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Chapter 1

Introduction

.1 Quasi-Optics

Quasi-Optics (QO) is the specific branch of electromagnetic science and engineering that investigates
high frequency phenomena where diffraction due to the finite size of the scatterers cannot be neglected.
This definition was reintroduced by Leopold Felsen in 1965 [1]. The term Quasi-Optics, is in fact much
older, and has been used for the first time by F. Schroeter in 1929 [2], and then resurfaced in the aca-
demic publications about 30 years later [3]]. For a period of time Quasi-Optics was also referred to as
"Microwave Optics” in the literature [4,5].

One can trace QO principles and its applications back to the Hertz experiments (1887) [6], Fig.
when he showed that the nature of electromagnetic waves and light are comparable, and measured the
properties of electromagnetic waves as predicted by Maxwell’s equations. He aimed for devices with
sizes as small as possible for the experiment. To focus electromagnetic power in a directive beam, Hertz
used a cylindrical parabolic reflector made of Zinc with an aperture of 2 m by 1 m and a focal distance
of 12.5 cm. The experiment was performed at wavelength of 66 cm. Even though his reflector and
beam size both were only 2 wavelengths in size, he managed to demonstrate the propagation laws of
reflection and refraction for EM waves, previously only attributed to "Optics". Moreover, he studied
the polarization of the EM waves in his experiment. Marconi, in his early research period (1894) [7], also
employed reflector antenna, in the shape of parabolic cylinder, to obtain a directive beam of radiation at
wavelength of 25 cm. He achieved a communication link over a distance of 6.5 km using this antenna.
Similar early research were performed by Bose, Righi, Trouton and others [s5]. However, eventually for
along period of time, the interest of researchers shifted towards longer wave lengths for communication
purposes [s].

In the late 1950s, technological advancements allowed for development of near millimetre compo-
nents and systems. Thanks to this technological push, QO principles were again employed to design
systems (Quasi-Optical Systems) with high directive beams in this shorter wavelength regime [9]]. His-
torically in EM science and engineering, whenever the community is struggling with developing high
power sources, QO principles and careful design of QO components and their feeds resurface as a viable
solution.

The term Quasi-Optics can also be referred to methods for modeling and characterizing propaga-
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Figure .1: Hertz’s experiment in 1887 on demonstrating the propagation laws in EM waves . (1) Transmitter with a cylin-
drical parabolic reflector, (2) receiver with a similar cylindrical parabolic reflector, (3) octagonal wooden frame with parallel
wires, for demonstration of polarization, (4) stack of three wooden boxes to hold dielectric materials for demonstration of
refraction, (5) power supply, and (6) metal sheet reflector for the demonstration of reflection.

Quasi-optical
Component

The energy is focused
in a small area

Feeding

element v

Directive

Beam

A

Figure 1.2: Schematic representation of a Quasi-Optical System.

tion and interaction of high frequency electromagnetic waves. In general, these methods are assumed
to be accurate and computationally feasible when diameter of the components, D, are within the range
10 < D/A < 1000 (see Fig. [L2). Since Quasi-Optics concerns with the propagation of EM radia-
tion through optical components whose size is comparable to the wavelength where diftraction phe-
nomenon is significant, these days, microwave, mm-wave and THz antennas, are their main frequency
of interests. In comparison to classical Optics, at cm-, mm- and sub-mm wavelengths, EM propaga-
tion through QO components leads to more divergence and diffraction effects as well as coherence and
definite polarization state [9].
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1.2 Wide Field-of-View Quasi-Optical Systems at Sub-mm Wave-
lengths

In recent years, advanced QO based systems operating at (sub)-mm wavelengths are standard solutions
for the state-of-the-art sensing and imaging applications. Most common application of these systems
are for astronomical observations [1o} i1, 12, |13, 14, 15, 16, |17, 18, 19]], and standoff personnel screening
[20} 21, 22, 23, |24, |25, [26]; While QO systems are also used for industrial remote sensing, atmosphere
sensing and etc. Since operating in higher frequencies leads to higher data rates for communication
systems, new areas of research based on QO systems in sG and beyond sG systems are emerging [27)
28,129,130, 31,32, 33,345 35]. To meet the demanding performance requirements in these systems, highly
directive radiative beams are essential. Higher directivity leads to better angular resolution, which is a
key parameter in imaging scenarios; also in sensing and communication applications leads to a higher
signal to noise ratio. To achieve these requirements, QO components, e.g. reflectors and dielectric
lenses, are widely used in combination with antenna feeds. A few examples of such systems are reported
in Fig. As shown in Fig. a), thanks to use of QO systems, the mm-wave and THz radiation can
be focused into a certain direction. Here, based on the requirements in each application, gains in the
orders of 20 to 120 dBis are achieved. The QO systems with the reported directivities, are shown in
Fig. [r.3(b)-(1).

In the given examples, improving the Field of View (FoV) of the QO system is a key improvement
for many applications. Future security imagers will require larger Field of Views (FoVs), comparable to
the size of a human body (i.e. images with over 100000 pixels), and video rate speeds (> 10 Hz). The
presence of many detectors in the focal plane of an optical system (e.g., charged coupled device (CCD)
like configuration) enables the use of systems with none or very limited mechanical scanning. In space
applications, large FoV is also favorable and leads to improvement in overall image acquisition speed
[0} 11, 12} |r3]. Future high frequency communication systems with wide scanning performance [3s] are
also required to improve the cell coverage.

Besides wider FoVs, improving the bandwidth of operation in the future QO systems is another
major improvement for many applications. Recently, a THz 3D radar system with 3 : 1 bandwidth
ratio has been proposed [36] to achieve resolutions in the order of a millimetre. Passive radiometry
systems also benefit from large available bandwidth to achieve high sensitivities [22]. Due to the lack of
prior spectra knowledge from the source, the performance of astronomical spectrometers such as [37]
enhances by looking at a larger portion of the spectrum simultaneously.

One of the promising detector array configurations for wide FoV applications is the Fly’s eye lens ar-
rays coupled to antennas or absorbers, Fig. a) and (b). These systems are primarily integrated with
on-chip lens antennas, and operate with similar principles to CCD cameras. For instance, cryogenic
Kinetic Inductance Detectors (KIDs) based either on absorbers or planar antennas coupled lenses are
employed for passive cameras [11,12,13]. Moreover, in recent years, to realize large FoV imaging systems,
there has been a significant effort in developing large format Focal Plane Arrays (FPAs) of bare absorbers
based detectors with medium sensitivities for commercial sub-millimetre imaging cameras, Fig. c).
Some current cameras make use of KIDs [10, i1, |21, l41] or uncooled micro-bolometers [42,43)]. Tradi-
tionally, since the heat capacity of most bolometers scales with the area, antenna coupling structures
have been used to reduce the bolometer physical dimension [44], at the cost of a more complex FPA
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Figure 1.3: (a) Directivity of the state-of-the-art Quasi-Optical systems versus the size of their limiting aperture. (b) Cold
stage QO system of AMKID [i2]. (c) 2D steerable integrated lens antenna for sg communication system [31]. (d) THz
passive camera based on lumped element KIDS . (e) Cold stage optics for Short Wavelength Camera (SWCAM) .
(f) Cold stage optics for NIKA 2 instrument . (g) QO system of TIPPSI security Radar . (h) Cold stage optics
for DESHIMA spectrometer . (i) QO system of THz security imaging Radar . (j) A single element of fly’s eye
lens array for beyond sg communication systems . (k) QO system of CONSORTIS security imager which consists of a
passive camera and an active radar . (1) Passive THz imaging array: lens component and the antenna array .

architecture (e.g., fly’s eye lens arrays or horn arrays ) Instead, in , the use of FPAs of bare
absorbers was proposed for tightly sampled large format configurations, i.e. in combination with opti-
cal systems with limited mechanical scanning. Such configurations have been recently implemented in

astronomical instruments , and security imagers .

The trade-offs which dominate the design of focal plane arrays based on antenna feeds are well-
known, , especially when the systems are required to operate over narrow frequency bands. Fo-
cal plane arrays of bare absorbers are, however, much less studied. The amount of power received, and
the obtainable angular resolution are significantly different from the one of antenna feeds. The difter-
ence raises from the fact that absorbers, unlike single port antennas, respond incoherently to multiple
aperture field distributions induced by the incident field [50].

In summary, development of wide band wide FoV QO systems operating at (sub)-millimetre wave-
lengths is an essential step forward for the future imaging systems aiming at security and space applica-
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(@) (b) ()

Figure 1.4: (a) Fly’s eye configuration of KID coupled leaky wave antennas [12]. (b) Fly’s eye configuration of lumped
element KID absorbers . (c) Focal plane array of bare absorbers based on Kinetic Inductance Bolometers .

tions, as well as communication systems. In these systems, large format absorber based FPAs are a cost
efficient solution for passive cameras, while antenna based feeders are needed for applications where
phase information should be preserved.

In these scenarios, a full-wave electromagnetic analysis, which includes the coupling between the
Quasi-Optical (QO) system and the detector array, is numerically cumbersome and time-consuming.
To develop these advanced wide field-of-view Quasi-Optical systems, and fulfill their demanding re-
quirements, establishing a better theoretical frame-work for analysing and designing QO systems is
essential.

1.3 Analysis of Quasi-Optical Systems in Reception

A well known technique to analyse QO systems is the ray tracing. This technique has being used to an-
alyze Optics for centuries, as shown in Fig. [i.s[). Ray tracing is packaged in commercial software such
as OpticStudio [s1], Fig. [.s(b). This method is insightful and can be used to evaluate the propagation
of rays through a QO system providing first order estimation of phase aberrations in the systems.

An analysis tool for QO systems that is elegant and simple is based on Gaussian Beam propaga-
tion [s4], Fig. [.s[c). This representation, assuming the fundamental Gaussian mode, is appropriate
when the EM fields are well collimated with a clear direction of propagation and variation in transverse
direction. Here, the Maxwell’s equations are simplified to the Paraxial wave equation, where, it is as-
sumed that the variation of the magnitude of the EM fields along the propagation direction is small
over a distance comparable to the wavelength. This variation is also assumed small compared to the
variation of the EM fields along the plane perpendicular to the propagation direction. This method is
well suited for rapid analysis of on-axis propagation of EM waves through multiple QO components.
Moreover, this model is also applicable for approximating the radiation patterns of simple (sub)-mm
feeds such as corrugated or scalar horns [ss]]. As the result, the coupling of these feeds to the QO com-
ponents can be addressed directly by a single Gaussian beam propagation through the system. Despite
its merits, however, Gaussian beam propagation exhibits inaccuracies in analysing the current state-of-
the-art of QO systems. In particular: I) the considered Paraxial wave approximations in this model limit
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Incident Plane
Wave

Zf Focusing QO
Component

, Equivalent
sphere

Applicability
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)

Figure 1.5: (a) Ray tracing picture of a spherical mirror and its caustic points, fifteenth century, Leonardo da Vinci’s note-
book . (b) Ray tracing in OpticStudio environment . (c) Gaussian beam propagation along the horizontal axes,
where a focus point is identifiable in the middle. (d) TICR A tools environment . (e) Plane Wave Spectrum representa-
tion of the field scattered by a QO component towards its focal plane.

its applicability to scenarios with small scanning angles. In the case of wide angle optics, one needs to
analyse these structures using multi-mode Gaussian beams propagating through multiple QO compo-
nents. The complexity of this solution grows rapidly with more advanced geometries, and ultimately
the method loses its simplicity appeal. II) When the antenna feed is in the near field distance from QO
components, the distribution of EM fields are more complex and cannot be accurately represented by
Gaussian beam model. III) The model is not suitable for representing the radiation pattern of many rel-
evant integrated antenna feeders [56]. As the result of these limitations, for analysing or designing QO



1.3. Analysis of Quasi-Optical Systems in Reception 7

systems with wide field-of-views (wide angle optics) coupled to complex (wide band) feeders, modeling
the radiation phenomena using Gaussian beam is not appropriate.

A more accurate tool to investigate Quasi-Optical systems is needed when the typology of the dom-
inant scattering phenomenon is dictated by the actual size of the limiting apertures. In this situation,
diffraction plays the role of the main phenomenon. Diffraction accurately describes the effects of the
phase and amplitude distributions across radiating apertures [4]. A widely used high-frequency tech-
nique to analyse diffraction in QO systems is the Physical Optics (PO) which is packaged in commercial
software such as TICR A tools [s3], Fig. d). PO technique is a well-established and accurate method
to evaluate the fields radiated by electrically large scatterers. For instance, this method is suitable for
optimizing the shape of reflectors coupled to standard feeders. However, in commercial software, the
PO analysis of integrated lenses are not extensively explored when compared to the attention reflectors
received.

Independently from the techniques adopted, QO components can be analysed either in transmis-
sion (Tx) or reception (Rx) modes. The reciprocity theorem states that the analyses in both modes
are equivalent. In this work, we propose an analysis of emerging wide field of view imagers via the
derivation of their plane wave spectrum (PWS) in reception, Fig. [t.s{e). This spectral representation of
the field scattered by the QO system can be linked directly to other well known spectral methods for
analysing high frequency EM problems. Namely, spectral Green’s function for planar stratified medi-
ums [s7], Floquet-waves [58]], and related analysis techniques for specific EM problems such as: surface
wave and leaky wave radiations [59,60,(61], connected arrays [62], artificial dielectrics [63], and etc. This
approach also simplifies the procedure for co-design of QO components and their feeders, since both
the lens (or mirror) shape and feeder radiation properties can be synthesized directly from this PWS.
The optimal radiation pattern of an antenna feeder, and the optimal shape for QO components can be
derived directly by applying a conjugate field match condition [64, 65, 35]. In case of absorbers, their
optimal angular response can be derived by linking the PWS to an equivalent Floquet-modes circuit as
in [66].

In [67], a numerical evaluation of the incident PWS in a reflector system was described. A much
simpler approach using Fourier Optics (FO) [68] was proposed in [66]. Over a limited applicability
domain, this later approach led to analytical expressions for the incident PWS for parabolic reflectors
and elliptical lenses under broadside incident plane wave. In this work, we extend this analytical FO
approach for more canonical QO components (adding hyperbolic lenses), slightly skewed incident an-
gles; and combine the method with a numerical Geometrical Optics (GO) technique to analyse multi-
component QO systems for wide field-of-view applications. The analysis in [66] was aimed to focal
plane arrays of bare absorbers which are incoherent detectors. Therefore, the derived PWS neglected
the quadratic dependence of the focal field phase. Here instead, to properly include the coupling be-
tween two QO components, especially for oft-focuses cases and components located in the diffractive
region of one another, this quadratic phase is efficiently introduced by applying a local phase lineariza-
tion around the observation point in the focal plane.

In the case of QO systems with absorber based FPAs, in [47]], a basic study for deriving the trade-ofts
between the performances of bare absorbers and antennas was presented within the scope of astronomi-
cal instruments. In this work, instead, an accurate analysis of FPAs based on bare absorbers is performed
resorting to the described spectral analysis technique that links the spectrum of the optical system to
the one of the distributed absorber. The latter allows considering generic optical systems, even with low
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focal-to-diameter number, f;, (commonly referred also as /D ratio [69] ) and distributed absorbers.
With respect to previous works, the terminology used here is also more common to the reflector an-
tenna community [49].

1.4 Novel Contributions in this Thesis

The novel aspects of this thesis are summarized in two parts, new theoretical contributions, and novel
designs achieved due to the developed theoretical work, as following:

Novel Theoretical Contributions

o A spectral technique for analysing Quasi-Optical systems, referred to as Fourier Optics (FO), is
turther developed with respect to the previous works. Namely, analytical expressions, in the case
of broadside or slightly skewed incident plane wave angles, are obtained for analysing various
canonical components. Moreover, Geometrical Optics (GO) based codes for representing the
transmission of EM fields through dielectric material are studied. Together with available GO
codes for analysing the interaction of the EM fields with a reflective component, computationally
rapid codes based on GO-FO methods are developed for analysing QO systems with components
coupled to one another geometrically or in diffraction region. The applicability of the original
FO method is extended to wide angle QO scenarios, and for positions far away from the focus

of the component. This extension is also achieved by combining the FO technique with the GO
based codes.

o A spectral technique for analysing Quasi-Optical systems, referred to as Fourier Optics (FO), is
turther developed with respect to the previous works. Namely, analytical expressions, in the case
of broadside or slightly skewed incident plane wave angles, are obtained for analysing various
canonical components. Moreover, Geometrical Optics (GO) based codes for representing the
transmission of EM fields through dielectric material are studied. Together with available GO
codes for analysing the interaction of the EM fields with a reflective component, computationally
rapid codes based on GO-FO methods are developed for analysing QO systems with components
coupled to one another geometrically or in diffraction region. The applicability of the original
FO method is extended to wide angle QO scenarios, and for positions far away from the focus
of the component. This extension is also achieved by combining the FO technique with the GO
based codes.

e Thefield scattered by a QO componentatits focal plane is represented by a Plane Wave Spectrum
(PWS) which includes both amplitude and phase of the incident field, referred to as the Coherent
Fourier Optics (CFO). This development leads to analysing the diffractive coupling of multiple
QO components using FO methodology, where one component is placed at the focal plane of
another (placed at the diftraction limited region of the primary component).

e PWS representation of the focal fields scattered by QO components was combined with the spec-
tral techniques for analysing strip absorbers in previous works. Specifically, equivalent Floquet-
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modes circuits were used to model the periodic absorbing structure where the generators in these
circuits are related to the direct (incident) PWS. Here the methodology is extended to generic ab-
sorber shapes and oft-center positions in the FPA. This extended analysis tool is then employed to
derive the trade-ofts in absorber based imaging systems in terms of point source response, aper-
ture efficiency, point spread function, focusing efficiency, and in-coherent distributed source
response.

Novel Design Contributions

e Antennaanalysis in reception technique is combined with the developed codes for analysing QO
components. Together these methods are employed for analysing complete QO systems with
antenna based feeders. Here, large format lens based focal plane arrays (Fly’s eye configuration)
with optimal scanning performance over very wide field-of-views are studied. The synthesized
lens based FPA achieved scan losses much lower than the ones predicted by standard formulas
related to the direct field coming from an equivalent reflector for horn based FPAs. In partic-
ular, a FPA with scan loss below 1 dB while scanning up to +17.5° is presented with directivity
of 52 dBi, complying with the needs for the future sub-millimetre imagers. Towards the edge
of this FPA, surface of the integrated lenses are shaped based on the phase distribution of the
derived incident PWS to improve the scanning performance. It is worth noting that these shapes
are obtained directly as a solution given by the method, and not by employing iterative numer-
ical optimization techniques. This direct approach for designing lens based FPAs is realized by
developing the CFO methodology.

e The GO-FO method together with in reception analysis is also employed to design the wide
band single pixel QO system of DESHIMA 2.0 spectrometer. The QO system in this design
is based on hyper-hemispherical lenses coupled to reflector system. The lens is displaced from
the focal point of the reflector system, and it is large in terms of the wavelength. Therefore, the
performance of the architecture is less diffractive and has a more stable performance over the
frequency with respect to lenses located at the focal plane of a reflector system. However, the
geometry is in the near field distance from the reflector system, and traditional in transmission
methods are time consuming and cumbersome for optimizing the performance of such geome-
try. The design achieved an stable performance over the bandwidth (240-720 GHz) with average
aperture efficiency over frequency band of 65% including the feed losses. The preliminary beam
pattern measurements of the system are matched well to the expected pattern from the design
tool.

e FPA architectures based on multi-lens components for achieving wide band wide field-of-view
performances have been proposed. These architectures consist of multiple lenses which are large
in terms of the wavelengths and close to one another. Each multi-lens component scans a few
wide band beams and together the system can achieve a wide scan performance. Similar con-
strains as the previous point are present in the analysis of these geometries in transmission mode.
In fact, the proposed methodology in this thesis is orders of magnitude faster in analysing these
structures with respect to multi-surface PO codes.
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o These developed figures of merit for absorber based FPAs are employed to evaluate the perfor-

mance of a dual band security imaging system (CONSORTIS) operating from 100 GHz to 600
GHz with alarge format focal plane array of bare absorbers. The measured point spread function
of this imager is matched very well to the results obtained from the theory.

1.5 Outline

This thesis is structured in four main parts. In Part I, which includes Chapters and the focus is on
representing the field scattered by QO systems as a Plane Wave Spectrum (PWS). Part II of the thesis,
Chapters[4}[s]and[6} focuses on antenna based Quasi-Optical systems with multiple QO components.
In Part III, Chapters[z]and[8} QO systems with absorber based FPAs are modeled using EM terminolo-
gies. Part IV contains the conclusion remarks and future outlook for continuation of this work. A

more detailed description of the chapters of this dissertation is given in the following:

In Chapter [z} magnitude of PWS for 4 major canonical Quasi-Optical components (parabolic
reflectors, elliptical, hyperbolic, and extended hemispherical lenses) is derived. In the case of
a plane wave excitation, an analytical expression for this PWS is obtained using a Geometrical
Optics (GO) code, for broadside and slightly skewed incident angles. A numerical GO code
is also employed for cases of large skew incident angles. Moreover, in this chapter the Fourier
Optics (FO) analysis is reviewed, and its applicability region is extended to cover large format

FPAs.

In Chapter the FO methodology is further developed to represent both amplitude and phase
of the incident PWS (referred to as Coherent Fourier Optics (CFO)). This goal is achieved by
including a quadratic phase, present in the field focused by the QO component, into the inverse
Fourier transform representation of the focal field of a QO component.

Firstly in Chapter |4, the incident PWS derived using CFO method is used to represent the
diffractive coupling in an example geometry: coupling between a FPA of elliptical lenses below a
parabolic mirror. Secondly, in this chapter a lens based FPA with optimal geometry is described
to maximize scanning performances in high frequency imaging systems. An example architec-
ture, relevant to the state-of-the-art security imagers, which achieves scan loss below 1 dB while
scanning up to +17.5° is also presented.

In Chapter([s} a wide band single pixel QO system for DESHIMA 2.0 spectrometer is designed.
This design is based on the developed methodology with a stable performance over a wide band,
i.e. 65% average aperture efficiency of over a 3 : 1 bandwidth ratio (240GHz-720GHz).

In Chapter|6} a wide band wide field-of-view QO system is proposed for future multi-color imag-
ing applications. This system has a FPA in which each element consists of multi-lens components
coupled geometrically together. Moreover, each element is fed by an array of antennas. The com-
putationally efficient tool for analysing this architecture is discussed in this chapter.
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e In Chapter[7} absorber based FPAs for low cost QO systems are discussed. An EM based model
for such structures is described using known terms in the community, such as: effective area,
pattern in reception, aperture and focusing efficiency. The coupling of these geometries to point
as well as distributed sources is explained here using these terminologies.

° Chapter describes an absorber based FPA using Kinetic Inductance Bolometers for security
applications. This passive imaging system operates approximately from 100GHz to 600GHz.
The performance of this system is evaluated using the developed methodology and itis compared
to the measurement point spread functions with excellent agreement.

e Chapter[g} concludes the dissertation with a review of the most significant results presented, and
an overview on possible future developments.
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Part 1

Development of Coherent Fourier Optics

Methodology

In this part, the spectral representation of scattered fields by a Quasi-Optical (QO) system is obtained
using Fourier Optics (FO) approach. This representation is in the form of a plane wave spectrum
(PWS). In Ch. [2} magnitude of this PWS for 4 major canonical QO components is derived. When
these components are illuminated by a plane wave from broadside or slightly skewed angles, an analyt-
ical expression for this PWS is presented by combing the FO method with a Geometrical Optics (GO)
code. In the case of wide angle optics, i.e. when QO components are illuminated by large skew incident
angles, FO method is combined with a numerical GO code to obtain the PWS. Moreover, the appli-
cability region of the FO method is extended to analyse these wide angle optics. In Ch. [3} to analyse
coherent detectors far from the focus of a QO component, both magnitude and phase of the incident
PWS is derived. This technique is referred to as the Coherent Fourier Optics (CFO).



14




Chapter 2

Plane Wave Spectrum of Quasi-Optical
Components Using Fourier Optics

Future (sub)-millimetre imagers are being developed with large format focal plane arrays of detectors.
This chapter presents a spectral technique for the analysis of such focal plane arrays in reception using
Fourier Optics (FO). This analysis derives the Plane Wave Spectrum (PWS) of Quasi-Optical (QO) sys-
tems in reception for four widely used QO components. Namely: parabolic reflectors, elliptical, extended
bemispherical, and hyperbolic lenses. An analytical expression for the PWS of 3 of these components is
derived for broadside and moderately skewed incident angles. Moreover, exploiting a Geometrical Op-
tics (GO) based approach, the method can be used to analyse FPAs with wide fields of view. The proposed
technique is validated with full-wave simulations.
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2.1 Introduction

As discussed in Chapter i} in recent years, advanced Quasi-Optical (QO) based systems operating at
(sub)-mm wavelengths are employed as the state-of-the-art solutions for sensing and imaging appli-
cations. These systems are employed for astronomical observations [10} 11, 12} 13], standoft personnel
screening [20,21,122}23,26], and new generation of wireless communication [29,30,31,32, 335345 35

These QO components can be analysed either in transmission (Tx) or reception (Rx) modes. The
reciprocity theorem states that the analyses in both modes are equivalent. By employing a field match-
ing technique, as detailed in Sec. and [64], at a sphere centered at the focus of the QO compo-
nent, the geometry of the antenna feeder can be optimized to match its radiated field to the incident
Plane Wave Spectrum (PWS). This approach provides insight for directly designing QO systems with
multiple components. This insight is not available when one cascades in Tx analysis to design such
geometries. Moreover, in most cases of multi-mode antennas coupled to incoherent detectors, the cur-
rent distribution at the antenna aperture is unknown. Therefore, it is more convenient to evaluate the
coupling of these antennas to a QO system in Rx, as performed in [70]. In the case of absorber based
systems, the incident PWS can be linked to spectral techniques such as equivalent Floquet-modes cir-
cuit model of absorbers to evaluate the power captured by the detectors, as discussed in Part III of this
thesis.

A Physical Optics (PO) code, can be used to indirectly calculate the incident PWS of a QO com-
ponent as the Fourier transform of the focal field as in [67]. However, the Fourier Optics (FO) method
described here is a direct and much simpler approach (without the numerical Fourier transform inte-
gral) to obtain this PWS. The derivation of the standard FO representation of the scattered fields by a
QO component is given in Appendix[A] The proposed FO approach is a relevant and useful tool for
synthesizing antennas or absorbers coupled to QO components.

In this chapter, the PWS of four canonical QO components, parabolic reflectors, elliptical, ex-
tended hemispherical, and hyperbolic lenses, are derived to provide design possibilities. These com-
ponents are illustrated in Fig.

The developed code can generate ray tracing plots for QO components, as shown in Fig. These
plots provide a first order understanding of the propagation scenario, including the incident, and scat-
tered fields. The incident PWS of QO components are then obtained using a Geometrical Optics (GO)
based code [71], detailed in Appendix[B] In Sec. this PWS is used to evaluate the performance of
a few simple test cases of QO systems based on simple antenna feeders. The results obtained here are
validated via full wave simulations and/or commerical PO based codes, with excellent agreements.

2.2 Plane Wave Spectrum Representation of the Focal Fields

Let us consider an example scenario where a QO component is illuminated by an incident plane wave
. . . . . > A — ‘_»f." Ag
as depicted in Fig. This plane wave is expressed as £* = Epp’e™’ K7 where P’ represents the polar-
-2, . . . . .
ization of the incident plane wave, £ is its amplitude, &' = k(sin 6° cos ¢*% + sin 6* sin ¢*j — cos 6°%)
is the wave-vector, & is the propagation constant of the medium where the plane wave is present, 7is a
vector indicating a position in the space, 6° and ¢’ represent the elevation and azimuth incident angles,
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Figure 2.1: The four considered geometries with their corresponding ray tracing illustrations. Blue and red rays represent the
incident plane waves, and scattered GO rays propagating to the focal plane of the QO component, where the antenna feeder
is placed, respectively. Illustrations and the ray tracing representations obtained from the tool, are shown in left and right
panels, respectively. (a) A parabolic reflector, (b) an elliptical lens, (c) a hyperbolic lens, and (d) an extended hemispherical
lens.

respectively.

The field scattered by the QO component on its focal plane is represented as a PWS. To realize
this step, an equivalent sphere centered at the focal point of the QO component, referred to as the FO
sphere, is introduced (see Fig. . Where Rro is the radius of this sphere; and 6° is the maximum
rim angle of the QO component. The FO validity region in the focal plane, as shown later in this



18 2. Plane Wave Spectrum of Quasi-Optical Components Using Fourier Optics

Incident Plane
Wave

Focusing QO
Component

zf

4 FO sphere

applicability

region
N

Xy

2.
Figure 2.2: Schematic representation of a FO scenario for a QO component illuminated by a plane wave from £ direction.

chapter, is directly related to the radius of the FO sphere; therefore, this parameter is chosen as large as
possible. The field scattered by the QO component is evaluated over this equivalent surface usinga GO
approach. The field at the focal plane of the QO component can be calculated using the PO radiation
integral via the introduction of equivalent surface currents which are proportional to the GO fields.
By asymptotically evaluating the PO radiation integral for observation points close to the focus of the
component, which leads to approximations on the amplitude, vector, and phase of the integrand, one
can represent the focal field as an inverse Fourier transform (as discussed in Appendix[A]:

N ]k|Pf| /(2Rpo) 2 I
(B F) = < j EFOky, kyy )P dde, (2.12)
R N ]k|Pf| /(2Rro) 122
he(Br, B) = 5 H EHFOky, by )PP bk (2.1b)

where gy is a position on the focal plane of the QO component, %p is the spectral vector defined as
%’p = kX + kyJ = ksin 6(cos ¢x + sin ¢7), and & is the wave number in the medium of the focal plane
of the QO component.

In this chapter, for representing the focal fields close to the center of the FO sphere, the quadratic
phase term, ¢ MBI/ (2Rr0) in front of the Fourier transform is neglected. This phase term is included
into the spectrum in Ch. 3} The dependency of the parameters in to the direction of the incident
plane wave is shown explicitly by the term %. The focal fields, ?f and Zf, are expressed as a summation

of plane waves with amplitudes of EF Oky, ky, J4 )and HF Oky, ky, 4 ), respectively. In other words, EFO

-, -
and A9 are the PWS representations of ?f and hf, respectively. The approximations taken to derive
are applicable for a region around the center of the FO sphere. This region, shown in Fig. isa
function of the geometrical parameters of the considered scenario, as described in Appendix[A} (A.22):
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Table 2.1: Maximum realizable radius of the FO sphere

QO component Rro
Parabolic Reflector Focal length: f
Elliptical Lens 0.5D/sin 6°
Hyperbolic Lens Focal length: f
Extended Hemispherical Lens | 0.5D/sin 0°

Dro = fymin{0.4D, \|2f; DA} (2.2)

where Dro is the diameter of a circle in the focal plane which represents the FO applicability region;
A is the wavelength in the medium; D and f; are the diameter and f-number of a QO component,
respectively. The latter is uniformly defined for all the components as the ratio between the maximum
realizable radius of a FO sphere and diameter of the component, ie. f; = Rpo/D. This radius is
reported for each QO component in Table[o.1]

The PWS in can be expressed as a function of the tangent electric field scattered by the QO

component and evaluated over the FO sphere (see Appendix[A} Eqs. to ):

J2wR roe”’ kRro

k2 — (k2 + k)

EO(ky, ke k) = Rx [E%(ky, ky, ki) X R] (2.32)

-, g 1 A -2 -
H™ ke, by, ki) = =3 R X E™(ky, ky, k) (2.3b)

¢

where ¢ is the characteristic impedance of the medium of the FO sphere, R = /Aep + /1 — k5/k?%, and

Rx [ﬁ GOx R]is the tangent component of the GO field scattered by the QO component and evaluated
over the FO sphere. As it can be seen in , the PWS is proportional to the GO field evaluated over the
FO sphere; therefore, the focus of the following section is on calculating these GO fields for different
QO components.

2.3 Geometrical Optics Representation of the Fields Scattered
on the Fourier Optics Sphere

As mentioned in Sec. the field scattered by the QO surface, E GO and propagated to the FO
sphere can be evaluated resorting to a GO based analysis. The GO method is commonly used in high-
frequency scattering scenarios, i.e. when the scatterers are large in terms of wavelength, to determine
wave propagation for both incident and scattered fields, including amplitude, phase, and polarization
information. This method is applicable for generic incident fields and scattering surfaces far from the
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Figure 2.3: Schematic representation of a GO propagation scenario: a plane wave is scattered by a QO component and

propagated to the FO sphere.

focus (or in general caustics) point. In this method, EM waves can be approximated as tubes of rays
propagating in a homogenous medium from one point to another. The scattered ray fields follow the
laws of reflection and refraction at a two-media interface. In the following a numerical GO code for cal-
culating 6o
is illuminated by plane waves with slightly skewed incident angles.

is described. An analytical expression is also provided for cases when the QO component

2.3.1 Numerical Geometrical Optics Representation

Let us assume an incident plane wave, Ei = (ETE j)i’TE + EOT M P ™ )e‘jzi'?, is illuminating the QO
surface, Fig. where ﬁi’TE/ ™ pngE/ ™y + pj; e/ TMj/ + plz; TE/TM & represent the TE and TM
polarized unit vectors of the incident field, respectively; EOT L and EOT M represent the amplitude of the
TE and TM polarized fields, respectively. The GO scattered (reflected or transmitted) field on the QO

5
surface, £°, can be calculated as:

E(Qr) = E' - R(Qx) (2-42)
E(Qr) = E - T(Qr) (2.4b)

where Qr/1 represents a reflecting surface (Qr) such as the parabolic reflector or a transmitting one
(O7) such as a lens; R = [7E i,TEPr,TE + FTMpi,TMpr,TM and T = TTEPi,TEPt,TE + TTMPi,TMpt,TM
are the reflection and transmission dyads, respectively. Here ITE and T™ are the TE and TM reflec-
tion coefficients on the QO surface; 7TE and 77 are the transmission ones; p” TE/TM and p° TE/TM
represent the polarization unit vectors of the reflected and transmitted rays, respectively.

In this work, a ray tracing code is developed which launches incident rays toward the QO compo-
nent. These rays are scattered by the component and propagated toward the surface of the FO sphere.
The position where each ray intercepts with the FO sphere, Qro, is obtained using this code, see Fig.
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In scenarios with a very skewed incident plane wave angle, scattered rays can be intercepted by the
FO sphere outside the geometrical maximum rim angle of the QO components (6° in Fig. . As the
result, FO spheres are not necessarily limited within this angular region. The reflected or transmitted
fields evaluated over this FO sphere can be expressed as:

L9 = E(Qr/T)S pread( Qro)e 7#2r0) (2:5)

where sis the propagation distance from the QO surface to the FO sphere (see Fig. , ¢ /% is the phase
propagation for each ray. The amplitude of GO field spreads as the ray propagates. This spreading is
represented by Syeqq in . This parameter can be evaluated by enforcing the law of conservation of
energy among the incident, reflected, and transmitted rays. In other words, when an incident EM field
interacts with a QO surface, the power carried by the incident ray tube is equal to the summation of the
power reflected by and transmitted into the surface. By approximating the radiation scenario by a ray
propagation one, far from the focus (or caustic) point, one can asymptotically evaluate the PO radiation
integral to derive a GO representation of the EM fields. The spreading factor is then computed using
this method as described in [72,[73] and in Appendix B}

P} (Qro)py " (Qro)
(07" (Qro) + (Qro)l [Py (Qro) + s(Qro)]

Sxprmd(QFO) = J (26)

where p{/  and pg/ ! are the principal radii of curvature of the reflected or transmitted wave fronts,

respectively. These radii are express in —, and —, for transmitted and reflected
radii of curvature, respectively. The details of these derivations are provided in Appendix

The GO field calculated in is a function of the position where the scattered rays are intercepted
by the FO sphere, Qro. However, as indicated in , the GO field should be represented as a function
of the spectral parameters, i.e. k&, and k,. This change of variables is achieved by employing a standard
interpolation code in MATLAB.

