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Summary

Millimeter- and submillimeter wave applications, such as point-to-point wireless com-
munications in beyond-5G scenarios, long-range automotive radars and astronomy and
astrophysics science cases from space require antennas with high-gain beams that are
steerable. At lower (microwave) frequencies, fully sampled phased arrays with thou-
sands of elements have been demonstrated for this purpose. However, above roughly
100 GHz, integrated-circuit technology faces major bottlenecks in terms of size, power
efficiency, thermal management and technological immaturity. Consequently, only
integrated phased arrays with very few elements have been reported in the literature
above 100 GHz. To still achieve the gain and enable beam scanning, mechanically
actuated reflectors are now typically employed. However, such solutions are bulky,
power-hungry and do not allow rapid beam steering.

To overcome these limitations, we propose, analyze, design, fabricate and demon-
strate a new antenna architecture in this thesis: the scanning lens phased array. The
scanning lens phased array is a compact, low-power and very sparse array of integrated
lens antennas that we demonstrate with scanning capabilities up to 25 degrees around
broadside. A hybrid electro-mechanical approach to beam steering is employed: the
array factor is scanned electronically and the element patterns are steered mechani-
cally. The grating lobes that arise in the array factor due to the array’s sparsity are
suppressed by the high directivity of the lens elements. This results in a clean, high-
gain beam towards the desired scan angle.

Our analysis finds that the grating lobes can only be suppressed when the lens el-
ements are illuminated with sufficiently high aperture efficiency. We have therefore
studied and exploited the properties of resonant leaky-wave lens antenna feeds that
achieve such high aperture efficiency. The analysis of resonant leaky-wave feeds was
extended, with respect to previous work, to include lenses that are in the near field of
the feed. As such, we were able to analyze lenses with a diameter as small as two free-
space wavelengths. We found that the poles associated to the propagating leaky-wave
modes can be used to derive closed-form expressions that describe the required lens
antenna geometry. We have used this analysis to demonstrate several single-element
lens antenna prototypes. At 180 GHz, an improved leaky-wave feed for plastic lenses
was demonstrated that includes a circular waveguide and corrugations in the ground
plane. We have also demonstrated, at 550 GHz, a wideband leaky-wave feed that sup-
ports the propagation of multiple leaky-wave modes to feed a silicon lens. To overcome
the high reflections that occur for silicon lenses at the lens-air interface, we have pro-
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posed and demonstrated a broadband and lossless matching layer suitable for shallow
lens arrays.

We have then used the lens antennas as the elements of a scanning lens phased array.
At 100 GHz, we demonstrated high-gain (>30 dBi) continuous beam steering up to
20 degrees with a 4x1 lens array prototype of plastic lenses with a diameter of six free-
space wavelengths. Mechanical phase shifting is achieved with a fast, high-precision
piezo-electric motor. Electronic phase shifting of each element is achieved with four
channels, each consisting of a low-frequency IQ-mixer and a frequency multiplier. An
over-the-air setup was used to calibrate and measure this array.

We also demonstrate a coherent seven-element silicon lens array at 550 GHz. To
feed the elements from a single source, we have developed a novel quasi-optical power
distribution architecture. In this transmit array architecture, a single, large lens is used
to distribute power to the seven elements. Since the array elements are fed in phase,
we were able to demonstrate discrete-angle beam steering towards the grating lobe
angles by mechanically actuating the lens array. The high-gain beam from the lens
array (>30 dBi) is thus mechanically steerable to 25 degrees from broadside.

Although we have demonstrated several improved feeds and the first scanning lens
phased arrays, we have also identified several lines for future research. In the last
Chapter, these opportunities are listed based on broad categorizations of lens and lens
array analysis, technology development and possible application cases.
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Samenvatting

Toepassingen vanmillimeter- en submillimeter golflengtes, waaronder draadloze punt-
tot-punt communicatie voor de komende 6G implementaties, langeafstandsradars in
auto’s en wetenschappelijke experimenten in de astronomie en astrofysika vanuit de
ruimte vereisen antennes met een smalle, stuurbare stralingsbundel. Op lagere fre-
quenties (mikrogolven), zijn volledig bezette gestuurde arrays met duizenden ele-
menten gemeengoed. Echter, boven de circa 100 GHz ontstaan er bottlenecks in
het ontwikkelen van geintegreerde circuits door de afmetingen, vermogensefficien-
tie, hitteafvoer en technologische onvolwassenheid. Om deze redenen zijn er slechts
geintegreerde arrays met een zeer beperkt aantal elementen gepubliceerd in de we-
tenschappelijke literatuur. Om toch nog de vereiste smalle, stuurbare stralingsbundel
te verkrijgen wordt veelal een mechanisch verplaatsbare schotel gebruikt. Echter, op-
lossingen als deze zijn vrij lijvig, vereisen veel vermogen en zijn niet snel te sturen.

Om deze beperkingen op te heffen, stellen we in dit proefschrift een nieuwe antenne
architectuur voor die we ontwerpen, implementeren en valideren: de gestuurde lens
array. De gestuurde lens array is een compacte array van geintegreerde lens antennes
waarvan de elementen ver uit elkaar staan en die weinig vermogen gebruikt en toch tot
25 graden gestuurd kan worden. Een hybride elektro-mechanische benadering is de
sleutel tot bundelsturing: de array factor wordt elektronisch gericht en de lens element
stralingspatronen worden mechanisch gericht. De grating lobes die optreden door de
roosterafstand worden onderdrukt door de smalle bundel die wordt uitgestuurd door
de lens elementen. Dit heeft een mooie dunne stralingsbundel in de gewenste richting
tot gevolg.

Uit onze analyse blijkt dat de grating lobes alleen kunnen worden onderdrukt wan-
neer de lenzen belicht worden met een hoge diafragma-efficientie. Daarom hebben we
de eigenschappen van resonerende lekgolfantennes bestudeerd en uitgebuit die zulke
hoge diafragma-efficientie tot gevolg hebben. De bestaande analyse van resonerende
lekgolfantennes is uitgebreid om ook lenzen die in het nabije veld van de bron zijn
te bestuderen. Hierdoor zijn we in staat geweest om lenzen met een doorsnede van
slechts twee golflengtes te bestuderen. Uit ons onderzoek blijkt dat de polen beho-
rend bij de voortplantende lekgolven gebruikt kunnen worden om, in gesloten vorm,
uitdrukkingen af te leiden die de vorm van de lens volledig beschrijven. De resulta-
ten van deze analyse zijn gebruikt om diverse lens antenne prototypes te maken. Op
180 GHz hebben we een verbeterde lekgolfantenne ontwikkeld die gebruik maakt van
cirkelvormige uitsparingen in een geaard vlak en die voor plastic lenzen werkt. We
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hebben ook, op 550 GHz, een breedbandige lekgolfantenne ontwikkeld die de voort-
planting van vijf lekgolven mogelijk maakt en die voor silicium lenzen werkt. Om de
ongewenste reflecties die bij de silicium-lucht overgang optreden te verminderen heb-
ben we een nieuw soort antireflectiecoating ontwikkeld die geschikt is voor ondiepe
lens arrays.

We hebben daarna zulke lens elementen gebruikt als de elementen in gestuurde
lens arrays. Op 100 GHz hebben we een antenne met een hoge versterkingsfactor
(>30 dBi) en continue bundelsturing tot 20 graden ontwikkeld. De array bestaat uit
4 plastic lenzen op een rij die elk een doorsnede van zes golflengtes hebben. De me-
chanische bundelsturing wordt door een snelle en zeer nauwkeurige piezo-elektrische
motor gedaan. Elektronische bundelsturing van de lens elementen wordt bereikt door
vier kanalen die elk bestaan uit een IQ-mixer op lage frequenties en een frequentie-
vermenigvuldiger. We gebruiken een nieuw-ontwikkelde opstelling in de vrije ruimte
om deze lens array elementen te calibreren en door te meten.

We tonen ook de werking van een silicium lens array met zeven lens elementen
op 550 GHz aan. Om de elementen aan te sturen uit een enkele bron hebben we een
nieuwe quasi-optische vermogensverdeler ontwikkeld. In deze doorstuur-array opstel-
ling wordt een enkele, grote lens gebruikt om het vermogen te verdelen over de zeven
elementen. Doordat de array elementen op deze manier in-fase aangestuurd worden
kunnen we discrete-hoek bundelsturing aantonen naar de grating lobes door mecha-
nische verplaatsing van de lens array. Een smalle bundel met hoge versterkingsfactor
(>30 dBi) kan zo mechanisch gestuurd worden tot wel 25 graden.

Hoewel we de werking van verschillende verbeterde antennes en gestuurde lens
arrays hebben aangetoond hebben we ook diverse nieuwe onderzoeksrichten op het
oog. In het laatste hoofdstuk worden deze mogelijkheden benoemd.
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Chapter 1
Introduction

Millimeter- and submillimeter-wave phased arrays have attracted significant research
interest in the past decade [1]–[3] due to their applicability in a wide range of subjects,
such as wireless communication [4]–[7], automotive radar [8], [9], security scanners
[10], non-destructive testing [11], [12], biology [13] and applications in space such as
astronomy [14], [15] and Earth [16], [17] and planetary science [18]. In Section 1.1,
an overview of recent developments in arrays for some of these applications are high-
lighted. We will see that, in general, the higher the frequency, the lower the number
of array elements that are integrated due to power efficiency and thermal limitations
or routing difficulties.

In order to overcome this limitation, sparse phased arrays have been studied exten-
sively to achieve beam steering of a high-gain beam using a relatively small number
of elements. In Section 1.2, an overview of sparse array technology and techniques is
given.

In this thesis, a new antenna architecture, consisting of a sparse array of actuated
lenses, is introduced. The scientific contributions that have resulted from this work are
given in Section 1.3 and an outline of the rest of the thesis is presented in Section 1.4.

1.1 Applications and Technology
Wireless Communication

Increasing demand for high-throughput wireless links is driving communication tech-
nology towards higher frequencies, where more bandwidth is available [4]–[7]. Sce-
narios where such links are indispensable include fixed wireless access [7], backhaul
links (outdoors [5], [19] and indoors [7]) or simultaneously serving tens of thousands
of users (such as a crowded stadium) [20]. For these use cases, an antenna gain of
30-50 dBi is required [5].

At 28 GHz, where spectrum has been allocated for 5G New Radio [21], a wide
range of phased arrays have been demonstrated, ranging from arrays with only a few
elements [22] to extremely large phased arrays with up to 4096 elements [1]. In
the allocated 40 GHz band [23], integrated arrays have been demonstrated with 64
elements [24] and in architectures scalable to exceed 500 elements [25]. At 60 GHz,
256-element arrays have been demonstrated [26]. In the past decade, W-band (75-

Parts of this Chapter have been published in [J1].
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Fig. 1.1: Number of array elements in integrated phased array antennas for communications and their
antenna gain.

110 GHz) integrated phased arrays have received considerable attention [27]–[30] to
enable wireless communication. To reach distances of 10 km, the array should contain
in the order of one thousand elements [31]. Several smaller arrays with 16 elements
have been demonstrated [27], [30] but scalable architectures with 64 elements have
also been demonstrated [28], [32].

Above 100 GHz, where the Federal Communications Commission in the United
States has recently opened several-gigahertz-wide frequency bands [33], multiple pha-
sed array demonstrations have been reported. Around 140 GHz, a fully-integrated tr-
ansceiver was demonstrated in [34], a transceiver front-endmodule was demonstrated
in [35] and an eight-element phased array array was presented in [36]. A transceiver
chip was coupled to an integrated dielectric lens in [37] at 130 GHz. Above 200 GHz,
phased arrays for communications have not been demonstrated. However, progress is
made with integrated technology. For example, several sources [38], [39] have been
integrated on a chip around 250 GHz. At 340 GHz, a heterodyne receiver front-end
was shown in [40] for imaging applications and a 2×2 phased array was demonstrated
in [41]. A 400 GHz 1×8 phased array was demonstrated in [42] and a 1×4 phased
array at 530 GHz in [43].

The number of elements in integrated phased array antennas for communication
applications is summarized in Fig. 1.1 as a function of the frequency. The gain of these
integrated antenna arrays, also shown in Fig. 1.1, especially above 100 GHz is not
enough to fulfil the requirements for the communications applications outlined above.

Automotive and Imaging Radars

Efforts to improve vehicle safety and comfort have resulted in widespread availabil-
ity of automatic emergency braking, adaptive cruise control, lane-assist systems and
parking assistance systems in modern cars and trucks. Such sensors often rely on radar
technology. In particular, the frequency bands around 24 GHz [44] and 77 GHz [8]
have been widely exploited. Recently, the development of (semi-)autonomous vehicles
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1.1. APPLICATIONS AND TECHNOLOGY

has resulted in the development of more complex and higher-frequency automotive in-
struments for 3D mapping or object detection and classification [9].

To increase the angular resolution in automotive radar, one approach has been
the use of integrated arrays using multiple-input multiple-output (MIMO) technology
[45]. In such architectures, a small array ofN antennas transmit orthogonal sequences
and, by using a small array ofM receivers, a virtual antenna array of sizeN×M is syn-
thesized. For example, MIMO frequency-modulated continuous wave (FMCW) radars
at 77 GHz for automotive applications were demonstrated with four elements in [46]
and with eight elements in [47]. Alternatively, the angular resolution can be increased
by using a dielectric focusing lens [48].

To increase the range resolution of FMCW radars, larger bandwidths are required. To
meet this demand, integrated radars are being developed at higher frequencies where
there is more available spectrum. For example, in [49], a 94 GHz FMCW phased array
radar transceiver was demonstrated. This array achieved 20 dBm equivalent isotropic
radiated power (EIRP) with four transmit and four receive antennas-in-package. A
sidelobe level (SLL) of 5 dB was achieved at scan angles of 20◦. A MIMO radar at 94
GHz with four transmit and four receive channels was demonstrated in [50]. Above
100 GHz, several fully integrated imaging radar arrays have been demonstrated such
as a MIMO radar at 145 GHz [51], a single-input single-output (SISO) radar at 170
GHz [52] and a SISO radar at 220 GHz [53].

At submillimeter waves, focal plane arrays of receivers under a mechanically actu-
ated reflector are used for (real-time) imaging [10], [54]–[56]. At 350 GHz, a single-
transceiver imaging radar system was developed for standoff concealed weapon detec-
tion, capable of imaging at 10 meters in 10-20 seconds [54]. A next-generation airport
security screening system with 10 Hz frame rate was developed with 16 transceivers
at 350 GHz in [55]. A submillimeter-wave radar was developed at 680 GHz with a 40
× 40 cm field of view at 5-9 meters [10]. An 800 GHz system with one transmitter
and 32 receivers was demonstrated in [56] at an object plane distance of 4 meters.

Submillimeter-Wave Technology in Space

Astronomical observations of planets [15], comets [57], [58], the Moon [59], the cos-
mic microwave background [60] and the interstellar medium [14] along with remote
sensing of the Earth’s atmosphere [16], [61], [62] have been driving forces behind the
development of ultra-sensitive terahertz technology in the last decades [63].

Although many important scientific and engineering milestones have been achieved,
practical limitations of size, weight, power and technological readiness have prevented
integrating more than a few array elements on space-based instruments at submillime-
ter wavelengths [14]. Furthermore, the extreme sensitivity required by these instru-
ments can not be achieved with integrated technology. Therefore, small focal plane ar-
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rays of receivers coupled to quasi-optical systems have been used in space applications
to achieve the required sensitivity and gain. The latest technological developments are
starting to enable the integration of more elements on next-generation terahertz space-
craft. For example, the most recent room-temperature frequency-multiplied sources
are able to pump Schottky diode-based mixers up to 2-3 terahertz [64], [65].

One application for such multi-pixel instruments is cometary mapping: the Mi-
crowave Instrument on the Rosetta Orbiter (MIRO) [58] contained two heterodyne re-
ceivers (at 190 GHz and 562 GHz) that probed Comet 67P/Churyumov-Gerasimenko.
The outgassing rates from the nucleus of the comet could be determined using MIRO
but mapping of the comet was impossible before it rotated significantly, due to the
single-pixel design. To allow mapping of comets, a dual-band 16-pixel instrument,
COMETS, is being developed at the Jet Propulsion Laboratory [66]. Details on the
development of the lens antennas for this instrument are given in Appendix C.

A new enabling technology is the advent of CubeSats: satellites with a mass below
10 kg that cost in the order of several tens of millions of dollars (compared to billions of
dollars!) with five-year mission duration [67]. The Venus Atmospheric Sounder with
Terahertz (VAST) has been proposed [68] as a submillimeter-wave spectrometer on a
small satellite. A recent sub-orbital flight demonstration with a 183 GHz CMOS-InP re-
ceiver and 570 GHz CMOS and GaAs Schottky mixer has demonstrated limb-sounding
of the atmosphere in a size that is compatible with the CubeSat limitations [69]. Given
the limited available space on CubeSats, reflectors are too bulky to integrate. There-
fore, new, compact approaches to wide-angle beam steering are required.

1.2 Sparse Phased Arrays
The applications outlined in Section 1.1 require high-gain beams that can be scanned
over a certain field of view in a wide bandwidth. Below 100 GHz, significant maturity
in integrated technology exists to create large, fully-sampled phased arrays. Above
100 GHz, only small arrays with low-to-moderate gains have been demonstrated. This
observation has two causes: on the one hand (integrated-circuit) technology becomes
less efficient at higher frequencies (the well-known “terahertz gap”), such that fur-
ther integration reaches bottlenecks in terms of power, temperature or packaging. On
the other hand, applications which have traditionally been drivers of terahertz tech-
nology, such as astronomy, demand the most sensitive instruments (e.g. SIS-, HEB-
or Schottky-based). For these systems, either the local oscillator (LO) multiplication
chain’s size is larger than the radio frequency (RF) wavelength [70], [71], or it suffers
high losses in the LO distribution network [71].

Therefore, at submillimeter-waves the only realistic scanning antenna architecture
for high-gain beams has been the use of quasi-optical systems (reflectors) combined
with bulky mechanical scanners [55], [61], [62]. In order to achieve more compact
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Fig. 1.2: An example of a limited-scan array configuration: A 4×4 phased array of circular, uniform current
distributions in a semi-infinite ground plane (a) geometry and radiation patterns scanning to (b) broadside
and (c) 5◦. The dashed line shows the array pattern when the element pattern is also steered towards 5◦.

systems, it is necessary to develop integrated beam steering antenna architectures.
The challenge in developing such architectures are the requirements for typical space
applications: large steering angles (±25◦) from large apertures (i.e., a directivity larger
than 40 dBi) and wide bandwidths (larger than 10%).

An alternative to reflector systems consists of increasing the spacing between array
elements: sparse phased arrays. These arrays allow scanning over limited angular
ranges, as long as the grating lobes are properly attenuated by the element pattern
[72]. Therefore, antenna array elements larger than typical patches or dipoles are
required. As an example, we can consider a phased array of 4 × 4 circular uniform
current distributions with a diameter of D = 3λ0 and period p = D in a ground plane,
schematically shown in Fig. 1.2a. For broadside operation, the grating lobes in the
array factor are clear and shown in Fig. 1.2b. The grating lobes are suppressed by
the directive element pattern and the array pattern has sidelobe levels around -13 dB.
When scanning to a small angle of 5◦ (Fig. 1.2c), the grating lobe appearing around
θ = −15◦ is not suppressed well by the element pattern, resulting in a sidelobe level
of the array pattern of around -6 dB. Furthermore, the scan loss is associated with
the roll-off of the element pattern. In Fig. 1.2c it can be seen to be around 1 dB for
5◦ scanning. These are a fundamental limitations of limited-scan arrays which are
caused by the inability to scan the element pattern. Nevertheless, such arrays are able
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to produce high-gain beams with a reduced number of elements and are useful in
applications that require only small-angle scanning.

Limited-scan arrays have been shown in the microwave regime by using leaky-wave
(LW) feeds [73], [74] and subarray techniques [75], [76]. However, both the band-
width (<5%) and the beam steering angles (< 5◦) are small or they suffer from high
distribution network losses. At microwave frequencies, the use of phased lens arrays
with large spacing has been proposed for astrophysical applications [77]. Small lens
phased arrays with limited scanning ranges have also been developed in microwaves
[78]–[80]. Specifically, it was anticipated in [80] that, in order to extend the other-
wise very limited scanning capabilities, one would need to mechanically or electroni-
cally manoeuvre feed elements. More recently, the communications industry has also
started to move in that direction; more patents are being published utilizing array of
lenses with specific applications for communications in the Ka band [81]–[84].

In this thesis, we extend the scanning capabilities of lens phased arrays by introduc-
ing a mechanical shift of the feed relative to the lens. This results in the scanning of
the element pattern, thereby eliminating the fundamental limitation of limited-scan
arrays and enabling a wide scanning lens phased array. For the example of a 4 × 4

array of circular current distributions, if the element pattern would be able to scan
along with the array factor, the improvement in SLL and scan loss can be appreciated
in Fig. 1.2c (dashed line).

1.3 Scientific Contributions in this Thesis
The work described in this thesis has resulted in eight journal papers (two still in prepa-
ration) and 24 conference contributions. These contributions are listed on Page 193.
The main scientific contributions in this thesis are listed below, categorized as Theory
[T], Antenna Design [A] or Demonstration of Lens Arrays [D].

Theory

[T1] The Scanning Lens Phased Array antenna architecture is introduced: a wide-
band, scalable, hybrid electro-mechanical, very sparse phased array of lens an-
tennas that can achieve beam steering of a highly directive beam (>30 dBi) over
a field of view of ±25◦. Based on a study of this lens array architecture, the
requirements of the constituting lens antenna elements are derived and the per-
formance of such arrays is given.

[T2] To enable the analysis of electrically small dielectric lens antennas, which could
be the elements in a lens phased array, we have applied the Fourier Optics
methodology in reception to lens antennas that are an order ofmagnitude smaller
than before (≈ 2λ0).

[T3] Such small lenses can be illuminated efficiently with resonant leaky-wave anten-
nas. However, for such small lenses, the surface of the lens will be in the near
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field of the feed. We therefore show that the near field of leaky-wave resonant
antennas radiating into a dense medium can be locally represented as a spheri-
cal wave in a certain solid angle around broadside when an accurate definition
of the phase center is used. The near field in this solid angle can be efficiently
evaluated via the integration of the spectral Green’s function along the Steepest
Descent Path (SDP). This approach is also valid for lens antennas with very low
dielectric permittivity. From the propagating leaky-wave modes in the structure,
we derive closed-form expressions for the elliptical lens shape that is efficiently
illuminated by such feeds.

Antenna Design

[A1] We have developed a wider-bandwidth, more efficient resonant leaky-wave lens
feed with annular corrugations in the ground plane. The corrugations signif-
icantly reduce the impact of the spurious TM0 leaky-wave mode in all planes
over a wide bandwidth while reducing assembly complexity compared to pre-
vious methods. The lens antenna achieves an aperture efficiency higher than
80% over a bandwidth of 2:1. A 3 cm diameter lens antenna with such a feed is
designed at 110-220 GHz and demonstrated in the WR-5 band (140-220 GHz).

[A2] We have developed a wideband, leaky-wave lens feed that uses multiple modes
to radiate a “top hat” (i.e., uniform) pattern into a silicon lens. A leaky-wave
analysis of this multi-mode structure is presented and a submillimeter-wave lens
antenna prototype (D = 9.2λ0) with this feed has been demonstrated at 550
GHz.

[A3] We have developed a wideband matching layer for shallow silicon lens arrays at
terahertz frequencies. The matching layer consist of frusta (truncated pyramids)
that provide a smooth transition between the silicon lens and free space. The
performance of this matching layer is evaluated around 500 GHz and compared
to a conventional quarter-wavelength parylene-C matching layer.

[A4] We have developed a dual-band leaky-wave lens feed that operates at 210-240
and 500-580 GHz simultaneously. The lens was designed to be used in a focal-
plane array under a reflector and achieves equal and overlapping beams at both
frequencies for cometary mapping applications.

Demonstration of Lens Arrays

[D1] The first demonstration of high-gain dynamic beam steering with a scanning lens
phased array is presented. We have developed a 4-element linear array of lens
antennas (D = 6λ0) at WR-10 (75-110 GHz) fed by the leaky-wave feed with
corrugated ground plane ([A1]). We have designed an electronic phase-shifting
mechanism that is able to accurately control the phase of each antenna at WR-
10. We have designed a measurement setup and over-the-air calibration method
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which we have used to characterize the performance of the array. This antenna
achieves a gain of >30 dBi with scan angles up to ±20◦ and low grating lobe
levels.

[D2] We have demonstrated a seven-element coherent lens array at submillimeter
waves (450-650 GHz). The lenses are excited in-phase from a single source by
using a novel quasi-optical transmit-array power distribution architecture.

1.4 Outline of this Thesis
This thesis consists of 11 chapters, divided in three parts, and three appendices. In
Part I, a very sparse lens phased array architecture, the Scanning Lens Phased Array, is
introduced and general design guidelines are derived. Furthermore, the methodology
used throughout this thesis for the analysis of lenses in reception is introduced. The
last chapter of Part I concerns the analysis of (very) small lenses which are in the near
field of the leaky-wave feed.

In Part II, two leaky-wave feeds that have been developed in the framework of this
thesis are discussed in detail. Furthermore, a wideband matching layer for shallow sil-
icon lens arrays is presented. In Chapter 5, a novel, wideband (2:1) approach to sup-
pressing the TM0 mode in resonant leaky-wave antennas using annular corrugations
in the ground plane is introduced, analyzed and validated with a 180 GHz prototype.
In Chapter 6, a leaky-wave feed supporting the propagation of five leaky-wave modes
is presented. Such a feed achieves high aperture efficiency illumination (>80%) of a
silicon lens over a wide bandwidth (>35%). A demonstration of this feed is presented
at 550 GHz. In Chapter 7, a broadband, lossless matching layer for shallow silicon lens
arrays at terahertz frequencies is presented, consisting of frusta (truncated pyramids)
that provide a smooth transition between the silicon lens and free space. The perfor-
mance of this matching layer is evaluated at 500 GHz and compared to a conventional
quarter-wavelength parylene-C matching layer.

In Part III, two of the feeds introduced in Part II are used as array elements to demon-
strate the scanning lens phased array concept that was developed in Part I. A four-
element linear array at millimeter waves (75-110 GHz) is demonstrated in Chapter 8.
The design, fabrication, calibration and measurement process are described in detail.
A seven-element coherent lens array at submillimeter waves (450-650 GHz) is demon-
strated in Chapter 9. The lenses are excited in-phase from a single source by using
a quasi-optical transmit-array power distribution architecture that is proposed, sim-
ulated and measured. The analysis methodology in reception, along with details on
fabrication, assembly measurements and results are presented for this prototype.

Conclusions of this thesis are drawn in Chapter 10 regarding the analysis, design
and demonstration of lens phased arrays. Future research avenues are discussed in
Chapter 11.
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The appendix to this thesis presents some miscellaneous results that were not pub-
lished in the literature before. In Appendix A, the space- and leaky-wave field contribu-
tions of leaky-wave antennas are given, which is an extension to the result in Chapter 4.
In Appendix B, some closed-form integrals that are useful for the analysis of antennas
fed by a double-slot iris are presented. In Appendix C, a submillimeter-wave dual-band
leaky-wave lens feed is introduced covering 210-240 GHz and 500-580 GHz simulta-
neously. The lens is designed to be used in a focal-plane array under a reflector to
achieve equal and overlapping on-sky beams for cometary mapping. Simulated results
of the performance are presented for a single lens element along with the fabrication
status.
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Chapter 2
Scanning Lens Phased Array

In this Chapter, we describe a hybrid electromechanical scanning lens antenna array
architecture suitable for the steering of highly directive beams at submillimeter wa-
velengths with a field of view (FoV) of ±25◦. The concept relies on the combination
of electronic phase shifting of a sparse array with a mechanical translation of a lens
array. The use of a sparse phased array significantly simplifies the RF front-end (num-
ber of active components, routing, thermal problems), while the translation of a lens
array steers the element patterns to angles off-broadside, reducing the impact of grat-
ing lobes over a wide FoV. The mechanical translation required for the lens array is
also significantly reduced compared to a single large lens, leading to faster and low-
power mechanical implementation. We demonstrate that the scanning lens phased
array must be fed with high aperture aperture efficiency in order to reduce the impact
of the grating lobes. Such feeds are investigated in Part II.

2.1 Introduction
With the support of the European Union under the ERC starting under Grant LAA-THz-
CC (639749) granted in 2015, we proposed the use of coherent lens arrays integrated
with LW antennas and mechanical piezoelectric motors to solve the array integration
problem at submillimeter wavelengths [85]. This dynamic beam steering architecture
combines lowmechanical complexity (reducedmass with respect to translating a single
lens) with a greatly reduced number of phase shifters. The geometry of the proposed
array based on a LW feed is shown in Fig. 2.1. The array is composed of a sparse
array of active RF array elements distributed over the whole array aperture coupled to
a layer of actuated lenses (one per array element). The single layer of lenses can be
translated mechanically relative to the ground plane, using an implementation similar
to [86], to achieve element pattern scanning, while the active RF phase shifters cause
array factor (AF) scanning. The grating lobes resulting from the array’s sparsity are
attenuated by the directive element patterns of the lenses.

2.2 Design Guidelines
In this section, we describe the main design parameters that impact the performance of
the proposed scanning lens-phased array architecture: the electronic shifting affecting
the array factor, the mechanical phase shifting impacting the element pattern and the

Parts of this Chapter have been published in [J1].
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Fig. 2.1: Geometry of the proposed scanning lens-phased array that uses a combination of mechanical phase
shifting of a silicon lens array and electronic phase shifting in the feeds. The lens array is fed by a multi-
mode LW fed that uses a synthesized quarter-wavelength transformer on top of a resonant air cavity. The
inset shows the lens array layout with a circular aperture ofDa and 19 lenses of diameterDl. The prototype
array consists of seven elements (shaded).

requirements this gives for the field radiated by the lens feed.

To describe these guidelines, we consider a circular array aperture of diameterDa =

100λ0, which can theoretically provide up to 50 dBi of directivity, a number that is in
line with future needs of security [55] and planetary applications with Cubesats or
SmallSats [68]. The considered aperture is filled with a hexagonal arrangement of 19
circular lenses as shown in the inset of Fig. 2.1. In Section 2.3, the hexagonal array
lattice is compared to other lattices. We consider silicon (εr = 11.9) lenses with a
diameter Dl = 20λ0, which is a reasonable size for the aforementioned applications.

2.2.1 Electronic Phase Shifting: Array Factor

A phase shift is applied to each array element, which leads to an array factor (AF)
that is associated with the periodicity of the array and with this, the beam can be
steered electronically. The number of active elements is reduced by a factor (2Dl/λ0)

2

compared to a fully sampled array. It is well known that if the periodicity of the array
is larger than λ0/2, grating lobes can appear at angles θng . The electronic phase shift
enables the steering of the array factor (AF). Since the AF has multiple beams due
to the grating lobes, it is only necessary to scan the AF in the angular region from
broadside until the first grating lobe θ1g . This is because the mechanical translation
of the lens allows the array to scan to larger angles than θ1g by steering the element
pattern toward the different grating lobes θng .

As will be shown in Section 2.3, grating lobes appear in the array factor of the
considered hexagonal lattice at angles θng = arcsin

(
n2λ0/(Dl

√
3)
)
in the ϕ = 0◦ plane,

which is approximately every 3.3◦, see Fig. 2.2a. Therefore, the overall electronic
phase shift required to scan the main beam of the lens phased array to any angle θs is
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Fig. 2.2: (a) Broadside array factor and element patterns of the 19-element hexagonal array shown in the
inset of Fig. 2.1 with Dl = 20λ0 and uniform amplitude (blue) or −11 dB Gaussian taper (red) apertures.
The impact of the mechanical tolerance ϵ∆x = 58µm and NRF = 5 is shown in black for a uniform
aperture; (b) Array pattern for the same cases as in (a).

limited to

ψs(θ
1
g) = sin(θ1g)k0(Da −Dl) = 4π(NRF − 1)/

√
3 ≈ 9.2π (2.1)

with NRF = Da/Dl. By contrast, a fully sampled array of the same size requires a
phase shift of 2πDa sin(30

◦)/λ0 = 100π. Thus, the lens array reduces the required
phase shift by a factor of more than 10.

2.2.2 Mechanical Phase Shifting: Element Pattern

The number of lens element pattern beams that are steered towards θs is given by:

Nl =
θs
∆θe

(2.2)

where∆θe = λ0/Dl is the beamwidth of the element pattern. For a single free-standing
lens with the same size as the lens array, the number of beams scanned are Nf

l =

θs/∆θa with θa = λ0/Da, an increase by a factor NRF .

The required mechanical translation of an integrated lens scanning Nl beams is:

∆x = Nlλdf# (2.3)

where λd is the wavelength in the lens medium and f# is the lens’ focal length to
diameter ratio. This is a reduction by a factor NRF

√
εr compared to a free-standing

lens of the same diameter and f#.

The tolerance of the mechanical position ϵ∆x is dictated by the full array’s angular
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beam width ∆θa = λ0/Da. This can be expressed as follows:

ϵ∆x =
∆θa
∆θe

λdf# =
λdf#
NRF

(2.4)

The beam steering capability of the phased lens array is dictated by the scan per-
formance of the single element. To limit the spillover loss inside the lens while being
translated, we impose that |∆x| ≤ Dl/4. From Eqs. (2.2) and (2.3), the scan angle is
then limited to:

θs ≤
√
εr

4f#
(2.5)

Based on the considerations in Eqs. (2.2), (2.3) and (2.5), the lens array will have
better lens steering performance, a lower profile and a significant reduction in me-
chanical displacement (a factor NRF

√
εr) compared to a free-standing lens. However,

the tolerance on the mechanical displacement becomes a factor NRF
√
εr stricter.

For the considered example, we need to scanNl = 8.7 beams to achieve θs = 25◦ and
the f# should be lower than 2 to limit the spill-over losses. In this case, the required
displacement to reach this is ∆x ≤ 5λ0. The effect of the tolerance of the mechanical
position ϵ∆x ≈ 0.1λ0 is illustrated in Fig. 2.2 for our example array. Fig. 2.2a shows the
element pattern for broadside scanning (θs = 0◦) and a black line for a lens displaced
by ϵ∆x. The resulting array pattern is shown in Fig. 2.2a for both cases. Note that the
pattern of the displaced lens array still points to broadside, but with a slightly lower
directivity, in this case it is reduced by around 0.4 dB. Note that NRF will impact the
directivity loss due to ϵ∆x: the largerNRF , the smaller the loss in directivity. Moreover,
as shown in Fig. 2.2a, the side lobes are strongly impacted by the shift, increasing from
-20 dB to -12 dB.

