
Submillimeter-Wave Waveguide Frontends
by Silicon-on-Insulator Micromachining

ADRIAN GOMEZ TORRENT

Doctoral Thesis
Stockholm, Sweden, 2020



Front cover:
Picture of SOI micromachined OMT chips.

TRITA-EECS-AVL-2020:28
ISBN 978-91-7873-528-0

KTH Royal Institute of Technology
School of Electrical Engineering

and Computer Science
Division of Micro and Nanosystems

Malvinas väg 10
SE-100 44 Stockholm

Sweden

Akademisk avhandling som med tillstånd av Kungliga Tekniska högskolan framläg-
ges till offentlig granskning för avläggande av teknologie doktorsexamen i elektro-
teknik och datavetenskap Fredagen den 12:e juni 2020 klockan 16:00 i Seminar
Room, Malvinas väg 10 plan 5, Stockholm.

Thesis for the degree of Doctor of Philosophy in Electrical Engineering and Com-
puter Science at KTH Royal Institute of Technology, Stockholm, Sweden.

© Adrian Gomez Torrent, June 2020

Tryck: Universitetsservice US AB, 2020



iii

Abstract

This thesis presents novel radiofrequency (RF) frontend components in the
submillimeter-wave (sub-mmW) range implemented by silicon micromachin-
ing, or deep reactive ion etching (DRIE). DRIE is rapidly becoming a driving
technology for the fabrication of waveguide components and systems when
approaching the terahertz (THz) frequency range. The conventional method
to manufacture microwave waveguide components, CNC-milling, shows im-
portant limitations when used at sub-mmW frequencies or above, due to
the reduced size of the waveguides. At the same time, the classic electro-
magnetic designs, oriented to CNC-milling, are often not suitable for their
fabrication using alternative technologies. The work in this thesis aims to
develop fabrication-oriented electromagnetic structures, making use of the
full flexibility of silicon on insulator (SOI) micromachining, and enabling the
implementation of complex RF frontends at a low fabrication complexity.

The first part of the thesis reports on a turnstile orthomode transducer
(OMT) in the WM-864 band (220 – 330GHz). OMTs are key components in
the feed-chain for radio astronomy, communications, or radiometry applica-
tions. However, their complex geometry has often limited their use when ap-
proaching the THz range, where polarization diversity is commonly avoided,
or optical systems are preferred.

The second part reports on a high-gain and broadband waveguide corpo-
rate fed array antenna in the WM-570 band (330 – 500GHz). High gain and
broadband antennas are required for the future generation of THz wireless
communications. Reflector and lens antennas can meet these specifications,
but their fabrication for the THz range requires precision machining, result-
ing in a high cost, low yield, and small scale production. The use of silicon
micromachined antenna arrays overcomes these issues while providing a more
compact frontend.

In the third part of the thesis, a parallel plate waveguide (PPW) leaky-
wave antenna (LWA) fed by a quasi-optical beamforming network (BFN) in
the WM-864 band is presented. The antenna frontend generates a pencil-
shaped beam scanning in elevation. The compact design, large bandwidth,
and beam steering capabilities make this antenna a suitable frontend for THz
radar applications.

The final part of this thesis reports on a novel waveguide single pole double
throw (SPDT) switch in the WM-570 band. The switch is demonstrated in
a two-port network configuration with two switching states (ON/LOAD),
used for receiver calibration, or for avoiding backward waves in transmitter
switching. A more complex 1×4 switching matrix is also designed for the
implementation of an active radar antenna operating at 340GHz.

Adrian Gomez Torrent, adriango@kth.se
Division of Micro and Nanosystems
School of Electrical Engineering and Computer Science
KTH Royal Institute of Technology, SE 100 44 Stockholm, Sweden
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Sammanfattning

Denna avhandling presenterar nya radio frekvens (RF) frontend kompo-
nenter inom submillimeter våg (sub-mmW) bandet som kan implementeras
med mikrofabrikationsteknik i kisel samt djup reaktiv jonetsning (DRIE).
DRIE är en snabbt växande teknik som har blivit drivande för fabrikation av
vågledarkomponenter och system som angränsar terrahertz (THz) frekvens-
bandet. Den konventionella tillverkningsmetoden för vågledarkomponenter,
CNC-fräsning, påvisar stora begränsningar vid användning för sub-mmW ban-
det eller högre, på grund av de små dimentionerna av vågledarkomponenter-
na. Samtidigt är de klassiska elektomagnetiska konstruktionerna, som ofta är
orienterade mot CNC-fräsning, inte lämpade för alternativa tillverkningsme-
toder. Syftet med denna avhandling är att utveckla tillverknings orienterade
strukturer genom att använda flexibiliteten av silicon on insulator (SOI) mik-
rofabrikationsteknik och att möjliggöra implementeringen av komplexa RF
frontend med en låg tillverkningskomplexitet.

Den första delen av avhandlingen redogör för turnstile orthomode omvand-
lare (OMT) i WM-864 bandet (220 – 330GHz). OMT är nyckelkomponenter
i feedchain till radioastronomi, kommunikation och radiometritillämpningar.
Likväl, har deras komplexa geometri ofta begränsat deras användning när THz
bandet angränsas, där polariserings diversitet typiskt undviks, eller optiska
systems är att föredra.

Den andra delen redogör för högvinst-, och bredbands,- parallellmatad ar-
rayantenn i WM-570 vågledarteknologi (330 – 500GHz). Högvinst- och bred-
bandsantenner behövs för den kommande generationens trådlösa THz kommu-
nikation. Reflektor- och linsantenner kan uppfylla dessa specifikationer men
deras tillverkning i THz bandet kräver mycket precis skärande bearbetning,
vilket resulterar i höga kostnader, låg avkastning, och småskalig tillverkning.
Genom användning av kisel mikrofabrikationstillverkade arrayantenner är det
möjligt att övekomma sådana problem och samtidigt tillhandahålla en mer
kompakt frontend.

I den tredje delen av denna avhandling presenteras en parallelplats-vågledar-
(PPW) läckande-våg-antenn (LWA) matad av kvasi-optiska strålformande
nätverk (BFN) i WM-864 bandet. Denna antenn-frontend genererar en penn-
formad strålskanning i elevations riktningen. Den kompakta utformningen,
stora bandbredden, och strålstyrningsmöjligheterna gör denna antenn väl an-
passad för THz radar tillämpningar.

Den sista delen i avhandlingen beskriver en ny vågledar-, single pole doub-
le throw (SPDT)-, omkopplare i WM-570 bandet. Omkopplaren påvisas i en
tvåports- nätverkskonfiguration med två växlar (ON/LOAD) som används för
mottagarkalibrering, eller för att undvika bakåtgående vågor i sändarväxling-
en. En mer komplex 1×4 växlingsmatris utformas även för implementeringen
av en aktiv antenn för en radar som opererar i 340GHz.

Adrian Gomez Torrent, adriango@kth.se
Avdelningen för Mikro- och Nanosystem
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Background and Structure of the
Thesis

Background to the Thesis

At the beginning of the work towards this thesis, March 2017, silicon micromachin-
ing had already been identified as a promising technology for the fabrication of THz
waveguide components. The quality of the work being published was increasing,
and some system demonstrators had already been shown in the literature by a few
research groups worldwide.

One of the key remaining challenges for this technology was the interconnection
between the micromachined waveguide devices and the rest of the RF system. This
difficulty comes from the miniaturized size of the silicon chips, that combined with
the brittleness of the material, makes its connection to metal waveguide flanges or
heterogeneous integration on a system, a remaining problem to solve.

The second challenge for the micromachining of waveguide components is the
design approach itself. A new fabrication technology requires, in most cases, a
change in the way that the electromagnetic structures are designed. Traditionally,
microwave engineers designing waveguide components have manufactured their de-
vices by CNC-milling. This technology sets many design rules that have been
internalized by the RF community, but that does not necessarily apply to other
technologies, such as silicon micromachining. The shift in technology, without a
proper understanding of the silicon micromachining trade-offs and limitations by
the designer, has often led to electromagnetic structures of very low complexity
due to the ”constrains” set by the technology. Similarly, this approach has resulted
in overly complicated fabrication processes trying to implement more complex RF
structures that were initially designed for their fabrication by CNC-milling, result-
ing in an unsuccessful realization.

xiii



xiv PREFACE

Thesis Structure

The thesis has been divided into seven chapters that cover the main achievements
of the work.

Chapter 1 gives a brief introduction to radio frequency frontends, the oppor-
tunities of moving up in frequency towards the terahertz range, and the challenges
that arise.

Chapter 2 reviews the different micromachining approaches found in the lit-
erature used for the fabrication of waveguide subterahertz components and gives
a detailed description of the silicon micromachining process used for the different
devices realized in the thesis.

Chapter 3 gives an introduction to orthomode transducers and describes the
motivations and challenges that appear when implementing and measuring them at
high frequencies. This chapter refers to the work presented in Paper I and Paper II.

Chapter 4 gives an introduction to high-gain antennas in wireless communica-
tion links and describes the motivations and challenges to develop a subterahertz
flat array antenna. This chapter refers to the work presented in Paper III.

Chapter 5 gives an introduction to frequency beam steering and describes
the motivations and challenges to develop a subterahertz frequency beam steering
frontend with a high-gain pencil-shaped beam.

Chapter 6 describes the work on MEMS integration through the development
of a broadband SPDT switch for the realization of RF reconfigurable frontends.
Two different designs are presented: a receiver calibration switch, and a switching
matrix for active antenna frontends. The work on switches presented here was not
complete at the time of publication of this thesis due to delays in the fabrication
process. Although no manuscript is included here, this work is considered suitable
for peer-reviewed publication and thus, it is included as an additional chapter to
the thesis.

Chapter 7 concludes this thesis by summarizing the main achievements con-
sidering the previous state of the art in submillimeter-wave waveguide components.
This chapter also discusses the relevance of these achievements and the outlook for
future research.



Chapter 1

Introduction

In this chapter, a brief introduction to antennas, beamforming networks (BFNs),
and radiofrequency (RF) frontends is provided. The particularities, opportunities,
and challenges of the sub-mmW range of the electromagnetic spectrum are also
discussed.

1.1 Radiofrequency and RF frontends

The term radiofrequency (RF) refers to the group of electromagnetic waves in
the frequency range of 3 kHz to 3THz. RF was initially associated with wireless
communications exclusively, but nowadays, any system operating in the frequency
range mentioned before is considered an RF system, regardless of the application.
Some of the most relevant applications of RF systems are communications, radar,
telemetry, and spectroscopy.

The most important part of any RF system is the RF frontend, which takes the
information to be transmitted1 (either digital or analog), generates an electromag-
netic signal capable of propagating in free space, and radiates the signal through
an antenna. The schematic in figure 1.1 shows a simplified block representation
of a transmitter (Tx) and receiver (Rx) RF frontend. Some of the most common
components, or blocks, that compose an RF frontend are the antenna, filters, mix-
ers, amplifiers, oscillators, and the feed chain. The feed chain is the block of the
RF frontend that goes immediately behind the antenna and can be used to provide
polarization diversity or frequency multiplexing, among other functionality. An RF
frontend can contain from one feed chain, up to thousands forming a beamforming
network in array antennas.

1All the definitions in this chapter refer to the transmission case, an equivalent definition can
be used for the RF receiver.

1
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Figure 1.1: Block diagram of a basic RF system. (a) Transmitter, and (b) receiver.

As described before, the objectives of this thesis are within the development
of sub-mmW RF frontends by the implementation of feed chain components and
antennas, also known as the radiating chain. Other relevant blocks in the frontend,
such as filters or active components, fall beyond the scope of the thesis. Therefore,
unless otherwise noted, the remaining part of the thesis will refer to the radiating
chain when talking about RF frontends.

1.2 Antennas, BFNs, and feed chain components

The function of the antenna is to transform a guided electromagnetic wave into
a free-space propagating electromagnetic wave, i.e., the antenna is a transducer.
Antennas are the last element of the Tx and play an important role in the overall
performance of the system. Some of the most relevant parameters of antennas are
the operating frequency range, the dimensions, and the radiation pattern. The
radiation pattern of the antenna is a representation of the transmitted power in
any direction of space. Depending on the application, some antennas focus most
of the energy in one direction, known as high-gain or directional, and some an-
tennas equally radiate in every direction, known as omnidirectional. The gain, or
directivity, of an antenna, measures its ability to focus the energy in one direction.

As will later be described in Chapter 4, the gain, operation frequency, and
size of the antenna directly depend on each other. For an antenna with a given
size, the gain will increase quadratically with the frequency. For example, low-gain
or omnidirectional antennas are used in applications such as broadcasting, and
they can be implemented with wire dipoles or monopoles, among others. On the
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other hand, high-gain antennas are critical for applications such as point-to-point
wireless communications, and they can be implemented with lenses, reflectors, or
array antennas, among others.

Array antennas consist of several individual antennas of the same kind, called
elements, with a known spacing and phase distribution, so the contribution of all
individual antennas add in one direction, and cancel each other in every other
direction. In addition to the radiating elements, array antennas require a beam-
forming network (BFN). The BFN generates the desired phase and amplitude
distribution for each element in the array.

Some more advanced antennas can change the direction of the main beam elec-
tronically. These antennas are known as beam-steering, scanning, or reconfigurable.
Several techniques exist to implement such antennas, including phased arrays, fre-
quency scanning, or beam switching. These three solutions are based on antennas
with a variable phase distribution that is generated across the aperture to generate
the desired beam steering. The difference between these three approaches is the
manner that such phase distribution is generated.

Frequency scanning antennas, see Chapter 5, were the first inertialess reconfig-
urable antennas to be developed. Their simplicity and continuous scanning of the
beam makes them a good alternative for a large number of sensing applications,
such as target detection or tracking [1]. However, they fail to deliver broadband
signals towards a fixed given direction, which can be an issue for wireless commu-
nications, for instance.

Beam switching antennas, see Chapter 6, consist of a switching matrix with
one input and n outputs in combination with a passive BFN with n inputs that
generate n different beams. Beam switching, as opposed to frequency scanning, can
only generate a finite number of beams, and the complexity of the frontend increases
with the number of beams. On the other hand, beam switching antennas can deliver
the entire available bandwidth in each direction, making them a good alternative
for wireless communications, or high range-resolution radar. The BFN of a beam
switching antenna can be implemented with an optical system (reflector or dielectric
lens), a quasi-optical system (lens or reflector systems in a PPW environment), or
a transmission line system (rectangular waveguide, microstrip, etc.).

Phased array antennas are one of the most versatile solutions for beam scanning
applications [2]. They can, in theory, point the beam in virtually any direction in
space while delivering the entire bandwidth of the antenna. However, phased array
antennas require complicated BFNs with integrated phase shifters and amplifiers.

In many applications, the same antenna is shared by one or more Tx and Rx
frontends, which increases the complexity of the radiating chain, but dramatically
reduces the volume and (in many cases) the cost of the complete RF system. This
multiplexing can be realized with polarization, frequency, beam diversity, or any
combination of the above. Such functionality is usually implemented in the last
block before the antenna, known as the feed chain, and some standard feed chain
components are orthomode transducers, diplexers, polarizers, and mode converters.



4 CHAPTER 1. INTRODUCTION

1.3 Relevance of the operation frequency

The operation frequency of an RF system is one of the most critical parameters
for its performance, and it has to be decided in the early stages of the design [3].
There are several factors to consider when selecting the operating frequency for a
given application. In wireless communications, for example, the bandwidth, noise,
antenna gain, or cost can determine what the most appropriate frequency is for
the design of the RF system. Some other applications can have additional require-
ments, such as the interactions with different materials in sensing applications, the
propagation phenomena in long-distance or satellite communications, and the in-
teractions with live tissue in biomedical applications. All these considerations are
behind the regulations that allocate the RF electromagnetic spectrum for different
applications [4].

Since the apparition of the first wireless RF technologies in the late XIX cen-
tury [5], there has been a trend to develop systems operating at higher frequencies,
which represents one of the most significant technological challenges in the RF or
microwave field. Many reasons motivate the development of RF systems operating
at higher frequencies, such as the larger available bandwidths or the component
miniaturization. However, the development of high-frequency microwave technolo-
gies does not substitute the already existing low-frequency systems, since there are
many advantages in using lower frequencies. One of the main benefits of lower fre-
quencies is a direct consequence of the atmospheric attenuation for electromagnetic
waves, see figure 1.2, that steadily increases with frequency. Other advantages in-
clude better propagation characteristics for broadcasting, or the higher availability,
lower cost, and higher performance of the RF components.

1.4 RF system applications at THz frequencies

The THz range of the electromagnetic spectrum comprises the highest radio fre-
quency span before the transition to photonics. Terahertz frequencies, also known
as sub-mmW or far infrared, range from 100GHz to 30THz (depending on the defi-
nition). The THz frequency range has been heavily unexploited until the beginning
of the XXI century due to the inherent challenges that come with its technology.
However, there is a wide range of potential applications driving the research to
develop THz systems [7]. Some of the most promising applications of THz systems
are in the fields of medical imaging [8], spectroscopy [9], earth observation [10],
security and defense [11], or communications [12]. However, this technology is still
not commercially available, and many challenges remain to be solved.

1.5 Challenges in THz systems

As described before, RF systems operating at sub-mmW frequencies and above
suffer from strong atmospheric attenuation, see figure 1.2. This issue could be
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Figure 1.2: Typical atmospheric attenuation (dB/km) for electromagnetic waves in
the radio frequency range (0 – 1000GHz). The data shows an overall increase of
the attenuation with frequency, as well as several absorption peaks coming from
different molecules in the atmosphere. Data from [6].

solved, in theory, by increasing the transmitted power. However, the RF power
that THz sources can deliver is low, being one of the most significant challenges
for the implementation of many systems in this frequency range. The graph in
figure 1.3 shows the delivered power of several sources in the 100GHz to 10THz
frequency range. Note that the power for most sources steadily decreases in the
100 – 1000GHz range, and it is in the order of a few milliwatts for most solid-state
devices.