2.3.2 Analytical Geometrical Optics Representation for Broadside Incident
Plane Waves

For the three listed QO components, when illuminated by a plane wave from broadside direction, we
also derived the corresponding analytical representation of the amplitude spreading factors, as shown
in Table In this table, for the elliptical lens, « is the semi-major axis, 2¢ is the distance between the
foci, e = ¢/a s its eccentricity, and Rro is the rim distance from the lower focus of the lens to its edge.
For a hyperbolic lens, e represents its eccentricity. The geometrical parameters of each QO component
are shown in Fig.

Moreover, the phase term, e 7% in 1} can also be represented analytically for specific cases. In
the case of broadside illumination of a parabolic reflector, due to its geometrical shape, the reflected
GO field has a constant phase over its FO sphere. Similarly, for elliptical lenses and hyperbolic lenses,
their eccentricities are chosen in such a way to ensure constant phase fronts for transmitted fields over
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Table 2.2: Analytical spreading factors for listed QO components illuminated by a plane wave from broadside direction

QO component | Broadside Spreading Factor: Sge(0, 6’ = 0)
Parabolic Reflector 2/(1 + cos )
Elliptical Lens a(1 — ¢?)/(Rro(1 — ecos )
Hyperbolic Lens (1-¢)/(1—-ecosb)
A Z[nvlm] Az[m"m,]
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Figure 2.4: Geometrical parameters of the considered QO components. (a) Parabolic reflector, (b) elliptical, (c) hyperbolic,
and (d) extended hemispherical lenses.

their corresponding FO spheres when illuminated by a plane wave from the broadside direction. These
eccentricities are ¢ = 1/4/¢, and e = /¢, for elliptical and hyperbolic lenses, respectively, where ¢, is the
relative permittivity of the lens material. Therefore, for broadside incidence of the considered canonical

QO components, one can neglect the constant phase term of the reflected or transmitted GO fields over
their FO sphere.

2.3.3 Analytical Geometrical Optics Representation for Slightly Skewed In-
cident Plane Waves

When an external plane wave is incident from a direction slightly oft broadside, (A6, Ag'),a simplify-
ing approximation, employed typically in FO to evaluate the PWS in a computational efficient way, is
that the polarization of the incident field Ei in the phase reference plane of the focusing system (Fig.
l2.5), is the same as for the broadside plane wave case, while the progressive phase shift is explicitly ac-

counted for. This means that the following expression of the incident plane wave applies along the
phase reference plane:
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Figure 2.5: Illustration of the geometry of a parabolic reflector to evaluate the phase term of the PWS for slightly oft-
broadside incidence with respect to a phase reference plane.

B(AE,) ~ Eoe P (2.7)

Ag . . . . > i ; A / A . /
where p' represents the polarization of the incident plane wave, Ak, = Akx + A/e;, = kg sin AG*

«(cos A@’x + sin A¢'9) is the transversal projection of the incident wave vector, A_)/ez; and g, represents
the observation point in the phase reference plane (see Figh.).

As discussed, the field distribution on the equivalent sphere can be obtained by propagating the
incident field via GO up to the equivalent sphere. Applying the approximation in , the GO field
will be the same as broadside, except for a phase term

- - - 1 > - > 1 b o
Ly, k) = EO(ky, Ak, = 0)e 7k Pi0) (2.8)

The approximation in corresponds, for the worst polarization case, to neglect a field contri-
bution proportional to tan A@*. Retaining a 20% error on the field as tolerable, i.c., tan A§* < 0.2,
corresponds to an angular limitation A@" < 11°. The choice of 20% error in the GO field amplitude
is consistent with the one taken in [66] for deriving the limits of the FO method. This error choice
assures that the field computed with the expressions given here matches the PO one with less than a
0.5dB difference over the whole FO region of validity defined in [66].

As shown in Fig. inset), Pi = pik, can be parametrized with respect to an observation point on
the FO equivalent sphere, 7 = Rro?, as

Bi = (R+3,0)) sin 6k, (2.9)

where 9;(0) quantifies the phase delay from the surface of the QO component to its equivalent sphere

[see Fig. inset)] and we made use of the fact that /Aep = 76)/)/ (ko sin@) = p. The normalized phase
delay, 3, = d;/Rro, is reported in Tablefor each QO component.



24 2. Plane Wave Spectrum of Quasi-Optical Components Using Fourier Optics

Table 2.3: Normalized distance between listed QO components from their corresponding FO spheres.
QO component Normalized distance 4,,(8)
Parabolic Reflector (1 —cos@)/(1 + cos )
Elliptical Lens e(cos 6 — cos 0°)/(1 — e cos 6)
Hyperbolic Lens e(cos@ —1)/(1 — ecos 0)
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Figure 2.6: Phase terms of the slightly off broadside PWS in the case of a parabolic reflector with f; = 0.6 and D = 1004
illuminated by a plane wave with A0'/(1/D) = 4, A¢’ = 0°.

> 1
By substituting 1} into , we can observe two phase terms. The first phase term (Rro sin 0Ak X

/Aep) corresponds to a linear phase shift (beam steering) while the second one (d; sin 0, k;, . %p )isacoma
phase error (associated with asymmetric high side lobes [74]) coming from the curvature of the QO
component. Assuming an equivalent sphere with the radius equal to the maximum possible radius
(Rpo in Table , the beam steering observed at the focal plane (here defined as the flash point), A_)pl-,
can be evaluated directly from the linear phase term as

A—) RFOA—)k;
Pi= k—O
The flash point in quantifies the location of the peak of the field in the focal plane of the QO

component when the linear phase term is dominant (assuming beam deviation factor [7s|] is 1). In Fig.

an example of the variation of the two phase terms is shown versus the spectral angle 6, when the

plane wave incident on a parabolic reflector impinges with a skewed angle with respect to broadside.
By using the approximation in , the phase term in the GO field can be expressed as a function

(2.10)

S
of the spectral vector, k,, as follows:

Bk HRESUO)sin 0 _ ,~Ap;Fp(1+0,(0)) (2.11)

In [76], it is shown that the dominant phase aberration in dual reflector systems is the coma one.
This coma phase term is explicitly given in [77] for a paraboloid illuminated by an antenna feeder.
Typically, the coma phase term is given for the small angle approximation as cubic dependence of 6 [78].
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Figure 2.7: Direct fields focalized by a reflector with f; = 0.6 and D = 100A4. The reflector is illuminated by two plane waves:
at broadside and with A@?/(1/D) = 4,A¢"' = 0°. Dashed and dotted lines represent the fields with and without including
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In conclusion, the GO representation of the scattered fields evaluated over the FO sphere, for
slightly oft-broadside plane wave incidences, can be expressed analytically as:

EGO(H, Agl) ~ Sjpread(g: Ael — O)E‘J(HJ Ael — O)e—jzp-Api(Ael)[1+3n(9)] (Z.IZ)

Similar to the case in , the GO fields calculated in are also interpolated to be represented as a
function of spectral parameters.

The coma phase term A_)pl- . zp d,(0) in can be neglected depending on the f; and the numbers
of scanned beams (i.e., N = A0"/(1/D)). By imposing such coma phase term over the FO sphere to be
smaller than 7/8, we can evaluate the maximum number of scanned beams where the focalized field is
almost a linear translation of the broadside one. In the case of a parabolic reflector,

NOma = 0.25f; + 4|2 - 0.25]%. (2.13)

In Fig. the field focalized in the focal plane by a parabolic reflector with f; = 0.6 is shown for
two plane wave incidences: broadside and A¢* = 44/ D (corresponding to scanning 4 beams). The field
is evaluated with and without the coma phase term in the PWS, and compared with the field solution
obtained by GRASP [s53] when the PO solver option is used. It can be noted that the coma phase term
changes the amplitude level of the first sidelobe, and the location of the maximum field [not anymore
given by ] It is evident that, for this low f;, the coma phase term cannot be neglected even for a
single scanned beam, i.e., Nj7* < 1, as derived in (2.13).

In this work, for incident angles AG" < 11° the analytical solution in , using the analyti-
cal spreading factors in Table is implemented. For larger incident angles, the numerical solution
in , using the numerical spreading factor , is employed. Since an analytical expression is not
available for the extended-hemispherical lenses, in their case, only the numerical GO representation is
implemented.
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Figure 2.9: x-component of the GO fields of an elliptical lens and an extended hemispherical lens. These fields are evaluated
at ¢ = 0° plane, the operative frequency is 300 GHz, and the diameter and f-number of both components are D = S mm,
and fz; = 0.6, respectively. The incident plane wave is TM polarized with the skew angle of (6 = 21°, ¢* = 0°). The
permittivity of the dielectric is ¢, = 11.9. (a) Amplitude. (b) Phase. The shadow region is visible in amplitude 2D figure at
the left side of the lens surfaces.

2.3.4 Numerical Examples of Fourier Optics Representation of the Focal Fields

In the following, firstly the GO fields for different QO components are shown and compared. We di-
vided the QO components into two sets: components large in terms of wavelengths, Fig. |2.8} parabolic
reflector and hyperboliclens (¢, = 2.4), respectively; and components smallin terms of the wavelengths,
Fig. elliptical and hemispherical lenses (¢, = 11.9), respectively. The operative frequency is 300
GHez, the plane wave is TM polarized, and for all components the f-number is 0.6. For the reflector
and the hyperbolic lens, the diameter is chosen as 100 mm, and the incident skew angle is 0' = 8. As
it can be seen, for the hyperbolic lens, both the amplitude and phase terms of the GO field vary more
significantly with respect to the ones of the parabolic reflector. In the case of the elliptical and hemi-
spherical lenses, the diameter is 5 mm, and the skew angle is @' = 21°. The radius of hemisphere and
the extension length for the hemispherical lens are Ry, = 2.6 mm, and L = 0.34Ry,, respectively. In
the case of integrated lenses, since the incident plane wave angle is very skewed, part of the lens surface
is obscured from the incident plane wave. This shadow region is evident in the inset of Fig. a).

In the remaining part of this sub-section, the GO fields calculated by the tool are indirectly validated
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Figure 2.10: x-component of the electric field on the focal plane of a hyperbolic lens made of plastic (¢, = 2.4) with Dj, = 100
mm and f; , = 0.6, illuminated by a unitary TM polarized plane wave with the skew angle of 8" = 1.3°, ¢* = 0°. This field is
evaluated at =0 plane, calculated using the analytical GO-FO approach, , and is compared against the one obtained
using the PO based code of GRASP: (a) Amplitude. (b) Phase. The grey region represents the FO validity region .

by resorting to full-wave simulations similar to [66]. In particular, we calculated the focal fields of QO
components using . For the case of a hyperbolic lens, these fields are compared against the ones
evaluated using the PO based code of GR ASP simulation software [s3], and for an elliptical lens using
CST MS [79].

First let us consider a hyperbolic lens made of plastic (¢, = 2.4) with a diameter of Dj, = 100 mm
and a f-number of f; , = 0.6. This lens is illuminated by a TM polarized plane wave operating at 300
GHz with an incident skew angle of 0 = 1.3° ¢' = 0°. In Fig. the amplitude and phase of the
x-component of the focal electric field calculated by using the GO-FO analysis, as in , are compared
against PO results, respectively. As it can be seen, the agreement between the two methods, both in the
amplitude and phase, is very good within the FO validity region .

As another example, we consider an elliptical lens made of silicon (¢, = 11.9) with a diameter of
D; = 5 mm and a f-number of f;; = 0.6. To improve the transmission at the silicon-air interface, the
lens surface is covered by a quarter-wavelength Anti-Reflection (AR) coating made of Parylene with
relative permittivity of ¢,, = 2.6. The lens is illuminated by a TM-polarized plane wave operating at
300 GHz with two incident skew angles. As it can be seen in Fig. a) and (b), for the case of plane
wave illumination with incident angle of #" = 8°and ¢’ = 0°, the amplitude and phase terms of the
focal field evaluated by analytical GO-FO method are in very good agreement with results reported by
CST MS within the FO validity region .

In the case of a plane wave illumination with incident angle of #* = 21° and ¢* = 0°, the analytical
GO approximation is not valid anymore (6" > 11°); therefore, the numerical GO approach in is
employed. Here, the results from the GO-FO approach are also in good agreement with the CST MS
within the FO applicability region, Fig. c) and (d). However, since a considerable portion of the
power at the focal plane is focused outside this applicability region, another approach is also employed
here to indirectly validate the GO code. Namely, a GO-PO approach, where the scattered field is still
calculated over the FO sphere using the numerical GO approach, and then a PO radiation integral is
used to calculate the field at the focal plane of the elliptical lens. As it can be seen, the amplitude and
phase of the focal fields calculated using the GO-PO approach are also in good agreement with the
results reported by CST MS outside the FO applicability region.

The GO fields of the remaining QO components are also validated in a similar manner. In the
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following section, the validity region of the described GO-FO method to derive the PWS of a QO
component is expended to cover very large FPAs.

2.4 Deriving the Plane Wave Spectrum of Wide Angle Optics

The method reported in Sec. [2..3can represent the PWS of 2 QO component within the FO applicability
region . However, this region limits the maximum size of a FPA under analysis. Moreover, the FPA
of future imaging systems could be several times larger than the applicability region of the classic FO
approach. To enlarge this region, one can divide a large FPA into sub-regions where at the center of each
sub-region a FO sphere (off-centered) is placed, as shown in Fig. The GO field is then evaluated
over the new sphere. The maximum subtended angle of the sphere (6” in Fig. is then defined by
the GO ray propagation. Once the center of the reference system has been changed to 5’”, and the off-
centered GO fields on the new FO sphere calculated, identical steps to the ones described in Appendix
[Aland Sec. o.3|can be taken to derive the PWS of 2 QO component.

As discussed in Sec. the validity region of the FO representation is directly proportional to the
radius Rro,,, chosen for the FO sphere. Moreover, the field tangent to an off-focus FO sphere can be
approximated by using the GO ray propagation when the surface of the sphere is far from the caustic
points of the geometry (here the focus of a QO component). Specifically, the GO representation is
accurate when the radius of the oft-focus FO sphere is at least larger than the depth of focus, Azzppy =
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Figure 2.12: A schematic representation of the m-th off-focus FO sphere placed in the focal plane of a focusing QO compo-
nent.

1.77F/NF, where Np = D/(4Af;) is the Fresnel number. Therefore, to maximize this radius, it is
convenient to define Rrp,,, as the z-position where the off-focus sphere is touching the surface of the
QO component (Fig. [2.12). For this case, the maximum rim angle for the m-th off-focus sphere can be
expressed as follows:

|O™”|+D/2 }, (2.14)

6™ = arctan {
RFO,m

where |5m | indicates the distance of the center of oft-focus FO sphere, in the focal plane, from the QO
component origin.

As example cases, we considered a parabolic reflector with D, = 5004 and f; , = 4, and one with
f#r = 0.6, illuminated by a plane wave impinging with an angle far from the broadside. The normalized
focal field for these two cases is shown in Fig. and compared, with an excellent agreement, with a
standard PO based approach.

As described in Sec. the FO representation of the focal fields can be derived by performing
approximations in the PO radiation integral. Specifically, approximations on magnitude, vector, and
phase terms in the integrand. The applicability region for the FO method can then be derived by impos-
ing a maximum acceptable value for the error committed in these approximations, ¢ for the magnitude
and vector cases, and ¢g for the phase. By following the same steps as in [66], for the m-th oft-focus FO,
one can define the following validity regions:

1 [e@AR
Droy, = 2min{eRFO s — OO m } (2.15)
’ " sin @™ T

Fig. o.14[shows the validity region of the off-focus FO for QO components with different f-numbers
assuming ¢ = 0.2 and ¢ = #/8. As it can be seen, the broadside FO validity region is larger for larger
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Figure 2.14: Validity region of the FO method, when analysing a parabolic reflector with diameter D, = 141.41y, versus the
position of the FO sphere center in the focal plane.

f-numbers; however, this region decreases more rapidly as the sphere is away from the focus. This is
because 1/sin 8™ grows rapidly when the reflector f-number is large.

2.5 Representing the Coupling of Quasi-Optical Systems to An-
tenna Feeders in Reception

The developed codes are also capable of analysing the coupling of antenna feeds to Quasi-Optical (QO)

components in reception (Rx). Let us assume a reception scenario where an incident plane wave, prop-



2.5. Representing the Coupling of Quasi-Optical Systems to Antenna Feeders in Reception 31

Incident Plane Zs
Wave

Focusing QO
Component

T

)\
> ezt N
FO sphere ETx . “\Field Matching
FO\ | >
0
FO N /,—-""5};\\ Incident PWS
licabilit FO sphere
apli‘é;?ori v __E Feeder’s Far Field

\ Sy

7 d @ 9=, Antenna

Feeder

Figure 2.15: Antenna in Rx scenario. An antenna is placed at a certain position in the focal plane of a focusing component.

agating from & direction, illuminates a QO component, Fig. 6" and ¢’ are the incident elevation
and azimuth angles, respectively. This field is then scattered by the QO surface and captured by a feed-
ing antenna which is placed at the focal plane of the QO surface. To evaluate the power received by
the antenna and delivered to its load (assuming impedance match condition), we resort to antenna in
reception formalism as discussed in [64] and [35]. The equivalent Thévenin open circuit voltage V. of
the antenna can be evaluated as follows:

2. R 2% +eo -2 rd -2 -2 - .
Vo K)o = ;OI J EI*(ky) - EFO(R,, B )kpdk,d, (2.16)
wkrolro Jo Jo

where (o is the wave impedance of the medium in which the FO sphere is located; 2p is the spectral
vector given by Ep = k& + kyj = krosin 6(cos ¢x + sin ¢9), kro is the wave number of the FO sphere
medium; 6 and ¢ represent the elevation and azimuth angles representing this sphere, respectively; Efx

is the far field of the feeder radiated in transmission (Tx), when fed by a current of /; ETO is the PWS
of the QO system. Both of these fields are evaluated at the FO equivalent sphere as shown in Fig.
This Thévenin open circuit voltage can also be represented using the GO field, as:

270 8°
Vol K)o = é L L ET¥(0, ¢) - E°O(0, p)(Rro)? sin 0d0d ¢ (2.17)

where 6 and ¢ represent the elevation and azimuth angular positions on the FO sphere, respectively;
6° is the maximum rim angle of the QO component; Rrp is the radius of the FO sphere.
The power delivered to the load of the receiving antenna can be calculated as

_ |VOC[0|2

= 2.18
L= e (2.18)
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where P, is the total power radiated by the antenna when fed with the current /o:

1 2w pw R
Pi=— J J |E4Tx|2R%O sin 0d0d ¢ (2.19)
28 Jo Jo

As it can be seen from (2.16), the power delivered to the load is maximized when the feeder’s far
field is equal to the conjugate of the PWS of the QO system, EFO_ This condition is referred to as the
field match condition.

Once the power delivered to the load of the antenna is calculated, efficiency terms, directivity, and
gain in reception can be computed as a function of the incident plane wave direction. The aperture
efficiency in reception is evaluated as the ratio between the delivered power to the antenna load, Py,
and the incident power captured by the QO component, Py, as:

Pr (k)

(2.20)
Pinf

PR (k) =

where, P;,. = 0.5|Ey |2AQ0/ {,and Ao is the physical area of QO component.

In the case of a lens antennas below a primary QO component (e.g. a parabolic reflector), the de-
scribed aperture efficiency can be divided into two contributions. The one related to the lens antenna
performance, i.e. the feeder efficiency: the impedance matching, »o; the front to back ratio of the an-
tenna, 3 r g, which indicates how much of the total power radiated by the antenna is launched into the
lens medium; the spill-over efficiency of the antenna far field over the lens surface, 7, ,; and the reflec-
tion efficiency at the dielectric-air interface, #r. In other words, the feeder efficiency can be expressed
as:

Nfeed = Y QYF2BYs0,a)T (2.21)

Secondly, the contribution related to a proper illumination of the primary QO component, i.e. the illu-
mination efficiency: the amplitude, polarization, and phase matching between the spectral field (Z)? GO

or EF 0) and the antenna far field, Yamps Nexs and 5o, respectively; and the spill-over efficiency of the field
generated by the main QO component over the lens surface, 7, ;. In other words, the illumination ef-
ficiency can be expressed as:

Nill = NampV cx 10 50,1 (2.22)

Together these two contributions represent the overall aperture efficiency of the system, i.c. ;75; =

feedill-
Moreover, the gain of the system is represented in reception as

GR (k') = Doy (k) (2.23)
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where D"* = (47/ /lZ)AQo is the maximum achievable directivity for a given size of the QO compo-
nent coupled to a single mode antenna feeder.

By using reciprocity, the electric field EQO that the antenna coupled QO system would radiate to
(Rer, 07F, ¢ position, at a far distance from the QO component, is evaluated as:

TE(nFF FF\) M+ nFE FFx + e JkrERer
[VOC (0 > ¢ )9 + VOC (0 5 ¢ )¢]m (2.2,4)

krolrolo

Eoo(Rer, 07, ¢'T) = 5
0

where Ej is the amplitude of the incident plane wave; ¥,.2/ 7 are the induced TE and TM polarized
Thévenin open circuit voltages, respectively. These voltages are evaluated using ; where EFO.TE/TM
corresponds to the incident PWS when TE/TM polarized incident plane waves illuminated the QO
component from the direction 6" = 6/ and ¢’ = ¢*7.

In order to construct the pattern in reception, one needs to illuminate the QO component by a set
of incident fields with different skew angles: 6rF = [0, 9%, ¢ = [0, 27], where % represents the

maximum elevation angle in the observation grid.

2.5.1  Numerical Examples of Antenna Coupled Quasi-Optical Components

In this subsection, the performance of antenna feeders coupled to QO systems are evaluated in recep-
tion (Rx), and compared against the ones obtained in a conventional in transmission mode (Tx). Let
us first consider the case of an integrated lens antenna illuminated by incident plane waves. Here we
consider a y-polarized Gaussian feeder as a example of a receiving antenna. The far field pattern of this
feeder (when placed at the lower focus of an elliptical lens) can be expressed as:

2
+

u

uo

v

Yo

(2.25)

Ef (1, 0) = Eqpe { }[sin ¢101 + cos ¢1b]

a
where % and v are Gaussian feeder parameters which determine the shape of the beam; # = cos 6, cos ¢,
and v = cos8;sin ¢;; E,9 = 1 V/m is a normalization factor; 6; and ¢; are the elevation and azimuth
angles from the lower focus of the lens which parametrize its surface. It is worth noting that this far
field, Z?ﬂF F is not necessary equal to the field radiated by the antenna evaluated at the FO sphere, EﬂTx,
as shown in Fig. The later can be calculated by propagating the former to the FO sphere surface.

This feeder is integrated with an elliptical silicon (¢, = 11.9) lens as shown in Fig. The Gaussian
feeder parameters are designed in such a way that the far field of the feeder is symmetric and has —11dB
field taper at the edge of the lens surface. The lens has a diameter of D; = 5 mm, and a maximum
rim angle of 9? = 56° (corresponding to f;; = 0.6), illuminated by unitary-amplitude plane waves
in co-polarization with respect to the polarization of the antenna. To improve the transmission at the
silicon-air interface, the lens surface is covered by a quarter-wavelength Anti-reflection (AR) coating
made of Parylene with relative permittivity of ¢,, = 2.6. The frequency of operation is 300GHz. In

this example scenario, the feeder is shifted by Zlﬂ = 0, 0.174% mm, and 0.348% mm from the lower
focus of the lens. These shifts correspond to scanning the radiation pattern by 0 (broadside), 1 and 2
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Figure 2.16: Gaussian pattern feeder coupled to an elliptical silicon lens.

Table 2.4: The performance of a test elliptical lens antenna compared in Tx and Rx.

Analysis in Tx/Rx | Aperture Eff. Directivity Gain
Broadside 80.7%/79.9% | 23.8/23.7dBi | 23.0/22.9dBi
Scanning 1 beam | 73.4%/78.4% | 23.6/23.7dBi | 22.6/22.7dBi
Scanning 2 beams | 56.9%/60.5% | 23.0/23.4dBi | 21.5/21.7dBi

beams (3dB overlapping beams) with respect to broadside direction, respectively, i.e. the main beam is
pointing to 6F = 0°,10.5° and 21°, respectively, and dfF = 180°.

For the described configuration, the analysis performed in Rx is compared to the one in Tx. The
radiation patterns are compared in Fig. The analysis in Tx is performed by using an in-house
PO code which is validated by CST MS full-wave simulation [79]. As it can be seen in the figure, the
patterns in reception in all three cases are in good agreement with the one obtained in Tx. In Tx analysis,
the field radiated by the antenna is propagated out of the lens (from silicon to air). This field is evaluated
outside the lens surface and shown for the case of scanning 2 beams in inset of Fig. c). Asitcan be
seen, the large scanning angle in this case leads to total reflection from a considerable portion of the lens
surface. In such an extreme case, when the angle of rays inside the lens approaches the critical angle, a
transition field is present at the lens interface, which creates corrections to GO fields and relevant PO
currents [8o]. The aperture efficiency, directivity and gain evaluated in Rx are also compared against
the ones obtained in Tx for all three cases with very good agreement, as shown in Table

As another example, let us consider a scenario with integrated lens antenna elements coupled to the
rest of the QO chain. For simplification, here this QO chain is modeled by a single on-axis parabolic
reflector, as depicted in Fig. The diameter of the reflector is D,=125 mm, and its f-number is
fir = 2.6 (maximum rime angle of §% = 11°). Here, the same y-polarized lens antenna as in the previous
sub-section is employed as the receiving antenna. However, in this case, the antenna feeder is kept at

the lower focus of the elliptical lens, i.c. |Zlﬂ|: 0. On the other hand, the lens antenna is shifted from

the center of the parabola’s focal plane by a distance 21 = 134 mm or 65% mm for the two considered
scanning cases. These shifts correspond to scanning the radiation pattern of the complete QO system
by 5 beams or 25 beams (3dB overlapping beams) with respect to broadside direction, i.e. the main
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Figure 2.r7: Amplitude of the radiation co-pol. pattern of the lens antenna: (a) scanning broadside direction, (b) scanning
1 beam, i.e. pointing the main beam to 6 =10.5°and ¢'F = 180°, (c) scanning 2 beams, i.e. pointing the main beam to
6 = 21°and ¢7 = 180°. Inset in (c) shows the electric field transmitted out of the integrated lens and evaluated on its
surface in Tx.

beam is pointing to O = 2.3° or OFF = 11.45°, respectively and ¢t = 0°.

As shown in Fig. a)—(d), the radiation patterns obtained in Rx are comparable to the ones
in Tx. In this example, when calculating the pattern in Rx, the far field radiated by the lens antenna,
Efx, is the field transmitted outside the lens, using a PO in Tx code, and evaluated at the FO sphere
of the reflector. This far field is shown in Fig. a). A better FO method to analyse cascade QO
components is described in Ch. 3 The pattern in Tx is obtained by importing the far-field pattern
of the lens antenna (results obtained from PO in Tx) into GRASP as a tabulated feeder source
which illuminates the reflector. In Table the aperture efficiency, directivity, and gain of the lens
antenna-coupled reflector, evaluated in Rx, are shown and compared against the ones obtained in Tx
with excellent agreement between the two methods.
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f-number f;, = 2.6 (62 = 11°). Itis illuminated by unitary plane waves. The test lens antenna is shifted by Zig from the
parabola’s focus.

Table 2.5: The performance of a test elliptical lens antenna below a parabolic reflector compared in Tx and Rx.
Analysis in Tx/Rx | Aperture Eff. | Directivity Gain
Scanning s beams | 52.4%/53.0% | S1.3/51.3dBi | 49.1/49.1dBi
Scanning 25 beams | 13.2%/12.3% | 49.1/48.9dBi | 43.1/42.8dBi

2.6 Conclusion

Imaging systems at millimetre and sub-millimetre wavelengths are entering a new era with the devel-
opment of large format arrays of detectors. Typically, such FPAs are coupled to a Quasi-Optical (QO)
components. In this chapter, a GO-FO based technique for deriving the PWS of QO components in re-
ception is presented. In particular, this PWS is derived analytically for three QO component, parabolic
reflector, elliptical lens, hyperbolic lens, illuminated by broadside or slightly skewed plane wave inci-
dent angles. Moreover, a numerical GO method is also described for the cases when the component is
illuminated by plane waves with large incident angles. By introducing the off-focus FO approach, the
proposed PWS representation can be used to analyse, and design systems composed of tens of thou-
sands of pixels, while the original FO would provide accurate spectra for only a few tens of elements.
Finally, field matching technique is reviewed and a few simple test cases of antenna coupled QO com-
ponents are analysed with excellent agreement with the full wave simulations.
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Figure 2.19: Amplitude of the co-polarization of the radiation pattern of the lens antenna-coupled parabolic reflector. Scan-
ning 5 beams, i.e. pointing to 87 = 2.3 at (a) ¢*7 = 0° cut, and (b) ¢'7 = 90° cut. Scanning 25 beams, i.e. pointing to
0T = 11.45° at (c) ¢*7 = 0° cut, and (d) ¢'* = 90° cut. The 2-D co-polarized amplitude patterns evaluated in Rx, and Tx

by GRASP are shown in the insets.
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Chapter 3

Coherent Fourier Optics

Future sub-millimetre imagers are being developed with large format focal plane arrays of lenses to in-
crease the field of view and the imaging speed. A full-wave electromagnetic analysis of such arrays is nu-
merically cumbersome and time-consuming. This chapter presents a spectral technique based on Fourier
Optics for analysing lens based FPAs in reception. The proposed technique provides a numerically efficient
methodology to derive the Plane Wave Spectrum (PWS), in magnitude and phase, of a secondary Quasi
Optical component. This PWS can be used to calculate the power received by an antenna placed at the
focal region of a lens.
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3.1 Introduction

As discussed in Ch. |1}, one of the promising detector array configurations in wide Field-of-View (FoV)
Quasi-Optical (QO) systems is the Fly’s eye lens arrays coupled to antennas or absorbers. These systems
operating with similar principles to CCD cameras can achieve images with high resolution. At the
moment, such detectors based on absorbers coupled lenses are employed in cameras where the absorbers
are cryogenic lumped element Kinetic Inductance Detectors (KIDs) [i1]. Moreover, Microwave KID
lens-antenna system have shown technological readiness for use in a space based observatory [12]. Next
generation of imaging cameras, such as [22]], and communication systems, such as [35], will also employ
these integrated lens antenna feeders.

The future goal for sub-mm imagers is to develop systems with focal plane arrays (FPAs) with over
10000 detectors to improve the overall image acquisition speed. In these scenarios, a full-wave electro-
magnetic analysis which also includes the coupling between the QO system and the detector array is not
applicable, since it is numerically cumbersome and time-consuming. A typical approach for analysing
such coupling resorts to the use of the Physical Optics (PO) based technique for antennas [81], and
simplified Geometrical Optics (GO) based considerations for absorbers [47]. Antenna based systems
are typically designed by using standard Gaussian pattern feeders, whereas in case of the absorbers the
coupling to the QO system is evaluated only by considering the geometrical parameters of the structure.

In lens coupled absorbers, the plane wave spectrum (PWS) of the QO system can be linked to an
equivalent Floquet-modes circuit to evaluate its coupling to the QO system, as described in Ch.
Moreover, for the lens coupled antenna cases, the PWS can be used to obtain the power captured by
the antenna, by using the antenna in reception formalism described in [64]) and Sec. |2.5| This approach
simplifies the antenna feeder optimization since the power delivered to the antenna terminals is maxi-
mized when there is a field matching between the field pattern radiated by the feeder and the incident
PWS. In [67] an asymptotic procedure for the numerical evaluation of the PWS of the focal field of a
reflector system is described. A much simpler approach using Fourier Optics (FO) is discussed in Ch.
leading to analytical expressions for the PWS of focusing elliptical lens, hyperbolic lens, and parabolic
reflector geometries.

The analysis in Ch. [g]is applicable only for a single-element (lens or reflector) Quasi-Optical system
coupled to array of bare absorbers or antennas close to the focal point of the focusing component. In
particular, by neglecting a phase term, which presents a quadratic dependence of the distance between
the focal point and a generic point on the focal plane, the field in the focal plane is expressed as a Fourier
transform of the field calculated on the equivalent FO sphere centered at the focal point of the system.
This approximation is appropriate because absorber-based detectors are incoherent detectors (i.e. they
are not sensible to the phase of the illuminating field), and in the geometries under analysis, the detec-
tor is placed below a single QO component. To analyse the coupling between two QO components,
especially for off-focuses cases, this quadratic phase term cannot be simplified anymore.

In this chapter, firstly in Sec. a FO approach is proposed which, in its described range of valid-
ity, allows us to effectively analyse the coupling of the QO system, the lens based FPA, and the detectors
(either absorbers or antennas), including the phase information. The developed technique can rapidly
and accurately represent the coupling between the full FPA and the QO system. Secondly, in Sec.
FO applicability region is extended to vertical axis with respect to the focal plane. This extension is es-
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Figure 3.1: Coherent FO scenario: a focusing QO component is illuminated by an incident plane wave. Its focal field is
represented as a PWS with respect to the origin of the reference system (x7, yr, 2r). The PWS is used to represent the
field impinging on a secondary QO component (shown in the inset) located at Bcro. The local reference system at the
neighborhood of B¢ro is also shown.

sential to determine positions in the focal plane of a primary QO component (e.g. parabolic reflector),
where the secondary QO components (e.g. fly’s eye lens array) can be analysed using FO approxima-
tions.

3.2 Derivation of the Coherent Fourier Optics

In this section, a plane wave spectrum (PWS) representation in both the magnitude and phase of the
focal field is derived for a QO component illuminated by a plane wave. This PWS is valid at the imme-
diate surrounding of the focal point (i.e. within the FO applicability region given in ) In Sec.

the validity region is extended to the case of wide angle optics.
- . o “‘-._,
Let us consider a generic focusing QO component illuminated by a plane wave E? = Egp'e/* 7,

with wave-vector £-. As shown in Fig. , an equivalent FO sphere centered at the focus of the com-
ponent can be used to represent the direct field, ¢-(0r), on the focal plane (zr = 0) in terms of a PWS
(Chapter]] Eq. (2.1)).

