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Abstract

This thesis presents research towards enabling micromachined millimeter
and submillimeter wave focal plane arrays (FPAs). The FPAs operate under
the following principle: a switch network consisting of microelectromechanical
(MEMS) switches, integrated with micromachined waveguides, is used to feed
an array of antenna elements, located in the focal plane of a high-gain quasi-
optical system. Hence, it is possible to switch between a set of narrow beams
in different directions. Such beam steering systems are needed for future
millimeter and submillimeter wave imaging and communication systems. The
contributions to future MEMS-switchable FPAs presented here are organized
in three papers, as described below.

Paper I presents a criterion on the spacing between adjacent FPA ele-
ments which results in −3 dB overlap between the switched beams, for the
special case when an extended hemispherical dielectric lens is used as the
optical system. A key step towards this criterion is a closed-form relation
between the scan angle and the FPA element’s position, which results in an
expression for the effective focal length of extended hemispherical lenses. A
comparison with full-wave simulations demonstrates an excellent agreement
with the presented theoretical results. Finally, it is shown that the maximum
feasible FPA spacing when using an extended hemispherical lens is about 0.7
wavelengths.

Paper II presents a numerical study of silicon-micromachined planar ex-
tended hemispherical lenses, with up to three matching regions used to re-
duce internal reflections. The effective permittivity of the matching regions is
tailor-made by etching periodic holes in the silicon wafer. The optimal thick-
ness and permittivity of the matching regions were determined using TRF
optimization, in order to yield the maximum wide-band aperture efficiency
and small side-lobes. We introduce a new matching region geometry, referred
to as shifted-type matching regions, and it is demonstrated that using three
shifted-type matching regions results in twice as large aperture efficiency as
compared to using three conventional concentric-type matching regions.

Paper III presents a submillimeter-wave single-pole single-throw (SPST)
500 − 750 GHz MEMS waveguide switch, based on a MEMS-reconfigurable
surface inserted between two waveguide flanges. A detailed design param-
eter study is carried out to select the best combination of the number of
horizontal bars and vertical columns of the MEMS-reconfigurable surface, for
achieving a low insertion loss in the transmissive state and a high isolation in
the blocking state. A method is presented to model the non-ideal electrical
contacts between the vertical cantilevers of the MEMS surface, with an ex-
cellent agreement between the simulated and measured isolation. It is shown
that the isolation can be improved by replacing an ohmic contact by a new,
capacitive contact. The measured isolation of the switch prototype is better
than 19 dB and the measured insertion loss is between 2.5 and 3 dB.
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Sammanfattning

Denna avhandling presenterar forskning som syftar till att möjliggöra
fokalplans-gruppantenner (FPAs) för v̊aglängder i millimeter och submillime-
teromr̊adet. Principen för en s̊adan FPAs funktion är följande: ett nätverk
best̊aende av mikroelektromekaniska (MEMS) switchar, används för att välja
mellan de olika antenn-elementen i en gruppantenn, som placerats i fokalplanet
av ett optiskt system. Därmed blir det möjligt att välja fr̊an en uppsät-
tning av smala lober i olika riktningar. S̊adana lob-styrningssystem behövs
för framtida radar- och kommunikationssystem i millimeter och submillime-
teromr̊adet. Resultaten är uppdelade i tre vetenskapliga artiklar, som beskrivs
nedan.

I den första artikeln (Paper I) presenteras ett villkor för avst̊andet mel-
lan närliggande FPA-element som resulterar i −3 dB överlappning mellan
de switchade loberna, för specialfallet d̊a en förlängd hemisfärisk lins an-
vänds som optiskt system. Det viktigaste steget mot att hitta detta villkor
är att bestämma en analytisk relation mellan avsökningsvinkeln och FPA-
elementens position. Detta resulterar i ett uttryck för den effektiva fokalläng-
den för denna typ av lins. En utmärkt överensstämelse har funnits mellan
dessa relationer och simuleringar. Slutligen visas det att de största möjliga
FPA-avst̊anden för en förlängd hemisfärisk lins är ungefär 0.7 v̊aglängder,
vilket uppn̊as för linser med l̊ag permittivitet.

I den andra artikeln (Paper II) presenteras en numerisk studie av plana
förlängda hemisfäriska linser, som kan produceras fr̊an en kiselskiva. Linserna
har upp till tre matchningsregioner, som används för att reducera interna re-
flektioner. Den effektiva permittiviteten av de matchande regionerna skräd-
darsys genom etsning av periodiska h̊al i kiselskivan. Den optimala tjockleken
och permittiviteten av de matchande regionerna har bestämts med hjälp av
TRF-optimering, för att ge maximal bredbandig direktivitet och minimala sid-
lober. En ny geometri introduceras för matchningsregionerna, som vi kallar
matchningsregioner av skiftad typ. Vi visar att användning av tre matchn-
ingsregioner av skiftad typ resulterar i en dubbelt s̊a hög apertur-effektivitet,
jämfört med att använda tre konventionella matchningsregioner av koncen-
trisk typ.

I den tredje artikeln (Paper III) presenteras en MEMS-switch för rektan-
gulära v̊agledare, för frekvensomr̊adet 500−750 GHz. Baserat p̊a en designpa-
rameterstudie har den bästa kombinationen av antalet horisontella rader och
vertikala kolumner hos den MEMS-konfigurerbara ytan valts ut, för att up-
pn̊a l̊aga förluster i det öppna tillst̊andet och hög isolation i det blockerande
tillst̊andet. I artikeln presenteras en metod för att modellera icke-perfekta
elektriska kontakter mellan de fixerade och de rörliga delarna i MEMS-ytan.
Denna metod uppvisar en utmärkt överensstämmelse mellan den simulerade
och den uppmätta isolationen. Vi visara att isolationen kan förbättras med
hjälp av en ny typ av kapacitiv kontakt. Den uppmätta isolationen hos den
presenterade switch-prototypen är högre än 19 dB, och den uppmätta förlus-
ten är mellan 2.5 och 3 dB.
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Wijngaart, Niclas Roxhed and Kristinn Gylfason. I would also like to thank Hans
Sohlström for teaching advice, and for proofreading this thesis! I want to thank
Mikael Bergqvist for his skillful CNC-milling to make several custom-made tools I
needed in the lab, and for once helping me fix my car! I would also like to thank
Cecilia Aronsson for helping me to get started in the cleanroom, and Stephan
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Chapter 1

Introduction
“Even if you want to pursue some other topic
than physics, such as electrical engineering or
chemistry, it is a good idea to start by study-
ing physics. This will give you a fundamental
understanding of nature, and it will help you
to develop problem-solving skills that will help
you in basically any field of engineering and re-
search.”

Christer Larsson, 2009.

Ever since the invention of radio technology, radio frequency (RF) engineering
has been striving towards increasingly high frequencies. This is evident by the nam-
ing of the frequency band standards, e.g. “Very High Frequency” (VHF), defined as
30− 300 MHz, and “Ultra High Frequency” (UHF), defined as 300 MHz − 3 GHz.
While 3 GHz was once thought of as an “ultra high” frequency, many modern
smartphones can now use the 5 GHz WiFi band. Meanwhile, there is a lot of in-
teresting research in the millimeter wave (30 − 300 GHz) bands, such as 60 GHz
communication systems (see e.g. [1, 2]) and 77 GHz automotive radar (see e.g. [3]).
There is also a lot of interesting research ongoing for submillimeter wave frequencies
(> 300 GHz), where the 675 GHz radar developed at JPL is an impressive example
[4, 5].

What is the reason for this interest in high frequencies? To answer this question,
Section 1.1 presents a brief review of millimeter and submillimeter wave research.
Thereafter, we discuss the need for beam steering and micromachining for millimeter
and submillimeter wave frequencies in Sections 1.2 and 1.3. With this background
in mind, the thesis outline is presented in Section 1.4.

1



2 CHAPTER 1. INTRODUCTION

1.1 Millimeter and submillimeter wave research

The need for larger bandwidths

There are several advantages of the millimeter and submillimeter wave frequency
bands, which make them of interest for classical RF and microwave applications
such as wireless communication and radar. The most important advantage of going
to higher frequency is that this enables larger bandwidth than for the lower RF
frequencies. Larger bandwidths makes it possible to achieve higher data rates in
telecommunications systems, and better range resolution in radar systems (see (1.1)
below). The amount of unlicensed frequency bands with large bandwidths within
the millimeter and submillimeter wave range is very large (see e.g. [2]).

From a device-level perspective, it is also easy to understand why higher fre-
quencies results in larger bandwidths. Consider as an example a passive device
(e.g. an antenna) designed with a modest 10% relative bandwidth. This device can
operate with an absolute bandwidth of 100 MHz at a center frequency of 1 GHz,
but a significantly larger absolute bandwidth of 1 GHz at a center frequency of
10 GHz. By going to higher frequencies it is thus possible to achieve large absolute
bandwidths, while using components designed for a modest, or even narrowband
relative bandwidth. Another benefit of going to higher frequencies is that this en-
ables devices to be scaled down in size, since the size of microwave components
typically scale with the wavelength. As an example, the antenna gain is propor-
tional to the aperture area divided by the square wavelength λ2, see (2.9). By
doubling the center frequency, it is thus in principle possible to reduce the diameter
of the antenna by a factor of 1/4, while remaining the same gain.