A common approach to compensate for the high atmospheric attenuation and
low available power in the THz range is to minimize the loss generated by the rest
of the components in the RF frontend. For example, optical systems composed by
reflectors, lenses, or grid polarizers have been commonly used in radio astronomy
applications to minimize material loss [14]. The main problem with optical systems
is their large volume, cost, and complexity due to the need for optical alignment
between the components. Hollow rectangular waveguide components have been tra-
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Figure 1.3: Output powers of different RF sources at THz frequencies. Data from
[13].

ditionally used in applications requiring low loss or high-power handling. However,
they are generally avoided unless necessary due to their large mass and volume
at microwave frequencies and below. The dimensions of guided-wave components
decrease with frequency [15], down to sub-millimeter dimensions in the THz range.
Such wavelength-dependent miniaturization makes hollow rectangular waveguide
components a promising solution for compact RF frontends above the millimeter-
wave (mmW) range.

The main challenge for the use of waveguide components at high frequencies
comes from the same wavelength-dependent miniaturization mentioned above. Due
to their reduced size and increased tolerances to fabrication errors, most com-
mon machining techniques become unpractical for the implementation of such THz
waveguide components, see Chapter 2. Therefore, the development of a suitable
and low-cost fabrication technique for terahertz waveguide components is, nowa-
days, the main challenge for the passive part of the RF frontend, and it would
contribute to the realization of the broad spectrum of potential applications for
THz systems. This thesis aims to add to this development by the design and
fabrication of several sub-mmW waveguide components through the use of silicon
micromachining.



Chapter 2

Micromachining for THz
waveguides

This chapter provides a background on different micromachining techniques used
to implement waveguide components at terahertz frequencies. It also describes the
SOI-based silicon micromachining process used in this thesis. A process flow for
the fabrication of waveguide components is included, giving an overview of the steps
followed for the different implementations in this thesis.

2.1 Background

As described in Chapter 1, one of the main problems for the implementation of
waveguide components at sub-mmW wave frequencies and above is the reduced size
of the structures and the effect of the fabrication tolerances in the electromagnetic
performance. Most fabrication technologies for waveguide components are based
on computer numerical control (CNC) processes that remove material from a raw
stock by milling, electric discharge machining (EDM), or laser ablation, among
others. These CNC-based technologies, if well controlled, can be used to fabricate
RF components up to terahertz frequencies [16], but their cost, low yield, and small
fabrication volumes make them not affordable for most applications.

The micromachining technologies were initially developed for the integrated cir-
cuit (IC) and the micro-electromechanical system (MEMS) industry. Micromachin-
ing is comprised of several chemical and mechanical processes that are used either
to remove material from a substrate (bulk micromachining) or to add material onto
the substrate (surface micromachining). In micromachining, geometries are usually
transferred to the substrate by a photolithography process rather than by sequen-
tially moving a tool. Some of the advantages of photolithography processes are
the accuracy (down to sub-micrometer scale), batch nature (by the use of photo-

7
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masks), and maturity in the industry. The first attempts to use micromachining
to manufacture sub-THz waveguides go back to 1980, where a combination of pho-
tolithography and anisotropic wet etching of silicon was used to form waveguides,
horn antennas, and other components [17, 18].

Since then, many other micromachining techniques have been used for the fab-
rication of sub-THz waveguide components. Some of the most relevant techniques
are briefly described in this section.

2.1.1 Anisotropic wet etching
Anisotropic wet etching of silicon makes use of the difference between the etch rates
on the different crystal planes of silicon for some wet etchants, such as NaOH, KOH,
or TMAH. The crystallography-dependent etching of silicon is a complex topic that
has been extensively studied in the literature [19, 20, 21].

Figure 2.1: Example of CPW to
hexagonal waveguide transition by wet
anisotropic etching of <100> silicon
wafers. Image from [22].

This micromachining technique was
first used for the fabrication of sub-
mmW dielectric waveguide components
in 1980 [17] and became popular in
the 1990s to implement hollow metal-
lic waveguides [22, 23, 24, 25, 26].
The drawing in figure 2.1 shows an
example of such implementation: a
transition between coplanar waveguide
(CPW) and hexagonal waveguide tech-
nology by using <100> silicon wafers
[22]. Other crystal orientations, such as
<110> wafers, can also be used to man-
ufacture rectangular waveguides. The
strong geometrical constraints coming
from the silicon crystallography, to-
gether with the development of more
advanced micromachining techniques,
had a negative impact on the use of this
technology. However, the low fabrica-

tion cost and required small investment make this technology still attractive for
some applications, and some more recent work can also be found in the literature
[27, 28, 29].
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2.1.2 Thick resist electroforming

Thick resist electroforming is a micromachining technique based on the electrode-
position of a metal (usually copper) on a polymer mold that is thereafter dissolved
to leave a fully metallic structure. This technique is based on the LIGA technology
developed by Forschungszentrum Karlsruhe [30], which used X-ray lithography on a
polymer, typically poly(methyl methacrylate) (PMMA), to generate extremely high
aspect ratio (up to 50-100:1) structures that were then electroplated and replicated
by stamping or molding. X-ray LIGA-based micromachining has been used, for
example, for the development of 1THz corrugated waveguides in an amplifier [31].

Figure 2.2: SEM image of 600 – 750GHz
H-plane power divider manufactured by
thick resist electroforming technology.
Image from [32].

One of the drawbacks of X-ray
lithography is the high cost of both in-
stallation due to the need for an X-
ray synchrotron and of production due
to the need for X-ray exposure masks.
Thick resist UV lithography is a more
affordable method when the extreme
aspect ratio of X-ray lithography is not
a requirement.

High aspect ratio structures can
be generally avoided during the de-
sign of waveguide components, making
thick resist UV lithography an excel-
lent alternative to the X-ray counter-
part. Two of the most common thick
resists are SU-8 and KMPR, that can
achieve structures with an aspect ratio
up to 20:1 [33]. The patterned photore-
sist is then electroplated and dissolved
to leave a fully metallic structure. This technique is also known as UV-LIGA for
historical reasons, and several examples of waveguide components at sub-mmW
frequencies and above can be found in the literature [34, 35, ?, 36, 37, 38]. The
scanning electron microscope (SEM) image in figure 2.2 shows an example of a
600 – 750GHz H-plane power divider manufactured by UV-LIGA [32].

2.1.3 SU-8 micromachining

The SU-8 photoresist was initially used for RF applications as the electroplating
mold in UV-LIGA waveguide components, as described above. However, the need
for electroplating and further dissolving of the photoresist mold, makes UV-LIGA
a relatively complex fabrication technique, which led to the development of SU-8
micromachining. In SU-8 micromachining, the photoresist is patterned, metalized,
and clamped to form the hollow waveguide geometry [39]. The metal, in this
case, is not the structural material, and it only needs to be thick enough for the
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electromagnetic waves not to interact with the photoresist, usually between two
and ten times the skin depth at the lowest frequency of operation.

Figure 2.3: SEM image of a 300GHz E-
plane waveguide bend manufactured by
SU-8 micromachining technology. Image
from [40].

SU-8 micromachining has been suc-
cessfully used for the fabrication of
filters, OMTs, antennas, and other
waveguide components up to sub-mmW
frequencies [39, 41, 42, 43, 44, 45, 46,
47, 48, 49, 50]. The waveguide struc-
ture is manufactured in layers of dif-
ferent thicknesses that are lithograph-
ically patterned in SU-8. After devel-
oping the photoresist, the different lay-
ers are metalized by physical vapor de-
position (PVD). The waveguide struc-
ture is formed by aligning and clamp-
ing all the layers together, usually in-
side a CNC-milled metal housing. SU-8
micromachined components exhibit ex-
tremely low insertion loss (IL) due to
the smooth surfaces and sidewalls pro-

duced by the lithography process, as seen in the SEM image in figure 2.3. Other
benefits of SU-8 micromachining are the low cost of both the required equipment
and production or the high aspect ratio features.

However, the use of SU-8 as the structural material in sub-mmW waveguide
components has some drawbacks. The mechanical properties of the material usually
make necessary the use of CNC-milled blocks to clamp the assembled component
and give some rigidity to it. These blocks often require waveguide sections between
the micromachined component and the waveguide flange interface, making their
fabrication challenging. At the same time, the poor thermal conductivity of SU-8
makes the integration of active circuitry more difficult, since appropriate heat sink
paths must be designed, as reported in [50].

2.1.4 Surface micromachining
Surface micromachining has been used for the fabrication of coaxial and waveg-
uide components from millimeter wavelengths up to the terahertz frequency range
[51, 52, 53, 54, 55, 56]. The SEM image in figure 2.4 shows a directional coupler
in rectangular coaxial technology for 26GHz. The fabrication of surface microma-
chined waveguides consists of iterative photolithography, electroplating, and polish-
ing steps that create complex 3D geometries. Finally, the photoresist is dissolved
away, leaving only the metal waveguide component. This technology has also been
referred to as an additive manufacturing technique due to the layer-by-layer depo-
sition approach, and it has been used for the fabrication of waveguide components
up to 3THz [53].
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Figure 2.4: SEM image of a 26GHz direc-
tional coupler in surface micromachined
rectangular coaxial technology. Image
from [51].

Some of the benefits of surface mi-
cromachining are the ease of integra-
tion with other technologies such as ac-
tive components, the high complexity
of the structures that can be manufac-
tured, and the fully metallic structure
of the final components.

2.1.5 Deep
reactive ion etching (DRIE)
DRIE is a bulk silicon micromachin-
ing technique based on plasma etching
and developed by the MEMS industry
for the fabrication of high aspect ratio
(AR) structures. Deep silicon etching
techniques rely on two basic processes,
etching and passivation, thus achiev-
ing anisotropic etching. These two pro-
cesses can happen simultaneously or se-
quentially, and enable the fabrication of trenches with near-vertical sidewalls. Some
of the most common DRIE techniques are the cryogenic silicon etching, the pseudo
Bosch, and the Bosch processes. For an extensive review of deep silicon etching,
masking materials, and process optimization, the reader can refer to [57, 58].

1 mm

Figure 2.5: SEM image of a D-band
waveguide diplexer in DRIE silicon micro-
machined waveguide technology.

It was not until 2004 that the first
silicon micromachined waveguide com-
ponents by DRIE were demonstrated
[27, 59]. Even though DRIE was
a well-established technology by then,
the etch depths and trench widths
required for most waveguide compo-
nents at subterahertz frequencies are
extremely large if compared to most
features in MEMS devices. These
larger feature sizes make the fabrica-
tion of hollow metallic waveguides non-
trivial since several issues can arise with
mask consumption, or wafer overheat-
ing, among others.

Since its first apparition in 2004,
DRIE has become one of the most
promising micromachining technologies
for the fabrication of subterahertz waveguide components, and several research
groups worldwide have contributed to its development [28, 60, 61, 62, 63, 64, 65,
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66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80]. The SEM image in fig-
ure 2.5 shows the T-junction and part of two inductive iris filters of a D-band
diplexer manufactured by DRIE at KTH.

2.2 SOI micromachining for terahertz waveguides

The waveguide components developed in this thesis are mainly enabled by the SOI
micromachining technology at KTH. SOI micromachining is a fabrication technique
based on DRIE that uses the more advanced SOI wafers instead of plain silicon
wafers. An SOI wafer is composed of at least three different layers: a device layer
(DL), a handle layer (HL), and a buried oxide layer (BOX). In standard SOI wafers,
the DL and HL are made of monocrystalline silicon, and the BOX is made of silicon
oxide.

SOI wafers were initially developed for the MEMS and IC industry, but have
also been used for active circuitry or coplanar waveguide (CPW) probe development
at terahertz frequencies [81]. Some work on SOI micromachining for subterahertz
waveguide components can be found in the literature previous to this thesis, where
the multilayer structure of the wafer was used to create thin irises [82, 83], MEMS
switches [71, 73] and phase shifters [72], or waveguide geometries with a smooth
and flat broadwall [75, 84].

Some of the main advantages of SOI micromachining for subterahertz waveguide
components are:

• up to four independent layers can be etched in the same wafer, reducing the
number of bonding steps, see papers I-IV;

• the DRIE process generates a characteristic U-shaped trench geometry that
is avoided when etching down to the BOX, see [75] and papers I-IV of this
thesis;

• the high Si/SiO2 selectivity of the DRIE process results in negligible surface
roughness in the bottom of the trench, which has a significant impact on the
IL of waveguide components, see [75] and papers I-IV of this thesis;

• the BOX can act as a sacrificial layer enabling the integration of MEMS, see
[73] and Chapter 6 of this thesis;

• enables the fabrication of extremely thin and high AR layers, see papers III
and IV;

2.3 Process flow

The SOI micromachining process shown in figure 2.6 has been the base process used
throughout this thesis. While the simplified process flow shown below describes the
fabrication of a basic three-stepped structure, some more advanced processes have
been used in different fabrications, including absorber material (Paper II), dielectric
material (Paper IV), and MEMS (Chapter 6) integration. This section discusses
the motivations for the most critical steps in the process shown in figure 2.6. A
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SiO2 Mask 2
Device Layer
Buried Oxide

Handle Layer

SiO2 Mask 1

1) SOI Wafer 2) Pattern SiO2 Masks

4) PECVD of  SiO2 Mask 33) Si LPCVD

5) Pattern SiO2 Mask 3

6) DRIE through Mask 3

8) Gold sputtering

6) DRIE through Mask 1

7) DRIE through Mask 2 8) DRIE through Mask 3

9) Remove masks and BOX 10) Gold sputtering

Figure 2.6: Process flow for three-step SOI micromachining of waveguide compo-
nents used in this thesis.
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more in-depth description, as well as more advanced fabrication techniques, can be
found in the attached papers.

2.3.1 Mask patterning
Mask patterning, steps two and five of the process flow in figure 2.6, is the process
by which the layout to be fabricated is transferred to the wafer through mask
photolithography. For an in-depth description of photolithography techniques, the
reader can refer to [85]. A wide range of materials can be used as a mask for a
given etching process, such as DRIE, and the selection of the mask material must
consider several factors. Some of the considerations for choosing a deep silicon
etching mask are listed below.

First, the material should have a high selectivity over silicon. A high selec-
tivity material will not be heavily consumed during the DRIE process; thus, it will
allow etching deep in the silicon by using a thin mask. Thin masks are preferred
for DRIE to avoid shadowing effects that can cause corner rounding and decrease
the resolution of the etched pattern. The etch rates of several masking materials in
a large number of etching processes can be found in [86]. However, these values are
strongly dependent on the mask geometry, the process parameters, and, ultimately,
the particular etching tool being used.

Second, the mask should be easy to deposit and pattern. Different materials
require different deposition and patterning techniques. For example, photoresist
masks can be spin-coated and directly patterned through photolithography, being
one of the most straightforward masks to use. One of the drawbacks of photoresist
masks is the low selectivity over silicon for DRIE, requiring relatively thick masks
for a given etch depth.

Third, the material should create volatile byproducts in the fluorine plasma
chemistry. Based on the previous two factors only, metal masks could be considered
a good alternative for DRIE. Many metals are chemically inert to fluorine radicals,
and they exhibit a selectivity over silicon well above 1000:1. At the same time, they
are straightforward to deposit by various PVD techniques and can be patterned by
different wet or plasma chemistries. However, when the ion milling mechanism
present in DRIE sputters the metal in the mask, it cannot form volatile compounds
in the plasma and be exhausted by the vacuum pump. The sputtered metal can
redeposit onto the substrate and cause micro masking effects. Micro masking dra-
matically increases the roughness of the sidewalls and bottom surface of the etched
trench, making metal masks not a suitable option when etching terahertz waveguide
components.

Silicon oxide and photoresist are two well-known mask materials for deep silicon
etching, both can create volatile compounds in fluorine plasmas and can produce
trenches with smooth sidewalls. Photoresist masks have the advantage of easy
deposition and patterning; however, they suffer from high etch rates, and typical
selectivity values over silicon in DRIE are around 50:1. Alternatively, selectivity
values up to 400:1 can be achieved with silicon oxide masks. The drawback of
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silicon oxide masks is a longer patterning process, requiring the deposition of the
mask (by oxidation of the silicon, chemical vapor deposition (CVD), or PVD),
photoresist deposition and patterning, etching of the oxide mask, and photoresist
removal. Usually, SiO2 masks are preferred over photoresist masks to etch high-
resolution features or high AR trenches.

2.3.2 Si/SiO2 layer stacking
Multi-step deep silicon etching generally requires the stacking of several masks that
must be independently patterned before the bulk silicon etching, see steps three
to four in figure 2.6. One possible approach is to use chemically orthogonal mask
materials that can be patterned independently. Several examples of this technique
can be found in the literature, but one of its limitations is the ability to find such
mask materials that are both chemically orthogonal to each other, and suitable
for deep silicon etching, as described in section 2.3.1. The authors in [87] used a
stack of silicon oxide, aluminum, and photoresist to etch a three-step structure.
These three materials are chemically orthogonal to each other because each one of
them can be etched or dissolved without affecting the other two. However, neither
aluminum nor photoresist are optimal mask materials for etching deep trenches by
DRIE, and finding additional materials becomes more difficult with every extra
etching step.

Silicon substrate

Mask 1

Mask 2

Etch stop

2 �m

Figure 2.7: SEM image of a two mask
stack with embedded αSi etch stop layer.

Silicon oxide is an excellent mask
material for DRIE, as described in sec-
tion 2.3.1, and a good solution to etch
multiple steps in silicon would be that
all the masks are SiO2. However, pat-
terning several oxide masks indepen-
dently can be challenging, since the
etching of a new mask will affect all
the previously patterned masks on the
wafer. The authors in [70] reported a
multi-step deep silicon etching process
based on a single oxide layer that was
etched to several depths. The different
depths in the silicon wafer are then re-
alized by relying on the mask consump-
tion while etching the silicon wafer.
This technique was demonstrated with
a five-step etching process, but it heavily relies on the mask thickness and Si/SiO2
etching ratios, making it highly susceptible to variations in the etch rates of both
silicon and silicon oxide.

The multi-step etching technique used throughout this thesis consists of making
a stack of silicon oxide masks separated by amorphous silicon (αSi) layers. The
αSi layer acts as an etch stop due to its high selectivity over silicon oxide (> 10:1)



16 CHAPTER 2. MICROMACHINING FOR THZ WAVEGUIDES

in plasma etching. This Si/SiO2 layer stack allows to pattern a new oxide layer
without affecting the previously patterned ones. In addition to the high selectivity
over the oxide, αSi is an excellent material for creating an etch stop, since it
is etched away during the first seconds of the deep silicon etching process, thus
avoiding any additional steps to remove this layer after mask patterning. The SEM
image in figure 2.7 shows the cross-section of two 2 µm oxide masks separated by
a 300 nm αSi etch stop layer, note that although Mask 1 is exposed to the plasma
during the etching of Mask 2, it is not consumed due to the αSi etch stop.