For submillimeter wavelength applications, the maximum translation ∆x required
for such lens arrays can be in the order of few millimeters. It is therefore possible to
implement this using piezoelectric motors such as in [86]. The accuracy of the position
of such motors are in the nanometers, much smaller than ϵ∆x.

2.2.3 Requirements on the Lens Feed

In Fig. 2.2a, the element radiation pattern from a uniform circular aperture of diameter
Dl = 20λ0 is superimposed on the 19 elements hexagonal array factor. It is evident
that the highest resulting grating lobe of the combined pattern is around -19 dB, see
Fig. 2.2b. The level of this first grating lobe is related to the width of the main beam
of the element pattern. Therefore, this level will be the lowest when the array element
has a uniform aperture illumination.

A comparison of the patterns resulting from an array illuminated with uniform cir-
cular apertures and with Gaussian apertures of -11 dB edge taper is shown in Figs. 2.2a
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and 2.2b. For the Gaussian case, the main beam of the element pattern is wider and the
grating lobes of the combined pattern increase to -12 dB, which may still be acceptable
for many applications. For instance, the use of synthetic apertures via interferometry
leads to grating lobe levels of -6.6 dB [16]. However, what it is evident from this figure
is that the grating lobe level of the array pattern improves with the uniformity of the
array elements. Therefore, lens feeds with very high aperture efficiency are needed to
achieve low grating lobe levels. Such lens feeds are discussed in Part II.

2.3 Array Lattice
The choice of array lattice is primarily dictated by the shape of the available array
area, Aa. The N array elements are considered circular here, which is the shape of
a truncated lens, with diameter Dl and area Al = π(Dl/2)

2. We define the lattice
efficiency ηL as

ηL =
NAl

Aa
(2.6)

The lattice efficiency is an important figure of merit, because it limits the aperture
efficiency (and thus gain) of a lens array in a given area. Note that the lattice efficiency
is limited by the chosen circular element shape. For free-form lens shapes, the ηL = 1 is
possible. For this analysis, we consider rectangular, triangular and hexagonal sampling
of the array area.

2.3.1 Rectangular lattice

For a rectangular array area that is sampled by a uniform rectangular lattice (see
Fig. 2.3a), the lattice efficiency follows from Eq. (2.6): ηL = π/4 ≈ 0.785 indepen-
dently of the number of elements. Note that rectangular lattices do not exist when
N is prime, except the trivial 1 × N array. The efficiency of the rectangular lattice is
shown in Fig. 2.4, with the squares indicating the special case of a square lattice.

The grating lobes that arise in a sparse rectangular array [87, p. 85] occur at

U (n)
g = Usc +

nλ0
Dl

, V (m)
g = Vsc +

mλ0
Dl

(2.7)

in the {U, V }-plane and Usc = sin(θsc) cos(ϕsc), Vsc = sin(θsc) sin(ϕsc) referring to the
scan angle. Grating lobes thus appear in a regular rectangular lattice in the {U, V }-
plane spaced λ0/Dl apart. As an example, the array factor of a 4× 4 array scanned to
broadside with Dl = 3λ0 is shown in Fig. 2.3d.

2.3.2 Triangular lattice

A triangular lattice arrangement [88], [89] is shown in Fig. 2.3b. In general, there
are Nx rows and Ny columns where each column is alternated between being aligned
with the first column or offset by Dl/2. The rows are compressed by a factor

√
3/2.
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Fig. 2.3: (a) Square, (b) triangular and (c) hexagonal lattice sampling and corresponding array factors in
(d), (e) and (f).

The rectangle containing the array has area

Aa = D2
l

(
Nx +

1

2

)1 + (Ny − 1)

(
1

2
+

√
3

4

) . (2.8)

The lattice efficiency is shown in Fig. 2.4 and ηL → 0.8418 when N → ∞. The
efficiency exceeds that of the rectangular lattice when N ≥ 64.

The grating lobes in a triangular lattice also appear in a triangular lattice in the
{U, V }-plane, as illustrated in Fig. 2.3e for an array withNx = 4,Ny = 4 andDl = 3λ0.
The first grating lobe is at a distance |θg − θsc| = arcsin(2λ/(

√
3Dl)). Thus, the first

grating lobes are further away than in a rectangular lattice, due to the closer spacing
of the elements, but there are more of them (six for the triangular lattice versus four
for the rectangular lattice).

2.3.3 Hexagonal lattice

The hexagonal lattice, shown in Fig. 2.3c, is characterized by a central element sur-
rounded byNr rings of elements such that the array fits in a regular hexagon. The total
number of elements is given by N = 1 + 3Nr(Nr + 1), thus the number of elements
in such an array is restricted to N = {1, 7, 19, 36...}. The circle that circumscribes the
hexagonal tiles has a radius R = Dl(Nr + 1/2) and the lattice efficiency, shown in
Fig. 2.4, is:

ηL =
N

4
(
Nr +

1
2

)2 (2.9)
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Fig. 2.4: Lattice efficiency for the geometries shown in Fig. 2.3.

An analysis of the grating lobes of such lattices was given in [90] and a closed-form
expression of the array factor in [91]. Grating lobes appear in a hexagonal lattice in
the {U, V }-plane, although a 90◦ rotation of this lattice relative to the array lattice
appears. The grating lobes are spaced at 2λ0/(

√
3Dl) in the {U, V }-plane, as with the

triangular lattice. This is expected, since the density of elements is the same. The
grating lobes of a 19-element array with period p = Dl = 3λ0 are shown in Fig. 2.3f.

Optimal sampling of a circle by N circular apertures is an open mathematical prob-
lem with proven solutions only for several N . The current best-known packing strate-
gies and associated lattice efficiency are given in [92]. For completeness, the lattice
efficiency of these solutions is also included in Fig. 2.4. 1

Overall, a lattice efficiency close to 80% can be achieved for any desired number
of array elements. Therefore, the main considerations when choosing the lattice are
the number of elements and the shape of the desired aperture. For small-to-moderate
arrays (N < 50), a rectangular (square) lattice is almost always the most efficient,
with the resulting aperture being rectangular (square). For large arrays (N ≥ 50),
the best-known circle-in-circle packing solution leads to the highest lattice efficiency
and a circular array aperture. However, the resulting array positions in the lattice are
generally not very symmetric and may therefore be more complex in terms of phasing.
The triangular lattice is nearly as efficient for such large arrays and supports a square
aperture for a limited number of N .

1Notably, the most efficienct 19-element packing is not given by the intuitive hexagonal lattice.

21





Chapter 3
Lens Analysis Methodology and Definitions

In this Chapter, we describe the Fourier Optics (FO) methodology for the analysis of
dielectric lenses in reception that is used throughout this thesis to simulate the per-
formance of lens antennas. Most of the analysis methodology described here was pre-
sented before in [93, Ch. 2] and successfully applied in, among others, [20], [94],
[95]. A free software tool that implements the FO procedure was described in [96].

Since the FO methodology has been applied throughout this thesis to obtain the
performance of lens antennas, we present this method here. Specifically, we present
the analysis of a single lens antenna in reception and the analysis for two lenses facing
each other. In Chapter 9, the method is extended to the analysis of a single lens facing
an array of lenses.

3.1 Single Lens Antenna Analysis in Reception
In the FO approach, the power received by an antenna under plane-wave illumination
is calculated. Although the method can be applied to any antenna, the application in
this thesis is the elliptical lens antenna, schematically shown in Fig. 3.1a: a dielectric
lens is fed by a leaky-wave waveguide feed. The lower focus of the lens coincides
with the phase center of the lens feed, which is below the ground plane for the leaky-
wave feeds considered in this thesis (for details on this, see Chapter 4). The lens is
illuminated by a plane wave E⃗pw propagating along k̂pw and we would like to calculate
the power received by a load ZRx

L connected to the single-moded waveguide terminals
AA′.

This problem can be analyzed in reception by using the equivalent Thévenin circuit
of Fig. 3.1b. The antenna impedance is ZA and the load impedance is ZRx

L is connected
at the terminalsAA′. The voltage in this equivalent circuit, Voc(k̂pw), is the open-circuit
voltage at AA′ induced by the incident plane wave. The received power, PRx, is given
by the real power in the load:

PRx(k̂pw) =
1

2

∣∣∣∣∣ Voc(k̂pw)

ZRx
A + ZRx

L

∣∣∣∣∣
2

· Re{ZRx
L } (3.1)

By identifying the term ηm = 4RRx
L RA/|ZA + ZRx

L |2 as the impedance matching ef-
ficiency, the received power under impedance-matched conditions can be separated
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Fig. 3.1: (a) Geometry used for the analysis of the single lens antenna in reception. Equivalent Thévenin
circuits of (b) the lens antenna in reception and (c) in transmission.

from this efficiency as follows:

PRx(k̂pw) =

∣∣∣Voc(k̂pw)∣∣∣2
8RRx

A

ηm. (3.2)

An equivalent Thévenin circuit of the same antenna operating in transmission is
given in Fig. 3.1c. A voltage generator VTx provides a current ITx through the gener-
ator impedance Zg and antenna impedance ZA. Thus, the radiated power is PTx =

|ITx|2RA/2. By re-arranging RA = 2PTx/|ITx|2 and substituting into Eq. (3.2), we
obtain:

PRx(k̂pw) =

∣∣∣Voc(k̂pw)ITx

∣∣∣2
16PTx

ηm. (3.3)

The term VocITx can be calculated as the reaction integral between the surface cur-
rents {J⃗i, M⃗i} induced by the incident field {E⃗i, H⃗i} and the field radiated by the an-
tenna in transmission, {E⃗Tx, H⃗Tx}, over a closed surface S surrounding the antenna:

Voc(k̂pw)ITx =

∫∫
S

(
H⃗Tx · M⃗i(k̂pw)− E⃗Tx · J⃗i(k̂pw)

)
dA (3.4)

Equations (3.2) and (3.4) can be used to calculate the received power of any an-
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tenna. However, for the specific case of the elliptical lens antenna, Eq. (3.4) can be
simplified. Specifically, we choose the surface S = SFO as a sphere centered at the
phase center of the feed to ensure that its surface normal satisfies n̂S = k̂Tx. The
induced equivalent currents are M⃗i = −n̂S × E⃗i and J⃗i = n̂S × H⃗i. The integral is
then:

Voc(k̂pw)ITx =

∫∫
SFO

(
1

ζ
E⃗Tx · E⃗i(k̂pw)− ζH⃗Tx · H⃗i(k̂pw)

)
dA (3.5)

If the propagation direction of the incident field on SFO can then be approximated
as k̂i ≈ −n̂S for a generic k̂pw, then ζH⃗Tx · H⃗i ≈ −E⃗Tx · E⃗i/ζ and Eq. (3.5) becomes:

Voc(k̂pw)ITx =
2

ζ

∫∫
SFO

E⃗Tx · E⃗i(k̂pw) dA (3.6)

which is the integral given in [20].

The field radiated by the transmitting antenna, E⃗Tx, must be calculated over SFO.
When the radius RFO of this sphere is large, the far-field of the feed can be consid-
ered. However, for small lenses, the near field of E⃗Tx must be considered. This near
field can be calculated with the spectral Green’s function, as in Chapter 4, or by using
(commercial) full-wave solvers.

The radiation pattern of a lens can be calculated by varying k̂pw and the aperture
efficiency of the lens is defined as the maximum ratio of received power to the power
in the plane wave incident on the lens area:

ηap = max

{
PRx(k̂pw)

Ppw

}
(3.7)

where Ppw = Al

∣∣∣E⃗pw

∣∣∣2 /(2ζ0) is the power incident on the lens with projected area
Al.

Scanned beams from a lens are achieved by displacing the feed laterally, away from
the focus, over a distance ∆ρ. The radiation patterns and aperture efficiency are cal-
culated in the same manner as the aligned case. Note, however, that the FO sphere is
no longer centered above the feed. As such, the field E⃗Tx should be calculated over a
surface that is not spherical when seen from the phase center.

3.2 Lens-to-lens Coupling Analysis in Reception
Next, we calculate the power received by a lens antenna when it is illuminated by
another lens antenna as illustrated in Fig. 3.2. In this case, the bottom lens B is con-
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𝐸𝐵
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Fig. 3.2: Geometry used for the analysis of the lens-to-lens coupling between two lens antennas.

sidered as the transmitter and the top lens T as the receiver. Although the same equa-
tions Eqs. (3.3) and (3.5) hold, it is useful to move the reaction surface S to the shared
aperture of the lenses S = SA since n̂S = k̂B = −k̂T for center-fed elliptical lenses
and Eq. (3.6) can be used:

Voc(k̂pw)ITx =
2

ζ0

∫∫
SA

E⃗T · E⃗B dA (3.8)

The fields E⃗T and E⃗B are calculated as the geometrical-optics propagation of the fields
transmitted by the feeds inside the lens feed onto SA.

In this case of two lenses facing each other, we define the coupling efficiency as the
ratio of received power to transmitted power:

ηC =
PRx

PTx
(3.9)

Note that PTx is the power radiated by the bottom feed into a semi-infinite medium.
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Chapter 4
Near-Field Spherical Wave Formation in Resonant Leaky

Wave Antennas

In this Chapter, we show that the near field of leaky-wave resonant antennas radiating
into a dense medium can be locally represented as a spherical wave in a certain solid
angle around broadside using an accurate definition of the phase center. The near-field
in this solid angle can be efficiently evaluated via the integration of the spectral Green’s
function along the Steepest Descent Path (SDP). Beyond this solid angle, defined as
the shadow boundary angle, a residual contribution due to the leaky-wave pole must
also be added to fully describe the near field. It is found that this shadow boundary
angle can be used to define the phase center and geometry of a truncated lens that
couples well to leaky-wave antennas, even in electrically small-to-medium sized lenses
and low-contrast cases. To demonstrate the applicability of the proposed study, we
combine the SDP field calculation with a Fourier Optics methodology to evaluate the
aperture efficiency and radiation patterns of small-to-medium sized lenses in reception.
A truncated silicon lens with a diameter of only 4 free-space wavelengths is presented
with almost 80% aperture efficiency. Excellent agreement with full-wave simulations
is achieved, which demonstrates the accuracy of the proposed design and analysis
methodology.

4.1 Introduction
Leaky-wave resonant antennas (LWA), also called Fabry-Pérot antennas, have been
widely studied in the literature to increase the directivity from a small source by using
a planar stratification consisting of a dielectric [97] or metallic [98] superstrate. Mul-
tiple demonstrations of these antennas have been shown at various frequencies up to
the submillimeter wave spectral region [99]–[103]. A fundamental trade-off between
the directivity and bandwidth of these antennas exists, which depends on the level of
reflection between the cavity and superstrate [104], [105]. In the literature, shielded
cavities [106] and the addition of lenses [20], [107] or phase correcting geometries
[108], [109] have been proposed to increase the directivity of these classic geometries
without compromising the bandwidth.

At mm- and sub-mmwaves frequencies, when scanning to limited angles is required,
there is an interest of developing sparse arrays to reduce the integration complexity

Parts of this Chapter have been published in [J3].
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[94], [110]–[112]. Leaky-wave antennas with overlapped feeds have been proposed
for improving the performances of sparse arrays [73], [104], [113], [114] where
sparse arrays with periodicities in the order of a free-space wavelength (λ0), band-
widths smaller than 10% and scanning angles of at most 10◦ have been demonstrated.
Larger periodicities will only come at the cost of even smaller bandwidths in such
geometries. For example, sparse leaky-wave phased arrays with a period of 2λ0 will
have less than 5% bandwidth as shown in [114]. In [94], [111], the use of leaky wave
antennas with dielectric lenses was proposed to enable sparse arrays with large peri-
odicity (> 2λ0), wide bandwidth (35%) and larger scanning angles up to ±25◦. One
of the difficulties that arises in the design of such small size lenses or phase correcting
structures in combination with resonant leaky wave feeds is the efficient evaluation of
the leaky-wave near-field [94].

Most of the works in the literature on leaky-wave or Fabry-Pérot antennas consider
only the far-field radiation patterns of the feed [20], [97], [104], [105], [115] and
often make approximations on the solutions of the potentials in stratified media [97],
[115]. For lenses that are small-to-medium in diameter (i.e., smaller than ≈ 15λ0,
where λ0 is the free-space wavelength) fed by leaky-wave feeds, as in the lens phased
array application [94], [111], the lens surface is in the near field of the feed. The
design of such lenses has previously been approached as a parametric optimization by
combining Physical Optics with full-wave simulations [116] or full-wave simulations
with optimization algorithms [107] for other phase correcting geometries.

Here, we describe a way to design such lenses without the need for time-consuming
full-wave simulations. To achieve this, we derive the shape of the lenses directly
from the propagation constants of the leaky-wave modes. For that purpose, we use
a spectral-domain method to efficiently and accurately compute the near-field radi-
ation patterns which, additionally, brings the needed physical insight. The spectral
analysis decomposes the near field of these antennas into the summation of a branch
contribution or space wave, that can be evaluated by an integration over the Steepest
Descent Path (SDP) when a proper phase center is introduced, and multiple leaky-
wave modal fields, associated with poles that are captured in the deformation into the
SDP [117, p. 468].

The asymptotic decomposition of the near field in leaky-wave antennas was previ-
ously investigated in a different configuration, based on a single-mode leaky-wave slot
antenna [118], where the phase center is stable and coincident with the feeding point
of the antenna. It has also been applied to a very high contrast resonant leaky-wave
antenna in [119] (equivalent to an air cavity with an infinite medium of εr = 100) as
well as to other resonant leaky-wave antennas [120]–[122]. For a resonant LWA, the
phase center is not coincident with the feeding point [123]. Moreover, in these later
works no explicit link has been made between the space-wave near-field evaluation
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and the phase center of the LWAs. Here, we will extend this analysis to the under-
standing of the formation of a clean spherical wave in the near field by making this
link, also for low contrast cases, where the leaky wave poles lie far away from the real
axis.

We show that the near field in resonant LW antennas is well modelled by a spherical
wave in a solid angle ΩSB around broadside emanating from the phase center located
far below the ground plane. We find that, also for points close to the source, the space-
wave contribution to the total field can be calculated by integration over the SDP when
the reference system is chosen to coincide with the phase center of the antenna, located
at ∆z. Both the solid angle, ΩSB , of the spherical-wave representation and the phase
center can be defined with the knowledge of the shadow boundary angle defined by
the SDP deformation angle.

The spectral analysis gives the physical insight in the formation of the local spherical
wave and leads to the derivation of an analytical geometry of an ideal lens, with high
aperture efficiency, which is defined using only the propagation constants of the main
leaky-wave poles. Moreover, the SDP integration can then be efficiently combined with
a Fourier Optics (FO) approach to calculate the aperture efficiency and radiation pat-
terns of the lens-coupled leaky-wave antenna in reception [20], [96]. The combined
method is computationally very fast and shows excellent agreement with full-wave lens
simulations, removing the need for time-consuming parametric analyses as in [107],
[116].

The rest of this chapter is structured as follows. Section 4.2 describes the geometry
under consideration and introduces the near-field spectral approach. In Section 4.3,
the near field is decomposed into the sum of an SDP contribution and (multiple) LW
contributions. In Section 4.4, the phase center of LWAs is discussed, which brings
physical insight into the decomposition of Section 4.3. In Section 4.5, we show that
the near field can be considered a local spherical wave in the solid angle ΩSB around
broadside. The near field spherical wave representation is combined with an FO ap-
proach in reception in Section 4.6 to evaluate the lens efficiency and radiation patterns
of electrically small lenses. Conclusions are drawn in Section 4.7.

4.2 Problem Statement
The physical phenomenon exploited in a standard resonant LWA is the excitation of
a pair of nearly-degenerate TM1 / TE1 leaky-wave modes inside a resonant dielec-
tric cavity [97], such as air, placed between a ground plane and a partially reflect-
ing surface. These modes propagate radially by means of multiple reflections along
the cavity, leaking at the same time energy into the infinite air medium. This ef-
fect increases the antenna’s effective area and thus its directivity. In [103], it was
shown that an enhancement in the bandwidth × directivity performance of a reso-
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Ground plane

ℎ = Τ𝜆0 2

𝜀𝑟Ƹ𝑧
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𝜃𝑆𝐵TM1≈ 𝜃𝑆𝐵TE1 𝜃𝑆𝐵TM0

Fig. 4.1: Cross-section of the geometry considered in this contribution with a semi-infinite dielectric sepa-
rated from a ground plane (containing the source) by a h = λ0/2 air cavity. The origin of the reference
system is ∆z below the source. The shaded blue regions are separated by the shadow boundary associated
with the leaky-wave modes. The solid and dashed semi-circles and associated arrows are centered at O and
the source, respectively.

nant LWA can be achieved by using a resonant air cavity below a semi-infinite dense
medium (the lens), as displayed in Fig. 4.1. When comparing the radiation of a LWA
into a semi-infinite medium with a dense permittivity εr to a standard LWA with a
partially-reflecting surface radiating into free space, both antennas present the same
propagation constants and therefore same effective area, Ae. However, the LWA radi-
ating into a dense medium achieves a εr-times higher directivity since the directivity is
4πAeεr/λ

2
0, where λ0 is the wavelength at the center frequency f0. One of the impli-

cations of this enhanced directivity is that the far-field region will be at a much further
distance.

To illustrate this effect, we analyze the near field of the geometry shown in Fig. 4.1,
consisting of a source located in an infinitely-extended ground plane and a lossless
semi-infinite dielectric medium with relative permittivity εr = 11.9 (silicon) separated
by a h = λ0/2 air cavity. The origin of the reference system is taken at a distance
∆z below the ground plane, since it is known that these kind of leaky wave antennas
have the phase center below the ground plane [123]. The electric field at observation
point r⃗(ρ, ϕ, z), located in the semi-infinite silicon, can be evaluated by resorting to
a spectral Green’s function representation [124]. The electric field radiated in the
infinite medium by a magnetic current source located in the ground plane and, without
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loss of generality, oriented along ŷ can be expressed as:

e⃗(r⃗) =
1

4π2

∫ ∞

0

∫ 2π

0

G̃em(kρ, α)M(kρ, α)ŷ

· e−jkρρ cos(α−ϕ)e−jkzzkρ dα dkρ

(4.1)

with G̃em(kρ, α) being the dyadic spectral Green’s function for stratified media that
gives the electric field at the top of the air cavity due to a magnetic current source, kz =

(k2d − k2ρ)
1/2 with kd = k0

√
εr the wavenumber in the infinite medium and M(kρ, α)

the Fourier transform of the equivalent magnetic current of the source along ŷ. The
cylindrical spectral coordinates are given from the Cartesian spectral coordinates by the
transformation kx = kρ cosα and ky = kρ sinα and the cylindrical spatial coordinates
are given by the transformation x = ρ cosϕ, y = ρ sinϕ, respectively. The spectral
Green’s function can be expressed as a function of the forward voltage V +

TM/TE solution
in the infinite medium at the air-dielectric interface of the corresponding transmission
line problem as follows [124]

G̃em(kρ, α) = V +
TE α̂k̂ρ − V +

TM k̂ρα̂+
kρ
kz
V +

TM ẑα̂ (4.2)

where k̂ρ =
kxx̂+ky ŷ

kρ
and α̂ =

kxŷ−ky x̂
kρ

. To make the dependence of the phase cen-
ter explicit, one can consider the spectrum of the electric field assuming the origin
of the reference system centered at the ground plane wherein the source is located,
V +

TM/TE(kρ,∆z = 0), and construct the following auxiliary functions:

Ṽ +
TM/TE(kρ,∆z) = V +

TM/TE(kρ,∆z = 0)e−jkz∆z (4.3)

so that integrand in Eq. (4.1) now contains G̃em(kρ, α)e
−jkzz

′
where z′ = z +∆z.

For an elementary source, the α-integral can be closed analytically into Hankel func-
tions of the second kind with order n, H(2)

n , such that only the kρ-integrals remain
[117]–[119]. For a distributed source, similar steps can be taken for observation points
far from the source when the spectral current M(kρ, α) can be assumed to be slowly-
varying in α compared to G̃em and can therefore be evaluated in the α-saddle point,
i.e.,M(kρ, ϕ). The complete e⃗(r⃗) and h⃗(r⃗) expressions, given in Appendix A, are then
of the form: ∫ ∞

−∞
V +

TM/TEH
(2)
n (kρρ)M(kρ, ϕ)e

−jkzzkρ dkρ (4.4a)

with n = {0, 2} or∫ ∞

−∞
I+TM/TEH

(2)
1 (kρρ)M(kρ, ϕ)e

−jkzzk2ρ dkρ (4.4b)
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(a) (b)
Fig. 4.2: Electric fields in the E-plane (θ̂-component, left) and H-plane (ϕ̂-component, right) radiated by a
ŷ-oriented elementary magnetic current source evaluated over a spherical region with radius R from the
source (i.e., ∆z = 0). Solid lines: Eqs. (4.4a) and (4.4b), crosses: CST.

When the observation point is in the far field of the LWA, an asymptotic evaluation
in both saddle points for kρ = kd sin θ and α = ϕ can be done arriving to the following
expression:

e⃗(r⃗∞) ≈ jkd

(
−θ̂ V +

TM cosϕ+ ϕ̂ V +
TE cos θ sinϕ

)
M(kρ, α)

e−jkr

4πr
(4.5)

As a first example let us consider an elementary magnetic current source with the
reference system located in the source as most cases in the literature [119], [120]. The
θ̂-component of the electric field in the E-plane radiated by this source into the semi-
infinite (silicon) medium is shown in Fig. 4.2. The electric field has been calculated
using Eq. (4.1) over several spherical cuts in the E-plane with radii R between 0.75λ0
and 120λ0 centered at the origin (the spheres are shown as dashed lines in Fig. 4.1).
For reference, the far field approximation of Eq. (4.5) is also shown. We can observe
that the shape of the near fields shown in Fig. 4.2 is strongly dependent on R and
converges to the far field only at very large distances from the source. This is due
to the TM0 modal field, that dominates the field in the angular region close to the
complex pole location even for very large R. Furthermore, the radiation patterns are
asymmetric in ϕ, since the TM0 mode does not radiate in the H-plane. Therefore,
in order to efficiently feed electrically small silicon lenses, it is clear that the TM0

mode must be suppressed, for example by using a double-slot iris [20], [103], [125],
[126] or dipole source configurations [95]. To illustrate the accuracy of Eq. (4.1), the
obtained fields are compared to those obtained from the time-domain solver of CST
[127], a commercial full-wave solver. Open boundary conditions were applied to an
elementary source or a double-slot iris radiating into a semi-infinite structure made of
the considered dielectric materials.

The fields radiated into the same stratification as above but now for the double-
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slot iris source with the same dimensions as in [103] are shown in Fig. 4.3a, taking
again the coordinate reference system located at the center of the double slot. The
inset of Fig. 4.3a shows the geometry of the double-slot iris and the dimensions are
given as αi = 100◦, ρi = 0.55λ0 and wi = 0.15λ0 [103]. The near field is calculated
over the same spherical regions as for the elementary source in Fig. 4.2, again using
Eq. (4.1) (solid lines) and full-wave simulations (crosses) to validate the fields. The
small discrepancy at the closest distances comes from the approximation of the spectral
currentM(kρ, α) ≈M(kρ, ϕ). At distances smaller than λ0 from the double-slot source,
the approximation on the α-integral is not accurate anymore. The use of a double slot
source leads to much faster convergence of the near field to the far field compared to
the elementary source due to the suppression of the TM0 mode.

It is well known that the phase center in leaky-wave resonant antennas lies below
the ground plane in the far field. In [123], the following approximate formula for
the phase center, dependent only on the normalized attenuation constant of the leaky-
wave pole α̂LWi, was given:

∆zi
λ0

≈ − 1

2πα̂2
LWi

√
εr

(4.6)

where α̂LWi = Im{kLWi
ρ /kd} and the term

√
εr appears in the denominator in case of

a LW radiating into a dense medium, .

We can now plot the near fields of the same source considered in Fig. 4.3a, but
evaluated at spheres centered at this approximated phase center, which is∆z = −5.6λ0
for a silicon semi-infinite medium (the spheres are shown as solid lines in Fig. 4.1).
Shown in Fig. 4.3b, we can see that the amplitude converges even faster to the far-
field approximation indicating that the field may be considered, also very close to the
source, as a spherical wave but with amore accurate phase center evaluation. In [123],
other phase minimization formulas were also considered to improve the accuracy of
Eq. (4.6), however these were not closed-form andwere given as a function of a generic
solid angle.

To properly understand the properties of the field radiated by this kind of LWA close
to the source, we will employ a spectral analysis that decomposes the total field in
terms of a space wave, calculated by integration over the Steepest Descent Path (SDP)
from the phase center, and multiple leaky-wave modal fields, associated with poles
that are captured by the SDP path deformation [117, p. 468] in the next section.

4.3 Spectral Field Decomposition of the Near Field in Resonant
Leaky-Wave Antennas
In this section, we apply a spectral-domain field decomposition to the near field radi-
ated by resonant leaky-wave antennas into a semi-infinite medium. This near field is
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𝑤𝑖𝑝𝑖 Τ𝛼𝑖 2
(a) (b)(a)

𝑤𝑖𝑝𝑖 Τ𝛼𝑖 2

(c) (d)(b)

Fig. 4.3: Electric fields radiated by the double-slot iris of [103], evaluated over a spherical region with
several radii calculated using Eqs. (4.4a) and (4.4b): (a) E-plane (θ̂-component, left) and H-plane (ϕ̂-
component, right) amplitude seen from the slots (∆z = 0) and (b) E-plane (θ̂-component, left) and H-plane
(ϕ̂-component, right) amplitude seen from the phase center according to [123] (∆z = −5.6λ0). Dashes:
r̂-component, crosses and circles: CST.

expressed as the summation of (multiple) leaky-wave modal fields plus a space wave
contribution. This later one can be evaluated with an integration path over the branch
point close-by the source as in [121] or using the Steepest Descent Path (SDP) for
larger distances [117, p. 467]. Here, in contrast to [119] and [121], we apply this
SDP directly for the near-field evaluation in resonant LWAs, provided that the refer-
ence system is located in the phase center and that the near field is evaluated at a
distance from the source such that the asymptotic decomposition holds (i.e., the ob-
servation point is outside the region that includes the phase center and source points).

In order to evaluate the SDP field contribution, a change of spectral variables kρ =

kd sinβ, kz = kd cosβ suggests using a spherical coordinate system for the observation
point r⃗(θ, ϕ,R) in Eqs. (4.4a) and (4.4b) with origin in the antenna phase center, ∆z.
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Fig. 4.4: Steepest Descent Paths βSDP in the complex β-plane for observation points θ = 0◦ and θ = 20◦.
The choice of Riemann sheet for the βSDP -integral is indicated in the legend.

The resulting integrals are then of the form:∫
C

V +
TM/TEH

(2)
n (kdρ sinβ)M(kd sinβ, ϕ) · e−jkdz cos βk2d sinβ cosβ dβ (4.7a)

with n = {0, 2} or∫
C

I+TM/TEH
(2)
1 (kdρ sinβ)M(kd sinβ, ϕ) · e−jkdz cos βk3d sin

2 β cosβ dβ (4.7b)

with the integration path C shown in the complex β-plane in Fig. 4.4. The odd and
even numbered regions indicate Re{kz} > 0 and Re{kz} < 0 and the red and green
regions indicate the top and bottom Riemann sheets (i.e., Im{kz} < 0 and Im{kz} >
0), respectively [117, p. 463].

When the original path C is deformed and no singularities are crossed, the total field
e⃗(r⃗) is given by the integration over the deformed path. When the deformation leaves
a pole between the original and the new path, the residue contribution corresponding
to the pole encountered must be summed to the new path integral to obtain the total
field.

It can be shown using the method in [118] that for large observation distances,
i.e., where the large-argument approximation of the Hankel functions [117, p. 467]
is valid, the parameterization of the SDP in Eqs. (4.7a) and (4.7b) is achieved with a
change of variable β → τ with τ ∈ [−∞,∞] and τ given by inverting:

βSDP = θ + 2arcsin

(
τej

π
4

√
2

)
(4.8)

Accordingly, this contribution, when evaluated asymptotically will give rise to a dom-
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Fig. 4.5: Leaky-wave poles kTM/TE
ρ,LW = kd[sin (θ

TM/TE
LW )+jα

TM/TE
LW ] that propagate in the stratification of

Fig. 4.1 with semi-infinite dielectric permittivity εr = 11.9 (silicon). The shadow boundary angle (Eq. (4.9))
is also shown.

inant spherical wave emerging from the phase center. From Fig. 4.4, one can note that
the path of the SDP includes portions in the bottom Riemann sheet, and thus the poles
encountered are leaky-wave poles and we call the residue contribution of these poles
the leaky-wave modal field e⃗LW (r⃗).

The leaky-wave poles kTM/TE
ρ,LW arise from the denominator of V +

TM/TE in Eq. (4.1). They
may be found by solving the appropriate dispersion equation (or by using approxi-
mated analytical expressions [128]). They are conveniently represented as kTM/TE

ρ,LW =

kd(sin θ
TM/TE
LW + jα

TM/TE
LW ) in which θTM/TE

LW is the leaky-wave pointing angle and
α
TM/TE
LW is the leakage rate [97] of the TM or TE pole. The stratification of Fig. 4.1

supports three leaky-wave modes: TM0, TM1 and TE1, with their propagation con-
stants shown in Fig. 4.5 as a function of frequency.

The SDP crosses a TM or TE leaky-wave pole when θ ≥ θ
TM/TE
SB , i.e., when the

observation point lies below the corresponding shadow boundary, see Fig. 4.1. The
shadow boundary angle is a function of the pole’s complex propagation constant as
follows [117, p. 468][118]:

θ
TM/TE
SB = Re{βTM/TE

LW }+ arccos

(
sech

(
Im{βTM/TE

LW }
))

(4.9)

in which βTM/TE
LW = arcsin

(
kρ/kd

)
. This shadow boundary angle is also shown as a

function of frequency in Fig. 4.5 for each of the leaky wave poles present. It is clear that
θ
TM/TE
SB is not close to the corresponding θTM/TE

LW , except for the TM0 mode which
does not enhance the broadside directivity of the antenna, as explained in Section 4.2.