The radar range resolution Δr is related to the bandwidth B (measured in Hz)
according to the range resolution formula, (see e.g. [6]):

Δr =
c

2B
, (1.1)

where c is the speed of light. According to this formula, 30 GHz bandwidth would
be needed to achieve a range resolution of 5 mm. This sub-centimeter resolution
is a goal for security scanning applications, in order to detect concealed weapons
beneath clothing [4, 5]. At a center frequency of 300 GHz, this can be achieved
with a modest relative bandwidth of 10%.

The THz gap - challenges and applications

In the previous section, we noted the benefits of pushing RF applications towards
millimeter and submillimeter wave frequencies. However, there are several chal-
lenges which need to be overcome. One limitation is that the atmospheric absorp-
tion tends to increase with increasing frequency, with peak absorption at certain
frequencies. The peaks are mainly due to water vapor and oxygen in the atmo-
sphere. A graph showing the atmospheric absorption as a function of frequency



1.2. BEAM STEERING 3

can be found in many references, e.g. [7, 8]. As a consequence, the most inter-
esting frequency bands in the millimeter and submillimeter wave bands lie in the
atmospheric absorption windows between absorption peaks. The most important
transmission windows are around 340, 675 and 850 GHz (see e.g. [5]). Millimeter
and submillimeter wave frequencies are also of interest for space and radio astron-
omy applications, where the atmospheric absorption plays a different role [9].

There is a general trend where the generated output power of high-power RF
sources is decreasing with increasing frequency [10, 11]. Meanwhile, there is a
similar trend when tending to lower frequencies from the infrared optics domain [10].
The gap between RF and infrared frequencies has for a long time been considered
a very challenging frequency range due to the large atmospheric absorption, in
combination with the limitations on THz generation and detection. This gap is
often referred to as the “THz gap”.

Despite the challenges of THz research, there are already some very impressive
demonstrations of submillimeter wave equipment, such as the 675 GHz radar de-
scribed in [4, 5]. High-resolution radar can be used to detect concealed weapons
hidden beneath clothing in checkpoints at e.g. airports [5, 4, 12]. There are also
several space and radio astronomy applications. An interesting review of THz in-
strumentation for space and radio astronomy is presented in [9]. Recently, it has
been suggested that high-resolution radar could be used to help spacecrafts to land
on planets [13]. There is also research on making real-time“terahertz cameras” [14].

1.2 Beam steering

As stated in the previous section, high-resolution radar and wireless communica-
tion systems with high data-rates are among the most important applications for
millimeter and submillimeter wave frequencies. For both classes of applications,
there is a need for high-gain antennas which can be steered in different directions.
Steering the antenna’s main lobe is referred to as beam steering. Simply put, beam
steering enables wireless signals to be transmitted and received to/from different
directions, without manually changing the orientation of the antenna.

Beam steering can be either mechanical or electrical. An example of mechanical
beam steering is the use of a mechanically rotated mirror, as in [5]. There is a
large variety of methods to achieve electrical beam steering. The most typical
example of electrical beam steering is by the use of phase shifters in a phased array
antenna, see e.g. [15, 16, 6]. In this thesis, we will focus on beam steering using
switches. The most common method of using switches for beam steering is to switch
between different antenna elements in a focal plane array (FPA) which is located
in the focal plane of a high-gain optical system, see e.g. [17]. This concept will
be thoroughly described in Chapter 2. When it comes to FPAs implemented with
switches, the term beam switching is sometimes used. Digital beamforming can
also be implemented with switches to switch between different antenna elements
in an array [12]. There are also other methods for beam steering, such as tunable
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reflectarrays [18, 19], leaky wave antennas [20], etc.

As noted above, most electrical beam steering systems require either phase
shifters or switches. However, the first MEMS phase shifter above 110 GHz was
published in 2015 [21, 22] for 500 − 600 GHz, and the first MEMS switch above
220 GHz was published in 2016 [23], for 500 − 750 GHz. This switch is described
in Paper III and Chapter 4. Based on this, it seems that there is a strong need for
technological development of switches and phase shifters in order to enable electrical
beam steering at millimeter and submillimeter wavelengths.

1.3 Micromachined waveguides and microelectromechanical
systems

Since the size of microwave components scale with the wavelength λ, there is a
need for methods to fabricate microwave components with very small feature sizes
as we go to higher frequencies (thus smaller λ). As an example, consider the width
of a rectangular waveguide; the width of a standard rectangular waveguide at X-
band WR-90 (8.2 − 12.4 GHz) is 22.9 mm. Meanwhile, the width of a WR-1.5
(500− 750 GHz) waveguide is just 380 μm. Furthermore, most microwave devices
have feature sizes with a thickness significantly smaller than the wavelength, e.g.
capacitive or inductive irises, which at submillimeter wave frequencies typically
require a thickness below 100 μm. In addition to small feature sizes, there are also
accuracy requirements. A required accuracy below 5 μm is not uncommon (see e.g.
[24]), particularly if there are resonant structures involved.

While it is in principle possible to fabricate such small waveguides using conven-
tional CNC-milling and split-block technology, this is both difficult and expensive.
Compared to conventional CNC milling, it is therefore expected that micromachin-
ing fabrication technology will reduce the costs1, as compared to conventional CNC
milling [27, 28, 29, 30]. Most importantly, micromachining enables fabrication of
devices with very small feature sizes which could not be fabricated using other
methods. Silicon-micromachined waveguides typically exhibit very good surface
roughness and low losses [24], and have already been demonstrated up to 2.7 THz
[31]. For a review of micromachining applied to THz devices, see [32].

When fabricating waveguides and waveguide components by silicon microma-
chining, the key steps are photolithography to define the geometry of the devices,
followed by deep reactive ion etching (DRIE) to etch the waveguide height in the
silicon substrate (see e.g. [26]). The chip with the etched waveguide is thereafter
metallized (typically with gold) using sputtering, which optionally can be followed
by electroplating. Finally, another metallized chip is placed on top to form the
“ceiling” of the waveguide. Preferably, the chips should be bonded together using

1It is also interesting to note that milling is a series process, where the cost increases with the
complexity of the circuitry. Micromachining is based on parallel processes, whereby it is possible
to produce entire batches of devices in a single run, which results in a smaller cost per device (see
e.g. [25, 26]).
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e.g. thermo-compression bonding, to ensure a proper electrical contact between the
chips. In addition to silicon micromaching, the SU8-process has also been used to
fabricate micromachined waveguides [33, 34]

Another advantage of micromachining as a fabrication method for microwave de-
vices, is that this enables integration with microelectromechanical systems (MEMS),
which enables reconfigurable devices such as switches and phase shifters [35, 23, 21,
22].

1.4 Thesis disposition

In this chapter, we have discussed the research and industrial interests in extending
microwave technology towards higher frequencies. We have discussed the advan-
tages in using micromachining technology to fabricate microwave devices at these
frequencies, and we have briefly reviewed the state of the art of micromachined
microwave devices at these frequencies. It is noted that there is a research gap,
where there is need for passive devices which can be controlled (reconfigured or
tuned) using a control voltage (e.g. switches and phase shifters) which operate at
these frequencies, and it is noted that MEMS technology has a great potential to
fill this research gap.

In this thesis, we focus on millimeter and submillimeter wave beam steering
systems, based on a focal plane array (FPA) placed in the focal plane of an ex-
tended lens. The design of such systems can be divided into array design (covered
in Paper I), lens design (covered in Paper II), switch design (covered in Paper III)
and switch network design (future work). Paper I, which is presented in Chap-
ter 2, presents a theoretical criterion on the spacing between antenna elements in
a switched FPA used with an extended hemispherical lens. Paper II, which is pre-
sented in Chapter 3, presents a method to design and fabricate matching regions
for planar silicon lens antennas, in order to reduce internal reflections. Paper III,
wich is presented in Chapter 4, presents the first waveguide switch operating in the
500− 750 GHz band. Finally, conclusions are drawn in Chapter 5.





Chapter 2

Focal plane array spacing for
extended hemispherical lenses

“There is probably some equation for calculating
that.”

Joachim Oberhammer, 2015.

.... and here it is!

2.1 Extended hemispherical lenses

While the understanding of lenses is well-founded in optics (see e.g. [36]), lenses are
also commonly used for millimeter and sub-millimeter wave frequencies. Both low-
permittivity materials, such as Teflon [37] and rexolite [38], and high-permittivity
materials such as silicon [39], have been used as lens materials. High-permittivity
lenses are typically designed with single or multiple matching regions in order to
reduce the reflections which occur at the interface between free-space and the high-
permittivity material. The topic of matching regions is discussed in Chapter 3, and
it is therefore not treated in this chapter.

