dielectric substrate thickness
was taken into account in all the simulations to predict its
influence.

After inserting the Teflon in chip 1, as shown in Fig.
9b, the remaining chips are stacked and aligned under the
microscope before thermal-compression bonding at 200 ◦C
for 1 hour. The measured post-bonding alignment accuracy
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10 mm

(a)

Teflon

Teflon

Air

100 �m

Chip 1

(b)

Fig. 9. Pictures of (a) 3 chips after metallization required to assemble one
antenna, and (b) CNC-milled Teflon sheet inserted in micromachined chip 1
during assembly process.

is below 4 µm, as shown by the microscope images of the
integrated Vernier scales on the corners of every chip in Fig.
10. These Vernier scales provide alignment resolution of 1 µm
and are used before bonding for the chip-to-chip alignment
and after bonding to check the final alignment accuracy. Such
low misalignment errors have no impact on the return loss
or insertion loss of the device in this frequency range as
demonstrated by the authors in [23].

The deflection of the 30 µm thick membranes used for the
PPWs was analysed using a Wyko surface optical profilometer.
The stress induced by the relatively thick gold layer is known
to bend such membranes due to their large aspect ratio.
The bending influences the effective height of the PPW, thus
having a direct effect on the antenna performance. The optical
profilometer data is plotted in Fig. 11, showing the deflection
of the membrane in chip 1 for two fabricated antennas. The
data shows a maximum offset of 12.7 µm and 15 µm for the
first and second antenna, respectively. The influence of a
15 µm increase in the PPW height was studied in a full wave
simulation model, and no significant effects were observed in
the antenna performance.

The surface roughness generated by this fabrication process
and its effects on the waveguide loss were studied in detail
in [21] for this frequency band. The authors demonstrated
that the effect of the surface roughness can be modeled

(a) (b)

Fig. 10. Vernier scales showing the chip-to-chip alignment after gold thermal-
compression bonding for (a) antenna prototype A#1, and (b) antenna prototype
A#2. The typical misalignment in the corner of the chips is 0 – 2 µm. The
maximum misalignment is 4 µm in the top left corner of A#2.

�m
15

10

5

0

-5

(a) (b)

Fig. 11. Measured membrane deflection in chip 1 for both antenna prototypes
showing a maximum of (a) 12.7 µm and (b) 15 µm. Not to scale.

by an equivalent gold conductivity that is lower than the
theoretical one. A roughness of Ra = 2.14 nm in the top
and bottom surfaces and Ra = 163 nm in the sidewalls can
be modeled with an equivalent gold conductivity of σAu =
1.8× 107 S m−1, which was used for all the simulations in this
work.

IV. MEASUREMENT RESULTS

The radiation patterns of two antenna prototypes (in the
following referred to as A#1 and A#2) were measured in
the millimeter-wave antenna test facility CAMILL at IETR.
The far-field measurement setup, shown in Fig. 12, based
on a classical direct illumination technique, samples the E-
field in an elevation over azimuth angular grid that covers the
complete upper hemisphere of the antenna under test (AUT). A
spherical harmonic expansion is then applied to reconstruct the
3D radiation pattern at any point, enabling the determination
of parameters of interest such as directivity, main beam half
power beam-width (HPBW), and pointing angle.

The emission part of the measurement setup is based on a
Virginia Diodes (VDI) TxRef frequency extender, mounted on
a roll axis and connected to a linearly polarized rectangular
horn as a probe. The reception part is based on a VDI Rx
frequency extender with a triplexer that allows for the use of
only one cable together with rotary joints. The Rx module
is mounted on an elevation over roll over azimuth axis. The
TxRef and Rx modules are connected to a Keysight VNA
N522A and provide a bandwidth from 220 GHz to 330 GHz;
however, the radiation measurements were only performed in
the 230 GHz to 290 GHz range due to time limitations. The
local oscillator is a Keysight signal generator AG-N5173B.
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AUT
Tx AUT

Fig. 12. Antenna radiation pattern far-field measurement setup at IETR.

Nylon screw
Alignment pins

UG-387 
flanges

24
 m

m

Fig. 13. Antenna prototype mounted on a standard UG-387 waveguide flange
using two alignment pins and a nylon UNC 4-40 screw.

The AUT design allows for direct mounting on a standard
UG-387 flange, as shown in Fig. 13. The direct mounting
technique does not require any extra test fixtures or interfaces
that are challenging to implement when approaching the
THz range [24]. The contact for the connection was visually
verified and repeated measurements on the same device show
negligible deviations.

The elevation vs. frequency plots in Fig. 14 show the
measured frequency beam steering behavior of the LWA.
The beam steering capability of the antenna can be clearly
observed, as well as a back-lobe in the opposite direction from
the main lobe. This back-lobe is due to the shorted termination
of the PPW after the LWA, i.e. the energy which has not been
radiated by the aperture is reflected and travels back in the
waveguide in the opposite direction, resulting in radiation in
an unwanted direction. This could be solved by increasing the
radiation efficiency of the aperture, or by terminating the PPW
with a matched load.