2.3.3 Deep reactive ion etching
DRIE is the main technology used in this thesis for the micromachining of waveguide
components, see steps six to eight in figure 2.6. As described in section 2.1.5,
DRIE can produce deep and high-AR trenches by sequentially etching silicon, and
passivating the sidewalls of the trench in an inductively coupled plasma (ICP)
chamber. This time-multiplexed etching technique is known as the Bosch process,
and it is well established in the MEMS industry.

500 �m

h1

h2

h3

Figure 2.8: SEM image of a lens antenna
feed micromachined on a silicon wafer.
The structure, with three different etch-
ing heights (h1, h2, and h3), is fabricated
using stacked oxide masks.

As opposed to CNC-machining
techniques, plasma etching techniques
remove material from the entire sur-
face of the wafer simultaneously. This
method allows for an extremely high
fabrication throughput, but it requires
the use of masking materials to pro-
tect the areas not being etched. Be-
sides, each step in the out-of-plane di-
rection of the wafer requires an ad-
ditional mask, as described in section
2.3.2. Such masks need to be stacked
on the wafer before the first silicon bulk
etching step is performed, since the re-
alization of photolithography processes
becomes challenging once the wafer has
been etched [88, 89].

Once all the masks have been de-
posited and patterned on the SOI
wafer, the multi-step silicon etching is

performed by sequentially (1) etching the silicon through a mask by DRIE, and (2)
removing the mask to expose the silicon for the next etching step. The result of
this process is shown in the SEM image of a lens antenna feed in figure 2.8, where
three different heights have been etched onto a silicon wafer to realize the structure.
One of the benefits of using SOI wafers for multi-step DRIE processes is that the
BOX can act as an etch-stop layer, making the height of the individual steps more
accurate.
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2.3.4 Metallization
After the structures are micromachined from a silicon or SOI wafer, they need to
be coated with a metal layer, so they function as a waveguide. Theoretically, any
metal or metallization technique could be used to coat the waveguide structures,
but, in practice, there are several considerations to be made.

• the metal should have a high bulk conductivity to minimize ohmic loss;
• the metal should have good adhesion to silicon to avoid peeling of the layer;
• the metal should be easy to bond by thermal compression bonding;
• the metallization technique should have good step coverage to ensure a uni-

form layer across the bottom and sidewalls of the waveguide;

5 �m

Si

Au

Figure 2.9: SEM image of the cross-
section of a metalized silicon chip. Note
that the ratio between the top metalliza-
tion and sidewall metallization is around
2.5:1.

All the components manufactured
in this thesis are metalized by gold
sputtering over a titanium-tungsten
(Ti/W) adhesion layer, due to the low
adhesion of gold to silicon. On the one
hand, gold has a relatively high bulk
conductivity (σAu = 4.11× 107 Sm−1),
and it does not oxidize. The metalized
chips can be bonded by thermal com-
pression bonding at 200 ◦C, which was
critical for the integration of dielectric
materials, see Paper III. On the other
hand, the sputtering technique ensures
step coverage and, thus, the metalliza-
tion of the sidewalls of the waveguide.
The SEM image of the cross-section of a
metalized chip in figure 2.9 shows that
the ratio between top and sidewall cov-
erage is around 2.5:1 for the process used in this thesis. This high step coverage
is achieved by minimizing the distance between the metal target and the silicon
chips, maximizing the target size to sample size ratio, and keeping a relatively high
pressure in the sputtering chamber.

2.4 Alignment and bonding

The final step in the fabrication process is the alignment and bonding of the mi-
cromachined and metalized chips. The approach followed to implement complex
waveguide structures in this thesis is to slice the component in chips, where every
chip can have several layers (see chapters 3-6). These chips are then stacked and
bonded together to form the waveguide component.

The chip-to-chip alignment is one of the most critical steps in the process.
Every other layer-to-layer alignment step in the fabrication is done at a wafer-level
with a mask aligner tool, which provides below micron-scale accuracy across the
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whole 4 " wafer. The chip-to-chip alignment, though, is done manually with the
aid of Vernier-scales on the corners of the chips, see figure 2.4. This alignment
technique can provide an accuracy below 2 – 3µm when the alignment marks of
both chips can be focused simultaneously under the microscope, see figure 2.4a.
However, many chip-stack configurations require the alignment marks to be as far
apart as 300 – 400 µm, making it difficult to have both high magnification and good
focus simultaneously in both marks, see figure 2.4b. This situation can drastically
decrease the alignment accuracy, and thus, the performance of the device.

�y = 0

�x = 2 �m

Chip 1

Chip 2

(a)

Chip 1

Chip 2

�y = 4 �m

�x = 1 �m

(b)

Figure 2.10: Chip-to-chip alignment technique showing microscope images of the
alignment marks and cross-sections of the two SOI chips. Alignment with (a) DL
of chip 2 towards HL of chip 1, and (b) HL of chip 2 towards HL of chip 1. Note
that the microscope image in (b) has been reconstructed with a z-stack technique,
since both alignment marks cannot be focused simultaneously with the objective
being used.

After the chips have been stacked and aligned, they are thermal compression
bonded in an oven at 200 ◦C. This temperature enables a strong gold-to-gold dif-
fusion bonding but minimizes other issues that may arise from higher temperature
bonding techniques, such as gold peeling or reflow. At the same time, it enables
the integration of a much wider range of materials, including certain polymers.



Chapter 3

Turnstile orthomode transducer

This chapter makes an overview of the work to develop a turnstile OMT for the
220 – 330GHz frequency range, which is published in Paper I and Paper II of this
thesis. The design, fabrication, and characterization of an OMT in the subterahertz
frequency range required to find solutions to several existing challenges such as the
design of a suitable topology, the high fabrication complexity, or the measurement
procedure of an extremely compact multi-port device.

3.1 Background

An OMT is a passive RF device that separates the two orthogonal polarizations
present in the antenna port into two different output ports. This component is
commonly used in applications where polarization diversity is required, also known
as dual-polarization applications. Some of the most common fields requiring dual-
polarized frontends are radio astronomy [90, 91], RADAR [92, 93, 94], and wireless
communications [95, 96].

Most configurations of dual-polarized RF frontends use a single antenna to trans-
mit and receive both polarizations simultaneously, which are fed through an OMT
[97, 98]. The use of a dual-polarization antenna instead of two individual single
polarized antennas allows reducing the volume of the frontend as a trade-off with
its complexity. This volume reduction can be critical in some applications and, in
particular, when large high-gain antennas are required. The placement of the OMT
right behind the antenna in the feed chain sets stringent requirements both in the
IL and the return loss (RL) of the device. Otherwise, it would generate backward
waves to the amplifier on transmission and strong deterioration of the noise figure
on reception. Other key figures in an OMT are the isolation between ports, the
cross-polarization discrimination, and the frequency bandwidth.

19
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P1 P2

P3 P4
xPol

isolation

isolation

Figure 3.1: Schematic view of an ortho-
mode transducer illustrating the four elec-
trical ports and two of the relevant de-
sign parameters: the isolation and cross-
polarization.

The schematic representation of an
OMT in figure 3.1 shows a simplified
version of the electrical port arrange-
ment, where P1/P2 are contained in
the same physical port (usually square
or circular waveguide), and P3/P4 re-
fer to individual physical ports carrying
one of the two polarizations. Ideally, an
OMT will have total transmission from
P1 to P3 and from P2 to P4, no reflec-
tions in the input ports, there will be no
cross-polarization, and it will have an
infinite isolation. However, real imple-
mentations of OMTs show non-zero IL
and cross-polarization, as well a finite
RL and isolation. These non-idealities

are strongly influenced by the fabrication technique and its tolerances [99], but also
by the electromagnetic design.

The electromagnetic design of OMTs can be divided into two main categories
according to the junction, where the two polarizations are separated. The two
OMT categories are onefold symmetrical junction OMTs and twofold symmetrical
junction OMTs. Some of the most popular designs are shown in figure 3.2, and they
are known as septum, side-arm, Bøifot, and turnstile OMT. As the nomenclature
suggests, the junctions of the two first designs in the figure are symmetric to a
plane, while the junctions of the last two designs are symmetric to two planes.

The operation bandwidth is one of the parameters strongly affected by the sym-
metry of the junction. The OMT bandwidth is defined by the waveguide cutoff fre-
quency in the lower end of the band, and the cutoff frequency of high-order modes in
the higher end of the band. One of the advantages of twofold symmetrical junctions
is that they avoid the excitation of the first appearing high-order TM01/TE21 or
TE11/TM11 modes in the circular or square waveguide, respectively. The twofold
symmetry can deliver an extremely wide band of operation, above 60% [100, 101],
which is a requirement for some applications [90, 102]. However, the improved
performance comes with a more complex geometry, due to the need of at least one
recombination network after the junction, as shown in figure 3.2.

Other parameters, such as the isolation and cross-polarization, are also depen-
dent on the electromagnetic design and must be considered for the requirements
of each application. The turnstile design, for example, can achieve higher isolation
and bandwidth than the Bøifot alternative, as well as phase-matched outputs. The
superior performance of the turnstile OMTs comes from the electrically fully sym-
metric design for both polarizations, that cannot be realized with a Bøifot-based
topology. However, the higher performance comes with a more complex geometry,
that requires two recombination networks and a waveguide crossover.
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Septum polarizer
Sidearm OMT

Bøifot OMT Turnstile OMT

Onefold Symmetry

Twofold Symmetry

Figure 3.2: Sketch illustration of four different commonly used OMT designs.
The blue and red arrows represent the direction for the E-field vector of the
two polarizations present in the device. Illustrations based on the designs from
[103, 104, 105, 106].
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Figure 3.3: Representation of the electrical field (contour plot) for the two polariza-
tions present in a turnstile orthomode transducer. Full-wave simulation data using
the transient solver in CST Design Studio.

The operation of a turnstile OMT can be better understood by the representa-
tion of the electric field for both polarizations, as shown in the E-field contour plot
in figure 3.3. It consists of a turnstile junction that splits every polarization into
two signals out of phase and a recombination network for each polarization based
on an E-plane power combiner that adds the two signals in phase.

3.2 Sub-mmW OMTs

The development of orthomode transducers in the sub-mmW band and above has
been traditionally driven by the needs of radio astronomy. Some of the most rep-
resentative examples can be found in the table included in Paper I of this thesis.
Although the specifications for radio astronomy OMTs are in general stringent, the
required production volumes tend to be low, while the affordable budgets are high.
This situation has made possible the fabrication of sub-THz OMTs by classical ma-
chining techniques such as CNC-milling, wire-EDM, spark-EDM, or electroforming
[102, 106, 107, 108, 109, 110, 111, 112, 113], often requiring the fabrication of several
prototypes due to the low yield for such complex components [110].

The low yield of CNC-machining techniques for sub-mmW waveguide compo-
nents has led to the prioritization of simplicity over performance in their design.
Onefold symmetric OMTs are preferred over the twofold alternative when the ap-
plication permits it, and the Bøifot OMT is generally used when wider bandwidths
are required. There were no successful implementations of turnstile OMTs above
100GHz before this thesis, in part due to the complexity of the device. However,
turnstile OMTs can provide a larger bandwidth than the Bøifot alternative and pro-
duce phase-matched outputs. Being able to fabricate them in a simple and low-cost
manner would enable the implementation of many dual-polarization applications
at terahertz frequencies.
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Some previous attempts to implement OMTs in the sub-mmW frequency range
by micromachining are found in the literature [45, 70, 114]. The use of micromachin-
ing allows for micron-scale accuracy, tolerances, and uniformity; batch processing;
and low cost. However, the work mentioned above brought most of the complex-
ity to the fabrication process, requiring stacks of six to eight micromachined chips
[45, 114], or up to six DRIE etching depths in the same wafer [70]. This high fab-
rication complexity comes in part from the lack of a fabrication-oriented electro-
magnetic design approach, which is a recurring problem in waveguide components
because design and fabrication are usually kept as two separate disciplines. In addi-
tion to the high fabrication complexity, all three OMT implementations had some
common issues. Firstly, they all required CNC-milled metal housings to clamp
the multiple chips and provide waveguide flange connections, which makes their
fabrication more challenging, introduces additional error sources, and makes the
micromachining approach less attractive. Secondly, they all included long waveg-
uide sections in the different waveguide ports to allow for enough space for the
flange connections, greatly increasing the insertion loss of the component.

Layer 1 (Mask 1): 30 �m
Layer 2 (Mask 2): 95 �m

Layer 3 (Mask 3): 275 �m

Figure 3.4: Cross-section drawing of the
turnstile OMT design in Paper I. The de-
sign, optimized for SOI micromachining,
uses a three-chip stack with three etching
steps on each wafer. On the top, cross-
section of the turnstile junction with part
of the recombination network, on the bot-
tom, cross-section of an E-plane power
combiner.

The turnstile OMT design in Pa-
per I, implemented in three microma-
chined SOI chips, was developed to pro-
vide the highest performance at the
lowest fabrication complexity. The
cross-section of the stack in figure 3.4
shows how the different layers are used
to provide an extremely compact (5mm
× 5mm × 0.9mm) design with full
band operation and state of the art
performance. The design procedure to
achieve such performance, the fabrica-
tion process, the measurement results,
and an analysis of the effect of the fab-
rication tolerances to the electromag-
netic performance can be found in Pa-
per I, attached in this thesis.

3.3 RF Characterization

A complete RF characterization of an
OMT requires the measurement of the
return loss, isolation, insertion loss, and
cross-coupling levels of the device under test (DUT). A common problem during the
characterization of such components arises due to the presence of a dual-polarized
port, meaning that both polarizations cannot be accessed simultaneously with a
commonly available vector network analyzer (VNA). Several measurement tech-



24 CHAPTER 3. TURNSTILE ORTHOMODE TRANSDUCER

niques have been developed to deal with this problem, including measurements
with the common port radiating, shorted, back-to-back measurement of two pro-
totypes, or several two-port measurements while loading all the remaining ports
[98, 115, 116]. All these techniques have their drawbacks or limitations, but they
allow for an accurate characterization of the DUT.

VNA Port 1

VNA Port 2

Test fixture

VNA Port 2

VNA Port 1

Test fixture

OMT
Adapter

Figure 3.5: Pictures of the measurement
setup for the turnstile OMT. On the top,
test fixture mounted on a VNA port be-
fore mounting the DUT. On the bot-
tom, assembled measurement setup with
rectangular-to-square waveguide adapter,
DUT, and test fixture.

As frequency increases and the foot-
print of the device gets small, the size
of the standard waveguide flanges can
make the connection and characteriza-
tion of the DUT even more challeng-
ing. The most common solution in
the literature to this problem at sub-
mmW frequencies and above is to in-
clude long waveguide sections to the
DUT ports to provide enough distance
for the required flange connections [45,
106, 107, 109]. However, this approach
can become unpractical for silicon mi-
cromachined devices, due to the large
wafer area that each chip would re-
quire, drastically reducing the fabrica-
tion throughput. As an alternative,
the authors in [70] manufactured dif-
ferent configurations of the DUT, where
each configuration had two ports acces-
sible to the VNA, and the third port
was loaded. This approach enables the
characterization of the DUT but does
not provide a usable device.

The solution presented in this the-
sis uses a silicon micromachined mea-
surement setup that includes a test fix-
ture (or interposer) and a rectangular-
to-square waveguide adapter, as shown
in figure 3.5. This configuration allows

for high miniaturization of the DUTs and to characterize each one of the manufac-
tured devices while optimizing wafer space in the fabrication. The detailed design
of the setup and measurement procedure is described in detail in Paper II, attached
in this thesis.
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3.4 Results and novelty

The work described in this chapter, and published in Paper I and Paper II, repre-
sents the first successful attempt in the literature to implement a turnstile OMT
above 110GHz. The fabricated device shows a state of the art performance, extreme
miniaturization, and batch processing possibility. Besides, a silicon micromachined
test fixture was co-fabricated in the same process, enabling full characterization
of every manufactured component by a commonly available two-port measurement
setup. The novel measurement technique avoided the need for any custom-made
flanges or test-fixtures, which are normally CNC-milled, add complexity to the
device implementation, and decrease the performance of the component.





Chapter 4

High-gain antennas for THz
communications

The work on THz array antennas described in this chapter is the result of a re-
search collaboration between KTH, Tokyo Institute of Technology, and the National
Institute of Information and Communications Technology. The goals and motiva-
tions to develop high-gain and compact antennas at 360GHz are discussed in the
introduction, the design methodology is described, and the results and achievements
are summarized.

4.1 Background

The continuous increase in mobile data traffic [117, 118] is pushing for the de-
velopment of wireless RF links operating beyond 100GHz [119, 12]. Some of the
advantages of utilizing the THz frequency range of the electromagnetic spectrum
for communications are the large unoccupied bandwidth and the drastic miniatur-
ization of the RF frontends.

Frontend miniaturization comes from the fact that the dimensions of an RF
component are, in general, proportional to the operation wavelength, λ, while the
wavelength is inversely proportional to the frequency, equation 4.1.

λ = c

f
(4.1)

The frequency-dependent size reduction of RF components is, at the same time,
the main reason for the existing technological challenges to develop terahertz sys-
tems [120]. These challenges are discussed in Chapter 1, and they are one of the
reasons for the unallocated spectrum from the sub-mmW to the THz frequency
range [4].
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RF
Frontend

Antenna

RF
Frontend

Antenna

CHANNEL
Free-Space

Figure 4.1: Schematic representation of a point-to-point wireless communications
data link.

The schematic in figure 4.1 shows a simplified representation of a point-to-point
wireless link, being the antenna the device that makes the transition between a
guided wave and a free-space wave. The antenna gain and operation frequencies
are two of the most relevant parameters when designing a point-to-point data link.
Their importance can be easily understood by looking at Shannon’s theorem, that
directly relates the maximum capacity of a digital communications channel (C) (in
bits per second) to the available bandwidth (BW) (in hertz) and the signal to noise
ratio (S/N) [121], see equation 4.2.

C = BW · log2

(
1 + S

N

)
(4.2)

The antenna, the last element of the RF frontend, has to be well-matched and
deliver the required gain in the operating frequency band, set by a center frequency
(f0) and a bandwidth (BW). From equation 4.2, the maximum capacity of the
system is directly proportional to the antenna bandwidth, and has a logarithmic
dependency on the antenna gain, since it directly influences the signal to noise level
[1].