As discussed in Ch. [2} the PWS representation of the focal fields (neglecting the quadratic phase
term), is related to the scattered GO fields on the surface of the FO sphere (see Eq. (2.34)). This GO
field can be calculated analytically as in Sec. , when a parabolic reflector, hyperbolic, and
elliptical lens is illuminated by a slightly skewed incident plane wave (6* < 11°). For larger illumination
angles and for a generic QO component, a numerical GO based approach can be employed as in Sec.
(2.5). The expression of the GO parameters for the transmission and reflection cases are provided
in Appendix

Theintegral in resembles an inverse Fourier transform which relates the spectral field EF 0@))
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—7 2 .
to the spatial one, ¢-(0r). Due to the presence of the quadratic phase term, e TklprlP/CRr0) i (,.1a)),

EF O(Ep) is not actually the spectral representation of the amplitude and phase of the focal field, é¢(g).

In [66], the term EFO was used only to calculate the magnitude of the focal field, since the effort was
the analysis of incoherent detectors. Conversely, including the quadratic phase term is now essential
for accurately representing the coupling between multiple QO components, depicted in the scenario
shown in Fig. [3.1, or for evaluating the performance of a QO system with a coherent detection scheme.

As an example for demonstrating the importance of including the quadratic phase term into the
Fourier transform representation, let us consider a parabolic reflector with a diameter of D, = 141.44,
and a f-number f; , = 2. The reflector is assumed illuminated by a TM,, polarized plane wave with
|Eo|= 1 V/m and incident angle 6 = 2.43° which corresponds to scanning the reflector by 6 beams.
The corresponding variation of the quadratic phase term is shown in Fig. [5.2Ja). The position of the
geometrical flashpoint, g; , is also shown. We define the geometrical flash point as the position of the
peak of the focalized field over a focal plane assuming that no higher order aberrations are present, i.e.
the beam deviation factor (BDF) [7s] is 1. Figurds.2[b) shows the magnitude of the LHS of along

k., = ksin 6, when k,, = 0. By considering the quadratic phase term constant and equal to the one

taken at the flashpoint (i.e. ¢ MBI/ (2Rr0)Y the spectrum is flat over the reflector spectral domain (solid
black line). Figs. [3.2(c) and (d), show the focal field ¢, magnitude and phase values, respectively, along
the x-axis in a region close to the flash point. Comparing the result obtained by assuming the quadratic
phase term constant (solid black line) with the one obtained by using a standard PO based code (dotted
blue line), that can be considered as a reference solution, it is evident that the magnitude of the focal
field is accurately represented, but the phase not.

To properly represent the phase, we can rewrite as the product of two spatial functions:

) = —9BFTHE(T )} (1)

where ¢(0r) = ¢ M/ 2Rr0) i the quadratic phase term, and FTYEF 0(—%,3)} represents the inverse
Fourier transform of EF 0(—@). The spatial field in can then be expressed as an inverse Fourier

transform of the function ECF O(—%p) that is here referred to as the coherent FO (CFO) spectrum, as
follows:

1 27

&P = J ECFO(= ) P bk de (3-2)
7= Jo Jo

Specifically, the CFO spectrum is given by:

EO(=k,) = O(k,) * ETO(—k,), (3.3)

-

where * is the convolution operator, and ®(k,) is the Fourier transform of the quadratic phase term,
which can be expressed analytically as follows:
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Figure 3.2: For a parabolic reflector with D, = 141.44¢ and f; , = 2 illuminated by a plane wave with an incident angle of
6 = 619/D, = 2.43° (a) The quadratic phase term, (b) The FO spectrum. The insets illustrate the 2-D spectrum of the

6-component of the field, where left, middle, and right panels represent the EF O, convoluted spectrum, and the shifted one,
respectively. (c) The magnitude, and (d) the phase of the electrical focal field. The grey region indicates the applicability
region of linearization approximation as stated in .

> 1 27R ; .
o(k,) WRFO ~jn/2,, jRrolkpl?/(2k) (3.4)

T ik

With reference to the previous example, the grey curve of Fig. b) shows the variation of the
coherent FO spectrum magnitude. It can be noted that now the spectrum is highly oscillating and
shifted with respect to the one of the FO approximation. Fig. c) and (d) show that it is possible
to accurately calculate both magnitude and phase of the spatial field in the focal plane by using (3.4).
However, due to the oscillations present in the convoluted spectrum (see Fig. [3.2|b)), the numerical
convergence of the integral in is demanding. Furthermore, is a convolution that is both time
consuming and numerically cumbersome.

One can simplify the calculation of the coherent FO spectrum by using an approximation of the
quadratic phase term which accurately represents the field only at the surrounding of a specific position
in the focal plane, referred to as the CFO position, fcro. This approximation is achieved by introduc-



44 3. Coherent Fourier Optics

. . . . . e .
ing a new reference system in the focal plane centered at this position, where p’ = ﬁf — Pcro (Fig. ,
and retaining the first two terms of the Maclaurin series of the quadratic phase argument, as follows:

|[—)> |2 - 2 - =
LA klPCFO| L Pcro P (35)
2Rro 2Rro Rro

The result of this linearization is shown in Fig. a) (dash red line), where gcro = B; is chosen (at the

flash point position). The Fourier transform of the quadratic phase term, CD(7e)p), can be approximated
as

—ik|Bcrol*

- - - .6
(ko) ~ e 2RFo 3=k, — kcro) GO

> k
where kcro = . Pcro. Therefore, the convolution operation in 1} simply results in a shift of the
FO

FO spectrum along ZCFO. Then, the focal field can be evaluated in the new reference system via

1 27w

+00 .
AP = j ECFO(F )P bl d, (37)
471' 0 0

where the coherent FO spectrum is approximated as follows:

—jklBcrol* q

ECFO@p) ~¢ 2Rro EFO@)CFO - zp)é’j[zcm_zp]'ﬁcpo (3:8)
When examining Fig. [3.2fb), we can notice that the approximated coherent FO spectrum (dash red
line) has a spectral domain similar to the one calculated by using , but without oscillations. In Figs.
-2c) and (d), both magnitude and phase of the spatial field are reported (dash red line), respectively.
The agreement of the results with the PO solution (dash blue line) is evident. This agreement holds
in the whole grey region shown in the same figure, that corresponds to the applicability region of the
approximation . This region is defined as a circular region, centered on gcro, with diameter D772

CFO
where a maximum phase error of 7/8 is allowed in the quadratic phase term:

Dfedo (3.9)
2

max _
DCFO_

where D and f; are the diameter and the f-number of the corresponding QO component, respectively.
It is worth noting that the applicability region is not a function of the chosen CFO position, g ¢ro. Fig.
shows the diameter of this applicability region for a few f-numbers of a parabolic reflector versus its
diameter D = D,. It can be noted that as the reflector f-number increases, the number of beams that
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Figure 3.3: Maximum diameter of the applicability region normalized to A3, for different parabolic reflector f-numbers
versus its linear dimension. The solid and dashed curves correspond to the phase linearization, and a constant phase at g;
approximations, respectively. The latter limit is shown for a parabolic reflector scanning to 6 beams.

could be analysed with the approximation decreases. For comparison, the dashed curves in the
figure also show the applicability region of the spectrum in when a quadratic constant phase
evaluated at ﬁf = P is considered. In the latter case, applicability region depends on the chosen ﬁf,
and the approximation can only be used for a region close to the origin, and small f;.

By developing the PWS representation in for the focal field of the primary QO component,
one can now easily couple it to a secondary component, as shown in Fig. The focal field of this
secondary QO component can also be represented using and (2.3). In this case, if the secondary
component surface is within the 3D applicability region of FO, the GO field on the FO sphere of the
secondary QO component, EGO (_k)p,m), is calculated by propagating each incoming plane wave from

the primary QO component (i.e. the PWS in to the FO sphere of the secondary component. As a
E'GO

S
e (kp,sec), is the summation of the contribution of all these plane waves.

result,

3.3 Expanding the Fourier Optics Representation to Vertical Po-
sitions

In this section, the standard FO applicability region, derived in Appendix@ is expanded in z-axis (per-
pendicular to the focal plane), Fig. This 3D applicability region, determines a region where the
coupling between QO components can be approximated by the diffraction phenomena; and at which
locations the secondary QO components can be analysed using FO. In this case, the representation of
the electric field scattered by a QO component toward its focus point, using PO technique, is similar
to (A.3).

Similar to what is discussed in Appendix@ by approximating the integrand of one can derive
the FO representation of the field. However, in this case, this representation is not limited to observa-
tion points on the focal plane. In the case of amplitude and vector approximations the results are the
same as before. On the other hand, the steps and expressions for the phase approximation alters as
shown in the following.
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Figure 3.4: The Fourier Optics scenario for a focusing component illuminated by an incident plane wave from B = ko sin 6
direction. Here the green sphere represents the applicability of the FO methodology around the focal plane of the compo-
nent.

One can again expand the term |7 — 7’| using the Maclaurin series as:

=2 2 3

7 7 7
?—7|= Rpoy|1 = —[7 - #] + —— ~ Rpo — 7+ ¥ 1- [ 7] + 7% (3.10)
| |= Rro [7- 7] %, FO ZRFO[ [ #]7] 2R%O[ ]

2 3
The terms — [#-#]?and 5—[# - #'] are again neglected in the FO representation of the field.
FO 2Ry,

By allowing a phase error of ¢g, the error committed in the phase approximation of the FO integral can
be expressed as:

| (prsin @ + z¢ cos 0')> — r*(prsin @ + z¢ cos 0)|< ¢o (3.11)

2Rro 2R3,

where 7 = prp + 272,

By using these approximations, the FO representation of the scattered field close to the focal plane
of a QO component can be expressed as:

- jkrz

R S e —— (12)

% N

7RFo e J*Rro , 2R o
é7) =
4

- -
where & = k&% + kyj/ + k% is the wave vector, and £9 is limited within the angular region of the QO
component.
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Figure 3.5: The applicability region of FO method located within the black dashed curve (#/8 error level). For a parabolic
reflector with diameter D, = 50040, (a) f4,, = 0.6 and (b) fz » = 4.

In the following, for a few example cases, this FO representation of the field is compared to a stan-
dard PO code, and the corresponding applicability regions are also shown. Let us consider a parabolic
reflector with diameter D, = 5004, where A is the free-space wavelength at 300 GHz, with f-number
4 or 0.6. The 3D FO applicability region for these two geometries are shown in Fig assuming
¢« = #/8. In these figures, in the region withing the dashed black curves, electric field can be rep-
resented as a FO integral. As it can be seen, for the scenario with small f-number, the applicability
region is wider in both z— directions with respect to scenarios with larger f-number.

In Figs. and the electric field is calculated using FO and compared to standard PO codes
at different z quotes around the focal plane of the reflectors for different incident angles. As it can be
seen, these fields are well represented withing the described FO applicability region.

3.4 Conclusion

Imaging systems at millimetre and sub-millimetre wavelengths are entering a new era with the devel-
opment of large format arrays of detectors. A fly’s eye lens array coupled to absorbers or antennas is
a common FPA architecture for such imagers. Typically, such FPAs are coupled to a Quasi-Optical
(QO) system involving reflectors. For such large QO systems, a full-wave electromagnetic analysis of
the entire system is not applicable since it is numerically cumbersome and time-consuming.

In this chapter, firstly the original FO procedure has been extended to derive the spectrum of the
incident field on a reference system centered on antennas located at a large distance from the focus.
The procedure, named here “coherent” FO, has been used to express the spectrum of the incident field
in realistic cases which include large arrays of lenses within reflectors focal planes. In particular, the
methodology can be linked to spectral techniques commonly used for arrays, such as Floquet-modes
theory, for analysing absorbing mesh grids, and antenna in reception formalism to analyse the perfor-
mance of antenna feeders in reception. By also employing the off-focus FO approach, the proposed
coherent FO representation can be used to analyse and design wide field-of-view QO systems based on
Fly’s eye lens array configuration. Secondly, the applicability region of standard Fourier Optics (FO)
method is extended to the vertical direction with respect to the focal plane of a focusing QO compo-
nent.
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Figure 3.6: The amplitude (left panel) and phase (right panel) of the electric field calculated close to the focal plane of the
parabolic reflector with f; , = 0.6 and D, = 5004o. (a) at zr = 94¢f;,» when scanning 5 beams (i.e. 0" = 52y/D,). (b) at
2r = 3Af;, when scanning 9 beams (i.e. 6° = 910/ D;). (c) at zr = 5Aqf;,» when scanning 6 beams (i.e. 6° = 610/ D;). The
grey region indicates the discussed 3D FO applicability region. The red line in the inset of each case indicates the observation
positions in which the fields are evaluated, with respect to the applicability region diagrams.
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Figure 3.7: The amplitude (left panel) and phase (right panel) of the electric field calculated close to the focal plane of the
parabolic reflector with f; . = 4 and D, = 5004,. (a) at zr = 34qf;, when scanning 7 beams (i.e. 6" = 720/D,). (b) at
2r = 2Aof,» when scanning 17 beams (i.e. ' = 1710/ D;). (c) at zr = 14of},» when scanning 28 beams (i.e. 8" = 2810/ D;).
The grey region indicates the discussed 3D FO applicability region. The red line in the inset of each case indicates the
observation positions in which the fields are evaluated, with respect to the applicability region diagrams.
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Part 11

Advanced Multi-Component Quasi-Optical
Systems Based on Antenna Feeders

In this part of the thesis, methods for analysing the coupling between multiple Quasi-Optical compo-
nents are discussed. In general, two QO components can be coupled geometrically or in the diffraction
region. The former refers to scenarios where QO components are placed far away from focus points of
one another; whereas the later describes scenarios where a QO component (secondary) is located close
to caustic points (focus point) of a focusing (primary) QO component.

In the Geometrical Optics (GO) method, the EM radiation integral is approximated asymptoti-
cally for observation points far from the focus point. As the result, GO is accurate for representing
geometrical coupling between QO components, and inaccurate for representing the diffractive cou-
plings. In latter cases, Fourier Optics (FO) can be employed, since in this method the EM radiation
integral is asymptotically approximated assuming observation points close to the focus point (center of
a FO sphere). Here, Coherent Fourier Optics (CFO) method is used to represent the field scattered by
the focusing (primary) component to its focal plane as a Plane Wave Spectrum (PWS), see Ch. 3} The
coupling to secondary components can be evaluated as the summation of their responses to each one
of these plane waves. In Sec. 3.3, the FO applicability region was expanded in z-axis (perpendicular to
the focal plane). This 3D applicability region, determines the region where the coupling between QO
components can be approximated by diftraction phenomena, and analysed using FO based techniques.

In Ch. |4} a case of diffractive coupling between two set of QO components is described. Specifically,
the CFO method is applied to analyse the coupling between a large format lens based FPA (secondary
components) and a parabolic reflector (primary component). In Ch. |5} a wide band QO system is
described where the coupling between its integrated lens and the primary component is a mixture of
geometrical and diffractive coupling depending on the frequency of operation. In particular, the cou-
pling is geometrical at the higher frequency band portion, and diffractive at the lower frequency band
portion. Moreover, in Ch. |4, GO and FO methods are combined to represent the coupling between
multiple QO components, where multiple geometrical couplings are present.
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Chapter 4

Wide Scanning Lens Based Focal Plane
Arrays

Future sub-millimetre imagers are being developed using large format focal plane arrays (FPAs) of lenses
to increase the field of view and the imaging speed. A full-wave electromagnetic analysis of such arrays is
numerically cumbersome and time-consuming. In this chapter the coberent Fourier Optics methodology,
introduced in Part I, is employed for analysing advanced lens based FPASs in reception. Here, the method
is applied to a monolithically integrated focal plane array based on integrated lenses with optimal scan-
ning performance without employing any optimization algorithm. The synthesized FPA achieved scan
losses much lower than the ones predicted by standard formulas related to the direct field coming from
the reflector. In particular, a FPA with scan loss below 1 dB while scanning up to £17.5°is presented with
directivity of S2dBi. The technique is validated via a Physical Optics code with an excellent agreement.
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4.1 Introduction

As discussed in Ch. [i} Fly’s eye configurations, i.e. lens based focal plane arrays (FPAs), are viable solu-
tions for wide Field-of-View (FoV) imaging systems operating at millimetre and sub-millimetre wave-
lengths [10}82}35]]. In this chapter, CFO technique is applied to the synthesis of such a wide FoV imager
complying with the needs for future sub-millimetre imagers for security applications [24; 20, 22} 26].
For these applications antenna gains of about 50 to 60dBi are needed [24] with more than 100 X 100
beams.

In the literature, various solutions have been proposed in the past to improve the scanning perfor-
mance of Quasi-Optical systems either using Gaussian horn feeders combined with shaped reflector or
lens antennas [83,[39,(84,85] (with most of the cases over sizing the radiating aperture) and/or deter-
mining an optimum focal surface [77,86|], where the array elements are placed [26]); or by using array
clusters of feeders to achieve a conjugate field match condition with the focal plane field [87,88,89]]. This
work considers a relatively simple FPA architecture based on a lens array. All the lens feeders are placed
over a flat surface, enabling monolithic integration at high frequencies. The surface shape of the lenses
is linked directly to the phase of the incident PWS, while the radiation of the lens feeders is matched
to the amplitude of the PWS via a Gaussian model approximation. For simplicity, the main reflector
aperture is modelled as a symmetric non-oversized parabola. The obtained performances, validated via
a conventional PO analysis, show significantly lower scan loss than it would be obtained by placing
Gaussian horns in the optimal focal surface of such reflector as in [26]]. The proposed technique could
be easily extended to more practical reflector implementation (e.g. a Dragonian dual reflector [90]) by
linking the PWS derivation to a GO field propagation in the reflector system and adjusting accordingly
the lens surfaces, as well as in combination with oversized shaped surfaces.

4.2 Analysing Fly’s Eye Lens Arrays

In this section, the proposed CFO methodology is applied to the analysis of elliptical lens based focal
plane arrays coupled to a parabolic reflector. The geometry of the problem is sketched in Fig.

By extending the applicability region of the FO method, see Sec. alarge format lens based FPA
such as the one in Fig. is divided into several regions. At the center of each region an off-focus
FO sphere is centered. At the position of the apex of each lens element, a local phase linearization is
performed, see , where Bcro = Pane. By doing so, the PWS of the scattered field by the reflector,

E,CF 0(2,3,,), is derived at the surrounding of the lens element. Each plane wave of this spectrum is
propagated using a GO approach to a FO sphere defined inside the lens element as shown in the inset

of Fig. as:

560 7 7 N P1P5 iod
EZ,G]?W(ka’ kor) =T - rFO( p,r)ejkp < 2t T (4.1)
[pi + d;,l] [pz + d:,l]

where 0 is the corresponding point on the lens surface (see inset of Fig. |4.1) and 4, ; is the length of the

corresponding transmitted GO ray between the lens and FO surfaces.
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Figure 4.1: Illustration of an off-focus coherent FO scenario with a lens based FPA coupled to a parabolic reflector. The
linearization , and off-focus FO applicability regions are indicated by blue and green regions, respectively. Inset

shows the dielectric lens under consideration.

To derive the PWS of the lens fed by the reflector, the GO fields in are coherently summed:

2O, ) = JQ ESO (1 B Vo p ey, (4.2)
FO

where Qo is the domain of integration which covers the entire angular region subtended by the re-
flector FO sphere of the reflector.

When the plane waves impinging on the lens are characterized by small incident angles, i.e. 6 < 11°,
the GO field can be approximated (with a 20% maximum error in the field magnitude estimation) as

follows (Sec. [2.3.3):

-

> 2 > > - AN
EZ,GPOVV(k b Kpr) = EZ,GPOVV(sz b ko = 0)e ko, AP [148,,1] (4.3)

where the term e_f%f’)l “Ap 149

»il indicates the linear and the coma phase shifts; A_)pl-} | = RFOsz,r/ k,
represents the flashpoint position, when assuming Beam Deviation Factor [75] is equal to 15 9, /(6;) =
e[cos ) — cos 9?]/ [1 — ecos 6] where ¢ is the eccentricity of the elliptical lens, and 6 is its maximum
rim angle. The condition 0" < 11°, and the FO limit given in define the validity region of .
To check the validity of the above methodology, let us consider the same reflector geometry de-
scribed in the previous section but including a focal plane array of elliptical lenses. In Fig. the
sub-figures to the left panel represent the field at the focal plane of the reflector, i.e. the direct field on
the top of the lens based FPA. The corresponding direct field cross-section in the Pfr2hr plane, includ-
ing the position of the lens, is shown in each inset. In the middle and right panels, the magnitude and
the phase of the field at the focal plane of a lens are shown, respectively. The CFO is obtained for all
cases assuming that the phase linearization point is that of the lens location, i.e. Scro = Ban- The
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amplitude of the plane wave impinging on the reflector is | Eg|= 1 V/m, and it is TM;, polarized for all
cases. Figs. a)-(c) consider a parabolic reflector with D, = 141.41¢ and f;, = 2, and a lens with
diameter D; = 24f% ,, while for Fig. d) far = 0.6and D; = 44¢f; ,. The f-number of the elliptical
lens is defined as f; ; = Rro,1/ D (see inset of Fig. , and in all the four cases f; ; = 0.6 (i.e., the lens is
truncated). For Figs. [4.2(a) and (b), the lens under analysis is positioned in the focal plane of a reflector
at B = 8Aofs,r, but the plane wave angles of incidence are 0 = 819/D, and 6° = 101y/D,, respec-
tively. The results are compared to those obtained using a multi-surface PO code (solid black line) that
makes use of the formulation described in [91]. The excellent agreement inside the validity region of the
FO is evident between the methods. The broadside FO applicability region for the discussed parabolic
reflector is approximately 11 beams (|37,|< 114¢f;,,). Moreover, to demonstrate the necessity of a co-
herent FO representation for the reflector’s focal field, in Fig. [4.2{a) the lens focal field is also calculated
assuming a constant quadratic phase term in the spectrum of the reflector focal field. From this figure
it is evident that one commits a large error in analysing the coupling of the lens to the reflector by not
accurately describing the quadratic phase term.

Figs. c) and (d) consider a scenario which involves oft-centered FO spheres in the x-direction
(using the methodology described in Sec. ). The lens under analysis is assumed positioned in the
focal plane of the reflector at §,,; = 404z ,% and the reflector is illuminated by a plane wave with an
incident angle of 8" = 4010/ D,. In this scenario, one can define an off-centered FO sphere positioned
at O™ = 441 \f#,r& to evaluate the reflector CFO spectrum. In the left panel of Fig. c) the magnitude
of the incident field on the lens is compared with that obtained with a standard PO evaluation. Instead,
the field on the lens focal plane compared with the multi-surface PO evaluation is shown in the other
two panels.

Finally, Fig. [4.2(d) shows a case where the incident angle and the lens location are the same as in
Fig. [4.2)c), but the f-number of the reflector is f; , = 0.6 and the diameter of the lens is D; = 44of; .
In this case, the propagation to the lens FO sphere requires the use of the numerical GO given in .
The agreement with the multi-surface PO evaluation is also very good.

4.3 Estimating the Flash Point Position in a Wide Optics Sce-
nario

As discussed in Sec. in a scenario when a QO component scans a large number of beams, comma
phase term, present in the PWS, can not be neglected. As a result, the actual flash point position is
different from the one predicted geometrically (when assuming beam deviation factor is 1). In this
section, a technique for approximating the flash point position, using CFO, in wide Optics QO systems
is presented. The described technique is employed in the next section for designing the Fly’s eye lens
array. By using this technique, we determined the optimal position of off-centred lens elements in the
FPA as the flash point position of the beams scanned by the reflector.

Within the applicability region of the Coherent Fourier Optics (CFO) method, , the field gen-
erated by a QO component at its focal plane is represented by an inverse Fourier transform (3.7). By
examining the integrand of this Fourier transform, it is apparent that when the component are illumi-
nated by an incident plane wave impinging from the broadside, a position (focus) exists on the focal
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Figure 4.2: x-component of the electric field along the x-axis. The magnitude of the electric field evaluated on the focal
plane of the parabolic reflector is reported at the left panel. In its inset, the 2D reflector focal field and the lens position are
shown. On the middle and the right panel, the magnitude and phase of the electric field are evaluated on the focal plane of
an elliptical lens. The figures (a)-(d) refer to the cases in which: (a) the reflector is scanning 8 beams and the lens is located
at B = 8Aofy,& and the lens diameter is D; = 24¢f%,5 (b) the reflector is scanning 10 beams and the lens is located at
Pant = 8Aofy,% and the lens diameter is D; = 2Aqf3,,5 (c) the reflector is scanning 40 beams and the lens is located at
Pant = 40A¢fy »& and the lens diameter is D; = 2A¢f;,, resorting to the off-focus FO approach (described in Sec. ; (d)
the incident angle and the lens location are the same as (c) but the reflector f-number is f; , = 0.6 and the lens diameter is
D; = 4A¢fy ». In all the cases, the lens f-number is f; ; = 0.6. The coherent FO approach refers to using and , and
the FO approach refers to the case where the PWS of the reflector is calculated assuming a constant quadratic phase. Grey,
blue and orange regions indicate the applicability region of FO approximations (as given in for the off-focus FO, and
in for the broadside FO), the applicability region of the coherent FO (linearization approximation) (as given in ),

and the position of the lens in the focal plane of the reflector, respectively.
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plane ﬁf, in which all the components of PWS of the direct field, ECF O are summed coherently. In
other words, at this specific position on g we have

ko) ho By _ 1 Vkp < koo (+4)

where k0 = ko sin 8° and 6° is the maximum rim angle of the QO component, and S”(zp) is the phase
term of the dominant component of ECFO je. ?’(zp) = [(ESFO).

The condition in is not satisfied for every %’p when the component is scanning oft-broadside
plane waves. Therefore, one cannot find a unique position on the focal plane where the phase of
the Fourier transform integrand is zero. However, when the component is not scanning extreme off-
broadside angles, we can clearly identify a single bright spot on the focal plane. In this case, we can
estimate a position where the phase of the integrand is almost zero over the whole 2p set by introduc-
ing the error function

-

(ko) = P (kp) + Ky - B (4-5)

The flash point position, g;, is then estimated as the position where the sum of this error function over

the whole whole %’p set, i.e.

27w p+oo
¢ = I J e(kp)kydk,yda, (4.6)
0 0

is minimum.

This method can be used to estimate the optimal position of lens antennas below a reflector system
or the optimal position of the feeder on the focal plane of an integrated lens. By doing so, these elements
receive the maximum power coming from the desired plane wave direction.

4.4 Wide Field of View with Non-homogenous Lens Antenna
Arrays

It is well known that the scanning capabilities of reflector antennas are limited for large off-broadside
angles. Focal plane arrays of homogenous (i.e. identical) horns or lenses have scanning properties pro-
portional to the size of the beam illuminating the focal plane. In [26], formulas to derive the field of
view (defined with a 3dB scan loss criterion) were given for opto-mechanical imaging systems. At low
frequencies, the use of feed clusters has been proposed to enlarge the field of view [87,,88,89]]. Here, we
investigate, instead, the possibility to enlarge the field of view by properly designing lens based feeders
(lens dimension, lens surface, and lens feeder). The concept is applied to a focal plane array where the
elements will be non-homogenous. The feeders of the lens array are placed over a flat surface to facilitate
a monolithic integration at high frequencies.
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Figure 4.3: A large format flat FPA based on lens antennas with a hybrid architecture. The yellow, green, and orange regions

represent the identical (4.9)), displaced , and enlarged elements (4.11) regions, respectively.

For lens elements close to the focus of the reflector, the quadratic phase in and the comma
phase in the associated reflector CFO are not significant, and a homogenous lens array can be used
with negligible scan penalty.

For mm- and sub-wavelength systems, the use of large f-numbers (f; > 1) is common due to their
intrinsic larger scanning property [77]. In these cases, the quadratic phase term is the dominant source
of error for oft-focus lenses and the CFO has a dominating linear phase term. To achieve a conjugate
field matching condition, as described in Sec. the lens feeders should be laterally displaced along
the lens focal plane with respect to the lens focus. For elements even farther away from the center, the
CFO spectrum contains higher order phase terms. This is due to the fact that the optimum focal plane
is curved instead of a flat surface. These phase terms lead to a widening of the beams impinging on the
lens array. To improve the coupling to these distorted fields, one can first enlarge the lens diameters
(amplitude matching) and introduce a non-rotationally symmetric lens feeder. Secondly, the phase of
the distorted CFO spectrum can be matched by reshaping the surface of the lenses. Fig. |4.3[schemat-
ically describes a possible composition of an optimum focal plane array where different regions, filled
with different types of lenses, have been identified.

As an application case, we consider a scenario compatible with wide-angle QO systems used in the
state-of-the-art compact imaging systems such as those described in [26] and [24]. As baseline for the
design of the FPA, we consider a silicon elliptical lens (¢,; = 11.9) of variable diameter and coated with
a standard quarter wavelength matching layer with relative permittivity of ¢,, = /e; = 3.45. The
parameters of the considered reflector coupled lens antenna are listed in Table[4.1, The far field of the

lens feeders is modeled via a Gaussian beam as follows:

u v
) (=pezr) )
EfFF = E e ( #o Yo /[sin ¢;0; + cos ;] (47)

a

where # = sin 8 cos ¢, and v = sin 6 sin ¢;; 9 and vy are chosen in such a way that the antenna far
field matches the CFO at —11dB level; £,9 = 1 V/m is a normalization factor. The Gaussian patterned
antenna feeders are placed at the lower focus of each elliptical lens.

The performance of such an array is evaluated in terms of scan loss, which is defined as follows:
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Table 4.1: The Geometrical Parameters for the Scan Loss Example

D, for freq. ful
2 1

141.41, 340 GHz
Center FO 1st off-focus 2nd off-focus  3rd off-focus
validity region FO region FO region FO region

_ 438.75 Beams
Scanned

| Edge
taper

[ level

|éf.r (ﬁfr)l (dB)

-5 0 5 10 15 20 25 30 35 40 45 50
X [ (Rofi)

Figure 4.4: Normalized electric field in the focal plane of the parabolic reflector when scanning 0 (broadside), 15.5, 23.5,
34, and 43.75 beams. The shaded regions represent the FO applicability regions. The edge taper level of power entering a
lens element is also shown as an example.

Pr(N})

max (PLND} ) (&)

SL4p(N;) = —10log,,

where N = 6'/(D,/A) represents the number of beams scanned by the reflector, and 6” is the angle
of the incident plane wave illuminating the reflector; Pz is the power delivered to antenna terminals
as described in Sec. [2.5|and ; max {PL(N})} is the maximum power that can be received by the
detector when the reflector is pointing at broadside direction.
A TM,, polarized plane wave with magnitude | Eg|= 1 /’/m is impinging on the parabolic reflector
from ¢* = 0°. Fig. shows the field on the reflector focal plane when 0 (i.e. broadside direction), 15.5,
23.5, 34, and 43.75 beams are scanned. The maximum of the focal field for each considered scanning
position is located inside one of the validity region of the central, 1st, 2nd and 3rd off-focus FO sphere
located at O™ = 18.2A¢fs %, 32.3Af 4 r%, and 44.44f4 ,%, respectively. When the reflector is scanning
15.5 beams, the focal field exhibits asymmetric side lobes, due to the comma phase terms as described
in Sec. while scanning 23.5, 34 and 43.75 beams the first two side lobes and the main lobe of the
focal field are merged, due to higher order phase distortions.

In Fig. the scan loss of this incident focal field is shown (solid grey line). The circle mark
represents the number of beams scanned, N; p = 0'/(D,/ ), through the parabolic reflector before
reaching a scan loss of 3dB. The value is obtained by using Eq. (3) of [26]. It is worth noting that the
incident scan loss curve (solid grey line) calculated here matches the standard formulas, and it is in line
with the approximations available in the literature.
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Figure 4.5: Scan loss of the QO system versus the number of beams scanned, for the geometry reported in Table[4.1] The
yellow, green, and orange regions represent the identical (4.9)), displaced (4.10)), and enlarged elements (4.11)) regions, respec-

tively. The value identified by the grey circle symbol shows the number of beams scanned with less than 3dB scan loss and
is calculated by using [26]. The cross marks indicate the scan loss obtained by using the PO solver of GRASP [s3].

In the following subsections, the four FPA regions identified for optimizing the scanning perfor-
mance of the reflector system are described. In the left column of Fig. the magnitude and phase of
the CFO spectrum of the parabolic reflector is shown for several of the cases in Fig.

4.4  Region 1: Homogenous Lens Array with Identical Feeders

In this region, the diameter of these lenses is chosen as D; = 24¢f; ,» which corresponds to the width
of the main beam of the reflector focal field when looking at the broadside direction. In Fig. [4.6(a), the
CFO spectrum of the lens is compared to the corresponding one calculated from the antenna far field,
when the lens element is placed at the reflector focus. It can be noted an excellent matching between
the two fields (middle and left panels). As a result, the aperture efficiency for the central array element
is about 80%.

Fig. |4.5|shows the scan loss when an array of homogeneous lenses with identical centered feeders
are considered (solid black lines). It is worth noting that for this lens array the scan loss reaches 3dB
only scanning 23 beams. The rapid increase of the loss is due to the phase mismatch between the CFO
spectrum and the antenna far field. This phase mismatch is mainly due to the quadratic phase of the
reflector focal field. One can calculate the quadratic phase difference over a lens surface as |®Z - @% |=
kolpal*  kolpsl®
2Rro,  2Rro,
focal plane; Rro,, is the radius of the reflector FO sphere. Imposing a maximum of #/2 phase difterence
leads to a scan loss of 0.5dB. Taking this scan loss value as the limit, the maximum number of beams
scanned by homogenous lens array (i.e. with identical uniformly spaced feeder elements) defines the
limit for this region as follows:

, where p 4 and p  represent the edge positions of the lens element on the reflector
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Figure 4.6: Magnitude and phase of the CFO spectrum at the reflector FO sphere (left panel), and the lens FO sphere
(middle panel). The far field of the lens feeder is also shown in the right panel. (a) The central element of the homogenous
lens array with identical feeders; (b) an element of the homogenous lens array with displaced feeders, 15.5 beams away from
the center; (c) an element of the non-homogeneous lens array with displaced feeders, 23.5 beams away from the center; (d)
an element of the non-homogencous lens array with displaced feeders, 43 beams away from the center.
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pmax D?‘
N} = = ,
max /1()]‘;#)7- 8/1()][#})7‘ (4 9)

In Fig. this region is marked with a yellow color. As expected, at the edge of this region, the identical
element array exhibits about 0.5dB of scan loss. Within the region identified by , the architecture
of the proposed optimum lens based FPA is also synthesized using identical elements. The scan loss of

this array is also shown in Fig. (blue line).

4.4.2 Region 2: Homogenous Lens Array with Displaced Feeders

For elements farther away than N,ln > SEE , the CFO spectrum exhibits a linear phase as can be seen
in Fig. [4.6[b). One can conjugate match this phase term by displacing the lens feeders laterally in their
respective lens focal planes. In this second region, the diameter of the lenses is kept constant over the
array (D; = 2Aqf;,») since higher order phase terms are still not relevant. The optimum position for
each feeder is determined by using the method described in Sec. |4.3] Specifically, the method estimates
the position of the maximum of the focal field, i.e. the flashpoint position. As shown in Fig. [4.6(b), for
an element 15.5 beams away from the center of the reflector focal plane both the magnitude and phase
of the incident field and the antenna far field are well matched reaching an aperture efficiency of 76%.
Fig. [4.7(a) summarizes the optimum feeder position found using the procedure detailed in Sec. [4.3]for
all regions.