The extended hemispherical lens is presented in Figs. 2.1 and 2.2. The lens
consists of a dielectric hemisphere of radius R on top of a dielectric cylindrical
extension of radius R and length L. The same material of relative permittvity εr
is used for both the hemisphere and the cylindrical extension. It is convenient to
define a normalized extension length:

l ≡ L/R. (2.1)

Hemispherical lenses are typically described in the receiving mode in classical
optics textbooks (see e.g. [36]). In the receiving mode, an incident plane wave is
focused in a point, referred to as the focal point. The distance from the lens to the
focal point is referred to as the focal length. In reality, the incident power is focused
in a small area, rather than a point, as shown by simulations in e.g. [40]. Lenses
can also be studied in the transmitting mode, where a source antenna is placed

7
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in, or near, the focal point, which results in a narrow, radiated beam [39]. The
focal length can then be defined as the distance from the source (feed) antenna to
the lens which maximizes the directivity. In Section 2.6, we present a graph of the
focal length which maximizes the directivity for extended hemispherical lenses for
different lens materials. Meanwhile, it is important to remember that a directive
pattern is achieved also when the non-optimal feed position is used.

The antenna element used for feeding the lens is placed on the bottom of the
cylindrical extension. In the on-axis configuration (Fig. 2.2(a)), the feed antenna
is placed on the central axis (the z-axis), and the power radiated from the feed is
directed by the lens in the z-direction. Conversely, an incident plane wave with wave
vector �k = −|k|ẑ is focused in a focal point located on the central axis, where the
recieving antenna is located. This configuration can then be used for transmitting
and receiving signals in the direction given by z. In order to transmit or receive a
signal to/from other directions, we need to use the off-axis configuration illustrated
in Fig. 2.2(b). A displacement of the feed by a distance d with respect to the z-axis
results in a tilt of the radiated beam by an angle γ. We have here defined γ as the
direction of maximum radiated power intensity, i.e. the direction of the main lobe
shown in the radiation pattern in Fig. 2.1(a).

By creating an array of antennas in the focal plane, referred to as a focal plane
array (FPA), it is possible to cover a range of angles. If switches are used to
switch between the different FPA elements, this is referred to as a switched FPA.
Fig. 2.3 presents the simulated far-field radiation patters corresponding to a linear
FPA consiting of 7 antenna elements. In order to avoid scan blindness, there needs
to be a certain overlap between the beams associated with respective feed. A
commonly used criterion is to have −3 dB overlap between the beams (see e.g.
[17, 7]). However, until the publication of Paper I, there was no simple mathematical
relation to determine the spacing between the antenna elements which results in
−3 dB overlap between the switched beams. The design of FPAs for extended
hemispherical lenses has therefore previously relied on time-consuming full-wave
simulations (see e.g. [17]). In Section 2.2, we present the closed-form relation
between the scan angle γ and the feed position d from Paper I. Based on this
relation, Section 2.4 presents a relation for calculating the FPA spacing, and a
scaling rule for FPAs with extended hemispherical lenses is presented in Section 2.5.

2.2 Relation between scan angle and feed position

The first study of the extended hemispherical lens for the off-axis configuration was
presented in [41], where the direction of the main beam was calculated for vary-
ing feed positions for silicon and quartz lenses using ray-tracing/field-integration
simulations. The simulation results in [41] indicate that the scan angle γ depends
linearly on the feed position d for small angles. This linear relation between the
scan angle γ and the feed position d for small angles holds for any thin lens of focal
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Figure 2.1: Illustration of an extended hemispherical lens with radius R, extension
height L and relative permittivity εr. (a) Far-field pattern, with scan angle γ, due
to a FPA element located in x = −d. (b) A ray radiated from the FPA element with
angle α with respect to (wrt.) the z-axis, will have an angle ξ wrt. the z-axis after
refraction in the spherical surface. (c) The central ray passes through the center of
the hemisphere and has local normal incidence to the hemispherical surface.
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(a) On-axis configuration (b) Off-axis configuration

x

z

d

Figure 2.2: Illustration of the (a) on-axis configuration and (b) off-axis configura-
tion for extended hemispherical lenses. In the off-axis configuration, the feeding
element is placed a radial distance d from the central axis z, and the main beam
is consequently tilted by an angle γ. The presented rays were computed using a
ray-tracing program implemented in Matlab.

length fl [36]:

γ ≈ d/fl, (2.2)

where γ is measured in radians. However, since the extended hemispherical lens
is a thick lens, it needs to be approximated by a thin lens in order to use (2.2).
As illustrated in Fig. 2.1(a), this approximate thin lens could be placed either at
the top or at the bottom of the hemispherical surface, or anywhere in between.
The effective focal length fl is defined as the distance from the feed antenna to
the location of the approximate thin lens. As a consequence, the effective focal
length fl, which determines the scan angle for the extended hemispherical lens, is
unknown.

In the absence of a closed-form relation between the scan angle and feed position,
this relation is typically calculated using simulation methods. For such simulations,
the ray-tracing/field-integration method is suitable for mid-sized and large lenses
[39, 38, 42, 41] and full-wave simulation methods are suitable for mid-sized and
small lenses [17, 43, 44, 45]. While developing a ray-tracing/field-integration code
to analyze extended hemispherical lenses, the present author came up with an
approximation which made the derivation of a relation between γ and d possible.
Let us therefore begin with a brief introduction to the ray-tracing/field-integration
method.
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Figure 2.3: Simulated far-field radiation patterns for a linear FPA of 7 open-ended
waveguide (oewg) antennas with a 9λ diameter quartz extended hemispherical lens
of normalized extension height l = 0.76. The FPA spacing was determined using
(2.8), and all beam overlaps are within an error of 0.4 dB with respect to the desired
−3 dB level.

In the ray-tracing/field-integration method (e.g. [42, 41]), ray-tracing is used to
determine the aperture field outside the lens. By a near-field to far-field transfor-
mation (field-integration), the far-field can be determined from the aperture field.
However, as we will show here, the ray-tracing analysis is sufficient for directly
determining the direction of the main lobe of the far-field pattern.

Fig. 2.1(b) illustrates a ray radiated from an FPA element located in x = −d,
with an angle α to the z-axis. After refraction in the spherical surface, which is
described by Snell’s law (see e.g. [42, 41]), the ray has an angle ξ to the z-axis. It is
interesting to note that Snell’s law is derived for a flat surface, whereas the surface
of a lens is curved. In order to use Snell’s law, we thus need to approximate the
surface of the lens as “locally flat”, which is valid when the radius of curvature is
significantly larger than the wavelength, which is the case for most lenses.

While α and ξ are distinct in general, there exists one ray satisfying α = ξ. This
ray is here referred to as the central ray, and it is illustrated in Fig. 2.1(c). The
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Central ray

Edge rays

z

Figure 2.4: Ray-tracing analysis outside the hemisphere. The rays radiated from
the hemisphere are approximately parallel with the central ray. Due to spherical
aberrations, the rays radiated close to the edges (edge rays) are tilting inwards
towards the central ray. This figure is a “zoomed in” version of Fig. 2.2(b).

central ray passes through the center of the hemisphere, and it will consequently
have local normal incidence to the spherical surface. As a consequence of Snell’s
law, the direction of the central ray does not change when passing through the
spherical surface. In this section, we will show that the concept of the central ray
is the key for estimating the scan angle of the main lobe γ.

Fig. 2.4 shows several rays radiated from the spherical surface when the lens is
illuminated by an isotropic point source placed a distance d off-axis. This figure is
in fact a zoomed image from Fig. 2.2(b). It can be seen in this figure that all rays
have approximately the same angle as the central ray, i.e. θ, after refraction at the
spherical surface. Due to spherical aberrations, rays to the left of the central ray
have a slightly larger angle than the central ray, i.e. ξ � θ, whereas rays to the
right of the central ray have a slightly smaller angle, i.e. ξ � θ. As a consequence,
these edge rays are tilting slightly inwards towards the central ray. In conclusion,
the angle of the central ray θ is a good estimate of the average angle for rays after
refraction in the spherical surface. As a consequence, the direction of the main
radiation lobe γ can be approximately determined by θ, i.e.

γ ≈ θ. (2.3)

This approximation is the key for determining the relation between γ and d. From
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the geometry presented in Fig. 2.1(c), the exact trigonometric relation between θ
and d is found to be tan θ = d/L. With γ ≈ θ, the scan angle can be estimated
using

tan γ =
d

L
. (2.4)

Using the well-known Taylor series expansion of the tangent function, we find the
following approximation in the small-angle limit:

γ ≈ d

L
=

d

lR
, (2.5)

where γ is measured in radians and l = L/R is the normalized extension height.
There are three interesting consequences of (2.4)-(2.5). Firstly, by a comparison

with the general small-angle relation for thin lenses (2.2), we note that L can be
interpreted as the effective focal length which determines the scan angle for the
extended hemispherical lens, i.e.

fl = L. (2.6)

The physical interpretation of this result, is that the extended hemispherical lens
can be approximated by a thin lens, which is placed in the center of the hemisphere,
i.e. the lowest of the three possible positions marked in Fig. 2.1(a). It is interesting
to note that the effective focal length fl, which determines the scan angle, is different
from the image focal length of the spherical surface derived in [36], which is the
sum of the extension height and the radius, i.e. Fl = L + R, if the feed is placed
in the image focus1. Secondly, the direction of the central ray θ depends only on
the geometric configuration, and not on the lens material. Since we estimate γ by
θ, it follows that γ is approximately independent on the lens permittivity. This is
demonstrated in Section 2.3 using full-wave simulations. Thirdly, we also note that
the scan angle is independent of the frequency according to (2.4).