If multiple leaky-wave poles are crossed, the total field is given by adding the modal
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Ԧ𝑒𝐿𝑊
Ԧ𝑒𝑆𝐷𝑃

ො𝑥 ො𝑦

Ω𝑆𝐵

Δ𝑧𝒪
Fig. 4.6: Three-dimensional view of the considered LWA. In the spherical cone region ΩSB as seen from the
phase center at ∆z below the ground plane, the total field is given by e⃗SDP (solid arrows, left). Outside
this cone, the LW modal field e⃗LW (dotted arrows, right) must be added to the SDP contribution to obtain
the total field.

fields associated with each crossed pole to the contribution from the SDP:

e⃗(r⃗) = e⃗SDP (r⃗) +

m∑
i=1

e⃗
TM/TE
LW (r⃗)

∣∣∣
θ≥θ

TM/TE
SB

(4.10)

as long as the observation point is outside the elliptical transition region [118] and
the LW poles are not close together. Expressions for e⃗TM/TE

LW (r⃗) may be found in Ap-
pendix A. The LW modal field is a cylindrical wave that propagates in the θTM/TE

LW -
direction (Fig. 4.5) in the infinite medium. Therefore, this field decomposition indi-
cates that the total field could only be represented by a spherical wave until the shadow
boundary when e⃗SDP dominates. The field representation of Eq. (4.10) in terms of an
SDP contribution and LW modal field contribution is shown in Fig. 4.6. The origin
of this spherical wave will be at the phase center of the antenna, ∆z, which will be
evaluated in the next section.

4.4 Phase Center Evaluation
The phase center in the considered LWAs can be defined for the near field, similar to
the far field, as the apparent origin of radiation such that the phase of the integrals
in Eqs. (4.4a) and (4.4b) is minimized over a certain solid angle. Based on the un-
derstanding that the near field could only be a spherical wave when θ < θSB (see
Section 4.3), the solid angle over which to minimize this can be given as ΩSB(θ, ϕ)

such that θ ∈ [0, θSB ] and ϕ ∈ [0, 2π], instead of a generic angle as in [123]. Since
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the considered LW antennas are nearly rotationally symmetric (with similar TE1 /
TM1 modes), the location of the phase center will be along the z-axis. The phase in
Eqs. (4.4a) and (4.4b) is dominated by the phase of the transmission-line voltage so-
lutions, V +

TM/TE. In [123], an approximated expression of this phase is given using only
the LW propagation constant.

To find the most appropriate value ∆z that guarantees the path deformations in
Fig. 4.4 correspond to the SDP, one can consider a non-uniform asymptotic evaluation
of the integral in Eqs. (4.4a) and (4.4b). The integral can be deformed into an SDP
and recognized as a spherical wave, if the kernel, now Eq. (4.3), separated from the
exponential oscillating phase associated with the observation point is slowly varying.
Expressing kρ = kd sinβ, the normalized phase of Ṽ +

TM/TE(kρ,∆z) can be expressed as
function of β as [123]:

Ψ̃(β,∆z) = arctan
(
sin2 β/(2α2

LW )
)
− kd∆z cosβ (4.11)

In Fig. 4.7, Ψ̃(β,∆z) is shown for a silicon medium and ∆z = 0 together with the
phase of ejkz∆z when∆z = −3.2λ0. It can be seen from the figure that the two phases
are very similar until the shadow boundary angle θSB . Therefore, we can evaluate the
phase center∆zTM/TE associated with the TM and TE poles by imposing that the two
functions are equal at the shadow boundary for each of the poles:

Ψ(θ
TM/TE
SB ,∆z = 0) = k

TM/TE
z,SB ∆zTM/TE (4.12)

where kTM/TE
ρ,SB = kd sin θ

TM/TE
SB . Solving this equation, a good evaluation of the phase

center per pole can be given by:

∆zTM/TE

λ0
= −

arctan
(
sin2 θ

TM/TE
SB /(2(α

TM/TE
LW )2)

)
√
εr2π(1− cos θ

TM/TE
SB )

(4.13)

in which a negative∆zTM/TE refers to a phase center position below the ground plane.
In general, the TM pole will give the E-plane phase center and the TE pole will give the
H-plane phase center. For high dielectric contrast cases, kTM

ρ,LW ≈ kTE
ρ,LW [123] leads to

nearly overlapping E- and H-plane phase centers at∆z. For example, the phase center
of the silicon LWA described previously is∆z = −3.2λ0 when the TE and TM solutions
are averaged. The validity of this equation is shown in Fig. 4.7 (right) where the E-
plane phase radiated by the LWA fed by a double-slot iris is indeed nearly constant for
θ < θSB when the reference system is taken to coincide with the phase center given
by Eq. (4.13).

With the phase center definition of Eq. (4.13), a uniform asymptotic expansion of the
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(a) (b)
Fig. 4.7: Phase Ψ(θ,∆z = 0) of Eq. (4.3) along with its approximation (blue). The corrected phase for
the phase center of Eq. (4.13) Ψ(θ,∆z = −3.2λ0) is also shown (black). The shadow boundary angle is
indicated. The phase of the E-plane near field radiated by the LWA with a double-slot iris, evaluated at
different radii from the phase center ∆z = −3.2λ0 is shown on the right.

integral in Eqs. (4.4a) and (4.4b) over the SDP can be derived using the approach in
[118]. Such a uniform asymptotic expansion results in a contribution from a Fresnel-
type transition function in an elliptical region around the phase center. The equality
of the phase of the space wave and the leaky-wave modal fields, which have spherical
and cylindrical spreading, respectively, at the shadow boundary imposed by the phase
center definition in Eq. (4.13), leads to the smallest possible dimension of the elliptical
transition region.

4.5 Spherical Wave Near-Field Representation for Resonant LWAs
In this section, the formation of a spherical wave in a certain solid angle around broad-
side in the near field of resonant LWAs is investigated based on the previous spectral
field decomposition. In Section 4.5.1 the analysis is performed for high-permittivity
(silicon) lenses and in Section 4.5.2 the analysis is performed for low-permittivity
(plastic) lenses. In Section 4.6 the leaky-wave poles, shadow boundary angle and
phase center are presented as a function of the permittivity of the infinite medium
(2 ≤ εr ≤ 12).

4.5.1 High Dielectric Contrast: Silicon Lenses

The fields of the double-slot iris-fed LWA are calculated using Eq. (4.10) over spheres
centered at the phase center, as defined by Eq. (4.13) with the aim of understanding
the behavior of the field amplitude, polarization and propagation direction. The radius
of the spheres is chosen between 1.5λ0 −∆z and 120λ0 −∆z so that the spheres have
coincident observation points at broadside with those of Fig. 4.3b. The resulting E-
plane and H-plane near fields are shown in Fig. 4.8a. The near field, when evaluated
from the phase center, is almost independent of the distance from the source in the
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region θ < θSB . In Fig. 4.8b we show the field decomposition into the space wave
evaluated via the SDP and the leaky wave terms. The influence of the TM1 and TE1

leaky-wave modal fields is observed when θ > θSB , at which point the field level is
already below -10 dB. The radial field component diminishes very rapidly with R and
is already below -25 dB at R = 1.5λ0 −∆z.

Since the phase over the SDP is nearly constant, the space-wave evaluation can be
approximated using a non-uniform asymptotic expansion of the SDP integral which
corresponds to the far field given in Eq. (4.5):

e⃗SDP (r⃗)
∣∣
θ<θSB

≈ e⃗(r⃗∞,∆z)
∣∣
θ<θSB

(4.14)

where it is highlighted that this applies only with a proper phase center definition.
The far-field is also shown in Fig. 4.8a. This non-uniform asymptotic evaluation can
be considered sufficiently accurate to describe the SDP field until θSB because the
field level at the shadow boundary is already very low (i.e., about -10 dB in Fig. 4.8a).
This is due to the fact that the geometry considered in the present chapter supports
two ±kρ,LW leaky waves which cumulatively provide a maximum at broadside, and a
decreasing total field already for observation points close to the shadow boundaries.
For other configurations where the shadow boundary would correspond to higher field
levels, a uniform asymptotic evaluation as in [118] would be needed tomaintain useful
accuracy. The phase in Fig. 4.7 varies by less than 10◦ in the region θ < θSB for any
R and thus the near field can be considered a spherical wave. Since this angle also
corresponds to the -10 dB point of the radiation pattern, the lens’ subtended solid
angle, seen from the phase center can be approximated by ΩSB . This solid angle in
Eq. (4.9) and phase center in Eq. (4.13), which are only a function of the propagation
constant of the LW mode, fully define the shape of the lens needed to enhance the
directivity in this kind of antennas as shown in the next section.

To illustrate that the field close to the LW source can be well represented by a spher-
ical wave, a 2-D cut of the real part of the electric field in the E-plane is shown in
Fig. 4.9a (left) which has been obtained from a full-wave simulation. It is clear from
this figure that there is a spherical wavefront in the semi-infinite medium, even very
close to the air-dielectric interface. Next, the direction of time-averaged power density
has been calculated from the Poynting vector S⃗ = Re{e⃗ × h⃗∗}/2 in the E-plane seen
from the phase center. This direction is shown in Fig. 4.9b (left) and is compared to
the geometrical radial vector. Indeed, when the near field is evaluated from the phase
center, the Poynting vector is almost along r⃗, which confirms that the near field may
be considered a local spherical wave in the region θ < θSB and that it will couple well
to an elliptical lens, even for electrically small lenses.

We can also evaluate the fraction of power in the space wave by integrating the
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(a) (b)(a)

(c) (d)(b)

Fig. 4.8: (a) Electric fields in the E-plane (θ̂-component and r̂-component, left) and H-plane (ϕ̂-component,
right) radiated by the double-slot iris of [103], evaluated over a spherical region with several radii taken
from ∆z = −3.2λ0 i.e., below the ground plane. The shadow boundary angle of Eq. (4.9) is indicated. (b)
The decomposition of these fields into the SDP contribution (solid lines) and LWmodal fields (dashes: main
modes, dots: TM0 mode).

Poynting vector over the solid angle ΩSB:

Prad(R) =
1

2

∫∫
ΩSB

Re{e⃗× h⃗∗} · r̂R2 dΩ (4.15)

The ratio of this power to the total radiated power by the LWA, i.e., Prad(R)/Ptot, will
correspond to the spillover efficiency of the truncated lens. In Fig. 4.10, this spillover
efficiency is shown as a function of the lens diameter D = 2R sin θSB . From this
result, we can see that the spillover efficiency is higher than 85% for lenses larger
than D = 2λ0. Thus, depending on the specific requirements, silicon lenses as small
as Dl = 2.5λ0 can be used. When the double-slot iris is omitted, and thus the TM0

mode is present, the lens size must be significantly larger in order to achieve the same
efficiency.
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𝑅𝐹𝑂𝑅𝐹𝑂
(a) (b)(a)

𝑅𝐹𝑂𝑅𝐹𝑂
(a) (b)

(c) (d)(b)

Fig. 4.9: (a) 2-D E-plane cut of the field radiated by the double-slot iris source into a silicon (left) and
plastic (right) semi-infinite medium. (b) Poynting vector angle (solid: E-plane, dashes: H-plane) for the
fields above them. The black dotted line indicates the geometrical angle seen from the phase center.

4.5.2 Low Dielectric Contrast: Plastic Lenses

The use of low-permittivity lenses, which have LW poles that are much further from
the real axis has recently been proposed to achieve a very wide bandwidth of 40%
[20]. The stratification is the same as considered before (see Fig. 4.1), except the
semi-infinite silicon is replaced with HDPE (εr = 2.5, considered lossless here), a low-
cost plastic commonly used in mm-wave applications. The proposed lens feed is a
waveguide-fed double-slot iris, similar to [20], with dimensions αi = 120◦, ρi = 0.6λ0
and wi = 0.2λ0, designed to suppress the TM0 mode. The leaky-wave propagation
constants are shown in Fig. 4.11 as a function of frequency, along with the resulting
shadow boundary angle. Note again that θSB is very far from θLW for the main TM1

/ TE1 modes and that they are nearly equal for both modes. Since the main LW poles
are not as close together as in the silicon case, the phase center ∆z = −0.64λ0 has
been calculated by averaging Eq. (4.13).

The field radiated by this source into the semi-infinite medium, e⃗, has been calcu-
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Fig. 4.10: Spillover efficiency as a function of the lens diameter.

Fig. 4.11: Leaky-wave poles kTM/TE
ρ,LW = kd[sin (θ

TM/TE
LW )+jα

TM/TE
LW ] that propagate in the stratification

of Fig. 4.1 with semi-infinite dielectric permittivity εr = 2.5 (plastic). The shadow boundary angle of
Eq. (4.9) is also shown.

lated using Eq. (4.10) over several spherical cuts in the E-plane with radii R between
1.5λ0 − ∆z and 12λ0 − ∆z, centered at the phase center. For reference, the far field
is also shown. The result is shown in Fig. 4.12a (solid lines). The field is again not
strongly dependent on R. In Fig. 4.12b the field is decomposed into the contributions
from e⃗SDP (solid lines) and e⃗LW (dashes and dots), which sum to e⃗ (Fig. 4.12a). The
discontinuity in e⃗SDP is due to the SDP crossing the LW pole.

To illustrate that the near field can be considered a local spherical wave, a 2-D cut
of the near field is shown in the E-plane in Fig. 4.9b (right). Furthermore, the angle
between the time-averaged Poynting vector S⃗ and the radial direction, seen from the
phase center, is shown in Fig. 4.9b (right). It is clear that the field can be considered a
local spherical wave for θ < θSB even for observation points close to the source. Thus,
the approach can be used for stratifications that are less resonant than in Section 4.5.1
and much less resonant than previously described in the literature [119].
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(a) (b)(a)(a) (b)

(b)

Fig. 4.12: (a) Electric fields in the E-plane (θ̂-component and r̂-component, left) and H-plane (ϕ̂-component,
right) radiated by the double-slot iris of [20], evaluated over a spherical region with several radii taken from
∆z = −0.64λ0 i.e., below the ground plane. The shadow boundary angle of Eq. (4.9) is indicated. (b) The
decomposition of these fields into the SDP contribution (solid lines) and LW modal fields (dashes: main
modes, dots: TM0 mode).

4.6 Application To Small Elliptical Lenses
In this section, the geometry of the elliptical lens fed by the resonant leaky-wave feed
with a double-slot iris is given analytically, based on the SDP field decomposition, for
arbitrary lens permittivity. The formulas provided can be used to design the lens geom-
etry even in the near field with high aperture efficiency. We apply an FO methodology
in reception [20], [96] to calculate the aperture efficiency and the radiation patterns
of a small silicon lens, which are verified using full-wave simulations. The aperture
efficiency is then calculated as a function of the lens diameter Dl.

4.6.1 Spherical-Wave Parameters for Arbitrary Dielectric Contrast

To define the geometry of an elliptical lens antenna, we must know θSB and ∆z for
the desired lens permittivity. Therefore, we present here the LW poles as a function
of the permittivity of the semi-infinite dielectric medium, εr. These are then used to
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(a) (b)

Fig. 4.13: (a) Leaky-wave pointing angles θLWi and normalized attenuation constants α̂LWi at the central
frequency and (b) shadow boundary angle θSB and phase center ∆z corresponding to the main modes as
a function of the permittivity of the infinite medium.

derive θSB and ∆z as a function of εr.

The leaky-wave pointing angle θLW and normalized leakage rate α̂LW = αLW /kd
are shown in Fig. 4.13a as a function of the relative permittivity of the semi-infinite
medium. The LW angle decreases and the leakage is slower as the permittivity in-
creases, which is in line with the results for the classical Fabry-Pérot antenna geometry
[97], [128].

The shadow boundary angle θSB and phase center location for the main TM1 and
TE1 modes, calculated using Eq. (4.9) and Eq. (4.13) are shown in Fig. 4.13b as a
function of the relative permittivity of the semi-infinite medium. The shadow bound-
ary angles are almost equal for both modes and decrease with an increasing εr. The
phase center is further below the ground plane as εr increases. Together, the shadow
boundary angle and phase center location fully define the elliptical lens geometry to
which the LWA couples well, as will be demonstrated next.

4.6.2 Elliptical Lens Geometry

The analytical elliptical lens geometry (see Fig. 4.14) that provides high aperture ef-
ficiency is as follows. The lower focus of the ellipsoid, F2, coincides with the phase
center ∆z of the feed given by Eq. (4.13) and the lens is truncated at an angle θSB ,
given by Eq. (4.9), seen from this focus since the shadow boundary angle corresponds
roughly to the -10 dB field taper angle. The values for ∆z and θSB can be found
in Fig. 4.13b. The distance from F2 (i.e., the phase center) to the rim of the lens is
RFO = Dl/(2 sin θSB). The sphere centered at F2 with radius RFO is the FO sphere.
The semi-major axis of the ellipsoid is given by:

a = RFO
1− e cos θSB

1− e2
(4.16)
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FO sphere
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(a) (b)

Fig. 4.14: (a) Cross-section of an elliptical lens fed by the stratification of Fig. 4.1 with the foci and dimen-
sions of the ellipse and lens. (b) Aperture efficiency of the analytical lens geometry of (a) based on the leaky
modes as a function of the lens diameter.

and the inter-focal distance is given by c = a+ e, where e = 1/
√
εr is the eccentricity

of the lens.

4.6.3 Lens Analysis in Reception

To calculate the aperture efficiency of the lens, we use the FO method in reception
[96], which we briefly summarize here. In the FO approach, a plane wave incident
on the lens in the k̂i = −z⃗-direction is propagated into the lens and onto the FO
sphere (SFO with normal n̂ = −r̂ pointing inward) using geometrical optics (GO).
The equivalent electric and magnetic currents on the FO sphere J⃗eq

SFO
= n̂× h⃗GO

i and
M⃗eq

SFO
= −n̂× e⃗GO

i , are then correlated with the SDP contribution to the near field of
the leaky-wave feed, e⃗SDP (r⃗), h⃗SDP (r⃗) as follows:

PL(k̂i) =
R4

FO

16Ptot
·

∣∣∣∣∣
∫∫

ΩSB

(
h⃗SDP · M⃗GO

SFO
(k̂i)− e⃗SDP · J⃗GO

SFO
(k̂i)

)
dΩ

∣∣∣∣∣
2

(4.17)

and the aperture efficiency is given as ηap = PL/PPW , wherePPW = |EPW |2πD2
l /(8ζ0)

and |EPW | is the amplitude of the incident plane wave. Since we know from the pre-
vious section that the field can be modelled by a local spherical wave until the lens
angle, the magnetic field is given by h⃗SDP (r⃗) = r⃗ × e⃗SDP (r⃗)/ζd and we can simplify
the correlation integral in Eq. (4.17) to 2/ζd

∫∫
ΩSB

e⃗SDP · e⃗GO
SFO

(k⃗i) dΩ, which is the
integral given in [20]. However, we emphasize that this approximation is only valid
when the lower focus F2 coincides with the phase center of the feed. The main novelty
here is that the FO sphere is in the near field of the LW feed where only the SDP field
contribution is needed to evaluate the radiation properties of the lens-coupled LWA.
Combining the FO approach with this spectral field decomposition is computationally
very fast.
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4.6.4 Leaky-Wave Antenna Performance

The aperture efficiency of silicon lenses has been calculated for lens diameters between
D = 1.5λ0 and D = 15λ0 with a truncation angle θSB and phase center ∆z given
by Eqs. (4.9) and (4.13), respectively. The rest of the lens dimensions are derived
as described above. The lenses are fed by the double-slot iris of [103] and have a
quarter-wave anti-reflection coating with a permittivity of εAR = 3.45 on top. The
resulting aperture efficiency is shown in Fig. 4.14. The highest aperture efficiency is
obtained when D = 4λ0 and is almost 80%. For comparison, the field over the FO
sphere has also been calculated using the far-field approximation of Eq. (4.14), which
is the first term in the asymptotic evaluation of the SDP integral. It can be seen that
the aperture efficiency of the proposed lens geometry varies less than 5% as a function
of the diameter with respect to the numerical evaluation of the SDP integral.

The bandwidth achieved by such silicon LW lens antennas is in the order of 15%
[103]. A larger bandwidth, around 40%, can be achieved by using a lower permit-
tivity lens [20]. The aperture efficiency of a plastic (εr = 2.5) lens at the central
frequency is shown in Fig. 4.14, where the elliptical lens’ geometry has been obtained
from the phase center and shadow boundary angle as described as above. The aper-
ture efficiency of a LW-fed plastic lens is above 80% when the lens diameter is larger
than 2.5λ0. The plastic lens achieves a higher aperture efficiency than the silicon lens
because there is a better matching of the leaky-wave feed far field to the incident GO
field [20].

Depending on the source and lens diameter, a fine tuning of the lens parameters
could lead to a slight increase of aperture efficiency. However, compared to the full-
wave approach for the optimization of the phase correcting structure that have been
presented in the literature [107], the fine tuning of the lens parameters here could also
be achieved by using the SDP and FO approach, significantly decreasing the required
optimization time.

The radiation patterns of the Dl = 4λ0 silicon lens fed by the LW feed have been
calculated using the same FO method in the near field described above, by varying k̂i
as explained in [94]. The radiation patterns of this lens are shown in Fig. 4.15, along
with a full-wave simulation of the lens. The match between the patterns obtained
with the FO methodology (black) and CST results (red) is excellent, especially in the
main beam. The side-lobe level differs at most by 1 dB. The directivity of this lens
antenna is 21 dBi. The performance of this single lens indicates we can efficiently
feed lenses with a diameter as small as 4λ0, which is very relevant for communication
[83], [94], [95] and space [106], [111] arrays that are not fully sampled. Moreover,
the achieved performances of a lens design based only on the complex propagation
constant provides higher aperture efficiency than other numerically optimized phase
correcting structures or shielded cavity based LWAs [106]–[109].
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Fig. 4.15: Radiation pattern from a silicon lens with diameter of Dl = 4λ0 fed by the LW stratification of
Fig. 4.1 and double-slot iris from [103]. Black: SDP-FO method, red: full-wave simulations.

4.7 Conclusion
In this chapter, we have shown that the near field of leaky-wave resonant antennas
radiating into a semi-infinite dielectric medium can be locally represented as a spheri-
cal wave in a certain solid angle around broadside from the phase center far below the
ground plane. The near field in this solid angle can be efficiently evaluated via the in-
tegration of the spectral Green’s function along the Steepest Descent Path (SDP), even
very close to the LW cavity. Beyond this solid angle, defined as the shadow bound-
ary angle, a contribution due to the leaky-wave pole must also be considered to fully
describe the near field. It is shown that the LW complex propagation constants and
the shadow boundary angle can be used to define the properties of the spherical wave
formation accurately even in low contrast LW cases. Therefore, the physical insight
gained in this analysis can be extended to other resonant LWAs made with different
kind of stratifications such as FSS based cases.

To demonstrate the applicability of the proposed study, we apply the understand-
ing of the near-field spherical wave formation to the design and analysis of small-to-
medium sized lenses. It is shown that the LW complex propagation constants can be
used to define a truncated lens geometry that couples well to the leaky-wave antennas
and achieves a high aperture efficiency for any diameter. Moreover, we have com-
bined the SDP calculation with an FO methodology in reception to efficiently calculate
the aperture efficiency and radiation patterns of such lenses. A truncated silicon lens
design with a diameter of only 4 free-space wavelengths is presented. This achieves
almost 80% aperture efficiency. Excellent agreement with full-wave simulations is
achieved, which demonstrates the accuracy of the SDP-FO methodology.
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Chapter 5
Wideband Leaky-Wave Feed with Annular Corrugations

in the Ground Plane

In this Chapter, we present a resonant leaky-wave lens antenna, fed by a circular wave-
guide with annular corrugations in the ground plane. The proposed leaky-wave feed
reduces the impact of the spurious TM0 leaky-wave mode in all planes over a wide
bandwidth while reducing assembly complexity compared to previous methods. The
proposed leaky-wave antenna has an aperture efficiency above 80%, a return loss be-
low -15 dB, and a cross-polarization level below -20 dB in a bandwidth from 110-220
GHz (2:1). We have fabricated and measured a WR-5 band (140-220 GHz) antenna
prototype with a lens diameter of 3 cm that achieves excellent agreement between
measurement and simulation in terms of return loss, directivity and gain.

5.1 Introduction
Dielectric lens antennas fed by resonant leaky-wave (LW) feeds have been demon-
strated at millimeter and submillimeter wavelengths, achieving high aperture effi-
ciency and low losses [20], [94], [103], [111] for communication and sensing appli-
cations. Due to their high directivity and aperture efficiency, they have been proposed
as lens elements in scanning lens phased arrays [94], [111] and fly’s eye arrays [20].

Resonant LW feeds consist of a half-wavelength resonant air cavity between a ground
plane and a semi-infinite dielectric material with relative permittivity εr (i.e., the di-
electric lens). This resonant Fabry-Pérot like cavity supports the propagation of the
main TM1 / TE1 leaky-wave modes that contribute to a directive beam around broad-
side in the semi-infinite dielectric [20], [97], [103]. Additionally, a spurious, nearly
frequency-independent TM0 LW mode, which propagates in the cavity and results
in high cross-polarization, can reduce the aperture efficiency of the lens antenna.
Therefore, the TM0 mode is generally suppressed by the lens feed. Examples are a
waveguide-fed double-slot iris [20], [103], a slot-fed dipole in PCB technology [94]
and a dipole centered in the air cavity [95].

Although these LW feeds illuminate the lens with high aperture efficiency, the cross-
polarization level of these antennas remains high when operated over a broad band-
width due to poor TM0 mode suppression. Furthermore, the development of double-
slot irises is complex at (sub-)THz frequencies due to the need of a thin membrane

Parts of this Chapter have been published in [J4].
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[20], [103]. A recent overview of the state of the art in integrated lens antennas was
given in [20].

Metallic corrugations, by contrast, can be fabricated with the same process as the
waveguide itself. It is well known that quarter-wavelength corrugations can be used
in parallel-plate waveguides (PPW) to attenuate the TEM mode [129]–[131]. They
are also used as mode filter in horn antennas [132]. Corrugated ground planes with
waveguides have been used to generate a single LW mode around broadside [133],
[134] with a non-rotationally symmetric beam and in shielded Fabry-Pérot cavity an-
tennas to enhance the aperture efficiency [106]. However, those geometries have not
explored the possibility of using the corrugations to reduce the impact of the TM0 LW
mode in resonant LW lens antennas.

In this Chapter, we propose a resonant leaky-wave lens antenna feed (see Fig. 5.1)
that greatly reduces the impact of the TM0 mode in all planes over a wide bandwidth.
At high frequencies, the TM0 is suppressed due to the electrical size of a circular wave-
guide. At low frequencies, annular corrugations in the ground plane increase the at-
tenuation constant of the TM0 LW mode, similar to a TEM PPW mode enhancing the
rotational symmetry and cross-polarization of the feed pattern. We present the opti-
mization of the proposed feed to illuminate a plastic (εr = 2.3) lens with high aperture
efficiency covering the WR-6 and WR-5 waveguide bands (110-220 GHz in total). The
obtained performance is better than state-of-the-art plastic lens antennas [20] while
reducing assembly complexity. We have manufactured and measured a WR-5 (140-
220 GHz) prototype to corroborate these results.

5.2 Corrugated Leaky-Wave Antenna
The proposed LW lens antenna geometry is shown in Figs. 5.1a and 5.1b. It consists of
a λ0/2 air cavity with a low permittivity (εr = 2.3) elliptical dielectric lens to achieve
wide bandwidth, as in [20]. The feeding structure is modified with respect to [20]. An
open-ended circular waveguide, without a double-slot iris, is proposed here in com-
bination with annular corrugations in the ground plane surrounding the waveguide.
The low air-dielectric contrast ensures good impedance matching of waveguide over
a wide bandwidth. A large circular waveguide can achieve better suppression of the
TM0 LW mode in all azimuthal directions compared to a square waveguide. However,
a large diameter of such circular waveguide will lead to a significant frequency varia-
tion of the primary field (i.e., field radiated into the semi-infinite dielectric medium).
Consequently, poor lens aperture efficiency over a large bandwidth will be achieved.
Therefore, we have added annular corrugations in the ground plane that reduce the
impact of the TM0 LW mode close to the cut-off frequency of the waveguide, and
therefore enlarge the antenna’s overall bandwidth.

52



5.2. CORRUGATED LEAKY-WAVE ANTENNA

(a) (b)

(c) (d)

Fig. 5.1: (a) Geometry of the proposed LW lens antenna. (b) Dimensions of the feed stratification consisting
of a circular waveguide, corrugated ground plane, air cavity and semi-infinite medium. Photographs of (c)
the assembled prototype and of (d) the circular waveguide and annular corrugations.

5.2.1 Geometry Optimization for 2:1 Bandwidth

The proposed LW feed geometry is optimized as explained in this section for operation
in a 2:1 bandwidth (110-220 GHz). First, the circular waveguide diameter is chosen
to be the smallest possible to achieve a good impedance match starting at 110 GHz
while exciting only the fundamental mode. A diameter dwg = 0.95λ0 leads to a cut-off
frequency of 102 GHz, giving a good compromise between the excitation of higher-
order modes at high frequencies and the impedance match at low frequencies. The
achieved reflection coefficient (S11) is below -15 dB over the entire bandwidth of in-
terest, see Fig. 5.2a. For reference, the achieved impedance matching bandwidth with
a double-slot iris feed as in [20] is also given.

Second, we maximize the aperture efficiency of a truncated elliptical dielectric lens
with a diameter of 3 cm (16.5λ0, λ0 being defined at 165 GHz) over the entire 110-
220 GHz bandwidth to find the optimal corrugation dimensions. The performance of
this lens antenna is evaluated using the analysis procedure described in [20]: First,
the primary fields are obtained in the entire bandwidth by a full-wave simulation for
a specific feed structure. Second, the aperture efficiency of the lens is calculated in
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(a)

(b)

Fig. 5.2: (a) Simulated reflection coefficient and (b) cross-polarization in the primary field of the three
compared LW feeds: double-slot iris, circular waveguide and circular waveguide with corrugated ground
plane. The measured reflection coefficient of the prototype in Fig. 5.1c is shown in (a).

reception using the Fourier Optics (FO) approach [96], optimizing for the phase cen-
ter ∆z and θ0. This procedure is iterated as a function of the depth (d), width (w),
periodicity (p) and distance from the waveguide (r0) of the corrugations as indicated
in Fig. 5.1a.

Starting from the dimensions in [130]: d = p = λ0/4, w = λ0/10, we found the op-
timized dimensions to be d = 0.33λ0, p = 0.23λ0, w = 0.11λ0, r0 = 0.69λ0. We found
that geometries with 8 corrugations are sufficient to enhance the aperture efficiency
at the low frequencies. The lens geometry that maximizes the aperture efficiency is
found as having ∆z = −0.66λ0 with a truncation angle of θ0 = 36.5◦ seen from the
phase center. The optimized phased center and lens truncation angle are in line with
the theoretical ones in Fig. 4.13b based on the LW propagation constants of the TM1

and TE1 modes.

The aperture efficiency as a function of the frequency for the optimized lens antenna
with a corrugated LW feed is shown in Fig. 5.3a. The aperture efficiency is above 80%
over the entire bandwidth, which is significantly higher than the same antenna without
corrugations and the double-slot iris feed, especially at the low frequencies. The figure
indicates that the circular waveguide feed without corrugations performs similar to
the double-iris in the WR-5 band (with a significant reduction in the fabrication and
assembly complexity). If an extended bandwidth is targeted (WR-5 and WR-6), the
corrugated LW feed is the best performing solution. The achieved reflection coefficient
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(a)

(b)

Fig. 5.3: (a) Simulated aperture efficiency for the same feeds as in Fig. 5.2. (b) Simulated and measured
directivity and gain of the corrugated LW feed. The circles and crosses in (b) correspond to measured
directivity and gain, respectively.

with this corrugated feed is in line with the one without the corrugations as shown in
Fig. 5.2a.

5.2.2 Radiation Patterns in the Semi-Infinite Dielectric Medium

To better understand the enhancement of the aperture efficiency achieved due to the
corrugations, it is useful to compare the primary fields at 110 GHz with or without
corrugations shown in Fig. 5.4a. The primary patterns of the corrugated waveguide
are significantly more rotationally symmetric and have lower cross-polarization. The
cross-polarization level is reduced from -8 dB to -27 dB when the corrugations are
added. The cross-polarization in the primary fields over the entire bandwidth is re-
ported in Fig. 5.2b for the three considered LW feeds. At the high end of the band-
width, the cross polarization of the circular waveguide with and without corrugations
is comparable. Indeed, the suppression of the TM0 LW mode is achieved at the higher
part of the band thanks to the large size of the circular waveguide - its Fourier Trans-
form has a null approximately in the same direction as the TM0 LW mode - and not
the corrugations.

The aperture efficiency can be calculated as a field match between the field on a
sphere centered at the lens focus propagated via Geometrical Optics (GO) from an
incident plane wave on the lens, i.e., the GO field, and the feed primary pattern [96].
The highest aperture efficiency is achieved when these fields are a conjugate match.
The frequency-independent GO field was given in [20] and is also shown in Fig. 5.4

55



CHAPTER 5. WIDEBAND LW FEED WITH ANNULARLY CORRUGATED GP

(a)

(b)

Fig. 5.4: Comparison between the primary and GO fields. (a) Fields at 110 GHz of the LW feed without
(left) or with (right) corrugations. (b) Fields of the LW feed with corrugations at 165 GHz (left) and 220
GHz (right).

(dashed lines) for comparison. It is clear from Fig. 5.4a that the field match to the GO
field is much better at the low frequency band if the corrugations are used. The primary
patterns of the corrugated LW feed at 165 GHz and 220 GHz are shown in Fig. 5.4b.
A good match between the incident GO field and the primary patterns is observed
leading to an aperture efficiency higher than 80% over the entire bandwidth.

5.2.3 TM0 Mode Suppression

To understand the effect that the corrugations have on the TM0 LW poles, we analyzed
the fields in the resonant cavity using full-wave simulations with a large number of
corrugations, i.e., 20. Radially close to the waveguide (ρ ≤ λ0, see Fig. 5.1b), the
field is given by the sum of the space wave contribution and the TM1 / TE1 LW modal
fields [135]. For larger ρ, the TM0 modal field is dominant. Since the TM0 modal
field is mostly polarized along ẑ [111], we can study the effect of the corrugations by
analyzing the ẑ-component of the electric field in themiddle of the resonant cavity (i.e.,
at z = h/2) as a function of ρ. We show |Ez|

√
ρ in the D-plane in Fig. 5.5 to remove the

cylindrical spreading of the LW modal fields. The figure compares the LW feed with
and without the corrugations at beginning, middle and end of the bandwidth. The
results show that the |Ez|

√
ρ level at the end of the corrugated section is lower when

the corrugations are present. The highest attenuation is achieved at low frequencies.

It is well known that periodic structures do not fully suppress a mode, but do im-
pact its attenuation constant [131]. Since the modal field is proportional to e−jβTM0ρ
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Fig. 5.5: Electric field along ẑ at z = h/2 as function of the radial direction in the D-plane for the LW feed
with or without corrugations at three frequencies.