4.2 Motivation and challenges

As already mentioned, one of the challenges for the development of wireless com-
munication links above 100GHz is the realization of low-cost, broadband, and high-
gain antenna frontends [122], since these two last parameters have a direct influence
on the maximum throughput of the wireless link at a certain distance.

A common approach described in the literature is the use of reflector or lens
antennas [1, 12, 119, 123]. These optics-based solutions can deliver high-gain over a
wide frequency span, but they tend to be bulky, costly, and difficult to manufacture.
Such drawbacks are particularly relevant when approaching the THz frequency
range since the higher atmospheric attenuation requires an increased number of
communication cells to cover the same area [6], resulting in more antennas.

A common alternative to obtain high-gain antennas is to arrange several indi-
vidual antenna elements to for an array antenna. The purpose of array antennas is
to increase the effective area of the antenna, Aeff , since it is related to the direc-
tivity as shown by equation 4.3. The effective area of the antenna is related to the
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physical area of the aperture, A, by the aperture efficiency, ηap, see equation 4.4.
Finally, the directivity of the antenna is directly related to the realized gain by the
radiation efficiency, ηr, and the mismatch efficiency, ηm, as described in equation
4.5.

D = 4π
λ2 ·Aeff (4.3)

Aeff = ηap ·A (4.4)
G = ηrηm ·D (4.5)

Array antennas are widely used at microwave frequencies due to their high per-
formance, versatility, and compact size, but their implementation at subterahertz
frequencies becomes challenging due to the complexity of the BFNs required. The
authors in [74] made the first attempt to manufacture a high-gain waveguide array
antenna at sub-mmW frequencies. They utilized silicon micromachining due to the
micrometer-scale accuracy, high tolerances, and uniformity. However, the design
approach for this sub-mmW antenna was inherited from the authors’ previous work
at mmW frequencies [124, 125], where each layer in the design is realized with
one stacked metal plate. This approach is not optimal for silicon micromachining
because, at sub-mmW frequencies, the wafer thickness is comparable to the wave-
length of operation. Even though the array antenna worked, it failed to take full
advantage of the silicon micromachining technology, provide high-efficiency, and
show broadband operation.

The motivation for the work that led to Paper III of this thesis was to use the
antenna topology in [74] and redesign it for its fabrication by SOI micromachining.
The goals of the new design are to maximize the directivity, the radiation effi-
ciency, and the bandwidth while lowering the fabrication complexity. The resulting
work demonstrates that a fabrication oriented approach in silicon micromachining
is necessary to achieve a successful implementation and that DRIE is a promising
technology for the implementation of high-gain flat array antennas for terahertz
communication links.

4.3 Design considerations

The antenna design consists of an in-plane H-tree BFN that feeds 2n × 2n radiat-
ing elements through a final one-to-four power division [74, 124, 125]. The main
fabrication-oriented considerations made during the design are listed below.

• Maximize the gain and bandwidth;
• provide a standard flange connection;
• minimize the fabrication complexity (i.e., number of processing steps);
• minimize the number of chips in the stack.
As described in section 4.1, the gain and the bandwidth of the antenna are

critical for a maximum data throughput of the communications link. The realized
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gain of the antenna (equation 4.5) depends on the radiation efficiency, mismatch
efficiency, and effective area. One the other hand, the bandwidth of the antenna
represents the frequency span in which all the design specifications are met (input
reflections, gain, radiation pattern, cross-polarization, etc.).

The radiation efficiency represents the ratio between the total radiated power
and the power accepted by the antenna. Two of the main mechanisms for energy
loss inside a component are conductor loss and dielectric loss. In a lossless ideal
case, ηr = 1, no energy is lost in the antenna, and all the accepted energy is radi-
ated. In a hollow-waveguide array antenna, the main loss mechanism contributing
to the radiation efficiency is the ohmic loss in the conductors. This loss can be
minimized by reducing the waveguide section lengths, maximizing the waveguide
dimensions (a,b) to reduce current density, and reducing the surface roughness of
the micromachined waveguides as described in [75].

The mismatch efficiency represents the ratio between the power accepted by the
antenna and the power delivered to the antenna. The main mechanism contributing
to the mismatch efficiency is an impedance mismatch between the feeding and the
input port, causing part of the delivered power to be reflected back to the source.
Impedance mismatch can be easily avoided during the design phase by including
appropriate structures [126]. These structures are generally discontinuities in the
waveguide, which can increase the fabrication complexity. Reflection loss can be
minimized in a wide frequency span (antenna bandwidth) by adding discontinuities
that do not increase the fabrication complexity, i.e., any in-plane discontinuities.

The effective aperture/area of the antenna, see equation 4.4, is related to the
physical area and the aperture efficiency. The aperture efficiency represents the
ratio between the actual directivity of an antenna and the maximum expected
directivity given its aperture size, from equation 4.3. The aperture efficiency is
directly related to the illumination of the aperture. While a uniform illumination
achieves maximum directivity (ηap = 1), some designs can trade directivity with
sidelobe level (for example) by tapering the amplitude of the aperture illumination
(ηap < 1). In this work gain was prioritized, and all the radiating elements in the
antenna are fed with a uniform amplitude.

A design with a standard flange connection avoids the need for additional
mounting fixtures to interface between the antenna port and the transceiver port.
Such mounting fixtures are commonly CNC-milled and are challenging to fabricate,
deteriorate the antenna performance, increase the antenna mass and volume, and
make silicon micromachining a less attractive technology.

Keeping a low fabrication complexity is one of the most important consid-
erations during the electromagnetic design, and it requires a good understanding of
the fabrication technology by the designer. Some of the most relevant design rules
to minimize fabrication complexity are:

• minimize the number of out-of-plane step heights;
• keep all step heights equal across all chips in the stack in order to fabricate

them in the same wafer;
• avoid large AR structures (AR > 15 : 1).
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Finally, minimizing the number of stacked chips is a critical considera-
tion due to the limited wafer space during fabrication and the risk of chip-to-chip
misalignment errors. Even though adding chips into the stack to form the electro-
magnetic structure may have a potential increase in performance, it comes with an
additional complexity that could result in the opposite effect.

The novel antenna design in figure 4.2 resulted from applying the design consid-
erations described above to the original array antenna topology with the outcomes
listed below.

• Measured gain above 38 dBi and bandwidth above 20%;
• standard flange connection by using two alignment pins and a nylon screw

clamping;
• low fabrication complexity on SOI technology with one DL etching step and

two HL etching steps;
• four chip stack.

26 mm
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Figure 4.2: CAD drawings of the antenna. From top left and clockwise, flange
mount procedure using two alignment pins and a nylon screw, antenna mounted on
the flange with a cut-out showing the different layers and two cross-section planes
(A, B), zoomed view of the antenna structure, and cross section view of the planes
A and B.
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4.4 Results and novelty

The design, fabrication, and measured performance of the antennas is reported in
Paper III of this thesis. The characterization of the antenna includes input reflec-
tions, radiation patterns, and gain measurements. Eight prototypes were manufac-
tured and characterized, providing some information on the process uniformity and
batch-to-batch repeatability. The pictures in figure 4.3 show one of the fabricated
32× 32 element antenna prototypes.

Figure 4.3: Picture of manufactured 32 × 32 element array antenna mounted on
standard waveguide flange. The left picture shows the antenna aperture, alignment
pins, and the nylon screw. The right picture shows a top view of the antenna.

The work in Paper III is the first successful attempt to implement a high-
gain waveguide array antenna in the subterahertz frequency band. A realized gain
of 38 dBi is achieved by using a low-loss SOI micromachining technology and a
fabrication-oriented design approach. Such high-gain subterahertz antennas were
only possible by the use of bulky lenses or reflectors before. The array antennas
presented in this thesis are currently being used for multi-gigabit per second (Gbps)
wireless communication link experiments as they are an enabling technology for
terahertz backhauling.



Chapter 5

Frequency beam steering

This chapter describes the work on frequency beam steering frontends through the
implementation of a high-gain leaky-wave antenna for sub-THz applications. Fre-
quency scanning antennas can change the direction of the main beam with a passive
beamforming network by solely changing the operation frequency. The simplicity,
low-cost, and reliability of such antennas makes them an outstanding solution for
radar applications. A more detailed description of the design, fabrication, and
characterization of the antenna can be found in Paper IV of this thesis. The work
described in this chapter was done in collaboration with L’Institut d’Électronique et
de Télécommunications de Rennes.

5.1 Background

Beam steering or scanning antennas can change the main beam direction of the
radiation pattern. Such antennas can produce either a continuous or a discrete
beam steering. Discrete beam steering techniques, also known as beam switching,
generate a finite number of beam directions in several steps and usually make use
of digital phase shifters or switching matrices. Continuous beam steering can, in
theory, achieve an infinite number of main beam directions within the field of view
(FoV) of the antenna using analog phase shifters or frequency scanning techniques
[127].

Frequency scanning antennas were first developed as an inertialess alternative
to electronically or mechanically scanning antennas [128]. The basic principle of
frequency scanning is based on the fact that the phase constant, β, of an electro-
magnetic wave propagating on a transmission line varies with frequency. The two
major groups of frequency scanning antennas are arrays fed by a true-time delay
(TTD) BFN, and LWAs.

33
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TTD beam steering antennas consist of an array of arbitrary radiating elements
that are fed by a passive BFN. The BFN produces the necessary phase distribution
in the aperture by adding transmission line sections of length s between consecutive
elements. The phase difference between different elements produced by the trans-
mission line sections increases with frequency and cycles with a period of 2π rad. In
equation 5.1, the angle of the main beam from broadside, θm, changes as a function
of the free-space wavenumber, k, the inter-element distance, d, the guided wave
number, kg, and the length of the transmission line section between elements, s.
The indexm refers to the infinite number of beams generated due to the 2π-periodic
equation.

sinθm = 1
kd

(kgs− 2mπ) (5.1)
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Figure 5.1: Schematic representation of true-time delay beam steering antennas (a)
in a series-fed configuration, and (b) in a parallel-fed configuration.
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A schematic representation of TTD frequency scanning antennas is shown in fig-
ure 5.1, where the elements of the array can be fed in series or parallel. Series-fed
arrays are relatively simple to implement, and they usually consist of a meandered
waveguide (the feed) from which the energy is coupled to the radiating elements
through directional couplers, figure 5.1a. The amplitude tapering of the aperture
can be then controlled by the directivity of the couplers and the propagation con-
stant, α, in the feeding transmission line. Due to their simplicity, series-fed beam
steering arrays have been widely used since the 1950s [1], and some more recent
implementations in the subterahertz frequency range are also found in the literature
[76]. Parallel-fed arrays, see figure 5.1b, require more complex BFNs, but they can
provide a larger bandwidth than the series-fed alternative, which is a benefit for
some applications such as radar [129].

LWAs, on the other hand, consist of a transmission line in which at least an
unbound mode propagates radiating into free space [1]. A well-known method to
generate such unbound mode in a transmission line is to introduce a periodic per-
turbation along the propagation direction. This method allows for the realization
of frequency scanning antennas with a simple construction, as shown in Paper IV
of this thesis.
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Figure 5.2: Schematic of a periodic LWA on a slotted dielectric PPW with (a) cross-
section of the antenna showing beam direction and (b) top view of the antenna.
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sinθn = βn

k0
, for 0 <

∣∣∣βn

k0

∣∣∣ < 1 (5.2)

βn =
(
β0 + 2π

d n
)

(5.3)

The angle of the main beam in a periodical LWA can be written as the ratio
between the phase constant of the nth Floquet harmonic, βn, and the free-space
wavenumber, k0, equation 5.2. This relation only applies when the radiation con-
dition in equation 5.2 is met. A transmission line with a phase constant β0 will
generate an infinite number of Floquet harmonics with phase constant βn when
loaded with a d-periodic perturbation, equation 5.3. Therefore, the phase con-
stant of each harmonic (for n 6= 0) has a frequency-dependent component and a
frequency-independent component (from the periodic perturbation) that generates
the beam steering. This phenomenon is depicted in figure 5.1 for a periodic LWA
implemented by a slotted dielectric PPW.

5.2 Motivation and challenges

One of the most relevant RF systems is radar (radio detection and ranging), see
Chapter 1. Radar systems were initially developed for military applications, but
nowadays, their presence is ubiquitous, and some examples of applications utilizing
radar are navigation, remote sensing, weather mapping, surveillance, astronomy,
traffic control, and defense [130]. The radar antenna is one of the most important
elements of the system, and it is related to two of the radar fundamental param-
eters: the resolution and coverage. The coverage, or maximum range, depends on
the transmitted power and gain of the antenna, while the resolution (cross-range)
depends on the gain, or beamwidth [1]. At the same time, the minimum detectable
object is proportional to the wavelength of the radar signal.

From all the above, a radar system operating at a higher frequency will have
a higher resolution and, potentially, a larger coverage (assuming all other parame-
ters remain the same). Although the latter does generally not apply above mmW
frequencies due to the available low power and the higher atmospheric attenua-
tion, subterahertz systems can enable extremely high-resolution radars due to the
high-gain of the antennas and the large available bandwidths [11].

Most radar applications require antennas capable of beam scanning, either me-
chanically or electronically. As described in section 5.1, frequency beam steering
is an attractive solution due to the low complexity of the required frontend. Addi-
tionally, radar signals have a low fractional bandwidth (FBW) in the subterahertz
region, reducing the beam-squinting generated by the frequency steering frontend,
which is one of the biggest drawbacks of such antennas at lower frequencies. There-
fore, frequency scanning antennas in the sub-mmW range are relevant for the devel-
opment of radar systems with high angular and range resolutions simultaneously.
However, their fabrication is extremely challenging, and very few implementations
can be found in the literature.
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The authors in [76] realized the first silicon micromachined frequency beam
steering frontend at subterahertz frequencies by using a series-fed TTD array an-
tenna. However, as described in section 5.1, series-fed array antennas tend to
exhibit extremely narrow bandwidths, increasing the beam-squinting and making
the antenna less attractive for radar applications. Alternatively, the authors in
[131] developed a microstrip LWA and demonstrated it for radar applications. Al-
though microstrip LWAs can operate in a broader bandwidth, they fail to achieve
high-gain, since the insertion loss of planar transmission lines is too high to realize
array antennas in the sub-mmW band and above. Hence, there is a clear demand
for high-gain beam steering frontends for the realization of compact radar systems.

The motivation behind the work in Paper IV is to demonstrate a compact,
frequency beam steering frontend at subterahertz frequencies. The fronted is com-
posed of a PPW LWA and a hollow-waveguide quasi-optical BFN. Some of the
advantages of this implementation over previously reported beam steering anten-
nas in this frequency range, see [76, 131], are the wideband operation, high-gain,
or low complexity.

SOI 3: Interface to standard
 waveguide flange

SOI 2: Pillbox

SOI 1: LWA

Teflon sheet

Input waveguide

H-plane horn
Transition to 
dielectric 
PPW

Coupling
 slots

LWA

24 mm

Figure 5.3: Drawing of the silicon micromachined antenna frontend. The frontend
consists of three SOI chips and a Teflon sheet integrating the LWA and the quasi-
optical BFN.

5.3 Design considerations

The drawing in figure 5.3 shows an exploded view of the complete RF frontend,
including an interface to the standard waveguide flange, a quasi-optical BFN, and
a LWA. The frontend generates a high-gain pencil-shaped beam that scans in el-
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evation in the 220 – 300GHz frequency range. For a detailed description of the
electromagnetic design, see Paper IV of this thesis.

Chip 3: Flange interface
Chip 2: Pillbox

Chip 1: LWA

Figure 5.4: Picture of the metalized
SOI micromachined chips after assembly.
Note the large aspect ratio membranes in
the chips containing the PPW structures,
which are up to 16mm×16mm×30µm

The two most important design con-
siderations for the implementation of
such a system in the sub-mmW band
are the realization of the stacked PPW
structure and the integration of a di-
electric material. Additionally, the
common fabrication issues detailed in
Chapter 2 must also be taken into ac-
count during the design of the antenna.

The PPW quasi-optical beamform-
ing structure shapes the beam in az-
imuth and is composed of a sectorial
H-plane horn, a parabolic reflector, a
set of two stacked PPWs, and the cou-
pling slots connecting them, see figure
5.3. This structure is known as a pill-

box, and due to the thin coupling slots required between the two PPWs, it becomes
challenging to fabricate as the frequency increases. Besides, in order to achieve a
narrow beam in azimuth, the size of the reflector, D, needs to be large, and so does
the focal distance, F , to keep a reasonable F/D value. All these considerations re-
quire the fabrication of large aspect ratio membranes, where SOI micromachining is
beneficial, due to the available thin DLs and the mechanical properties of monocrys-
talline silicon. The picture in figure 5.4 shows the three SOI micromachined chips
that form the antenna, after metallization and before bonding.

The integration of the dielectric material in the LWA is a straightforward so-
lution to avoid the radiation of the n = 0 Floquet harmonic, see Paper IV. The
selection of this material is another relevant consideration, since it must have a
good electromagnetic performance, and it must be compatible with the assembly
process. The specific requirements for this material are:

Topas COC 6017 Teflon

Figure 5.5: Dielectric integration process for COC (left), and Teflon (right). The
dielectric material is CNC-milled enabling self-assembly and stays encapsulated
between chip 1 and chip 2 after the bonding process.
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• Low loss in the sub-mmW region;
• low dielectric constant to avoid impedance mismatching, higher-order modes

in the PPW, and increased current density in the metal;
• easily machinable;
• withstand the thermal compression bonding process.
Two of the materials that were found to fulfill the specifications above are Topas

cyclic olefin copolymer (COC) [132], and Teflon [133]. The integration of both
materials into the PPW structure was tested, see figure 5.5. A 250 µm-thick sheet
of each material is CNC-milled, inserted into chip 1, and bonded together with
chip 2 and chip 3. While the integration of Teflon was successful and led to the
results in Paper IV, the antenna prototype assembled with a COC dielectric could
not be characterized due to the high coefficient of thermal expansion (CTE) of the
polymer that caused the rupture of the slotted membrane in the LWA.

5.4 Results and novelty

Figure 5.6: Picture of the high-gain fre-
quency beam steering frontend mounted
on a standard waveguide flange.

The design, fabrication, and measured
performance of two antenna prototypes
are reported in paper IV of this the-
sis. The electromagnetic characteri-
zation of the antenna includes input
reflections, directivity, and efficiency
measurements. The picture in figure
5.6 shows one of the fabricated anten-
nas mounted on a standard waveguide
flange during testing.