2.3 Verification using full-wave simulations

In order to verify the theoretical relation between the scan angle γ and the feed
position (2.4), a three-dimensional simulation model was implemented in CST Mi-
crowave Studio [46], see Fig. 2.5. The Finite Integration Technique (FIT) imple-
mented in CST, which is known to be an accurate method for large-scale problems
[47], was used to calculate the far-fields for lenses of diameters 8λ and 10λ. The
simulation results are presented in Fig. 2.6, which presents γ as a function of d,
for lenses of 3 different normalized extension heights l ≡ L/R and 9 different per-
mittivity values in the range from Teflon (εr = 2.1) to silicon (εr = 11.7). Both
open-ended waveguide (oewg) antennas and patch antennas were considered as FPA
elements, and it is evident from Fig. 2.6 that the choice of FPA element does not
affect the scan angle. There is an excellent agreement between the theoretical curve

1The image focal length derived in [36] is presented in Section 2.6
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Figure 2.5: Three-dimensional simulation model of an extended hemispherical lens
with an open-ended waveguide (oewg) feed, as implemented in CST Microwave
Studio.

(2.4) and the simulated results, also for very large scan angles (γ > 30◦). The
small-angle approximation (2.5) is valid for small angles, but overestimates the scan
angle for larger angles.

Eqn. (2.4) is valid for any normalized extension height, and the values used in
Fig. 2.6 were therefore chosen arbitrarily, rather than using an optimized extension
height or using the the synthesized elliptical lens method [39, 48] for determining the
extension height. See Section 2.6 for more information on the synthesized elliptical
lens and the choice of extension height.

As expected from Section 2.2, it can be seen in Fig. 2.6 that different lens ma-
terials result in the same scan angle if the same extension height is used. This may
appear as a contradiction to [41], where it was commented that larger lens permit-
tivity resulted in larger scan angles. However, one also needs to take into account
that smaller extension heights were used for the lenses with larger permittivity in
[41], and that a smaller extension height results in a larger scan angle.



2.4. FOCAL PLANE ARRAY (FPA) SPACING 15

0 0.2 0.4 0.6 0.8
0

5

10

15

20

25

30

35

40

d/R

Sc
an

 a
ng

le
   

 
   

( 
)

 

 
Eqn. (2)
Eqn. (3)
oewg, 

r
 = 11.7

patch, 
r
 = 9

oewg, 
r
 = 8

oewg, 
r
 = 6

patch, 
r
 = 5

oewg, 
r
 = 4

oewg, 
r
 = 3.2

patch, 
r
 = 2.5

oewg, 
r
 = 2.1

l = 0.41

l = 0.62
l = 1.1

Eqn. (2.4)
Eqn. (2.5)

Figure 2.6: Scan angle γ calculated as a function of the normalized feed position
d/R using full-wave simulation (FIT) for lenses of different permittivity εr and with
different FPA elements (oewg and patch) for three different normalized extension
heights l = L/R. The agreement with (2.4) is excellent.

2.4 Focal plane array (FPA) spacing

The far-field radiation patterns corresponding to a linear focal plane array (FPA)
consisting of 7 oewgs are presented in Fig. 2.3. Since the beams overlap by approx-
imately −3 dB, the region between the two outermost main beams (in green color)
is fully covered. In this section, we demonstrate that (2.5) can be used to determine
the FPA spacing which results in −3 dB overlap between switched beams.

The previous sections demonstrated that γ depends only on the lens proper-
ties and the position d of the FPA element’s phase center. However, the −3 dB
beamwidth (full width at half maximum, fwhm) depends also on the choice of
FPA element and the wavelength, and it is therefore more challenging to estimate.
The full −3 dB beamwidth γ-3dB ≡ γfwhm measured in radians can be determined
according to [49]:

γ-3dB = cfλ/(2R), (2.7)

where cf is a feed-dependent coefficient which can be determined from a single sim-
ulation. Alternatively, cf can be determined according to cf = 1.02+0.0135 Te[dB],
where Te[dB] is the edge taper defined in [49]. Fig. 2.7(a) presents γ-3dB calculated
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Figure 2.7: (a) −3 dB beamwidth γ
(1)
-3dB corresponding to FPA element 1, and scan

angle γ(2) corresponding FPA element 2, at 77 GHz for lenses (R = 18 mm) of
varying permittivity for oewg and patch FPA elements calculated using FIT. (b)
Resulting beam overlap, with rms accuracy of 0.26 dB compared to the −3 dB level.

using a full-wave simulation for an extended hemispherical lens of radius 18 mm
for varying permittivity at 77 GHz. Both patches and dielectric-filled oewgs were
considered as FPA elements in Fig. 2.7, and it was found that the permittivity-
averaged coefficient cf equals 0.97 for patch antennas and 0.86 for dielectric-filled
oewg antennas.

With γ-3dB known from either a single simulation or from (2.7), it is possible
to determine the FPA spacing which results in −3 dB overlap between switched
beams. Consider a linear FPA where we denote the distance from array element
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n to the z-axis by dn. Assuming that the beamwidth is independent on the scan
angle γ, which is a good approximation when γ is small, it is easily understood that
by setting the scan angle (2.2) equal to γ-3dB, we find an expression for the FPA
spacing:

|dn − dn+1| = flγ-3dB. (2.8)

Eqn. (2.8) is valid for any lens or reflector system described by an effective focal
length fl. As demonstrated Section 2.2, the effective focal length for the extended
hemispherical lens is given by (2.6). This enables (2.8) to be used for the extended
hemispherical lens. Since the relation between γ and d is the same for both E-
plane and H-plane scans [41], (2.8) is applicable to two-dimensional arrays for two
elements located approximately on a line which goes through the center axis z.

Similarly to the approach in the previous section, we evaluate (2.8) using the full-
wave simulation software CST Microwave Stuidio for lenses of varying permittivity
and different FPA elements. For simplicity, we first consider a FPA consisting of
two elements. The first FPA element is placed in d1 = 0 and the adjacent element

is placed in d2. Here, we use γ
(1)
-3dB from the simulation results in Fig. 2.7(a) to

calculate d2 using (2.8). The simulated scan angle γ(2) due to a FPA element
located in d2 is presented in Fig. 2.7(a), and it is clear that we were successful in

setting γ(2) approximately equal to γ
(1)
-3dB. The root mean square (rms) accuracy of

(2.5) for estimating γ(2) is 0.27◦. The overlap between the two switched beams is
presented in Fig. 2.7(b). The rms accuracy compared to the desired −3 dB level
is 0.26 dB. Note that all investigated cases are well within a 1 dB error, which is
typically considered to be a sufficient accuracy [17]. This demonstrates that (2.8)
is applicable to lenses of varying permittivity and FPA elements.

Eqn. (2.8) is also valid for larger arrays. Our simulations show that all the
beam overlaps are within an error of 0.4 dB for a linear FPA of 7 oewg antennas
with a 9λ diameter quartz lens of normalized extension height l = 0.76, see Fig. 2.3.
An interesting observation from Fig. 2.3, is that the side-lobe level increases as the
scan angle is increased.

2.5 Scaling rules

Scaling rules are used to provide a physical insight into the studied system by an-
swering questions of the following type [50]; if we double x, then how is y changed?
An example of a scaling rule useful for antenna engineering is the well-known pro-
portional relation between the gain G and antenna aperture area A (e.g. [49]):

G = 4π
eaA

λ2
, (2.9)

where ea is the aperture efficiency. This scaling rule shows that doubling the di-
ameter of the lens (thus increasing the area by a factor 4), increases the gain by
approximately 6 dB. The accuracy of this rule applied to extended lenses has been
discussed in [51], where it was shown that (2.9), with ea = 1, overestimates the gain
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of extended lenses since a significant part of the radiation from the feed antenna
radiates through the extension part, thus contributing to the side-lobe radiation
rather than the main lobe radiation.

By substituting (2.7) into (2.8), it is possible to derive a scaling rule for the FPA
spacing, which adds some physical insight to the design process. It follows that

|dn − dn+1| = cfλfl/(2R) = cfλfN = cfλl/2, (2.10)

which is independent of the total size of the lens. The focal length to diameter ratio
fN ≡ fl/(2R), which equals l/2 for the extended hemispherical lens, is generally
referred to as the “f-number”, and it can be used to describe any optical system.