· e−αTM0ρ/
√
ρ [131], the TM0 phase and attenuation constants, βTM0 and αTM0, re-

spectively, can be calculated from the simulated Ez. At the central frequency and no
corrugations, it is found that βTM0/kd = 0.6 and αTM0/kd = 0.045, in line with the
analytical result from the dispersion equation [20]. The attenuation constant corre-
sponds to -3.7 dB/λ0. For the corrugated ground plane, αTM0/kd = 0.086 has been
found, which corresponds to -7.1 dB/λ0. Therefore, the corrugations decrease the
impact of the TM0 mode even in the middle of the bandwidth.

5.2.4 Lens Antenna Radiation Performance

We calculated the radiation patterns of the lens antenna fed by the proposed corru-
gated LW feed (secondary patterns) using the FO approach in reception [96]. The
secondary patterns are shown in Figs. 5.6a and 5.6b at 140 and 220 GHz, respectively.
The patterns are highly symmetric around broadside and achieve a sidelobe level of
between -20 dB to -17 dB in the bandwidth, which is very close to the sidelobe level
of a uniform circular current distribution of 3 cm in diameter. The simulated cross
polarization of the secondary patterns is below -25 dB across the full bandwidth.

The simulated directivity and gain of the lens antenna are shown in Fig. 5.3b as a
function of the frequency. The directivity and gain have been calculated using full-
wave simulations of the lens antenna in CST. For the gain, the dielectric losses in the
plastic (below 0.5 dB) and ohmic losses in the aluminum ground plane (below 0.05
dB) are taken into account. The maximum directivity that can be achieved by a 3 cm
diameter lens is shown for reference, which is at most 0.2 dB higher than the simu-
lated directivity. The simulated gain is around 0.8 dB below the maximum achievable
directivity in the full bandwidth.

5.3 Validation with WR-5 Antenna Prototype
We have fabricated and measured two identical G-band (WR-5, 140-220 GHz) pro-
totypes to validate the simulated performance. The fabricated antennas, shown in
Fig. 5.1c, consist of an HDPE lens with a diameter of 3 cm and a 1 cm thick aluminum
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(a)

(b)

Fig. 5.6: Simulated (solid) and measured (dashed) radiation patterns at (a) 140 GHz and (b) 220 GHz.

split block with a WR-5 flange on the bottom that is tapered to a circular waveguide.
A CNC milling process was used for the fabrication of the lens and the split block; the
corrugations were milled into the ground plane after assembling the split block, see
Fig. 5.1d.

The measured reflection coefficient of the antenna prototype is shown in Fig. 5.2a.
An excellent agreement is achieved with the simulated value: below -15 dB in the en-
tire bandwidth. The antenna prototype was measured on a planar near-field antenna
measurement setup using a PNA with WR-5 frequency extenders. A WR-5 waveguide
probe was used to sample the field at 4 cm above the lens surface. The far-field radia-
tion patterns were calculated from the 2D near-field scans using standard near-to-far
field conversion. The obtained radiation patterns are shown in Figs. 5.6a and 5.6b
at 140 GHz and 220 GHz with excellent agreement to full-wave simulations. The in-
crease in measured cross-polarization is due to limited fabrication tolerances in the
waveguide split-block transition which causes the excitation of the orthogonal mode
in the circular waveguide. As a result, the measured cross-polarized patterns have a
similar shape to the co-polarized patterns. The measured directivity is compared to
the simulated values in Fig. 5.3b, giving a very good agreement between measure-
ment and simulation in the entire WR-5 band. The machining tolerance achieved in
corrugations was less than 20 µm and was found not to have a significant effect on the
performance.

The procedure in [20] has been followed to measure the gain. Two lenses were
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(a)

(b)

Fig. 5.7: Simulated and measured near-field coupling between two lenses that are (a) co- and (b) cross-
polarized.

placed facing each other at a distance of 1.5 cm, and the S12 was measured. The
result is shown in Fig. 5.7a in gray. The raw measurements oscillate ±1 dB around
the time-gated value (black), a significant improvement with respect to the 8 dB in
[20], which we attribute to the higher aperture efficiency achieved. For comparison to
the simulations, the S12 has been time-gated after the first received pulse as in [20].
The simulation results in a lens-to-lens coupling of around -1 dB in the entire WR-
5 band, i.e., around 90% efficiency per lens. The losses in the waveguide are lower
than 1.6 dB (σ = 3.6 · 105 S/m) and the losses in the plastic lens are below 0.3 dB
(tan δ = 3.3·10−4). When the losses are combined with the semi-analytical simulation,
the lens-to-lens coupling is around -3.5 dB, which is in excellent agreement with the
measured value. The measured antenna gain, shown in Fig. 5.3b, is calculated from
the measured directivity and takes into account the dielectric loss in the lens. The gain
is in excellent agreement with simulations.

The cross-polarization coupling was measured using the same procedure, but with
one antenna rotated 90◦ around the z-axis. The simulated coupling between orthog-
onal antennas is zero owing to the null at broadside in the simulated cross-polarized
pattern. However, due to the limited fabrication accuracy in the waveguide split block,
the measured coupling is between -20 dB and -30 dB as shown in Fig. 5.7b, which is
in line with the measured cross-polarization level at broadside (Fig. 5.6).
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5.4 Conclusion
We have presented a resonant leaky-wave antenna feed for plastic lenses that includes
annular corrugations in the ground plane around a circular waveguide. These corruga-
tions in combination with the circular waveguide significantly reduce the impact of the
spurious TM0 mode in a wide bandwidth and all azimuthal planes. The corrugations
extend the achieved bandwidth of the circular waveguide feed to lower frequencies
to cover both the WR-5 and WR-6 bands, leading to a total bandwidth of 2:1. A lens
illuminated by such LW feed is shown to have cross-polarization level below -20 dB,
an aperture efficiency above 80% and an S11 below -15 dB over the entire bandwidth.
We fabricated and measured a WR-5 band prototype which shows excellent agreement
with the anticipated results.
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Chapter 6
Multimode Leaky-Wave Waveguide Feed

In this chapter, we present the beam-shaping capabilities of LW feeds radiating into
dense media when an artificially synthesized quarter-wavelength layer is added be-
tween a resonant air cavity and a dense semi-infinite medium. The complete LW feed
geometry consists of a waveguide opening into a ground plane in the presence of λ0/2
air cavity and a dielectric transformer slab of thickness λ0/4

√
εm below a semi-infinite

medium, as shown in Fig. 6.1a. The relative permittivity εm is used to tune the prop-
agation properties of LWs present in the cavity. In the following section, we analyze
the LW modes and compare them to the ones in the standard stratification shown in
Fig. 6.1b [103], which lacks the transformer layer. We have found that the inclusion
of the quarter-wavelength transformer enables high lens aperture efficiency (>80%)
by exciting multiple LW modes. The use of multiple modes to illuminate quasi-optical
systems was first demonstrated in [105] over a 10% bandwidth. Here, the achieved
bandwidth is above 35%. Moreover, no double-slot iris is needed to match the input
impedance of the structure to a waveguide which significantly simplifies the fabrica-
tion and assembly complexity of the feed at (sub)-THz frequencies.

6.1 Introduction
6.1.1 LWMode Analysis

In the standard stratification with a half wavelength cavity below a semi-infinite dense
medium [see Fig. 6.1b], there is a pair of nearly degenerate TM1 / TE1 LW modes
that radiate close to broadside, plus a TM0 mode radiating toward the critical an-
gle [103]. This TM0 mode is usually suppressed with a double slot iris in order
to efficiently illuminate a lens [103]. In Fig. 6.2a, the propagation constants kρ =

k0
√
εm(sin θLW + jαLW ), with LW pointing angle θLW and attenuation αLW , of the

three modes in a silicon infinite medium are shown as a function of frequency. The
TM1/ TE1 pair points toward θLW ≈ 5◦ and a frequency-independent TM0 mode
points toward θLW ≈ 18◦. When the transformer layer is introduced, the propaga-
tion properties of these modes as well as the number of modes change. For instance,
Fig. 6.2b shows the propagation constants of the LW modes as a function of frequency
when εm = 2.5. It can be observed that there are three TM modes and two TE modes
for this geometry.

Parts of this Chapter have been published in [J1].
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Fig. 6.1: Stratification and equivalent transmission line model of (a) the proposed LW antenna in this work
and (b) the standard LW antenna in [103].

To understand the topology of the different LW modes present in the stratification,
it is useful to evaluate the ρ-component of the modal field inside the stratification as
follows [119]:

eρ (r⃗) =
−jkρi cosϕ

2
Res

(
VTM

(
kρi, z

))
H

(2)
0

(
kρiρ

)
where Res

(
VTM(kρi, z)

)
is the residue of the TM voltage solution of the transmission

line in Fig. 6.1 evaluated at pole location kρi (see Fig. 6.2), and H(2)
0 is the zeroth-

order Hankel function of the second kind. The modal fields eρ corresponding to the
TM modes in the standard stratification are shown in Fig. 6.3a as a function of z.
The profile of the modes inside the cavity is similar to the modes that propagate in
a parallel-plate waveguide (PPW) with a plate separation of h0 = λ/2 [136]. For
instance, the TM1 / TE1 modal field resembles a sin (πz/h0)-like shape.

When the transformer has a relative permittivity εm > 5 and thickness λ0/4
√
εm,

the poles and resulting modal fields are very similar to the results from [103]. The
presence of the quarter-wave transformer makes ZL larger than the impedance of the
infinite medium, which is the opposite effect to a standard LW radiating into free-
space [97]. The LW angle and attenuation constant are larger because the impedance
contrast between ZL and Z0 is reduced. For example, the modal fields are shown in
Fig. 6.3a (thin lines) for εm = 8. The associated propagation constant at the resonant
frequency is shown in Fig. 6.4.

When the relative permittivity of the transformer layer is small 1 < εm < 3, the
reflection at the top of the cavity is very small and therefore the structure is comparable
to a PPW with a plate separation of 3λ0/4. However, in contrast to the PPW, the TM2 /
TE2 modes are not in cutoff because there is no PEC boundary condition at z = 3λ0/4.
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Fig. 6.2: Frequency dispersion diagram of the LW modes, radiating into an infinite silicon medium, in the
presence of a λ0/2 air cavity (a) without and (b) with a εm = 2.5 transformer.

Therefore, five modes propagate in this configuration. The frequency behavior of the
five poles is shown in Fig. 6.2b for εm = 2.5. The TM0 mode is similar to the TM0

mode in Fig. 6.2a. The attenuation α1
LW ofTM1 /TE1 poles is lower and their pointing

angle θ1LW ≈ 15◦ is larger than without transformer. The TM2 / TE2 modes attenuate
quickly and have a pointing angle θ1LW ≈ 5◦. The modal field components eρ along
z corresponding to this stratification are shown in Fig. 6.3b. The TM0 and TM1 field
profiles are similar to the fields shown in Fig. 6.3a. It is clear that theTM2 mode shows
a sin(2πz/(h0 +h1))-shape, which is similar to the profile of the TM2 mode in a PPW.

A complete overview of the five LW modes that propagate in the stratification at fc
is shown in Fig. 6.4 as a function of εm. The regions εm < 3 and εm > 5 in which
the LW modes resemble PPW modes are indicated in the figure with h0 = 3λ0/4 and
h0 = λ0/2, respectively. In the region 3 ≤ εm ≤ 5, the TM poles switch roles which
corresponds to the region, where ZL ≈ 120π. For example, the TM0 pole for εm < 3 is
associated with the TM2 mode for εm > 5. Therefore, a transition region 3 ≤ εm ≤ 5

is required so that the numbering of the modes and the associated field profile are
consistent with both those in a PPW [136] and the stratification without transformer
[103].

The far field radiated into the semi-infinite dielectric is evaluated using the spectral
Green’s function (SGF) approach [105]. To identify the contribution of each of these
modes in the far field, the total voltage solution in the transmission line of Fig. 6.1a
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Fig. 6.3: TMmodal fields (ρ-component) at the central frequency along z in the stratifications of (a) Fig. 6.1a
with εm = 8 (thin lines) and of Fig. 6.1b (thick lines) and of (b) Fig. 6.1a with εm = 2.5.

can be approximated around each LW pole kρi as follows [97], [105]:

VTM/TE(kρ)
∣∣
kρ≈kρi

=
2kρi

k2ρ − k2ρi
Res

(
VTM/TE(kρi)

)
(6.1)

Fig. 6.5 shows the far-field contribution due to each LW pole, using Eq. (6.1), for
εm = 2.5 and a square waveguide of size 0.68λ0 (the colors correspond to the poles
in Fig. 6.2). In the H-plane [see Fig. 6.5a], the contributions are due to TE modes,
whereas the E-plane contributions [see Fig. 6.5b] are due to TM modes. The sum
of the LW pole contributions (dashed gray) is a good approximation of the far field
radiation pattern calculated with the non-approximated voltage solution (solid gray).
The radiation pattern resembles a “top-hat” pattern: it is nearly uniform in the region
θ ≤ 15◦ and then rapidly decays. This beam shape can be attributed to the presence
of multiple LW modes that together illuminate the region nearly uniformly and results
in a high aperture efficiency when it is coupled to a lens with f# = 1.8.

6.1.2 Optimal Transformer Permittivity

The optimal transformer permittivity was found by evaluating the aperture efficiency
of a silicon elliptical lens fed by a number of different stratifications with 1 < εm <

11.9. Note that f# of the lens is different for each εm.

The aperture efficiency of the lens antenna was calculated in reception using a
Fourier Optics (FO) approach [137] and assuming a lens with a quarter-wavelength of
perfect anti-reflective coating at fc = 550 GHz. The optimization consisted of finding
out the optimal phase center, lens f# and iris geometry similar to what it was done in
[20]. With this approach, we have calculated the aperture efficiency in the frequency
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PPWΤ3𝜆0 4 transition PPW  Τ𝜆0 2

Fig. 6.4: LW poles present in the stratification of Fig. 6.1a at the central frequency for different choices of
dielectric permittivity of the transformer layer, εm between 1 and 11.9.

range 400–750 GHz of different transformer relative permittivities εm to determine its
optimal value.

The results of the aperture efficiency optimization are shown, for several values
of εm, in Fig. 6.6. The aperture efficiency bandwidth, defined as the bandwidth in
which the aperture efficiency is larger than 80%, is larger for any choice of transformer
permittivity than for the standard case. Furthermore, a lower transformer permittivity
corresponds to a lower lens f#, which is consistent with the pointing angles of the
main modes in Fig. 6.4. The optimal value for the transformer relative permittivity is
found to be εm = 2.5, which couples to a f# = 1.8 lens with an aperture efficiency
bandwidth of 35%.

It was found that when εm > 5, it is necessary to suppress the TM0 mode since
only the TM1 / TE1 modes will be exploited for the pattern shaping, for example, by
using a double-slot iris [103]. When εm ≤ 5, all the modes are used to synthesize the
top-hat pattern as in Fig. 6.5 and the structure can be fed directly by an open-ended
waveguide. Specifically, using an open-ended square waveguide of size 0.68λ0 leads
to a decrease of only 2% in aperture efficiency, as shown in Fig. 6.6, while significantly
simplifying the fabrication and assembly complexity.

The optimized LW lens antenna has a truncation angle of 15.5◦ and a phase center of
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Fig. 6.5: Far-field radiation pattern in (a) the H-plane and (b) E-plane decomposed into the contributions
from each LW pole (see Fig. 6.2b), calculated using Eq. (6.1) for the stratification in Fig. 6.1a with εm = 2.5
at the central frequency. The structure is fed by a square waveguide of size 0.68λ0.
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Fig. 6.6: Lens aperture efficiency as a function of frequency when fed by the multimode LW feed in Fig. 6.1a
for different values of εm. The f# of the lens varies for each permittivity. A double-slot iris has been used
for the results shown in solid lines, while the red dashed line has been simulated with an open-ended square
waveguide of 0.68λ0.

1.44 mm below the ground plane. An overview of the single lens geometrical param-
eters is given in Fig. 6.7a. The far-field radiation patterns (i.e., the primary patterns)
into the silicon lens are shown in Fig. 6.7b.

The input impedance of the waveguide in the presence of the proposed stratification
has been calculated as in [105] using:

1

Zin
=

1

4π2

∞∫
−∞

∞∫
−∞

∣∣Mx(kx, ky)
∣∣2Ghm

xx (kx, ky, z = 0) dkx dky (6.2)

where Ghm
xx is the SGF of the structure in Fig. 6.1a and Mx is the spectral current

associated with theTE10 waveguide mode. This result is validated with the impedance
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Fig. 6.7: (a) Cross section of a single elliptical lens array element fed with the optimized LW feed and its
geometrical parameters. (b) Far-field radiation patterns into an infinite silicon medium by the lens feed
shown in (a). Fields calculated using the SGF in black, full-wave results in red are done with the perforated
silicon layer shown in the inset, where periodicity p = 79µm and hole diameter d = 73µm.
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Fig. 6.8: (a) Waveguide impedance from full-wave simulations (dashed) compared to Eq. (6.2) (solid) and
(b) the associated reflection coefficient of the optimized lens antenna with transformer layer compared to
the standard case [103].

obtained from CST in Fig. 6.8a. The agreement between the result of Eq. (6.2) and the
full-wave simulation is excellent. Furthermore, Zin is not strongly frequency dependent
and can be matched without a double-slot iris.

The simulated reflection coefficient is shown in Fig. 6.8b, calculated using Eq. (6.2)
and compared to the full-wave approach. The reflection coefficient is below −10 dB
for frequencies higher than 450 GHz. The impedance bandwidth is significantly larger
than the standard structure without a transformer layer fed by a double-slot iris [103].
The bandwidth of the antenna is not limited by the impedance matching bandwidth
but by the frequency dispersion of the radiation patterns.

6.2 Lens Phased Array Performances
In this section, we investigate the performance of the scanning lens-phased array based
on the proposed multimode LW feed. The considered array topology is the same as
discussed in Chapter 2, consisting of 19 lenses of diameter Dl = 20λ0 in a hexagonal
grid. Each lens is fed by the waveguide-fed LW stratification discussed in Section 6.1
and is covered by a quarter-wavelength AR coating. Thewaveguide’s E-plane is parallel
to x̂, according to the reference system shown in the inset of Fig. 2.1. The lens and
array geometry are shown in Fig. 6.7a and the inset of Fig. 2.1, respectively.

6.2.1 Single Lens Element Performance

The broadside and steering properties of a single lens element at 550 GHz have been
analyzed using the FO approach described in [137]. In this model, the effect of multi-
ple reflections at the lens surface or spillover at the lens edge is not taken into account;
instead, they are included as a loss in the gain. However, because of the AR coating
of the lens, multiple reflections are low, and due to the proposed multimode LW feed,
the spillover is low as well.

The broadside patterns radiated by a single lens element with the proposed LW feed
(i.e., the secondary patterns) are shown in Figs. 6.9a and 6.9b. The pattern displays
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Fig. 6.9: Radiation pattern of a single lens for (a) and (b) broadside and (c) and (d) scanned to 20◦ at 550
GHz. The scan loss and gain of the lens element pattern is shown in (e) as a function of scan angle and
approximate displacement.
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good symmetry at broadside. The side-lobes are slightly lower in the H-plane due
to the taper of the primary pattern in this plane [see Fig. 6.7b]. Furthermore, the
pattern strongly resembles an airy pattern radiated by a 20λ0 uniform circular current
distribution (shown in red). A directivity of 35.7 dBi in the array element pattern is
achieved with an aperture efficiency of 85%.

Next, the lens is displaced 2 mm relative to the feed along the E-plane. This results
in a scan angle in the secondary pattern of 19.2◦. The scanned secondary radiation
pattern is shown in Fig. 6.9c in UV-coordinates. Fig. 6.9d shows the radiation pattern,
where the beam has been rotated toward its maximum to show the three main planes.
The radiation pattern in the H-plane is almost the same as the broadside pattern. In
the E-plane, the side-lobes become 2 dB higher and the main beam is broadened. The
directivity of the steerable array element pattern toward 19.2◦ is 34.6 dBi with an
aperture efficiency of 54%. The scan loss (i.e., the gain relative to broadside) of the
single lens is shown in Fig. 6.9e. The lens can be scanned up to 25◦ (2.5 mm lens
displacement) in both the E- and H-planes with a loss below 3 dB. It can also be seen
in the same figure that the achieved scan loss is stable over the entire 35% bandwidth.

6.2.2 Lens Phased Array Performance

In order to evaluate the steering properties of the 19-element lens phased array, we
multiply the obtained single lens patterns with the corresponding array factor. Since
the array periodicity is very large, no mutual coupling effects will be present in this
case. For broadside, all the array elements are fed in phase; for the scanned cases the
lenses are fed progressively.

For broadside, Figs. 6.10a and 6.10b, the grating lobe level is −17 dB with a gain of
48.2 dB. When scanning to 19.2◦, shown in Figs. 6.10c and 6.10d, the highest grating
lobe is in the E-plane and is −13.2 dB. The grating lobe level is higher than the broad-
side case due to the lower aperture efficiency of the scanned lens, but still acceptable
for many applications. The gain when scanning the array toward 19.2◦ is 46.7 dB. The
E-plane radiation pattern is shown in Fig. 6.10e for scan angles up to 30◦.

6.3 LW Lens Antenna Prototype at 550 GHz
A prototype at 550 GHz has been developed to validate the radiation properties of
the LW feed and demonstrate the dynamic steering capabilities of the proposed lens
antenna. The prototype, shown in Fig. 6.11, consists of a silicon lens array where the
central element is fed by the proposed LW feed. The overall array geometry is a scaled
version of the one shown in Section 6.1, in order to fit the array in the metal fixture
developed in [86]. The number of elements has been reduced to 7, marked in gray
in the inset of Fig. 2.1 and the lens diameter is around 10λ0 instead of 20λ0. As a
consequence of the smaller diameter, the lens surface lies in the near field of the feed.
For this specific diameter of 10λ0, we have optimized the lens subtended angle θ0, as in
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Fig. 6.10: Radiation pattern of a 19-element lens array at 550 GHz for (a) and (b) broadside and (c) and
(d) scanned to 20◦. The E-plane radiation pattern is shown in (e) for scanning up to 30◦.
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Fig. 6.11: Photograph of the prototype at 550 GHz that validates the embedded element pattern of the
lens-phased array using an integrated piezoelectric motor to perform the mechanical scanning of the array
element pattern. The height of the complete stack of wafers, including the LW cavity wafer, transformer
wafer, stacked silicon wafers, and lens array wafer is 7.1 mmmeasured from the ground plane. The elliptical
lenses subtend an angle of 17.3◦ from the focus which is 1.2 mm below the ground plane.

[116], in order to achieve the maximum aperture efficiency. The resulting optimized
θ0 = 17.3◦ or equivalently, f# = 1.6.

The lenses, the transformer, and air cavity are synthesized in silicon wafers. This
stack of wafers sits on a metal fixture, where a receiver array could be potentially in-
tegrated. In this case, the metal block consists of a straight waveguide that transforms
the standard WR1.5 waveguide into a square waveguide of 362 × 362 µm as in [86].
The piezoelectric actuator sits on the side of this metal fixture and translates the stack
of wafers in one axis. The translation displacement achieved by the prototype is±1.25
mm, i.e., a scan angle of around ±24◦, and it is executed by a piezoelectric actuator
motor as in [86]. A lens pusher fixture translates the silicon stack across the LW feed
using alignment metal pins as rails that support the movement of the lens.

6.3.1 Silicon Lens Array Wafer Stack

The silicon lens array consists of seven elliptical lenses of aperture Dl = 5.13 mm

(9.4λ0) and height of 548 µm synthesized in a hexagonal configuration in order to
provide a tight array spacing with high aperture efficiency. The array of lenses has
been fabricated from a 1-mm high-resistivity silicon wafer using laser micromachining
and was then coated with a Parylene anti-reflection coating. The lens array is shown
in Fig. 6.12.

A few other high-resistivity silicon wafers, i.e., 5 wafers of 1 mm thick and 4 wafers
of 300 µm, were stacked to create the required thickness of the array. These wafers
have been processed using a DRIE process developed in [138]. The alignment of these
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100 ��

Fig. 6.12: Photograph of lens array wafer fabricated using laser micromachining. Inset photograph of the
silicon pensile alignment pin on its pocket, defining the alignment between the lens wafer and the bottom
silicon wafer.

wafers was performed using a silicon pin technique used in [139]. A silicon pin of 1
mm, shown in the inset of Fig. 6.12, was used in the alignment of the lens array wafer
with the silicon stack. This increment in size facilitates the fabrication of the socket in
the lens array with the laser without compromising the alignment. Unfortunately, the
alignment of these two layers could not be measured accurately but was estimated to
be better than 20 µm.

6.3.2 Transformer Layer and LW Cavity

The transformer layer has been synthesized by creating an artificial dielectric from a
high-resistivity silicon wafer. The artificial dielectric targeted a relative permittivity of
εm = 2.5 and it was synthesized with circular perforations [140] of 73 µm diameter
to a depth of 88 µm in a regular triangular lattice of period 79 µm.

The validation of this artificial dielectric synthesis is shown in Fig. 6.7b, where ra-
diation patterns of the LW feed using a homogeneous dielectric layer are compared
with a full-wave simulation of the perforated layer in silicon. The figure shows the
good agreement between the radiation patterns and confirms the little impact that the
anisotropy of synthesized dielectric has, thanks to the highly directive LW patterns.
Note that the spurious radiation in the E-plane for angles larger than 20◦ is associated
with the finite size of the structure in the full wave simulation.

A photograph of the perforated silicon layer and its dimensions is shown in Fig. 6.13.
A good agreement between the fabricated and designed dimensions has been achieved
using the silicon micromachining process based on DRIE [138].
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(a) (b)

Fig. 6.13: (a) 3-D and (b) top view of the fabricated artificial dielectric taken under the microscope.
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Fig. 6.14: Measured and simulated reflection coefficient of the embedded lens antenna array prototype
measured in the WR-1.5 frequency band and plotted against full wave simulations.

6.4 Measurements
First, the reflection coefficient of the antenna was measured using a PNA-X and a
calibrated WR-1.5 frequency extender. Its comparison with full-wave simulation is
shown in Fig. 6.14. Note that the level of the measured reflection coefficient lies below
the simulation due to the losses of the metal block fixture which are around 2.8 dB,
as explained in [86]. But overall, the general shape of the reflection coefficient agrees
well with the simulated performance of the antenna. The compression of the spring
was calibrated by moving the lens back and forth with the piezo while verifying that
the reflection coefficient did not have significant changes. All in all, the measured
reflection coefficient is below −20 dB in a bandwidth of more than 50%, which is
higher than the bandwidth of the aperture efficiency for this antenna.

The embedded element pattern prototype was validated using a far-field setup simi-
lar to the one used in [86]. The prototype was connected to an ad-hoc Schottky based
transmitter that is fed by one of the synthesizers of the PNA-X to be able to fit in two
rotational stages. To receive the signals, we used one of the WR1.5 PNA-X extenders as
receiver and a standard gain horn. This ad hoc far-field setup limits the measurement
band from 525 to 575 GHz, constrained by the available bandwidth of the transmitter
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Fig. 6.15: Scan angle as a function of the displacement of the lens antenna array of the measured radiation
patterns. The red line represents the scan angle obtained from displacing the feed of a quasi-optical system
of an f# = 1.6.

and the scanning range was limited to 40◦ in azimuth and 45◦ in elevation.

6.4.1 Embedded Element Patterns

The lens array was translated with the piezoelectric motor with steps of 0.2 mm along
ŷ, according to the reference system shown in Fig. 2.1. At each step, the radiation
pattern of the AUT was measured. A small correction in the reference system of the
radiation patterns was applied to these measurements since center of rotation of the
scanner was a centimeter below the phase center of the lens array prototype. The effect
of this correction is very small and it is shown in Fig. 6.15, where the scan angle versus
displacement is compared for the corrected and the raw set of measurements. The
figure also shows a good agreement between the measurements and the simulations
using the aforementioned FO analysis. The solid red line shows the scan angle with
the displacement for an optical system of f# = 1.6 using the geometrical expression
from Eq. (2.3). A good agreement of the measurements and simulations with this red
solid line shows low f# of this multimode LW feed compared with the standard case.

Fig. 6.16 shows the measured radiation patterns for the central frequency at three
different scan angles in the H plane, broadside, 10◦ and 20◦, which correspond to a
lens array displacement of 0, 0.5, and 1 mm. Note that the three measurements, and
the rest of the scanned angles, present a small tilt of 3.5◦ in the E-plane, that corre-
sponds to a misalignment in x̂ of 150 µm between the lens array with the feed. It
is suspected that this is misalignment comes from a combination of errors and tol-
erances: the alignment tolerance given by the metal pins and the silicon wafer, the
position accuracy between the pin pockets used in the lens wafer with respect to the
actual lens array, and last, a cumulative error between the front and back alignment
of the silicon pin pockets on the bulk silicon wafers employed. Nevertheless, this small
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tilt has barely any impact on the aperture efficiency of the antenna and it could poten-
tially be removed with another piezoelectric motor that would allow the scanning of
the array in x̂. Note that this tilt has been taken into account in the simulation shown.
Figs. 6.16b, 6.16d and 6.16f shows E-, H-, and D-plane cuts normalized to 0◦ of the 2-D
measured radiation pattern and the FO simulations. A very good agreement between
the two is shown, especially for the broadside case. The medium and large angle dis-
placement presents slightly higher discrepancy on the side-lobe level, due to the higher
spillover/reflection power presented in these cases, which is not taken into account in
the FO simulation. Moreover, the relative permittivity of the quarter-wavelength Pary-
lene antireflection coating (εr = 2.62) used for this lens array prototype deviates from
the ideal relative permittivity (εr = 3.45) for a silicon lens. As presented in [86], the
effects of a non-ideal AR layer affect the side-lobes more while scanning. Neverthe-
less, the main beam and position of the nulls of the side-lobes are very close to the
simulated results.

The gain loss as a function of the scan angle and relative to the broadside case
is shown in Fig. 6.17, for the center frequency of 550 GHz and the extremes of the
measured frequency band, 525 and 575 GHz. The loss is measured by taking the peak
power received on each scanned position and comparing it to the gain drop evaluated
using the FO simulations. Simulations and measurements differ at most 0.5 dB for
the three points in the band, which we consider a very good agreement considering
the limitation on the measurement setup, power fluctuations, and the effect of the
multiple reflections in the lens array.

Unfortunately, the absolute gain could not be measured across the frequency due to
a power fluctuation between the calibration and the actual gain measurement in this
ad hoc measurement setup. However, considering that the fabrication techniques and
materials employed for this effort are analogous to the ones presented [86], we can
expect that the actual gain will be close to the simulated single lens gain of 28.2 dB1.

6.4.2 Array Patterns

In order to estimate the performance of the array, we calculated the array radiation
pattern by multiplying the measured radiation patterns of the embedded lens antenna
by the array factor. The array factor is composed of the seven lenses in the hexagonal
pattern, as shown in gray in Fig. 2.1.

Fig. 6.18 shows the array patterns of the broadside case, 10◦ and 20◦ of scan angle.
The 2-D array patterns show the multiple grating lobes from the array factor but as a
result of the multiplication with the element pattern, they remain below −9 dB even
for the largest scan angle, in the 60◦ plane. The E, H-, and 60◦ planes of the radiation
pattern normalized to 0◦ are shown for these scan angles and plotted against the array

1Indeed, we can see later in Fig. 7.6c that the gain of this antenna matches well with the expected value.
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Fig. 6.16: Measured 2-D radiation pattern of the embedded lens antenna at 550 GHz for (a) broadside, (c)
10◦ scan angle and (e) 19.2◦ scan angle. E/H/D-Plane cuts of the measured and simulated pattern at the
aforementioned scanned positions in (b), (d), (f).
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Fig. 6.17: Measured (dashed lines) and simulated (solid lines) gain scan loss in the H-plane normalized to
the broadside case as a function of the scan angle for 525, 550, and 575 GHz.

pattern using the FO simulation. The maximum grating lobe level for broadside, 10◦

and 19.2◦ scan angle is −12, −11, and −9 dB, values that are considerably lower than
other sparse arrays [72]. The results obtained with this prototype show higher grating
lobes than those reported in Fig. 6.10 due to the limited lens diameter, which leads to
a near field illumination of the lens.

Fig. 6.19 shows the directivity of the array patterns for the lowest, central, and high-
est measured frequency, as a function of the scan angle. The simulated directivity is
calculated by integrating the array pattern in the measured solid angle. The expected
deviation due to this truncation is less than 0.25 dB. The agreement between the sim-
ulations and measurements is within 1 dB in the worst cases. The fluctuations in the
measured directivity are due to the measurement setup, the use of a Parylene matching
layer instead of an ideal one which increases the impact on the multiple reflections in
the directivity, especially when scanning and the feed spill over while scanning. Note
that the FO simulations of the directivity do not consider the multiple reflections inside
the array.

Overall, the experimental results follow the predictions obtained from the simula-
tions, which demonstrate the operability and performance of the new proposed LW
lens feed, as well as the dynamical steering of the element pattern up to around 25◦

applicable in future implementations of active lens-phased arrays at these high fre-
quencies.

6.5 Conclusion
We have derived the requirements of the lens antenna feed in order to control the
level of the grating lobes over wide angles. For this purpose, we have proposed a
multimode LW feed that is able to achieve an aperture efficiency greater than 80%
over a bandwidth of 35% and a scan loss lower than 3 dB up to 25◦. This LW feed uses
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Fig. 6.18: Measured 2-D radiation pattern of the array at 550 GHz for (a) broadside, (c) 10◦ scan angle
and (e) 19.2◦ scan angle in the H plane. E/H/D-Plane cuts of the measured and simulated pattern at the
aforementioned scanned positions in (b), (d), (f).
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Fig. 6.19: Directivity as a function of the scan angle for the 7 element array for 525, 550, and 575 GHz.

a transformer layer to generate multiple modes which help to produce a top hat pattern
with a suitable f# for scanning. Additionally, this layer ensures impedance matching
of the feed without a double slot iris, which simplifies the fabrication process.

A prototype of an embedded lens antenna has been built at 550 GHz, integrated
with a piezoelectric motor. We measured the radiation and scanning performance
of the embedded pattern and combined these results with the array factor to obtain
the array pattern of the phased array. We found excellent agreement between the
measurement and simulated performance, validating the capability of this antenna
architecture for future implementations of scanning lens phased arrays.
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Chapter 7
Broadband Lossless Matching Layer for Lens Arrays at

THz Frequencies

We present the design, fabrication and characterization of a broadband lossless match-
ing layer for shallow silicon lens arrays. The proposed matching layer is based on
silicon frusta (truncated pyramids) on top of the lens array fabricated by means of
laser ablation. This matching layer is advantageous over quarter-wavelength dielectric
matching layers since it covers over an octave of bandwidth in nearly lossless silicon
using the same fabrication process as the lens array. We compare the performance
of this matching layer with the commonly-used parylene-C matching layer at the cen-
ter of the targeted band (500 GHz). We measure a 1.6 dB higher transmission of the
proposed silicon frusta matching compared to the parylene-C matching layer.