The limit of this region is associated to the higher order phase distortions in the reflector CFO,
specifically the comma error. By using the formula derived in Sec. (213), for the estimation of the
comma phase in a parabolic reflector, one can calculate a maximum number of beams scanned by the
displaced feeders reaching at most 0.5dB of scan loss, as follows:

N2, = [f#,, + i — 0.25]2 (4.10)

In Fig. this region is marked with a green color. Within this region, the architecture of the proposed
optimum lens based FPA is synthesized using the homogenous lens array with displaced feeders. The
scan loss of this array is shown in Fig. |4.5| (blue line). As expected, at the edge of the region identified
by , this array exhibits about 0.5 dB of scan loss. The performance of the homogenous lens array
with displaced feeders is significantly improved with respect to the one with identical elements (black
line).

4.4.3 Region 3: Non-Homogeneous Lens Array
> S€E 1) the diameter of the lens elements should increase to

compensate the widening of the reflector field due to the higher order phase distortions. As shown
in Fig. this focal field is asymmetric in this region. We define a larger rim (e.g. diameter) for the
lenses in this region by finding the contour of the reflector focal field at a certain level with respect to its
maximum, referred here as lens edge taper level. As an example, Fig. shows that the last lens element

For elements farther away than N, 2
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Figure 4.7: The geometrical parameters of the synthesized non-homogeneous lens array. (a) Gaussian feeder parameters
(black curves), and feeder displacement in the lens focal plane (red curve). (b) Diameter of the lens elements (black curve),
and edge taper level for each lens for the worst case 1D cut over its surface. The yellow, green, and orange regions represent

the identical , displaced , and enlarged elements regions, respectively.

is defined with an edge field taper level of ~ —7 dB. An automatic procedure is established to define
the lens rim for every element by initially using a —11 dB edge field taper. However, as discussed in Sec.
the FO validity region is also limited in the vertical direction. Therefore, the considered lens heights
and consequently their diameters are limited. In the described example scenario, this maximum lens
diameter is = SAqf . The automatic implemented produce limits the diameters to this number, and
consequently, the obtained edge taper levels are reduced at the edge of the array. Figure[4.7{b) reports
the obtained lens diameters and field edge levels for the considered scenario. The reported edge taper
level is for the worst case of the 1D cut over the lens surface, e.g. for scanning in x-direction along x¢,
when yz, = 0. As a consequence, the Gaussian beam waists in will be different now in the two
main planes.

As is shown in Fig. [4.6]c), for the lens element located 23.5 beams away from the center the field
match is very good, both in magnitude and phase. Figs. b) and (c) summarize the optimum lens
diameters and Gaussian feeder parameters for all regions. By using the formula derived in [26], one
can calculate the maximum number of beams scanned in this region with a scan loss below 0.5dB, as
follows:
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Figure 4.8: Shaping the surface of the lens element scanning 43.75 beams. (a) The phase needed to be compensated, i.c.
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[D, Nfer
N3ﬂx — 315 /l_r 2 ’ (4.11)
0

In Fig. this region is marked with an orange color. Within this region, the proposed optimum lens
based array is synthesized using the design steps described in this subsection. As expected, at the edge
of this region, the array exhibits about 0.5dB of scan loss.

4.4.4 Region 4: Non-Homogeneous Array with Shaped Lens Surface

For elements farther away than N3 ., see , the CFO spectrum cannot be matched with a translated
non-symmetric Gaussian lens feeder. Fig. d) shows a significant difference in phase distribution be-
tween the two, leading to about 5dB scan loss for this case. To improve this scan loss, one can reshape
the surface of the lens to remove the higher order phase terms on the lens CFO. Specifically, the difter-
ence between the phase of the elliptical lens CFO spectrum and the translated non-symmetric Gaussian
lens feeder, referred to as the hologram phase, is approximated by a Zernike expansion , , also
described in Appendix The surface of the elliptical lens is then modified using the following expres-

sion:

Zh(p: ¢)

dw(p, P) = T — ko (4.12)

where d,, is the modification of the height of the lens; p and ¢ represent positions on the lens surface;
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Zy, is the Zernike approximation of the hologram phase (see Appendix ; and kg, = k,cos @) is the
z-component of the wave-vector in the lens material.

In the region outside the one identified by , the proposed optimum lens based array is syn-
thesized according to the design steps described in this subsection using enlarged lens elements with
modified elliptical surfaces. The scanning performance of this array is shown in Fig. [4.5|(blue line).

As an example case, the surface of a lens element located at g7, = 43Aqf; /& is considered. The
hologram phase, its approximation by a Z/AV;::%% Zernike expansion, the needed height modification,
and the shape of this lens are shown in Figs. |4.8(a) to (d), respectively. The discontinuities in the phase
hologram are due to the numerical artifact caused by the 2-D phase unwrapping algorithm [94], but
they are not considered in the generated lens surface. The required modification of the lens surface
is within the specifications given by commercial silicon micro-machining companies such as [9s]. By
reshaping the surface of this lens element, its scan loss is improved from S to 1 dB.

4.4.5 Validation of the Methodology

In this subsection, the coupling of the described Quasi-Optical system calculated using the proposed
methodology is compared to the one obtained by performing a PO analysis that exploits the reciprocity
of the problem and studies it in transmission. In particular, the field radiated outside the lens antenna
is obtained by using an in-house developed PO formulation similar to the one described in [70]. De-
pending on the array element under study, the lens surface is either elliptical or modified elliptical as
shown in Fig. According to the size of the lens element and its distance from the parabolic reflector,
the field is calculated in the lens radiative near field or in the far field region. This field is then provided
to the PO solver of GRASP [s3] as a tabulated source illuminating the parabolic reflector, to obtain
the field radiated by the entire Quasi-Optical system. In the proposed CFO method, the first-order PO
diffraction effects are taken into account; while in GRASP simulation, the diffraction contribution
from the edges (using PTD method) are also included.

Table compares the aperture efficiency, evaluated with both methods for the four considered
examples in Fig. The same excellent agreement can be observed in Fig. where the radiation
patterns of the complete Quasi-Optical system are shown. Moreover, the scan loss obtained by the PO
analysis in transmission is shown with cross marks in Fig. Again, the results are very well matched to
the ones obtained by the proposed CFO method. It is worth noting, that the CFO derivation provides
the lens and feeder geometries with a single calculation that lasts about 4 minutes. In comparison, the
PO analysis in transmission takes about 30 minutes in the same computer. Therefore, this second anal-
ysis procedure would lead to very long elapsed times to find the optimal lens geometry using iterative
simulations. All the simulations were performed by using a single core Intel i7-4790 processor with a
clock frequency of 3.6 GHz, Cache and RAM memory of 10MB and 16GB, respectively.

4.4.6 Conclusion

Imaging systems at millimetre and sub-millimetre wavelengths are entering a new era with the devel-
opment of large format arrays of detectors. A fly’s eye lens array coupled to absorbers or antennas is a
common FPA architecture for such imagers. Typically, such FPAs are coupled to a Quasi-Optical (QO)
system involving reflectors. For such large QO systems, a full-wave electromagnetic analysis of the entire
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Figure 4.9: Radiation pattern of the lens antenna elements coupled to the parabolic reflector (¢* = 0°). These elements are
scanning broadside (6 = 0°),15.5 beams (6” = 6.3°), 23.5 beams (9" = 9.5°), and 43.75 beams (¢’ = 17.76°). The solid lines,
and dot marks represent the pattern obtained in transmission by using PO, and reception by using the proposed method,
respectively. The former and the inset, illustrating the pattern in the #-v plane, are calculated by using GR ASP.

Table 4.2: The Aperture Efficiency of the Array Elements

Sec. |4.4.1|Broadside Sec. |4.4.2|15.5 beams | Sec. |4.4.3|23.5 beams | Sec. |4.4.4|43 beams
Proposed
CFO 80.0% 75.8% 72.8% 67%
method
GRASP 78.8% 75.4% 70.7% 64.2%

system is not applicable since it is numerically cumbersome and time-consuming. This chapter focuses
on a scenario involving a lens based Focal Plane Array (FPA) with diffractive coupling to a primary fo-
cusing component. The technique described in Chapter Coherent Fourier Optics (CFO), can be
used to assess the scanning performance of such large format lens based FPAs. In particular, by using
the developed analysis tool, it was shown that a scan loss lower than the one of the direct field (given
by standard formulas in the literature) can be achieved for a wide-angle optics coupled to a lens based
FPA. The proposed array is synthesized according to the described design rules, namely field matching
between the CFO spectrum and the far field of the lens feeder. It is worth noting that in this design
process no numerical optimization algorithms were employed and the methodology provides the exact
optimal solution in terms of scan loss. Here, scan loss of less than 1dB has been achieved while scanning
up to +17.5° for an example relevant to the state-of-the-art wide-angle imaging systems with reflector
f-number of 2 and directivities of 52dBi. The proposed technique has been validated via a standard
Physical Optics based analysis in transmission with excellent agreement.
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Chapter s

A Quasi-Optical System with 3 to 1
Bandwidth Ratio for the ASTE Telescope

DESHIMA 2.0 is a spectrometer for astronomical applications targeting known point sources at sub-mm
wavelengths from 240 GHz to 720 GHz. The system will be installed in the ASTE telescope at Atacama
Desert, Chile. In this chapter, a Quasi-Optical system based on a byper-hemispherical leaky lens antenna
and a series of Dragonian reflectors is presented as coupling chain for the EM radiation captured by the
telescope into the detector. The design procedure is based on a field matching technique in reception. Specifi-
cally, the ASTE telescope is modeled by a single equivalent on-axis parabolic reflector which is illuminated
by an incident plane wave. This plane wave is scattered by the reflector, propagates into the integrated lens
and couples to the antenna terminals. By employing this methodology, the performance of the design is
rapidly optimized over the whole 3 : 1 bandwidth ratio. The achieved average illumination efficiency over
the band is approximately 70%. The directivity patterns in the sky are also estimated. The side lobe, and
cross-polarization levels, over the whole frequency band, are below —16dB, and —18dB, respectively.
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5.1 Introduction

Far infrared astronomy considers radiation roughly from S0 GHz to 10 THz, which is emitted by cold,
distant and often optically dark objects in the universe. Important examples of such objects are dust,
gas and far away galaxies. Often these galaxies are also dust-rich environments, therefore, they are al-
most completely invisible in optical wavelengths. An important tool for observation of these objects is
ultra-wide band spectroscopy. Until recently, this tool was technologically inaccessible. In recent years,
efforts toward designing broadband on-chip spectrometers have been pursued. DESHIMA 1.0 [38] is a
terahertz spectrometer based on a single superconducting chip with a bandwidth ratio of 1.14 : 1(13%).
This instrument achieved its first-light campaign on the ASTE telescope in 2017 [37]. Moreover, a simi-
lar instrument with a bandwidth ratio of 1.7 : 1(38%) has been demonstrated in [96]. In these systems,
an on-chip filter bank from superconducting material divides the radiation into narrow spectral bands.
Behind each filter is an individual Microwave Kinetic Inductance Detector (MKID), that detects the
radiation only in its designated spectral band [97].

DESHIMA 2.0, afollow up on DESHIMA 1.0, is an on-chip spectrometer based on direct-detection
using MKIDs at sub-mm wavelengths. The system is being developed as a collaboration between the
Delft University of Technology and the Netherlands Institute for Space Research (SRON). DESHIMA
2.0 aims at analysing astronomical sources from 240 GHz to 720 GHz with a bandwidth ratio of 3 : 1
(100%). The system will host 550 MKIDs and will be installed at the Atacama Sub-millimeter Telescope
Experiment (ASTE) in Chile. The first implementation of DESHIMA 2.0 will have a reduced band-
width ratio of 2 : 1, analysing sources from 220-440 GHz and will be installed in the ASTE telescope
in Chile at the end of 2020. A later upgrade will use the full 240-720 GHz bandwidth.

In order to comply with the requirements of the instrument, a wide band antenna with 3 : 1 band-
width ratio is required. At millimetre wavelengths, designs with stable wide band performance have
been demonstrated using coupling elements such as: quadruple-ridged flared horns [98], and eleven
antenna [99]]. These elements achieve good coupling performance to the optical system, i.e. average
illumination efficiencies above 65% over a large bandwidth ratios of 4 : 1 (excluding the impedance
matching efficiency). However, both elements cannot be integrated into a chip design. Machining
and assembly of a flared horn operating at sub-mm wavelengths is also yet to be achieved. Moreover,
matching the eleven antenna’s impedance to its load at sub-mm wavelengths is proven difficult. A rel-
atively narrow band solution, with respect to the application under consideration, is the corrugated
horn antennas operating at sub-mm wavelength, such as the ones described in [100]. These elements
achieve stable performance (average illumination efficiency of 80% excluding the dielectric and reflec-
tion losses over the intermediate lens component) over bandwidth ratio of 1.8 : 1. In more relevant
works, solutions such as the connected array of leaky slots [ro1], or the focused connected array [1o02],
are proposed. In these cases, in order to realize the feeding network, microstrip technology at sub-
mm wavelengths is required. This technology is currently under development. New techniques such
as [103] are introduced to assess the loss in the dielectric for these microstrip feeding networks at sub-
millimetre wavelengths. Despite these complications, such designs show promising performances. In
particular, the connected array of leaky slots achieved an average illumination efficiency of 70% over a
bandwidth ratio of 3 : 1 (excluding the lens reflection efficiency, impedance matching, and losses in the
feeding network). On the other hand, the focused connected array achieved an average illumination
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efficiency of 60% over the same relative bandwidth (excluding the losses in the feeding network).

In this chapter, a single lens antenna element coupled Quasi-Optical system has been proposed to
receive the incoming electromagnetic radiations at the corresponding 3 : 1 frequency bandwidth ratio.
Specifically, a wide band design which consists of a hyper-hemispherical leaky lens antenna coupled
Quasi-Optical system is presented, Fig. a). The integrated hyper-hemispherical lens is a particular
variation of the extended hemispherical lens [104]. Its geometry consists of a hemispherical surface with
radius R, and an extension length L, = R;/+fe,. Here ¢, is permittivity of the lens material. This lens
has a virtual focus behind its apex at F, = R(1 + 4/¢,). The lens feeder is placed at its focal plane as
shown in Fig. [s.1(b).

The lens feeder is a tapered leaky slot, similar to the one described in [70] where a leaky radiation
phenomena is achieved by introducing an air gap distance of s, between the slot and the lens base [ros]].
The geometry of this tapered slot is shown in Fig. [5.1[c). The leaky slot antenna element is a good candi-
date for feeding dielectric lenses in a wide-band application [105},106]. This antenna shows an effective
illumination of the top part of the lens over multi-octave bandwidth as well as a good impedance match-
ing performance. Asdescribed in [[70], tapering the slot with an angle ¢ leads to better cross-polarization
rejection by the antenna, as well as reducing the level of the leaky wave peak with respect to the radi-
ation in broadside direction. By reducing the air gap distance, 4,, one can improve the front to back
ratio of the antenna as well as its cross-polarization level. In this work, the base-line design for the leaky
slot antenna is similar to the one described in [70]. However, to further decrease the cross-polarization
level, the slot tapering angle is increased from = 15° to 35°.

The proposed design is specifically tailored for the DESHIMA 2.0 spectrometer. The performance
of this design in terms of the aperture efficiency and directivity patterns is reported in this chapter. The
leaky lens antenna is fabricated and the preliminary measurement of the system is also presented. In
this measurement, the beam pattern of the system at the lower frequencies of the band is determined.
This beam pattern is obtained directly from the response of the super conductive Kinetic Inductance
Detectors coupled to the antenna.

In comparison to a connected array of leaky feeders without a lens component [102], a single leaky
lens design does not require long sub-micron feeding lines which leads to much simpler fabrication
process. However, a broad band AR coating, which creates assembly and integration complexities, is
required for the leaky lens.

In order to design the proposed geometry, firstly the ASTE QO system is modeled by a single on-
axis parabolic reflector to speed up the optimization process. Secondly, the developed Geometrical
Optics (GO) codes, discussed in Sec. [2.3]and more in details in Appendix [B} are employed to analyse
the equivalent QO system, Fig. a). Specifically, 1) the reflector is illuminated by a plane wave, the
field scattered by the reflector are propagated to the lens surface. 2) These fields are then transmitted
into the lens surface up to a equivalent sphere centered at the lens focus (see Fig. [s.1(b)). These two steps
are executed using GO codes, and the analysis method is referred to in this chapter as the GO method.
Since the lens surface is in the diffractive region of the reflector at lower portion of the bandwidth of
operation, as estimated using the discussion on 3D FO applicability region in Sec. 3.3} a Physical Optics
(PO) code is also employed to obtain the fields scattered by the reflector on the lens surface (step 1),
while step 2 is performed using the same GO code as before. In this chapter, this method is referred to
as the PO-GO method. The far field of the feeder inside the lens is simulated assuming a semi-infinite
dielectric slab using CST MWS [79]. The performance of the optimized design is compared to the
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Figure s.1: (a) Schematic representation of the imaging scenario in reception. A parabolic reflector illuminated by a plane
wave arriving from broadside direction. A hyper-hemispherical leaky lens is placed above the focal point of the reflector. (b)
Detailed illustration of the hyper-hemispherical lens, and (c) the tapered leaky slot.

results obtained from GRASP [s3]] using equivalent QO system or the full ASTE system with excellent
agreement.

The chapter is structured as follows. The actual DESHIMA 2.0 QO system and an equivalent
optics model of the system are described in Sec. [5.2} Section[s.3|describes the steps taken in the design
process of the system. The field matching technique, discussed in details in Sec. is used in this
section. Moreover, the optimization process is described in this section. In Sec. the performance of
the equivalent model and the DESHIMA 2.0 Quasi-Optical system are evaluated and validated. In Sec.
the preliminary beam pattern measurements of this QO system is presented. Section s.6|contains
some concluding remarks.

5.2 ASTE Quasi-Optical System

In this section, the full ASTE Quasi-Optical system and the equivalent optics used for optimization are
presented. Asshown in Fig. the main components of the system consist of the hyper-hemispherical
leaky lens, two off-axis parabolic reflectors placed inside a cryostat (cold optics), and a Dragonian Quasi-
Optical system and , where the paraboloid primary mirror is exchanged by an ellipsoidal pri-
mary (warm optics). The cold optics mirrors are cryogenically cooled to 4 K (—=269° C), while the warm
optics are at the room temperature. These components are placed inside the cabin of ASTE telescope
and are coupled to its Cassegrain system. The primary and secondary mirrors of this Cassegrain sys-
tem are a parabolic dish with a diameter of 10 m, and a hyperbolic mirror with a diameter of 62 cm,
respectively.

One can describe geometrically the radiation scenario in this structure as follows. By placing a
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Figure 5.2: The schematic representation of the DESHIMA 2.0 optical system at ASTE telescope, including: the leaky lens
antenna, two off-axis parabolic reflectors inside the cryostat; a Dragonian system with an ellipsoid primary and a hyperboloid
secondary mirror inside the ASTE cabin; and the Cassegrain system of the telescope.

point source at the focus of the hyper-hemispherical lens, diverging rays are generated outside the lens
which propagate from a virtual focus at a distance F, from the lens apex. By placing this lens at a F,
distance above a parabola’s focal point, the reflector is effectively illuminated by a point source placed
at its focus. Due to the large size of the lens and its displacement from the focus of the reflector, the
radiation phenomena in the hyper-hemispherical lens coupled reflector is geometrically limited. As the
result, this concept, leads to a more stable performance over frequency in comparison to the typical
diffraction limited lens antennas which are located at the focus of the reflector as in [70].

In the described geometry, part of the optical system is inherited from DESHIMA 1.0, specially the
cryostat geometry. As the result, the diameter of the two cold optics parabolic reflectors could not be
altered. However, their f-numbers could be modified. Moreover, the warm optics is also kept as the
one of DESHIMA 1.0 for simplicity. Finally, the distance between the antenna ground plane and the
first cold optics mirror, dgp in Fig. is also fixed. These limitations are marked with red color in this
figure.

Performing an optimization procedure over the whole ASTE Quasi-Optical system is time consum-
ing. In order to speed up this procedure, this system is modeled using a single parabolic reflector, Fig.
a). The parameters of this equivalent optics, namely its diameter and f-number, should be chosen
in such a way to approximate the ASTE optical system. The first cold optics mirror is over dimen-
sioned with respect to the first (and limiting) aperture stop inside the cryostat. Since the diameter of
this mirror can not be modified, the diameter of the equivalent optics is chosen equal to the diameter
of this mirror without over-dimensioning. Moreover, the f-number of the equivalent optics is kept as
an optimization parameter for the new design.
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5.3 Design Methodology

In the following sub-sections, the design and optimization procedure, of the described structure is dis-
cussed.

s.3.1  Reception Analysis: Field Matching Technique

To analyse the scenario of Fig. a) in reception, we assume that a plane wave illuminates the parabolic
reflector from broadside direction. By resorting to a GO code, similar to the one described in Appendix
the EM field at the lens surface, E’ and & ll , scattered by the reflector, can be calculated. The direction
of propagation of the EM radiation into the lens surface is determined by Snell’s law. In this chapter,
this method is referred to as the GO method. As a validation procedure, these fields are also calculated
using a PO code. In this case, the Poynting vector associated to these fields, i.c. 3'; = O.Sﬁf X (ﬁ[;)*,
determines the direction of propagation into the lens surface. In this chapter, this method is referred
to as the PO-GO method.

By using another GO code, the incident fields at the lens surface are propagated into the lens up
to the surface of a sphere centered at the antenna’s position. This sphere is indicated in Fig. [5.1(b),
and referred to as the GO sphere (similar to FO spheres in previous chapters). The field at the sur-
face of this sphere, EZGO(QZ, @), is referred to as the GO field. By knowing this field and resorting to
antenna in reception formulations [64], [65], and detailed in Sec. the coupling mechanism be-
tween the Quasi-Optical system and an antenna can be analysed. In particular, the power delivered to
the load of the antenna, P, in the focal plane can be calculated using . Here 9? is the max-
imum rim angle of the lens, 6; and ¢; are the angular parameters representing the GO sphere, and

S
Ry is its radius; EIT is the far field radiated by an antenna evaluated at the same GO sphere; P,z =

1/(2¢y) j” IEEE(O1, ¢1)|P(Ry)? sin 0,d0,d, is the total power radiated by the antenna in the far field
when it is operating in transmission; and {; is the wave impedance in the dielectric.

After computing the power delivered to the load, one can estimate the aperture efficiency of the
imaging system in reception as in (2.20). As discussed in Sec. in order to maximize the aperture
efficiency of the system, the far field radiated by the antenna, Ef ¥ should be matched to the incoming
GO field, EIGO. The described aperture efficiency is divided into two contributions. The one related
to the lens antenna performance, i.e. the feeder efficiency (see ), and the contribution related to a
proper illumination of the reflector, i.e. the illumination efficiency (see (2.22)).

In this work, the described field matching technique is employed to design a leaky lens antenna
coupled reflector. The goal of the design is to maximize the averaged aperture efficiency of the system

over its frequency bandwidth.

5.3.2 Incident Geometrical Optics Field

As discussed in Sec. to maximize the aperture efficiency of the structure, the incoming GO field
should be matched to the far field of the antenna. In this sub-section this GO field is discussed.

Let us consider an example scenario based on the equivalent optics, described in Sec. with the
following geometrical parameters. The operative bandwidth is defined as 240 GHz to 720 GHz. The
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Figure 5.3: Field at the surrounding of the focal point of a reflector with f; , = 7. The focal point is indicated by (x7 = 0,
2z¢ = 0) position. At frequency of (a) 240 GHz, (b) 480 GHz, (c) and 720 GHz. The surfaces of a hyper-hemispherical lens
with diameter of D; = 834, and 324, are shown with light blue and green curves, respectively. The distance of the lens apex
from the reflector focus, in both lens cases is F, = 1804,.

f-number of the reflector is chosen equal to 7. Its diameter is D, = 82.34,, where A, is the wavelength
at the center of the frequency band, 480 GHz, in free space. As mentioned before, this reflector is
illuminated by a plane wave from broadside direction. At 3 frequency points over the 3 : 1 bandwidth
ratio, the fields scattered by the reflector surrounding its focal point are shown in Fig. As it can be
seen, over the 3 : 1 bandwidth ratio, the dimension of the spot size varies significantly. When a hyper-
hemispherical lens is located above the focal point of the reflector, the field generated by the reflector
and intercepted by the lens surface is a combination of geometrical and diffraction contributions.

5.3.3 Optimization Procedure

To match the GO field at the GO sphere inside the lens to the far field of the leaky slot, a hyper-
hemispherical lens with virtual focus distance, F;, close to the depth of focus of the reflector at the
center of the band is considered. By optimizing the lens diameter, one can further improve this field
matching.

As an example, let us assume the following geometry. The described equivalent parabolic reflector
is illuminated by a plane wave with unitary amplitude from broadside. A hyper-hemispherical lens is
displaced from the focus of the reflector by a distance of F, = 1804,. Assuming a full hemisphere lens,
fe1 = 0.5, and by using the geometrical definition of a hyper-hemispherical lens, the diameter of the
lens is related to the displacement as D; = (2F,)/((1 + +/¢,)) . Therefore, in this example, the diameter
of the lens would be 83A4,.

In Fig.a), at the central frequency, the co-polarized GO field evaluated at the GO sphere of
the lens, £ h [, solid and dotted blue curves, is compared against the co-polarized far field of the leaky
antenna, Ef: fg, solid and dotted black curves. As it can be seen, the two fields are not well matched.
As result, the aperture efficiency of this structure would be low. To improve the field matching, one
could reduce the diameter of the lens from its geometrical definition. As an example, the GO field for
alens with a diameter D; = 324, is also shown in Fig. a), solid and dotted green curves. This figure
illustrates a significant improvement in the amplitude field matching between GO incident field and
antenna far field by changing the lens diameter. However, by reducing the lens diameter, the spill-over
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Figure s5.4: Magnitude of the co-polarized incident GO field radiated inside a hyper-hemispherical lens evaluated at its GO
sphere, Eg?, compared against the magnitude of the co-polarized far field of leaky antenna, Eff; (a) At center frequency
(480 GHz) where the amplitude field match is improved by reducing the lens diameter. (b) At beginning of frequency band
(240 GHz), where the amplitude field match is improved by reducing the length of the leaky slot. (c) At theend of the 3 : 1
frequency bandwidth ratio (720 GHz).

efficiency of the incident field on the lens surface is reduced. As the result, one can identify a trade-off
between the amount incident field power spilled over the lens surface and the amplitude field matching
by altering the diameter of the hyper-hemispherical lens.

In Fig. b), at the beginning of the frequency band, the GO field for alens with D; = 324, solid
and dotted green curves, is compared to the antenna far field with slot length of L, = 44, solid and
dotted red curve. As it can be seen, and predicted from Fig. [s.3(a), at low frequencies, the GO field is
already focused toward the broadside direction. Therefore, the GO and leaky far field at low frequencies
are not well-matched. In order to improve this matching, the slot length is decreased to L, = 0.84,. By
doing so, only at low frequencies the antenna behaves as a resonant slot. The far field radiated by such
antenna is maximum at the broadside direction as shown in Fig. b), solid and dotted black curves.
This step leads to better amplitude field match at the beginning of the frequency band.

By using the lens with smaller diameter, and leaky slot with shorter length, in Fig. c), at the end
of the frequency band, the GO field, solid and dotted green curves, is compared to the antenna far field,
solid and dotted black curves. As it can be seen, the two fields are already well matched at this portion

of the bandwidth.

In summary, the performance of a hyper-hemispherical leaky lens antenna coupled parabolic reflec-
tor can be optimized using the following lens parameters: the displacement from focus of the reflector,
F,, diameter, Dj, and extension length, Z,.. By modifying the first two, the amplitude field match is
achieved. By changing the extension length, one can phase match the antenna far field to the one of the
incoming GO field. By choosing the optimized value for these three parameters, one can maximize the
average aperture efficiency over the full bandwidth. However, as discussed in Sec. [s.1, in DESHIMA 2.0
optical system, the distance between the antenna ground plane and the first cold mirror, dg, is fixed.
Therefore, instead of changing the virtual focus distance, F,, the f-number of the first cold mirror is
altered.
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Figure s.5: (a) Geometry of the leaky slotantenna fed by a CPW line. (b) Cross section of the leaky lens antenna with detailed
description of the stratification presented in the chip. (c) A detailed illustration of the CPW feeding line which connects
the antenna to the filter banks. Two Quarter Wavelength (QW) transformers are used to match the impedance of the two
sides over a wide bandwidth of operation. The insets in (c) indicate the stratification for each CPW line.

5.4 Performance of the Optimized Structure

In this section, the performance of the optimized wide-band Quasi-Optical system is reported. The
optimized parameters are the following: lens diameter of D; = 384, reflector f-number of f;, = 7,
corresponding to F, = 1854, and lens extension length of L, = 5.224, which is slightly shorter than
the geometrical definition for the extension length of a hyper-hemispherical lens, L, = R;/+/e,, to
compensate for the phase center position of the feeder with respect to the lens focal point.

Based on the discussion related to Fig. 5.4}, the geometrical parameters of the tapered leaky slot are
slightly altered from the previous design in . These parameters are the following: slot length, Z, =
0.84,; tapering angle, 7 = 35° the air gap distance between the lens and the slot ground plane, /og =
0.0164,; the initial width and the end width of the slot are wy = 0.0054,, and w, = 0.56A,, respectively.
The leaky slot is fed by a Co-Planar Waveguide (CPW) line as shown in Fig. a). The cross section of
the lens antenna is shown in Fig. [5.5[b). The detailed geometry of the CPW line connecting the antenna
to the filter banks is shown infs.s(c). The characteristic impedance of each CPW line is indicated by Z
in the figure. Moreover, the wl-w2-wl formatted dimensions given in um indicate the width of the slots
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Figure 5.6: Reflection coefficient at the antenna terminals. The blue and red curves indicate this reflection coefficient at the
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Figure 5.7: Far field patterns of the optimized leaky slot feeder inside the silicon hyper-hemispherical lens, evaluated at 3
frequency points in the 3 : 1 frequency bandwidth ratio.

(wl) and the strip line (w2) for each CPW line. The ground plane of this structure is made of NbTiN
with surface inductance of 1pH, and the 1xm thick SiN membrane has a permittivity of ¢ = 7. In Fig.
the reflection coefficient of this feeder is shown with excellent impedance matching over the desired
bandwidth (green shaded region). The far field of this feeder inside the lens over 3 : 1 bandwidth ratio
is also shown in Fig.

In Fig. a), the aperture efficiency of the optimized design below a single reflector, which is an-
alyzed in reception, is shown. As it can be seen in the figure, the match between the results obtained
via the proposed GO or PO-GO method is good. As expected, as the geometry becomes larger in terms
of the wavelength (at the higher portion of the frequency band), the GO method matches better to
the PO-GO method. In Fig. b), the aperture efficiency of the optimized design obtained in recep-
tion is compared against the described PO based analysis performed in transmission when considering
a single parabolic reflector or the DESHIMA 2.0 Quasi-Optical system. In this figure, the results for
the equivalent optics model and the full optical chain modeled in GRASP [s3] are compared to the
PO-GO method with very good agreement. The discrepancies between the results from the equivalent
model and the full optics model are due to the fact that the whole QO chain was modeled by only one
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Figure 5.8: (a) Aperture efficiency and other sub-efficiency terms for equivalent optics using GO and PO-GO methods in
reception. (b) Aperture, feeder, and illumination efficiencies of the equivalent optics evaluated in reception. The cross and
diamond marks indicate the aperture efficiency of the equivalent optics and QO system of ASTE, respectively, which both
are analysed in transmission mode using GR ASP. The efficiency terms reported here are described in Sec. —.

parabolic reflector to speed up the optimization. The averaged illumination efficiency of the design is
above 70% over the whole 3 : 1 bandwidth ratio. To improve the reflection efficiency at the dielectric-
air interface, a broad band matching layer consist of dual layer anti-reflective coating, similar to the
one described in [108], is considered on top of the lens. Including the feed losses, an averaged aperture
efficiency of 65% is achieved.

For comparison, a Gaussian beam with a comparable tapering angle to the one of the leaky antenna
is also simulated as the feeder of the ASTE Quasi-Optical system. As shown in Fig. [s.8(b), the illumi-
nation efficiency of the leaky antenna is comparable to the aperture efficiency obtained by assuming a
Gaussian beam illumination with —11 dB taper on the sub-reflector rim of the optics (in that case the
feeder is assumed to be loss-less).

Moreover, in Fig. the patterns of the designed QO system after the ASTE primary (beam in
the sky) are shown for three frequency points over the full frequency band. The side lobe, and the
cross-polarization levels of these patterns are below —16dB, and —18dB, respectively. These patterns are
simulated in transmission using a PO based code in GR ASP.

5.5 Preliminary Measured Beam Patterns

The hyper-hemispherical lens was fabricated and mounted on antenna chip using Perminex glue [1o09].
A Parylene layer was initially used as the anti-reflection (AR ) coating on top of the lens surface. How-
ever, in the cool down cycles, this layer cracked in various positions and also broke parts of the silicon
lens. Therefore, a lens without any AR coating was fabricated, Fig. a), to perform preliminary
beam pattern measurements of the QO system. At the moment, a new lens with an AR coating mate-
rial based on foam layers [uo], Fig.[s.10[b), is being prepared for the second measurement campaign.
The performance of the leaky lens antenna coupled to the KID detectors is evaluated in SRON
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Figure s5.9: Directivity pattern of the leaky lens antenna coupled DESHIMA optics after the telescope main dish, at (a) 240
GHz, (b) 480 GHz, and (c) 720 GHz.

directly using the three-stage measurement setup shown in Fig. c). The setup measured complex
beam pattern at 234GHz, using two harmonic mixers [112]]. The scanned source has an open ended
wro4 waveguide. This source is placed at 23.5 cm from the cryostat. In the cryostat, the integrated lens
antenna is located below the two cold mirrors, see the illustration of the cryostat box in Fig. and
more detailed view in Fig. d). A polarizer is also mounted inside the cold box to limit the stray ray
propagation into the cold stages. As shown in Fig. c), a beam splitter is placed between the source
and cryostat window. Half of the power radiated by the source enters into the cryostat and read-out
directly by the KIDs. Another half is received by the second measurement antenna for phase locking.
A free-standing hyperbolic lens is placed in front of the second antenna to improve its coupling to the
source.

A standing wave associated to the scanner was removed by averaging the results from two measure-
ments with quarter wavelength displacement in the direction perpendicular to the measurement plane.
However, a second strong standing wave due to absence of an AR coating exists within the lens which
was unaffected by the quarter wavelength displacement. This standing wave was avoided by slightly
changing the operation frequency. Moreover, a beam tilt of about 2° was observed with respect to the
cryostat axis. However, none of the aperture stops, present in the cold box, intercepted the tilted beam.
Since the cryostat box is hung from the ceiling of the measurement lab, it is concluded that this beam
tilt is due to slight rotation of the cryostat axis with respect to the floor of the lab.
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Figure s.10: (a) Fabricated integrated leaky lens antenna without AR coating. (b) New lens element with AR coating based
on foam layers. (c) Measurement setup. (d) Detailed CAD model of the cryostat .