Using (2.10), it is possible to draw some conclusions on scaling the lens and
the FPA. Once an appropriate FPA spacing has been determined, scaling the lens
size, while keeping the f-number constant, will therefore conserve the −3 dB over-
lap property, while changing the scanning resolution. This indicates that the same
FPA design can be used together with lenses of different diameter to achieve differ-
ent scanning resolutions, determined (in radians) by |dn − dn+1|/L. Additionally,
there is usually a minimum criterion on the spacing between FPA elements, i.e.
|dn−dn+1| > dmin, where dmin is determined by the mutual coupling between FPA
elements and the size of the FPA elements and switches. If the distance between
the FPA elements is too large to yield a −3 dB overlap between the beams, then
according to (2.10), this can not be compensated by scaling the lens size. A bet-
ter solution in that case is to use an optical system with a larger f-number. In
Section 2.6, we present typical f-numbers for extended hemispherical lenses, and
we show that a low-permittivity lens should be chosen in order to maximize the
f-number.

Finally, it is interesting to note that the FPA spacing (2.10) is proportional to
the wavelength λ, which can be expected from Rayleigh’s criterion, which describes
the diffraction limitation on the resolution in an optical system (see e.g. [36]).

2.6 Typical f-numbers for extended hemispherical lenses

In the previous section, it was shown that the effective focal length, which deter-
mines the scan angle, is given by fl = L. fl should not be confused with the image
focal length Fl, which is defined in the receiving mode [36], as the on-axis distance
from the top of the lens hemisphere to the focal point, where a normally incident
plane wave is focused. Hence, Fl = L+ R, when the feed antenna is placed in the
focal point, see Section 2.2. Note that fl determines the scan angle even if the feed
antenna is not placed in the focal point. This is possible since the lens produces a
well-defined main lobe even when the feed antenna is located some distance away
from the focal point. In this section, we address the problem of determining Fl,
which is a different problem compared to determining fl.
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It is readily shown that the image focal length of a dielectric hemisphere is given
by (see e.g. [36]):

Fl =

√
εr√

εr − 1
R. (2.11)

We can thus determine a suitable value of the normalized extension height lif
corresponding to the image focus:

lif =

√
εr√

εr − 1
− 1. (2.12)

Meanwhile, the “hyperhemispherical lens” (see e.g. [39]) is designed with l equal to:

lh = 1/
√
εr. (2.13)

The most popular method to determine a suitable value of the extension height l
follows [39], where it is noted that the extended hemispherical lens closely resembles
an elliptical lens, with a circumference described by (x/a)2 + (z/b)2 = 1. a and b
are here represented in dimensionless form, after being normalized by a reference
length R. The eccentricity ec of the lens is chosen according to

ec =

√
b2 − a2

b
= 1/

√
εr, (2.14)

i.e.
b =

a
√

1− 1/εr
. (2.15)

The focus of the ellipse is located in c = b/
√
εr. Following [39], the normalized

extension height can be determined using

ls = b+ c− 1. (2.16)

In [39], b was determined to give a geometrical fit with the extended hemispherical
lens for the chosen permittivity. For a silicon lens, b = 1.07691 was found, and
consequently a = 1.03.

In order to arrive at a simple expression for the extension height not given in
[39], we here use the approximation a ≈ 1, which physically corresponds to setting
the minor axis of the ellipse equal to the radius of the extension cylinder. This can
be justified from the results in [39], where a = 1.03 was found to be a suitable value
for silicon lenses. By inserting this approximation into (2.16), it is readily shown
that

ls ≈
√
εr + 1√
εr − 1

− 1. (2.17)

While the equation (2.17) does not appear in [39], it has been later used in [43].
Fig. 2.8 shows that (2.17), very well describes the optimal extension height which

maximizes the directivity. The optimized extension height was determined using
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Corr. to image focus of hemisphere 

Hyperhemispherical lens 
Eqn. (2) Eqn. (2.17)

(2.13)

(2.12)

Figure 2.8: Normalized extension length l = L/R as a function of permittivity,
determined according to the hyperhemispherical lens (2.13), the image focal length
corresponding to a dielectric hemisphere (2.12) and using the approximate relation
(2.17), as compared to the extension height determined to maximize the directivity
using TRF optimization.

Trust Region Framework (TRF) optimization with the Finite Integration Technique
(FIT) implemented in CST Microwave Studio, for extended hemispherical lens an-
tennas of varying lens materials. Both an oewg antenna and a square patch antenna
were considered as feeding elements. It is interesting to note that the optimal ex-
tension height is an intermediate value between the hyperhemispherical lens (2.13)
and (2.12).

In the previous section, it was shown that the FPA spacing for any optical
system is determined by the f-number, i.e. the focal length to diameter ratio fN =
fl/(2R). Using (2.6), it is shown that the f-number of the extended hemispherical
lens equals l/2. Using (2.17), we find that typical values of the f-numbers for
extended hemispherical lenses are between 0.7 for low-permittivity lenses (such as
Teflon) and 0.2 for high-permittivity lenses (such as silicon).

2.7 Conclusions

The research presented in this chapter was based on a seemingly simple question:
What is the requirement on the the spacing between adjacent antenna elements in a
switched FPA, used for an extended hemispherical lens, in order to satisfy the −3 dB
requirement? A key step towards answering this question was the relation between
the scan angle and the FPA element position (2.4), which resulted in an expression
for the effective focal length for the extended hemispherical lens (2.6). Comparison
with full-wave simulation results demonstrate that (2.4) is valid for different lens
materials and FPA elements, also for very large scan angles (γ > 30◦).
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The relation for the FPA spacing which results in −3 dB overlap (2.8) is demon-
strated to be valid for different FPA elements and varying lens materials. For all
investigated cases, the resulting beam overlaps are well within a 1 dB error from
the desired −3 dB level, which is typically considered to be sufficient [17].

The FPA spacing relation (2.10) can be applied to any optical system described
by a f-number fN ≡ fl/(2R). Based on Section 2.6, we note that the typical f-
number for an extended hemispherical lens is between 0.7 for Teflon lenses and 0.2
for silicon lenses. By setting cf ≈ 1, we find that the maximum feasible FPA spac-
ing for an extended lens is approximately given by 0.7λ. This is a relatively small
array spacing, comparable to the spacing in phased array antennas (see e.g. [15]).
This limitation needs to be considered when designing switches and antenna ele-
ments, and the corresponding switch networks, to be used for FPAs with extended
hemispherical lenses.





Chapter 3

Reduction of internal reflections in
planar silicon lenses by
micromachined matching regions

“I would have written a shorter letter, but I did
not have the time.”

Blaise Pascal, 1623 − 1662

3.1 Introduction

We studied general extended hemispherical lenses in Chapter 2. In this chap-
ter, we consider specifically planar extended hemispherical lenses, which are the
two-dimensional counterpart of the rotationally symmetric extended hemispherical
lenses. For planar hemispherical lenses, the lens consists a circular disk rather than
a hemisphere. While rotationally symmetric hemispherical lenses result in pencil-
beam radiation patterns which are narrow in both E− and H−planes, planar lenses
result in fan-beam radiation patterns which are narrow in one plane and wide in
the other. Fan-beam antennas have applications in both communication and radar
systems (e.g. [52]). The results from the previous chapter are valid also for planar
lenses.

Lenses made from high-permittivity dielectric materials, such as high-resistivity
silicon, suffer from internal reflections due to the large difference in impedance
compared to free-space. This is because the reflection coefficient for a plane wave
incident on a flat interface between air and a dielectric material increases in mag-
nitude with increasing permittivity, as described by a well-known equation, see e.g.
[53, 49]. Although a lens has a curved surface, the surface may be approximated as
“locally flat” (as we did in the previous chapter), whereby this equation can be used
to understand the internal reflections in the lens. It is well-known from both trans-
mission line theory and optics that an intermediate layer with appropriately chosen
thickness and permittivity results in zero reflection at a single frequency and a sin-

23
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gle angle of incidence, see e.g. [49]. It is therefore common for high-permittivity
lenses to be covered with single or multiple layers, referred to as matching regions
or anti-reflective coatings. The thickness and permittivity of such regions are typ-
ically chosen as a λ/4-transformer, see e.g. [39, 49]. To the author’s knowledge,
matching regions with thickness and permittivity different from the conventional
λ/4-transformer have previously only been studied with respect to microwave lenses
for a special non-planar lens proposed for satellite applications [54], and for radomes
intended for automotive radar [55].

Paper II presents a numerical study of silicon-micromachined planar extended
hemispherical lenses with up to three matching regions, as summarized in Fig. 3.1.
Previously reported lenses (both planar and non-planar) typically use matching
regions of uniform thickness [56, 39, 57], here referred to as concentric matching
regions. Planar extended hemispherical lenses with one and three concentric match-
ing regions, are illustrated in Fig. 3.1(b) and Fig. 3.1(e). In this paper, we present a
new type of matching region, referred to as a shifted matching region, as illustrated
in Fig. 3.1(c) and Fig. 3.1(d). The geometrical shape of the shifted-type matching
region is defined as the difference between two circles with the same diameter, where
one is shifted (translated) by a distance w1 along the direction of the waveguide,
with respect to the other. A detailed comparison of all designs implemented in
Fig. 3.1 is presented in Paper II, and the results are only briefly summarized in
this chapter. The effective permittivity of each matching region can be tailor-made
by etching periodic holes in the silicon substrate, as described in Section 3.2. A
summarized comparison of the investigated types of matching regions illustrated in
Fig. 3.1 is presented in Section 3.3.