7.1 Introduction
Silicon is widely used for submillimeter-wave integrated lens antennas [86], [103],
[141]. However, the high permittivity of silicon (εSi

r = 11.9) results in high reflection
at the lens-air interface. These reflections negatively impact the sidelobes [86], [142]
decrease the gain [142] and have a strong impact on the input impedance [143].

Numerous anti-reflection coatings (AR coatings, also known as matching layers)
have been developed to limit these reflections [144]–[146]. Single-layer thin-films
of parylene-C (εr = 2.62) [144], SUEX (εr = 2.86) [145] and Cirlex (εr = 3.37)

[146] were successfully used as quarter-wavelength impedance transformers, since
their relative permittivity is close to that of an ideal quarter-wavelength transformer√
εSi
r = 3.45. Multiple dielectric matching layers were used in [142], [147] to increase

the transmission bandwidth.

However, the coating materials themselves may incur additional dielectric losses,
which may not be negligible at submillimeter wavelengths, and the deposition of the
thin films is costly. Furthermore, the adhesion of the matching layers to the silicon
lens can be difficult, especially for cryogenically cooled lenses.

Periodic sub-wavelength structures imprinted in a dense material (silicon) have also
been widely used as matching layers [148]–[156]. Several fabrication techniques,
such as deep-reactive ion etching [148]–[150], dicing techniques [151]–[154] and
laser ablation [155], [156] have been proposed and used at THz frequencies.

Parts of this Chapter have been published in [J6].
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Deep-reactive ion etching (DRIE)was used in [148]–[150] to create an anti-reflective
coating on flat silicon wafers but has, to our best knowledge, never been demonstrated
on a curved surface (i.e., silicon lens), which might not be straightforward.

A dicing saw technique was used in [151]–[154] to create impedance transformers
on both flat silicon surfaces and silicon lenses. Reflection and/or transmission mea-
surements were performed at frequencies up to 300 GHz but the authors conclude that
this technique is not scalable to higher frequencies.

The laser ablation technique has two main advantages over a dicing saw method: i)
the smallest achievable dimension is set by the laser ( 1-2 µm)whereas the dicing blade
width is 20-100 µm; ii) the laser spot can be tuned, allowing a smooth taper of the
frusta walls in comparison to the fixed width of available dicing saws. The combination
of these two advantages allows a broader frequency transmittance coverage reaching
frequencies up to a few THz, which is not possible with the dicing saw fabrication.

In fact, laser ablation has been used to create continuous impedance transformers
on a flat silicon wafer [155] and on alumina lenses [156]. The authors reported the
transmittance and/or reflectance of periodic sub-wavelength structures at frequencies
up to 700 GHz. However, a direct comparison between the radiation performance -
where the beam pattern, directivity and gain are measured - of a quarter-wavelength
AR coating and a continuous impedance-transforming matching layer in an integrated
silicon lens antenna architecture has not been presented before at these high frequen-
cies.

Another potential advantage of laser ablation is that, since the lens and the matching
layer are made of the same material, the anti-reflective coating will not suffer from
thermal stress when cryogenically cooled. Similar structures made on alumina have
been succesfully tested cryogenically [156], and there is no reason why the frusta
matching layer presented in this chapter could not be used as a broadband matching
layer for cryogenically cooled lens arrays.

In this Chapter, we compare the performance of the silicon multimode leaky-wave
lens antenna that was demonstrated in Chapter 6 with a quarter-wavelength AR coat-
ing to a continuous impedance-transforming matching layer. We have fabricated and
measured two otherwise identical silicon lens antennas (see Fig. 7.1) with different
matching layers: a quarter-wavelength AR coating of parylene-C and a periodic struc-
ture consisting of flat-topped square pyramids (frusta) in silicon. We measure an im-
proved gain of 1.4-2.0 dB at 450-500 GHz using the frusta matching layer compared
to the parylene-C AR coating.

7.2 Lens Matching Layer Design
We compare the simulated performance of two matching layers on the silicon lens
antenna described in [111] (Chapter 6) in the operational bandwidth of this antenna
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7.2. LENS MATCHING LAYER DESIGN

(a) (b)

Fig. 7.1: Photographs of the silicon lens arrays. (a) Parylene-C (top) and assembled antenna (bottom). (b)
Frusta matching layer (top) and assembled antenna (bottom).

of 450-650 GHz: a quarter-wavelength (94 µm) layer of parylene-C and a periodic
arrangement of sub-wavelength flat-topped square pyramids (frusta) in silicon.

The frusta are fabricated using laser ablation, which is performed by Veld Laser Inno-
vations B.V.1. Laser ablation is the process in which material from a surface is removed
by a pulsed laser beam. The material, in the case of this lens array silicon, is locally
heated by the absorbed laser energy and evaporates or sublimates. The laser pulses
are very short, of the order of a few tens of picoseconds, causing only minimal mate-
rial damage during processing due to the ultra short light-matter interaction making
it suitable for micro-fabrication.

Due to the small dimensions of the pyramids, this micro-fabrication technique has
two constraints that need to be considered for the design: i) it is not possible to carve
straight walls in the silicon. The minimum angle that can be obtained for these specific
pyramid dimensions is 13 degrees. This is not a problem since we want a broadband
matching layer and the tapered walls increase the bandwidth; ii) it is very difficult
to reliably end the pyramids in a sharp point at the top for the entire lens array. We
therefore decided to truncate the top of the pyramids and make frusta instead.

Considering these constraints, we therefore design the pyramids, as indicated in the
inset of Fig. 7.2. These dimensions are given in [157] for a higher frequency design
(2 THz) and have been scaled to 500 GHz to meet our frequency band. The design
values can be found in Table 7.I.

1www.veldlaser.nl
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Table 7.I: Frusta dimensions and laser parameters as indicated in Fig. 7.2.

Frusta dimensions
Dimension Designed Fabricated

d [µm] 40 32±5
p [µm] 108 109±5
h [µm] 127 149±10
α [◦] 15 14±2

Laser fabrication parameters

Average power 7 W
Spot size 25 µm
Pulse duration <12 ps
Repetition rate 200 kHz

The transmission at the interface between the silicon lens and free space is simu-
lated for a frustum unit cell for broadside incidence using CST from 200-900 GHz.
The reflection coefficient at broadside is an accurate approximation for such very shal-
low lens arrays. A full-wave periodic structure simulation is performed for the frusta
structure; for the parylene-C matching layer, an equivalent transmission line was used
assuming lossless parylene-C. The simulated transmission is given in Fig. 7.2 and is
better than -0.3 dB for both structures in the center of the band but the parylene-C
matching layer decays for lower and higher frequencies whereas the frusta matching
layer stays fairly constant for the full bandwidth. The radiation patterns are simulated
using the Fourier Optics methodology [96], which was also used in [111], assuming a
quarter-wavelength matching layer with εr = 2.62. The simulated radiation patterns
are shown in Fig. 7.5b.

Frusta dimensions

d

h

p

Fig. 7.2: Simulated transmission of both the parylene-C and the periodic matching layer. The figure’s inset
shows a sketch of the simulated periodic frusta used as the matching layer.
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7.3. FABRICATION AND CHARACTERIZATION OF THE PERIODIC FRUSTA MATCHING LAYER

7.3 Fabrication and Characterization of the Periodic Frusta Match-
ing Layer
The lens array with frusta matching layer is fabricated in two steps. These two fabrica-
tion steps are performed in the same laser setup but with two different settings. First,
the entire lens array is manufactured thicker than the nominal lens. This extra thick-
ness corresponds exactly to the height of the frusta. The lens array geometry is made
using an imported 3-D file. Second, this extra thickness is locally removed to form the
frusta. For this step, a 2-D file containing the grid from which the excess material will
be removed from the lenses is loaded into the laser ablating setup. Dedicated optics
move the focus of the laser along the shape of the lens and the frusta are carved by
passing the laser several times over the lens surface to obtain the correct depth. The
parameters used by the laser for the fabrication of the frusta are shown in Table 7.I.
Conformal carving is not possible at this point using our current setup since it can only
move along three axes (x-, y- and z-axes) and the laser cannot follow the lens profile.
This limits the application of the ablation fabrication technique to shallow lenses (i.e.,
lenses in which only the top part of the lens is illuminated). To apply this technique
to more curved lenses, two routes could be investigated: i) the current laser setup
could be modified and the number of axes could be increased to five (x-, y-, z-, θ-
and ψ-axes) so the laser can follow the lens profile; ii) a new frusta design that takes
the angle of incidence along the profile of the lens surface into consideration. This
new design would have to vertically adjust the length of the frusta (h) to ensure high
transmission for off-broadside angles.

After fabrication, the shape of the frusta is measured in 3-D using a confocal mi-
croscope (Fig. 7.3a). The 3D image can be sliced and used to measure the profile
of the frusta, and therefore obtain their period, dimension of the top flat part and
height, as shown in Fig. 7.3b. The shape of the frusta is measured at three different
locations on the array (left, middle and right) along two perpendicular planes. The
dimension of each frustum along these cuts is recorded and its average valued is given
in Table 7.I, together with the fabrication accuracy and designed values. The small dif-
ference between the designed and fabricated frusta moves the center of the frequency
band slightly (about 10%) but the design is so broadband that this shift does not af-
fect the overall performance of the frusta matching layer. Furthermore, the accuracy
in the fabrication process of the frusta matching layer is similar to the accuracy of
the parylene-C thickness during its deposition process (5 to 20% thickness variation
depending on the location of the lens array in the deposition chamber).

7.4 Antenna Assembly and Measurement Setup
The lens arrays with the two different matching layers are integrated and measured
one-by-one in a lens antenna fed by a high-efficiency leaky-wave feed described in
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(a)

(b)

Fig. 7.3: (a) 3D image of a lens and zoomed view of the frusta taken with a confocal microscope and (b)
measurement of the frusta dimensions using the cross-section along the center of the lens array.

[111]. Although seven lenses are fabricated in each array, only the central element
is excited. The antenna assembly is extensively explained in [111], and consists of
a gold-plated waveguide split block with a WR-1.5 waveguide flange on the bottom
and a waveguide transition to a square (362 µm) aperture at the top. Next, two silicon
wafers are placed on the block containing the leaky-wave cavity and transformer layer.
The height of the lens is achieved with a solid cylindrical block of silicon placed on top
of the wafers. Finally, either the lens array with the parylene-C or with the pyramid
structures are placed on this silicon block. A piezo-electric motor is used to align the
lens array with the feed as in [111]. A sketch of the assembled antenna is shown in
Fig. 7.4a and a photograph of the assembled antenna with the two different lens arrays
is shown in Figs. 7.1a and 7.1b.

We measure the antenna at 450-500 GHz using a VNA and two WR-2.2 frequency
extenders. The antenna under test is in a fixed position and the receiving antenna is
placed in a 3-axis CNC stage, and they are both facing each other. The 2-D antenna
patterns are measured in an angle of 30 degrees around broadside in the far field at a
distance of 10 cm. The patterns are measured using an open-ended waveguide flange
with eccosorb material surrounding the waveguide aperture on the flange, similar to
[158]. The absorber on the flange greatly reduces the measured oscillations due to
the presence of the waveguide flange and can be interchanged with a horn antenna,
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7.5. MEASUREMENTS AND RESULTS

Au waveguide split-block

Si cylinder

Si lens array

Matching layer

Transformer layer

Air cavity

(a) (b)

(c)

Fig. 7.4: (a) Schematic of the antenna assembly. (b) Measurement setup. Either an open-ended waveguide
flange with eccosorb around it (for pattern measurements) or a horn antenna (for gain measurements) are
used on the second extender, as indicated by the arrow. (c) Measured gain of the waveguide flange with
and without the eccosorb and the measured and specified gain of the horn antenna.

as shown in Fig. 7.4b. The gain of the flange is measured with and without the ab-
sorber and is shown in Fig. 7.4c. The gain of the waveguide with the absorber is much
less oscillatory. We use the horn antenna, with a gain of around 20 dB, to measure the
gain of the antennas under test in the far field. The gain of this horn is separately mea-
sured to be in good agreement with the specified gain from the manufacturer (Flann
Microwave), also shown in Fig. 7.4c. We later use this measured gain to characterized
the gain of the antennas under test.

7.5 Measurements and Results
We compare the simulated and measured reflection coefficient (S11) of both anten-
nas in Fig. 7.5a. The antenna is well-matched above 425 GHz, the agreement with
simulations is good, and the reflections in the S11 are not noticeably different for the
two prototypes. The measured and simulated reflection coefficient do not match be-
low 425 GHz because the leaky lens antenna that we use for the characterization of
the frusta matching layer has a bandwidth between 450 and 650 GHz, and the cut-off
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(a) (b)

(c)

Fig. 7.5: (a) Simulated and measured S11 of both leaky-wave lens antennas. (b) Simulated and measured
beam patterns at 480 GHz. (c) Simulated and measured directivity of both antennas.

frequency of the waveguide is around 400 GHz. The measured radiation patterns are
compared to the simulated patterns at 480 GHz in Fig. 7.5b. The measurements are in
reasonable agreement with the simulated patterns. The measured patterns from the
parylene-C and frusta matching layer are very similar, indicating similar directivity.
Indeed, the measured directivity, which is obtained by integrating the 2-D measured
patterns and shown in Fig. 7.5c, is nearly the same for both prototypes and is also
in agreement with the simulated directivity. The array coupling or cross-polarization
have not been measured but, although it cannot be directly extracted from the direc-
tivity measurements, the fact that the parylene-C and frusta directivities are nearly
identical suggests that both matching layers are performing similarly in terms of array
coupling and cross-polarization. Moreover, the fabricated frusta layer is symmetric,
having same response for TE/TM polarization. Therefore, we expect not to see any
impact on the cross-polarization.

We use Friis’ equation to simulate the coupling between the antenna and horn (S21)
at broadside at a distance of 10 cm. To remove the effect of multiple reflecting waves in
the measurement setup, we apply a time gate to the measured S21 that filters out these
reflections after the first received time-domain pulse. The simulated S21 takes into
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(a) (b)

(c)

Fig. 7.6: (a) Simulated and measured S12 of the antenna with both matching layers. (b) Simulated loss
of the parylene-C matching layer when ohmic loss is included. (c) Simulated and measured gain of the
antenna with both matching layers. Note that the gain difference between the pyramids matching layer and
the parylene-C matching layer is explained by the ohmic loss of the parylene-C.

account the loss in the gold-plated split block (σ = 3.5× 106 S/m) and the simulated
gain. As shown in Fig. 7.6a, the simulated coupling is between -27 dB and -23 dB
at 450-500 GHz. The measured coupling is in very good agreement for the frusta
matching layer but 1.6dB lower for the parylene-C matching layer. This difference
can be explained by the dielectric loss present in the parylene-C (Fig. 7.6b), where we
use an absorption coefficient of 35 cm−1 [144], [159], [160]. The measured gain is
evaluated from the measured S21 (Fig. 7.6a) and the measured horn gain (Fig. 7.4c)
removing the loss in the waveguide block. The comparison between the simulated and
measured gain is shown in Fig. 7.6c, and is above 26 dBi for the frusta matching layer
and above 24 dBi for the parylene-C matching layer.

7.6 Discussion
The fabricated lens arrays are the same, except for the matching layer on top. The
measured results in Fig. 7.6c show that the gain of the periodic frusta matching layer
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is higher than for the parylene-C matching layer, suggesting a better performance as
an AR coating of the periodic frusta structure. This difference in performance is not
due to a difference in impedance match or directivity, as demonstrated in Fig. 7.4c.
Both matching layers perform similarly in term of S11, and we thus associate the gain
difference to the dielectric loss in the parylene-C. In fact, an absorption coefficient
of 35 cm−1 explains the difference in gain, as demonstrated in Fig. 7.6b. Although
the reported values for absorption coefficient vary largely in the literature, our mod-
eled absorption coefficient lies within the reported values. For example, an absorption
coefficient of 27 cm−1 is reported in [159] at frequencies between 1 and 3 THz for
parylene-C whereas and the reported value above 6 THz was 75 cm−1 in [160] for
parylene-N. These values are in line with the value that we assume in our analysis
although lower values have also been found: 2 cm−1 and 16 cm−1 at 450 GHz and
2.8 THz, respectively [144]. Although different types of parylene with lower dielec-
tric loss than the parylene-C are available [161] (measured at low RF frequencies),
the frusta matching layer has significant advantages as it operates over more than an
octave bandwidth and it is fabricated using the same process as the lens array itself.

7.7 Conclusion
We compare the performance at submillimeter wavelengths of two different match-
ing layers on the same silicon leaky-wave lens antenna arrays. The fabricated an-
tennas are the same with the exception for the matching layer. The first is a quarter-
wavelength parylene-C anti-reflecting coating and the second a continuous impedance-
transforming matching layer which is realized by periodic sub-wavelength frusta fea-
tures laser-ablated directly on the lens surface. We describe the laser machining pro-
cess to manufacture the frusta suitable for silicon lens arrays. We characterize both
antennas in terms of reflection coefficient, radiation patterns (directivity) and gain
and compare these results to high-frequency simulations. The measured performance
from both antennas is the same except for the measured gain. The measured gain of
the frusta matching layer is in very good agreement with simulations and is around 1.6
dB higher than for the parylene-C matching layer, which is explained by the dielectric
loss in the parylene-C. Furthermore, the frusta matching layer has significant advan-
tages as it operates over more than an octave bandwidth and it is fabricated using the
same process as the lens array itself.
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Chapter 8
First Demonstration of Dynamic Beam Steering with a

Scanning Lens Phased Array

We report on the first demonstration of dynamic beam steering with a scanning lens
phased array. A scanning lens phased array relies on a combination of mechanical
and electrical phase shifting to dynamically steer a highly-directive beam beyond the
grating-lobe free region using a sparse array. These concepts have been demonstrated
separately in the past, but we present here the first demonstration of the concept with
active mechanical and electrical phase shifting combined. For this purpose, we devel-
oped a sparse 4x1 scanning lens phased array at W-band (75-110 GHz) that is capable
of beam steering a directive (>30 dBi) beam towards ±20◦ with low grating lobe lev-
els. The design of the lens array and leaky-wave feeding structure is also detailed.
This feed illuminates the lenses with high aperture efficiency over a wide bandwidth,
which is required in the scanning lens phased array architecture. An ad-hoc measure-
ment setup has been developed using IQ-phase shifters around 15 GHz in combination
with x6 multiplication chains to reach the W-band. The entire active array is calibrated
over the air. Resulting measurements show excellent agreement with the anticipated
performance.

8.1 Introduction
Millimeter- and submillimeter-wave scanning arrays will play a major role in commu-
nication and sensing scenarios in future 6G networks and automotive applications [6],
[31]. Antennas for such applications should achieve very high gains (>30 dBi) and
include dynamic scanning capabilities [5], [94]. Fully sampled phased arrays at or
above 100 GHz, such as [27], [30], [36], [39], [43], [162], are capable of wide-angle
beam scanning but have low gain due to the limited number of array elements. Increas-
ing the number of elements in such arrays is difficult due to thermal and integration
constraints.

To overcome these limitations, we have recently proposed a scanning lens phased
array concept in [111] (and in this thesis) that achieves a high-gain, steerable beam
using a very sparse array of only a few electrically large lens antenna elements. The
geometry of the scanning lens phased array is indicated in Fig. 8.1a. The grating lobes
resulting from the sparsity of the array are suppressed by the directive beams from the

Parts of this Chapter have been published in [J5].
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Mechanical 

phase shifting

20 mm

ℎ𝑐
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(a)

(b)

Fig. 8.1: (a) Geometry of the 4x1 W-band scanning lens phased array. The ground plane contains periodic
annular corrugations. (b) Photographs of the assembled prototype (top) including the piezo-motor and of
the corrugated ground plane (bottom).

lens elements. To achieve this suppression, high aperture efficiency lens antennas are
required as the array elements [111].

Beam steering beyond the grating-lobe-free region from this sparse lens array is
achieved by mechanically displacing the lens array relative to their feeds and, simul-
taneously, applying a relative electronic phase shift between the array elements. The
mechanical displacement causes the element pattern of the lenses to be steered to-
wards the desired angle, while the electronic phase shifts steer the array factor. The
steering of the element pattern enables achieving low grating lobe levels when scan-
ning beyond the grating-lobe-free region, in contrast to limited scan arrays [72], [73],
[75], [76], [113]. The required mechanical displacement for such lens arrays can be
achieved by using a piezo-electric motor, as demonstrated in [86], [111]. Static phase
shifting of these kinds of arrays has been demonstrated at 10 GHz [163] and 30 GHz
in [94] by using corporate feeding networks. In [84], the contributions of each lens
antenna at 38 GHz were measured independently and subsequently delayed by the
required phase shift in postprocessing before being summed. Thus, the combination
of mechanical displacement and active electronic phase shifting to realize dynamic
steering has not yet been demonstrated.

In this chapter, we demonstrate a 4x1 W-band (75-110 GHz) scanning lens pha-
sed array prototype using the combination of a piezo-electric motor and an electronic
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phase steering architecture based on low frequency IQ-mixers and multipliers [164].
The design, simulated performance and fabrication of the lens array prototype is de-
scribed in Section 8.2. The embedded lens elements are characterized in Section 8.3.
We present the active array demonstration setup in Section 8.4, the over-the-air cali-
bration setup in Section 8.5 and the demonstration of the active array in Section 8.6.
Conclusions are drawn in Section 8.7.

8.2 Lens Array Prototype at W-band
We have designed a 4x1 lens phased array with a periodicity of 20 mm (6λ0) at W-band
(λ0 being the free-space wavelength at 90 GHz), which achieves a gain larger than 30
dBi. The design, simulated performance and fabrication of the array prototype are
detailed in this section.

8.2.1 Single Lens Antenna Performance

In order to control the level of the grating lobes, the single lens antenna must be illu-
minated with high aperture efficiency as explained in Chapter 2. To achieve this high
efficiency over a wide bandwidth, we use the leaky-wave lens feed proposed in Chap-
ter 5 and shown in Fig. 8.1a. This feed consists of a circular waveguide with a diameter
of dwg = 3.18 mm in a ground plane with annular corrugations, a half-wavelength air
cavity and a high-density polyethylene (HDPE) elliptical lens with εr = 2.3. The air
cavity with height hc = λ0/2 supports three leaky-wave modes of which only the main
TE1/TM1 modes contribute to broadside radiation [103]. The spurious TM0 mode
is suppressed over a 2:1 bandwidth by the annular corrugations, as demonstrated in
Chapter 5. The dimensions of the corrugations and the diameter of the circular wave-
guide in this design are also scaled from that design to the W-band and have a period-
icity of p = 0.75 mm, a width of w = 0.35 mm and a depth of d = 1.1 mm. The lens
geometry is then derived in closed form based on the leaky-wave propagation con-
stants using the procedure in Chapter 4. We evaluated the aperture efficiency of this
lens antenna using the Fourier Optics (FO) methodology in reception [96] and found
an aperture efficiency above 84% over the entire WR-10 band, in line with the results
from [135]. Note that the FO methodology considers the effect of multiple reflections
at the lens interface as a loss.

The performance of the single element was then evaluated in terms of its reflec-
tion coefficient and radiation patterns in the W-band. These results, along with all
results presented from here onwards, are obtained by using full-wave simulations in
CST which do include the effects of multiple reflections. The simulated reflection coef-
ficient (S11) is shown in Fig. 8.2a (black) and is below -15 dB in the entire bandwidth.
The simulated broadside radiation pattern of one of the central embedded elements
at 90 GHz is shown in Fig. 8.2b (black). The pattern is nearly rotationally symmetric
with sidelobe levels between −17 dB to −20 dB, which is close to the sidelobe level
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(a) (b)

Fig. 8.2: (a) Reflection coefficient of a single lens element as simulated (solid) and measured (dashed).
Note that due to a fabrication error, a waveguide with b = 1.66 mm was fabricated. (b) Single lens element
radiation pattern simulated (black) and measured (blue) at 90 GHz.

radiated by a uniform circular current distribution, similar to [165]. Thus, the single
element is directive enough to achieve a good suppression of the grating lobes in the
array factor.

8.2.2 Lens Array Performance

We have designed an E-plane linear array, consisting of 4 single lens antenna elements
as described in Section 8.2.1 and shown schematically in Fig. 8.1a. The period of the
array is equal to the lens diameter (6λ0), which results in the array factor shown in gray
in Fig. 8.3a with grating lobes appearing approximately every 10◦ in the E-plane. To
demonstrate the suppression of the grating lobes, the far-field pattern radiated by the
array can be approximated by multiplying the embedded element pattern of Fig. 8.2b
by the array factor. As shown in Fig. 8.3a, the grating lobes are indeed suppressed by
the directive single element pattern (black) which results in the array patterns (red).
The approximated array pattern obtained in this way is shown in the three main planes
in Fig. 8.3b. The resulting array pattern has a sidelobe level below -12 dB (this level
can be reduced if the array is designed with a 2-D hexagonal grid [30]). Due to the
one-dimensionality of the array, the H-plane patterns are equal to the single-element
patterns with a maximum sidelobe level of −20 dB. The simulated cross-polarization
level of this array is below −40 dB.

To include all the effects of multiple reflections and the effects of the edge elements
in the array, we have performed full-wave simulations of the complete array. The
broadside pattern is obtained by in-phase excitation of all elements when the lens
array is centered over the elements. For scanned beams, a combination of mechanical
displacement of the lens array relative to the feed and progressive phase shifting of
each element is applied. For example, the mechanical shift required to scan towards
θsc = 10◦ is 2.4 mm and the progressive phase shift is 375◦. The simulated array
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(a) (b)

(c)

(d)

Fig. 8.3: (a) Simulated array factor, single element pattern and resulting array pattern in the E-plane. (b)
Simulated array patterns in the main planes. (c) Simulated E-plane radiation patterns for scanning from
broadside up to 20◦. All patterns are presented at 90 GHz. (d) Simulated directivity of the 4x1 array in the
W-band when scanning towards θsc. The maximum theoretical directivity from an aperture with the array’s
size is shown for comparison.

97



CHAPTER 8. FIRST DEMONSTRATION OF A SCANNING LENS PHASED ARRAY

patterns are shown in Fig. 8.3c at 90 GHz for several scan angles up to 20◦. Due to
the mechanical displacement, the illumination efficiency of the lens decreases and the
sidelobe level of the array pattern increases. Still, the sidelobes are around -10 dB for
scan angles up to 20◦, which is acceptable for many applications.

The simulated directivity of the complete array is shown as a function of frequency in
Fig. 8.3d. The achieved directivity is very close to the maximum theoretical directivity
of an antenna of such physical dimensions, A, considered to be four times the area of
a single lens. For scan angles up to 15◦, the directivity remains within 1.7 dB of the
broadside value in the entire W-band. The scan loss of the array is determined by the
scan loss of the single element [111].

8.2.3 Prototype Fabrication

The designed linear 4x1 array has been fabricated atW-band as shown in Fig. 8.1b. The
dimensions of the lenses and the corrugations in the ground plane correspond to the
simulated dimensions in Section 8.2.1 and are indicated in Fig. 8.1a. The lens array has
been milled from a block of HDPE. The annular corrugations and waveguide array are
milled in an aluminum split block. The same fabrication process as Chapter 5 was used
with comparable fabrication tolerance. Since the design is very wideband, the achieved
tolerance does not noticeably impact the performance of the antenna. A photograph
of these structures is shown in the inset of Fig. 8.1b. The circular waveguides in the
top of the ground plane taper to WR-10 waveguide connectors in the bottom of the
block.

The circular waveguide is tapered to theWR-10 rectangular waveguide using a linear
transition of 17 mm. A piezo-electric motor is connected to the plastic lens array for
accurate mechanical displacement of the lens array with respect to the metal block
[86], [111]. The speed of the piezo-electric motor is 6 mm/s, resulting in a scan speed
of 25 ◦/s in the current prototype.

8.3 Embedded Element Characterization
In this Section, we present the measured performance of the individual lens elements
in the array in terms of S11, radiation patterns and mutual coupling.

The reflection coefficient of each array element, measured with a VNA and a WR-10
frequency extender, is shown in Fig. 8.2a. Due to a fabrication error, the b-dimension
(i.e., the short side of the rectangular waveguide) in the bottom of the split block
increased from b = 1.26 mm to b = 1.66 mm. The maximum measured S11 increases
from −15 dB for nominal dimensions to −10 dB for the fabricated dimensions. This
result closely matches the simulated S11 with the incorrect waveguide dimensions.
Since the circular waveguide at the top of the block has the correct dimensions, the
radiation patterns are not affected.
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The far-field radiation patterns from each individual array element were calculated
from a near-field planar scan measured with a probe 2 cm above the lens. The array
element and probe were both connected to a VNA by WR-10 frequency extenders. The
measured single-element pattern from one of the lenses is shown in Fig. 8.2b at 90
GHz. The measured patterns are in good agreement with the simulations. However,
the cross-polarization is higher at broadside which is attributed to the limited tolerance
in the fabrication of the waveguide transition, which was also observed in Chapter 5. In
Figs. 8.4a and 8.4b, the pattern measurements are shown in the E-plane and H-plane,
respectively, for all four individual lens elements at 90 GHz. The measured embed-
ded element patterns are very similar to each other, indicating good manufacturing
consistency of the lens array.

The scanned patterns of the embedded element were measured by displacing the
lens array relative to the feed with the piezo-electric motor. The simulated and mea-
sured E-plane radiation patterns are shown in Fig. 8.4c for scan angles up to θsc = 20◦

and show good agreement. The mechanical displacement of the piezo-electric motor
required to scan the beam is shown in Fig. 8.4d and is 0.24 mm/◦.

Due to the large period of the array, the mutual coupling between each element is
expected to be low. The mutual coupling between each element is simulated to be
-45 dB at broadside, which is in good agreement with the measured value as shown
in Fig. 8.4f. When the lens array is mechanically displaced, the mutual coupling in-
creases. The maximum measured mutual coupling is below -30 dB for the largest
mechanical displacement, see Fig. 8.4f.

8.4 Active Array Demonstration Setup
In order to make a demonstration of the dynamic beam steering capabilities of a scan-
ning lens phased array, we developed a setup to achieve electronic control in amplitude
and phase of four W-band signals, and a setup to calibrate these signals over-the-air.

8.4.1 Electronic Amplitude and Phase Control Setup

To simultaneously control the amplitude and phase of the four-element array in the
W-band, we use an IQ-steering technique similar to the one described in [164] at
Ka-band. A schematic overview of this IQ-steering technique is shown in Fig. 8.5a.
A continuous-wave fin = 12.5-18.3 GHz signal is generated and distributed to four
IQ-mixers that individually control the amplitude and phase of their output signal at
fin. The output of these IQ-mixers is fed into 4 frequency extenders that multiply the
frequency of the signal by a factor of 6, to end up in the W-band (fout = 75-110 GHz).
Since the IQ-mixers can apply a phase shift of ϕin = [0, 2π] to the signal at fin, the
resulting phase shift to the multiplied signal is ϕout = [0, 12π]. We thus have four
independently controllable channels.

We have implemented the amplitude and phase control architecture of Fig. 8.5a
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(a) (b)

(c)

(d) (e)

(f)

Fig. 8.4: Measured single-element radiation pattern at 90 GHz of lens elements 1-4 in the (a) E-plane and
(b) H-plane and (c) the E-plane when scanning. (d) The required displacement of the lens array with respect
to the feed. (e) E-plane pattern measurement: comparison of the near field measurement result and QO
measurement result. (f) Measured mutual coupling between two adjacent lenses in the array for several
scan positions of the array.
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with a signal generator, a four-way Wilkinson power divider, four IQ-mixers, four
power amplifiers and four frequency extenders, pictured in Fig. 8.5b (the signal gen-
erator and frequency extenders are not shown). Each IQ-mixer is controlled by two
high-resolution digital-to-analog converters: V (i)

I and V
(i)
Q with the superscripts (i)

referring to the channels i = 1...4 in Fig. 8.5a. The voltages VI , VQ provide the bias
level of the in-phase and quadrature-phase mixer to control the output signals that are
summed at the output of the mixer. In this way, the output signal of each IQ-mixer
realizes a Cartesian vector modulator by varying the real and imaginary part of the
high-frequency signal. In our implementation, the DC voltages are supplied by 12-bit
DACs that allow us to control amplitude and phase in steps of 7millidegrees and 0.1 µW
at fin. By implementing the phase shifters at fin instead of at fout we are not limited
by the performance of W-band phase shifters and we can use commercial components
available in our lab to demonstrate the active array. The implementation of the phase
shifters represents a significant improvement over earlier lens array demonstrations
[84], [94], [163].

The measured output power and phase at 15 GHz, before the frequency extenders,
are shown in Figs. 8.5c and 8.5d, respectively. The control of the amplitude will allow
us to adjust the input power of each extender in order to achieve the same power level
at the output of each frequency extender. The measured output power and relative
output phase that corresponds to the -9 dBm contour in Figs. 8.5c and 8.5d is shown
in Fig. 8.5e. Indeed, power and phase control are achieved. The IQ-mixers were
then connected to the frequency extenders, which were in turn connected to the lens
antenna array.

8.4.2 Over-the-air Active Array Measurement Setup

The far-field distance of the active antenna array (several meters) is larger than our
laboratory facilities can accommodate. We have therefore developed a quasi-optical
system that will be used to calibrate and measure the active array at a reasonable
distance in the lab. The quasi-optical system consists of a focusing lens in front of the
array with a focal distance of F = 200 mm. In the region around the focus of this
lens, called the spot in the rest of the thesis, the field distribution is related to the far
field pattern by ρ = F tan θ, where ρ indicates the lateral distance from lens focus,
and θ is the far-field radiation angle [166], [167]. Since the field radiated by each
array element is coherently summed in the spot, this setup can be used for over-the-
air calibration of the channels relative to each other. Furthermore, we can obtain the
far-field patterns of the array from a small, planar displacement of the receiver around
the spot. The -3 dB spot size is approximately 7.2 mm at 90 GHz and by measuring
a ±170 mm displacement we can approximately measure the far-field patterns up to
±40◦.