The measured complex beam pattern is propagated to a far field sphere, which is centered at the
focus of the cold optics. This far field is given to GR ASP, as a tabulated source. By using the model of
the ASTE telescope and the optics in its cabin (warm optics), this far field is propagated to the telescope
primary. In Fig. the designed pattern in the sky is compared to the one measured in near field and
propagated using GR ASP. The beam tiltin the measured data is compensated in the model. Asitcanbe
seen, despite the described issues in this measurement, the measured beam pattern is in good agreement
with the designed one. In the inset of Fig. this beam is also given in #-v coordinates.

5.6 Conclusion

In this chapter, a wideband Quasi-Optical system for the ASTE telescope based on a hyper-hemispherical
leaky lens antenna is presented. The lens antenna is optimized to maximize its coupling to a parabolic
reflector. The design procedure is based on a field matching technique in reception. The Quasi-Optical



82 5. A Quasi-Optical System with 3 to 1 Bandwidth Ratio for the ASTE Telescope

0
-0.03 -0.02 -0.01 0 0.01 0.02 0.03
etel[deg]

x 10

Measurement

]
=

Figure s.1:: Measured (in near field and propagated using GRASP) beam pattern in the sky at 234 GHz compared against
the designed one. The inset shows the same patterns in in 2D.

system has an average illumination efficiency over 70% in the whole 3 : 1 bandwidth ratio. Including
the feeder losses, an averaged aperture efficiency of 65% is obtained. The pattern in the sky of the sys-
tem is also simulated in GRASP. The side lobe, and the cross-polarization level of this pattern, over the
bandwidth, is below —16dB, and —18dB, respectively. The beam pattern of the system at 234 GHz is
presented here with good agreement to the simulated results. DESHIMA 2.0 system will be fully tested
in the coming months (the new AR coating is stable in cooling cycle tests).



Chapter 6

Wide Band Wide Scanning Architectures
Using Multi Lens Chains

Sub-millimetre imaging systems with wide frequency bandwidth of operation as well as large steering ca-
pabilities are required for future security and space imaging applications. In this chapter, a Quasi-Optical
(QO) system with multiple refractive components is proposed to achieve these requirements. The system con-
sists of byper-hemispherical lenses antenna feeders at its focal plane. Double-sided hyperbolic free-standing
lenses are then used to link to the rest of QO chain. A fast and accurate method based on Fourier Optics
combined with Geometrical Optics is proposed to analyse these types of multi transmitting QO surfaces.
The tool is validated against time consuming multi-surface Physical Optics with excellent agreement and
orders of magnitude faster execution time. As a result, the proposed method can be used to design and
optimize the performance of such QO systems. 1o demonstrate the capability of the analysis method in
designing these architectures, an example case is also presented, and its performance is evaluated. In this
scenario, for the central element of the proposed lens based focal plane array, a scan loss of about 1dB is
achieved over a 3 : 1 bandwidth ratio and scanning up to £7 beams at the center of the operative band.
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6.1 Introduction

As discussed in Ch. i} in (sub)-millimetre imaging and sensing systems, large Field-of-Views (FoVs) and
wide bandwidth are two key improvements in many applications, e.g. in radar systems [36], and passive
radiometry systems [22]. Also for astronomical applications, a single pixel wide band spectrometer as
designed for DESHIMA 2.0 (see Ch. [s) can be upgraded to a multi-pixel array to create an imaging
spectrometer or integral field unit for far infrared astronomy. Such systems exist for optical astronomy
(13} 114, 115, 116] but were, until now, difficult to construct for the far-infrared applications. In this
chapter a QO architecture that could potentially achieve wide band and wide scanning capabilities is

proposed and studied.

The proposed architecture is shown in Fig. It consists of a focal plane array whose elementis a
multiple lens chain. Each of the chains creates a virtual focus at a different location in the focal plane
of the main parabolic reflector. This serves for two purposes: enlarging the bandwidth for efficient
aperture illumination, and enabling the scanning of the beams in the sky by each of the focal plane
array elements. Let us consider the case when the reflector is illuminated by a feeder displaced from its
focal plane, such as the ones shown in Fig. composed of a hyper-hemispherical lens and a double
hyperbolic lens. In this case a nearly geometrically limited and frequency independent field is radiated
by the structure. This behavior leads to broadband illumination of the reflector. A similar concept,
with a single lens instead, was discussed in Ch. s} This near field virtual spot can be scanned by putting
multiple feeders at the focal plane of the hyper-hemispherical lens or by moving the lens laterally. These
scanning capabilities of the proposed QO system are suitable to be integrated with a leaky connected
antenna array similar to [22], or with a single leaky antenna coupled to a piezo motor similar to [117].
The former feeder type leads to the generation of multiple simultaneous beams after the reflector asso-
ciated to each of the chains, while the latter type leads to a steerable beam for each of the chains. As a
result, the final system will parallelize multiple chains of these scanning/steerable beams.

It is well known that employing multiple lens surfaces can improve the scanning performance of
a QO system [39, 118} 119]. To introduce wide scan capabilities, we also follow a similar reasoning for
each of the chains shown in Fig.|6.1, i.e. hyper-hemispherical lens coupled to a double sided hyperbolic
free-standing lens. Moreover, in order to efficiently scan beams in such a chain, a field lens, at the focus
of the second hyperbolic surface is required. This field lens steers the scanned beams toward the center
of the next QO component while not disturbing the broadside beam.

Analysing these multi-lens electrically large geometries using full-wave electromagnetic analysis is
not computationally feasible. Moreover, due to the presence of multiple transmitting surfaces close to
one another in terms of wavelength, high frequency techniques such as Physical Optics (PO) are also
very time-consuming. This chapter presents an analysis technique based on Fourier Optics (FO) com-
bined with Geometrical Optics (GO) to represent the coupling between the antenna based FPA to the
rest of the QO system. The proposed technique is a numerically efficient methodology which achieves
an accurate representation of the EM fields, while it is orders of magnitude faster with respect to the
traditional multi-surface PO analysis. As a result, this proposed methodology enables us to rapidly and
accurately design and optimize complex QO systems including multi-lens architectures.

To demonstrate the capability of the analysis tool, an example of a wide band integrated lens with an
antenna based FPA is considered here. Similar concept is a suitable candidate for future high frequency
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Figure 6.1: Proposed FPA of lenses under an equivalent parabolic reflector. An element in this FPA consists of a hyper-
hemispherical lens, a double sided hyperbolic free-standing lens, and a field lens in front. The solid coloured rays correspond
to the central beam coming out of each element of the multi-lens FPA, while dotted rays correspond to a scanned beam by
the central element of the multi-lens FPA.

imaging and sensing systems such as the Tera-Hertz pulse radar proposed in [36] or as an upgrade to
existing wide band single pixel spectrometer in Ch. |s An example case of the proposed QO system,
which corresponds to a single lens chain element in Fig. is presented and analysed in Sec. In
this example scenario, a low (1 dB) scan loss performance over a wide (3 : 1) bandwidth ratio with wide
scanning capabilities (+7, 3dB overlapping beams at the center of the band), is demonstrated.

6.2 Analysis of Integrated Lens Antennas Coupled to Free Stand-
ing Lenses

As described in Sec. [6.1, multi-lens QO architectures are required to realistically couple a large hyper-
hemispherical lens antenna to the rest of the QO system. In this chapter, in order to focus on the analysis
of the QO system, simple array of antenna feeders with Gaussian far field patterns are considered. These
feeders are decoupled, and a single feeder corresponds to a single beam.

In Fig. a more detailed illustration of an example element of three-lens based FPA is shown.
The focus of the first hyperbolic surface (closer to the antenna) is shared with the virtual focus of the
lens antenna. The focus of the second surface (farther from the antenna) is shared with the next QO
component (here shown by an equivalent parabolic reflector). The field lens is also placed at this po-
sition. In such architecture, a magnification is introduced between the hyperbolic lens and the next
reflector component. In the following subsections, firstly an analysis method based on field matching,
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Figure 6.2: An element in the proposed lens based FPA. This element is placed below an equivalent parabolic reflector. The
field matching interface, at the FO sphere of the 2nd hyperbolic lens, are also shown.

to evaluate the coupling of the antenna to the rest of the QO system, is described. To perform this
analysis, the field transmitted from the antenna side toward the equivalent parabolic reflector and the
incident field coming from the reflector to the lens FPA are required (see Fig. [6.2)). Secondly, a numeri-
cally efficient method for calculating these required fields is presented. Finally, the performance of this
method is compared against a traditional multi-surface PO code.

6.2.1 Fourier Optics - Geometrical Optics Based Analysis

The antenna in reception technique, as described in details in Sec. is employed to calculate the

aperture efficiency of the proposed QO system to an equivalent parabolic reflector. The field matching
integral, see 1} between the transmitted, EZ(Q, #), (coming from the antenna side) and incident
fields, Eﬁ(@, #), (coming from the parabola), is performed at the FO sphere of the 2nd hyperbolic lens.
Here 6, ¢ represent the angular parameters defining the sphere where the field matching is performed;
the radius of the FO sphere is equal to the focal length of the second hyperbolic surface [22; and 0?2 isits
maximum subtended angle. By knowing the amount of power delivered to the load, one can estimate

the aperture efficiency of the entire QO system using (2.20)). Asdiscussed in Sec. [2..s} the power delivered
to the load of the feeder is maximized when the incident and transmitted fields are equal and conjugate
of one another. This condition is referred to as the field match condition.

In order to analyse the coupling of the antenna to the whole system, two fields must be evaluated at
the FO sphere of the second surface of the hyperbolic lens. In the following, the steps to calculate these
fields are described. In the proposed architecture, the hyper-hemispherical lens antenna is coupled to a
convex hyperbolic surface. The following steps are followed to analyse this portion of the QO system:

1. The far field of an antenna feeder located at a certain position in the focal plane of the integrated
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> -,
lens is propagated to its surface. Moreover, the transmitted fields (£] and /) ) outside the surface
of the lens antenna are calculated. Here a wide band Anti Reflection (AR ) coating is considered
between integrated lens and air interface (e.g. multi-layer coating).

2. By using an in-house analytical ray tracing code, the ray paths from the surface of the integrated
lens to the first hyperbolic surface are calculated. In this step, E}’ﬂ and [?12 are approximated
as spherical waves originated from the focal plane of the first hyperbolic surface. Afterward, a
numerical GO based code, described in Appendix is employed to calculate the field outside
the surface of the free-standing lens (EZI and & Zl) Similar to step 1, the transmitted fields inside

the hyperbolic lens surface are obtained (E};1 and A 21)

To continue the analysis from Ist hyperbolic surface to the second, these next steps are followed:

3. By employing similar numerical GO propagation and analytical ray tracing codes, the field inside

the first hyperbolic surface is propagated to a flat interface just below the second convex surface
(E ]l’ and & jﬁ) As expected, and calculated by the GO code, the wave frontinside the free-standing

lens is approximately planar.

4. Ananalytical GO propagation expression, given in Ch. in , is used to calculate the radiated
field outside the 2nd hyperbolic lens (E"’F 0 and H*F ©) at a sphere centered at its focus (FO

sphere), see Fig.

As for the incident field coming from the equivalent parabolic reflector:

5. A similar GO code is employed to propagate the incident plane wave from the reflector surface

to the FO sphere shown in Fig.

In order to validate the described methodology, a final step is added to represent the field at the
focal plane of the second hyperbolic surface. This focal field is later compared against a PO based
code.

6. By usinga FO radiation integral , the field at the focal plane of the 2nd hyperbolic surface is
obtained as an inverse Fourier transform of the field evaluated at the FO sphere, see .

Similar to the geometry in Fig. another lens chain candidate, Fig. is also considered. This
geometry consists of an integrated hyper-hemispherical lens antenna coupled to a convex-concave hy-
perbolic double lens. The analysis of this geometry is similar to the one listed above. The difference
here is the following: similar to step 3, the field at the 1st hyperbolic surface is now propagated to the
2nd surface (E 22 and 7 22), and then transmitted outside the lens (Egzand H 1>)- By employing a similar
numerical GO code, the fields propagating from the 2nd hyperbolic surface toward a far field sphere
centered at its virtual focus are obtained, see Fig. [6.3} These fields are obtained for validation purposes.

6.2.2 Validation Using Physical Optics

In order to validate the discussed methodology, a multi-surface PO code, similar to [o1], is employed.

This code calculates the focal field of the 2nd convex surface in geometry of Fig. and the field
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Figure 6.3: A lens chain element with a convex-concave double hyperbolic lens. This element is placed below an equivalent
parabolic reflector.

Table 6.1: Geometrical parameters in the considered scenarios

Feeder
—11dB fe Dy Ry s F, Dy
taper angle
45° 480 GHz | 484, | 254, | 106.84, | 824,
Perm. It Perm. |2 b F! Flz2 D,
=119 | 2=2.4 | 2964, | 1444, | 2001, | 8004,

at the far field sphere in geometry of Fig. As mentioned before, the distance between the three
transmitting surface is relatively short in terms of the wavelength. The direction of the propagation
of the fields into the transmitting surfaces is determined using Poynting vector; therefore, both electric
and magnetic fields must be calculated at each interface. Due to these two reasons, the PO based analysis
for these geometries is time consuming.

Here, an example case is considered. The geometrical parameters are summarized in Table In
this table /1 and /2 refer to the hyper-hemispherical lens and double hyperbolic lens, respectively; R ,
is the radius of the hemisphere in the hyper-hemispherical lens (similar to R, parameter in Fig. . The
parameter needed for defining the Gaussian patterned antenna feeders is also reported in this table.
Here, antenna elements are y-polarized. Three scanning scenarios are considered here: broadside (with
a feeder at the center of the hyper-hemispherical lens), scanning 4, and 7 beams (feeder at the middle
and the edge of FPA). The ray tracing pictures, obtained by the analysis tool, are shown in Figs. and
6.5l

The amplitude and phase of the focal fields of geometry in Fig. are shown in Fig. Asitcan
be seen, the proposed GO-FO based tool is in excellent agreement with the multi-surface PO code up to
about scanning 7 beams. The shown discrepancy at the last scanning case is due to the approximation



6.2. Analysis of Integrated Lens Antennas Coupled to Free Standing Lenses 89

0.25 0.25 0.25

0.225} Foeal Plane of the 1 0.225 T4 o225t T
ot Hyperbolic Lens | 0.2 | 0l

0.175 0.175

FO sphere of the

% 0-15F Hyperbolic Lens % 0.15
0.125t A poomsp NN |
0.1} S 1 0.1 W g
oost (R | oo O
095 505 ’I:([)m] 0os %005 i ?m] 0.05 -0.05 ) <[)m] 0.05
(a) (b) ©

Figure 6.4: Ray tracing picture of the architecture in Fig. obtained from the analysis tool: (a) broadside, (b) scanning 4
beams, and (c) 7 beam:s.
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Figure 6.5: Ray tracing picture of the architecture in Fig.|6.3} obtained from the analysis tool: (a) broadside, (b) scanning 4
beams, and (c) 7 beams.

considered in 2nd step of the method. Namely, the approximation on the position of the phase center
of the spherical wave illuminating the 1st hyperbolic surface from the integrated lens surface. As next
step in the development of this proposed methodology, more rigorous considerations should be taken
into account to determine this phase center more precisely.

As shown in Fig. for the structure of Fig. the fields evaluated over the far field sphere using
the GO code is compared against the multi-surface PO code with also excellent agreement and similar
limitations as the previous case. The oscillations in the fields evaluated by the PO code are due to the
diffraction effects. Moreover, in Fig. [6.7(b) and (c), the linear phase shift in one plane due to scanning
are visible.

Itis also worth noting that the elapsed time in evaluating the fields for the proposed methodology is
about 4 minutes while the multi-surface PO method, required about 6 hours to achieve a numerically
stable result. Both of these codes have been executed on a typical workstation PC with a 64 GB of RAM
and a CPU with 3.10 GHz clock cycle.
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Figure 6.6: Amplitude and phase of the focal field of the 2nd hyperbolic surface (convex-convex in Fig. , obtained by
the proposed tool and compared against multi-surface PO code: (a) broadside, (b) scanning 4 beams, and (c) scanning 7
beams. The grey region indicates the FO applicability region as stated in (2.15). The term f; 15 2 represents the f-number of
the second surface of the hyperbolic lens, i.e. fz 12,2 = Flzz/ Dp.

6.3 Example Case of the Proposed Wide Band Wide Scanning
Quasi-Optical System

In this section a proof of concept design is discussed for a wide band wide scanning QO system. In
this example we focus on the central element, of the lens based FPA shown in Fig. Here, a
reflector chain is approximated by an equivalent parabola which shares its focus with the one of the
second hyperbolic surface, Fig.|6.2} The equivalent parabola is illuminated by plane waves with different
incident angles, 6;,,, corresponding to broadside, 4 beams (3dB overlapping beams at the center of the
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Figure 6.7: Amplitude and phase of the field transmitted out of the 2nd hyperbolic surface (convex-concave in Fig.
evaluated over a sphere center at its virtual focus. These fields are obtained using the proposed tool and compared against
multi-surface PO code: (a) broadside, (b) scanning 4 beams, and (c) 7 beams.

band) and 7 beams scanning. The geometrical parameters of the scenario are summarized in Table[6.1]
The antenna elements are again y-, and the incident plane waves are 744 polarized. The diameter of
the equivalent parabolic reflector is 8004, , where A, is the wavelength at the center of the frequency
band. Asaresult, a factor of about 10 magnification is present in the QO system between the hyperbolic
lens and the main mirror.

In Fig. the performance of a single lens chain of Fig. is shown in terms of the aperture
efficiency of the antenna feeder coupled to the rest of QO system at the center, and edge of a feeder
FPA, for beginning, center and end of the 3 : 1 frequency bandwidth ratio. This aperture efficiency
includes the illumination efficiency (how efficiently the system is coupled to the rest of the reflector
chain) and the losses in the integrated silicon lens-air interface (with a wide band AR coating) and the
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Figure 6.8: Performance of the scenario shown in Fig. Thesolid and dashed black curves represent the aperture efficiency
of the whole system for broadside and edge element, respectively. The red solid curve represents the scan loss of the system
for the edge element as a function of the frequency.

two plastic-air interfaces for the hyperbolic lens (without an AR coating), and the spill-over of the far
field of the antenna elements over the integrated lens surface. The scan loss of the system is also reported
in Fig. by red solid curve. As it can be seen, the proposed concept achieves about a 1 dB scan loss for
scanning +7 beams at the center of the frequency band, which corresponds to 3.5 and +10.5 beams
at the beginning, and the end of the frequency band, respectively. The scan loss in this QO system is
mainly associated to spill-over loss between the two lenses (visible even in ray tracing picture in Fig.
as missed rays) and the phase miss-match between the incident and transmitted fields. Therefore,
over sized hyperbolic lenses and shaped lens profiles are possible solution to optimize the overall wide
scanning performance. In this example scenario, the number of beams scanned by the central element
of the multi-lens FPA, Fig. at the central frequency is 15 X 15 = 225. Assuming a 5 by 5 multi-lens
FPA, we can expect about 5600 broad band beams with low scan loss. However, at the moment this
estimate is based only on the presented preliminary study, and without anticipating difhiculties in the
implementation of the actual QO system.

6.4 Conclusion

In this chapter, a QO architecture to achieve wide band wide scanning performance in a (sub)-millimetre
imaging and sensing system is proposed. In order to design the elements of this lens based FPA archi-
tecture, with multiple transmitting surfaces close to one another, a fast and accurate analysis tool was
developed. In this work, the tool is discussed and validated against a time-consuming multi-surface
PO code with excellent agreement. Moreover, as a proof of concept of the proposed QO system, an
example scenario is described and its performance overa 3 : 1 bandwidth ratio is evaluated. For the cen-
tral element of the proposed QO system, the design achieved ~ 1dB of scan loss over the whole band
while scanning up to +7 beams at the center of the frequency band. Therefore, based on the presented
preliminary study, without anticipating difficulties in the implementation of the actual Quasi-Optical
system, potentially, about 5600 broad band beams with low scan loss can be generated usinga 5 by 5
multi-lens focal plane array.
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Part I11

Quasi-Optical Systems with Absorber Based
Focal Plane Arrays

Large format absorber based Focal Plane Arrays (FPAs) are commercially attractive solutions for passive
security cameras operating at sub-millimetre wavelengths. These detectors are also a common solution
in astronomical imaging systems to reduce the complexity of the feeder design. In these scenarios, by
removing the antenna feeder, the incoming radiation is directly coupled to the detectors. In Ch. [7, an
EM based model for absorber based FPAs is described using known terms in the community, such as:
effective area, pattern in reception, aperture and focusing efficiency. The coupling of these geometries
to point as well as distributed sources is explained using these terminologies. Chapter describes an ab-
sorber based FPA using Kinetic Inductance Bolometers for security applications. This passive imaging
system operates approximately from 100GHz to 600GHz. The performance of this system is evaluated
using the developed methodology and it is compared to measured point spread functions with excellent
agreement.
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Chapter 7

Reception Power Pattern of Distributed
Absorbers in Focal Plane Arrays

Passive imaging cameras at millimetre and sub-millimetre wavelengths are currently entering a new era
with the development of large format arrays of direct detectors. Several of these arrays are being developed
with bare absorbing meshes without any antenna coupling (lens or horn) structures. The design of such
arrays is typically done resorting to geometrical considerations or basic broadside plane wave incidence
analysis. The spectral techniques presented in Part I are employed here for the spectral analysis of focal
plane arrays of absorbers in reception. This chapter provides an accurate and efficient way to estimate the
point-source angular response and the throughput from a distributed incoberent source of an absorbing
mesh in the focal plane of a Quasi-Optical component (e.g., a parabolic reflector or lens). The proposed
technique is validated with full-wave simulations. After presenting the analysis, in this chapter the per-
formance of arrays of bare absorber in the focal plane of a Quasi-Optical component is compared to those of
corvesponding antenna based arrays. It is found that absorbers lead to a comparable tradeoff; in terms of
spill-over and focusing efficiency, only for very tight samplings. For larger samplings, the focusing efficiency

of absorbers is significantly lower than the one for antenna feeders.
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Figure 7.1: (a) The NIKA 2 instrument and its absorber based FPA . (b) A FPA of Kinetic Inductance Bolometers for
security applications [41]. (c) a FPA of microbolometers for THz cameras [42].

»1 Introduction

Sub-millimetre imagers for stand-oft security applications are widely used to detect hazardous objects
concealed under clothing . As discussed in Ch. |1} future security imagers will require
larger Field of Views (FoVs), comparable to the size of a human body (i.e. images with over 100000
pixels), and video rate speeds (> 10 Hz). The presence of many detectors in the focal plane of an optical
system (e.g., charged coupled device (CCD) like configuration) enables the use of systems with none
or very limited mechanical scanning. As a consequence, the requirement on the detector’s sensitiv-
ity is relaxed, in such configuration, thanks to the possibility of using an integration time comparable
to the frame rate. In the last years, there has been a significant effort in developing large format Fo-
cal Plane Arrays (FPAs) of bare absorbers based detectors with medium sensitivities for commercial
sub-millimetre imaging cameras. Some current cameras make use of cryogenic Kinetic Inductance De-
tectors (KIDs) or uncooled micro-bolometers [42}/43].

Traditionally, since the heat capacity of most bolometers scales with the area, antenna coupling
structures have been used to reduce the bolometer physical dimension , at the cost of a more com-
plex FPA architecture (e.g., fly’s eye lens arrays or horn arrays ) Instead, in , the use of
FPAs of bare absorbers was proposed for tightly sampled large format configurations, i.e. in combina-
tion with optical systems with limited mechanical scanning. Such configurations have been recently
implemented in astronomical instruments , and security imagers . There have been as-
tronomical instruments developed with hybrid configurations such as multi-mode horns coupled to
distributed absorbers . A few of such absorber based FPAs are shown in Fig.

The trade-ofts which dominate the design of focal plane arrays based on antenna feeders are well-
known, , especially when the systems are required to operate over narrow frequency bands.
Focal plane arrays of bare absorbers are, however, much less studied. The amount of power received,
and the obtainable angular resolution are significantly different from the one of antenna feeders. The
difference raises from the fact that absorbers, unlike single port antennas, respond incoherently to mul-
tiple aperture field distributions induced by the incident field . As a consequence, the effective area
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Figure 7.2: (a) PWS representation of the focal field of a parabolic reflector with an absorber based focal plane array. (b)

Equivalent transmission line model of a periodic absorber with period smaller than half wavelength under a certain incident
-
plane wave direction, k.

in absorbers cannot be related to the directivity as in the case of antennas. Sectiondiscusses the ef-
fective area of an ideal absorber in comparison with that of antennas, highlighting that its value cannot
be related to transmitting parameters such as directivity.

In [47], a basic study for deriving the trade-ofts between the performances of bare absorbers and
antennas was presented within the scope of astronomical instruments. In this contribution, instead, an
accurate analysis of FPAs based on bare absorbers is performed resorting to a spectral analysis technique
that links the spectrum of the optical system to the one of the distributed absorber. The latter allows
considering generic optical systems, even with low focal-to-diameter number, f4, (commonly referred
also as F/D ratio [69] ) and distributed absorbers. With respect to previous works, the terminology
used here is more common to the reflector antenna community [49].

There have been several works [123,124] that model distributed absorbers under multi-mode horns
by combining mode matching techniques with a partially coherent summation of modes. Here, in-
stead, we treated absorbers distributed directly in the focal plane. A schematic representation of the
studied geometry is shown in Fig. a). A canonical geometry of a symmetric parabolic reflector un-
der plane wave illumination is chosen. Such geometry represents well the behavior of more complex
multi-reflector systems for detectors closed to the focal point [69]. Moreover, the use of such geom-
etry is commonly used to derive basic imaging system performance, and to compare different array
elements [125,126].

The tool used for the analysis of this canonical problem is described in Part I of this thesis. Itis based
on a Fourier Optics (FO), [68]), spectral field representation. The power received by a periodic absorber
is evaluated by using a Floquet-modes based equivalent circuit model similar to the one introduced
in [66], whose generators are obtained by expanding the direct fields in terms of plane waves coming
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from the Quasi-Optical system, Fig. Section [7.3| describes the technique for coupling absorbers
to the optical systems, and describes the Floquet-modes based model. In particular, the methodology
in [r27] is extended to skew incidence, and to any type of periodic absorber. The analysis of reflector
systems in reception has also been used for characterizing antenna feeders [64,127]]. Using this approach,
we accurately derive both the point source angular response of a bare absorber under a reflector, and
the power received from an angularly distributed incoherent source.

In Section the analysis of the power received from a point source as a function of the incident
angle onto the optical system allows the introduction of aperture and focusing efficiencies of an ab-
sorber under an optical system. The aperture efficiency quantifies how much power is received from a
broadside plane wave. The focusing efficiency quantifies how much the achieved angular response of
the optical system is diffraction limited. It is worth noting that both of these efficiencies are calculated
in reception.

For point sources, it turns out that the use of absorbers leads to a power received comparable to
that obtained by antenna feeders, but at the cost of much lower focusing efficiency. The maximum
of the product between the spill-over and focusing efhiciency is 37% for absorbers with a dimension of
w = 1.2Afs, whereas in case of Gaussian antennas the maximum is 82% [s4] for an antenna aperture
dimension of about 2Af;. Therefore, an array of absorbers guarantees an effective use of the reflector
area, comparable to that of antenna arrays, only in a highly populated FPAs with spacing d < 0.754f;.

In Section we derive the throughput, AQ, from an incoherent distributed source associated
with an absorber located in the focal plane of an optical system. This term is typically adopted in
optical research communities, and AQ/A% s commonly referred to as the number of effective spatial
modes, [so]. Here, the throughput is expressed in terms of antenna efficiencies. Whereas for single-
mode antennas the throughput is bounded to AQ < A2, for absorbers it has an upper limit related to
the reflector physical area (i.e. AQ < 7.A,) leading to a larger received power (or better sensitivity)
with respect to antenna based FPAs, but at the cost of a reduced angular resolution.

In the literature, the term AQ/A? is approximated resorting to basic radiometry calculations via
geometrical approximations [128] or Airy pattern considerations [47]. Here, instead, a more rigorous
methodology that makes use of an accurate evaluation of the angular response of the optical system is
proposed. It includes coherence effects coming from the optics, such as phase errors due to the cur-
vature of the optics, specially for low £/D ratios, or non-ideal absorber geometries, or changes in the
frequency response because of resonant geometries, [21,129].

The proposed method is validated in Section by full wave simulations. Section contains

some concluding remarks.

=2 Effective Area of Bare Absorbers without the Presence of
Optical Components

The power received by antennas or absorbers due to an incident plane wave, P, can be evaluated via an
effective area

_ P8, 9)
S;

chﬁ”(e: ) (7.1)
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where S; = | Eo|/ (2¢y) is the incident power density, with { being the free space wave impedance (377
Antennas are typically characterized also by directivity transmitting patterns, and the correspond-
ing effective area can be related to the directivity by Ag;ﬁ = D;A%/47. Instead, the directivity is not

a useful parameter to derive the effective area for electrically large distributed absorbers, since their ra-
diation patterns cannot be related to a coherent aperture distribution. For this reason, it is more con-
venient to use the effective area as reference parameter for comparing the properties between antennas
and absorbers. An ideal electrically large planar absorber, see Fig. [7.4{inset), can be achieved using a
thin continuous sheet made of a material with conductivity ¢ and thickness 4 on top of quarter wave-
length back-short, by, = 1/4, [43,130]. The surface resistance of this sheet, since its thickness is smaller
than the skin depth, can then be chosen to be R, = {§ = 1/(he) (Q/0) [131].

To evaluate the power absorbed by such ideal absorber, one can use the equivalent circuit shown in
Fig. b), where the TE/TM equivalent lines are decoupled. For a generic plane wave incidence, &' =

Eopie™ L assuming that the back-short has no losses, and considering an electrically large absorber
of area A, the power absorbed is the active power density flowing across any z > 0 transmission line
cross section multiplied by the physical area of the absorber. After some algebraic manipulations, the
absorbed power can be expressed as a function of the back-short distance 4, for each plane wave angle
of incidence (6, ¢;) and polarization p;, as follows:

A

PZ;V(Qi, ¢;) = S;Acos0;[(p; - %pi)z?CTM +(bi - b2 orE] (7.2)

where %pi = sin 0;(cos ¢;&+sin ¢,§) and $; = —sin ¢;x+cos ¢:%. Theefliciencies x 747 = (4 cos 6;)/((1+
cos 0;)? + cot? (kg cos 8;hy;)) and x7E = (4 cos 0;)/((1 + cos 6;)? + cos(8;) cot? (kg cos 0;hy,)) take into
account for the impact of the back short.

Fig. [7.3] shows the normalized received power of the ideal planar absorber versus the plane wave
angle of incidence for a standard back-short distance, i.c., 4/4. Both a 6- and qs—polarized incident
plane waves are considered. The curves differ from the standard Lambert’s cosine law, commonly used
in optics, due to the presence of the back-short. The larger the back-short (e.g., as the ones used in [41])
the larger is the angular variation.

Equation shows that for broadside plane wave incidence and by, = 1/4, the power received
by the ideal absorber is the incident power density times the absorber area. Hence, for this case, the
effective area is identical to the physical one. Instead for single mod antennas the effective area can
be related to the directivity by the relation A:%Zf = D;A?/(4), where the directivity depends on the
angular distribution of the antenna radiation pattern. Therefore, an antenna with an angular receiving
power pattern of cos 6, similar to the one shown in Fig. has an effective area of A:‘”f = /7%
irrespectively of its dimensions. In the case of electrically large absorbers, the effective area, instead,
increases linearly with the physical area, while having the same angular receiving pattern.

Fig. shows the effective area of the ideal absorber (with an infinite and a finite back short of
the same size than the absorber). This effective area is reported as a function of the absorber’s phys-

'Single mode antenna referred to antennas with a feeding port that excites a specific equivalent current distribution.
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Figure 7.4: Effective area of the ideal absorber (with an infinite and a finite back-short of the same size than the absorber)
versus the physical area compared to the effective area of an impedance matched antenna with uniform square electric dis-
tribution above an infinite ground plane. The distance to the back-short is 1/4 for all cases.

ical area calculated using full-wave simulations done with CST MS under broadside plane wave
illumination. The simulated geometry is shown in Fig. inset).

It is apparent that the effective area of absorbers matched to the wave impedance {; remains equal
to the physical area, even when the dimension of the overall absorber is small in terms of the wavelength.
For the sake of comparison, the effective area of a matched antenna radiating above an infinite ground
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plane characterized by an equivalent electric current distributionj = rect(x, w/2)rect(y, w/2)%, is also
shown in Fig. For small dimensions, in terms of the wavelength, the antenna effective area can be
much larger than its physical area. However, their designs are much more complex since they require
the design of an impedance matching network which is frequency and dimension dependent.

7.3 Spectral Field Representation for Absorber Feeders

In [66] an analytical method, based on a FO approach, for calculating the power absorbed by a resistive
linear strip mesh in the focal plane of an optical system, was presented. The FO method can be used to
derive in a simple way a spectral wave expansion of the direct field focused on the focal plane. In [66], the
spectral plane wave expansion derived by using FO was linked to a periodic spectral field representation
in the surrounding of the absorbers (via a Floquet-modes expansion [132]). In this section, the extension
of the analysis to generic planar periodic absorbing geometries, and slightly oft-broadside incidence, is
discussed. In Section this extension will be used for the accurate estimation of both the aperture
efficiencies, and the point-source responses of an imaging system based on bare absorber’s FPAs.

Let us consider the geometry depicted in Fig. an absorber based FPA below a on-axis parabolic
reflector. In this sub-section, the direct field (without the presence of the absorber) at the reflector
focal plane position, as well as the total field (in the presence of the absorber) are derived. As described
in Sec. the field scattered by a QO component at its focal plane can be represented as a Plane
Wave Spectrum (PWS) by using the described FO based technique (see (2.1)). This PWS represents the
direct field at the focal plane of the QO component. Moreover, the coupling mechanism between an
impinging plane wave and a periodic structure, such as the considered absorbers, can be represented via
an equivalent Floquet-modes circuit model [66]. By using this model, in the following, the response
of the absorber to the PWS of the direct field is described as another PWS representing the total field at
the focal plane of the QO component.

The field in the surrounding of a periodic absorber coupled to an optical system can be expressed as
a coherent summation of the absorber response to each plane wave coming from the optical system. The
spectral response of the absorber to a plane wave can be modeled by using the fundamental Floquet-
modes field representation, neglecting any finiteness effect, and assuming a periodicity less than half
wavelength, i.e., dx/), < A/2.