3.2 Effective material model for periodic hole arrays in a
silicon substrate

The effective permittivity of each matching region can be tailor-made by etching
periodic holes in the silicon substrate, see Fig. 3.2. The method of artificially low-
ering the permittivity of a dielectric material by introducing a density of spherical
or cylindrical holes was demonstrated already in the 1950s [58]. This type of ar-
tificial dielectrics have since then been used in antenna design, e.g. [59], for test
samples with a known permittivity [60], and in the design of W-band phase shifters
[61]. The period p was chosen to be 80 μm, which is significantly smaller than the
wavelength at considered frequency range (W-band).

It is interesting to note that the polarizability of cylinders (which are here im-
plemented with a square cross-section) depends on the direction of the applied
electric field, and the effective permittivity will therefore not be the same for all
cases of plane wave propagation depicted in Fig. 3.2. Thus, the effective material
is anisotropic such that Cases 1, 3 and 4, for which the applied electric field is
perpendicular to the cylindrical air holes, correspond to the perpendicular permit-
tivity component ε⊥, whereas Case 2 corresponds to the parallel component ε‖.
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        (a) Design A                        (b) Design B (and D)                          (c) Design C
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Figure 3.1: Illustration of the different implementations of matching regions for
planar extended hemispherical silicon lenses: (a) Design A: no matching region, (b)
Design B: single concentric matching region, (c) Design C: single shifted matching
region, (d) Design E: three shifted matching regions and (e) Design F: three con-
centric matching regions. The relevant parameters for matching region i are the
relative permittivity εi and the thickness wi. Design D is based on Design B with
ε1 and w1 calculated as a λ/4-transformer at 100 GHz.
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Due to the polarization of the TE10 mode in the feeding waveguide (see Fig. 3.1,
and additional figures in Paper II), the propagation through the matching regions
of the proposed antenna is described by Cases 3 and 4 illustrated in Fig. 3.2. Fol-
lowing [59], the effective relative permittivity can be determined using the following
relation:

εeff = εs
εs(1− κ) + κ+Kd(1− (εs(1− κ) + κ))

εs +Kd(1− (εs(1− κ) + κ))
, (3.1)

where κ = (h/p)2 is the volume density of holes and εs = 11.6 is the relative
permittivity of the surrounding silicon substrate. The depolarization coefficient
Kd, equals 0.5 if the electric field vector is perpendicular to the hole axis (Cases 1,
3, 4) and 0 if the electric field vector is parallel to the hole axis (Case 2), whereby
both ε⊥ and ε‖ can be determined using (3.1).

In order to verify the validity of (3.1), in addition to determining the frequency-
dependence of εeff not given by (3.1), the effective relative permittivity was derived
from numerical simulation for the four cases of plane wave propagation depicted in
Fig. 3.2. We determine εeff directly from the dispersion diagram, which is calcu-
lated using eigenmode analysis of the unit cell. The Eigenmode solver implemented
in CST Microwave Studio was used for this simulation. Since the relative perme-
ability of silicon is very close to 1 in the W-band, the refractive index is given by
n =

√
εeff . Based on the simulated dispersion relation (i.e. the relation between

the wave number k and the angular frequency ω), the effective permittivity was ex-
tracted according to εeff = (ck/ω)2, where c is the speed of light in vacuum. The
numerical results are presented in Fig. 3.3(a), in excellent agreement with (3.1).
The permittivity is also presented as a function of frequency in Fig. 3.3(b). The
standard deviation in the calculated effective relative permittivity is smaller than
0.01 for all curves in Fig. 3.3(b), which demonstrates that the effective permittiv-
ity is independent of the frequency to a very good approximation in the W-band.
Hence, we conclude that 80 μm is a sufficiently small hole period for achieving a
frequency-independent effective permittivity. It can also be seen in Fig. 3.3(a) that
the material is only weakly anisotropic, i.e. the difference between ε⊥ and ε‖ is
small.

3.3 Summarized comparison of the investigated types of
matching regions

The optimal parameters for each design in Fig. 3.1 have been determined using
Trust Region Framework (TRF) optimization together with the Finite Integration
Technique (FIT) implemented in CST Microwave Studio, in order to yield a wide-
band performance over the entire W-band (75−110 GHz). The cost function for the
optimization was chosen to maximize the band-averaged gain while simultaneously
minimizing the band-averaged side-lobe level. All designs were implemented with
a diameter D = 11 mm, in order to have the same physical aperture size for all
investigated designs. This makes it possible to compare which of the designs in
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Figure 3.2: Illustration of a silicon wafer with square holes of width h and period p.
The investigated cases of TEM polarization have been marked in the figure. Case 4
is related to Case 3 by a 45◦ rotation around the H−axis.

Fig. 3.1 that result in the largest aperture efficiency, as determined by (2.9). For
the sake of comparison, we have also defined Design A, which does not have any
matching region, and Design D, which has a single concentric matching region with
thickness w1 = 0.41 mm and relative permittivity ε1 = 3.4, determined as a λ/4-
transformer at 100 GHz. The design parameters for each design are presented in
Table 1 of Paper II, and the band-averaged figures of merit are presented in Table 2
of Paper II. Internal reflections at the air-dielectric interface increase the amount of
power radiated into the side-lobes, and also increases the cross-polarization, while
decreasing the gain. We compare the gain, return loss, side-lobe level (in both E−
and H−planes) and the cross-polarization for each design in Table 2.

Among designs with a single matching region, Design B has the highest gain
(and consequently the highest aperture efficiency, since all designs have the same
physical aperture size), lowest side-lobe level, cross-polarization and return loss, all
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(a) (b)

(3.1)

(3.1)

Figure 3.3: (a) Effective relative permittivity of a silicon substrate with periodic
square holes of width h and period p = 80 μm, derived from simulation, as a function
of the normalized hole size h/p. The agreement with the theoretical curve (3.1) is
excellent. (b) Effective relative permittivity for Case 3, extracted as a function of
frequency from the simulated dispersion diagram.

of which are superior to Design A, Design C and Design D1. Thus, we have found
that while the conventional λ/4-transformer (Design D) provides an improvement
compared to Design A, it is not the optimal matching region. This is because the
λ/4-transformer is derived for a single angle of incidence, and does not take the
curvature of the lens into account.

The band-averaged gain of the optimized lenses with three matching regions are
17.4 dB for Design E, and 14.0 dB for Design F. Compared to Design B, which is
the best design with a single matching region, with band-averaged gain of 13.7 dB,
there is no significant improvement in increasing the number of concentric matching
regions. Meanwhile, there was a 3.7 dB increase in the band-averaged gain when
using three shifted matching regions. This demonstrates the advantage of using
the novel shifted-type matching regions. It is interesting to consider the frequency
100 GHz, where Design E has more than 3 dB higher gain compared to Design F,
whereby the effective area of Design E is at least twice as large as for Design F. In
conclusion, we have found that, while maintaining the same physical aperture size,
using three shifted matching regions proves to be superior to using three concentric
matching regions in terms of aperture efficient design.

1The numerical values are presented in Table 2 of Paper II.



Chapter 4

Submillimeter-wave MEMS
waveguide switch

“... to boldly go where no man has gone before.”
from the original Star Trek series.

In this chapter, we present a 500 − 750 GHz MEMS single-pole single-throw
(SPST) waveguide switch, based on Paper III. The switch concept is illustrated
in Figs. 4.1 and 4.2. A silicon on insulator (SOI) chip containing a MEMS-
reconfigurable surface is inserted between two waveguide flanges (Fig. 4.2) and
the surface can be reconfigured between a blocking state and a transmissive (non-
blocking) state (Fig. 4.1). In Section 4.1, we will describe how this switch works,
considering the underlying physical principles from both transmission line theory
and optics. The MEMS switch is implemented with a standard WR-1.5 rectangular
waveguide of dimensions 0.380 mm × 0.190 mm with an electrostatic comb-drive
MEMS actuator used to actuate the switch.

A prototype switch based on the same concept has previously been presented
by members of our research group for 60 − 70 GHz [62], and we will here focus
mainly on how the switch needs to be modified in order to be scaled to 10 times
higher frequency. This is the first ever MEMS waveguide switch for submillimeter
wave frequencies. A parameter study is presented in Section 4.2. The physics of the
micro-contact between vertical cantilevers is discussed in Section 4.3, and special
attention is given to the contact resistance and contact capacitance. Specifically,
this section presents a finite element method (FEM) simulation model to accurately
determine the scattering parameters of the switch, considering the non-ideal elec-
trical contact between the vertical cantilevers. Measurement results are presented
in Section 4.4, and conclusions are presented in Section 4.5.

The design of the MEMS comb-drive actuator and the fabrication and subse-
quent assembly of the switch are not covered in detail in this chapter. The reader
is referred to Paper III for further information on these topics.

29
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Figure 4.1: MEMS switch surface in a rectangular waveguide: (a) 3D illustration
of the cross-section. (b) Non-blocking and blocking state of the MEMS waveguide
switch. (c) Equivalent circuits for both states.