The measured E-plane and H-plane radiation patterns,
shown in Fig. 15, are in good agreement with the simulation
data. The experimental pointing angle and half power beam
width (HPBW) of the main beam for both antennas are as
well coherent with the full-wave simulation results, as shown
in Fig. 16. The radiation cut-planes in Fig. 15 and the beam
characteristics in Fig. 16 are obtained by using two different
sampling grids. The E-plane cuts use an homogeneous eleva-
tion/azimuth grid, with the axis of the north/south pole parallel

(a)

(b)

Fig. 14. Measured elevation vs. frequency plot showing the normalized
radiation pattern for (a) A#1 and (b) A#2.

to the optical axis of the chamber and can be directly linked
to the 3D cartography; the H-plane cuts use an homogeneous
azimuth/elevation grid, with the axis of the north/south pole
perpendicular to the optical axis of the chamber. These two
separate sampling grids allow for an antenna analysis based
on the 2D array factor.

In the measured E-plane cuts the main beam scans from
−75◦ at 230 GHz to −30◦ at 290 GHz. The H-plane cuts
are always aligned with the main beam pointing direction,
and the SLL is kept below 20 dB as designed. Some minor
discrepancies have to be noticed on the side lobe level in
the E-plane, and the HPBW at 230 GHz appears to be much
larger than expected, as shown in Fig. 16. These pattern shape
differences coupled with the slight shift between E-plane main
beam pointing angle and half-power beam-width, indicate that
the propagation losses might be slightly underestimated. At the
same time, these discrepancies in both extremes of the band
could be due to the difficulty of measuring antenna radiation
diagrams at angles approaching backfire. In fact, at these
angles, several sources of diffraction can affect the radiation
pattern: effects associated to the feeding of the antenna (pin
dolls; plastic screw; waveguide flange); or effects associated to
the absorbing material placed behind the AUT and oversized
considering the AUT dimensions. Misalignment between the
two antennas can be another source of error, which is difficult
to assess especially at these high frequencies.
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Fig. 15. Measured (solid lines) and simulated (dahes lines) E- and H-plane radiation patterns for A#2 antenna at different frequencies. E-plane cuts are shown
with blue lines (coPol) and purple lines (xPol). H-plane cuts are shown with red lines (coPol) and green lines (xPol).

TABLE II
COMPARISON OF SUB-THZ HIGH GAIN ANTENNAS

Reference Topology
Frequency range

Maximum Gain
Total eff. Beam-steering

Fabrication technology
(FBW) at center freq. (Scanning range)

[6]
Spline 500 – 750 GHz

21.7 dBi N.A. No CNC-milling
diagonal horn 40 % FBW

[8]
Corrugated 500 – 750 GHz 31 – 34.5 dBi directivity

N.A. No Stacked rings
horn 40 % FBW 1.5 – 4 dB IL

[19]
Quasi-optical 325 – 500 GHz

32 dBi −1.8 dB No CNC-milling
dual reflector 43 % FBW

[10]
Integrated 230 – 310 GHz

30 dBi −3.8 dB No
CNC-milling

lens antenna 30 % FBW Rexolite

[12]
Integrated 500 – 750 GHz

27 dBi −1 dB
Mechanical Silicon

lens antenna 15 % FBW −11 – 16.5◦ micromachining

[16]
LWA fed by 74 – 78 GHz

24 dBi −3 dB
Frequency scanning PCB

pillbox BFN 5 % FBW −50 – −38◦ Rogers 5880

[24]
Corporate feed 335 – 380 GHz

30 dBi −3.5 dB No
Silicon

array 12 % FBW micromachining

[25]
TTD BFN 230 – 245 GHz

29 dBi −2.6 dB
Frequency scanning Silicon

patch antenna array 6 % FBW −25 – 25◦ micromachining

This work
LWA fed by 220 – 300 GHz

28.5 dBi −1.2 dB
Frequency scanning Silicon

pillbox BFN 30 % FBW −75 – −30◦ Micromachining

The realised gain and the radiation efficiency for both
antenna prototypes is plotted in Fig. 17. The differences no-
ticed between the radiation patterns obtained in measurement

and simulation are expressed as well in these gain results
deviations. The maximum deviation between the measured
and simulated insertion loss of the antenna is below 1 dB for
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Frequency (GHz)

(a)

Frequency (GHz)

(b)

Fig. 16. Measured (solid lines) and simulated (dashed lines) half power beam
width (left axis) and main beam pointing angle (right axis) for the (a) E-plane
cut and (b) H-plane cut.

both antennas in the whole operation band, giving an average
radiation efficiency of −1 dB with a −1.9 dB worst case.

The measured and simulated reflection coefficient in Fig. 18
are below −10 dB for the 220 – 300 GHz antenna bandwidth.
Low reflection levels are relatively challenging to obtain at
these high frequencies, since any small deviation in feature
sizes can have a strong effect on them. The good agreement
between the measured and simulated data as well as between
the two prototypes also proves the high accuracy and unifor-
mity that silicon micromachining provides.

A summary of state of the art high gain antennas at sub-
THz frequencies is shown in Table II. The table compares
the performance of the most relevant work to the authors
knowledge. Very little work has been published on beam-
steering antennas above 100 GHz, and silicon micromachining
can be identified in this comparison as a very promising
manufacturing technique for this frequency range.