In general, any periodic planar structure can be modeled by using the equivalent network shown
in Fig. [7.2{b), where the TE and TM transmission lines represent the propagation of the respective
fundamental Floquet-modes having characteristic impedances ZOT E(kp) = Loko/k, and ZOT M(ky) =

Cok./ ko respectively, where &, = | //e% - /e%). The matrix

?db:(zp) = YaYI;fTE(/ip) YJ;SETM(/ip)
YJZXMTE( kp ) YZZMTM(/@P)

represents the absorbers response to the TE and TM plane wave excitations. The components of this
matrix can be derived analytically for a few structures as in [133}134], or evaluated numerically using
periodic boundary conditions via a commercial electromagnetic tool such as CST MS, as in [132,135]).
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For a periodic structure placed at the focal plane of an optical system, the voltage sources in the Flo-
quet equivalent network are related to the PWS of the direct field coming from the optical system as
described in [[66]]. They can be evaluated as

-2 - kz
VIM(k,) = dxdyEg(kmk—o (7.32)

VIE(ky) = Jdudy EL(R,) (7.3b)

where d, and d, are the periods of the array along x and y, respectively; Eg(_/e)p) and Eg(zp) are the 6-
and ¢-spectral components of the PWS of the direct field as in and (2.34).

By using the scattering parameters representation of the structure, one can evaluate the current flow-
ing, / TE/TM (7e)p, z), and voltage drop, yTE/TM (2,), z), at the transmission line quote above the absorber
as follows:

VTE/TM(/ep, 0+) — V+TE/TM + V_TE/TM (7.421)

> 1
[TE/TM(kp, O+) — ZTE/TM (VIE/TM _ V_TE/TM) (74b)
0

TE S TE
where V}M = S(kp) [VV:}M] are the reflected voltages at AA’/BB’ terminal, Fig. b), since
- +
S'(_) ) B STETE(kp) STETM(Iep)
Pl — =2 2
STMTE(kp) STMTM(kp)

represents the scattering matrix of the transmission line at z = 0" quote.
The averaged magnetic and electric spectral fields over the absorber unit cell can be derived as follows:

-2 1 rd
1, (kp>2) = N VM ko, ) (7.52)
. 1 2
E;(/e ,Z) = WVTE(kp; Z) (7-5b)
Xy
. 1 2
H} (kp,2) = - 1™ (kp, 2) (7.5¢)

v 44,
-2 1 rd
H(kp, 2) = —===1""(kp, 2) (7:5d)

NZwa

Combining expressions in (7.s)), one can express the average electric and magnetic spectral fields (PWS
of the total field) in Cartesian coordinates as
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Ebpa)| [Ekod)] o [EG.9], .
Hilky )| L (a0 a0 | (762
E}/t(zp)z) _ E/ip(_)p:Z) /Ae " E;(zp,z) - b
Hiky,2)| ~ |H (koo 2) (ko - 9) ik, 2 (). (7.6b)

These spectral electric field, averaged over each absorber period (dx, 4,), are related to the voltage solu-

- -
tion, J TE/TM (ky, z), whereas the magnetic field to the current solution, / TE/TM (kps 2).

This methodology can be applied to any periodic structure embedded into a generic dielectric strati-
fication (transverse to the z-direction). By solving the equivalent circuit, one can evaluate the PWS of

the total average fields, [E‘ , = ], at any z-quote, that includes both the absorber and optical system
spectral responses. The spatial fields representing the response of the absorber to the optical system is
then evaluated as the inverse Fourier transform of this PWS

dB k)= — HE B, 2 K)o Pl i da. (7.7)

In the case of slightly off-broadside incidences, indicated by representing the direction of incident

> 1 -,
plane wave by A/ep instead of £, can be approximated as the inverse Fourier transform of the spectral
total field evaluated at broadside times the linear and coma phase terms (similar to the representation

in (12)

+00
> i 1 > - A 7 =2
2(B, 5 Ak,) = o= ﬂEf(ﬁ, & Ak, = 0)e Tk b0i150) ko Pl ke, (7.8)
2

Only for the scanning angles imposed by , one can neglect the coma phase term %p . A_)pl-a\ , and

the spatial fields can be computed as a linear translation to the flash point A_}pi of the broadside spatial
total field

&(B, 5 Bk,) = (B~ Ap;, 5 Ak, = 0). (7.9)

7.4 Point-Source Response of Absorber Feeders

In this section, we derive the response of resistive periodic absorber under a focusing system when the
latter is illuminated by a single plane wave of amplitude £, impinging from a direction Ak; (Fig. .
Using (7.8)), i.e., a coherent summation of the spectral total fields, averaged over each unit cell of the



104 7. Reception Power Pattern of Distributed Absorbers in Focal Plane Arrays

1

Reflector

Ak
ek
Equivalent Kt
FO sphere
y/vasorber
Flash point “x
\ ‘~~::::—?,‘
Z;i w 7 dy

Figure 7.5: The considered Fourier Optics scenario for broadside or oblique plane wave incidence onto a parabolic reflector
with a square strip mesh absorber in its focal plane.

periodic absorber, we can estimate the total spatial electric and magnetic field, & (g) and bt (8), at the
focal plane. These fields are in effect evaluated as an inverse Fourier transform of the PWS of the optical
system times the spectral plane wave response of the absorber. The shape of the total fields depends
on the response of the absorber to plane waves with incidence angles impinging from broadside up to
the reflector subtended angle, 6°. Once the fields are known, the power absorbed by a finite periodic
mesh can be evaluated, assuming local periodicity, as the integral, over the absorber area w, of the z-
component of the Poynting’s vector associated with the spatial total fields, as follows:

w/2

P, Bk) = —Re{ [[ 2 8%,) x (3, AE)] .ﬁds}. (7.10)

—w/2

7.4.1 Aperture Efficiency

The aperture efficiency, Naps of an absorber under a reflector relates the effective area, Ay 5 to the
physical area, 4, of the reflector (or of the considered Quasi-Optical system). This efficiency can
be calculated as the ratio between the power absorbed for broadside incidence, and the power
incident to the reflector, Py, = S;4,.f

Pufs Azpi =0) Aeﬁ‘
1ap(f) = = (7.11)
Py, Amf

As an example, we evaluate this efficiency for the case of the ideal planar absorber described in Section
but under an optical system. For focusing systems with subtended angles smaller than 20°, i..,
f# > 1.4, the angular response of the ideal absorber can be considered nearly constant (see Fig. [7.3). In
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Figure 7.6: Spill-over efliciency (solid) and HPBW (dashed) for an ideal absorber under an optical system characterized by
f# = 2 and diameter D = 1004 versus the physical size of the absorber normalized to Af;.

this case the absorber spatial fields in will resemble the direct fields arriving from the optical system.
Thus, the aperture efficiency will be, for an ideal reflector, the well-known spill-over eﬁicienc Ys05 OF
the corresponding Airy pattern, except for the cases of electrically small impedance-matched absorbers
which are not considered here.

In Fig. the spill-over efficiency, evaluated for normal plane wave incidence on the reflector, versus
the size of the ideal absorber, normalized to Afy, is shown for f; = 2. When the absorbers would have

anonflat angular response over the reflector subtended angle, the total spatial fields, ¢ (g, z = 0, Kk; ),
will be spatially wider than the direct fields, and therefore, the aperture efficiency would be lower than
the spill-over efficiency of the direct fields. This will be also the case when the absorber is not well
matched or has a resonant frequency response. Therefore, the use of multilayer absorbers with stable
angular response [136, 137, 138] will improve the coupling with the optical system, especially for low f;
optics.

Fig. also reports the half-power beamwidth (HPBW) normalized to the minimum theoretical
HPBW given by a diffraction limited aperture (HPBW i, = A/ D) in the right axis versus the absorber
size. Itis worth noting that this curve is similar to the one presented in Fig. 4 of [47], since it is presented
for alarge f; and an ideal absorber. The HPBW of the point spread function is a figure of merit for the
quality of the generated image. The penalty in terms of system angular beamwidth is further quantified

in Section[7.4.2

[ (PP P)ds
7 (B P+ B) ) s

2
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7.4.2 Point-Source Angular Response
The angular response of an absorber coupled to an optical system, typically referred as the point spread
function in optics, can be evaluated by calculating how much the absorbed power changes versus

the impinging plane wave wave-vector Kk; A normalized point spread function will be defined here
as follows:

 PulfAR)
F(f, A0, Ap') = ———2~ (7.12)
(fv ¢ ) ‘thgﬁ())
Thus, the power absorbed can be expressed as:
Pas(f, A6, AGY) = Sid 9 VE(f, A, A (7.13)

To evaluate the angular response in a computationally efficient way, we can use the approximated
spatial fields derived in (7.9). In the case of focusing systems with large f;, one can neglect the coma
term for most of the FO validity region. This approximation allows us to evaluate the power absorbed,

- 1
7.10), as a convolution of the spatial Poynting’s vector for broadside incidence, (Ak, = 0), and the
absorber domain (square in this case)

w/2
o, 1 2t =2 -~ Prxs A
Pus(fs Bky) = SRe || [¢(B = 8 0) x B*(5 = A, 0)] - 2. (7.14)
—w/2

The validity region of is where one can neglect the comma phase term, and given in .

Fig. shows the angular response of the ideal absorber compared to that of a uniform aper-
ture antenna [Fig. [7.4(inset)] coupled to a parabolic reflector with f; = 2 for different absorber sizes. It
can be noted that, in both cases for physical dimensions small in terms of Af;, the angular response re-
sembles the well-known Airy distribution. Instead the imager angular response gets much wider when
the physical dimension of the absorber increases than in the case of antennas. This implies that as the
absorber size increases, the HPBW increases faster than for a uniform aperture antenna.

This peculiar behavior of the absorbers can be understood if one imagines an absorber large in
terms of the wavelength divided in portions having dimension in the order of half wavelength, similar
to the multi-mode antenna proposed in [50]. Since the power received by each portion sums up almost
incoherently, the result is an overall less angular discriminating optical system. For example, Fig.
shows that for a skewed plane wave incidence, the flash point of the direct field is at the edge of the
detecting area. An ideal absorber will receive power proportional to the flux of the Poynting’s vector of
the direct field, across the entire absorber area, but with maximum contribution from the portion of
area at the flash point. On the contrary, an antenna, designed to receive coherently the direct field from
broadside, will not receive properly this oft-set direct field.
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Figure 7.7: (a) Angular response to a plane wave impinging from A6; of both an ideal absorber, and a uniform aperture
antenna coupled to a parabolic reflector with f; = 2. Different curves correspond to several absorber and antenna sizes. (b)
Sketch showing the detecting device (antenna/absorber) and direct field for a case of a squinted plane wave incidence.

7.4.3 Focusing Efficiency
In Figs. and we have shown that the angular resolution of the imager in Fig. gets worse

with enlarging the dimension of the absorber. To quantify this angular resolution penalty, we now
introduce a focusing efficiency that relates the solid angle of the Airy pattern Q _g;, to that of the actual
imager angular response, (o, as follows:

QAir
If = Qo s (7-15)

The imager solid angle is defined as follows:
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27 pw/2
Qp = J I F(f, 6, ¢)sin 0dOded (7.16)
0 Jo
and one can demonstrate that
/12
QAiry = A_;»ef (717)

The focusing efhiciency quantifies how much the angular response enlarges with respect to the
diffraction limited case. In the case of antenna feeders, this efliciency corresponds to the ratio between
the achieved directivity in the optical system and the directivity of a uniform circular aperture . In
Fig. this efficiency is shown as a function of the absorber size normalized to Af, together with the
spill-over efficiency for an ideal absorber under a reflector of f; = 2. It is apparent that for absorbers,
the focusing efficiency is much lower than what would be theoretically possible for an antenna with a
current distribution that is field matched to the direct field.

The spill-over and focusing efficiencies are commonly used in the antenna reflector community. For
comparison, we include in Fig. these efficiencies for a reflector fed by a uniform aperture antenna of
side length w [Fig. inset)]. The spill-over efficiencies (for the antenna calculated as defined in [139])
are nearly the same for both types of feeders, but the focusing efficiency is significantly different. Indeed,
except for very small sizes, the antenna type feeders are more directive with respect to a commensurate
absorber.

To quantify the tradeoft between the two different efficiencies in Fig. we also plot the product
of these two efficiencies. The maximum value of this product, in case of absorber feeders, is only 37%
and it is achieved for w = 1.24f4, whereas antenna feeders achieved 71% for w = 1.55A4f%, thanks to a
higher focusing efficiency, which can reach 82% for Gaussian horns [s4]. Note, in the case of antennas
the product between the spill-over efficiency and the focusing one corresponds to the aperture efficiency
[139], except for any other losses in the antenna feeder itself. Instead, in the case of absorbers this product
is simply a figure of merit that reminds the designer that larger absorbers lead to an inefficient use of
the reflector aperture from an angular resolving point of view.

Tightly spaced FPAs of bare absorbers can sometimes be considered the preferred option due to
a lower fabrication cost. As it can be seen from Fig. bare absorber FPAs with w < 0.75A4f;, and
focusing efficiencies higher than 80%, have a product of the two key efficiencies comparable to the one
of antenna feeders. However, the background noise coming from the box surrounding the absorber
should be properly controlled or calibrated, since the absorber has a wide angular response leading to
higher sensitivity to undesired sources [47].

The conclusions drawn here can be applied to detectors located close to the focus, where a multi-
cascade reflector system can be well modeled with a simplified on-axis parabolic reflector [69]]. The
achieved spill-over and focusing efficiencies of detectors located far from the focus highly depend on
the actual optical system configuration.

’In the literature, the focusing efficiency for antennas can be referred to utilization efficiency [139], aperture efficiency
[140] or taper efficiency [141].
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Figure 7.8: Focusing and spill-over efficiencies for both ideal antenna and absorbers, with a square dimension of side length
w, under areflector with f; = 2. The gray area indicates the region where the product of the two efficiencies, for the absorber
and antenna feeders, are comparable.

7.5 Distributed-Sourse Response of Absorber Feeders

The optimization of a densely populated FPA requires finding a suitable trade-off between the sensi-
tivity of each element and the imager resolution. In [47], the optimal FPA architecture that makes use
of bare absorbers was studied in the case of background limited noise. Instead, most of the uncooled
or medium cooled detectors are limited by the detector noise. In case of bolometric detectors [44], this
noise is dependent on the bolometer physical dimensions w. Therefore, the optimal FPA architecture
for these detectors will depend significantly on the aperture and focusing efficiencies, which should
accurately be quantified.

The sensitivity of a passive imager can be related to the ability of the system in detecting variations
in the temperature of a distributed incoherent source [224/47]. Thus, it is related to the power received
from a distributed source sz , with an average temperature 7, and angular dimension much larger
than the beam of the reflector (imager point spread function).

The received power Pﬁf over a certain bandwidth BW = f; — f;, from incoherent sources operating
in Rayleigh Jean’s limit with an average temperature, T distributed over the full solid angle can be
expressed as follows [142]:

- fH kBT; 27 pw/2
PhS = Jf 7Agﬁp(f) JO Jo E(f, 0, ¢) sin 0d0d pdf (7.18)

1

where Aeﬁr(f ) = %p(f )Am,f is the effective area of the imager, k3 is the Boltzmann’s constant, and
F(f; 0, ¢) is the imager normalized angular response. Equation (7.18)), with the efficiency definitions
introduced in Section becomes extremely useful for the design of absorbers. Using the definition

in (7.15)), (7.18]) can be rewritten as follows:
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2 Na (f)
DS _ p I
PoS = kgnjﬁ ) df (7.19)

This expression is valid for any coupling structure, such as antennas (single or multi-mode) and
absorbers. For narrow band systems with bandwidth defined as BW = £, — f;, where the integrand in

(7.19)) can be approximated constant around the central frequency f, one can rewrite (7.19)) as

PDS ~ /eBY}BW%p—(ﬂ)) (7.20)

abs y f(ﬁ) )

In the scientific literature, instead of the ratio 7,4,(f0)/7¢(f0), one typically finds the normalized
throughput, 4,.,rQo/ A2, or the number of effective modes, mep, of the system [47], [so]. To clarify
the discussion for the antenna community, one should consider that for single-mode antennas the aper-
ture efficiency is proportional to the focusing efficiency itself; indeed, ;7;’]’;[ = Yrad?]f> Where 9,4 is the
radiation efficiency [139] (i.c., the ratio between the gain and the directivity in reflectors). Thus, the
normalized throughput becomes

%p(ﬁ)), for absorbers
=1 77(fo) (7.21)

Yrad(fo),  for single-mode antennas.

ArefQO
A

Therefore, for single-mode antennas: 4,,rQ 4/ /1% = %rad < 1and the power received becomes
kT, BW 3,44, which is the standard expression in microwave radiometry [142]. Instead, for bare ab-
sorber, 4,,rQ 4/ /1(2) can be a number much larger than unity. Note that for the case of Lambert’s ab-
sorber without a reflector (5,5 = 1), the absorber’s throughput becomes the well-known expression in
radiometry [47]: 4, Q .4 = /l%zyﬂp(ﬁ))/;yf(ﬁ)) = T Ayef.

The term ,4(f0)/77(fo) is plotted in Fig. for the case of an ideal absorber under a parabolic re-
flector with f; = 2. The normalized throughput 4,,,Q0/ /1%, derived accordingly to [47] by using Airy
pattern considerations, is also reported in Fig. The agreement is very good since the calculations
were done for an ideal absorber under a large f; parabolic reflector. However, the analysis proposed in
this paper can accurately quantify the normalized throughput for many other cases such as optics with
small f; (common in integrated lenses [11]), absorbers with a non-flat angular response [41], or even
resonant absorbers [10} 21,129]]. As an example, Fig. [7.9|also shows the normalized throughput for an
ideal absorber under a f; = 0.6 parabolic reflector. In such case, its value differs significantly from the
one calculated with the Airy pattern formula [47], leading to a lower power received from a distributed
incoherent source and, therefore, lower sensitivity.

7.6 Numerical Examples

In this section, the results calculated with the proposed methodology are compared with those obtained
by using full-wave simulations. An absorber made of linear resistive strips above a A4/4 back reflector is
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Figure 7.9: Normalized throughput calculated as 5,,/7y versus the absorber size, w, for two optical systems with f; = 0.6
(gray) and f; = 2 (black). The solid lines corresponds to the geometry of the ideal absorbers, the dashed lines to an absorber
based on resistive strips, and the filled circle marks to the relevant FW simulations. The dotted red line corresponds to the
Airy pattern considerations in [47].

considered as a test case. For this case, a reference analytical circuit is available in [133]]. The absorber is
composed of resistive mesh strips with a surface resistance of R, = 10 Q/0 and width of 2.7um. The
strips have a periodicity of d, = 102um, and back short distance of b, = 150um. The total dimension
of the absorber is w X w (Fig. [7.5). The operating frequency for this example is S00 GHz.

7.6.1  Large f-number Optics

Asdescribed in Section the angular response for absorbers under alarge f; optical system, according
to , is basically the convolution of the total field with the spatial domain of the absorber. In such
a case, when the absorber can be considered ideal, the throughput can be evaluated using Airy pattern
considerations as in [47]. The plane wave response of the considered absorber is shown in Fig.
showing similar angular response to the ideal absorber. The absorbed power has been evaluated by
using the equivalent circuit proposed in [133], as well as the generic circuit for an arbitrary absorber
shape described in Sec.

In Fig. a) and (b), the power absorbed by the linear strip mesh, placed under a parabolic re-
flector with f; = 2 and diameter D = 1004, is shown versus the plane wave angle of incidence, for
two different physical dimensions of the absorber. (The absorber is made of 7 and 14 resistive strips
for the w = 24 and w = 4A cases, respectively.) The incident plane wave is assumed having ampli-
tude |Ep|= 1V/m and polarization along x. The results are compared with those carried out by using
tull-wave simulations. Specifically, first the direct field focalized by the reflector on a square area at a
z-quote above the absorber (Fig. is evaluated by using the PO solver of GRASP. Then, the field is
used as an external source in CST MS to compute the power dissipated into the resistive strips. Since
the procedure has to be repeated for each angle of the plane wave impinging on the reflector, A6, the
computation of the angular response via the FW simulations is time-consuming, and for this reason
the results are reported only for a limited number of incident angles. On the contrary, the FO spec-
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Figure 7.10: Power absorbed versus the plane wave incident angle (non-normalized angular response) of a linear strip ab-
sorber with side length w coupled to a reflector with f; = 2. (a) w = Af; and (b) w = 2A4f;. Solid lines: calculated by using
. Cross marks: obtained via FW simulations. The inset illustrates the 2-D response in #-v coordinates.

tral method takes a few minutes for obtaining an accurate 2-D angular response of the imager. The
agreement between both methods is excellent.

The aperture and the focusing efficiencies of a strip absorber under a f4 = 2 parabolic reflector can
be estimated by using both the FO and FW approaches. Results are summarized in Table[7.1, showing
excellent agreement. Normalized throughputs can also be estimated for the cases given in Tableby
using . The aperture efficiencies are slightly lower than those related to the ideal absorber (Fig.
, due to the fact that the strip mesh structure presents a small mismatch with the incoming waves.
In particular, the imaginary part of the strip absorbers presents an inductive behavior, that leads to
only 93% absorption of the impinging power, for broadside plane wave illumination as shown in Fig.
The focusing efficiencies are instead comparable. Therefore, the normalized throughput is slightly
lower than the one of the ideal absorber (Fig. .
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Figure 7.1:: Schematic representation of the geometry under discussion and of the GRASP + CST full wave simulation
procedure. The direct field is obtained by GR ASP and then used as an external source in CST.

Table 7.1: Comparison of efficiencies for strip absorbers below a parabolic reflector with f; = 2

‘ Fourier Optics ‘ Full Wave

lﬂﬂp = 48% ”ﬂp = 49%
w=Af yp =70% yf = 70%
AQ/A% =07 | AQ/A2 =07

Hﬂp =76% lfﬂp =77%
w = 21f; = 27% 5 = 27%
AQ/A*> =28 | AQ/A? =28

7.6.2  Small f-number Optics

The lower the f;, the more difficult is to evaluate the performances of absorbers under optical systems.
First, the absorber angular response cannot be approximated by a convolution with the broadside to-
tal field since the shape of the direct field changes significantly even for an incident angle of a couple
of HPBWs due to the coma phase term (Fig. . Second, the absorber plane wave response can af-
fect significantly the shape of the total spatial fields. Third, the absorber’s overall physical dimension
can be comparable to the wavelength, or even smaller, making the FO + Floquet-modes approach not
applicable.

The calculated angular response of a strip absorber of 2Af; (7 strips) in side length under a reflector
with f; = 0.6 is shown in Fig. and compared with FW simulations. The agreement is very
good even if the absorber is only 1.24 X 1.24. The FW absorbed power is slightly higher in the ¢; =
0° cut, which can be associated with edge effects due to the finiteness of the strips. Smaller absorber

dimensions, such as the case shown in Fig. (absorber with a w = 0.64 and only 3 strips), will
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Figure 7.12: Power absorbed versus the plane wave incident angle (non-normalized angular response) of a linear strip ab-
sorber with side length w coupled to a reflector with f; = 0.6. (a) w = Afy and (b) w = 24f;. Solid lines: calculated by using
. Cross marks: obtained via FW simulations. The inset illustrates the 2-D response in #-v coordinates.

lead to larger discrepancies between the FO and FW simulations. Indeed, in such case, the absorber
effective area is larger than the physical one as shown in Fig. and the edge effects are even more
significant. Despite this, the agreement with FW simulations is still quite good as shown in Fig.
for both a finite and an infinite back short.

The values of the simulated aperture and focusing efficiencies are summarized in Tablefor both
absorber dimensions. The FW simulated focusing efficiencies are about 10% different in both cases
due to the edge effects, whereas the aperture efficiency of the smallest case (w = Afy) is 15% higher than
predicted with the FO tool due to a larger effective area than the physical one. The values of the aperture
efficiency for both cases are lower than the values given for large f4, due to the variation of the absorber
response to the incident plane waves, as shown in Fig. [7.3} instead, the focusing efficiency is higher than
the cases shown in Table[7.1} because of the coma distortion in the direct field.
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Table 7.2: Comparison of efficiencies for strip absorbers below a parabolic reflector with f; = 0.6

‘ Fourier Optics ‘ Full Wave

Yap = 40% Yap = 46%

w = Afy nf =74% nr = 82%
AQ/A% =0.53 | AQ/2% = 0.56

Nap = 68% Nap = 67%

w = 2Af; nf = 32% nf = 29%%
AQ/A% =21 | AQ/A%> =23

As it can be seen in Table and as the strip absorbers side length increases, the aperture efhi-
ciency of the system increases. However, larger side length also leads to lower focusing efficiency. These
results are in line with the ones shown in Fig. for ideal absorbers. As shown in this figure, the
optimum side length value for ideal absorber, in terms of high aperture efficiency and good imager res-
olution (high focusing efficiency), is w =~ 1.254f;. In the case of an absorber with non-ideal response
(e.g. strip absorbers) coupled to a QO system with small f-number (large comma phase distortions),
the optimal side length could be a different value.

In Fig. the estimated values for the normalized throughputs in case of the linear resistive mesh
are also shown for the two considered reflectors, using both the FO approach and the FW simulations.
The values obtained for all cases are lower than the ones estimated in [47]]. It can be noted that for some
cases the absorber receives up to 40% less power than the one estimated in [47], leading to a less sensitive
instrument.

=7 Conclusion

Passive imaging cameras at sub-millimetre wavelengths are being developed by using bare absorbing
meshes without any antenna coupling (lens or horn) structures in the focal plane of a focusing system.
The design of such arrays is typically done resorting to geometrical considerations or basic broadside
plane wave incidence analysis. In this chapter a spectral electromagnetic model, that is based on linking
a plane wave spectral representation of the direct field focused by the optical system with a Floquet-
waves representation of the field in the absorbing mesh, is described. The results obtained by the present
model have been compared, with excellent agreement, with those obtained by FW simulations. Thus,
the proposed spectral method provides an accurate and efficient way to estimate the key optical prop-
erties of the imager inside the region of validity of the FO.

The most important design aspect that emerges from this chapter, for focusing systems in recep-
tion, is associated with the introduction of the intuitive focusing efficiency parameter. This parameter
leads to two important conclusions. First, when comparing bare absorber FPAs and antenna feeders
of equivalent dimensions, the latter leads to higher focusing efficiencies, and therefore better imaging
resolution. Only very tightly sampled absorber based FPAs lead to a comparable trade-oft in terms of re-
ceived power and angular resolution, when compared to antenna based FPAs. Second, while for anten-
nas itis well known that the power received from a distributed incoherent source is PDS =y ik T,BWV,
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for absorber based FPAs, the corresponding received power is typically quantified introducing an effec-
tive number of modes: Pﬁf = me X ky T;BW . Here, it is shown that the effective number of modes
Mefr can be conveniently evaluated as the ratio between the aperture, Naps and the focusing efficiency,

9y



Chapter 8

A Dual Band Focal Plane Array with
Frequency Selective Absorbers

Passive imaging cameras at sub-millimetre wavelengths with large format focal plane arrays are being
developed as the next generation of security screening systems. In this chapter, a dual-band focal plane
array (FPA) for security imagers at sub-millimetre wave frequencies is presented. The detectors are based
on bolometric superconducting kinetic inductance resonators, which allows the development of large FPAs
at medium cryogenic temperatures. Two frequency selective absorber (FSA) sets coupled to superconductive
resonator lines are designed to implement a dual color security imager. The performance of the dual band
imager is evaluated using the spectral analysis approach that combines Fourier Optics with a Floquet-
modes field representation, as presented in previous chapter. The geometry of the unit cells is based on a
Jerusalem cross configuration and the designed FSAs show a stable angular response and a rejection 1 to 3
of the undesired bandwidth. The detectors in the dual band FPA are distributed over a hexagonal grid to
maximize their physical size and then improve their sensitivity. The effective pattern of the imager coupled
to a black body point source over a wide frequency band (bandwidth ratio of 6 : 1) was demonstrated
experimentally with excellent agreement to the one estimated by using the proposed spectral technique.
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8.1 Introduction

Asdiscussed in Ch. [t} the next generation of THzimagers for stand-oft detection of concealed weapons,
[20b[r20, 121, 122]], will require wide Field-of-Views (FoVs), at quasi-video rate, higher than 10 Hz. The
architecture of such imagers is typically composed of a Quasi-Optical system, a focal plane array (FPA),
and a mechanical scanner. A FPA with a large number of elements would dramatically reduce the need
for a fast-mechanical re-pointing of the optics, and, consequently, allows a much longer integration
time for the detectors (comparable in this case to the frame rate), thus relaxing the required detector
sensitivity.

Promising solutions for development of sub-millimetre wavelength FPAs in the order of several
thousands of detectors are based on kinetic inductance detectors (KIDs) [12,/97,143]. The KIDs are in-
coherent superconductor-based detectors and many of them can be coupled to a single low-frequency
readout line, decreasing significantly the complexity of large FPA architectures. The coupling of the
KIDs to the readout line is based on low-frequency superconductive resonators with high-quality fac-
tor. The radiation at sub-millimetre wavelengths can be absorbed either via antennas coupled to resis-
tive transmission lines [12]] or bare absorbers [144]. The power absorption corresponds to a shift of the
resonant frequency and a decrease of the quality factor.

KIDs can operate in two different regions. The non-equilibrium mode relies on the finite lifetime
of the quasi-particle excitations [12]]. Here, we concentrate on the kinetic inductance bolometer (KIB)
mode in which the superconductor is in a local thermal equilibrium with its surroundings, and the
detection is based on the temperature dependence of the Kinetic Inductance, as originally proposed
in [145].

The noise equivalent power (NEP) of KIDs operating in non-equilibrium mode is in the order of
1072° W/ Hz"? [12] for operation temperature below 1 K. This configuration was used for security
imagers in [21]. The main drawback of this solution is the high cost of the required top-performance
cryostat.

In the thermal region, KIBs measure the temperature change of a thermally isolated volume due to
the THz radiation being absorbed. Similar to non-equilibrium mode, the variation in the inductance
of the structure can be readout via superconductive resonators. However, in this region, the require-
ment for the operating temperature is relaxed to about 5 to 10K, allowing the use of low-cost cryogenic
coolers. The NEP of these detectors is in the order of 107 177/ Hz'/? [41], much higher than the non-
equilibrium mode, but sufficient for security applications. Therefore, KIBs provide the possibility of
having large FPAs with medium-cooled temperature and a reduced cost for passive imaging [41].

Exploiting this technology, in this study, a FPA suited for future security applications is designed
as shown in Fig. [8.1(a). The outer diameter of the FPA has been set to & = 24 cm, corresponding to
the maximum useful window of the cryostat. The basic structure of the focal plane and the detectors is
depicted in the micro-photographs of Fig. [8.1(b) and (c). The total number of the detectors is 8208, or-
ganized on six detector tiles with 80mm X 75mm active area consisting of 1368 detectors. The thermal
isolation is obtained via through-wafer released membrane which is perforated to optimize the thermal
coupling to the substrate, and to minimize the heat capacity. For readout, the thermometer is tuned
into an individual RF readout frequency with an oft-membrane tuning capacitor C; and matched to a
50 Q readout line with a coupling capacitor C; , as schematically illustrated in Fig. d). Here, 7 refers
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Figure 8.1: (a) Dual-band FPA with 8208 KIBs. (b) Micro-photograph illustrating the two FSA sets. (¢) Zoom-up showing
a piece of detector membrane and the structures on it. The kinetic inductance thermometer L is emphasized in blue for
clarity. (d) Electrical equivalent circuit of a piece of multiplexed readout line. (e) Readout band transmission spectrum
within a readout channel with each spike corresponding to an individual readout frequency of a detector.

to the detector index within a readout channel consisting of 114 detectors per channel in this case. The
total number of readout channels is 72. The readout band transmission within one readout channel is
plotted in Fig. e). As it can be seen, the readout frequency band for this particular channel is from
50 to 200 MHz. Similar data were acquired from 15 readout channels indicating good detector yield
(> 95%) in line with the data of [41]. Moreover, in [146], concealed object detection has been demon-
strated with the imaging system which is described in this study, i.e., the same optical system together
with the designed dual-band FPA.

Security applications demand high probability of detection, which can be achieved by using passive
images taken at different frequency bands , i.e., multi-band images. To this end, we propose here
to modify the absorber design in to be frequency selective around specific frequency bands.
The FPA will then consist of frequency selective absorbers (FSAs) for the lower bandwidth centered at
250 GHz; interleaved with the ones for the higher bandwidth centered at 500 GHz, these detectors are
referred to as FSA1 and FSA2 , respectively, in Fig. b). The proposed architecture can be operated
in combination with a linear scanner to generate fully sampled images in the two bands. Each FSA
detector set has been designed to absorb in its corresponding frequency band of operation and reject
the radiation from the other band with a factor of 1 to 3. The use of a single-frequency selective layer
has been chosen as a compromise between the cost and the rejection factor. The quasi optical system of

the imager is a dual-lens architecture described in , which allows full body imaging. The f-number
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[ (ratio between the focal distance and diameter of the optics) is set to 2. Obtaining a two-dimensional

(2-D) image of the full human body is required from the application point of view. To achieve this
requirement, a sparse 2-D absorber-based array is placed at the focal plane of the dual-lens system. By
combining this configuration with a one-dimensional (1-D) mechanical scanner, the field of view (FoV)
is fully imaged in two dimensions.

In order to analyse the performance of an imager based on a FPA made of bare absorbers, the spec-
tral Fourier Optics (FO) technique described in Chapteris used. This technique couples the spectrum
of the optical system with Floquet-modes representation in the surrounding of the periodic absorber
as in Sec. This technique provides an accurate methodology to derive the point spread function
(PSF) and efficiency of the imager to monochromatic point sources. The effective PSF of the imager
coupled to a black-body point source over a wide frequency band (bandwidth ratio of 6 : 1) was esti-
mated theoretically and demonstrated experimentally. Finally, the performance of the imager coupled
to a distributed incoherent source in terms of the sensitivity is evaluated.

This chapter is structured as follows. Section 8.2]describes the design of the FSAs for the two oper-
ational bandwidths. The architecture of the dual-band FPA is discussed in Section[8.3] In Section|[8.4)
the experimental validation of the performance of the imager in terms of the effective PSF is presented.
Concluding remarks are reported in Section|8.s|

8.2 FSA-Based KIBs

In this section, the geometry of the proposed detectors is presented and analysed. The selected architec-
ture and the design considerations used to optimize the frequency, angular, and polarization responses
are discussed. Moreover, the optimization of the FSA including the KIB resonator lines along with its
performance is reported.

8.2.1 Design Considerations

The geometry of the KIBs as introduced in [41] is shown in the inset of Fig. The thermal con-
finement is achieved by placing the absorber and kinetic inductance thermometer on a 200nm thick
SiN membrane. The on-membrane structure is composed of two layers: a resistive mesh grid, 100nm
thick TiW layer, with a surface resistance of R; = 50./00, and a superconducting meander strip, 100nm
thick, acting as the thermometer below the grid. The superconductor material is NbN with the nom-
inal critical temperature of 11 K as estimated from the calibration measurements of films deposited
with similar parameters. The surface impedance of the superconductive material, in the sub-millimetre
wavelengths, is shown in Fig. [8.2]as estimated from the theory of Mattis and Bardeen [149]. The layers
are separated by a thin SiO2 layer with the thickness of 150nm and dielectric constant ¢, ~ 5. The mesh
grid absorbs the incoming radiation, and heats the elements on the membrane, which in the operating
temperature range of 5-10 K are essentially in thermal equilibrium. The thermal conductivities from
the membrane to the substrate of the membranes are estimated from the geometry and experimentally
recorded material parameters in [41] to be 190 and 140nW/K for the FSA1 and FSA2 detectors, respec-
tively. The temperature dependence of the superconducting kinetic inductance is then used to readout
the temperature change.
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Figure 8.2: Surface impedance of the proposed superconductive resonator. Inset shows the cross section of the detectors
where the resistive layer, the resonator lines, and thin dielectric membrane are indicated by the colors gray, blue, and green,
respectively.