The work described in this chap-
ter represents the first compact, broad-
band, and high-gain beam steering
frontend in the subterahertz frequency
range, which has enabled the develop-
ment of a high-performance radar sys-
tem at THz frequencies [134].





Chapter 6

Reconfigurable frontends

This chapter describes a novel SPDT switch topology in waveguide technology de-
veloped for reconfigurable sub-mmW RF frontends. Reconfigurable frontends can
range from a switch that turns ON and OFF a transmitter or an internal calibra-
tion device, to multibeam or multiband complex systems that can actively change
the radiation pattern of the antenna or the operating frequency of the frontend.
Switches are one of the main building blocks of such frontends, but the most com-
mon solid-state switch technologies become too lossy when approaching the terahertz
range, while electromechanical switches face all the challenges already discussed in
this thesis. The solution described in this chapter combines the SOI micromachin-
ing waveguide technology with the MEMS reconfigurability to create a low-loss and
compact SPDT switch with a large integration potential.

6.1 Introduction

Single pole double throw (SPDT) switches are key components to provide recon-
figurability to RF systems. An SPDT switch has one input (pole) that can con-
nect and switch between two outputs (throws). The two most common microwave
switch technologies are mechanical and MEMS switches [135, 136], and solid-state
switches [137, 138]. The main benefits of solid-state switches are large-scale in-
tegration, small size, and fast switching speeds. On the other hand, mechanical
switches can generally handle higher power, exhibit lower insertion loss, and show
a superior figure of merit (FoM), specially as frequency increases [139].

One of the benefits of silicon micromachining is the ability for homogeneous
integration of MEMS actuators. Some work has already been done to develop sin-
gle pole single throw (SPST) MEMS switches [71, 73] and phase shifters [72] in
waveguide technology. However, SPST switches do not provide the necessary flex-
ibility to create complex switching networks. Reck et al. recently reported on a
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MEMS-based SPDT switch [140] based on an SOI micromachined MEMS actua-
tor embedded in a CNC-milled split-block metal housing for radiometer receiver
calibration. Although the device shows a good performance in the 420 – 500GHz
band, the need for CNC-milled metal blocks drastically increases the complexity,
cost, and IL of the switch. In addition, the out-of-plane switch design in [140]
makes its large scale integration extremely challenging, making it less attractive for
switching matrix implementations.

6.2 SPDT switch design

The design of the SPDT switch reported in this thesis consists of two stacked hybrid
couplers that are connected through an opening in the broadwall of the waveguide,
see figure 6.1. The opening of the waveguide contains the reconfigurable MEMS
surface with a set of fixed cantilevers and a set of moving cantilevers. When both
sets of cantilevers are misaligned, the aperture acts as an open slot connecting
the upper and lower waveguides. When the electrostatic comb drive is actuated,
both sets of cantilevers align with each other and short-circuit the electric field,
electrically closing the aperture. This MEMS surface was initially developed as an
SPST switch, and a more detailed description can be found in [73].

Stacked 
hybrid couplers

Connected  
MEMS switch
surfaces

Reactive
shorts

P

T1

T2

isolated

P
T1

isolatedT2

Figure 6.1: Electromagnetic simulation model and circuit representation of the
SPDT waveguide switch with one pole (P), two throws (T1 and T2), and an isolated
port. The three blocks composing the switch are (1) two stacked hybrid couplers, (2)
a reconfigurable MEMS surface that moves simultaneously for the two waveguides
creating either an open waveguide or a short, and (3) the reactive shorts used to
maximize the power transfer between the lower and upper waveguides in the open
state.

When the MEMS surface is actuated, state 1, the wave reflects in the lower
reactive shorts, unaltered by the opening in the waveguide, and recombines in the
T1 port. When the MEMS surface is not actuated, state 2, the wave couples to
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the upper waveguide with the help of the reactive shorts, and recombines in the T2
port through the upper coupler. In both states the unused throw-port is connected
to the isolated port, where a load is placed in order to absorb any incoming energy.

Some of the important advantages of this design over other sub-mmW SPDT
waveguide switches in the literature, [140], are the compact size and up-scaling
potential. Due to the planar configuration of this solution, it can be implemented
with a small number of stacked chips, which provide standard flange connection
and do not require bulky metal mounting blocks or fixtures. At the same time,
several switches can be integrated in-plane on the same chip, as well as out-of-plane
without necessarily increasing the fabrication and assembly complexity, enabling
large switching networks. In this section, two different implementations of the
switch are reported, a Dicke switch for receiver calibration and a switching matrix
for a reconfigurable antenna frontend.

6.2.1 Dicke switch configuration

One of the applications of this SPDT switch is receiver calibration. Radiometer
systems usually include a component known as the Dicke switch, which switches
the receiver port between the antenna and a calibration load in order to compensate
for system fluctuations. One of the most important parameters of this switch is the
insertion loss between the antenna port and the receiver port, since high insertion
loss would strongly deteriorate the noise temperature of the system. This limitation
makes solid-state switches not practical in the sub-mmW band, since their IL is
typically well above 3 dB [141, 142], and waveguide-based electromechanical systems
are preferred.

For this switch configuration, both the isolated port and the T1 port are loaded
with integrated silicon micromachined loads, as shown in figure 6.2. The T2 and P
ports are then axially aligned, enabling direct flange mount of the switch between
the antenna and the receiver. These two ports are labeled as P1 ad P2 in figure
6.2.

The left image in figure 6.2 shows the chip stack required to implement the
Dicke switch. The chips one and four provide the standard waveguide flange in-
terface, while chips two and three contain the waveguide switch structure and the
micromachined loads. For a more in-depth description of this integrated-absorber
technology, see [143]. The figure also shows the propagation of the electromagnetic
waves in the two possible states (LOAD or ANTENNA). In the LOAD state, center
image, the MEMS comb drive is actuated and the two stacked couplers are isolated
from each other. In this configuration, the receiver is looking at the load, while
any incoming energy from the antenna gets redirected to the isolated port. In the
ANTENNA state, right image, the MEMS comb drive is not actuated and the two
staked couplers are connected. In this configuration, the receiver is looking at the
antenna.
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Figure 6.2: Model of a single SPDT switch in a Dicke switch configuration (AN-
TENNA/LOAD). The chip stack, left image, is composed of four micromachined
chips with integrated silicon loads. The antenna (input) and receiver (output) ports
are axially aligned to enable direct flange connection. In the first state, the MEMS
surface is closed, see center images, and the receiver sees the LOAD. In the second
state, the MEMS surface is open, see the right images, and the receiver sees the
ANTENNA port.

6.2.2 Switching matrices

Switching matrices can provide the reconfigurability that RF frontends require for
beam steering applications. Although the frequency beam steering approach pre-
sented in Chapter 5 is a simple alternative for some applications such as radar,
other applications require the complete bandwidth of the transceiver for each beam
direction, for example, in wireless communications or high range resolution radars.
Beam switching systems are an interesting approach to achieve this broadband
operation and generally consist of a switching matrix and a passive beamforming
network. The SPDT waveguide switch described here is an excellent candidate for
the implementation of switching matrices, due to the low insertion loss and the
planar configuration.

A demonstrator of a 340GHz 1 × 4 switching matrix with an integrated lens
antenna-feed is shown in figure 6.3. The layout and SEM images in the figure
correspond to three of the chips that form the stack. On the left, the SOI chip
includes a distribution network using the lower couplers of the switch as reverse
couplers, and the MEMS surfaces. In the center, the silicon chip #2 includes the
second set of couplers for the signal recombination. On the right, the silicon chip #3
includes the lens antenna feed. Finally, the silicon chip #1 serves as an interface
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between the silicon micromachined waveguide in the SOI chip and the standard
waveguide flange.

1 mm1 mm1 mm

Figure 6.3: Layout and SEM images of three of the chips forming the 1×4 switching
matrix in WM570 waveguide technology. The SOI chip, left images, includes the
lower coupler network and the MEMS surfaces. The Si chip #2 includes the upper
coupler network and rerouting for the lens feed. The Si chip #3 includes the
impedance matching structure of the lens feed.

6.2.3 Fabrication
The chip-stack required for the SPDT switch fabrication is shown in figure 6.4. The
cross-section refers to the lens feed switching matrix in section 6.2.2. In the case
of the Dicke switch, the last chip of the stack (Si chip #3) is identical to the first
chip in the stack (Si chip #1) and provides a waveguide flange connection. Note
that the complexity of the chip stack does not change from a single SPDT switch
to a switching matrix with several switching units.

The only SOI chip in the stack is the one that contains the MEMS structure,
and all the other chips are etched from a double side polished (DSP) silicon wafer
with a 275µm thickness, same as the HL of the SOI wafer. This configuration
increases the yield of chips containing MEMS structures. The moving structure is
electrostatically actuated by a comb-drive, and the required biasing voltages are
routed on the DL of the SOI wafer.

The etching process of both wafers follows the process flow described in Chap-
ter 2, with a total number of eight photolithography masks. These masks are used
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Figure 6.4: Cross section of the chip stack forming a switching matrix to feed a
lens antenna. The stack includes three chips from a 275µm-thick silicon wafer, and
a chip from an SOI wafer containing the MEMS switches. The complete frontend
has a total height below 1.2mm.

to create the waveguide structures with out-of-plane impedance matching steps (in
all four chips), the MEMS actuators (in the SOI chip), clearance cavities for the
actuators and DC biasing (chip Si #3), and alignment structures (in all four chips).
The SEM images in figure 6.3 show some of these multi-step and moving structures.

After micromachining the chips by DRIE, the moving structures in the SOI
chip need to be released from the BOX, which is done by wet etching in a 50%
hydrofluoric acid (HF) solution. HF etches the BOX silicon oxide at a rate of
1.5 µmmin−1 approximately, and the chips are kept in the solution until all the
silicon oxide below the moving structures is consumed. The chips are dried in a
critical point dryer (CPD) to prevent that the moving structures collapse due to
surface tension in the liquid.

Finally the chips are gold-metalized in a DC sputtering tool and assembled as
described in Chapter 2.

6.3 Results and novelty

The compact, low-loss, broadband, and versatile SPDT switch reported in this
chapter enables the implementation of reconfigurable RF frontends in the sub-mmW
frequency range, including Dicke switches and large switching matrices, among
other possibilities. The use of switching matrices for subterahertz beam steering
applications represents a breakthrough in the technological development of active
RF frontends, since no such systems have been demonstrated in this frequency
range up to date.



6.3. RESULTS AND NOVELTY 47

This novel switch concept is being fabricated in the two configurations described
in section 6.2. However, the final metallization and bonding steps have not been
carried out yet, and no measured results of the device performance are available at
the time of publication of this thesis.





Chapter 7

Achievements, discussion and
future outlook

7.1 Achievements

This thesis compiles the development of several frontend components in the sub-
mmW frequency range by silicon on insulator micromachining. Such components
are a turnstile orthomode transducer in Chapter 3, a high-gain flat array antenna in
Chapter 4, a frequency beam steering frontend in Chapter 5, and an SPDT MEMS
switch in Chapter 6. The reasons that motivated the development of such compo-
nents in particular are related to the existing challenges towards the implementation
of terahertz frontends that, as described in Chapter 1 of this thesis, require:

• the realization of complex waveguide structures with a low fabrication com-
plexity;

• the development of new characterization techniques that simplify the mea-
surement setup;

• the development of simple flange-mount structures that avoid the use of test
fixtures;

• the realization of high-gain and compact antenna frontends with a low fabri-
cation complexity;

• and the development of reconfigurable RF frontends with a low fabrication
complexity;

Each of the components compiled in the thesis was realized to meet the needs
listed above and represents a novel development in the subterahertz region. In
particular, the following achievements can be outlined for this frequency range:

• first implementation of a turnstile OMT above 100GHz and first broadband
micromachined OMT;

• first characterization of a multi-port waveguide component without the need
of a CNC-milled test-fixtures;

• first implementation of a high-gain antenna (G > 30 dBi) non-based on re-
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flectors or lenses and, therefore, with a compact size;
• first implementation of a silicon micromachined quasi-optical BFN;
• first implementation of a flange-mount beam steering antenna frontend with

a high-gain and broadband operation;
• development of a novel SPDT switch technology, with the potential to enable

the first active antenna frontend;

7.2 Discussion and future outlook

The main conclusion to this thesis is that silicon micromachining represents a
promising solution for the development of passive sub-mmW components. Not
only due to the high-performance that it can enable, but also for the high level of
integration, mass production potential, and, ultimately, low-cost that this technol-
ogy has to offer. However, one of the current limitations of this technology is the
lack of standardized fabrication processes, which makes the fabrication-oriented de-
sign of the components highly dependent on the particular cleanroom facility, and
requires a large amount of manual steps in the fabrication flow. Some efforts are
being made towards the industrialization of terahertz systems [77], but the current
availability of sub-mmW components is very limited and their cost rather high.
This issue makes the development of new terahertz systems extremely rare and
almost limited only to scientific applications.

At the same time, the development of passive RF components is just a small part
of the efforts towards the availability of complete THz systems. The results from
this Ph.D. work represent a step forward in the right direction, since several compact
and high-performance devices have been demonstrated for the first time and novel
design and fabrication approaches have been developed. But the integration of the
active and passive parts of the RF frontend is one of the remaining big challenges
that must be solved. Only when compactly packaged standalone terahertz frontends
can be produced in a cost effective way, will it be possible to exploit the full potential
that the terahertz frequency range has to offer. Including, as already mentioned in
Chapter 1, imaging systems for medical, security, and defense applications; earth
and space observation; or ultra-fast wireless communications, among others.
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Compact Silicon-Micromachined Wideband
220–330-GHz Turnstile Orthomode Transducer

Adrian Gomez-Torrent , Graduate Student Member, IEEE, Umer Shah , Member, IEEE,
and Joachim Oberhammer , Senior Member, IEEE

Abstract—This paper reports on a turnstile-junction orthomode
transducer (OMT) implemented by silicon micromachining in the
220–330-GHz band. Turnstile OMTs are very wideband and allow
for co-planar ports but require accurate and complex geometries,
which makes their fabrication challenging at higher frequencies.
The compact 10 mm × 10 mm × 0.9 mm OMT-chip presented in
this paper is the first micromachined full-band OMT in any fre-
quency range and only the second turnstile OMT implemented
above 110 GHz. The measured insertion loss (0.3 dB average,
0.6 dB worst case) and the cross polarization (60 dB average,
30 dB worst case) over the whole waveguide band represent the
best performance of any wideband OMT, regardless of design or
fabrication technology, in the 220–330-GHz band. The return loss
with 22 dB average (16 dB worst case) is comparable with or better
than previous works. This paper discusses design considerations
and compromises of this complex 9-layer silicon micromachined
device, including the influence of side-wall slopes, underetching,
and postbonding misalignment between the chips. It is shown that
for a device that is very sensitive to geometrical variations, such
as a turnstile OMT, it is necessary to anticipate and compensate
for any fabrication imperfections in the design to achieve high RF
performance.

Index Terms—Deep reactive ion etching (DRIE), MEMS, mil-
limeter wave (mmW), orthomode transducer (OMT), silicon mi-
cromachining, terahertz (THz), turnstile.

I. INTRODUCTION

THERE is an increasing interest in millimeter-wave (mmW)
receivers for remote sensing in earth and space observa-

tion missions [1]. These receivers require orthomode transducers
(OMTs) to discriminate between the two orthogonal polariza-
tions present in the receiving antenna. At mmW frequencies, the
fabrication of OMTs becomes challenging due to their complex
geometries and small waveguide dimensions.

The Bøifot [2] and turnstile junction [3] are the most com-
monly used OMT designs due to their twofold symmetrical ge-
ometry that allows broadband operation up to a theoretical 60%
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fractional bandwidth (FBW) [4]. This is achieved by avoiding
the excitation of higher order TE11 and TM11 modes in the com-
mon square waveguide port. However, the twofold symmetry
increases the fabrication complexity of the required recombina-
tion networks.

An approach to simplify the fabrication of OMTs for the
mmW frequency range is to use onefold symmetrical geome-
tries that allow for simpler split-block fabrication at the cost of
a reduced operational bandwidth [5]–[7]. Reck and Chattopad-
hyay [6] have used high-precision CNC-milling to implement
an asymmetrical side-arm OMT working from 500–600 GHz.
Although they achieved good RF performance, it was difficult to
achieve good isolation levels due to the misalignment between
the metal blocks. Recently, the same authors have used silicon
micromachining to implement a similar OMT geometry with
improved fabrication accuracy compared with the CNC-milled
version [7]. Silicon micromachining has the advantages of very
accurate features and batch (high-volume) manufacturing capa-
bility, but it also suffers from design geometry limitations in
the out-of-plane-direction. The micromachined device achieved
superior RF performance in terms of insertion loss and cross
polarization.

However, many applications require full-waveguide-band op-
eration (40% FBW), requiring the use of the more complex
twofold symmetrical OMT concepts. Bøifot OMTs have been
broadly used at frequencies above 100 GHz since they only re-
quire a single recombination network, in contrast to the more
complex turnstile OMTs. Therefore, Bøifot OMTs have been
fabricated in a split-block configuration by high-precision ma-
chining for broadband applications, as shown by different pub-
lications in the 125–500-GHz frequency bands [8]–[11].

Wollack and Grammer [8] implemented a classical Bøifot
OMT in a split-block configuration by electric-discharge-
machining, manufacturing the septum as a separate piece pat-
terned by photolithography, with the shorting posts made of
copper–stainless steel wire. The OMT presented in [9] was also
fabricated in a split-block configuration by CNC-milling, imple-
menting the septum with a separately machined copper sheet,
and replacing the shorting pins with a stepped impedance trans-
former. Alternatively, Navarrini et al. [10] and Asayama and
Kamikura [11] avoided the use of a septum by using reverse-
coupling and double-ridged architectures, respectively, which,
however, limited the operation bandwidth to 30% FBW. While
these four works [8]–[11] reported excellent RF performance
at very high frequencies (up to 500 GHz), the fabrication and

2156-342X © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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delicate assembly of such high-precision machined parts are
very challenging and expensive. The resulting components were
heavy and bulky solid metal blocks with the need of thin septums
for full-band performance.