To measure the patterns in the spot, only the amplitude must be measured, similar

101



CHAPTER 8. FIRST DEMONSTRATION OF A SCANNING LENS PHASED ARRAY

𝑓𝑖𝑛:
12.5-18.3 GHz

4-way 

power 

divider

IQ-mixer

IQ-mixer

IQ-mixer

IQ-mixer

x6

x6

x6

x6

Ch. 1

Ch. 2

Ch. 3

Ch. 4

𝑉𝐼(1)(2) (3)(4) 𝑉𝑄(1)(2) (3)(4)

(a) (b)

(c) (d)

(e)

Fig. 8.5: (a) Schematic of the IQ-steering technique used to control the amplitude and phase fed to the
array’s elements. (b) Photograph of the implemented IQ-steering electronics. The extenders and antennas
are shown in Fig. 8.6. Measured (c) Power and (d) Relative phase of the IQ-mixer in channel 1 at 15 GHz.
Solid lines are constant-phase contours. The -9 dBm power contour is indicated and the measured amplitude
and phase on this contour are shown in (e).
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to a far-field measurement setup. We therefore used a WR-10 waveguide probe con-
nected to a commercial down-converting mixer as a receiver, which was connected to
a spectrum analyzer for readout of the signals. This receiver provides us with fast mea-
surements of relative power to perform radiation patternmeasurements. Themeasure-
ments with this receiver were later calibrated against absolute power measurements
using a power meter, detailed in Section 8.5.2.

A schematic overview of this measurement setup is shown in Fig. 8.6a and pho-
tographs of the setup are provided in Figs. 8.6b and 8.6c. The amplitude and phase
of the array inputs are controlled as described in Section 8.4.1. The focusing lens is a
polytetrafluoroethylene (PTFE, εr = 2) hyperbolic lens placed directly above the an-
tenna array and held in place using a 3-D printed fixture. The receiver is positioned in
the spot of the focusing lens and can be moved around it using a 3-axis CNC stage.

To validate the accuracy of the quasi-optical measurement setup, we have compared
the measured E-plane pattern of a single active element using this setup to the earlier
near-field measurements. Indeed, as shown in Fig. 8.4e, there is a good agreement
between the two measurement techniques. With this setup we achieve a dynamic
range of at least 50 dB. After calibrating the array as described in Section 8.5, the
same setup is used to measure the active array patterns.

8.5 Over-the-air Active Array Calibration
In this section, we describe the calibration procedure necessary for the active array
demonstration, that will be presented in Section 8.6.

8.5.1 IQ-mixer Calibration at W-band

The broadside calibration at W-band was performed by positioning the receiver at the
focus of the lens and measuring the received power using the spectrum analyzer.

Each lens element of the array was measured independently at 90 GHz as a function
of the IQ-mixer voltages V (i)

I , V (i)
Q that control the amplitude and phase fed to the lens.

For example, the calibrated measured power at 90 GHz is shown in Figs. 8.7a and 8.7b
for channels 1 and 2, respectively. Due to hardware differences, the received power
varies per channel. The greatest common received power for all individual channels,
around -31 dBm, was set as the contour in the V (i)

I , V (i)
Q -plane over which each channel

operates. A few such constant-power contours are illustrated in Fig. 8.7a and Fig. 8.7b.

To demonstrate quasi-optical power combining in the spot, only the first array el-
ement is turned on and the power in the spot is measured while the phase angle
ϕ
(1)
in = arctan

(
V

(1)
Q /V

(1)
I

)
is swept from 0◦ to 360◦ over the contour of constant

power. The calibrated measured power is shown in Fig. 8.7c, where we see that in-
deed -31 dBm is measured independent of ϕ(1)in . The first array element is then fixed
at ϕ(1)in = 0◦ and the second array element is turned on. We then measure the received
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(a)

(b)

(c)

Fig. 8.6: (a) Schematic of the quasi-optical antennameasurement setup. (b) Frequency extenders connected
to the prototype. (c) The PTFE focusing lens is placed above the array.

power, i.e., the combined power of channels 1 and 2, as a function of the phase angle
ϕ
(2)
in = [0◦, 360◦] over its contour of equal power. A clear interference pattern with

6 constructive (destructive) peaks (valleys) can be observed in the measured power
in Fig. 8.7c, which is consistent with the phase shifting after the frequency extenders
achieving a range of [0, 12π].

For the channels i = {3, 4}, the preceding steps are repeated: channels 1...i − 1

are fixed at a point of maximum constructive interference. Channel i is turned on
and ϕ(i)in in is swept over a contour of constant power. The measured power is shown
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in Fig. 8.7c, in which the characteristic peaks and valleys are indeed observed. The
maximum received power with four active lens elements is 12 dB above the received
power of a single antenna element, as expected from the increased antenna gain and
transmit power. Maximum destructive interference with four active channels is 6 dB
below the maximum constructive interference, which is expected since channels 1− 3

are fed in phase and only the fourth channel is out of phase.

The calibration procedure for scanned beams is the same as the procedure outlined
above, except for the position of the piezo-electric motor and the position of the re-
ceiver. The piezo-electric motor was displaced by 0.24 mm/◦ of desired scan angle
(see Section 8.3). The receiver was positioned at the scanned focus of the focusing
lens which is displaced ∆ρ = F tan θsc relative to the broadside spot of the focusing
lens.

The calibration procedure described above was performed for 78 GHz, 90 GHz and
102 GHz for scan angles up to θsc = 20◦ in steps of ∆θsc = 5◦. For example, the
received power with 1-4 active channels as a function of ϕ(i)in for θsc = 20◦ at 102 GHz
is shown in Fig. 8.7d where we can also observe the 12 dB gain in received power of the
active array relative to a single active element. This calibration procedure provides us
with the values for the IQ-mixer voltages V (i)

I , V (i)
Q that correspond to the progressive

phase shifts required to steer the beam towards the desired scan angle θsc.

8.5.2 Absolute Power Calibration

After calibration, we measured the power in the spot radiated by the active array using
a standard gain horn and a W-band power meter. The measured power was used to
calibrate the relative power measurements performed with the spectrum analyzer. The
measured power in the spot with both setups is reported in Table 8.I as PSA

spot (spectrum
analyzer) and PPM

spot (power meter), respectively. Finally, the input power to the array,
PPM
in , was measured by summing the power measured at the output of the frequency

extenders with a power meter. This power is also reported in Table 8.I.

Table 8.I: Measured power in the over-the-air measurement setup

Frequency [GHz] PSA
spot [dBm] PPM

spot [dBm] PPM
in [dBm]

at fIF at fout at fout

78 -44.4 -16.7 0.6
90 -45.2 -18.6 -2.9
102 -57.0 -21.2 -6.0

8.6 Active Array Demonstration
The active 4x1 scanning lens phased array performance was measured using the setup
and calibration procedure described in Sections 8.4 and 8.5.
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(a) (b)

(c) (d)

Fig. 8.7: Received power at 90 GHz for (a) Channel 1 and (b) Channel 2 in the focus of the focusing lens as
a function of the IQ-voltages. Received power with 1–4 active channels as a function of ϕin at (c) 90 GHz,
broadside and (d) 102 GHz, 20◦ scan.

The measured broadside E-plane radiation patterns of the active array are shown in
Figs. 8.8a to 8.8c at 78 GHz, 90 GHz and 102 GHz, respectively. The radiation patterns
show excellent agreement with full-wave array simulations of the far field patterns for
all frequencies. The maximum sidelobe level is around −12 dB in the E-plane and
around -20 dB in the H-plane.

The measured scanned E-plane radiation patterns are shown in Figs. 8.8a to 8.8c at
78 GHz, 90 GHz and 102 GHz, respectively. The scanned patterns also show very good
agreement with the expected patterns from the simulations, with maximum sidelobe
level increasing to around -10 dB for θsc = 15◦.

The array’s antenna gain is obtained by applying Friis’ equation, which can still be
applied in the focused spot as explained in [167]. The transmit power is PPM

in , the
received power is PPM

spot as reported in Section 8.5.2 and Table 8.I. The gain of the
horn is 10.8 dBi at 90 GHz. The dielectric and reflection loss due to the PTFE focusing
lens is estimated at 0.36 dB (tan δ = 4 · 104 [168]). The measured antenna gain is
shown in Fig. 8.8d for 78-102 GHz. For broadside, the measured gain is 31.2 dBi at
90 GHz. The simulated gain in Fig. 8.8d takes into account the estimated dielectric
loss in the lens array of 0.07 dB (tan δ = 3.3 · 104 [168]) and the ohmic loss in the
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(a)

(b)

(c)

(d) (e)

Fig. 8.8: (a)-(c) 4x1 active array E-plane radiation patterns at 78-102 GHz. The achieved (d) Antenna gain
and (e) Scan loss of the active array. Solid lines are simulations, dashes are measurements.
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waveguide block between 0.5-0.75 dB (σ = 3.6 · 105 S/m [165]).

The measured scan loss is determined as the difference in received power in a
scanned position relative to broadside, taking the pattern of the receiving probe in
consideration, and is shown in Fig. 8.8e. The measured scan loss is in good agree-
ment with the simulated scan loss and is between -2 dB and -2.2 dB for θsc = 20◦ in
the W-band, depending on the frequency. The measured scan loss of a single element
is also shown in Fig. 8.8e, demonstrating that the scan loss is indeed defined by the
scanning ability of the single element as anticipated in [111]. Consequently, the scan
loss of the array and grating lobe levels can be improved by using lens elements with
better scanning performance. The antenna gain as a function of scan angle, shown in
Fig. 8.8d, is in good agreement with simulations.

Although other works at lower frequencies, such as [84], [163], have demonstrated
beam scanning to larger angles, i.e., θsc = 30◦, the gain reported in those works was
much lower: below 20 dBi for roughly the same number of array elements. This is due
to the smaller diameter of the single lenses: Dl ≈ 2.5λ0 in [84], [163] versusDl = 6λ0
in this work. Consequently, the maximum number of beams scanned N = θscDl/λ0
is N ≈ 1.3 in [84], [163] and N = 2.1 in this work. Scanning N = 1.3 beams
(θsc = 12.5◦) using our antenna results in a scan loss of around 0.9 dB, which is lower
than the 1.6 dB and 2.5 dB scan loss reported in [84], [163], respectively, for the same
N . Additionally, the pattern quality and aperture efficiency in [84], [163] are not as
high as reported here. For example, in [163] the aperture efficiency is below 40%
while we achieve around 84%. In [84] the sidelobe level is around -6 dB for N = 1

while we remain below -10 dB for N = 2. Finally, the measured bandwidth of our
antenna is more than 25%, while the bandwidths in [84], [163] are 11% and 8.5%,
respectively.

8.7 Conclusion
We have reported on the simulation, fabrication and measurement of a sparse 4x1
scanning lens phased array with a periodicity of 6λ0 operating over the entire W-band
(75-110 GHz). The array is capable of continuous and dynamic beam steering of a
high-gain (>30 dBi) beam towards ±20◦ with low grating lobe levels around -10 dB.
The array achieves low grating lobe level thanks to the use of a leaky wave feed in
combination with HDPE lenses to reach high aperture efficiency illumination of the
lens that is required in the scanning lens phased array architecture.

The active scanning lens phased array relies on a combination of electrical and me-
chanical phase shifting to steer the beams. To achieve electrical phase shifting, we
developed and measured a W-band setup that uses IQ-mixers at low frequencies to
achieve [0, 2π] phase shift before x6 multiplication, resulting in [0, 12π] phase control
at W-band. Mechanical phase shifting was implemented with a high-precision piezo-
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electric motor. The proposed dynamic beam steering concept can be extended to two
dimensions using 2-D piezo-electric motors. This will enable translating the lens array
in the xy-plane, achieving the steering of the element pattern in two dimensions.

An over-the-air active array calibration method was presented and implemented.
Measurements of this W-band 4x1 array prototype show excellent agreement with sim-
ulations in terms of radiation patterns, gain and scan performance, demonstrating the
potential of the proposed scanning lens phased array concept.
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Chapter 9
A 7-Element Coherent Transmit Lens Array at 500 GHz

In this Chapter, we demonstrate the scanning lens phased array architecture at sub-
millimeter wavelengths with a seven-element silicon lens array. The antenna array is
capable of steering a high-gain beam (>30 dBi measured) towards discrete scan angles
exceeding ±25◦ at 450-650 GHz. The lens feeds, which were described in Chapter 6,
are coherently excited using a novel quasi-optical transmit-array power distribution
architecture. This quasi-optical system consists of a large lens antenna that distributes
a single submillimeter-wave signal over seven smaller lens elements in another array
with a power coupling efficiency of neary 60%. The power is then coherently coupled
through seven waveguides to the scanning lens phased array. This Chapter contains
the analysis of the entire quasi-optical system from the power distribution lens to the
on-sky beams radiated by the array, which is validated by measurements of a prototype
at 450-500 GHz.

9.1 Introduction
Future heterodyne space instruments at submillimeter wavelengths require high-gain
steerable beams (>50 dBi) over a field of view of around 25◦ in a compact architecture.
The current generation of such instruments use opto-mechanical reflectors which are
bulky, slow and have high power consumption.

Alternative approaches include fully sampled phased arrays and limited-scan sparse
arrays. While fully sampled phased arrays can achieve the required beam steering,
such arrays at submillimeter wavelengths suffer from integration limitations and ther-
mal constraints and can not achieve the required gain. Furthermore, fully integrated
active technology is not sensitive enough for space-based astronomy and planetary sci-
ence applications and the current active heterodyne technologies (i.e., Schottky-, SIS-
or HEB-based detectors) are too bulky to accomodate half-wavelength sampling due to
the use of waveguide split-block technology [169]. Other options, such as sparse pha-
sed arrays exploiting subarraying techniques [75], [76] or fed by Fabry-Pérot cavities
[73], [74] are not able to cover the required field of view.

To overcome these problems and meet the requirements in terms of space, weight
and power (SWaP) for future SmallSat and CubeSat missions, we have proposed the
scanning lens phased array architecture in this thesis. In order to demonstrate a scan-
ning lens phased array, multiple lenses must be excited coherently. However, efficient

Parts of this Chapter have been published in [C5] and [J7].
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power distribution at submillimeter wavelengths is challenging. For example, power
distribution (PD) using waveguides results in high losses that scale with the number of
receivers. Phase gratings have also been used to generate 8 beams at 1.4 THz [170].
However, the bandwidth of such gratings decreases with the grating order, or, equiv-
alently, the number of beams.

In this chapter, we propose a novel quasi-optical transmit array configuration to
coherently distribute the power from a single submillimeter-wave source to each ele-
ment in the scanning lens phased array. The transmit array geometry is schematically
shown in Fig. 9.1a. Quasi-optical power distribution is achieved with a large elliptical
lens fed by the multi-mode leaky-wave feed described in Chapter 6, which generates
an aperture field that is nearly a plane wave. This field is then coupled to the transmit
array which consists of a (bottom) static lens array connected to straight waveguides.
The power is efficiently distributed (40-60%) into these waveguides with negligible
relative phase shift (< 6◦) over a bandwidth of more than 35%. The waveguides co-
herently feed the (top) scanning lens phased array that is able to scan beams to discrete
angles corresponding to the grating lobes of the array factor.

In particular, we analyze and demonstrate a very sparse scanning lens phased array
consisting of seven silicon lenses, each with a diameter of around 9 wavelengths, in
a hexagonal arrangement. We perform the analysis of the entire quasi-optical system,
from the feed of the PD lens to on-sky patterns, using a cascaded method of antennas-
in-reception. We have built and measured a prototype that operates at 450-650 GHz to
validate the analysis methodology, proposed PD architecture and scanning lens phased
array.

9.2 Transmit Array Efficiency Analysis Methodology
The overall geometry of the transmit array and power-distributing lens is shown in
Fig. 9.1a. The bottom lens array is static while the top lens array can be mechanically
actuated, for example by using a piezo-electric motor [86], but are otherwise identical
and were described in Chapter 6.

The geometrical parameters of the power distribution lens (subscript PD) are shown
in Fig. 9.1b. The feed design is the multi-mode leaky-wave stratification in Chapter 6.
The diameter of the lens is equal to the diameter of the lens arrays above it, DPD =
15.4 mm. The truncation angle of this lens, θPD, is optimized as described in the next
sections.

The geometrical parameters of the lens elements (subscript e) in the transmit lens
array are shown in Fig. 9.1c. The entire structure has mirror symmetry around the
indicated plane. The transmit array consists of seven such elements in a hexagonal
arrangement, each with a diameter of De = 5.13 mm and a truncation angle of θe =

17.5◦. Each element has the stratification of Chapter 6 for efficient illumination of
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Parameter Value

DPD 15.4 mm
θPD 18.5◦ (optimized)
RPD 24.3 mm
∆z -1.2 mm
De 5.14 mm
θe 17.25◦

Re 8.67 mm
a 362 µm
twg 300 µm

(d)

Fig. 9.1: (a) Schematic overview of the transmit lens array architecture including power-distribution lens.
The geometrical parameters of the power-distribution lens and transmit array are shown in (b) and (c),
respectively. The geometrical parameters of the 500 GHz transmit array are given in the table in (d).
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Fig. 9.2: The transmit array of Fig. 9.1a annotated to provide details on the the fields and the locations of
the reaction integrals.

the lens. The top and bottom lenses are connected through a square waveguide in a
ground plane with sides of a = 362 µm and thickness twg = 300 µm.

The efficiency of the transmit array, ηTx, is defined as the aperture efficiency of the
entire transmit array, taking the power-distribution lens into account. This efficiency
term can then be optimized as a function of θPD.

To facilitate this analysis, it is convenient to split ηTx into two contributions: the first
represents the power coupling efficiency ηP (including impedance mismatch) and the
second the aperture efficiency of the top array, ηap:

ηTx = ηP ηap (9.1)

These two terms are detailed in the next sections.

9.2.1 Power Coupling Efficiency

With reference to Fig. 9.2, the power coupling efficiency ηP represents the problem
below the line AA′, i.e., the power coupling efficiency from the feed, stimulated by a
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Fig. 9.3: Equivalent Thévenin circuits for the lens array in (a) reception and (b) transmission.

power Pin, to the sum of all powers received in the waveguides at AA′, P (i)
Rx:

ηP =
1

Pin

7∑
i=1

P
(i)
Rx (9.2)

To calculate P (i)
Rx, we extend the methodology of lens-to-lens coupling described in

Section 3.2 to lens-to-array coupling. As indicated in Fig. 9.3a, the Thévenin equivalent
circuit of each receiving element in the array is considered and P (i)

Rx is the power in
Z

(i)
L . Note that in general, the antenna impedances Z(i)

A and load impedances Z(i)
L can

be unique, but in this case all receiving lenses are identical.

The receiving antenna impedance Z(i)
A = ZA was given in Chapter 6 and is around

ZA ≈ 500Ω around the central frequency. To determine Z(i)
L = ZL, it is apparent from

Fig. 9.1c that it is equal to the impedance seen “looking up” from BB′, transformed
over the distance BB′ − AA′. In other words, we can transform the impedance ZA

over the waveguide with length twg and characteristic impedance of the TE10 mode
ζ10 = kζ0/β.

The receiving lens array elements are then considered in transmission. The equiv-
alent Thévenin circuits of the transmitting antennas is given in Fig. 9.3b. Note that
there are N = 7 circuits here, but they are all identical and therefore ITx = I

(i)
Tx. Re-

ferring to the methodology in Section 3.2, the received power at each lens element is
then1:

P
(i)
Rx =

∣∣∣V (i)
oc ITx

∣∣∣2
16PTx

(9.3)

1Note that here, in contrast to Section 3.2, we have included the effects of impedance mismatch in the
received power P (i)

Rx by considering the actual ZL in the circuits in reception, whereas we had previously
included an impedance mismatch term ηm to account for the fact that ZL ̸= Z∗

A.
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(a) (b)

Fig. 9.4: Aperture field of (a) the large lens and (b) the bottom array.

As before, the product V (i)
oc ITx is calculated by a reaction integral of the fields trans-

mitted by the considered antennas on the shared apertures. Note that there are now
seven shared apertures, S(i)

A , as indicated in Fig. 9.2. The field radiated by the power-
distribution lens, incident on the bottom B of S(i)

A is E⃗B . The field radiated by the lens
elements on the top T of S(i)

A is E⃗(i)
T . An example of the fields E⃗B and E⃗T are shown

in Fig. 9.4a and Fig. 9.4b, respectively. The reaction integral between these two fields
is:

V (i)
oc ITx =

2

ζ0

∫∫
S

(i)
A

E⃗
(i)
T · E⃗B dS (9.4)

The approach outlined above will be used to evaluate the power coupling efficiency
in the next section on the optimization. However, it is also possible (if only as a sanity
check) to approximate the power coupling efficiency as the product of several terms:
the spillover efficiency of the large lens ηPD

so , the aperture efficiency of the small receiv-
ing lens ηRx

ap , the impedance matching efficiency ηm at AA′ and the “fill factor” ηfill.
The fill factor, or sampling efficiency, is the proportional area of the power-distribution
lens that is filled by the receiving lens array. For the seven-element hexagonal array,
it was given as 78% in Section 2.3. The approximated power coupling efficiency is:

ηP ≈ ηPD
so · ηRx

ap · ηm · ηfill (9.5)

This approximation assumes that the aperture field of the large lens is uniform in
amplitude and phase, which becomes increasingly inaccurate for larger θPD. However,
it is still useful to have a secondary method of estimating the coupling efficiency since
the transmit array is too large to simulate with full-wave solvers.
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9.2.2 Top Array Efficiency

We also calculate the efficiency of the top array, ηap, using the antennas-in-reception
methodology. If we consider only the top lens array fed by the waveguides, the induced
voltage at the terminals of the waveguides (i.e., at BB′ in Fig. 9.2) can be calculated
using the reaction integral over ST between an incident plane wave, E⃗pw and the sum
of the fields radiated by each of the lenses, E⃗Tx =

∑7
i=1 E⃗

(i)
Tx. The complex weight of

E⃗
(i)
Tx is given by V (i)

oc calculated in Eq. (9.4). The reaction integral on the top side of
the transmit array is:

(VocI)T =
2

ζ0

∫∫
ST

E⃗Tx · E⃗pw dS (9.6)

and the power delivered to a matched load at the antenna terminals is

PL =

∣∣(VocI)T ∣∣2
16PTx

(9.7)

The aperture efficiency of the top array is calculated as the ratio PL to the power
incident on the lens aperture from the incident plane wave:

ηap =
PL

Ppw
(9.8)

and Ppw = AA|Epw|2/(2ζ0) is the power in the plane wave incident on the lens array’s
area AA.

9.3 Resulting Transmit Array Efficiency
The procedure described in Section 9.2 has been used to optimize the transmit array
efficiency at 550 GHz as a function of the truncation angle (θPD) (while keeping its
diameter fixed). With reference to Fig. 9.2, we have taken E⃗B as the aperture field
of the large lens in transmission. This field is obtained by first calculating the field
inside the lens using the Green’s function for stratified media in the far field and then
propagating this field out of the lens using geometrical optics. At the lens-air interface,
the effect of a quarter-wavelength Parylene (εr = 2.62) matching layer at 550 GHz is
considered. As an example, the co-polarized component of the aperture field E⃗B for
a truncation angle of θPD = 18.5◦ is shown in Fig. 9.4a. The field is nearly uniform,
which is due to the “top-hat” pattern of the multi-mode leaky-wave feed with a small
amount of amplitude tapering towards the edges as shown in Chapter 6.

The same geometrical-optics propagation procedure is used to calculate the aperture
field of the bottom array of small lenses in transmission, E⃗B . However, since the lenses
in this array are small in terms of the wavelength, we have calculated the field inside
the lens over a sphere using the Green’s function for stratified media in the near field.
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The co-polarized component of E⃗B is shown in Fig. 9.4b, from which the seven lens
elements can clearly be identified. The amplitude tapering at the edge of each lens is
different than for the large lens due to lens being in the near field of the feed.

We have calculated the power coupling efficiency using Eq. (9.2) as a function of
θPD, with the result in Fig. 9.5a. The truncation angle that provides maximum power
coupling, almost 60%, is θPD = 18.5◦. For smaller truncation angles, most power
in the power-distribution lens is lost to spill over. For larger truncation angles, the
uniformity of the aperture field is too low to provide good coupling to all lenses. For
very large truncation angles, θPD > 35◦, the power coupling efficiency increases again
because all power is coupled to the central element of the transmit array. The approx-
imation in Eq. (9.5) is in good agreement with the exact expression of Eq. (9.2) for
small truncation angles, as shown by the dashed line in Fig. 9.5a. For larger truncation
angles, the assumption of uniform field distribution in Eq. (9.5) no longer holds and
makes the approximated formula inaccurate.

The amplitude and phase of the voltage induced on the bottomwaveguide terminals,
V

(i)
oc , for maximum ηP is shown in Fig. 9.5b. Note that due to the symmetry of the

aperture fields, only three unique induced voltages are obtained (the numbering of the
lenses is given in Fig. 9.1a). A maximum power difference of 2.6 dB occurs between
lenses 1 and 3; the maximum phase difference is 6◦.

We have also calculated the top array efficiency as a function of θPD. The result
is shown in Fig. 9.5a. The top array efficiency is more or less constant, around 76%,
until the truncation angle θPD > 20◦. This is due to the uniformity of E⃗B until that
angle. For larger truncation angles, the top array efficiency rapidly decreases because
only the central array element is illuminated by the large lens.

The aperture efficiency of the entire transmit array, ηTx, is shown in Fig. 9.5a as a
function of θPD. The absolute maximum, around 42%, is achieved at θPD = 18.5◦.
Note that this efficiency entails the entire transmit array architecture: from the power-
distribution lens to the bottom array, through the waveguide and radiated into free
space by the top array, including the losses due to spill-over and reflections at the
various lens-air and air-lens interfaces.

Next, we have fixed θPD = 18.5◦ and calculated the transmit array efficiency as
a function of frequency, from 450-650 GHz. The result is shown in Fig. 9.5d. The
efficiency is above 30% in this entire bandwidth and above 40% between 500-575
GHz.

9.4 450-650 GHz Prototype and Measurement Setup
We have developed a 450-650 GHz transmit array prototype following the architecture
in Fig. 9.1. The purpose of the prototype is twofold: First, to demonstrate coherent
power distribution from the large lens to the bottom array elements and to validate
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Fig. 9.5: (a) Power coupling efficiency, top array efficiency and transmit array efficiency as a function of the
truncation angle of the power-distribution lens, θPD . (b) The relative power coupled to each lens element
and the associated relative phase at the maximum power-coupling efficiency. (c) The resulting aperture
distribution of the top array when fed with the amplitudes given in (b). All these results are shown at 550
GHz. In (d), the power coupling efficiency, top array efficiency and transmit array efficiency are shown in
the frequency band 450-650 GHz. The matching efficiency is also given for reference; it is also included in
the power-coupling efficiency.

the efficiency analysis and optimization in Sections 9.2 and 9.3. Second, we use the
prototype to demonstrate beam steering of a very high gain beam at submillimeter
waves using the scanning lens phased array architecture of Chapter 6. To realize the
second goal, a piezo-electric motor is used to actuate the top lens array with respect
to the feeds.

Two antennas were manufactured to demonstrate these goals: the large power-
distribution lens antenna and the transmit array. The manufacturing process of both
is detailed here, along with the measurement setup that was used to characterize both
prototypes.

9.4.1 Prototype Power Distribution Lens and Transmit Array

The power-distribution lens antenna is a single, 15.4mmdiameter silicon elliptical lens
with a truncation angle of 18.5◦ fed by the multi-mode leaky-wave feed developed in
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Fig. 9.6: Assembled power-distribution lens antenna prototype.

Chapter 6. The lens was fabricated and coated with a quarter-wavelength Parylene
layer by Tydex. The lens is placed on top of a stack of several processed silicon wafers
that contain the leaky-wave stratification as in [86] Chapter 6. Optical features on
the wafers are used for alignment. The assembled wafers and lens are then placed
on a gold-plated metal split-block fixture that contains a transition from the square
aperture in the top to a WR-1.5 flange on the bottom. A piezo-electric motor is used
to align the wafers-lens combination to the feed in the block in one axis, while the
other axis is aligned with metal pins. It was estimated that the axis controlled by the
piezo-actuator achieves an alignment accuracy better than 10 µm while the other axis
achieved around 100 µm. While this misalignment results in a small angular tilt of
the beam outside the lens, this tilt can be corrected using a 5-axis mechanical stage in
the measurement setup (as will be discussed later). The assembled power-distribution
lens antenna is shown in Fig. 9.6.

The transmit array prototype consists of several parts, shown in Fig. 9.7, that were
manufactured with different processes. The lens arrays, which were first shown in
Chapter 6, were fabricated at Veldlaser B.V. using laser ablation from a 1 mm high-
resistivity silicon wafer and were subsequently coated with a quarter-wavelength Pary-
lene anti-reflection coating at SCS Coatings. The lens arrays are pictured in Fig. 9.7a.
To achieve the required extension height of the arrays, two silicon disks were turned
with a height of 5.9 mm and a diameter of 19 mm. Optical alignment features were
then laser-ablated from the disks, again at Veldlaser B.V. The disks are mounted on
several processed wafers that contain the leaky-wave stratification. A photograph of
the wafers is shown in Fig. 9.7b and the mounted silicon disks are shown in Fig. 9.7c.
The top and bottom array are connected by a 300 µm thick gold-plated silicon wafer
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that contains seven square waveguides which were processed using deep-reactive ion
etching [138]. This wafer is shown in Fig. 9.7d. The top and bottom lens array as-
sembly were mounted on an aluminium fixture which also houses the piezo-electric
motor. The complete assembly is shown in Fig. 9.7e.

9.4.2 Antenna Measurement Setup

We used a VNA and two WR-2.2 (325-500 GHz) frequency extenders to characterize
the antennas between 450-500 GHz. First, we characterize only the power-distribution
lens and we subsequently mounted the transmit array after the power-distribution
lens to measure the entire transmit array. The antennas are characterized over-the-
air: a standard-gain horn is used to measure the gain and an open-ended waveguide
was used to measure the radiation patterns. The flange (but not the opening) of the
receiving waveguide is covered with a thin sheet of Eccosorb to reduce scattering and
(multiple) reflections. The receiver is placed in a 3-axis CNC positioner.

The overall aperture size of the power-distribution lens and the transmit array is 15.4
mm, and the far-field distance is close to ameter at 500 GHz. To facilitate antennamea-
surements at a distance that fits the lab’s equipment, a hyperbolic lens is used to focus
the beam in a spot at 10 cm distance. This solution allows us to measure antenna gain
in the focus of the hyperbolic lens and the beam patterns in a planar region surround-
ing the focus of the hyperbolic lens. A similar approach was taken in Chapter 8 and
in [166], [167]. Photographs of the hyperbolic lens in front of the power-distribution
lens and in front of the transmit array are shown in Figs. 9.8a and 9.8b.

In order to measure it, the transmit array (including hyperbolic focusing lens) is
mounted on a 5-axis mechanical stage produced by Standa. This stage allows us to
control the (x, y, z, θ, ϕ)-axes in steps of 1µm/0.01◦. Thus, precise alignment between
the power-distribution lens and transmit array can be achieved. Furthermore, we can
offset any slight tilt in the beam pattern of the power-distribution lens due to inaccu-
rate alignment between its lens and feed. A photograph of the entire transmit array
measurement setup is shown in Fig. 9.9.

9.5 Measured Performance
In this Section, the measured performance of both antenna prototypes is detailed.
We have first independently characterized the power-distribution lens using the same
measurement setup but in the absence of the transmit array. Next, this large lens
was used to feed the transmit array prototype and we measured the transmit array
prototype.

9.5.1 Power-distribution Lens Measurements

The measured input reflection coefficient (S11) is shown in Fig. 9.10a in the WR-2.2
band showing the antenna is well matched above 420 GHz. The simulated reflection
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(a) (b)

(c) (d)

(e)

Fig. 9.7: (a) Lens array with Parylene AR coating (b) silicon wafers containing leaky-wave cavity and trans-
former layers (c) silicon disks assembled on the wafers (d) gold-plated silicon wafer containing seven square
waveguides. The assembled transmit array prototype in shown in (e).
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(a) (b)

Fig. 9.8: The hyperbolic lens is placed directly in front of (a) the power-distribution lens and (b) the transmit
array to characterize these antennas.

coefficient was calculated using a full-wave simulation of the metal block with a finite
conductivity of σ = 3.5 · 106 S/m. This simulated result is in very good agreement
with the measurement. Additionally, the gain of the antenna was measured in the
spot with the standard-gain horn. The measured gain of the lens antenna is shown in
Fig. 9.10b and is in very good agreement with simulations when taking into account
the finite conductivity of the metal split-block and the reflection and dielectric loss of
the hyperbolic lens. Especially good agreement is obtained when a time gate is applied
to remove the effect of scattering in the environment and multiple reflections.

The radiation pattern of the top-hat lens was measured in the spot of the hyperbolic
lens at 450-500 GHz using the open-ended waveguide. The E- and H-plane cuts of
the measurement are compared to the simulations in Fig. 9.10c at 480 GHz. The
measured pattern is in very good agreement with the simulated pattern, which was
obtained using the antennas-in-reception methodology explained in Chapter 3. The
measured 2-D radiation pattern is shown in Fig. 9.10d.

Since themeasurements are in good agreement with the simulations, it is anticipated
that the analysis results of Section 9.2 still hold for this prototype.

9.5.2 Transmit Array Measurements

We have measured the radiation patterns and gain of the transmit array prototype
using the setup described above. The measured radiation patterns are compared to
simulations in Figs. 9.11a to 9.11c at 450 GHz, 475 GHz and 500 GHz, respectively.
The simulated array patterns are calculated as the multiplication of the single-element
patterns (obtained by applying the antennas-in-reception formalism for a single lens)
and the array factor, with the weights of the array factor being given by Fig. 9.5b. The
pattern simulations are in very good agreement with the measurements with sidelobe
levels of around -12 dB in the bandwidth.

The simulated directivity of the transmit array is ηapDmax, with Dmax = 4πAA/λ
2
0
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Fig. 9.9: Submillimeter-wave measurement setup for the transmit array prototype.

the maximum theoretical directivity of an aperture of area AA. The directivity was
calculated from measurements by integration of the measured radiation patterns. The
simulated gain is calculated as ηTxDmax and the measured gain is obtained from the
measurement of the horn in the focus of the hyperbolic lens and applying Friis’ equa-
tion. Some losses are calibrated out of the measurement to isolate the efficiency of
the transmit array: the conduction loss in the metal split-block feeding the power-
distribution lens, the dielectric loss in the Parylene matching layers covering the arrays
(as analyzed in Chapter 7) and the dielectric and reflection losses due to the hyper-
bolic focusing lens. The simulated and measured directivity and gain are compared
in Fig. 9.11d. There is a good agreement, to within ± 1 dB, between measurement
and simulation indicating that the analysis methodology in Section 9.2 is accurate. For
completeness, the measured ηTx was calculated from the measured data and is shown
in Fig. 9.5d.