In this chapter, the goal is to design the detector’s geometry as two different FSA layouts each with
a limited bandwidth around 250 and 500 GHz, respectively, with a nearly flat angular response up to
30°. This requirement is due to the geometrical size of the FPA with respect to the dual-lens system.
At the worst case, i.e., for detectors at the edge of the FPA, the rays arriving from the dual-lens system
illuminate the detector with a maximum incident angle of 30°.

For broadside plane-wave incidence, a resistive square mesh, Fig. a), can be modeled using an
equivalent circuit model, Fig. b), with a resistance and an inductance in parallel to a transmission
line representing the fundamental Floquet-modes. The lumped elements values can be calculated an-
alytically [133], and are reported in Table|8.1, where R, L, and C parameters represent the lumped re-
sistance, inductance, and capacitance, respectively. In order to introduce a frequency selectivity to the
resistive layer, the mesh grid can be loaded with a distributed capacitance using the geometry of Fig.
8.3(c), typically referred to as a Jerusalem Cross (JC) [150]. The corresponding equivalent circuit is
shown in Fig. [8.3(d), and it presents an additional capacitance compared to the mesh grid, that allows
a resonant behavior. The geometrical parameters of the designed sets of FSAs are reported in Table
(columns 2 and 4), where A; and A5 are the wavelengths at 250 and 500 GHz, respectively, whereas
the corresponding lumped components, derived using CST MWS [79] simulation, are listed in Table
As shown in Fig. [8.4{a) (solid lines), the FSAs introduce a frequency selectivity not present in the
original mesh grid.

The absorption rate and out of band rejection of a freestanding resistive layer can be improved by
using a back short. The use of a quarter wavelength back short for the FSA1 will introduce a significant
rejection in the 500 GHz band. The FSA2 is instead designed with a much closer back short, to short
circuit the lower part of the frequency band. The capacitive behavior in the FSA2 compensates the
inductance introduced by the back short, allowing a reasonable impedance match to the free-space
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Figure 8.3: Geometry (a) and equivalent circuit representation (b) of a resistive squared mesh. Geometry (c) and equivalent
circuit representation (d) of a freestanding FSA.
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Figure 8.4: Absorption rate, simulated with CST MWS, of a continuous strip line compared to two free-standing FSAs
under a broadside plane wave incident: (a) Without and (b) with the back short layer.

impedance. The back short distance &y, for the two FSA sets are reported in Table and the described
frequency response is shown in Fig. b). The frequency selectivity could be further enhanced if the
detectors were fabricated using a multilayer periodic structure, similar to . However, one should

take into account that in this study, a reflect/absorb frequency selective structure is desired instead of a
transmit/absorb one.
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Table 8.1: Lumped elements of the circuit model

Parameter Mesh Grid JCFSA1 JCFSA2
R 417 Q 420 Q 270 Q
L 1L015x1071°H | 245x1071°H | L07 x107°H
C - 165%x1071°F | 6.25x1071°F

Table 8.2: Design parameters of the FSAs

Parameter | Free Standing FSA1 | FSA1 + Resonator | Free Standing FSA2 | FSA2 + Resonator
a 0.0031, 0.0054, 0.00541, 0.00841,
h 0.2414, 0.2381; 0.2421, 0.2371,
b 0.1084; 0.0421, 0.042A1, 0.0431,
I - 0.0334, - 0.2431,
Dps 0.2504, 0.2504, 0.1671, 0.1671,
d 0.2504, 0.2504, 0.25041, 0.25041,
Ayes - 0.0034; - 0.0074,
Ayes - 0.07114 - 0.0631,
A ; 0.0044; ; 0.008,

8.2.2 Proposed Unit Cell Implementation

The KIB detection mechanism requires additional superconductive thermometer lines underneath the
FSA separated by a dielectric membrane as mentioned in Section These superconductive lines can
be modeled, as two thin horizontal strip lines with the sheet impedance as estimated from the theory of
Mattis and Bardeen [149], as shown in Fig. Due to the presence of the superconducting lines, the
absorption rate of the FSAs, in terms of frequency and polarization response, is significantly altered.
These effects, however, can be compensated for by modifying the geometry of the JC FSAs differently
for vertical and horizontal polarizations. The proposed FSA unit cells combined with the resonators are
shown in Fig. 8.5} and their geometrical parameters are reported in Table (columns 3 and 5). In Fig.
the simulated absorption rates for both optimized FSA sets are shown. The frequency variation is
comparable to the one of the free-standing design. Moreover, no significant variation was observed for
incidence angles up to 30° for both polarizations.

Since the FSA and the resonator lines are separated by an electrically thin membrane, the structures
in Fig. are difficult to model using lumped elements because of the coupling between the layers via
higher order Floquet-modes. Therefore, an equivalent circuit model based on an admittance matrix
Y, dbj(zp) representing the scattering of the FSA unit cells, as described in Sec. , will be used in the
next sections to evaluate the coupling of the FSA KIBs to the optical system. Such matrix was evaluated
using CST MWS simulations with periodic boundary conditions.
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Figure 8.6: Absorption rate, simulated with CST MW, of the optimized design including the resonator layer compared to

the free-standing design: (a) FSA1, (b) FSA2 . The response for the horizontal and vertical polarizations is referred to as H
and V, respectively.

8.3 Dual-Band FPA

In this section, the design of the KIBs-based FPA for dual-band operation is presented. The distribution
of the FSA-based KIBs over the focal plane is defined as a tradeoff between the expected imager sensitiv-

ity, the half power beam-width (HPBW), the mechanical requirements, and the fabrication constrains
of the detector.

8.3.1 Focal Plane Configuration

The sensitivity of the imager can be estimated as its noise equivalent temperature difference (NETD),
which determines the ability of the system in detecting variations in the temperature of the source. The
expression of NETD for the absorbers in the focal plane can be expressed as [22]
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NETD < 1 NEP
[27_5: 0Pps/0T (8.1)

where Ppg is the power received by the imager from a distributed incoherent source in two polarizations,
NEP is the noise equivalent power of the detectors, and Tf) is the integration time per pixel. The NEP
of bolometers, such as the KIBs considered in this study, follows the classical phonon noise expression
as given in [143]).

In a fully sampled FPA, the integration time is inversely proportional to the frame rate Tf =1/f,.
Here, instead, the available detectors on the focal plane are divided between the two bands of interest

and a linear scanner is needed to generate fully sampled images. Therefore, the integration time per

1
pixelin (8.1), T;D = m, is reduced by the scanning penalty ratio N, which in turn leads to a sensitivity
7 S

degradation. This penalty can be compensated by increasing the power received by the detectors with
a larger physical area and more bandwidth.

For non-tully sampled FPAs, the optimum configuration in terms of sensitivity typically leads to a
distribution of the detectors over a hexagonal grid combined with a 2-D jiggling mechanism, [47, 49,
since this allows for the largest physical dimensions of the detectors. However, a FPA based on bare
absorbers suffers from a significant penalty in angular resolution for large dimensions as described in
[151]. Moreover, a 2-D jiggling mechanism requires a scanner operating at much higher speed than
the frame rate [49]]. Instead, here, the FPA configuration has been designed to be compatible with
a single-axis scanning mechanism. The proposed FPA is a sparse 2-D array of detectors placed in a
hexagonal grid. This configuration is combined with a 1-D mechanical scanner to fully fill the field of
view. The layout of a portion of the FPA is shown in Fig. [8.7(a). Moreover, the arrow shown in the
figure indicates the direction of the scanning mechanism. A passive image requires a sampling of the
focal plane field at 0.54¢f% [47], when a square grid FPA is considered. Instead, in the current design,
a 45° grid FPA is used, allowing the spacing between the FPA elements to be enlarged to 0.614¢f; [49].
Since the number of sampling points is frequency dependent, the number of FSA2 detectors will be
twice the number of FSAI detectors. The location of the lower bandwidth detectors is shown in Fig.
b) with filled black circles. They are located in linear vertical arrays with a spacing of approximately
2 mm and the horizontal distance between them is 6.2 mm. The mechanical scanner will operate in
the 45° plane and will acquire N;; = 6 image pixels [non-filled circles in Fig.[8.7(b)] per detector. The
detectors at the higher band are instead distributed in interleaved tilted arrays as shown in Fig. [8.7[c). As
aresult, the scanning time penalty will be N;» = 12. This layout has been chosen for three reasons: 1) to
maximize the physical area for the higher frequency pixels, 2) to use the same scanning mechanism for
both frequencies, and 3) to optimize the silicon wafer use, considering the fabrication tolerances. The
physical dimensions of the two detector sets are fixed to wy = 0.6254;fx and wy = 0.7515f4, respectively.
These values lead to a comparable utilization of the optical aperture to the one of an antenna-based

FPA [i51].
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Figure 8.7: (a) Portion of the dual-band FPA. The arrow indicates the direction of the axis of the mechanical scanner.
Schematic representation of the FPA configuration including the position of the actual detectors (black) and the scanned
pixels (white) for (b) FSA1. (c) FSA2. The arrow indicates the scanning direction. Detector layouts are shown (d) for FSA1
and (e) for FSA2.

8.3.2 Detector Layout

Once the FPA configuration is fixed and the resonator lines are designed, the layout of the detectors
can be defined, FSAI and FSA2 sets consist of arrays of 5 X 5, Fig. d), and 6 X 6 elements, Fig.
e), respectively. The layout of the FPA and a micrographic photo of the two FSA sets are shown
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Figure 8.8: Cross-sectional view of the two sets of FSA KIBs.

in Fig. a) and (b), respectively. Because of the fabrication process, the cross section of the detectors
will be as schematically reported in Fig. The response of the finite FSA arrays with the actual
fabricated ground plane dimensions and with finite resonator lines was evaluated using CST MWS.
The corresponding results are shown in Fig. red curves. The finite and relatively small ground
plane affects the rejection null of the higher band for FSA1 [see Fig. [8.6(a)]. Instead, the actual size
of the resonator of FSA2 is responsible of the appearance of a resonant behavior at low frequencies
[see Fig. b)] The reason is that the length of the resonators is approximately half wavelength at
190 GHz. As expected, since the resonators are placed horizontally, the resonance is only visible in the
horizontal polarization. As discussed in Section the effect of this unwanted behavior on the imager
performance is negligible.

8.4 Measured Performance

In this section, the experimental performance of the imager in terms of PSF, effective PSF, and sensi-
tivity is reported. The Quasi-Optical system of the imager consists of an inversely magnified dual-lens
structure as shown in Fig. [8.9|and described in [39]. In order to limit the absorption of out-of-band ra-
diation, two low-pass filter windows are placed in the optical path between the lenses and the FPA. The
upper frequency limit of filters 1 and 2 (=3 dB frequency response) are 684 and 1000 GHz, respec-
tively. Since the thickness of these filters is small in terms of the wavelength, the insertion losses of the
two filter stages are negligible.

The imager performance is first estimated using the spectral analysis technique presented in Chap-
ter 2} In the analysis, the implemented FSA KIBs (see Fig. are modeled as an admittance matrix
Y, ﬂbj(%p) computed using CST MWS [79], and linked to the spectrum of the optical system (estimated
here via Physical Optics simulations). The differences with the procedure described in Chapter and
the current configuration are detailed in The effective PSF of the imaging system is then com-
pared to the measurement results. The sensitivity of the system is also evaluated theoretically at the end
of this section using the response to a distributed incoherent source.
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Figure 8.9: Schematic representation of the imaging system, including the dual lens optics and the low-pass filter stages. The
point source is placed at g, in the FoV which corresponds to a specific detector placed at B4, in the focal plane. Arbitrary
positions in the FPA are described by the vectorgy .

8.4.1 Evaluating the Power Received by the FSAs below the Near Field Sys-
tem

In Chapter@, a generic methodology to evaluate the power received by a distributed absorber under
a parabolic reflector was presented. Here, this methodology is applied to the combination of the pro-
posed FSA KIBs and near-field imaging optics described in [39]. In order to use the spectral analysis
tool presented in Chapter[p} for this geometry, the plane-wave spectrum of the dual-lens optics is eval-
uated using the commercial software GRASP [s3]. The dual-lens optics, without including the filter
stages, was simulated with a monochromatic point source placed at the position of g , see Fig. in
the image plane. This location is chosen to be coincident with the maximum field at the location of
the detector g, for which the measurement is performed, i.e., §; = M B, with M being the optical
magnification.

The field transmitted by the dual lens was then evaluated via GR ASP simulations over an equiva-
lent FO sphere centered at the detector position By, (see Fig. . By substituting these fields as the

Geometrical Optics fields, E GO(%,J, 05)s Ein 1’ one can follow the same steps to obtain the spatial

fields representing the response of the absorber to the optical system ¢(gy, f;) and Bt (Bf, Bs), where
the position of the source is explicitly indicated by g,. Finally, the power absorbed by the FSA KIBs is

evaluated as

Palf; ) = 3 Rel [ (57, 5 < B, ) - 25) (5.2

where wis the side length of the FSA.
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The effective area of the optical system can be evaluated directly from the power absorbed from the
source location P(f, §;). The effective area relates to the amplitude of the active Poynting vector of

5
the source |S;,(5;)| at the aperture of the optical system as

ab:(f ps

A (f) =
ﬁ(f |§Zﬂ p.f

(8.3)

Note this definition applies when the amplitude of the point source over the aperture is uniform.
We can define an aperture efficiency 7,(f) related to by dividing by the physical area of the optical
system Ap),. In the measurement setup, there are two filter stages which are not simulated in GR ASP.
Therefore, the aperture efficiency is approximated by

ab;(f p:
Z“P(f ;7 il (f il (f (8-4)
fl f ‘ |Szn(ps)|Aph
where zyflﬂt(f ) and zyj%zh(f ) are the frequency response of the two filter stages.

In order to derive the PSF of the detectors centered at the source location g, , we can use the fol-
lowing approximation (described also in Chapter , valid only for small displacements AP foy (see Fig.

8.9), as follows:

w/2

Pulfs B + Dpy,,) = Re{ ﬂ (&8¢ — Apg, Bs) x B (Br — Apy, B.)] - 2dS} (8.5)
—w/2

where & (07 — Apf 0;)and Bt (Br - Apf, Ps) are the spatial fields translated by Apl Aﬁpfw/M (see
Fig. m ). The PSF can then be expressed as follows:

Pab:(f; ﬁ: + Apfgy)
Pabs(ﬁ ﬁx)

where AQy,, corresponds to the angular position of the displaced source as shown in Fig.

F(f AQp,) =

8.4.2 Monochromatic Point-Source Response

In this section, the response of the imager to a monochromatic point source is evaluated for two de-
tectors (one per each frequency band) located at a distance of p4; = 31 mm from the center of the
FPA. These locations corresponding to pixels in the FoV located 25.82 cm away from the center of the
image plane (p; in Fig. [8.9). This particular configuration is the same one used in the measurements

(see Section [8.4.3)).
As disscuesd in by using the methodology described in Chapter 2] one can obtain the spa-

tial fields representing the response of the absorbers to the optical system [¢,(0y, ﬁ,),%t(ﬁf, Bs)l. By
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Figure 8.10: Simplified schematic of the imaging system illuminated by a black-body point source located at g + Ajofov.

integrating these fields, it is possible to calculate the power received by the imager as a function of the
source position as given in (8.2). By normalizing the power received at broadside by the Poynting vector
incident on the optical aperture, we can derive the effective area of the imager, , and from that the
aperture efficiency as . The aperture efficiencies for the two detectors are shown in Fig. The
maximum efficiency is approximately 20% in both bandwidths and the results for the two polarizations
are comparable. This aperture efficiency includes the spill-over associated to the diffracted fields in the
focal plane, the ohmic and reflection losses of the dual lens, the response of the two filter stages, and
the frequency response of the FSAs. Moreover, a full-wave simulation, similar to the one described in
Sec. is performed to validate this efficiency. Specifically, GR ASP simulation software [53] was used
to obtain the direct field generated by the optical system above the detector plane. This direct field is
then used as the source in CST MWS to obtain the power dissipated in the absorbers similar to Sec.
The efficiency obtained using the full-wave simulation is also reported in Fig. As mentioned
in Section the resonant behavior at low-frequencies found in the finite simulations for the hori-
zontal polarization in FSA2 does not significantly affect the aperture efficiency. The reason is that the
absorbed power in the lower portion of the band is dominated by a very low spill-over efficiency.

The PSF of the imager represents the received power as a function of the position of the point source
i

in the FoV g, + A_)pfm, (see Fig. . The PSF is calculated as described in|8.4.1 (18_51) and , for both
FSA sets over the operational frequency bands, 100 to 625 GHz. In Fig. [8.12} the 2-D PSF of both
FSA sets is shown for several frequency points. It can be noticed that the received power outside the
specific bandwidth of the two FSAs is low, confirming the predicted rejection. As described in Chapter
the PSF of an absorber-based imaging system widens rapidly as the absorber dimension enlarges. This
effect can be seen by comparing the PSF of FSA2 at 500 GHz with the one at 625 GHz. Moreover, the
maximum power received by FSA1 at S00 GHz is about 10 dBW lower than the one received at 250
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Figure 8.11: Aperture efficiency of the two FSA sets (FSA1 with side length 1.5 mm and FSA2with side length 0.9 mm). The
cross marks represent the results obtained using the full-wave simulations for horizontal polarization.

FSA1l
30" o
fg 15‘ -5 ’g
g &
< o0 ¥ -10 X
S Q
N ! >
< -15 -15 <~
-30. -20
-30 =15 0 15 30
Axpoy (mm)
30
~ 15 ~
g g
\E/ 0 -10 \gz
3 3
1y S
2-15 SEp-
-30
-30 —-15 0 15 30
Axpoy (mm)

(©)

no
o

Juny
o

(=}

=
o

-20 )
-20 -10 0 10 20

Ju—y
o o

p—t
(=}

FSA2

Axpoy (mm)

—20 -10 0 10 20

Axpoy (mm)

Aypoy (mm)

Aypoy (mm)

FSA1l
15 -5
0 -10
-15 -15
-30 20
-30 -15 0 15 30
Axpoy (mm)
30
15
-10
0
_1s5 15
-30
-30 -15 0 15 30
Axpoy (mm)

AIyFoV (mm)

A}’Fav (mm)

(d)

FSA2

20 0
10 i-s
0 -10
10 -15
20 -20

—-20 =10 0 10 20
Axgoy (mm)

On‘

—-20 =10 0 10 20
Axpoy (mm)

=
o

._.
(=}

Figure 8.12: Two-dimensional PSF of the imager for FSAs 1 and 2 at left and right sides, respectively, normalized to the
maximum value of the function for vertical polarization. At (a) 100 GHz, (b) 250 GHz, (c) 500 GHz, and (d) 625 GHz.

GHz. This result is an agreement with the aperture efficiencies shown in Fig. The 1-D cut of the
PSFs is shown in Fig. at 250 and 500 GHz for FSA1 and FSA2 , respectively. Since the PSFs for
both polarizations are similar, only the results for the vertical polarization are reported here. The PSF
obtained using the full-wave simulations (GR ASP+CST) is also reported in the figure showing a very

good agreement.
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Figure 8.13: x-cut of the PSF of the imager for both FSAs at the central frequency of their operating band. (a) At 250 GHz,
for FSAL . (b) At 500 GHz, for FSA2, for vertical polarization. The cross marks represent the results obtained using the
full-wave simulations.

8.4.3 Incoherent Point-Source Response

In Section|8.4.2} the aperture efficiency and PSF are calculated as a function of the operation frequency
points assuming monochromatic point sources. In the following, the response of the imager to an
incoherent pointsource, radiating over the whole frequency band (BW = 100 to 625 GHz), is evaluated.
The quality of an image is indeed dictated by the power received over the whole bandwidth. This power,
in the Rayleigh Jean’s limit, for a small source with an average temperature of 75, can be expressed
as [142]

T
PVP/HP AQ ov JBW JQ /€B AgVﬁ]:/HP(f FVP/HP(}( AQ o def (87)

where BW represents the bandwidth of the system, the superscripts VP/HP represent the vertical and
horizontal polarizations, respectively, A is the effective area of the optical system, F(f, AQfm,) is the
PSF of the optical system (or plane-wave response), AQy,, corresponds to the angular position of the
displaced source with respect to the central position of the source as shown in Fig. [8.10|(it can be related
to the lateral displacement of the source by AQg,, ~ Apj,,/R), and Q is the solid angle of the source.

For a point source placed at g, + A_)pf(w, the solid angle of the source reduces to AQ); (see Fig. 8.10).
Therefore, the angular range of the integral in can be simplified to AC),. By normalizing by the
term kg T Appy AL, one can then derive an expression for an ¢ffective PSF, similar to whatit is presented
in [22] for single-mode antennas, as follows:

EF(AQfOU)zj‘ 7a/)
pr A

F(f; AQp,)df (.8)

This effective PSF was measured for two detectors (one per each band) at a distance from the center
of the FPA, |B4.:|= 31 mm using the setup shown in Fig. The black-body point source with the
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Figure 8.14: Normalized effective PSF compared between the proposed method and the measurement for (a) FSA1 and (b)
FSA2 sets, for vertical polarization. The inset indicates the 2-D patterns.

Table 8.3: Estimated imager performance.

FSA1 FSA2
Apfe s 1.59 cm L1l cm
Aprd . @250GHz2cm  @S500GHz: 1cm
NEP  21x107“Ww/Hz? 1.7 x107% Ww/Hz"?
NETD 98 mK 156 mK

aperture of 2 mm is equivalent to the one used in [12]. The measurement was performed by laterally
displacing the black-body point source in the FoV. The results are shown in Fig. [8.14]for both FSAl and
FSA2 and compared to the theoretical computation based on the proposed spectral methodology. The
theory and the experiments are in excellent agreement until —10 dBi. Below this value, the noise due
to the measurement setup is dominant. The pattern shows good symmetry, and its HPBW is reported
in Tableand compared to the diftraction limited HPBW. The latter can be calculated as the HPBW
of an Airy pattern corresponding to the optical aperture (=~ 16 cm), at the central frequencies of FSA1
and FSA2. The HPBW of the designed imager is comparable to the diffraction limited case.

8.4.4 Distributed Incoherent Source Response

As discussed in Chapter[7} the power received by an absorber under an optical system from a distributed
source can be expressed as a spectral integral of the effective number of modes as follows:

PR =T, |l ®5)
BW
vVP/HP
where m!7/HP(£) = ;;fp/—m(ﬂ is the effective number of modes. The focusing efficiency ;7}/]) /HP ()

f
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Table 8.4: In and out of band estimated normalized Throughputs.

FSA1 FSA2
Operation Band 100 GHz- 450 GHz 450 GHz- 625 GHz
Rejection Band 450 GHz-625 GHz 100 GHz- 450 GHz
(me)"™(VP/HP) 16.8% / 15.7% 11.5% / 11.8%
(me)"(V'P/HP) 3.5%/3.6% 2.5% / 3.6%

quantifies how much the imager solid angle enlarges with respect to the diffraction limited case (see
Sec. .

For a dual-band system, one can represent the power received from the incoherent distributed
source as a summation of the in-band and out-band contributions

PZV)?/HP _ /eB:r;BWtot [(ml/'P/HP)in + (mgVP/HP)uut] (8.10)
where BIW,,; is the total available bandwidth from 100 to 625 GHz and (2,)" and (m,)"* are the in-

band and out-band eftective number of modes, respectively. These numbers of modes can be calculated
for each FSA sets as

in 1
o I e 3 (s

on 1
ey = e | (5.2)

where BW;, and BW; are the in-band and out-band operation bandwidths, respectively, of each de-
tector set as defined in Table The same table reports the averaged in-band and out-band effective
number of modes for both FSA sets and both horizontal and vertical (H/V) polarizations. The re-
jection is slightly larger than 1 to 3 (as required) for both FSA sets. The rejection would improve if a
multilayer FSA [150] was integrated in the KIBs.

By considering only the in-band contribution in and using and , the sensitivity,
NETD, for the pixels associated to each of the bands (including the corresponding scanning penalties
discussed in Section has been estimated. The values of sensitivity are reported in Table to-
gether with the estimated NEPs measured similarly to the one described in [143]. The reported NETDs
are sufficient for security applications [147]. We note that the NETDs are a factor of 3 to 5 lower than
those reported from calibrations using an extended black-body source in [41]. The difference stems
predominantly from lower optical losses in the optimized materials, and higher average effective num-
ber of modes over the in band operation bandwidth. A practical demonstration of concealed object
detection, demonstrating sufficient radiometric contrast in detection, is reported in [146].
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8.s Conclusion

In this chapter, a dual-band FPA for security imaging at sub-millimetre wave frequencies has been pre-
sented. The detectors are based on KIBs, which allow the development of large FPAs at medium-cooled
temperature. Two FSA sets coupled to superconductive resonator lines were designed to implement a
dual-color security imager. The geometry of the unit cells is based on a Jerusalem Cross configuration
and the designed FSAs show a stable angular response and a rejection 1 to 3 of the undesired bandwidth.

The performance of the dual-band imager was evaluated using a FO technique coupled to a Floquet-
modes analysis. The effective PSF of the imager coupled to a black-body point source over a wide fre-
quency band (bandwidth ratio of 6 : 1) was estimated and successfully validated experimentally. The
NETD of the imaging system is estimated to be below 200 mK for both frequency bands, and the
HPBW of the effective pattern is comparable to the one of a diffraction limited Quasi-Optical system.
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Chapter 9

Conclusions and Future Outlooks

This dissertation describes the research work carried out over a period of four years (from December
2015 to December 2019) at THz Sensing group, Delft University of Technology. The project was sup-
ported by ERC Starting Grant (ERC-2014-StG LAA-THz-CC), No. 639749.

This work is focused on developing spectral techniques for analysing Quasi-Optical (QO) compo-
nents coupled to antenna or absorber based detectors operating at (sub)-millimetre wavelengths with
wide field-of-views (FoVs). This work also includes the design procedure for a few practical antenna
based systems with wide band performance as well as wide FoVs. Moreover, absorber based detectors
were modeled using these developed tools leading to introduction of terminologies well understood by
the antenna communities. These terminologies provide the possibility of comparing the performance
of antenna and absorber based systems.

In this chapter, the conclusion and the most significant results of the research are summarized and,
moreover, future outlooks for continuation of this research are discussed.

9.1 Development of Coherent Fourier Optics Methodology

Imaging systems at millimetre and sub-millimetre wavelengths are entering a new era with the devel-
opment of large format arrays of detectors. Typically, such FPAs are coupled to a QO component. A
Geometrical Optics (GO)- Fourier optics (FO) based technique for deriving the Plane Wave Spectrum
(PWS) of QO components in reception was presented. In particular, this PWS is derived analytically
for three QO component, parabolic reflector, elliptical lens, hyperbolic lens, illuminated by broadside
or slightly skewed plane wave incident angles. Moreover, a numerical GO method is also described for
the cases when the component is illuminated by plane waves with large incident angles. By introduc-
ing the off-focus FO approach, the proposed PWS representation can be used to analyze, and design
systems composed of tens of thousands of pixels, while the original FO would provide accurate spec-
tra for only a few tens of elements. Field matching technique is employed in this work to evaluate the
coupling between antenna feeders and their QO systems. This technique is reviewed and a few simple
test cases of antenna coupled QO components are analysed with excellent agreement with the full wave
simulations.

Furthermore, the original Fourier Optics (FO) procedure has been extended to derive the spec-
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trum of the incident field on a reference system centered on antennas located at a large distance from
the focus. The procedure, named here "Coherent” FO (CFO), has been used to express the spectrum
of the incident field in realistic cases which include large arrays of lenses within reflectors focal planes.
In particular, the methodology can be linked to spectral techniques commonly used for arrays, such
as Floquet-modes theory, for analysing absorbing mesh grids, and antenna in reception formalism to
analyse the performance of antenna feeders in reception. By also employing the off-focus FO approach,
the proposed Coherent FO representation can be used to analyse and design wide field-of-view QO sys-
tems based on Fly’s eye lens array configuration. Moreover, the applicability region of standard Fourier
Optics (FO) method is extended to the vertical direction with respect to the focal plane of a focusing
QO component.

The work described in Part I of this thesis is published in journal papers number 3, 4 and 5 (see page
181).

9.2 Advanced Multi-Component Quasi-Optical Systems Based
on Antenna Feeders

Methods for analysing the coupling between multiple QO components were discussed. In general,
two QO component can be coupled geometrically or in the diffraction region. The former refers to
scenarios where QO components are placed far away from focus points of one another; whereas the
later describes scenarios where a QO component (secondary) is located close to caustic points (focus
point) of a focusing (primary) QO component.

In the Geometrical Optics (GO) method, the EM radiation integral is approximated asymptoti-
cally for observation points far from the focus point. As the result, GO is accurate for representing
geometrical coupling between QO components, and inaccurate for representing the diffractive cou-
plings. In such cases, CFO can be employed to derive the PWS of the primary QO component, since
in this method the EM radiation integral is asymptotically approximated assuming observation points
close to the focus. As the result of this representation, the coupling to secondary components can be
evaluated as the summation of their responses to each one of these plane waves.

A fly’s eye lens array coupled to absorbers or antennas is a common FPA architecture for wide FoV
imagers. Typically, such FPAs are coupled to a QO system involving reflectors. In such architecture, a
full-wave electromagnetic analysis of the entire system is not feasible since it is numerically cumbersome
and time-consuming. Here, CFO technique is used to assess the scanning performance of a large format
lens based FPA configuration. The approach simplifies the design of the lens focal plane array since
both the lens shape and feeder radiation properties can be derived directly from the PWS without the
need of using an optimization algorithm. In this configuration, all the lens feeders are placed over a
flat surface, enabling monolithic integration at high frequencies. The surface shape of the lenses is
linked directly to the phase of the incident PWS, while the radiation of the lens feeders is matched
to the amplitude of the PWS via a Gaussian model approximation. For simplicity, the main reflector
aperture is modeled as a symmetric non-oversized parabola. The obtained performances, validated via
a conventional PO analysis, show significantly lower scan loss than it would be obtained by placing
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Gaussian horns in the optimal focal surface of such reflector. The synthesized lens FPA achieved a scan
loss below 1 dB while scanning up to +17.5° with directivity of 52dBi complying with the needs for
future sub-millimetre security imagers. The technique is validated via a standard Physical Optics code
with an excellent agreement.

The design of a wide band QO system for the ASTE telescope based on a hyper-hemispherical
leaky lens antenna is described in this thesis. The lens antenna is optimized to maximize its coupling
to a parabolic reflector. The design procedure is based on a field matching technique in reception.
The Quasi-Optical system has an average illumination efficiency over 70% in the whole 3 : 1 relative
bandwidth. Including the feeder losses, an averaged aperture efficiency of 65% is obtained. The pattern
in the sky of the system is also simulated in GRASP. The side lobe, and the cross-polarization level
of this pattern, over the bandwidth, is below —16dB, and —18dB, respectively. The preliminary beam
pattern measurement of this design, performed by SRON, is also reported with good agreement to
the one predicted by the tool. By using a foam based AR coating, which shows stable performance in
cooling cycle tests, DESHIMA 2.0 system will be fully tested in the coming months.

Finally, a QO architecture to achieve wide band wide scanning performance in a (sub)-millimetre
imaging and sensing system is also proposed. In order to design the elements of this lens based FPA
architecture, with multiple transmitting surfaces close to one another, a fast and accurate analysis tool
based on the combination of FO and GO techniques was developed. The tool was discussed and vali-
dated against a time-consuming multi-surface PO code with excellent agreement. Moreover, as a proof
of concept of the proposed QO system, an example scenario is provided and its performance over a
3 : 1 relative bandwidth is evaluated. For the central element of the proposed QO system, the design
achieved 1 dB of scan loss over the whole band while scanning up to +7 beams at the center of the
frequency band. Therefore, based on this preliminary study, without anticipating difficulties in the
implementation of the actual Quasi-Optical system, potentially, about 5600 broad band beams with
low scan loss can be generated using a 5 by S multi-lens focal plane array.

The work described in Part II of this thesis will be published in journal papers number 4, and 6 (see
page 181).

9.3 Quasi-Optical Systems with Absorber Based Focal Plane Ar-
rays

Currently, commercially feasible passive imaging cameras at sub-millimetre wavelengths are emerging
using FPAs of bare absorbing meshes, without any antenna coupling (lens or horn) structures. The
design of such arrays is typically done resorting to geometrical considerations or basic broadside plane
wave incidence analysis. A spectral electromagnetic model for such configurations is proposed. The
model is based on linking the developed PWS representation of the direct field with a Floquet-wave
representation of the field in the surrounding of absorbing mesh. By using this representation basic
figures of merit in absorber based imaging systems are derived: point source response, aperture effi-
ciency, point spread function, focusing efficiency, and in-coherent distributed source response. The
results obtained by the present model have been compared, with excellent agreement, with those ob-
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tained by full wave simulations. Thus, the proposed spectral method provides an accurate and efficient
way to estimate the key optical properties of the imager inside the region of validity of the FO.

The most important design aspect that emerges here, for focusing systems in reception, is asso-
ciated with the introduction of the intuitive focusing efficiency parameter. This parameter leads to
two important conclusions. First, when comparing bare absorber FPAs and antenna feeders of equiva-
lent dimensions, the latter leads to higher focusing efficiencies, and therefore better imaging resolution.
Only very tightly sampled absorber based FPAs lead to a comparable trade-off in terms of received power
and angular resolution, when compared to antenna based FPAs. Second, while for antennas it is well
known that the power received from a distributed incoherent source is ng = Yradky T;BW, for ab-
sorber based FPAs, the corresponding received power is typically quantified introducing an effective
number of modes: Pﬁf = Mg X ky T, BV . Here, it is shown that the effective number of modes Mefr
can be conveniently evaluated as the ratio between the aperture, 7, and the focusing efficiency, "f-

Moreover, a dual-band FPA for security imaging at sub-millimetre wave frequencies has been pre-
sented in this thesis. The detectors are based on Kinetic Inductance Bolometers (KIBs), which allow the
development of large FPAs at medium-cooled temperature. Two Frequency Selective Absorber (FSA)
sets coupled to superconductive resonator lines were designed to implement a dual-color security im-
ager. The geometry of the unit cells is based on a Jerusalem Cross configuration and the designed FSAs
show a stable angular response and a rejection 1 to 3 of the undesired bandwidth.

The performance of the dual-band imager was evaluated using the described technique. The ef-
fective Point Spread Function (PSF) of the imager coupled to a black-body point source over a wide
frequency band (6 : 1) was estimated by VT'T and successfully validated experimentally. The NETD
of the imaging system is estimated to be below 200 mK for both frequency bands, and the HPBW of
the effective pattern is comparable to the one of a diffraction limited Quasi-Optical system.