V. CONCLUSIONS

A silicon micromachined low profile and high gain antenna
is reported in this paper. The antenna is based on a parallel
plate waveguide leaky-wave antenna fed by a pillbox quasi-
optical beam forming network. Hollow PPW pillbox structures
are challenging to fabricate as frequency approaches the THz
region and this work is, to the best of our knowledge, the first
implementation of such system above 100 GHz.

Fig. 17. Realised gain (solid lines) and radiation efficiency (dashed line) of
both antenna prototypes compared to the simulated values.

Fig. 18. Measured (solid lines) and simulated (dashed line) reflection
coefficient for both antenna prototypes.

The antenna generates a frequency steered pencil shaped
beam in elevation, and further work can extend its operation
to 2D beam steering, also in azimuth, by feeding the reflector
with several input ports. Another possible improvement would
be to include a more advanced tapering structure in the slots
of the antenna to maximize both the aperture efficiency and
the radiation efficiency.

The antenna presented here excels due to its high radiation
efficiency, high gain, compact size, and large scanning range
over a wide bandwidth. Its high performance, together with
the batch production capabilities of silicon micromachining,
makes this antenna a low cost enabling solution for several
applications in the sub-THz region, including radar or beyond
5G communications.
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Oliva, A. Garcia-Pino, B. Gonzalez-Valdes, and O. Rubiños, “3-D
high-resolution imaging radar at 300 GHz with enhanced FoV,” IEEE
Transactions on Microwave Theory and Techniques, vol. 63, pp. 1097–
1107, March 2015.

[6] H. J. Gibson, B. Thomas, L. Rolo, M. C. Wiedner, A. E. Maestrini,
and P. de Maagt, “A novel spline-profile diagonal horn suitable for
integration into THz split-block components,” IEEE Transactions on
Terahertz Science and Technology, vol. 7, pp. 657–663, Nov 2017.

[7] N. Chahat, T. J. Reck, C. Jung-Kubiak, T. Nguyen, R. Sauleau, and
G. Chattopadhyay, “1.9-THz multiflare angle horn optimization for space
instruments,” IEEE Transactions on Terahertz Science and Technology,
vol. 5, pp. 914–921, Nov 2015.

[8] B. Maffei, A. von Bieren, E. de Rijk, J.-P. Ansermet, G. Pisano, S. Legg,
and A. Macor, “High performance WR-1.5 corrugated horn based on
stacked rings,” Proc.SPIE, vol. 9153, pp. 91532W–1–91532W–9, 2014.

[9] A. V. Boriskin, R. Sauleau, J. R. Costa, and C. Fernandes, “Integrated
lens antennas,” in Aperture Antennas for Millimeter and Sub-Millimeter
Wave Applications (A. V. Boriskin and R. Sauleau, eds.), pp. 3–
36, Salmon Tower Building, New York City, United States: Springer
International Publishing, 2018.

[10] K. Konstantinidis, A. P. Feresidis, C. C. Constantinou, E. Hoare,
M. Gashinova, M. J. Lancaster, and P. Gardner, “Low-THz dielectric
lens antenna with integrated waveguide feed,” IEEE Transactions on
Terahertz Science and Technology, vol. 7, pp. 572–581, Sep. 2017.

[11] M. A. del Pino, T. Reck, C. Jung-Kubiak, C. Lee, and G. Chattopadhyay,
“Development of silicon micromachined microlens antennas at 1.9
THz,” IEEE Transactions on Terahertz Science and Technology, vol. 7,
pp. 191–198, March 2017.

[12] M. Alonso-delPino, C. Jung-Kubiak, T. Reck, N. Llombart, and G. Chat-
topadhyay, “Beam scanning of silicon lens antennas using integrated
piezomotors at submillimeter wavelengths,” IEEE Transactions on Ter-
ahertz Science and Technology, vol. 9, pp. 47–54, Jan 2019.

[13] K. Murano, I. Watanabe, A. Kasamatsu, S. Suzuki, M. Asada, W. With-
ayachumnankul, T. Tanaka, and Y. Monnai, “Low-profile terahertz radar
based on broadband leaky-wave beam steering,” IEEE Transactions on
Terahertz Science and Technology, vol. 7, pp. 60–69, Jan 2017.

[14] M. Ettorre, A. Neto, G. Gerini, and S. Maci, “Leaky-wave slot array
antenna fed by a dual reflector system,” IEEE Transactions on Antennas
and Propagation, vol. 56, pp. 3143–3149, Oct 2008.

[15] T. Djerafi and K. Wu, “A low-cost wideband 77-GHz planar butler matrix
in SIW technology,” IEEE Transactions on Antennas and Propagation,
vol. 60, pp. 4949–4954, Oct 2012.

[16] M. Ettorre, R. Sauleau, L. L. Coq, and F. Bodereau, “Single-folded
leaky-wave antennas for automotive radars at 77 GHz,” IEEE Antennas
and Wireless Propagation Letters, vol. 9, pp. 859–862, 2010.
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