Next, we used the piezo-electric motor to mechanically displace the top lens array
with respect to the waveguide array. This results in beam steering of the element
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Fig. 9.10: (a) Reflection coefficient, (b) gain, (c) E- and H-plane cuts and (d) 2-Dmeasured radiation pattern
at 480 GHz of the power-distribution lens.

patterns. However, since the bottom lens array is static, the excitation through the
waveguide array does not change and the lens elements of the top array are still ex-
cited in-phase. Thus, the array factor is not scanned and only a clean array pattern
will emerge when the beam steering angle of the single-element pattern aligns with
the grating lobes of the array factor. Since the array factor is frequency dependent, the
required displacement distance that corresponds to the grating lobe angle is also fre-
quency dependent. For example, to scan towards the third grating lobe, the measured
required displacement at 450 GHz, 475 GHz and 500 GHz was 1.27 mm, 1.21 mm and
1.16 mm, respectively. The corresponding scan angles are 27.2◦, 25.5◦ and 24.6◦. The
measured displacement corresponding to grating lobes 1-3 is shown in Fig. 9.12a.

The scanned patterns of the array were measured by displacing the top lens ar-
ray by a distance as indicated in Fig. 9.12a and then measuring the pattern with the
open-ended waveguide in the focus of the hyperbolic lens. The measured patterns
for broadside and the first three grating lobes (scanning up to 25.5◦) are shown in
Fig. 9.12c at 475 GHz. Due to reduced illumination efficiency, the sidelobe level of
the patterns increase from -13 dB at broadside to -8 dB at the third grating lobe. How-
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Fig. 9.11: Measured and simulated radiation patterns of the transmit array at (a) 450 GHz, (b) 475 GHz
and (c) 500 GHz. (d) Measured and simulated gain and directivity in 450-500 GHz.

ever, the sidelobe level is symmetric and below -10 dB up to and including the second
grating lobe (17◦ scanning) which is good enough for several remote sensing applica-
tions [16]. The measured radiation patterns at the third grating lobe are also shown in
Fig. 9.12c at 450 GHz and 500 GHz. Symmetric sidelobe levels are achieved at these
frequencies too.

The scan loss, i.e., the loss in gain relative to broadside, is shown in Fig. 9.12b. The
scan loss is in line with the single-element scan loss of Chapter 6 and is around 3 dB
at 25◦.

Overall, a very good agreement betweenmeasured and simulated results is achieved,
demonstrating the coherent distribution of power to seven elements from a single
source, the associated method of antennas in reception to calculate the efficiency and
the scanning lens phased array architecture at submillimeter wavelengths.

Although the number of elements in this demonstration is relatively small, the fab-
rication technology can be used to scale the number of elements up by at least an
order of magnitude. Additionally, we expect the same manufacturing techniques and
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Fig. 9.12: (a) Simulated and measured scan angle of the transmit array patterns as a function of the mechan-
ical displacement distance of the top array. (b) Measured scan loss of the transmit array. The single-element
loss of Chapter 6 is shown for reference. (c) The measured radiation patterns for broadside and grating lobes
1-3.

technology to be accurate enough to create such arrays up to 2 THz. To achieve con-
tinuous beam steering, phase shifters such as those in [171] could be integrated inside
the transmit array waveguides. Alternatively, the top array can serve as a focal-plane
array when mixers are integrated in the waveguides. The same power distribution
architecture could then be used to couple the required LO signal to the mixers with
negligible phase difference and good power uniformity.

9.6 Conclusion
We have presented a novel transmit lens array architecture suitable for power distri-
bution and high-gain beam steering at submillimeter wavelengths. The bottom half
of the proposed architecture is used to achieve efficient (60%) and wide-band (35%)
multi-pixel power distribution; the top half enables high-gain beam steering using a
very small (around 1 mm) displacement of a lens array. We have developed a cas-
caded method of antennas-in-reception to analyze the full transmit array, from power-
distribution lens to on-sky patterns, without full-wave simulations. High efficiency op-
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eration of the transmit array is achieved with a multi-mode leaky-wave lens feed that
was developed in Chapter 6 and the optimization of the power-distribution lens. A lens
transmit array prototype with seven lens elements has been fabricated to operate at
450-650 GHz. Measurements of the transmit array antenna show excellent agreement
with simulations in terms of patterns and gain, validating the analysis methodology
that we developed.
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Chapter 10
Conclusion

In this thesis, we have described, analyzed, manufactured and measured a hybrid elec-
tromechanical scanning lens antenna architecture: the scanning lens phased array.
The array architecture is suitable for the steering of highly directive beams at submilli-
meter wavelengths with a field of view of ±25◦. The hybrid phase shifting concept
relies on a combination of electronic phase shifting of a sparse array with a mechani-
cal translation of a lens array. The use of a sparse phased array significantly reduces
the number of active components in the RF front-end while still enabling array-factor
scanning. The translation of a lens array steers the element patterns to angles away
from broadside, while simultaneously reducing the impact of grating lobes over a wide
FoV. Our analysis shows that the required mechanical translation of anN -element lens
array is a factorN lower than a single large lens of the same aperture dimension, which
enables a mechanical implementation that is fast and low power. We further find that
the lens elements in the scanning lens phased array must be fed with high aperture
efficiency in order to reduce the impact of the grating lobes that arise due to the array’s
sparsity. Therefore, we have investigated the use of several improved resonant leaky-
wave lens feeds that are suitable for low and high relative permittivity lenses. We have
manufactured and demonstrated two improved leaky-wave feeds, at 180 GHz and 550
GHz. and have used them at 100 GHz in an active demonstration of the scanning lens
phased array and in a transmit lens array demonstration at 550 GHz.

10.1 Analysis of (Small) Lens Antennas
We have applied an antennas-in-reception formalism to calculate the power received
by the lens elements, their aperture efficiency and radiation patterns. Then, the array
patterns are approximated as the multiplication of the lens element pattern and the
array factor. For scan angles close to broadside, this method is shown to be accurate.
For larger scan angles, the effect of multiple reflections at the lens-air interface and
spill-over must be taken into account to accurately simulate the radiation pattern.

To facilitate the design of lens antennas with a small diameter, we have analyzed
the near field of leaky-wave resonant antennas radiating into a semi-infinite dielectric
medium. We show that the field can be locally represented as a spherical wave in
a certain solid angle around broadside from the phase center far below the ground
plane. The field inside this solid angle can be efficiently calculated by resorting to a
non-uniform asymptotic evaluation, of the spectral Green’s function along the Steepest
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Descent Path (SDP), even for points very close to the LW cavity. Beyond this solid angle,
given by the shadow boundary angle, a contribution due to the leaky-wave pole must
also be considered to fully describe the near field. We show that the complex LW
propagation constants fully define the shadow boundary angle and phase center, even
for low contrast LW antennas.

To demonstrate the applicability of the proposed study, we have applied the new un-
derstanding of near-field spherical wave formation to the design and analysis of small-
to-medium sized lenses. We have shown that the LW complex propagation constants
can be used to define a truncated lens geometry that couples well to the leaky-wave
feed and achieves a high aperture efficiency for any diameter. Moreover, we have com-
bined the SDP calculation with the antennas in reception methodology to efficiently
calculate the aperture efficiency and radiation patterns of LW lens antennas. A trun-
cated silicon lens design with a diameter of only 4 free-space wavelengths is presented
that achieves almost 80% aperture efficiency. Excellent agreement with full-wave sim-
ulations is achieved, which demonstrates the accuracy of the SDP-FO methodology.
The physical insight gained in this analysis can be applied to other resonant LWAs
made with different kind of stratifications, such as feeds based on frequency-selective
surfaces.

10.2 High Aperture Efficiency Leaky-Wave Lens Antennas
We have demonstrated several single-element lens antenna prototypes with high aper-
ture efficiency feeds, which are thus suitable for integration into a scanning lens phased
array. To ensure applicability for a wide range of applications, we have developed both
a plastic lens antenna at 180 GHz and a silicon lens antenna at 550 GHz. Both lens
prototypes use novel, wideband, waveguide-based lens feeds.

The plastic lens antenna at 180 GHz is fed by a LW feed that consists of a half-
wavelength air cavity and a ground plane containing annular corrugations around a
circular waveguide. These corrugations, in combination with the circular waveguide,
significantly reduce the impact of the spurious TM0 mode in a wide bandwidth and
all azimuthal planes. The corrugations extend the achieved bandwidth of the circular
waveguide feed to lower frequencies to cover both the WR-5 and WR-6 bands, leading
to a total bandwidth of 2:1 (110-220 GHz). A lens illuminated by such LW feed is
shown to have cross-polarization level below -20 dB, an aperture efficiency above 80%
and an S11 below -15 dB over the entire bandwidth. We fabricated and measured a
WR-5 band antenna prototype which shows excellent agreement with the anticipated
results.

To efficiently illuminate a silicon lens at 550 GHz, we proposed a multimode LW
feed that is able to achieve an aperture efficiency greater than 80% over a bandwidth
of 35% and a scan loss lower than 3 dB up to 25◦. Compared to a standard resonant-
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cavity lens feed, this LW feed includes a dielectric transformer layer between the cavity
and the lens. In this way, multiple LW modes are generated which all contribute to
the formation of a top-hat pattern (i.e., high aperture efficiency) while coupling to a
low f# lens (i.e., good scan performance). Additionally, this layer ensures impedance
matching between the waveguide and the stratification without the use of a double slot
iris, which simplifies the fabrication process. A prototype of an embedded lens antenna
has been built at 550 GHz, integrated with a piezoelectric motor. We measured the
radiation and scanning performance of the embedded pattern and combined these
results with the array factor to obtain the array pattern of the phased array. We found
excellent agreement between the measurement and simulated performance, validating
the capability of this antenna architecture for future implementation in an active lens
phased array.

To further improve the gain of silicon lenses, we have studied the performance of
two different matching layers at submillimeter waves. We fabricated two otherwise
identical antennas, fed by the multi-mode feed described above, which differ only
in matching layer. The first matching layer is the widely-used quarter-wavelength
parylene-C coating and the second a continuous impedance-transforming matching
layer which was realized by periodic sub-wavelength frusta features laser-ablated di-
rectly on the lens surface. We described the laser machining process to manufacture
the frusta which is suitable for shallow silicon lens arrays. We have characterized both
antennas in terms of reflection coefficient, radiation patterns (directivity) and gain
and compare these results to high-frequency simulations. We find that both anten-
nas perform identically, except for the gain. The measured gain of the antenna with
frusta matching layer is in very good agreement with simulations, while the parylene-
C matching layer has a gain that is 1.6 dB lower. This extra loss is explained by the
dielectric loss in the parylene-C. Although several other suitable low-loss materials are
available to use as a matching layer, the frusta matching layer has several distinct ad-
vantages: it operates over more than an octave bandwidth and it is fabricated using
the same process as the lens (array) itself.

10.3 Demonstration of Scanning Lens Phased Arrays
We have reported on the simulation, fabrication and measurement of a sparse 4x1
scanning lens phased array operating over the entire W-band (75-110 GHz) that is ca-
pable of continuous and dynamic beam steering a directive (>30 dBi) beam towards
±20◦ with low grating lobe levels. The array achieves low grating love level thanks
to the use of the aforementioned high-efficiency leaky wave feed in combination with
plastic lenses. The scanning lens phased array relies on a combination of mechanical
and electrical phase shifting to steer the beams. To achieve the active phase shifting of
the array, we developed and measured a W-band electrical phase-shifting setup that
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uses IQ-mixers at low frequencies to achieve a 360◦ phase shift before ×6 multiplica-
tion, resulting in [0, 12π] phase control at W-band. An over-the-air calibration method
was presented and implemented for such phase shifting setup. Measurements of this
W-band 4 × 1 array prototype show excellent agreement with simulations in terms of
radiation patterns, gain and scan performance, demonstrating for the first time the
potential of the proposed scanning lens phased array concept.

We have also demonstrated a coherently-fed scanning lens phased array at 550 GHz
using the high-efficiency multi-mode leaky-wave feed described in Chapter 6. Wide-
band, in-phase excitation of the lens array elements is achieved with a novel transmit
lens array architecture: one large lens distributes power to an array of waveguides
through a flipped array of lenses with a power coupling efficiency of 60%. The waveg-
uides coherently feed a scanning lens phased array. The complete transmit array, from
power-distribution lens to array patterns, is simulated by a cascaded method of anten-
nas in reception. A 450-650 GHz transmit array prototype has been fabricated using
silicon micromachining technology. Submillimeter-wave measurements of the array
gain, patterns, and scan performance show good agreement with the simulations: a
gain above 30 dBi, sidelobe levels below -12 dB and a scan loss of around 3 dB when
scanning to 25◦. The largest losses in the current prototype are from the parylene-C
matching layers that are present on both the top and bottom lens arrays. However, this
can be eliminated by using the periodic frusta matching layer that was demonstrated
in Part II of this thesis. The number of elements in this demonstration (seven) can
be scaled up by at least an order of magnitude with the same fabrication techniques.
Additionally, the fabrication technology is precise enough to create such arrays up to
2 THz. Because the array elements are excited in-phase, the current prototype is only
able to scan to discrete angles, corresponding to the grating lobes of the array factor
(approximately every 5 degrees). To achieve continuous beam steering, phase shifters
could be integrated inside the transmit array waveguides. Alternatively, this transmit
array architecture could be used to distribute LO power to a focal-plane array when
mixers are integrated in the waveguides.
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Chapter 11
Future Work

From the research presented in this thesis, a multitude of interesting future research
opportunities can be identified. In this Chapter, some possible future directions are
described based on the broad categories of lens analysis, technology developments
and application cases.

11.1 Analysis of Lenses and Lens Arrays
In Part II, we have investigated several leaky-wave feeds for silicon and plastic lens
antennas. The multi-mode feed for silicon lenses, proposed in Chapter 6, achieves
very high aperture efficiency in the far-field, but the near-field patterns from this feed
are significantly different (and less efficient). Thus, there still exists an opportunity to
investigate the applicability of similar multi-mode feeds to small silicon lenses (D <

10λ0). For plastic lenses, we have proposed the leaky-wave feed with corrugations in
the ground plane in Chapter 5. While we have demonstrated improved suppression
of the TM0 mode, especially at the lower part of the frequency band, we have not
formally established a theoretical framework around this feed.

In Chapter 6, it was anticipated that the scan loss of the scanning lens phased array
is dictated by the scan loss of the single element. This was demonstrated in Chapters 8
and 9, where we have used canonical elliptical lenses which are not optimized for
scan performance. Therefore, an opportunity exists to improve the scan loss of lens
phased arrays by investigating improved lens geometries that achieve lower scan loss
or achieve an increased field-of-view for the same scan loss.

The array analysis methodology that has been used in this thesis, where the array
pattern is obtained from the multiplication of the array factor and the single-element
pattern obtained using the antennas-in-reception formalism, has been demonstrated
to be accurate at broadside. However, for moderate scan angles, the obtained field
does not accurately represent the actual array patterns. This effect is due to (multiple)
reflections at the lens-air interface and spill-over into the next lens. The modeling of
these effects require more research.

11.2 Technology for Lenses and Lens Arrays
A natural extension to the one-dimensional scanning lens phased arrays in this thesis is
an array with two-dimensional scanning capabilities. The required 2-D piezo-electric
motors are commercially available and future prototypes could incorporate them. Al-
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ternatively, an architecture with two (orthogonal) 1D arrays can be investigated which
may be interesting in several bi-static radar applications.

Transmit arrays with lenses, as demonstrated in Chapter 9, could also be investigated
using plastic lens arrays. The wideband feed for plastic lenses with circular waveguide
(with or without corrugations) is able to illuminate lenses with a very small diameter
with an aperture efficiency above 85%, which is significantly better than the multi-
mode feed for small-diameter silicon lenses. A hybrid plastic-silicon transmit array can
also be considered. For example, the coupling to the bottom array can bemaximized by
using a plastic lens array while the scan performance of a silicon lens array is beneficial
as the top array. Although the losses in plastic lenses increase significantly at higher
frequencies, we expect that the losses in small-to-moderate diameter plastic lenses are
manageable up to 300 GHz.

We have seen in Chapter 7 that the matching layer for silicon lenses, consisting
of sub-wavelength frusta, achieves significantly higher transmission than a Parylene
matching layer. To further improve these matching layers, especially for lenses that
are not so shallow (i.e., f# ≤ 1), a conformal patterning of the pyramids on the lens
surface may be required. Further investment in the laser-ablation manufacturing pro-
cess is required to create such conformal pyramids.

11.3 Applications of Scanning Lens Phased Arrays
Further research and development is required to integrate scanning lens phased ar-
rays in several envisioned application cases. For CubeSats or SmallSats, a scientific
instrument could be built around a silicon lens array at submillimeter-waves which
could achieve 50 dBi of gain while remaining compact. The required amplitude and
phase control could be achieved using low-frequency electronics followed by (a series
of) multipliers (an approach similar to the 100 GHz lens array in Chapter 8).

For static, line-of-sight millimeter-wave communication links, such as fixed-wireless
access or back-haul links, the scanning lens phased array could be a useful architecture
that allows rapid and high-accuracy real-time beam alignment by scanning the beam
in the order of 10◦ to compensate environmental effects.

Several sensing applications can be formulated for lenses with high aperture ef-
ficiency. For example, since the plastic lens with corrugations in the ground plane
(Chapter 5) achieves very high lens-to-lens coupling, such a lens setup can be used for
material characterization. A similar setup with two lenses facing each other, or a single
mechanically scanned lens can be used for industrial non-destructive testing applica-
tions at (sub-)millimeter waves. For automotive radars, especially long-range radars,
antenna gain can be increased significantly by using a small scanning lens phased ar-
ray. Although the piezo-electric motors that were used in this thesis may not be quick
enough for such a challenging application, fast motors (>200mm/s) are commercially
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available.
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Appendix A
Space-wave and Leaky-wave Field Contributions

This Appendix contains derivations, starting from the electric and magnetic field rep-
resentations f⃗(r⃗) of fields in stratified media:

f⃗(r⃗) =
1

4π2

∞∫
−∞

∞∫
−∞

G̃fc(kx, ky)C⃗(kx, ky)

· e−jkxxe−jkyye−jkzz dkx dky (A.1)

in which the spectral Green’s function for the field quantity f⃗ (electric or magnetic
field) at observation point r⃗ due to a spectral (electric or magnetic) current C⃗ is given
by G̃fc.

A change of spectral and spatial variables is introduced:

kx = kρ cosα x = ρ cosϕ

ky = kρ sinα y = ρ sinϕ

with ρ = R sin θ and Jacobian determinant:

|J | =

∣∣∣∣∣∣
∂kx

∂kρ

∂kx

∂kα
∂ky

∂kρ

∂ky

∂kα

∣∣∣∣∣∣ = kρ

The integral in Eq. (A.1) then becomes:

f⃗(r⃗) =
1

4π2

∞∫
0

2π∫
0

G̃fc(kρ, α)C⃗(kρ, α)

· e−jkρρ cos(α−ϕ)e−jkzzkρ dα dkρ (A.2)

A.1 Integral Order Reduction
For an elementary source, the α-integral can be closed analytically into Hankel func-
tions H(2)

n of the second kind of order n. For a distributed source, this procedure can
be performed when the spectral current C⃗ can be assumed to be slowly-varying in α
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compared to G̃fc and can therefore be evaluated in the α-saddle point, i.e., C⃗(kρ, ϕ).

In this case, Eq. (A.2) becomes:

f⃗(r⃗) =
1

4π2

∞∫
0

C⃗(kρ, ϕ)

2π∫
0

G̃fc(kρ, α)e
−jkρρ cos(α−ϕ) dα (A.3)

· e−jkzzkρ dkρ (A.4)

and the integral in α is denoted as:

I⃗fcα =

2π∫
0

G̃fc(kρ, α)e
−jkρρ cos(α−ϕ) dα (A.5)

The integral I⃗fcα above can be closed analytically by using the Bessel-function iden-
tities, a proof of which is given in Appendix A.4:∫ 2π

0

cos(nα)

sin(nα)
e−jkρρ cos(α−ϕ) dα = j−n2π

cos(nϕ)

sin(nϕ)
Jn(kρρ) (A.6)

where Jn is the Bessel function of the first kind and order n.

A.2 Hankel-integrals for Magnetic Current Distributions
In this Section, we consider C⃗ = M⃗ a spectral magnetic current distribution. The
dyadic spectral Green’s function giving the electric field is then given by:

G̃em =

G̃em
xx G̃em

xy

G̃em
yx G̃em

yy

G̃em
zx G̃em

zy

 =


(VTM−VTE)kxky

k2
ρ

VTMk
2
x−VTEk

2
y

k2
ρ

VTMk
2
x+VTEk

2
y

k2
ρ

(VTE−VTM)kxky

k2
ρ

−ζd ky

kd
ITM ζd

kx

kd
ITM



=


(VTM−VTE) sin(2α)

2 −VTE+VTM+(VTM−VTE) cos(2α)
2

VTE+VTM+(VTE−VTM) cos(2α)
2

(VTE−VTM) sin(2α)
2

−ζd kρ

kd
ITM sin(α) ζd

kρ

kd
ITM cos(α)

 (A.7)
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The α-integral in Eq. (A.5) then becomes:

I⃗emα =

 −π(VTM − VTE) sin(2ϕ)J2(kρρ)

π(VTM + VTE)J0(kρρ) + π(VTM − VTE) cos(2ϕ)J2(kρρ)

j2πζd
kρ

kd
ITM sin(ϕ)J1(kρρ)

−j2πζd kρ

kd
ITM cos(ϕ)J1(kρρ)

−π(VTM + VTE)J0(kρρ)− π(VTM − VTE) cos(2ϕ)J2(kρρ)

π(VTM − VTE) sin(2ϕ)J2(kρρ)


The integrals of Bessel functions can be expressed using Hankel functions with the

help of the following identity:∫ ∞

0

xf(x)Jn(ax) dx =
1

2

∫ ∞

−∞
xf(x)H(2)

n (ax) dx (A.8)

The electric and magnetic fields are dependent on the polarization of M⃗ . The full
integral representation of the fields is given in Appendix A.2.1 for M⃗ = Mxx̂ and in
Appendix A.2.2 for M⃗ =My ŷ.
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A.2.1 Magnetic current distribution along x̂

The electric fields are given by:

eρ(r⃗) =
sinϕ

8π

∞∫
−∞

[
VTM

(
H

(2)
0 (kρρ)−H

(2)
2 (kρρ)

)
+VTE

(
H

(2)
0 (kρρ) +H

(2)
2 (kρρ)

)]
Mx(kρ, ϕ)e

−jkzzkρ dkρ (A.9)

eϕ(r⃗) =
cosϕ

8π

∞∫
−∞

[
VTM

(
H

(2)
0 (kρρ) +H

(2)
2 (kρρ)

)
+VTE

(
H

(2)
0 (kρρ)−H

(2)
2 (kρρ)

)]
Mx(kρ, ϕ)e

−jkzzkρ dkρ (A.10)

ez(r⃗) =
jζd sinϕ

4πkd

∞∫
−∞

ITMH
(2)
1 (kρρ)Mx(kρ, ϕ)e

−jkzzk2ρ dkρ (A.11)

The magnetic fields are given by:

hρ(r⃗) = −cosϕ

8π

∞∫
−∞

[
ITE

(
H

(2)
0 (kρρ)−H

(2)
2 (kρρ)

)
+ITM

(
H

(2)
0 (kρρ) +H

(2)
2 (kρρ)

)]
Mx(kρ, ϕ)e

−jkzzkρ dkρ (A.12)

hϕ(r⃗) =
sinϕ

8π

∞∫
−∞

[
ITE

(
H

(2)
0 (kρρ) +H

(2)
2 (kρρ)

)
+ITM

(
H

(2)
0 (kρρ)−H

(2)
2 (kρρ)

)]
Mx(kρ, ϕ)e

−jkzzkρ dkρ (A.13)

hz(r⃗) = − j cosϕ

4πζdkd

∞∫
−∞

VTEH
(2)
1 (kρρ)Mx(kρ, ϕ)e

−jkzzk2ρ dkρ (A.14)
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A.2.2 Magnetic current distribution along ŷ

The electric fields are given by:

eρ(r⃗) = −cosϕ

8π

∞∫
−∞

[
VTM

(
H

(2)
0 (kρρ)−H

(2)
2 (kρρ)

)
+VTE

(
H

(2)
0 (kρρ) +H

(2)
2 (kρρ)

)]
My(kρ, ϕ)e

−jkzzkρ dkρ (A.15)

eϕ(r⃗) =
sinϕ

8π

∞∫
−∞

[
VTM

(
H

(2)
0 (kρρ) +H

(2)
2 (kρρ)

)
+VTE

(
H

(2)
0 (kρρ)−H

(2)
2 (kρρ)

)]
My(kρ, ϕ)e

−jkzzkρ dkρ (A.16)

ez(r⃗) = −jζd cosϕ
4πkd

∞∫
−∞

ITMH
(2)
1 (kρρ)My(kρ, ϕ)e

−jkzzk2ρ dkρ (A.17)

The magnetic fields are given by:

hρ(r⃗) = − sinϕ

8π

∞∫
−∞

[
ITE

(
H

(2)
0 (kρρ)−H

(2)
2 (kρρ)

)
+ITM

(
H

(2)
0 (kρρ) +H

(2)
2 (kρρ)

)]
My(kρ, ϕ)e

−jkzzkρ dkρ (A.18)

hϕ(r⃗) = −cosϕ

8π

∞∫
−∞

[
ITE

(
H

(2)
0 (kρρ) +H

(2)
2 (kρρ)

)
+ITM

(
H

(2)
0 (kρρ)−H

(2)
2 (kρρ)

)]
My(kρ, ϕ)e

−jkzzkρ dkρ (A.19)

hz(r⃗) = − j sinϕ

4πζdkd

∞∫
−∞

VTEH
(2)
1 (kρρ)My(kρ, ϕ)e

−jkzzk2ρ dkρ (A.20)
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A.3 Leaky-Wave Modal Field
When the Hankel-integrals in Appendix A.2 are evaluated over the path of steepest
descent, as described in Chapter 4, the SDP crosses a leaky-wave pole at θ = θSB . To
obtain the total field at θ > θSB , the residue contribution of this pole must be added
to the integrals of Appendices A.2.1 and A.2.2. Explicit formulas for these residues are
given below.

A.3.1 Modal field for magnetic current distribution along x̂

The electric modal fields are given by:

eρ(r⃗) =
j sinϕ

4
kρi

[
Res

(
VTM(kρi, z)

)
(H

(2)
0 (kρiρ)−H

(2)
2 (kρiρ))+

Res
(
VTE(kρi, z)

)
(H

(2)
0 (kρiρ) +H

(2)
2 (kρiρ)

]
Mx(kρi, ϕ) (A.21)

eϕ(r⃗) =
j cosϕ

4
kρi

[
Res

(
VTM(kρi, z)

)
(H

(2)
0 (kρiρ) +H

(2)
2 (kρiρ))+

Res
(
VTE(kρi, z)

)
(H

(2)
0 (kρiρ)−H

(2)
2 (kρiρ)

]
Mx(kρi, ϕ) (A.22)

ez(r⃗) =
−ζd sinϕ

2kd
k2ρiRes

(
ITM(kρi, z)

)
H

(2)
1 (kρiρ)Mx(kρi, ϕ) (A.23)

The magnetic modal fields are given by:

hρ(r⃗) =
−j cosϕ

4
kρi

[
Res

(
ITM(kρi, z)

)
(H

(2)
0 (kρiρ) +H

(2)
2 (kρiρ))+

Res
(
ITE(kρi, z)

)
(H

(2)
0 (kρiρ)−H

(2)
2 (kρiρ)

]
Mx(kρi, ϕ) (A.24)

hϕ(r⃗) =
j sinϕ

4
kρi

[
Res

(
ITM(kρi, z)

)
(H

(2)
0 (kρiρ)−H

(2)
2 (kρiρ))+

Res
(
ITE(kρi, z)

)
(H

(2)
0 (kρiρ) +H

(2)
2 (kρiρ)

]
Mx(kρi, ϕ) (A.25)

hz(r⃗) =
cosϕ

2ζdkd
k2ρiRes

(
VTE(kρi, z)

)
H

(2)
1 (kρiρ)Mx(kρi, ϕ) (A.26)
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A.3.2 Modal field for magnetic current distribution along ŷ

The electric modal fields are given by:

eρ(r⃗) =
−j cosϕ

4
kρi

[
Res

(
VTM(kρi, z)

)
(H

(2)
0 (kρiρ)−H

(2)
2 (kρiρ))+

Res
(
VTE(kρi, z)

)
(H

(2)
0 (kρiρ) +H

(2)
2 (kρiρ)

]
My(kρi, ϕ) (A.27)

eϕ(r⃗) =
j sinϕ

4
kρi

[
Res

(
VTM(kρi, z)

)
(H

(2)
0 (kρiρ) +H

(2)
2 (kρiρ))+

Res
(
VTE(kρi, z)

)
(H

(2)
0 (kρiρ)−H

(2)
2 (kρiρ)

]
My(kρi, ϕ) (A.28)

ez(r⃗) =
ζd cosϕ

2kd
k2ρiRes

(
ITM(kρi, z)

)
H

(2)
1 (kρiρ)My(kρi, ϕ) (A.29)

The magnetic modal fields are given by:

hρ(r⃗) =
−j sinϕ

4
kρi

[
Res

(
ITM(kρi, z)

)
(H

(2)
0 (kρiρ) +H

(2)
2 (kρiρ))+

Res
(
ITE(kρi, z)

)
(H

(2)
0 (kρiρ)−H

(2)
2 (kρiρ)

]
My(kρi, ϕ) (A.30)

hϕ(r⃗) =
−j cosϕ

4
kρi

[
Res

(
ITM(kρi, z)

)
(H

(2)
0 (kρiρ)−H

(2)
2 (kρiρ))+

Res
(
ITE(kρi, z)

)
(H

(2)
0 (kρiρ) +H

(2)
2 (kρiρ)

]
My(kρi, ϕ) (A.31)

hz(r⃗) =
sinϕ

2ζdkd
k2ρiRes

(
VTE(kρi, z)

)
H

(2)
1 (kρiρ)My(kρi, ϕ) (A.32)
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A.4 Proof of Bessel-function-generating integrals
The following proof was derived with the help of Roderick Tapia Barroso and is similar
to the steps in [172, p. 193]. This result is not new, for example it was used in [173,
p. 132], but the author could not find a proof of this form in the literature.

We are looking to prove that:∫ 2π

0

cos(nα)

sin(nα)
e±jkρρ cos(α−ϕ) dα = j±n2π

cos(nϕ)

sin(nϕ)
Jn(kρρ) (A.33)

where Jn is the Bessel function of the first kind and order n.

First, we establish that:

e±jkρρ cos(α−ϕ) = J0(kρρ) + 2

∞∑
m=1

(±j)mJm(kρρ) cos(m(α− ϕ)) (A.34)

which can be derived by using Euler’s formula and the following identities from [174,
p. 22]:

cos(kρρ cos(α− ϕ)) = J0(kρρ) + 2

∞∑
m=1

(−1)mJ2m(kρρ) cos(2m(α− ϕ))

sin(kρρ cos(α− ϕ)) = −2j

∞∑
m=1

(−1)mJ2m+1(kρρ) cos((2m+ 1)(α− ϕ))

Next, we substitute Eq. (A.34) into the left hand side of Eq. (A.33):∫ 2π

0

cos(nα)

sin(nα)
e±jkρρ cos(α−ϕ) dα = J0(kρρ)

∫ 2π

0

cos(nα)

sin(nα)
dα

+ 2

∞∑
m=1

(±j)mJm(kρρ)

∫ 2π

0

cos(nα)

sin(nα)
cos(m(α− ϕ)) dα (A.35)

Since the first integral on the right hand side of Eq. (A.35) is equal to zero for integer
n, this term disappears. The second integral on the right hand side of Eq. (A.35) is
only non-zero when m = n (easily demonstrated by writing the (co)sine product as a
(co)sine sum). The remaining terms of this integral are:

1

2

∫ 2π

0

cos(nϕ)

sin(nϕ)
dα = π

cos(nϕ)

sin(nϕ)
(A.36)
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By substituting this result back into Eq. (A.35) with m = n, we arrive at Eq. (A.33)
that we set out to prove.
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Appendix B
Closed-Form Spectral Magnetic Current Distributions

The time it takes to evaluate the integrals in Appendices A.2.1 and A.2.2 can be dra-
matically reduced if a closed-form expression of the spectral (magnetic) current dis-
tribution M⃗ is known. For several canonical current distribution, such as rectangular
waveguides, closed-form expressions are available in text books [175]–[177]. For the
double-slot iris, the spatial current distribution was given in [20, Appendix D] but the
spectral current has been calculated numerically.

In this Appendix, a semi-closed-form expression1 for the spectral currents of a double-
slot iris in a semi-infinite ground plane are derived in Appendix B.1. For completeness,
the closed-form expressions of the spectral magnetic current associated with rectangu-
lar and circular waveguides in semi-infinite ground planes are given in Appendices B.2
and B.3.

B.1 Double-slot Iris
A waveguide along ẑ with its electric field oriented along x̂ illuminates a double-slot
iris. The iris slots are spaced ρi apart along x̂ and have width wi. Each iris subtends an
angle αi seen from the origin, see Fig. B.1. An approximate expression for the electric
and magnetic fields in the slots is given as [20]:

e⃗ =
1

ρ
cos

(
π

2αi
ϕ

)
rect(ϕ, 2αi)rect(ρ− ρi/2, wi)x̂

+
1

ρ
cos

(
π

2αi
ϕ

)
rect(ϕ+ π, 2αi)rect(ρ− ρi/2, wi)x̂ (B.1)

h⃗ =
1

ζ0
ẑ × e⃗

=
1

ρζ0
cos

(
π

2αi
ϕ

)
rect(ϕ, 2αi)rect(ρ− ρi/2, wi)ŷ

+
1

ρζ0
cos

(
π

2αi
ϕ

)
rect(ϕ+ π, 2αi)rect(ρ− ρi/2, wi)ŷ (B.2)

After applying the equivalence theorem, the impressed currents that describe the

1The ρ-integral is closed analytically, while the ϕ-integral remains to be solved numerically.
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αi x

y

ρi

wi

Fig. B.1: Geometry of the double-slot iris.

radiation in the half-space z > 0 are, in slot 1 (s1) and slot 2 (s2):

ms1(ρ, ϕ) =
1

ρ
cos(

π

2αi
ϕ)rect(ϕ, 2αi)rect(ρ− ρi/2, w) (B.3)

ms2(ρ, ϕ) =
1

ρ
cos(

π

2αi
ϕ)rect(ϕ+ π, 2αi)rect(ρ− ρi/2, w) (B.4)

such that the total current is m⃗ = ms1ŷ +ms2ŷ.