Turnstile OMTs are characterized by a more complex ar-
chitecture, since a recombination network is needed for each
polarization. A well-known approach for the fabrication of such
an OMT is to divide it into four split-blocks that intersect along
the common waveguide port axis [3]. The only implementa-
tion of a turnstile OMT above 110 GHz was reported for the
200–270-GHz frequency band [12]. Five identical OMTs were
manufactured in a four-block configuration using different met-
als and different machining techniques, and even though some
of the OMTs showed good performance, several alignment and
gap issues were described in the paper, which required manual
filling of the metal gaps to achieve the reported performance.

Some alternative techniques for the implementation of turn-
stile OMTs have also been developed, using electroforming or
wire erosion, but have only been used at lower frequencies, i.e.,
in the W-band [13], [14]. Virone et al. [14] divided the OMT
geometry into several layers, with simple two-dimensional ge-
ometries on each layer defined by wire erosion on metal plates.
These plates were stacked, resulting in a very compact design,
with high performance, and with the possibility of batch fabri-
cation and integration. However, this manufacturing technique
would be difficult to scale down for higher frequencies due to
the thin metal sheets required.

The turnstile OMT presented in this paper is designed for
full-band operation in the WM864 band, 220–330 GHz, and is,
to the best of our knowledge, the first broadband OMT im-
plemented by micromachining and only the second attempt
(besides [12]) to implement a turnstile OMT at frequencies
above 110 GHz. Preliminary return loss measurement results
with open-ended and shorted common-port configurations, for
validating the fabrication approach, were shown in [15]. In this
paper, full characterization results, including insertion loss, re-
turn loss for both polarizations, and the cross-polarization levels,
are presented for the first time. This paper discusses design de-
cisions and limitations of the micromachined implementation
of the turnstile OMT. Furthermore, this paper investigates the
influence of predictable fabrication imperfections by microma-
chining, which were compensated when optimizing the design.
Finally, an alignment-error analysis on the cross polarization
is carried out, based on the measured chip-to-chip alignment
errors of two fabricated prototype devices.

II. DESIGN

The design of turnstile OMTs has been extensively discussed
in the literature [3], [16]. Therefore, this section focuses on the
design considerations of such components at mmW frequencies
for implementation by silicon micromachining, i.e., the design
decisions taken to achieve optimum performance for a reason-
able fabrication complexity.

A three silicon-on-insulator (SOI) chip stack with three in-
dividually etched silicon sublayers is chosen to implement the
OMT, as shown in Figs. 1 and 2. This 9-layer structure was

Fig. 1. Three-dimensional drawings of the micromachined turnstile OMT
implementation. (a) Complete OMT design. (b) Perspective view of the turnstile
junction. (c) Top view of the turnstile junction, including all design parameters.
The design model considers the predicted side-wall slopes and underetching
characteristic for deep silicon etching.

Fig. 2. Cross-sectional views of (a) turnstile junction and E-plane bends and
(b) E-plane power combiner. The design model considers the predicted side-wall
slopes characteristic for deep silicon etching.

found to have the minimum complexity for implementing the
multiple recombination networks with high RF performance.
This fabrication complexity is acceptable since only three sil-
icon etch steps per wafer are required. These sublayers are of
different thicknesses, as shown in Fig. 2, but the subcompo-
nents of the device have been designed and optimized so that
the individual layers of each chip have the same thickness for
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Fig. 3. Exploded view of the 3-chip stack forming the OMT component.

all three chips, which allows one to use an identical fabrication
procedure for all three wafers or even to co-fabricate all chips
on the same wafer. A further design constraint considered was
the in-plane waveguide height of 275 µm as compared with a
full-height waveguide of 432 µm, which is determined by the
handle layer thickness of the SOI wafer and which was chosen
as a compromise between waveguide performance and etching
performance. This also implies that the scatterer post was lim-
ited to a maximum height of 275 µm. Except for minimum
feature sizes, there are no design constraints for the in-plane
geometries.

Fig. 2 shows how each polarization is rerouted either in Chip
1 or in Chip 3, while Chip 2 is used to implement the impedance
transformers for the E-plane power combiners and the out-of-
plane bends and acts as a separation between the waveguide
channels in Chips 1 and 3. An exploded view of the 3-chip stack
is shown in Fig. 3.

As a first design step, CST Microwave Studio was used for
the design of the individual subcomponents of the OMT. As
optimization criteria, a target return loss of 25 dB for the whole
band was set for all subcomponents to prevent reflections when
cascading the components in the full device.

The turnstile junction was designed as an 864 µm × 864 µm
square waveguide with four 275 µm × 864 µm reduced-height
waveguide ports, and a two-step square scatterer post at the
center, as shown in Fig. 1(b). The post acts as a tuning stub
to achieve the required matching, and the step height was op-
timized to 95 µm. Due to the height limitation for the post,
optimized inductive irises, as shown in Fig. 1, were added to
each rectangular waveguide to further improve the return loss.
Fig. 1(c) shows the final dimensions of the turnstile junction.

When designing a micromachined device of high complexity
in general, and specifically for a turnstile OMT requiring high
geometrical accuracy, it is important to consider the predictable
fabrication imperfections, which impact, in particular, the return
loss between the subcomponents. These comprise the mask un-
deretching and the side-wall sloping caused by the deep silicon
etching of the, from a micromachining perspective, very large
open areas of the 864-µm-wide waveguides. The expected un-
deretching was estimated from test fabrication runs of similar

Fig. 4. Cross-sectional SEM photograph of the turnstile post, after the first
etch in a test wafer, showing a 3.9◦ side-wall angle.

Fig. 5. Simulated return loss of (a) individual components and (b) both polar-
ization ports of the overall OMT, shown for the design that takes into account
(“compensated”) and that does not take into account (“noncompensated”) the
fabrication imperfections.

geometries and was compensated for in the photolithographical
mask design. The side-wall slopes were included in the opti-
mization of the simulation model with a 4◦ angle, as shown in
the drawings of the model in Figs. 1 and 2. The cross-sectional
scanning electron microscope (SEM) image, shown in Fig. 4,
of the fabricated turnstile junction shows a 3.9◦ side-wall angle,
very close to the predicted one.
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Fig. 5(a) shows the simulated return loss for the individual
subcomponents, i.e., the central turnstile junction, the H-plane
bends, the E-plane bends, and the E-plane power combiner,
along with the overall return loss for both polarization chan-
nels shown in Fig. 5(b). Some of the components were reop-
timized after cascading them to form the complete OMT. The
figure shows the influence of the fabrication imperfections: The
“compensated” traces show the simulation results for geome-
tries optimized by taking into account the predictable fabrication
imperfections, whereas the “noncompensated” traces show the
simulation results of optimized designs using ideal waveguides
whose geometries were modified by the predicted fabrication
imperfections.

In comparison with conventional E-plane split microma-
chined waveguides [7], the H-plane split approach based on
SOI wafers [17] provides well-defined sharp corners between
the lateral walls of the waveguides and the bottom layers, which
is important for accurately defining the small features neces-
sary for this turnstile OMT design. In addition, this H-plane
split approach has the advantage of a nanometer-scale surface
roughness of the wider sides of the waveguides, which drasti-
cally decreases the insertion loss, without any postprocessing
surface-smoothening techniques [17]. As shown in this paper,
this multilevel H-plane split approach allows for the implemen-
tation of micromachined waveguide components of high design
complexity, including out-of-plane bends for horizontal to ver-
tical waveguide transitions, vertically stepped transitions for
impedance matching, and complex and well-matched recombi-
nation networks.

III. FABRICATION

Deep reactive ion etching (DRIE) of SOI wafers has already
proven to be an accurate fabrication technology for low-loss
waveguides at mmW frequencies [17]. The SOI wafers utilized
in this paper are made of a 275-µm-thick silicon handle layer,
bonded to a 30-µm silicon device layer with a 3-µm buried
oxide (BOX) layer in between, as shown in Fig. 6. The handle
layer is used to define the waveguide channels, the BOX acts as
an etch stop, and the device layer forms the bottom wall of the
waveguide.

The detailed process flow is shown in Fig. 6 for the bottom-
most chip containing the turnstile junction. The wafers are first
thermally oxidized to form a 2-µm silicon dioxide hard-mask
layer on both sides of the wafer. The frontside and the first
backside mask patterns are transferred to these layers by pho-
tolithography and dry etching of the oxide layer. An additional
2-µm silicon dioxide film is deposited on the handle wafer using
plasma-enhanced chemical vapor deposition (PECVD) to form
the third hard mask, which allows etching of two different levels
from the backside, and is subsequently patterned with a third
mask.

The deep silicon etching of all three layers is performed in
an Applied Materials Centura Etch tool, based on an advanced
Bosch process. The selectivity of the process over the silicon
oxide mask is over 150:1, allowing the etching of deep trenches
with a high resolution since a relatively thin mask is required.
All oxide etching steps are performed in an SPTS Advanced

Fig. 6. Fabrication process flow for the turnstile junction of the OMT.
(a) SOI wafer. (b) Pattern SiO2 masks. (c) PECVD deposition of SiO2 Mask 3.
(d) Pattern SiO2 Mask 3. (e) DRIE through Mask 1. (f) DRIE through Mask 3.
(g) DRIE through Mask 2. (h) Gold sputtering.

Oxide Etch tool. First, the device layer is etched down to the
BOX layer with Mask 1. Then, the handle layer is etched with
Mask 3 to form the waveguide channels. After this etching step,
the remainder of Mask 3 is removed with plasma etching to
expose Mask 2, followed by the last silicon etching step, this
time not through the whole handle layer but only to a depth of
180 µm. This process allows accurate definition of the height
of both steps, since they are totally independent, and etching
time variations for the second step will not change the depth of
the first one. This and the resulting uninterrupted side-walls are
significant advantages over subsequent accumulated multistep
deep-etching techniques, as utilized in [7], but requires longer
etching times as well as high etching selectivity to the masks
and etch stop layers. Fig. 7 shows the SEM image of the turnstile
junction before and after the second etching step of the handle
layer.

Finally, the individual chips are cleaned in oxygen plasma
and metallized with a 2-µm-thick gold layer in a sputtering
tool. The skin depth at the lowest frequency of operation for
gold is 160 nm, less than one-tenth of the metal-layer thickness.
The SEM photographs in Fig. 8 show chips 1 and 3 after met-
allization, containing the turnstile junction, the recombination
networks, and the waveguide ports.

The OMTs are, then, assembled by stacking the three chips in
a custom-made holder for alignment and thermal-compression
bonded at 250 ◦C for 1 h. One of the E-plane U-bends from the
recombination networks can be seen in Fig. 9. This cross section
was obtained by dicing one of the assembled OMT prototypes
with a diamond saw and SEM imaging. The debris observed
in the image was caused by the dicing process, but we could
still analyze the bonding interface between the chips. No visible
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Fig. 7. SEM photograph of the turnstile junction (a) after the first etching step
in the handle layer and (b) after the second etching step in the handle layer.

gaps that would impact the performance of the micromachined
waveguides were observed.

A fabricated and assembled OMT device, mounted on a wave-
guide flange, is shown in Fig. 10. The size of the OMT, including
alignment pins, is half of the waveguide flange.

IV. MEASUREMENT SETUP

To facilitate the connection of the waveguide parts for full
characterization of the RF performance, two different chip sizes
with identical OMTs were implemented: A 10 mm × 10 mm
chip that allows for connection to the rectangular ports only and
a full-flange-sized 20 mm × 20 mm chip, shown in Fig. 11(b),
also allowing the connection to the square port. The first solution
enables the basic measurements of the return loss by leaving the
square port open and also allows for a first estimation of the
insertion loss and the cross-polarization level by shorting that
port. The second chip layout provides access to all three ports
of the OMT but requires the use of two additional custom-made

Fig. 8. SEM photograph of the metallized chips’ (a) turnstile junction and
(b) square port and E-plane power combiner.

Fig. 9. Cross-sectional SEM image of an assembled U-bend routing the signal
from Chip 1 to Chip 3.
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Fig. 10. Fabricated and assembled OMT device on a standard waveguide
flange. The OMT design fits into a 5 mm × 5 mm area, and the overall chip
size, including alignment-pin holes, is 10 mm × 10 mm.

Fig. 11. Measurement setup. (a) Silicon micromachined test fixture for routing
the device ports to the extender flanges. (b) OMT chip with all output ports
designed for full-scale waveguide flange connection.

micromachined test fixture chips for routing the waveguide ports
of the OMT to the standard waveguide ports of the frequency
extenders of a vector network analyzer (VNA).

The first test fixture chip is a rectangular to square waveguide
transition for independent characterization of each channel of
the OMT. The second test fixture, shown in Fig. 11(a), is a
40 mm × 20 mm large chip that routes one of the rectangular

ports in the OMT to one of the VNA extenders and loads the
other port with a matched absorber, as described in [18]. This
second test fixture enables the characterization of the insertion
loss and of the return loss for each channel while loading the iso-
lated port, as well as the measurement of the cross-polarization
level while loading the direct port.

All devices are designed with elliptical alignment holes, as
described in [19], to ensure repeatable and accurate alignment
between the silicon micromachined chips and the CNC-milled
standard test ports, superior to conventional alignment holes.

V. MEASUREMENT RESULTS

A Rohde & Schwarz ZVA-24 VNA with ZC330 frequency
extenders was used for the RF characterization of the com-
ponent. The reference planes for the measurements were set
in the waveguide test ports using a through-open-short-match
2-port calibration. Two OMT prototypes were fabricated in two
separate batches and characterized, the results of which are pre-
sented and discussed in this section. The results are also com-
pared, as presented in Table I, with prior art OMTs at mmW
frequencies, which were identified to be the most representative
high-frequency OMT results to date.

The reflection measurements for both polarizations are shown
in Fig. 12 for both devices and compared with the simulated
data. The measured return loss is better than 16 dB for both
polarizations over the whole waveguide band, with an average
value of 22 dB, and is in excellent agreement with simulation
data. Fig. 13 shows the insertion loss for both OMTs, better
than 0.6 dB for the whole band. The average insertion loss
value is better than 0.3 dB for both polarizations over the whole
waveguide band for any of the two OMTs.

The cross-polarization level for both OMTs is shown in
Fig. 14. Due to the nearly perfect twofold symmetry of the mi-
cromachined turnstile junction, the average cross-polarization
level is above 50 dB for OMT 1 and above 60 dB for OMT 2.
However, some spikes are present in both devices, which deteri-
orate the performance to a worst case level of 20 and 30 dB for
devices 1 and 2, respectively. These spikes are even visible for
OMT 1 as sharp signal drop-outs in the insertion loss shown in
Fig. 13. No noticeable S21 drop-outs are observed in the mea-
surements of OMT 2, which are in line with the lower level of
the spikes in the cross polarization.

The different factors contributing to these spikes were inves-
tigated in [20], where most of them are a direct consequence
of fabrication imperfections. Some of these factors, such as the
symmetry of recombined branches or gaps along waveguide
sections, are not applicable for the silicon micromachining ap-
proach used for this study, due to the photolithographic pat-
terning accuracy and the near-ideal metal bonding process, as
discussed in Section III. However, misalignment between the
chips in the stack could be a remaining issue, especially for the
turnstile junction, which is composed of all three chips.

Therefore, the misalignment between all chips for both OMTs
was investigated to study its influence on the cross-polarization
spikes. Alignment errors lower than 4 µm were measured be-
tween all chips using Vernier scales implemented on the corners
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TABLE I
COMPARISON OF mmW OMTS

Fig. 12. Measured versus simulated return loss for both fabricated OMT
prototypes. (a) Vertical polarization channel. (b) Horizontal polarization
channel.

Fig. 13. Measured versus simulated insertion loss for both fabricated OMT
prototypes. (a) Vertical polarization channel. (b) Horizontal polarization
channel.
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Fig. 14. Comparison of cross-polarization levels for both fabricated OMT pro-
totypes with simulated data including the effect of the measured misalignment.
(a) OMT 1. (b) OMT 2.

Fig. 15. Chip1-to-Chip2 misalignment for OMT 1 after bonding.

of each chip. The worst misalignment of 5 µm was found on
OMT 1 and is shown in Fig. 15, explaining the worst perfor-
mance of OMT 1 as compared with OMT 2. To confirm this,
both OMTs were resimulated, including the measured align-
ment errors. It was found that while the return loss performance
is not affected by these small misalignments in this frequency
range, the cross polarization can be strongly affected, as shown
in Fig. 14. The resimulated data adjusted by the alignment er-
rors agree very well with the measured cross polarization, with
the frequency spikes very well matching, despite the resimu-
lated peak values still being lower than the measured ones. In
a previous work [21], our group has shown that a misalign-

ment error better than 2 µm is possible for carefully assembled
3-chip stacks as used in this study, i.e., the already excellent
cross polarization can possibly be improved.

VI. CONCLUSION

The complete RF characterization of a full-waveguide-band
silicon micromachined turnstile OMT in the WM864 band
(220–330 GHz) is presented for the first time in this paper. The
full-band measured performance of the best OMT prototype (de-
vice 2), with better than worst case 16-dB return loss (average
of 22 dB), 0.6 dB worst case insertion loss (average of 0.3 dB),
and worst case 30 dB cross polarization (average 60 dB), is
better than any previously reported wideband OMT in this fre-
quency range. The design, taking fabrication imperfections into
account, uses a 3-chip stack with three etched levels each, re-
sulting in a compact device of size 10 mm × 10 mm × 0.9 mm,
including alignment-pin holes. A chip-misalignment analysis
has shown that the imperfections in the cross polarization are
attributed to the chip misalignment, which was up to 5 µm, and
the already excellent device performance could be further im-
proved by a more accurate assembly process. The very small
volume and footprint of this component, the coplanar output
port arrangement, and the ability for low-cost batch fabrication
combined with high performance make silicon micromachining
of turnstile OMTs a promising fabrication technology enabling
the integration of multipixel systems.
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Abstract
This paper reports for the first time on a micromachined interposer platform for
characterizing highly miniaturized multi-port sub-THz waveguide components. The
reduced size of such devices does often not allow to connect them to conventional
waveguide flanges. We demonstrate the micromachined interposer concept by char-
acterizing a miniaturized, three-port, 220–330-GHz turnstile orthomode transducer.
The interposer contains low-loss micromachined waveguides for routing the ports
of the device under test to standard waveguide flanges and integrated microma-
chined matched loads for terminating the unused ports. In addition to the interposer,
the measurement setup consists of a micromachined square-to-rectangular waveg-
uide transition. These two devices enable the characterization of such a complex
microwave component in four different configurations with a standard two-port mea-
surement setup. In addition, the design of the interposer allows for independent
characterization of its sub-components and, thus, for accurate de-embedding from
the measured data, as demonstrated in this paper. The measurement setup can be
custom-designed for each silicon micromachined device under test and co-fabricated
in the same wafer due to the batch nature of this process. The solution presented here
avoids the need of CNC-milled test-fixtures or waveguide pieces that deteriorate the
performance of the device under test and reduce the measurement accuracy.
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1 Introduction

Waveguide components working in the millimeter-wave (mmW) and sub-mmW
frequency ranges of the electromagnetic spectrum are of particular interest for
many applications due to their high performance and reduced size [1]. Silicon
micromachining of waveguide components and systems in this frequency range
enables high-complexity, high-performance, and drastically miniaturized devices [2–
4]. Although silicon-micromachined waveguide devices are usually substantially
smaller than waveguide flanges, it is often necessary to connect them to such flanges
in specific system architectures, or solely for their characterization.