4.1 MEMS-reconfigurable switch surface

The operation of the switch presented here can be understood both from trans-
mission line theory, and from basic principles of optics. Both approaches will be
considered here, starting with the transmission line theory. The thickness of the
MEMS surface is significantly smaller than the (guided) wavelength, whereby the
30 μm thick MEMS surface can be modeled as “thin”. Note that a thin sheet
with arbitrary geometry, inserted into a hollow waveguide, is described by a shunt
reactance X on a transmission line of characteristic impedance Zc (see e.g. the
waveguide handbook [63]). This model is commonly used to describe e.g. induc-
tive and capacitive irises in a hollow waveguide, and it is valid for any geometry
of the iris. If we also take into account the resistivity of the material, then we
also need to consider the real part of the shunt impedance Z = R + jX. If the
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surface is reconfigurable with two states, then there will be one shunt impedance
value Z1 corresponding to state 1, and another value Z2 corresponding to state 2,
see Fig. 4.1(c). If Z1 is chosen to result in a small reflection, and Z2 is chosen
to result in a large reflection, then this device operates as a switch. From basic
transmission line theory, it is readily shown that Z = 0 results in a total reflection
whereas |Z| → ±∞ results in zero reflection1. Hence, these are the ideal values of
Z2 (blocking) and Z1 (non-blocking), respectively.

This describes the basic principles of a shunt switch based on a reconfigurable
surface, where we have so far considered ideal values of Z1 and Z2. But how do Z1

and Z2 relate to the geometry of the surface? The best method to determine Z1

and Z2 without any approximation is to run a full-wave simulation, and extract the
shunt impedance from the simulated scattering parameters. In practice, the focus
of the design is often on the scattering parameters, since they usually need to satisfy
some design criteria, whereby the shunt impedance is rarely presented explicitly.
Specifically, there are usually requirements on the return loss and insertion loss in
the transmissive state, and on the isolation in the blocking state.

It is easy to understand that the blocking state will correspond to a short-circuit
(ideally Z = 0), since this creates an electrical contact along the electric field lines
of the TE10 mode, from the “ceiling” to the “floor” of the waveguide. Meanwhile,
there is a high impedance (ideally infinite) for the non-blocking case, since there is
no such electrical contact between the ceiling and the floor.

The above description is sufficient for understanding the MEMS surface inserted
into a waveguide. It is interesting to note that the surface can be used not only for
the TE10 mode in a rectangular waveguide, but also for plane waves (TEM mode),
provided that the same polarization is used. This is readily verified by simulations.
From a transmission line theory point of view, the reflection in the blocking state
occurs due to a short circuit which occurs between the ground and signal line in
the transmission line. To understand why the reconfigurable surface also works
for plane waves (with no metal parts to short-circuit), we can use optics to find
an explanation. In fact, the surface considered here is very similar to a wire-grid
polarizer, described in several textbooks on optics, e.g. [36]. When connected, the
vertical cantilevers in the MEMS surface act as the “wires” in a wire-grid polarizer,
whereby this polarization is reflected. The switch surface will thus work for all
frequencies where the period of the “wires” is significantly smaller than the wave-
length, and the bandwidth of the waveguide switch will therefore be limited by the
waveguide, and not by the switch surface!

4.2 Parameter study

The overall switch performance is influenced by the number of horizontal bars
(rows), the number of vertical cantilevers (columns) and the overlap of the vertical

1In order to show this, it is useful to remember that an infinitely long transmission line can
be modeled as a lumped resistance element of resistance equal to the real part of Zc.
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Figure 4.2: MEMS waveguide switch: (a) exploded-view drawing showing the
mounting/assembly of the MEMS waveguide switch into the WR-1:5 waveguide
flanges; and (b) illustration of the complete MEMS waveguide switch chip.

cantilevers. A frequency-domain finite element method (FEM) model was imple-
mented using the commercial software CSTMicrowave Studio, in order to determine
the isolation, insertion loss and return loss of the switch for different combinations
of these three design parameters. A tetrahedral mesh was used with adaptive mesh
refinement. Adaptive mesh refinement close to the contact between vertical can-
tilevers is particularly important for the case where the contact is not-ideal, as
will be discussed in Section 4.3. It has been verified that these simulation results
are also in good agreement with time-domain (FIT) simulations with a hexahedral
mesh, also implemented in CST.

The material of the MEMS surface was first modeled as a perfect electric con-
ductor (PEC) in the simulation model. This results in an accurate estimation of the
isolation and the return loss, but results in an underestimation of the insertion loss.
These results (presented in Fig. 4.3) are, despite underestimating the insertion loss,
helpful for understanding the influence of the number of horizontal bars (rows), the
number of vertical cantilevers (columns) and the overlap of the vertical cantilevers
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on the switch performance. The simulation model is readily extended to include
lossy metal, and we therefore include losses in the simulations presented in Fig. 4.6.

The results of the parameter study are summarized in Fig. 4.3. Similarly to [62],
it was found that the isolation in the blocking state improves while the insertion loss
in the non-blocking state degrades with increasing number of vertical columns. The
number of horizontal bars has a minimal impact on the isolation performance in
the blocking state since the horizontal bars are perpendicular to the short-circuited
electric field lines. To understand this, it is again useful to remember the wire-grid
polarizer, see Section 4.1.

The insertion loss is significantly higher when three horizontal bars are used
instead of four or five horizontal bars. This is an indirect effect resulting from
the longer vertical cantilevers length used for a switch design with lower number of
horizontal bars to maintain the same vertical cantilever overlap. The longer vertical
cantilevers adversely affect the waveguide electric field lines in the non-blocking
state since the vertical cantilevers are parallel to the field lines. The degradation of
the insertion loss with increasing length of the vertical cantilevers is also observed
when the vertical cantilever overlap is increased from 2 μm to 8 μm.

This design parameter study makes it clear that for the optimal switch de-
sign, the selection of the number of horizontal bars and vertical columns requires a
compromise between insertion loss, isolation and the return loss. Based on the sim-
ulation results in Fig. 4.3, the design with 7 horizontal bars and 4 vertical columns
is selected for a 2 μm vertical cantilever overlap since it was found to be the best
design compromise with insertion loss2 below 0.4 dB, return loss better than 12 dB
and isolation of 20 dB. This combination of design parameters will be referred to as
Prototype (a). Since this switch is designed for 10 times lager frequency compared
to the previously presented switch in [62], the size of the waveguide is significantly
smaller. Since the MEMS surface has the same feature size, the here presented
switch has a significantly smaller number of vertical columns and horizontal rows,
compared to the switch presented in [62], which had 20 vertical columns and 21
horizontal bars.

2As stated above, the MEMS surface was modeled as PEC, whereby the insertion loss is
underestimated. The losses of the MEMS surface due to lossy metal can easily be included in the
simulation, and the corresponding results including losses are presented in Section 4.4.
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Figure 4.3: Parameter study showing the insertion loss and return loss in the trans-
missive state, and isolation in the blocking state, for different combinations of the
vertical cantilever overlap, number of vertical columns and number of horizontal
rows. All simulations were carried out at the frequency 625 GHz, considering zero
contact resistance between the touching vertical cantilevers (Ohmic contacts).
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4.3 Physics of micro-contacts between metallized vertical
cantilevers

In the simulation model used for Fig. 4.3, we assumed perfect electrical contact, i.e.
zero contact resistance, between the touching vertical cantilevers. We refer to such
contacts, which are mainly resistive (here modeled with a very small resistance
of 0 Ω) rather than reactive, as ohmic contacts. However, the physics of micro-
contacts between metallized cantilevers is rather complicated (see e.g. the review
paper [64]), and it therefore needs to be treated in more detail. Consider Fig. 4.4,
which is a scanning electron microscope (SEM) image of a vertical cantilever from
a fabricated prototype. The periodic surface roughness of the cantilevers, referred
to as scallops, have a size of 150 − 200 nm, and it is a result of the DRIE etching
process. In addition to the scallops, the etched sidewall is not straight, but rather
it has an angle of 0.25◦. However, since the vertical cantilevers are very short,
they also have a large spring constant, and we can not be sure that the structure
is compliant enough to make sure that all the vertical cantilevers are in contact
with each other. Hence, it could happen that only one of the vertical cantilever
pairs are touching, while the others have a 200 nm gap, with a very large contact
resistance as a result. This was not the case for the prototype previously presented
for 60 − 70 GHz [62], since it had longer vertical cantilevers, and consequently a
smaller spring constant3. When going to higher frequencies, thus shorter vertical
cantilevers, it is therefore necessary to consider how the switch performs under
non-ideal contacts with high contact resistance. A large contact resistance makes
it difficult to achieve a small shunt impedance Z2, which is required for a sufficient
isolation in the blocking state. The solution to this problem is to replace the ohmic
contact by a capacitive contact, as described below.