B.1.1 Spectrum of the Iris Currents

We now consider the spatial Fourier transform of the currents in Eq. (B.3). The spectral
currents can thus be written as:

M⃗(kx, ky) =

∞∫
−∞

∞∫
−∞

m⃗(x, y)ejkxxejkyy dx dy (B.5)

Which we can transform to spatial coordinates (ρ, ϕ) and spectral coordinates (kρ, α)
in the usual way:

M⃗(kρ, α) =

2π∫
0

∞∫
0

m⃗(ρ, ϕ)ejkρρ cos(α−ϕ)ρ dρ dϕ (B.6)
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By substituting the currents from Eq. (B.3) into this double integral, we obtain:

My(kρ, α) =

αi∫
−αi

cos

(
π

2αi
ϕ

) (ρi+wi)/2∫
(ρi−wi)/2

ejkρρ cos(α−ϕ) dρ dϕ

+

αi∫
−αi

cos

(
π

2αi
ϕ

) (ρi+wi)/2∫
(ρi−wi)/2

e−jkρρ cos(α−ϕ) dρ dϕ

=

αi∫
−αi

2 cos

(
π

2αi
ϕ

) (ρi+wi)/2∫
(ρi−wi)/2

cos
(
kρρ cos(α− ϕ)

)
dρ dϕ (B.7)

The ρ-integrals can closed analytically:

ρi/2+wi/2∫
ρi/2−wi/2

cos(kρρ cos(α− ϕ)) dρ

=
sin
(
kρ

ρi+wi

2 cos(α− ϕ)
)
− sin

(
kρ

ρi−wi

2 cos(α− ϕ)
)

kρ cos(α− ϕ)

=
2

kρ
sec (α− ϕ) cos

(
kρρi
2

cos (α− ϕ)

)
sin

(
kρwi

2
cos (α− ϕ)

)
The double integral in Eq. (B.6) is thus reduced to a single integral:

My(kρ, α) =
2

kρ

αi∫
−αi

cos

(
π

2αi
ϕ

)
sec(α− ϕ) (B.8)

· cos
(
kρρi
2

cos (α− ϕ)

)
sin

(
kρwi

2
cos (α− ϕ)

)
dϕ
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B.2 Rectangular waveguide
For a rectangular waveguide with TE10-mode distribution along y⃗ with dimensions
a× b (a along x̂, b along ŷ), the electric field can be written as [176, Table 12.1]:

ey = E0 cos

(
π

a
x

)
rect (x, a) rect (y, b) (B.9)

The equivalent spatial magnetic current distribution is given by:

mx = 2E0 cos

(
π

a
x

)
rect (x, a) rect (y, b) (B.10)

The spectrum of this magnetic current is:

M⃗(kx, ky) =

∞∫
−∞

∞∫
−∞

m⃗(x, y)ejkxxejkyy dx dy

= x̂

b/2∫
−b/2

ejkyy dy

a/2∫
−a/2

cos

(
π

a
x

)
ejkxx dx

=
abπ

2
(
π2 − k2

x

a2

) cos

(
kxa

2

)
sinc

(
kyb

2

)
x̂ (B.11)

152
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B.3 Circular waveguide
To calculate the spectral magnetic currents from a circular waveguide with a radius of
ρ0, supporting only the TE11 modal distribution, the method in [178, p. 337] provides
a starting point2. Alongwith the Bessel-generating identities of Eq. (A.6), the following
identities are also required:

J0(kcρ) =
1

kcρ
J1(kcρ) + J ′

1(kcρ) (B.12)

J2(kcρ) =
1

kcρ
J1(kcρ)− J ′

1(kcρ) (B.13)∫
xJn(ax)Jn(bx) dx =

x
[
bJn−1(bx)Jn(ax)− aJn−1(ax)Jnbx

]
a2 − b2

(B.14)

in which the notation J ′
1 indicates the derivative of the argument should be taken and

Eq. (B.14) is known as Lommel’s (first) integral [179, p. 10].

The electric field at the aperture z = 0 of the ground plane, given by theTE11 mode3

is given as [136, p. 128]:

e⃗(ρ, ϕ, 0) = −jωµ
kc

(
1

kcρ
cos(ϕ)J1(kcρ)ρ̂− J ′

1(kcρ)ϕ̂

)
However, it is more useful to describe the field distribution using Cartesian po-

larization. Using double-angle formulas for trigonometric functions and Eqs. (B.12)
and (B.13), the field distribution is equivalently given by:

e⃗(ρ, ϕ, 0) = −jωµ
2kc

([
J0(kcρ) + cos(2ϕ)J2(kcρ)

]
x̂+ J2(kcρ) sin(2ϕ)ŷ

)
Thus, the spatial equivalent magnetic current distribution is:

mx(ρ, ϕ, 0) = −jωµ
kc

J2(kcρ) sin(2ϕ)

my(ρ, ϕ, 0) =
jωµ

kc

(
J0(kcρ) + J2(kcρ) cos(2ϕ)

)
2For a vacuum-filled waveguide, µ = µr = 1 in these equations.
3Thewaveguide also supports the samemodal field when it is rotated around the z-axis, but here, without

lack of generality, we assume that the field at the origin is polarized along x̂, which is equivalent to choosing
A = 1; B = 0 in [136].
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The spectral magnetic current distributions are calculated as follows:

Mx(kρ, α) =
jωµ

kc

ρ0∫
0

J2(kcρ)ρ

2π∫
0

sin(2ϕ)ejkρρ cos(α−ϕ) dϕ dρ

=
jωµ

kc
sin(2α)

ρ0∫
0

J2(kcρ)J2(kρρ)ρ dρ

using Eq. (A.33). The remaining integral is Lommel’s formula (Eq. (B.14) with n = 2).
Thus:

Mx(kρ, α) =
2πjωµρ0

kc(k2ρρ
2
0 − k2cρ

2
0)

sin(2α)
[
kcJ2(kρρ0)J1(kcρ0)

−kρJ1(kρρ0)J2(kcρ)
]

(B.15)

The same procedure is employed to calculate the spectral currents along ŷ:

My(kρ, α) =
jωµ

kc

ρ0∫
0

J0(kcρ)ρ

2π∫
0

ejkρρ cos(α−ϕ) dϕ dρ

+
jωµ

kc

ρ0∫
0

J2(kcρ)ρ

2π∫
0

cos(2ϕ)ejkρρ cos(α−ϕ) dϕ dρ

These ϕ-integrals are closed using Eq. (A.33):

My(kρ, α) =
j2πωµ

kc

 ρ0∫
0

J0(kρρ)J0(kcρ)ρ dρ− cos(2α)

ρ0∫
0

J2(kcρ)J2(kρρ)ρ dρ


Which are again Lommer’s integrals (B.14) for n = 0 and n = 2:

My(kρ, α) =
2πjωµρ0

kc(k2ρρ
2
0 − k2cρ

2
0)

[
kρJ1(kρρ0)J0(kcρ0)− kcJ0(kρρ0)J1(kcρ0)

+ cos(2α)
(
kρJ1(kρρ0)J2(kcρ0)− kcJ2(kρρ0)J1(kcρ0)

)]
(B.16)
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Appendix C
Submillimeter-Wave Dual-Band Lens Feed

In this Appendix, we describe the synthesis and analysis of a 4x4 focal-plane array
(FPA) of dual-band (210-240 GHz and 500-580 GHz) lens antennas under a parabolic
reflector. The work presented in this Appendix was performed in the framework of the
COMETS project at the Jet Propulsion Laboratory [66], to enable spectroscopic map-
ping of comets. A dual-band submillimeter-wave lens antenna prototype is currently
being fabricated and measured at the Jet Propulsion Laboratory.

Contrary to the other lens antenna designs in this thesis, the goal is not to create a
phased array of lenses for which a maximization of the aperture efficiency of the lens
is required. Instead, the lenses should form a focal-plane array under a reflector with
the goal of achieving equal and overlapping on-sky beams in both frequency bands.
However, the analysis and design methodologies presented in this Appendix, especially
those regarding the leaky-wave feed, is analogous to themethods described in themain
Chapters of this thesis.

C.1 Introduction
Comets provide a unique window through time, to the early days of our Solar System,
as they are mostly unprocessed remnants of the cold accretion in the outer proto-
planetary disk [15], [58]. Submillimeter instruments are well suited to observe them
remotely, due to the presence of rotational lines of major cometary volatiles (e.g. wa-
ter, CO, NH3, CH3OH) in the 210-240 GHz and 500-580 GHz bands [57], [180].
An example of such instrument is the Microwave Instrument on the Rosetta Orbiter
(MIRO), which surveyed comet 67P/Churyumov-Gerasimenko in 2014-2016 [58]. It
was a single pixel instrument that used a diplexer to split the radiation onto two inde-
pendent receivers [180]. Although a lot of scientific discoveries were made with this
instrument, it suffered from its single pixel receiver architecture, with a very narrow
beam (7.5 arcmin at 560 GHz). The combination of small beam footprint in the close
vicinity of 67P’s nucleus (10 to a few hundred km) and relatively fast rotation period
(12.1 hours) made it impossible to entirely map the nucleus and the inner coma be-
fore 67P significantly rotated. The highly irregular shape of the nucleus results in fast
changes in the illumination from the Sun, even at small scales, which in turn results
in an extremely asymmetric outgassing geometry and variable gas environment (both
spatially and temporally).

Parts of this Chapter have been published in [C22] and [C6].

155



APPENDIX C. SUBMILLIMETER-WAVE DUAL-BAND LENS FEED

The very restricted spatial and temporal coverage of the coma environment intro-
duces significant uncertainties in the derivation of global and local gas production rates
from the coma data. In addition, because the coma is very asymmetric and changes
rapidly, the analysis of the data requires complex numerical modeling, which is com-
putationally intensive. The integration and processing time per pixel takes several
hours or days. The coma model themselves have significant uncertainties in their in-
put parameters, necessitating multiple runs to compare with the data. The only way
to improve on spatial and temporal sampling of the coma for future submillimeter in-
struments, thereby providing a larger sample base to better constrain the models from
which gas production rates and abundances are derived, is to develop a multi-pixel ar-
chitecture. Furthermore, given that the data analysis is computationally intensive and
2 frequency ranges are of interest, an architecture in which both beams aligned in the
field of view with the same beamwidth to spatially cover the same area on the comae
(see Fig. 1) would significantly facilitate the data analysis tasks. Moreover, a more
compact and integrated instrument with lower power consumption would facilitate
infusion in future space missions.

The next generation of a MIRO-type instrument will need a focal plane array to
decrease the image acquisition time, and, both receivers will need to be integrated
within the same FPA in order to save power, mass and volume. Several such dual-band
instruments are currently being developed by NASA/JPL, such as [59], [66]. Specif-
ically, COMETS – Comet Observation & Mapping Enhanced Terahertz Spectrometer,
addresses the limitations outlined above by featuring the first broadband, all-solid-
state submillimeter-wave heterodyne array spectrometer and radiometer. COMETS is
currently under development at NASA Jet Propulsion Laboratory [66], and relies on
advanced Schottky diode receiver technology and antenna technology to combine two
bands (210-240 GHz and 500-580 GHz) into a 16-pixel single receiver channel. This
allows to perform fast velocity-resolved maps of most of the key cometary volatiles.

From the antenna’s point of view, this means that we need an antenna coupled to
two independent waveguides into the two individual mixers covering the lower and
higher frequency ranges. This avoids the losses associated with using a frequency
diplexer. For example, waveguide-based diplexers, used for instance at Ka-band for
satellite communications [181], are long structures that become lossy and unrealizable
with metal CNC machining at submillimeter wavelengths. Other more integrated du-
plexing solutions, for example MMIC LNAs receivers found at millimeter-wave bands
[182], [183], have unfeasibly high losses for Schottky-based receivers in the WR-1.5
frequency band.

To this end, we are developing a dual-band integrated 4× 4 focal plane array (FPA)
that achieves overlapped beams in the field of view with identical beamwidths at fL =
210 − 240 GHz (LF) and fH = 500 − 580 GHz (HF). The lens antennas build further
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on the concepts introduced in [103] and [184]. A first concept was proposed in [185],
where we use an FPA of fused silica lens antennas under a parabolic reflector, see Fig.
1(a). We proposed using a fused silica elliptical lens that is fed by two individual
waveguide feeds offset from the center of the lens as the FPA element. A leaky-wave
stratification based on a single-layer FSS is used to shape the radiation patterns into the
lens, see Fig. 1(b), such that the lens illumination is equal at fL and fH and achieves
high Gaussicity [186]. As a result, when the FPA is placed at the focus of a parabolic
reflector, the beams radiated by the reflector will overlap and have equal beamwidth
on-sky.

In this Appendix, we present the synthesis procedure of the leaky-wave stratification
that is used to shape the radiation patterns inside the lens. The stratification consists
of an air cavity, a dielectric transformer layer (comparable to the transformer layer in
Chapter 6), a frequency-selective surface (FSS) and the lens material which is modeled
as a semi-infinite dielectric. We show how to optimize the parameters of this strati-
fication, i.e., the thickness and permittivity of the dielectric layers and the required
FSS. We then synthesize the shape of the FSS based on these requirements. The op-
timization procedure finds the propagation constants of the leaky-wave modes at fL
and fH simultaneously. Based on the stratification, we present the achieved radiation
patterns inside the lens (the primary patterns), the radiation patterns outside the lens
(the secondary patterns) and the on-sky beams (after the parabolic reflector, i.e., the
tertiary patterns). We are developing a submillimeter-wave dual-band lens antenna
prototype, and progress towards its demonstration is also reported.

C.2 Dual-Band Quasi-Optical System
The goal of this work is to design a quasi-optical system operating in the 210-240
GHz and 500-580 GHz frequency bands and provides beams in the sky with the same
beamwidths and with high Gaussicity. In order to achieve these requirements, we
propose to use a dual-band leaky-wave lens antenna in the focal plane of a parabolic
reflector, see Fig. C.1. Equal on-sky beamwidth is achieved by efficiently illuminating
the reflector at the low frequency band and under-illumination at the high frequency
band. High on-sky Gaussicity is achieved by synthesizing beams to have high Gaussicity
in the entire quasi-optical system, i.e., from primary patterns to tertiary patterns.

The scheme of the proposed lens antenna is shown in Fig. C.2a. A lens is fed by two
waveguides that couple from the low frequency fL and high frequency fH receivers to
the same leaky-wave stratification. Both waveguides are excited by the fundamental
TE10 mode with the same polarization. Although the mutual coupling could be re-
duced when orthogonal polarization is used, the fabrication complexity of the metal
split-block is significantly reduced for this prototype by using the same polarization.
Therefore, the impact of the mutual coupling is also considered here. In order to match

157



APPENDIX C. SUBMILLIMETER-WAVE DUAL-BAND LENS FEED

Fig. C.1

the waveguide impedance to the leaky-wave stratification, each waveguide is termi-
nated by a double-slot iris as in [20], [103]. The feeds are offset from the center of the
lens focus and will, consequently, produce a beam tilt in the secondary patterns. An
elliptical lens with a low permittivity is used to minimize this beam tilt. Here, fused
silica (εr = 3.8) is used because it is a low-loss material at submillimeter wavelengths.

(a) (b)

Fig. C.2: The geometry of the stratification of the dual-band lens antenna in (a) and its equivalent transverse
network in (b).

In order to achieve equal beamwidth in the tertiary fields, the area of the reflector
illuminated by the lens at fL must be a factor (fH/fL)2 larger than the reflector’s area
illuminated by the lens at fH . Thus, the secondary fields should have this beamwidth
ratio. Consequently, the primary field will need to have equal beamwidth for both fL
and fH . The analysis presented in the next Section describes how we achieved equal
lens illumination at fL and fH using a multi-mode leaky-wave feed.

C.3 Dual-Band Leaky-Wave Lens Feed Design
Half-wavelength resonant leaky-wave lens antenna feeds, consisting of a ground plane,
half-wavelength air cavity and a semi-infinite medium support the propagation of
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three leaky-wave (LW) modes at the central frequency: the main TM1 / TE1 nearly-
degenerate modes and a spurious TM0 mode [103]. These LW modes are character-
ized by a complex propagation constant that can be expressed as kLW

ρ = kd[sin(θLW )+

jαLW ]. Here, θLW = arcsin (βLW ) is the LW pointing angle and αLW is the radial leak-
age rate in the cavity. The two main modes (TM1 and TE1) form a symmetric, nearly-
Gaussian beam around broadside. The spurious TM0 mode radiates towards larger
angles and is therefore usually suppressed. The suppression of the TM0 mode can be
achieved with a double-slot iris on a thin membrane above the feeding waveguide,
also ensuring impedance matching between the waveguide and the stratification [20],
[103].

The bandwidth of resonant leaky-wave lens feeds is inversely proportional to the
permittivity of the semi-infinite medium [20]. For example, low-permittivity plastic
lenses (εr = 2.5) can achieve 40% bandwidth [20] and silicon lenses (εr = 11.9)

can achieve 15% bandwidth [103]. To achieve a wider bandwidth in a silicon lens,
we have developed a leaky-wave lens feed with 5 propagating leaky-wave modes in
Chapter 6. However, none of these feeds are able to cover the bandwidth require-
ments for COMETS: fL =210-240 GHz and fH =500-580 GHz. The ultra-wideband
leaky-wave slot antenna that uses only the frequency-independent TM0 mode [147]
is able to cover both bands in a single feed. However, the technological challenge of
integrating such a slot antenna with the waveguide-based receivers at the Jet Propul-
sion Laboratory is considerable. Thus, to overcome the bandwidth limitation, we have
investigated a dual-band leaky-wave lens feed that is waveguide-based and achieves
approximately 15% bandwidth around 225 GHz and 540 GHz simultaneously.

The leaky-wave lens feed that we have investigated exploits the properties of a
frequency-selective surface (FSS) to create a resonant cavity at fL and fH simultane-
ously. An earlier FSS-based dual-band antenna was developed in [184] that radiates
into free-space. Here, instead, we propose the use of an FSS in a lens feed. Compared
to a leaky-wave antenna radiating into free space, the bandwidth of a lens feed using
the same leaky-wave poles is increased [103]. Furthermore, this approach allows us
to achieve equal radiation patterns in both frequency bands.

C.3.1 Leaky-Wave Modes in Semi-Infinite Fused Silica

To obtain an optimization goal of the final (dual band) leaky-wave feed, we have
first investigated the leaky-wave poles that propagate in the standard half-wavelength
cavity with a fused silica lens material. Such a leaky-wave feed, using a double-slot iris
to suppress the spurious TM0 mode achieves normalized TM1 / TE1 LW modes that
are nearly equal and are given by kFS

ρ /kd ≈ 0.21 − j0.22 at the central frequency. In
this case, the central frequency is fc=385 GHz, which lies exactly between the desired
fL and fH . The radiation patterns of this feed into fused silica are shown at fC in
Fig. C.3. This antenna could achieve up to 40% bandwidth [20], i.e., from 300-460
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Fig. C.3: Primary radiation pattern of a leaky-wave antenna consisting of a stratification with a half-
wavelength resonant cavity into semi-infinite fused silica.

In the next Section, we investigate the possibility of achieving the same normal-
ized leaky-wave poles, kFS

ρ /kd, at fL ≈ 0.6fc (225 GHz) and fH ≈ 1.4fc (540 GHz)
simultaneously.

C.3.2 Stratification Synthesis Procedure

An overview of the stratification we have analyzed is in Fig. C.2a. The feed consists of
two square waveguides (one for the low frequency band and one for the high frequency
band), each terminated by a double-slot iris in a ground plane. The stratification above
it consists of an air cavity with thickness hc, a transformer layer with thickness ht and
permittivity εt an FSS and the semi-infinite fused silica. The transverse equivalent net-
work is shown in Fig. C.2b. Wemodel the FSS using a homogenized surface impedance
which is represented byZFSS. As will be described here, we optimize the values of these
parameters to obtain the desired leaky-wave poles at fL and fH .

The leaky-wave modes that propagate in the cavity are the solutions kLW
ρ of the TM

or TE dispersion equation:

DTM/TE(kLW
ρ ) = Z

(1)
up (kLW

ρ , ZFSS, ht, εt) + Zdown(k
LW
ρ , hc) = 0 (C.1)

The impedances Z(1)
up and Zdown = jZ0 tan (kz0hc) are the impedances “looking up”

and “looking down” into the transverse equivalent network of Fig. C.2b. To calcu-
late Z(1)

up , the impedance Z(2)
up = ZdZFSS/(Zd + ZFSS) is transformed, using the usual

impedance-transform equation, over the transformer layer with Zt and thickness ht.
Note, however, that ZFSS is frequency dependent.

We are interested in finding the parameters hc, ht, εt and ZLF
FSS , Z

HF
FSS which ensure

that kLW
ρ /kd ≈ 0.21 − j0.22 is a solution to Eq. (C.1) at fL and fH simultaneously.

Since there are many independent parameters that can be varied, we have limited
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the solution space as follows: First, the height of the cavity hc was limited between
0.3 ≤ hc/λc ≤ 0.6, where λc is the free-space wavelength at fc = 385 GHz. This cavity
size is close to the size of the standard resonant cavity. Second, the permittivity of the
transformer was limited to 2 ≤ εt ≤ 11.9. These permittivity values can be synthesized
by regular cylindrical perforations in a silicon slab, similar to the transformer layer in
Chapter 6. Third, several simplifying assumptions are made concerning ZFSS: it is i)
reactive only, i.e., ZFSS = 0 + jXFSS; ii) equal for TE and TM incidence; and iii) inde-
pendent of the angle of incidence. Finally, the height of the transformer layer ht was
kept as small as possible, which will help to minimize the number of undesired prop-
agating leaky-wave modes. Concretely, this last constraint means that when multiple
values of ht solve Eq. (C.1) while the other parameters are kept constant, the lowest
value of ht is selected.

The optimization procedure is as follows:

1. Values for the height of the cavity (hc) and the permittivity of the transformer
layer (εt) are chosen within the given limits.

2. For a range of transformer layer heights, we find the corresponding ZFSS that
solve Eq. (C.1) at low and high frequency with resulting leaky-wave poles at
k
LF/HF
ρ = kFS

ρ,LW .
3. We choose the solution of Eq. (C.1) such that

(a) Re{ZFSS} = 0 and
(b) ht is minimal.

To clarify the procedure, we apply the procedure to a specific case. Then, in the next
section, we present the generalized results of the procedure and select the optimized
design.

1. The height of the cavity is selected as hc = 0.5λC and the permittivity of the
transformer is chosen as εt = 7.

2. The corresponding RFSS and XFSS that solve Eq. (C.1) at low and high frequency
for TE and TM polarization with the desired leaky-wave poles are shown as a
function of the transformer layer heights ht in Figs. C.4a and C.4b, respectively.
To validate that the parameters of the stratification and FSS result in the desired
LW poles in Eq. (C.1), the real and imaginary parts of the resulting LW poles are
plotted in Figs. C.4c and C.4d, respectively. Indeed, all LW poles are close to
0.21− j0.22.
(a) The purely reactive solution, RFSS = 0, is found graphically from Fig. C.4a

around ht/λt ≈ 0.26. The required XFSS is then found at ht/λt ≈ 0.26

in Fig. C.4b. Because the ideal ZFSS differs for TE and TM incidence, we
average the solutions. In this case, XLF

FSS ≈ 81Ω and XHF
FSS ≈ −134Ω.

(b) In this specific case, there is no other ht that satisfies our criteria and the
procedure is stopped with all parameters being found.
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Fig. C.4: The required FSS impedance (a) RFSS and (b)XFSS that solve Eq. (C.1) and the resulting real and
imaginary parts of kLW

ρ in (c) and (d), respectively.

We note that the above procedure and constraints limit our search space and the
procedure does not guarantee that a combination of stratification parameters and FSS
reactances can be found in which the desired TE / TM leaky-wave modes propagate.
However, in practice we did find solutions for every εt ≥ 3.

C.3.3 Stratification Synthesis: Generalized Results

Next, more general results from the optimization procedure are obtained. The result-
ing LW modes are presented as a function of the permittivity of the transformer layer
εt. Although we have investigated several values of the cavity height, we limit the
presentation here to hc = 0.4λc. For smaller values of hc, no suitable solutions were
found that satisfy all our constraints. For larger cavity sizes, more undesired LWmodes
propagate, which negatively affects the quality of the radiation patterns. This problem
is especially manifest in the high frequency band where the cavity is electrically much
larger than in the low frequency band.

In Fig. C.5, we show the real and imaginary parts of the obtained LW poles as a
function of the relative permittivity of the transformer layer at the low (Figs. C.5a

162



C.3. DUAL-BAND LEAKY-WAVE LENS FEED DESIGN

and C.5b) and high frequency (Figs. C.5c and C.5d) band. Note that for each value
of εt, the required FSS impedance and transformer thickness ht is different but they
are the result of the optimization procedure in the previous section. From Fig. C.5, it
is apparent that a solution to the dispersion equation can be found that results in LW
modes that are very close to the desired kFS

ρ at both the low frequency and the high
frequency simultaneously when εt ≥ 3. These modes are indicated in black.
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Fig. C.5: Real and imaginary parts of all propagating leaky-wave modes: For the low-frequency band in (a)
and (b) and for the high-frequency band in (c) and (d).

From Fig. C.5, it is also apparent that these targeted LW modes are not the only LW
modes that propagate. For the low frequency, a spurious TM0 mode propagates which
must be suppressed using the double-slot iris. At the high frequency band, more than
three modes propagate (the two extra modes are the TM2 and TE2 mode). This is due
to the combined height of the cavity and transformer layer, hc + ht.

C.3.4 Selection and Synthesis of the Optimized Stratification

During the analysis of the results of the previous section, we found a trade-off in the
value of εt: For high εt, the attenuation constant of the TM2 and TE2 modes is large,
which will reduce their impact on the radiation patterns and increase the quality of
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the patterns. However, a large εt will also reduce the bandwidth around fL and fH
in which the desired LW modes propagate. Therefore, a compromise must be made.
We have found that εt = 5 minimizes the influence of the spurious modes while still
covering the desired bandwidths. The rest of the parameters follow from the opti-
mization procedure in the previous section: ht = 0.29λt = 101µm, XLF

FSS = j100Ω

and XHF
FSS = −j350Ω.

The bandwidth of the stratification was analyzed by calculating the main LW modes
that propagate in the optimized stratification as a function of frequency in both bands.
We show the real and imaginary part of the normalized LW poles in Figs. C.6a and C.6b,
respectively. The x-axis of this figure represents both the low and high frequency
bandwidth that we are targeting, i.e., f/fL for the low frequency and f/fH for the
high frequency band. The leaky-wave poles are not very dispersive in either band.
Furthermore, the poles are close to the LWmodes that propagate in the standard single-
band resonant LW lens feed with a fused silica lens which are shown for reference.

Standard fused silica Τ𝜆 2 LWA

W/ FSS, 𝜀𝑡 = 5, 210-240 GHz

W/ FSS, 𝜀𝑡 = 5, 510-580 GHz

TM1 TE1

(a)

Standard fused silica Τ𝜆 2 LWA

W/ FSS, 𝜀𝑡 = 5, 210-240 GHz

W/ FSS, 𝜀𝑡 = 5, 510-580 GHz

TM1 TE1

(b)

Fig. C.6: Propagating leaky-wave modes as a function of frequency in the low and high frequency band with
a comparison to the modes that propagate in the standard λ/2 antenna.

Next, the required FSS and transformer layer were synthesized in real materials.
For the FSS, a periodic structure consisting of loops in a ground plane with a period of
around λc/2was chosen, since it behaves as a capacitance at low frequencies and as an
inductance at high frequencies. The dimensions of the FSS are indicated in Fig. C.7a.
The desired permittivity of the transformer layer, εt = 5, was synthesized according to
the method in [140] which was also applied in Chapter 6: a silicon (εr = 11.9) slab
was perforated in a triangular lattice with period d = 23µm and p = 27µm, as shown
in Fig. C.7a.

164



C.4. IMPLEMENTATION AND PERFORMANCE ANALYSIS OF THE OPTIMIZED LENS FEED

Silicon

Air

Unit cell

Top view𝑝 𝑑 124 𝜇𝑚
119 𝜇𝑚

71 𝜇𝑚
(a)

𝑠𝐿𝐹 𝑠𝐻𝐹 𝑤 𝛼𝑑𝑡𝐿𝐹 𝑡𝐻𝐹
(b)

Low-frequency iris

α 72◦

d 844 µm
w 290 µm
t 72 µm
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w 150 µm
t 10 µm
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(c)

Fig. C.7: Geometrical parameters of (a) the periodic perforations of a silicon slab and the FSS, (b) the
double-slot irises and (c) tabulated dimensions of the double-slot irises.

C.4 Implementation and Performance Analysis of the Optimized
Lens Feed
Impedance matching to the waveguides in both frequency bands is achieved by ter-
minating each waveguide with a double-slot iris (see Fig. C.7b). The dimensions of
these irises were chosen such that the spurious TM0 mode is suppressed as in [20],
[103]. Their thicknesses were determined by optimizing for the impedance matching
bandwidth using a parametric simulation in which the FSS is modeled using a sheet
impedance and the transformer layer is modeled using an isotropic slab. The opti-
mized iris dimensions are given in Fig. C.7c. The simulated reflection coefficient with
the simplified sheet impedance model is shown in Figs. C.8a and C.8b and is below
-12 dB in the low frequency band and below -19 dB in the high frequency band.

The radiation patterns of the feed into the lens are initially calculated using the spec-
tral Green’s function, again assuming the FSS can be modeled as a sheet impedance
and the transformer layer is an isotropic slab. The resulting patterns are shown in
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Fig. C.8: Impedance matching (S11) at (a) low frequency and (b) high frequency. The resulting primary
radiation patterns calculated using the spectral Green’s function are shown at (c) 225 GHz and (d) 540 GHz.
A comparison to full-wave simulations and the best-fitting Gaussian is also shown.

black in Figs. C.8c and C.8d at 225 and 540 GHz, respectively. Both beams have the
same beamwidth, demonstrated by a very high (>93%) coupling to the same Gaussian
beam superimposed in blue (the Gaussian beam is equal in both figures), confirming
this aim of the dual-band design.

To validate the optimized reflection coefficient and radiation patterns, the complete
feeding structure was simulated using a full-wave solver. In this validation simulation,
the actual FSS structure and the perforated silicon slab, as shown in Fig. C.7a, are
implemented. The full-wave radiation patterns, in red in Figs. C.8c and C.8d, are
nearly in very good agreement with the spectral Green’s function results, validating
the design methodology. The performance of the stratification as a lens feed in the
quasi-optical system is considered in the next Section.

C.5 Quasi-Optical System Performance
The radiation patterns of a 15 mm diameter lens fed by the optimized dual-band feed
of the previous section, were obtained using the antennas-in-reception methodology
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as discussed in Chapter 3 and [93]. Since the low- and high-frequency feeds are both
slightly offset from the focus of the elliptical lens (see Fig. C.2a), a beam tilt of around
1.8 degrees at and around 4 degrees is observed at the low and high frequencies,
respectively. The rotated radiation patterns (i.e., the patterns when looking in the di-
rection of the main beam) are shown in Figs. C.9a and C.9b at low and high frequency,
respectively. To show the beam tilt more clearly, the patterns are shown, uncorrected,
in Fig. C.9c. In this figure, the subtended angle of the reflector is also indicated.

Next, these radiation patterns were used in GRASP to calculate the radiation patterns
after a parabolic reflector with a diameter of 30 cm and f# = 4.4. These radiation
patterns are shown in Figs. C.9d and C.9e at the center of both bands. Indeed, the
radiation patterns have the same beamwidth in the two bands and overlap on the sky,
which were the main goals of this investigation.

The directivity and gain of these radiation patterns were calculated in both bands.
The difference between the gain and the directivity of this quasi-optical system is given
by the losses due to spillover and reflection in the lens and spillover in the reflector.
The directivity and gain are shown in Fig. C.10a as a function of normalized frequency.
The gain is nearly constant in frequency, between 54.5 dBi and 55 dBi, in both the
low- and high-frequency bands. Furthermore, the losses associated with spill over and
reflections in the lens are below -1 dB in the entire quasi-optical system and for both
frequency bands. Finally, we evaluated themain beam efficiency, defined as the ratio of
power in the main beam of the pattern after the reflector divided by the total radiated
power. This efficiency is above 96% in both bands as shown in Fig. C.10b.

C.6 Lens Antenna Prototype
We are developing and measuring a dual-band submillimeter-wave lens antenna pro-
totype at 210-240 GHz and 500-580 GHz to demonstrate the capability of this antenna.
The antenna and its constituting components are shown in Fig. C.11. It consists, from
bottom to top, of a copper split block with WR-4.3 and WR-1.5 waveguide flanges
to connect to frequency extenders (Fig. C.11a); several gold-plated processed silicon
wafers containing a rectangular-to-square waveguide transition (Fig. C.11b); a gold-
plated processed silicon wafer containing the double-slot irises (Fig. C.11c); a pro-
cessed silicon wafer containing the leaky-wave cavity which is partially perforated to
create the transformer layer (Fig. C.11d); and a fused silica lens with a diameter of 15
mm with the FSS patterned on the bottom (Fig. C.11e). The assembled prototype is
shown in Fig. C.11f.

Measurement activities of this antenna prototype are currently being carried out at
the Jet Propulsion Laboratory.
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C.7 Conclusion
We have reported the progress towards a dual-band leaky-wave lens antenna operating
at 210-240 GHz and 500-580 GHz simultaneously. The lens antenna can be used in a
focal-plane array placed in the focus of a parabolic reflector. This quasi-optical system
achieves overlapping beams and constant gain on-sky in both frequency bands. Such
capability is essential for the COMETS spectrometer and radiometer that is currently
under development at NASA/JPL. In this Appendix, we have emphasized the analysis
and synthesis of the leaky-wave stratification for this antenna, which support leaky-
wave modes that are similar to a half-wavelength resonant lens feed, but operate here
at two bands simultaneously. The synthesis is based on a leaky-wave analysis of a new
stratification that achieves dual-band operation due to a frequency-selective surface
and a dielectric transformer layer. The design methodology has been validated by full-
wave simulations. We have shown the progress towards a submillimeter-wave antenna
prototype that is currently being measured. Results are expected to be published in
[J8] after completion of the measurements.
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Fig. C.9: Radiation patterns of the lens looking into the main-beam direction at (a) 225 GHz and (b) 540
GHz. The beam tilt is shown in (c). Radiation patterns of the 30 cm reflector at (d) 225 GHz and (e) 540
GHz.
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Fig. C.10: (a) Directivity and gain of the 30 cm reflector and (b) the main beam efficiency.
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(a) (b)

(c) (d)

(e) (f)

Fig. C.11: Photographs of the (components of) the prototype: (a) copper waveguide split block, (b) gold-
plated silcon transition wafers, (c) SEM image of the double-slot irises, (d) SEM image at various magnifica-
tions of the perforated silicon slab, (e) golden frequency-selective surface and (f) the assembled prototype
showing the lens, FSS, wafers and split block.
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