A smart design can allow for the direct mounting of highly miniaturized microma-
chined components between two waveguide flanges, if axial and opposite-face port
arrangement is featured, as demonstrated for micromachined filters [5, 6] or switches
[7, 8]. However, such direct connection cannot be used for devices with an off-axis
port arrangement or multi-port devices if the device is smaller than the area required
for the individual flanges.

The conventional solution to characterize sub-THz devices, or to utilize them in
systems with internal flange connections, is to manufacture them in a CNC-milled
split-block configuration [9, 10], or to mount micromachined devices in CNC-milled
test fixtures [3, 11–13]. Such CNC-milled parts can be costly and difficult to fab-
ricate, and significantly add to the overall losses of the system due to inferior
manufacturing tolerances and the long waveguide sections required [3].

Another common approach for characterizing multi-port devices with a two-port
measurement system is to co-fabricate multiple devices in different port configu-
rations. For each configuration, two of the ports are accessible to standard waveg-
uide flanges and the remaining ports are, for instance, terminated with integrated
absorbers [12, 14, 15]. This avoids the need for long waveguide sections to re-route
each port but requires the fabrication of several prototypes that should be almost
identical, as it is otherwise not possible to extract accurate S-parameters. Moreover,
the loads in these measurement setups are integrated into the component and cannot
be characterized individually, thus their non-ideal behavior cannot be properly de-
embedded. This, together with the fact that the fabricated devices are not identical,
results in significant uncertainty in the measured S-parameters.

Silicon micromachining is an enabling fabrication technology for sub-THz waveg-
uide devices [1–4, 8, 11, 12, 16–18]. These cited works have demonstrated complex
and low-loss waveguide geometries, MEMS integration, or system-on-chip archi-
tectures. The authors have recently introduced a very low-loss micromachined
waveguide technology (0.02–0.07 dB/mm in the 220–330-GHz band, [17]), which is
a near-ideal candidate for routing waveguide signals in micromachined test fixtures.

In this paper, we report for the first time on a measurement setup for the charac-
terization of miniaturized multi-port waveguide components at sub-THz frequencies.
The silicon-micromachined interposer setup was used for the first time to character-
ize a recently published turnstile orthomode transducer (OMT) in the 220–330-GHz
frequency range [4]. The setup is composed of a silicon-micromachined interposer
and a square to rectangular waveguide transition, which replaces the alternative non-
optimal CNC-milled test fixtures. Besides a low-loss micromachined waveguide
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routing network, the interposer contains integrated micromachined loads to termi-
nate the unused ports in specific measurement configurations. This paper describes
the concept of the measurement setup, the interposer design with the integrated
micromachined matched-loads, reports on the characterization of all individual sub-
components, and discusses the effect of their performance on the characterization of
the device under test (DUT).

2 Measurement Requirements and Interposer Concept

The port arrangement of the turnstile OMT (the DUT) in [4] is shown in Fig. 1.
The DUT has a centered square waveguide port on one side and two rectangular
waveguide ports (vertical and horizontal polarization) in a non-axial, but rotationally
symmetric, arrangement on the opposing face. Due to the reduced size of the OMT
(5 mm × 5 mm × 0.9 mm), all three waveguide ports are located within a distance
of 4 mm, i.e., an area 16 times smaller than the standard flange footprint. Moreover,
the square port in the DUT carries the two orthogonal polarizations, so it consists of
two independent electrical ports (P1 and P2 in Fig. 1) that have to be accessed with
the vector network analyzer (VNA) during the measurements.

The characterization of this device requires routing the rectangular ports (P3 and
P4 in Fig. 1) with an offset of 20 mm (size of a standard test-port flange), and to
independently access ports P1 and P2 in the square waveguide. Furthermore, to char-
acterize the device in a two-port measurement setup, the test fixture must offer the
possibility of terminating the unused rectangular port in the different measurement
configurations.

Fig. 1 Device under test: The OMT-chip top and bottom face layouts with a non-axial port arrangement,
including micromachined alignment holes and holes for the waveguide screws according to the UG-387
standard flange. The square port is located at the center of the chip, while the rectangular ports are in a
rotationally symmetric arrangement at an offset to the square port on the opposing side
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The possibilities for characterizing different port configurations of the DUT are
shown in Fig. 2, utilizing a silicon-micromachined multi-step square-to-rectangular
waveguide transition and an interposer that routes one of the rectangular DUT ports
to the VNA test port. The interposer also contains two integrated micromachined
matched loads for terminating the third DUT port in different configurations, which
were recently published by the authors [19]. Since the two rectangular ports are rota-
tionally symmetric on the DUT, it is possible to connect either the vertical or the
horizontal polarization port (P3 or P4, respectively) of the DUT while the other port
is loaded by one of the integrated matched loads in the interposer, simply by rotating
the DUT through 90◦, as shown in Fig. 2.

Fig. 2 Concept drawings of the four (a–d) configurations used during the measurements, showing the S-
parameters extracted after de-embedding for each case. For changing from (a) to (b) configuration or for
changing from (c) to (d) configuration, the rectangular-to-square waveguide transition is unchanged, but
the OMT is rotated 90◦. For changing from (a) to (c) or (b) to (d) configuration, the rectangular-to-square
transition must be rotated 90◦
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The four measurement configurations are as follows:

(a) connect the V-pol channel in the square port and measure the V-pol rectangular
port, H-pol terminated by a matched load (S11, S31, S13, and S33);

(b) connect the H-pol channel in the square port and measure the H-pol rectangular
port, V-pol terminated by a matched load (S22, S42, S24, and S44);

(c) connect the H-pol channel in the square port and measure the V-pol rectangular
port, H-pol terminated by a matched load (S23 and S32);

(d) connect the V-pol channel in the square port and measure the H-pol rectangular
port, V-pol terminated by a matched load (S14 and S41).

The waveguide section that routes the signal in the interposer can be independently
characterized and thus de-embedded from the measurements. The de-embedding
process allows for the extraction of all the relevant RF parameters of the single multi-
port DUT from the measured raw data of the different dual-port measurements. The
lower uncertainty of microchip-to-metal flange interfaces as compared with metal-
to-metal-flange interfaces allow for significantly more accurate de-embedding of the
DUT performance from the measurements. The tighter tolerances of the silicon-
to-metal connection relies on a novel alignment hole approach, demonstrated by
Campion et al. by developing high-precision calibration shims for THz frequencies
[20, 21].

2.1 Interposer

The silicon micromachined interposer shown in Fig. 3, with a 20 mm × 40 mm
footprint, is used to route the signals from ports P3 and P4 from the DUT to the VNA,
according to the configurations shown in Fig. 2. Half of the chip area is utilized to
connect to the flange of one of the VNA test ports. The other half accommodates the
other test port flange, interfacing the DUT in two different positions allowing for the
measurement of the return loss and insertion loss for both polarization channels and
the cross-polarization of the OMT.

The interposer consists of two micromachined silicon-on-insulator (SOI) chips
that are bonded together, as shown in the cross section in Fig. 4. The 20-mm-long
waveguide section that routes the measurement signals and the pockets where the
integrated loads are inserted (as described in [19]) are micromachined in chip 1
(see Fig. 3). Chip 2 forms the upper broad-wall of the H-plane split waveguides (as
described in [17]) and contains the access ports. The total thickness of the interposer
is 0.6 mm, and each chip has three etched silicon layers that are used in the design for
impedance matching. Both chips are co-fabricated in the same SOI wafer together
with the DUT, and further fabrication details can be found in [4].

A photograph of the fabricated prototype is shown in Fig. 5. The dashed circles in
Fig. 5a represent the positions where the standard waveguide flange can be mounted.
The two offset mounting positions in the right part of the interposer are included to
allow independent characterization of the waveguide before the DUT measurements.
This feature is critical to accurately extract the S-parameters of the DUT from the
two-port measurements.
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Fig. 3 Interposer CAD drawing showing the top (chip 2) and bottom (chip 1) chips. Chip 1 contains the
waveguide section connecting the two measurement ports and the matched loads. Chip 2 forms the upper
broad-wall of the waveguides and contains the different access ports. A close-up drawing of an integrated
silicon-micromachined load is shown in the lower left inset, and a schematic drawing of the E-plane
bend interfacing the in-plane reduced height waveguides with the out-of-plane standard size waveguides
is shown in the lower right inset

The interposer mounted on one of the VNA ports is shown in Fig. 5b, which
interfaces to two of the DUT ports. The flange to chip alignment accuracy is better
than 5 μm, which is achieved by using a tight-fitting hole for one pin and an elliptical
hole for the other pin, as reported by Campion et al. in [20].

2.2 Rectangular-to-SquareWaveguide Transition

The rectangular-to-square transition shown in Fig. 6 is used to connect ports P1 and
P2 (polarizations of the common square port) independently while setting a virtual
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Fig. 4 Cross section showing the micromachined waveguides, the input E-plane bends, and the integrated
loads inside the interposer

short-circuit to the other polarization port (waveguide in cut-off). Figure 2 shows
how this transition can be mounted in two different positions to characterize either
the return loss and insertion loss of a channel, or its cross-polarization.

The rectangular-to-square transition is built with three micromachined SOI chips,
as shown in Fig. 6a, having a total size of 20 mm × 20 mm × 0.9 mm. The high
precision of the silicon micromachining process, together with the multi-step etching
capability (described in [4]), enables the design of stepped transitions, as shown in
Fig. 6b. The cross section of the transition in Fig. 7 shows the arrangement of the
three chips and the use of the different layers in the fabrication process to implement
the complex 3D geometry shown in Fig. 6b. Stepped transitions can be extremely
compact (shorter than λg in the entire frequency range) while keeping high return
loss (in this work, better than 25 dB in the entire band).

Once the transition is mounted on the test port, as shown in Fig. 6c, it provides
a square-waveguide interface for the common port in the OMT and loads one of the
two polarization channels, as shown in Fig. 6d, with mounted OMT on the transi-
tion. The loss and mismatching generated by the transition cannot be de-embedded

Fig. 5 Pictures of a fabricated silicon-micromachined interposer and b interposer mounted on the VNA
test-port. White dashed lines represent the footprint of the waveguide flange in the different mounting
positions
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(a) (b)

(c) (d)

Fig. 6 Rectangular-to-square waveguide transition. a CAD drawing of the chip including alignment holes.
b Detailed schematic drawing with waveguide dimensions. c Picture of the fabricated transition mounted
on the test port. d Transition and OMT mounted on the test port

from the measured data since a square waveguide calibration kit would be necessary.
Therefore, such compact micromachined transitions with low insertion loss and low
standing wave ratio are beneficial to obtain reliable measurement results.

3 Interposer Characterization

The S-parameters of the individual sub-components in the interposer must be mea-
sured in order to de-embed their effects from the measurements and obtain the
S-parameters of the DUT. This is one of the main advantages of this technique as
compared with the alternative approach of including the loads and long waveguide
sections directly into the DUT, where their effect cannot be accurately deducted.

The interposer includes several holes that allow alignment of the test port to the
different sub-components, as described in Section 2.1. The measured and simulated
S-parameters of the 20-mm-long waveguide section inside the interposer are shown

International Journal of Infrared and Millimeter Waves (2020) 41:245–257252



Fig. 7 Cross section of the square-to-rectangular waveguide transition. This compact design is achieved
by using a multi-step DRIE process that enables a six-step transition by stacking three silicon-on-insulator
chips

in Fig. 8. The measured insertion loss for the waveguide section ranges from 0.032 to
0.044 dB/mm, which is in good agreement with previously reported micromachined
waveguides in the same frequency range [17].

The measured and simulated S-parameters of the integrated silicon microma-
chined loads (including the effect of the E-plane bends) are shown in Fig. 9. The input
reflection level is in good agreement with the simulation data. Most of the reflections
come from the input bends shown in Fig. 3 that were designed to use a minimum
amount of chips; therefore, the return loss for these matched loads can be improved,
as already shown in [19]. The purpose of the loads during the measurement of the
OMT is to avoid strong resonances in the polarization channel not being measured.
Therefore, the absorption provided by these loads is enough for this application, and
mask space optimization was prioritized.

4 DUTMeasurements

The measurement procedure of the DUT, a turnstile orthomode transducer, is
described in Section 2. The four different configurations shown in Fig. 2 are needed
for the characterization of most of the S-parameters of the device, i.e., the insertion
loss, return loss, and cross-polarization for both channels. Isolation data (S12, S21,

Fig. 8 Measured S-parameters of the waveguide section inside the interposer. Solid blue lines show
measured data and black dashed lines show simulated data
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Fig. 9 Measured and simulated return loss of two integrated silicon loads, including the effect of the E-
plane bends. Blue and red solid lines are the measured data for both loads and dashed grey lines show
simulated data

S34, and S43) cannot be extracted using this measurement setup because ports P1 and
P2 or P3 and P4 cannot be accessed simultaneously.

The setup during measurements is shown in Fig. 10. A Rohde & Schwarz ZVA-24
VNA with ZC330 frequency extenders was used for the RF characterization of the
component. The two VNA ports are calibrated using through, open, short, and match
(TOSM) standards, which are measured to the reference plane that interfaces the sil-
icon micromachined measurement setup. A 90◦ H-plane bend is used to physically
accommodate both frequency extenders, and two additional straight waveguide sec-
tions (“dummy pieces”) are used to clamp the silicon chips using the screws in the
waveguide flanges to a torque of 0.1 N·m.

The de-embedding of the S-parameters of the waveguide section in the interposer
is done using the inverse T-matrix method [22]. The extracted S-parameters from the
DUT include the effect of the square-to-rectangular transition and assume a perfect
load in the non-measured ports. This assumption is only valid if the non-measured

Fig. 10 Picture of the setup during measurements
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(a)

(b)

Fig. 11 Comparison between the measured raw data (solid red lines) and the extracted S-parameter of the
OMT after de-embedding (solid blue lines) for the horizontal (a) and vertical (b) polarization channels.
Black dashed lines show simulated S-parameters of the OMT

ports belong to the isolated channel, and the de-embedding process could not be done
if low cross-polarization levels were observed. The measured cross-polarization for
this OMT is always better than 35 dB, as reported in [4]; therefore, this condition is
met.

The comparison between the measured raw data, the de-embedded data, and the
simulation data of the OMT for both polarization channels is plotted in Fig. 11. Both
the ripple generated by the long waveguide section and the extra 1-dB insertion loss
can be accurately subtracted from the measurement data by using the proposed setup.
More detailed measurement results of the turnstile OMT can be found in [4].

5 Conclusion

A silicon micromachined interposer for the characterization of highly miniaturized
multi-port waveguide components has been reported for the first time in this paper.
This measurement setup provides lower loss, at a much lower cost, and better flange-
to-chip alignment than conventional CNC-milled test fixtures, which provides better
de-embedding accuracy. The higher accuracy, lower cost, ability to integrate loads,
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and versatility of silicon micromachined test interposers make them an enabling tool
for the development of sub-THz waveguide components.

The entire test setup was manufactured simultaneously on the same wafer as the
device under test, taking advantage of the batch processing nature of silicon micro-
machining, making possible the fabrication of custom-made measurement setups for
every component. This solution was successfully tested for the characterization of a
silicon micromachined wideband OMT, thus allowing for the first time, to the best
of our knowledge, the characterization of a compact multi-port sub-THz waveguide
component without the need of any CNC-milled flanges or fittings.
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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

A. Gomez-Torrent and J. Oberhammer are with the Division of Micro and
Nanosystems, School of Electrical Engineering and Computer Science, KTH
Royal Institute of Technology, Stockholm SE-100 44, Sweden

T. Tomura, W. Kuramoto, and J. Hirokawa are with the Department of
Electrical and Electronic Engineering, Tokyo Institute of Technology, Tokyo
152-8552, Japan

I. Watanabe and A. Kasamatsu are with the National Institute of Information
and Communications Technology, Tokyo 184-8795, Japan

The contribution by KTH to this work has received funding from the
European Research Council (ERC) under the European Union’s Horizon
2020 research and innovation programme (grant agreement No 616846), and
the Swedish Foundation for Strategic Research Synergy Grant Electronics
SE13-007. This work is supported in part by JSPS Grand-in-Aid for Science
Research (17H01278).

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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m
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Nylon screw 
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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

22
m
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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Mask 1: thermal oxide

Mask 2: PECVD oxide

2 �m
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(d)

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)

(a)

(b)

20
 m

m
20

 m
m

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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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 to 300 GHz providing a
simulated field of view of 56◦. The design is based on a dielectric
filled 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 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 x 24 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.
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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
(SLLs), and beam steering capabilities, their scaling to sub-
THz frequencies implies many technological challenges.

A commonly used antenna for high frequency radar
applications 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 (ILAs) can be a good alternative
for applications requiring high gain in the sub-THz frequency
range [9]. ILAs provide a more compact solution than tra-
ditional optical systems since the source is in direct contact
with the substrate of the lens antenna. Konstantinidis et al. [10]
reported on a computer numerical control (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 del Pino et al. [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
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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 (LWAs), 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
implemented in microstrip technology.

The rather complex topology of BFNs for high gain
and beam steering antennas limits their implementation to
waveguide technology at sub-THz frequencies, since any
planar transmission line technology generates excessive loss.
Some work has been done in developing substrate integrated
waveguide (SIW) planar antennas in order to simplify the fab-
rication process by using printed circuit board (PCB) technol-
ogy [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 BFNs can be a good alternative to classical
BFNs. They can deliver compact, directive, and low loss anten-
nas, but its implementation at sub-THz frequencies 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 micro-
machining 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 BFNs.
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 nonidealities.