The contact area Ac is the product of the device layer thickness (30 μm) and the
overlapping length between the vertical cantilevers. For the case of ohmic contacts,
it should be enough with a very small contact overlap, e.g. 2 μm. However, our
simulations indicate that when using a contact overlap of 2 μm, a gap of 200 nm be-
tween the contacts degrades the isolation by several dB. This is shown in Fig. 4.6(a),
where we present the isolation for Prototype (a) simulated with a 200 nm gap be-
tween the vertical cantilevers, with an isolation significantly smaller than predicted
by Fig. 4.3, which considered zero contact resistance (i.e. zero gap). Hence, this
type of contact is very sensitive to the quality of the electrical contact between the
vertical cantilevers.

A solution to the problem of small air gaps, thus high contact resistance, can
be found by considering the contact capacitance C created in the contact of area
A and gap g ∼ 200 nm. The contact impedance can thus be estimated using the
well-known textbook formula for a parallel-plate capacitor C = ε0A/g, e.g. [53]:

Zcont = 1/(jωC) = g/(jωε0Ac), (4.1)

3See Paper III for a detailed discussion.
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where ω is the angular frequency. Hence, it is readily understood that a larger can-
tilever overlap will result in a larger capacitance, thus smaller contact impedance.
In Fig. 4.5, we present the transmission coefficient as a function of the gap between
the contacts when the contact overlap is 8 μm. With small air gaps, the shunt
impedance Z2 is dominated by the capacitive contact impedance, rather than the
resistance of the vertical cantilevers (which are covered in gold), whereby a PEC
model gives an accurate estimation of the isolation. As can be seen in this figure,
there is, contrary to the case for 2 μm overlap, no significant degradation of the
isolation when there is a 200 nm gap between the vertical cantilevers. Thus, it
seems that we have solved the problem of the high contact resistance by replacing
an ohmic contact by a capacitive contact. This is verified by measurements, as
shown below in Fig. 4.6(a), where the switch with 8 μm overlap (prototype (b))
has a significantly better isolation compared to prototype (a), which is designed for
2 μm overlap. Another interesting observation from Fig. 4.5, is that the isolation
is increasing with increasing frequency for capacitive contacts. The increasing iso-
lation as a function of frequency for capacitive contacts can be understood since
the contact impedance is decreasing with increasing frequency, according to (4.1).
This trend is also seen in the measurements in Fig. 4.6.

As shown in the parameter study (Fig. 4.3), there is a design compromise, where
increasing the overlap of the vertical cantilevers, thus improving the isolation, we
also degrade the insertion loss. This is because the vertical cantilevers are longer,
thus scattering more power, which results in a larger return loss and insertion loss.
Since the isolation values presented in Fig. 4.3 were determined considering perfect
(ohmic) electrical contacts, this needs to be combined with an analysis according
to Fig. 4.5 in order to estimate the isolation which can be measured in the lab.

Based on the above, a switch design with 8 μm vertical cantilever overlap using
5 horizontal bars and 4 vertical columns, referred to as Prototype (b), was also
fabricated. The simulated performance of this prototype is: insertion loss below
0.8 dB, isolation above 20 dB and return loss better than 8 dB. Since Prototype (b)
is expected to have higher return loss compared to Prototype (a), a third prototype
(Prototype (c)), was also fabricated with 8 μm vertical cantilever overlap using 5
horizontal bars and 3 vertical columns. By reducing the number of vertical columns,
we decrease the return loss, as shown in Fig. 4.3.

4.4 Measurement and simulation results

The MEMS waveguide switch was assembled between two waveguide flanges, as
illustrated in Fig. 4.2. Submillimeter-wave measurements of on-chip waveguide
components are challenging due to the strict requirements on the alignment accu-
racy [65]. A special method for aligning and assembling the chip to the waveguide
flanges was therefore implemented. The assembly is not discussed in detail here,
and the reader is referred to Paper III for a detailed description.

The measured scattering parameters for prototypes (a), (b) and (c) described in
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(a) (b)

Figure 4.4: Scanning electron microscope (SEM) image of the contact cantilevers,
showing a sidewall inclination of 0.25◦: (a) top part of the cantilever; and (b)
bottom part of the cantilever. The scallops have a size of 150− 200 nm.
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the previous sections are presented in Fig. 4.6. Prototype (a) has the smallest in-
sertion loss, due to two contributing factors. Firstly, this prototype has the shortest
vertical cantilevers, which result in a small disruption of the TE10 mode in the non-
blocking state, thus scattering the least power (see Fig. 4.3). Secondly, and most
importantly, this prototype was fabricated on an SOI wafer with 300 μm handle
layer thickness, while prototypes (b) and (c) were fabricated on an SOI wafer with
400 μm handle layer thickness. Consequently, prototypes (b) and (c) have longer
micromachined waveguides, which contribute more to the overall loss. This is due
to the difficulty in metallizing the longer etched side-walls, where an insufficient
metal thickness results in large losses. Since this insufficient metal thickness was
not taken into account in the simulation model, the insertion loss were larger in the
measurement than predicted by simulations.

The contribution to the insertion loss by the MEMS-reconfigurable surface is
only about 0.5 to 1 dB, which is verified by the reference waveguide measurement
of a straight micromachined waveguide without the MEMS surface.

As expected from Section 4.3, the measured isolation of Prototype (a) is only
about 5 dB due to the large contact resistance between the vertical cantilevers. The
isolation is accurately estimated by the simulation model considering 200 nm gap
between the vertical cantilevers, in good agreement with the measurement results,
see Fig. 4.6(a). The isolation of Prototype (b), which is based on a capacitive con-
tact instead of an ohmic contact, is between 19−24 dB, which is in better agreement
with the design requirements. As expected from Fig. 4.3, the isolation of Proto-
type (c) is smaller than the isolation of Prototype (b). While the simulation model
underestimated the insertion loss, the isolation was estimated very accurately. In
particular, it can be noted that the isolation increases with increasing frequency, as
predicted by (4.1) and Fig. 4.5.
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4.5 Conclusions and future work

This chapter has presented the first ever4 submillimeter wave MEMS waveguide
switch. The microwave design of the switch is described in Sections 4.1 and 4.2. A
simulation model was developed for studying the MEMS switch with non-perfect
(high resistance) contacts between vertical cantilevers, in Section 4.3. It was demon-
strated that the problem of high contact resistance could be mitigated by instead
using a“capacitive contact”with 8 μm overlap. Measurement results were presented
in Section 4.4, in good agreement with the simulation results.

In order to make switched focal plane arrays (FPAs), it is necessary to combine
multiple switches to form a switch network. For such applications, it is required
to have a very small return loss for each switch in order to have a small return
loss also for the combined switch network. With the return loss presented here
(e.g. 12 dB simulated return loss for Prototype (a)), there is room for improve-
ment. There is also room for improvement when it comes to the insertion loss. As
discussed in the previous section, the insertion loss can be reduced by a shorter mi-
cromachined waveguide, and thicker metallization thickness5. Additionally, there is
also a method to improve the return loss, which was not discussed in this chapter,
but which is described below. This method is best understood by looking at the
reflection coefficient in the Smith chart, while considering the equivalent circuit in
Fig. 4.1. The switch is in the capacitive side of the Smith chart, and by making
Z1 more inductive (this can be done by removing one column of vertical cantilevers
to make room for “inductive sidewalls”, similarly to an inductive iris), it is possible
to move the reflection coefficient along the lines of constant conductance in the
admittance-Smith chart, thus reducing the return loss. This has been verified by
simulations, and it will hopefully be demonstrated for an improved prototype in
the future. In summary, it seems that both the return loss and insertion loss can
be improved in a future prototype.

4The conference publication for the here presented switch [23] has since the publication been
referred to as the first MEMS waveguide switch for submillimeter waves [66].

5See the detailed discussion in Paper III.



Chapter 5

Conclusions and future work

This thesis presents research towards enabling micromachined millimeter and sub-
millimeter wave focal plane arrays (FPAs). Paper I presents a simple relation for
determining the required FPA spacing in order to yield −3 dB overlap between the
switched beams in a switched FPA, for the special case when an extended hemi-
spherical lens is used as the quasi-optical system. This relation is readily generalized
to any optical system with a known effective focal length fl. Paper II presents a
numerical study, which demonstrates that it is possible to reduce the side-lobe level
and cross-polarization of planar extended hemispherical lenses, while increasing the
aperture efficiency, by using micromachined matching regions. Finally, Paper III
presents the first ever single-pole single-throw (SPST) MEMS waveguide switch for
submillimeter-wave frequencies.

Single-pole multiple-throw (SPMT) switches, can be used in switch networks
to switch between different antenna elements in an FPA, as described in Paper I.
For future work, it is of interest to investigate SPMT switches based on the switch
concept presented in Paper III. Note that Paper III was based on a single device
per chip. In order to make large-scale switch networks with a reasonable cost and
complexity, it will be necessary to have multiple switches integrated with micro-
machined waveguides on a single chip, thus taking the step from device-on-chip to
system-on-chip. The present author has already designed single-pole double-throw
(SPDT) switches implemented with micromachined waveguides on the same chip,
and fabrication efforts have been started in the RF-THz MEMS research group at
KTH.

41





References

[1] J. Ala-Laurinaho, J. Aurinsalo, A. Karttunen, M. Kaunisto, A. Lamminen, J. Nur-
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