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 micromachin-
ing. 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 16x 16x 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
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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.

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-transverse electromagnetic (TEM) mode
generated by the pillbox, however, a pure TEM mode can be
considered for the initial antenna calculations

βy = 2π

λ0

√
�r (1)

ky,n =
(

βy + 2π

d
n

)
− jα (2)

sin(βn) ≈ βy,n/k0. (3)

The propagation constant, βy , of the unloaded PPW can be
written as in (1), where λ0 is the free-space wavelength, and
�r 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).

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

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.

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 14x 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
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TABLE I

DIMENSIONS OF PPW TO LWA TRANSITION

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.

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

Fig. 5. E-field representation of the quasi-optical BFN 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.

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

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

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]
and [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. [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 864x 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
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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.

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

a tradeoff 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 imple-
mented 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 Kungliga Tekniska Högskolan (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) and (b).
A 2 µm plasma enhanced physical vapor deposition (PECVD)
silicon oxide layer is deposited on the handle layer completely

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

covering Mask 2, which is patterned to form Mask 3. This
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 16x 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. 7(a) shows a scanning electron microscope (SEM) image
of a 16x 16 mm cavity etched with a nonoptimized 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. 7(b), which is acceptable and can be easily com-
pensated during 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 back-
side 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. 8(a)–(c). Fig. 8(d) 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.
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Fig. 9. Pictures of (a) 3 chips after metallization required to assemble one
antenna. (b) CNC-milled Teflon sheet inserted in micromachined chip 1 during
assembly process.

The three SOI chips needed for one antenna assembly after
metallization are shown in Fig. 9(a).

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 thick-
ness was taken into account in all the simulations to predict
its influence.

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

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.

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.

used before bonding for the chip-to-chip alignment and after
bonding to check the final alignment accuracy. Such low mis-
alignment 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 AR. 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 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 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 × 7 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
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Fig. 12. Antenna radiation pattern far-field measurement setup at IETR.

the millimeter-wave antenna test facility CAMILL at Institut
d’Électronique et de Télécommunications de Rennes (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 3-D
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 230−290 GHz range due to time limitations. The local
oscillator is a Keysight signal generator AG-N5173B.

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 ver-
ified and repeated measurements on the same device show
negligible deviations.

The elevation versus 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 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

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

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

cuts use an homogeneous elevation/azimuth grid, with the
axis of the north/south pole parallel to the optical axis of the
chamber and can be directly linked to the 3-D 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 2-D array factor.
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Fig. 15. Measured (solid lines) and simulated (dashed 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
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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.

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.

The realised gain and the radiation efficiency for both
antenna prototypes is plotted in Fig. 17. The differences
noticed between the radiation patterns obtained in measure-
ment 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
both antennas in the whole operation band, giving an average
radiation efficiency of −1 dB with a −1.9 dB worst case.

Fig. 17. Realized 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 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. CONCLUSION

A silicon micromachined low profile and high gain antenna
is reported in this paper. The antenna is based on a PPW
leaky-wave antenna fed by a pillbox quasi-optical BFN. Hol-
low 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.

The antenna generates a frequency steered pencil shaped
beam in elevation, and further work can extend its operation
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to 2-D 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.

REFERENCES

[1] G. Chattopadhyay, T. Reck, C. Lee, and C. Jung-Kubiak, “Microma-
chined packaging for terahertz systems,” Proc. IEEE, vol. 105, no. 6,
pp. 1139–1150, Jun. 2017.

[2] N. S. Barker, M. Bauwens, A. Lichtenberger, and R. Weikle, “Silicon-on-
insulator substrates as a micromachining platform for advanced terahertz
circuits,” Proc. IEEE, vol. 105, no. 6, pp. 1105–1120, Jun. 2017.

[3] K. B. Cooper, “Imaging, Doppler, and spectroscopic radars from 95 to
700 GHz,” Proc. SPIE, vol. 9830, pp. 983005-1–983005-9, May 2016.

[4] K. B. Cooper, R. J. Dengler, N. Llombart, B. Thomas, G. Chattopadhyay,
and P. H. Siegel, “THz imaging radar for standoff personnel screening,”
IEEE Trans. THz Sci. Technol., vol. 1, no. 1, pp. 169–182, Sep. 2011.

[5] J. Grajal et al., “3-D high-resolution imaging radar at 300 GHz with
enhanced FoV,” IEEE Trans. Microw. Theory Techn., vol. 63, no. 3,
pp. 1097–1107, Mar. 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 Trans. THz Sci.
Technol., vol. 7, no. 6, 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 Trans. THz Sci. Technol., vol. 5, no. 6, pp. 914–921,
Nov. 2015.

[8] B. Maffei et al., “High performance WR-1.5 corrugated horn based
on stacked rings,” Proc. SPIE, vol. 9153, pp. 91532W-1–91532W-9,
Jul. 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. New York, NY,
USA: Springer, 2018, pp. 3–36.

[10] K. Konstantinidis et al., “Low-THz dielectric lens antenna with inte-
grated waveguide feed,” IEEE Trans. THz Sci. Technol., vol. 7, no. 5,
pp. 572–581, Sep. 2017.

[11] M. Alonso-delPino, T. Reck, C. Jung-Kubiak, C. Lee, and
G. Chattopadhyay, “Development of silicon micromachined microlens
antennas at 1.9 THz,” IEEE Trans. THz Sci. Technol., vol. 7, no. 2,
pp. 191–198, Mar. 2017.

[12] M. Alonso-delPino, C. Jung-Kubiak, T. Reck, N. Llombart, and
G. Chattopadhyay, “Beam scanning of silicon lens antennas using
integrated piezomotors at submillimeter wavelengths,” IEEE Trans. THz
Sci. Technol., vol. 9, no. 1, pp. 47–54, Jan. 2019.

[13] K. Murano et al., “Low-profile terahertz radar based on broadband
leaky-wave beam steering,” IEEE Trans. THz Sci. Technol., vol. 7, no. 1,
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 Trans. Antennas Propag.,
vol. 56, no. 10, pp. 3143–3149, Oct. 2008.

[15] T. Djerafi and K. Wu, “A low-cost wideband 77-GHz planar Butler
matrix in SIW technology,” IEEE Trans. Antennas Propag., vol. 60,
no. 10, 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
Wireless Propag. Lett., vol. 9, pp. 859–862, 2010.

[17] F. Foglia Manzillo et al., “A wide-angle scanning switched-beam
antenna system in LTCC technology with high beam crossing levels for
V-band communications,” IEEE Trans. Antennas Propag., vol. 67, no. 1,
pp. 541–553, Jan. 2019.

[18] T. Potelon et al., “A low-profile broadband 32-slot continuous transverse
stub array for backhaul applications in E-band,” IEEE Trans. Antennas
Propag., vol. 65, no. 12, pp. 6307–6316, Dec. 2017.

[19] K. Fan, Z.-C. Hao, Q. Yuan, and W. Hong, “Development of a high
gain 325–500 GHz antenna using quasi-planar reflectors,” IEEE Trans.
Antennas Propag., vol. 65, no. 7, pp. 3384–3391, Jul. 2017.

[20] W. Rotman, “Wide-angle scanning with microwave double-layer pill-
boxes,” IRE Trans. Antennas Propag., vol. 6, no. 1, pp. 96–105,
Jan. 1958.

[21] B. Beuerle, J. Campion, U. Shah, and J. Oberhammer, “A very low
loss 220–325 GHz silicon micromachined waveguide technology,” IEEE
Trans. THz Sci. Technol., vol. 8, no. 2, pp. 248–250, Mar. 2018.

[22] T. J. Reck, C. Jung-Kubiak, J. Gill, and G. Chattopadhyay,
“Measurement of silicon micromachined waveguide components at
500–750 GHz,” IEEE Trans. THz Sci. Technol., vol. 4, no. 1, pp. 33–38,
Jan. 2014.

[23] A. Gomez-Torrent, U. Shah, and J. Oberhammer, “Compact silicon-
micromachined wideband 220–330-GHz turnstile orthomode trans-
ducer,” IEEE Trans. THz Sci. Technol., vol. 9, no. 1, pp. 38–46,
Jan. 2019.

[24] K. Tekkouk et al., “Corporate-feed slotted waveguide array antenna in
the 350-GHz band by silicon process,” IEEE Trans. Antennas Propag.,
vol. 65, no. 1, pp. 217–225, Jan. 2017.

[25] K. Sarabandi, A. Jam, M. Vahidpour, and J. East, “A novel frequency
beam-steering antenna array for submillimeter-wave applications,” IEEE
Trans. THz Sci. Technol., vol. 8, no. 6, pp. 654–665, Nov. 2018.

[26] A. A. Oliner, “Leaky-wave antennas,” in Antenna Engineering Hand-
book, R. C. Johnson, Ed. New York, NY, USA: McGraw-Hill, 1992,
pp. 280–338.

[27] J. Campion, U. Shah, and J. Oberhammer, “Elliptical alignment holes
enabling accurate direct assembly of micro-chips to standard waveguide
flanges at sub-THz frequencies,” in IEEE MTT-S Int. Microw. Symp.
Dig., Jun. 2017, pp. 1262–1265.

[28] A. R. Conn, N. I. M. Gould, and P. L. Toint, Trust Region Methods,
vol. 1. Philadelphia, PA, USA: SIAM, 2000.

Adrian Gomez-Torrent (GS’18) was born in Artar-
iáin, Spain, in 1990. He received the B.Sc. and
M.Sc. degrees from the Public University of Navarra
(UPNA), Pamplona, Spain, in 2014.

From 2013 to 2017, he was with the Antennas and
Microwave Components Groups, UPNA, where he
was involved with microwave passive devices and
silicon micromachining for RF/THz components.
Since 2017, he has been with the Division of Micro
and Nanosystems, Kungliga Tekniska Högskolan
(KTH) Royal Institute of Technology, Stockholm,

Sweden. His current research interests include silicon micromachining for
microwave and subTHz passive waveguide components, antennas, and switch-
ing networks for beam-steering applications.

María García-Vigueras received the M.Sc. degree
in telecommunications engineering and the Ph.D.
degree from the Technical University of Cartagena,
Cartagena, Spain, in 2007 and 2012, respectively.

From 2012 to 2015, she was a Research Fel-
low with the Laboratory of Electromagnetism and
Antennas, École Polytechnique Fédéral de Lausanne,
Lausanne, Switzerland. She is currently an Assistant
Professor with the Institut National des Sciences
Appliquées de Rennes, Rennes, France. She has
coauthored more than 15 IEEE journals and 40 pub-

lications in international conferences. Her current research interests include
leaky wave antennas, periodic surfaces, waveguide feed chain components,
and the evaluation of additive manufacturing’s potential for RF design.

Dr. García-Vigueras was a recipient of several prizes, including two Best
Ph.D. Thesis Awards from COIT/AEIT in 2014 and UPCT in 2013, respec-
tively, in Spain, the Best Paper Awards in China, and the EuCAP 2012 Award
in Prague.



682 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 68, NO. 2, FEBRUARY 2020

Laurent Le Coq received the degree in elec-
tronic engineering and radiocommunications, the
french DEA (M.Sc.) degree in electronics, and
the Ph.D. degree from the National Institute of
Applied Science (INSA), Rennes, in 1995 and 1999,
respectively.

In 1999, he joined the Institute of Electronics and
Telecommunications of Rennes (IETR), University
of Rennes 1, Rennes, as a Research Lab Engineer,
responsible of antenna centi- and milli-meter wave
range test facilities. Since 2018, he has been the

Scientific Manager of manufacturing measurement and analysis of radiating
systems (M2ARS) with the IETR Facility Unit, bringing together seven facili-
ties dedicated to Electro Magnetic studies up to 500 GHz, among which three
antenna test and imaging facilities (up to 300 GHz) and a prototyping service.
His activities in antenna measurements and development of related procedures
involved him in more than 30 research contracts of national or European
interest. He has authored or coauthored more than 50 journal articles and
50 papers in conference proceedings.

Adham Mahmoud, photograph and biography not available at the time of
publication.

Mauro Ettorre (M’08–SM’15) received the Laurea
degree (summa cum laude) in electrical engineering
and the Ph.D. degree in electromagnetics from the
University of Siena, Siena, Italy, in 2004 and 2008,
respectively. Part of his Ph.D. work was developed at
the Netherlands Organisation for Applied Scientific
Research (TNO), The Hague, The Netherlands.

He was an Antenna Researcher with TNO. From
2008 to 2010, he was a Post-Doctoral Fellow with
the Institut d’Electronique et de Télécommunications
de Rennes (IETR), University of Rennes 1, Rennes,

France. In 2010 and 2016, he was a Visiting Scholar with the Radiation
Laboratory, Department of Electrical Engineering and Computer Science,
University of Michigan, Ann Arbor, MI, USA. Since October 2010, he
has been a Research Scientist with the Centre National de la Recherche
Scientifique (CNRS), IETR. In 2014, he assumed responsibilities for the
multi-beam antenna activity for satellite applications in the joint laboratory
between IETR and Thales Alenia Space, Toulouse, France. In 2015, he
was an Invited Professor with the Tokyo Institute of Technology (TIT),
Tokyo, Japan. Since 2016, he has been the Secretary of the French National
Committee for Scientific Research, Section 08 (micro- and nanotechnologies,
photonics, electromagnetism), CNRS, Paris, France. His current research
interests include the analysis and design of leaky-wave antennas, periodic
structures, millimeter-wave antennas, nondiffractive radiation and localized
waves, near-field focusing techniques, and wireless power transfer systems.

Dr. Ettorre was a member of the Best Paper Award Selection Committee
of the IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY,
in 2017, 2018, and 2019. He was a recipient of the Young Antenna Engineer
Prize from the 2008 ESA Antenna Workshop, The Netherlands, the Innovation
Award from the 2018 ESA Antenna Workshop, The Netherlands, and the Best
Paper Award in Electromagnetics and Antenna Theory from the 2018 Euro-
pean Conference on Antennas and Propagation (EuCAP), London, U.K. Since
2017, he has been an Associate Editor of the IEEE TRANSACTIONS ON

ANTENNAS AND PROPAGATION.

Ronan Sauleau (M’04–SM’06–F’18) received the
M.Sc. degree in electrical engineering and radio
communications from the Institut National des
Sciences Appliquées de Rennes, Rennes, France,
in 1995, the Agrégation degree from the École
Normale Supérieure de Cachan, Cachan, France,
in 1996, and the Ph.D. degree in signal process-
ing and telecommunications and the Habilitation
à Diriger des Recherches degree from the Uni-
versity of Rennes 1, Rennes, in 1999 and 2005,
respectively.

From 2000 to 2005 and from 2005 to 2009, he was an Assistant Professor
and an Associate Professor with the University of Rennes 1, respectively,
where he has been a Full Professor since 2009. He is currently the Co-Director
of the Department of Antenna and Microwave Devices, Institut d’Electronique
et de Télecommunications de Rennes (IETR), Rennes, where he is also the
Deputy Director. He has shared the responsibility of the research activities
on antennas at IETR in 2010 and 2011. He has been involved in more than
35 research projects at the national and European levels and has co-supervised
20 post-doctoral fellows, 35 Ph.D. students, and 50 master’s students. He has
authored or coauthored more than 195 journal articles and 410 publications
in international conferences and workshops. He holds 14 patents. His current
research interests include numerical modeling (mainly FDTD), millimeter-
wave printed and reconfigurable antennas, substrate-integrated waveguide
antennas, lens-based focusing devices, periodic and nonperiodic structures
(electromagnetic bandgap materials, metamaterials, reflectarrays, and trans-
mitarrays), and biological effects of millimeter waves.

Dr. Sauleau was elevated to a Junior Member of the Institut Univer-
sitaire de France in 2007. He is a member of the Board of Directors
of EurAAP. He was a recipient of the 2004 ISAP Conference Young
Researcher Scientist Fellowship, Japan, the first Young Researcher Prize in
Brittany, France, in 2001, for his research work on gain-enhanced Fabry–Perot
antennas, and the Bronze Medal by CNRS in 2008. He was a co-recipient
of several international conference awards with some of his students (Int.
Sch. of BioEM 2005, BEMS’2006, MRRS’2008, E-MRS’2011, BEMS’2011,
IMS’2012, Antem’2012, and BioEM’2015). He served as a Guest Editor for
the IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION Special Issue
on Antennas and Propagation at mm and sub mm Waves. He served as a
National Delegate for COST VISTA. Since 2013, he has been a National
Delegate for EurAAP.

Joachim Oberhammer (M’06–SM’12) was born
in Brunico, Italy, in 1976. He received the M.Sc.
degree in electrical engineering from the Graz
University of Technology, Graz, Austria, in 2000,
and the Ph.D. degree from the Kungliga Tekniska
Högskolan (KTH) Royal Institute of Technology,
Stockholm, Sweden, in 2004.

He was a Post-Doctoral Research Fellow with
Nanyang Technological University, Singapore,
in 2004, and Kyoto University, Kyoto, Japan,
in 2008. Since 2005, he has been leading radio-

frequency/microwave/terahertz microelectromechanical systems research at
the KTH Royal Institute of Technology; has been an Associate Professor
with the KTH Royal Institute of Technology since 2010; and has also been a
Professor of microwave and THz microsystems with the KTH Royal Institute
of Technology since 2015. He was a Guest Researcher with Nanyang
Technological University in 2007 and with the NASA Jet Propulsion
Laboratory, Pasadena, CA, USA, in 2014. He has authored or coauthored
more than 100 reviewed research articles and holds four patents.

Dr. Oberhammer served as a TPRC member for IEEE Transducers
2009 and 2015, the IEEE International Microwave Symposiums 2010–2016,
the IEEE Micro Electro Mechanical Systems 2011 and 2012, and the IEEE
Radio and Wireless Week 2015 and 2016. He has been a Steering Group
Member of the IEEE MTT-S and AP-S Chapters Sweden since 2009.
In 2013, he received an ERC Consolidator Grant by the European Research
Council. Since 2014, he has been a Steering Group Member of the Young
Academy of Sweden. He was a recipient of the Award by the Ericsson
Research Foundation, a grant by the Swedish Innovation Bridge, and a
scholarship by the Japanese Society for the Promotion of Science, in 2004,
2007, and 2008, respectively. The research work, his heading received six
Best Paper Awards (five of which at IEEE conferences) and four IEEE
Graduate Fellowship Awards (by the IEEE MTT-S and by AP-S) since 2009.