The work described in Part III of this thesis is published in journal papers number 2, and 3 (see page
181).

9.4 Future Outlooks

The future outlooks for this thesis are summarized in two parts, future theoretical developments, and
future design possibilities:

Future Theoretical Developments

e In this work, the reflector systems are modeled by equivalent on-axis parabolic reflectors. In order
to analyse the performance of the proposed designs below realistic QO systems, Geometrical
Optics (GO) will be employed to model the propagation through standard reflector systems such

as Dragonian, confocal, and Cassegrain dual-reflector configurations.

e The developed GO based code for analysing the propagation of EM waves through dielectric
materials should be revised to accurately represent the interaction between multiple transmitting
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surfaces. In this thesis, the GO code does not compute the principal directions of the transmit-
ting wavefronts after the first transmitting surface. By removing this limitation, the GO code can
be employed to analyse the interaction of EM fields, with generic wavefronts, with arbitrary con-
figured cascaded dielectric surfaces. As a result, further developments in this regard are planned.

o Thelateral applicability region of Fourier Optics (FO) was extended over the focal plane by intro-
ducing off-focus FO spheres. This step allowed us to analyse large format FPAs. The FO method
also has a limited applicability region in the vertical direction with respect to the focal plane as
discussed in this thesis. This applicability region can be shifted vertically by displacing the center
of FO sphere in the vertical directions for oft-focus FO spheres. In future work, this shift will be
employed to cover the surface of larger lenses at the edge of the proposed Fly’s eye configuration
to further extend its scanning capability.

e Based on the developed codes in this thesis, a Graphic User Interface (GUI) in MATLAB envi-
ronment is already published. This GUI provides the possibility for users to design simple QO
systems in reception without entering into the theoretical details. Advanced codes for analysing
the coupling between multiple QO components as well as Physical Optics codes for multiple
transmitting surfaces (analysis in transmission) will be packaged into similar interfaces.

Future Designs

e By employing the proposed method in Ch. |4} the development of a monolithically integrated
wide scan lens based FPA is in progress. The feeders in this FPA are based on resonant leaky wave
antennas [152]. The permittivity of the resonant cavity of this feeder can be tuned to change
the directivity of its radiation pattern. The FPA will be placed below a dual-reflector system to
demonstrate its applicability for future short-range security imagers.

e Asan application scenario for CFO method (Ch. [4)), a wide scan lens based FPA for short-range
security imagers is proposed in this thesis. The CFO method can be easily applied to design of
wide scan FPAs for other scenarios and applications such as satellite communications in Ka band.

e Wide band wide scanning QO systems are essential components for the future multi-color wide
field-of-view imagers. A few examples of these systems are already proposed in the literature:
pico-seconds pulsed radar for security imaging at stand-off distances [36], or concepts similar
to the Multi Object Spectrometer with an Array of superconducting Integrated Circuits (MO-
SAIC) for future astronomical observations (conceptually similar to [153, 154} 155]). The devel-
oped techniques in this work can be employed for designing such systems based on advanced
multi-lens FPA architectures.

e In this thesis the performance of FPAs based on bare absorbers is discussed and compared to an-
tenna based FPAs. The resolution of absorber based imagers, i.e. their capability to distinguish
point sources, is worse than antenna based FPAs with comparable element sizes. Moreover, since
absorbers can receive more power from oft-broadside directions with respect to antennas, the
amount of undesired radiation reaching the detector can be significantly larger with respect to
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antennas. In addition, for bolometer based detectors such as the Kinetic Inductance Bolometers
of CONSORTIS passive system (Ch. [8), the detector noise decreases by reducing the absorb-
ing area. Lens absorber based FPAs can potentially solve these problems and already have been

proposed in [66]). The developed method in Ch. [7]can be extended for the design of such FPAs.

9.5 Impact of the Research

The work described in this dissertation has led to a number of journal and conference publications
(see page 181). One MSc. thesis was co-supervised with topics related to Chapter[]of this dissertation,
and the co-supervision of a second Master student is on-going. Moreover, the research performed in
the second Msc. thesis project in combination with the described work in Chapterwas nominated

for the best paper award in antennas category in European Conference on Antennas and Propagation
(EuCAP) 2020.
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Appendix A

Derivation of the Standard Fourier Optics
Representation of the Focal Field

In this Appendix, the standard Fourier Optics (FO) representation of the focal fields of a Quasi-Optical
(QO) component s discussed as well as its limits of applicability. Firstly, Physical Optics (PO) represen-
tation of fields in a scattering problem is reviewed. Secondly, this technique is employed to obtain the
focal field scattered by a QO component. Finally, following a few approximation steps, the standard
FO representation of the focal field for this scattering scenario is derived.

A high frequency technique for analysing the scattering and transmission from surfaces is the PO
approximation. PO based analysis is well known, and here, the method is briefly discussed, since stan-
dard Fourier Optics representation of the focal fields is derived as an approximation on the fields ob-
tained by PO. PO is a well-established approach for calculating the electromagnetic field scattered by
an electrically large object. This technique can be applied to arbitrary shaped structures when the PO
current approximations are applicable. As a result, PO proves to be a reliable validation method that
represent an accurate model for the interaction of electromagnetic fields with scattering surfaces.

One can calculate the electric field radiated from a surface, see Fig. using equivalent electric

. =2 . . . “ei
and magnetic surface currents, ; and 772, and the spatial Green’s function (GF) of the medium, G¥ and
G, as:

A7) = J f GIGF—7) - J7)dS + H G™(F = 7#) - m(F)dS’ (A)
s §

where 7 and 7 indicate the positions of the observation and source, respectively; the domain of the
integration in , S, is the surface of the scatterer.
The surface currents in can be derived using the equivalence theorem. In a scattering scenario,
>, -
one can assume that incident EM fields, £* and A", are impinging on the scattering surface and EM
*5 =, : . . . .
scattered fields, £ and A, are radiated from the surface. One can introduce equivalent electric and
magnetic currents on this surface as:
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Figure A.1: A schematic representation of a reflection scattering problem. (a) The geometry. (b) The equivalent problem
including the equivalent surface currents.

BH#=7) (A.2a)

4
h(#) = —ax [EF=7)+ EF=7)] (A.2b)

where 72 is the normal vector of the equivalent surface pointing toward outside from the scatterer, Fig.
One should note that the term (7 = 7) emphasizes the fact that these fields are evaluated at the
surface of the scatterer. As result of the equivalence theorem, the scatterer can be removed and these
equivalent currents are radiating in a homogeneous uniform medium (see Fig. [A.1[b)) using (A.1).

In PO approximation, the incident field at each point on the object is locally assumed to be a plane
wave impinging on a flat infinite surface. Therefore, the scattered field, on the equivalent surface, can
be approximated using reflection or transmission coefficients, and its direction of propagation is ap-
proximated using the Snell’s law. Moreover, in the PO approach, the GF of a homogeneous uniform

medium is approximated by only its radiative part (i.c. V o~ —jk/;,, where £ is the wave number of the

> oy

medium, and £ = ). As a result, (A.1) can be expressed as

771

£0) = [ 0 o S o [ 507 )= (kNN ds (a

4|7 — 7|

where w is the angular frequency, and w is the permeability of the medium. Similarly, the scattered
magnetic field can be calculated using its corresponding GFs, i.e. G% and G,

Let us now assume the scattering problem of a focusing QO component illuminated by an incident
plane wave from i direction, as shown in Fig. An incident plane wave of amplitude £y can be
expressed as

Ei(7) = Eople M7 (A.42)

Y

H(?) = %/e x Li(7) (A.4b)
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Figure A.2: Scattering problem of a focusing QO component illuminated by an incident plane wave from ¥ direction.

where ]3i represents the polarization of the incident plane wave, and { is the characteristic impedance
of the medium.

One can apply the equivalence theorem over the QO surface or over any other arbitrary surface. In
this case, let us apply the theorem on an equivalent sphere centered at the focus of the QO component,
Fig. This decision leads to simpler expressions for the scattered field, and provides the possibility
of representing the focal field as a Plane Wave Spectrum. To calculate the equivalent currents on this
surface using , the scattered EM fields on this surface, EG0 and B GO are needed. These fields
can be calculated resorting to a Geometrical Optics (GO) method as discussed in Appendix Bl and
summarized in Sec. or using analytical expressions for canonical QO components illuminated by
plane waves from broadside and slightly skewed incident directions, as described in Secs. [2.3.2Jand 3.3}
The analytical expressions for the GO field are defined over the angular sector subtended by the optical
system (6°), as shown in Fig. @ Moreover, one can neglect the contribution of the incident field on
the equivalent currents over this sphere. As a result these currents can be represented as

One can calculate the field at the focal plane of QO component, é¢(0) using 1) as:

2 /2 7 — €]k|pf V| "—»/ 71 e—jk|ﬁf—?l| U
107) = | 7 ) oS e ) 66 = (b JEDRON a8 ()
S/

By performing four approximations on (A.6)), one can represent &) as a summation of plane waves
or a plane wave spectrum (PWS). In the following, these approximations are discussed.
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Local Plane Wave Approximation

By representing the field scattered by the QO component on the equivalent sphere using the GO tech-
nique, this scattered field is approximated, locally, as a plane wave. Here we approximate the direction
of the propagation of this local plane wave by o~ 7 , where ¥ is the scattered field direction de-
termined in GO representation of the field using Snell’s Law. As a result, the magnetic field can be
expressed in terms of the electric field as:

-

HOOF) = 2 kF#) x ECOF) ~ —éi/ x E°OF7) (A7)

By substituting (A.7) in (A.sa)), one can also represent the electric surface current as a function of the

electric field as:

2 1 ’ Al 7
j= ¥ X[ x E99 (A.8)

¢

Approximation on the Amplitude of the Integrand

B> Br-
In order to simplify the integrand in (A.6)), we expand the term | 3¢ — 7' |= Rro4 [1 + J; -2 s
Rro Rro

into its Maclaurin series:

2 3
2 _pfA Al pf (A ‘A/Z pf Y A
B - 7= RFO[l b +2R12ro{1 br - #) }+2R§:O(pf r)+,_,] (A.9)

where pr = |f7|, and Rro = |7 is the radius of the equivalent sphere. One can approximate the
amplitude component in the integrand of (A.6)) by taking only the first term in this expansion, i.e.

11
1Br =71  Rro

(A.10)

By introducing a relative error function, the applicability region of is derived. This amplitude

error function is expressed as:

Camp = ~ sin 0’ (A.m)
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where 6’ is the elevation angle of the surface of the equivalent sphere, Fig. The worst case scenario,
in terms of errors in this approximation, occurs when sin 6’ is maximum, i.e. sin 8’ = sin 6°, where 6°
is the maximum rim angle of the QO component and can be related to its f-number, £, as:

1
2fs

Assuming a ¢,y = 20% error margin, the applicability region for this amplitude approximation is:

sinf° =

(A.a2)

Plamp < O.4f#2D (A.3)

where D is the diameter of the QO component, and when taking the largest FO sphere radius, f; =
Rro/D.

Approximation on the Vectorial Components of the Integrand

In (A.6), % = kb = k|’if

represents the propagation vector from the source to the observation

point, and & is the propagation constant. When [#'[> |G|, this vectorial component of the radiation
integral can be approximated as:

AL (Arq)

Assuming again a 20% error margin, the validity region of this approximation is:

Py < 02D (A.1s)

In practice, the condition imposed by approximation on amplitude (A.13) is less restrictive that the one
on the vectorial component (A.s]).

By substituting and in , and applying the vectorial and amplitude approxima-

tions, one can represent the focal field as:

Lo ' 270 pO° ) 6o ) €]k|pf 7| . S
¢r(r) =J?~/€L L [# X {E77 x # }]m]{m sin 0'd6’d¢ (A.16)

Approximation on the Phase of the Integrand

By neglecting the third or higher order terms (with respect to py) in the Maclaurin expansion of (A.9),
the term, |37 — 7|, in (A.16), can be approximated as:
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2
Pr
3 — 7= R — B+ (AI7)
|Br —7'|= Rro — pr - 7 R
The error function of this approximation can be represented as the neglected terms:
2 3
Pr Pr
2 k y . 2 2 — 3 . 2/ A-IS
2 [ZRFO(pf ) ZRJZUO(pf )] (A.18)
1
The worst case scenario in (A.18) is when g - 7 = —sin 0° = —y. By choosing acceptable error
#
margin of #/8, the applicability region of the phase approximation can be expressed as
4p3D  2p2D?
f L (A.19)

+
3 3
RFO RFO
where A is the wavelength in the medium. By solving the cubic inequality in (A.19)), and taking the
positive and real solution, the applicability region for the phase approximation can be expressed by the

parameter pr4. For large f-number cases, the third order term in 1) can be neglected even from the
phase error function, and pgy can be expressed as

Pro < fir/0.5f: DA (A.20)

By combining the derived restrictive conditions, the applicability region of the FO approximation can
be expressed by a maximum diameter, in the focal plane and around the center of the equivalent sphere

(see Fig.[A.2):

Drp = min {0.4Dﬁ¢, 2pﬁ¢} (A.ZI)

For most practical cases, by combining the conditions (A.20|) and (A.1s)), this applicability region can

be represented in a closed form as:

D[:O =ﬁ¢ min {0.4D, Zf;‘D/l} (A.zz)
These approximations lead to the Fourier Optics representation of the scattered field by a QO com-
ponent:
. lorl?
. 7
‘LR —ikRro ZRFO 27 p6° . G, (AZ})
é(py) = . ‘ J J [ % {£90 x #}]e 77 sin 0/ d6/ A’
" 0o Jo
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It is worth noting that this standard representation of FO and its corresponding applicability region

( or ) are valid for observation points on the focal plane, i.e. 6 and zr = 0.

The focal field can also be represented in terms of cylindrical spectral variables, k£, = ksin 6" and

¢’. The differentials in the two coordinates are related as dk, = k,d6’, where k, = \[k? — /elzo. The FO

representation of the focal field in cylindrical coordinates is then expressed as

) lorl?
. -
_ jRpoe*Rroe " 2Rr0 r” I’%O 1

27 0 \/m

[# x {ECO x 3}y lorr W=k dk, df

0

(A.24)

. Jf " . .
where k0 = ksin0’, ¢¢ = arctan (x—f), and pr = x¢X + y£).

One can also change the cylindrical spectral variables in to Cartesian spectral variables, k, =
kp cos ¢’ and ky, = k,, sin ¢’. In this case the focal field can be expressed as:

lpsl?

. —Jk
jR roe’ kRFo

ZRFO +00 +00 1
pf 2w J—oo J—oo kz /eZ [
\/ R

(A.2s)

¥ X {EO x # Y15 1 dledk,

Here, one should keep in mind that the domain of E90 is limited. For analytical representation of
the scattered GO field on the equivalent sphere, this limitation is the maximum subtended angle of the
QO component. For cases where numerical GO is employed, this limitation comes from the ray tracing
code. In this code, the QO component is illuminated by an incident plane wave from skew direction.
The scattered rays are then propagated from the QO surface toward the focal plane, up to the position
where each ray intersects with the equivalent sphere.

One can rearrange the focal field representation in as an inverse Fourier transform of a spec-
tral field plus a quadratic phase term, as:

. logl?
2Rpo [+eo preo ‘ (A.26)
¢ (pr) = 647 Lo J -~ LFOkt 507 ke, dlk,

where

2.FO J2mRroe M0 o i
E(ky, ky) = X [E™ (ke ky) X 7] (A.27)

k2 — (k2 + k2)
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The integral in (A.26) is similar to an inverse Fourier transform, except for the quadratic phase

—ikp? -
term, ¢’ kpy/ Rz O), in front. By neglecting this phase term, one can assume that EO(k,, k,) represents
the Plane Wave Spectrum (PWS) of é¢(g¢). In other words, the field at the focal plane is represented

as a summation of plane waves coming from different directions (k, and &,) with varying amplitudes
ETOk, k).



Appendix B

Geometrical Optics Propagation from
Reflective and Refractive Surfaces

The EM fields reflected by curved multiple surfaces can be evaluated using a Geometrical Optics (GO)
formalism as described in [71] and [72]]. The propagation of GO fields through dielectric surfaces is
instead, to our knowledge, not exhaustively treated in the literature, despite the fact that it is a key
issue for analysing integrated lenses. This appendix reports the formulas necessary to describe the field
propagation using GO approximation from both reflective and refractive surfaces. The procedure for
the latter is explicitly derived here, and the final formulas for the reflective surfaces, following the same
steps, are also provided.

Let us consider the scenario depicted in Fig. Where a large dielectric object is illuminated by an

i A Ag —gb. . . . . Ad . . . . .
incident wave £*(Q) = Eop'e™ k(9 with polarization p*, k; is the wave number in the incident medium,
> >
and f(Q) is the incident phase function; the vector Q identifies an arbitrary point on a smooth interface

N
of the two media from reference point Qp. This point can be expressed as a function of the surface
curvature properties [72]. Namely by the principal unit directions of the surface, Uj, and Us, and its
principal radii of curvature, Ry, and Ry:

-2 A A 1 1
=00+ QU — 2| — 0% + — 02 B.
Q=0U1+QU, -7 2R1Q1 2R2Q2 (B.1)

\ . 5
where Q1 Ui + Q,U> are coordinates in the local tangent plane from reference point Qp. The phase

. . . . . o . 2 .
function of an incident astigmatic wavefront at each position on the surface, ¢, can be approximated
up to the quadratic order as [72]:

S o ) P 1

() = £(Jo) + ¥(D) - —[X{(Q)- 01 + ——
Q) =f(Qo) + ¥(Q Q+2pi(Q) 10)- 0 +2p12@

[X5(0) - 017 (B.2)

- - A A,
where f(Qp) is the phase of the incident wave at the reference position, Qo; X{ and X are the principal

directions of the incident wavefront and they are related to the propagation vector as: K = Xf X Xé,
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Figure B.1: A 2D sketch of an arbitrary refraction scenario.

and pi and pg are the principal radii of the incident wave front. In , the dependency of all of these
five parameters to a position on the surface is explicitly shown by ( @)
By applying the equivalence theorem, the electric field at an arbitrary observation point D, from

reference point O, inside the dielectric object enveloped by the surface Sp, can be represented as fol-
lows:

¢ —jk:d

E/(B) = jik, |[1dx 7'(0) + &l x d % J(Q)) ] —dSg ()
So

5

where k; and {; are the wavenumber and impedance in the transmitting medium, respectively; d =
~ A 2 . . . . =t

dd = P — Q represents the distance from a point Q on the surface to the observation point P; 7’ and

J" are the magnetic and electric equivalent currents, respectively. Under the GO/PO approximation,
these currents are related to the transmitted fields at the interface Sp as follows:

7(0) = —ax H'(0), (B.42)
#(0) = 2 x E(0), (B.4b)

where 72 is the unit vector orthogonal to the surface Sp pointing toward the incident medium (see Fig.
[B.1). The transmitted fields can be approximated assuming a locally flat surface (PO approximation)

L'(Q) = 7 L'(Q) (B.sa)
B() = Ci/e x E(0) (B.sb)

t

prTEpLTE o 7 TM p TM i TM g the transmission dyad; 7% and 77 are the TE and TM

P’
transmission coeflicients on the surface, respectively; p* TE/TM and P TE/TM

where T = 77 p

represent the polarization
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unit vectors of the incident and transmitted rays, respectively; &’ is the propagation direction of the
transmitted ray. This parameter can be calculated using Snell’s law as follows:

Al‘_\/‘c‘_iAi_ﬁAt'A L R T T
k _\/E_rk \/ﬁ_t{k n}+\/£_t\/ef g;[1— {k? - 72}2] (B.6)

where ¢, and ¢; are the relative permittivity of the transmitting and incident medium, respectively.
By using the above expressions, the integrand in (B.3)) can be rewritten as:

A _ A S5 5 € hed
E4(B) = jk, H[ (- )T = hel) + {(T = ) - [/e%—l(h-/et)]}]-(f-E’(Q))4;ddSQ (B.7)

In oscillating integrals like the one in , one can identify both a rapidly and a slowly varying

function [72]. Therefore, they can be rewritten as:

E'(P) = ﬂ FQ)e 7" 0dsg (B.8)

where F{( Q) is a slowly varying function, whereas

(Q) = Vard(Q) + Vef () (B.9)

isareal, independent of k9, and non-singular function which contains the phase terms of the integrand,
i.e. the phase of the scalar Green’s function of the medium where the wave is scattered when applying
the equivalence theorem, and the phase of the incident wave.

This kind of oscillating integrals are asymptotically dominated by stationary phase points (if present
in the integration domain). Therefore, one can asymptotically approximate them as follows. For every

observation point j), there can exist a stationary phase point, Q that verifies the following condition
( Qj in shown Fig. :

2{5 s (B.10)

To asymptotically evaluate , we expand the phase term quadratically around the stationary

. . . . . 2 2 .
phase point. By using the small argument approximation, for any point Q close to ¢;, d is represented
up to its quadratic term as:

~|d|-¥ - 00+ — v 10;0*~(k - 0;0) (B.1)



158 B. Geometrical Optics Propagation from Reflective and Refractive Surfaces

Usmg and 1), and assuming that for each position Q the reference point, Qo, is at the
stationary phase point, QS, the phase function 1.} can be approximated up to the quadratic order as:

> - A > 1 A —» > 1 2
P(0) = V& |Id|-k - 0+ —{IOP-[¥ - OF}| + Va|f(@) + ¥ - X{- 0P+ — (% 0P
2\d; 20}
(B.r2)
By substituting (D(Q) in (D the integral can be asymptotically evaluated [72], as
2.2 Zﬁa\ﬁ( _)5)€_jk0¢(g)
EN(P) = 2 = (B.13)
|detHo(Qs)|
where F (QJ) is expressed as
> 2 /Aet n > 2
= : . B.
FQ) = ks |7 E(Qs)]: (B.14)

5
|detHp(Qs)| is the determinant of the Hessian matrix of the phase term [72]; & = 1, —1, or j for the
eigenvalues of the matrix both positive, or both negative, or with opposite signs, respectively. The
Hessian matrix can be expressed as:

9*D 9>
2
Hp = %z% 6%2(252 (B.1s)
90100, 070,

By substituting in and after extensive algebraic simplifications, |det Ho( @;)| can be expressed

as:
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1 1 1 1 ¢
detHas| = 2 | == (X2
IdetHo] = edcos ) {|Zl |2 ' |Zi | ¢(cos 67) [ {Et[ ( ) -

plﬁt
al(k - DK - O + (- DK D))
bl = () = alF - DS D) + - DS - )P
ngf
1

RV [\/g—i{y R+ g cos Hf}] [er — ei{k - Uz}z]

\/_[\/_{/el #1 + \Je; cos 0" ][et—ei{/%i~01}2]]
1 ¢/ ~g v_ A A
O 7] OHXE - U, -
= 9‘>2[pip;[ P I+ Ve cos 0} (X - O}
R\/_ {\/_ +\/Zc039t}{j(f- hy? Ve
20, Rl %)

\/_
R22

+

P Vel 4] + Vercos 0} (K5 - D)

{Veilk - 2] + Ve cos 0} {5 - U1}2+—{\/_ +\/€_rcos0t}2]}

(B.16)

where 6’ is the angle of the transmitted ray with respect to the normal vector, 7, as shown in Fig.

1 A
r_ _ il_ i 127,
and cos 6 \/g_t\/s, g;[1 — {k* - 7}?]

The term 9/4/|detHo( Q;)| can be expressed compactly in the following form:

o d \/ pips B
detHo(Dy Vereos? V1ds+ p{lld: + i) 7

where p] and p} are the principal radii of curvature of the transmitted wave front, and the branch
of the square root is chosen accordingly to the same considerations discussed in [71], in relation to the
caustics position along the ray path with respect to the refraction point. By comparing (B.17) and (B.16)),

an equation system for the radii of curvature of the refracted wave front can be derived as follows:
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Pl P [cos 67

11_1{1\/_
\/_

PP [”{I‘W ek 11 G+ LG i - 1) [
[ 1-[X - 7] }—ei{[/%i.ﬁz][jg.zylh[)z;.Uz][/;i_ﬁl]}z]_

1
_z
)

ﬁlﬁ

[ +\/_c050}{ e[k .UZ]Z}]—

LI
ﬂl

w|H

T[ Neost| -l mz}]} o

e {H“{fru}

PPy elcos ] Ripj
A A )2 VEi
z.Ul} _

Rﬁi{\/e_i[iei-ﬁ]+\/g_tcosgt}{)(l Rlpg{\/_ \/_cose}{ Uz} _

\/g_i. {\/e_[%l - 71] + /¢; cos 9[}{Xi : Ul}z + L [\/e_{iel : h} + /¢, cos 9’]2} (B.19)
Rypi UV 2 RR |V ‘

Equations (B.18)) and (B.19)) represent the radii of curvature for transmitted wavefronts in the case of
incident astigmatic wavefronts. In the case of an incident plane wave, an important special case in this
thesis, the radii of curvature of incident wave front are p; = p5 = oco. Therefore, in the case of plane

wave incidence, (B.18)) and (B.19)) reduce to:

1 1 1

+ [ —
p; Py elcosf]?
11

{ - EE[{\E[%Z -]+ \/Zcosgt}{et —[¥- 02]2}]—

RLZ%[{\/E[/@‘&] +\/e_tc059t}{et—ei[%i. Ul]z}]} (B.20)

! = ! { ! [\/ﬁ_z{/e‘ . n} + /¢, cos Hfr} (B.21)

pip5  elcos 6] | RiR,

An expression similar to (B.17]) can be derived for the case of reflective surfaces:

piP;

/|deth>Q5 \/d+p1 d+p2]

(B.22)
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where p] and p’ are the principal radii of curvature of the reflected wavefront. In this case, station-
ary phase point condition leads to d; = k”, where £ is the direction of the reflected ray. Similarly,

|detHo(Q;)| can be expressed for a reflected ray as:

Y 1 1 1 1 4 2
detHop| = [£ - 7]’ 5— + 5— + =—— + — + iy [
42 |dlpl  dlps Py RiRe k-

1 biop o 1 s NP

> {[ ll U2]2+[X21“ U2]2}+ S {[Xll U1]2+[X£‘ Ul]2}+
Rild| Ry |d|
o) v v g o)
af gl ol

' Ryp5 2

1 A l‘ A 2 1 A Z‘ A 2 1
g o)+ — {3 tof + —
Rlpz R2P1

Ry p]

and the radii of curvature of the reflected wave front can be derived as follows:

A_ . A 2 A_ . A 2 A_ . A 2 A_ . A 2
(&t 4 i 0} {0+ {4 4
] (B.24)

|

1 1 1 1 2
pririnih ReviL v iy +
Py P P 1% ki 7 Ry Ry
Ai A 2 A 2 AZ: A 2 Ai A 2
1 1 4 2 1[{X1'U2} {Xl UI}] 2 1[{X2‘U2} {Xz‘Ul}
— — + — = — +
Py Ry R k- 7P, R, Ry
(B.2s)

=—+ -
PPy pipy  RiRy i

The same expressions can be found in [156].
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Appendix C

Zernike Polynomials Expansion

One can represent an arbitrary function, F(p, ¢), which is sufficiently smooth by Zernike Polynomials
[925/93] as

N
(40 (p, ¢) + By E) (0, 8)] (C.x)

M
Fp, ¢) =~ Z = >

m=0n

where 0 < p < land0 < ¢ < 27; Z;\,” is a Zernike polynomial of order N and M; O and E}’
are the odd and even Zernike Polynomials, respectively; 47" and B’ are the weight coefficient of these
polynomials. These polynomials can be expressed as

0, (p, 9) = R (p) sin (me) (C.2a)
E(p, 9) = R(p) cos (mg) (C.2b)
where the radial function R’(p) is
(n—m)/2 (_l)l(n - 1)' .
2o P pra— ifn—m: even
R™(p) = [ — — C.
" (p) -1 (S5 - (C3)
0 itn—m: odd

These polynomials are orthogonal to one another. By using this property, we can project function
F(p, ¢) on each polynomial to find their weight coefficients:

1

ay = 2L [ G (o0Rz o) (C.42)
1

5y = 2 [ Gz o (C.4b)
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1 whenm=0

where ¢, = { 2 whenm £0 and

2w
I F(p, ¢)sin (me)de (C.s5a)

J F(p, @) cos (mp)deo (C.sb)
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Summary

Fourier Optics Field Representations for the Design of Wide Field-of-View Imagers at Sub-
millimetre Wavelengths

In recent years, advanced Quasi-Optical (QO) systems operating at (sub)-mm wavelengths are standard
solutions for the state-of-the-art sensing and imaging applications. Improving the Field of View (FoV)
and/or the operation bandwidth of these QO system are the key improvement steps in many applica-
tions. Due to the assumptions taken in developing the Gaussian beam propagation model, for analysing
or designing QO systems with wide field-of-views (wide angle optics) coupled to complex (wide band)
feeders, modeling the radiation phenomena using Gaussian beam is not appropriate. Here, a Geomet-
rical Optics (GO) combined with Fourier Optics (FO) based technique for deriving the Plane Wave
Spectrum (PWS) of QO components in reception is presented. The applicability region of the original
FO procedure has been extended, and both magnitude and phase of the field at the focal plane of a QO
component is now derived using the method. This procedure is named here "Coherent” FO (CFO),
and has been used to express the spectrum of the incident field in realistic cases which include large
format arrays of lenses within the focal planes of reflector systems. This representation can be linked
to spectral techniques commonly used for arrays, such as Floquet-modes theory, for analysing absorb-
ing mesh grids, and antenna in reception formalism to analyse the performance of antenna feeds in
reception.

In this work, two types of coupling between QO components are described: Diffractive and Geo-
metrical. The GO is employed to represent the geometrical coupling between QO components, while
CFO technique is used to represent the diffractive coupling between a secondary QO component at
the focal plane of a primary one. In particular, the latter technique is used to design large format lens
based FPAs (Fly’s eye configurations) under an equivalent parabolic reflector with optimal scanning
performances. The synthesized lens FPA achieved scan losses much lower than the ones predicted by
standard formulas for horn based FPAs. It is worth noting that the derived PWS can be directly used to
define the lens and feeder properties without any iterative numerical optimization algorithms to achieve
a solution with low scan loss. Here, scan loss of less than 1dB has been achieved while scanning up to
+17.5° for an example relevant to the state-of-the-art wide-angle imaging systems. The proposed tech-
nique has been validated via a standard Physical Optics based analysis in transmission with excellent
agreement.

Also, a wide band QO system for the ASTE telescope based on a hyper-hemispherical leaky lens
antenna is presented. The lens antenna is optimized to maximize its coupling to a parabolic reflector.
The designed QO system has an average illumination efficiency over 70% in the whole 3 : 1 bandwidth
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ratio. Including the feeder losses, an averaged aperture efficiency of 65% is obtained. The pattern in
the sky of the system is also simulated in GR ASP. The side lobe, and the cross-polarization level of this
pattern, over the bandwidth, is below —16dB, and —18dB, respectively. The preliminary beam pattern
measurement of this wide band QO system is included here.

A QO architecture to achieve wide band wide FoV performance in a (sub)-millimetre imaging and
sensing system is also proposed. In order to design the elements of this lens based FPA architecture,
with multiple transmitting surfaces close to one another, a fast and accurate analysis tool was devel-
oped. The tool is discussed and validated against a time-consuming multi-surface PO code with excel-
lent agreement. Moreover, as a proof of concept of the proposed QO system, an example scenario is
described and its performance over a 3 : 1 bandwidth ratio is evaluated. For the central element of the
proposed QO system, the design achieved 1 dB of scan loss over the whole band while scanning up to
+7 beams at the center of the frequency band.

Currently, passive imaging cameras at sub-millimetre wavelengths based on focal plane arrays of
bare absorbers are commercially attractive solutions. The design of such arrays is typically done re-
sorting to geometrical considerations or basic broadside plane wave incidence analysis. In this work,
instead, a spectral electromagnetic model is employed. In this model, the derived PWS of a QO sys-
tem (the direct field focused by the QO system) is linked to a Floquet-waves representation of the field
in the presence of a generic absorbing mesh. The results obtained by the model have been compared,
with excellent agreement, with those obtained by full wave simulations. Thus, the proposed spectral
method provides an accurate and efficient way to estimate the key optical properties of the imager
inside the region of validity of the FO method. Moreover, a dual-band FPA for security imaging at
sub-millimetre wave frequencies has been presented. The detectors are based on Kinetic Inductance
Bolometers, which allow the development of large FPAs at medium-cooled temperature. The perfor-
mance of the dual-band imager was evaluated using the described spectral technique. The effective
Point Spread Function of the imager coupled to a black-body point source over a wide frequency band
(6 : 1) was estimated and successfully validated experimentally. The Half Power Beam Width of the
effective pattern is comparable to the one of a diffraction limited QO systems.



Samenvatting

Fourier Optics Veldrepresentaties voor het Ontwerp van Wide Field of View Beeldcamera’s bij
Sub-millimeter Golflengten

In de afgelopen jaren zijn geavanceerde Quasi-Optische (QO) systemen die op (sub)-mm-golflengtes
werken standaardoplossingen voor de meest geavanceerde detectie- en beeldvormingstoepassingen. Het
verbeteren van het gezichtsveld (FoV) en/of de operationele bandbreedte van deze QO-systemen zijn
de belangrijkste verbeteringsstappen in vele toepassingen. Vanwege de aannames die zijn gedaan bij de
ontwikkeling van het Gaussian beam propagation model, voor het analyseren of ontwerpen van QO-
systemen met een breed gezichtsveld (groothoekoptiek) gekoppeld aan complexe (breedbandige) feed-
ers, is het modelleren van de stralingsverschijnselen met behulp van de Gaussian beam niet geschikt.
Hier wordt een Geometrische Optiek (GO) gecombineerd met Fourier Optick (FO) gebaseerde tech-
niek voor het afleiden van het Plane Wave Spectrum (PWS) van QO-componenten in de ontvangst gep-
resenteerd. Het toepasbaarheidsgebied van de oorspronkelijke FO procedure is uitgebreid, en zowel de
grootte als de fase van het veld op het brandpuntsvlak van een QO component wordt nu afgeleid met
behulp van de methode. Deze procedure wordt hier "Coherente” FO (CFO) genoemd, en is gebruikt
om het spectrum van het invallende veld uit te drukken in realistische gevallen die grootformaat arrays
van lenzen binnen de brandpuntsvlak van reflectorsystemen omvatten. Deze representatie kan worden
gekoppeld aan spectrale technieken die vaak worden gebruikt voor arrays, zoals de Floquet-modus the-
orie, voor het analyseren van absorberende gaasroosters, en antenne in de ontvangst formalisme om de
prestaties van de antenne feeds in de ontvangst te analyseren.

In dit werk worden twee soorten koppelingen tussen QO-componenten beschreven: Diffractief en
Geometrisch. De GO wordt gebruikt om de geometrische koppeling tussen QO-componenten weer te
geven, terwijl de CFO-techniek wordt gebruikt om de diftractieve koppeling tussen een secundaire QO-
component in het brandvlak van een primaire component weer te geven. De laatste techniek wordt met
name gebruikt om grootformaat FPA’s (Fly’s eye configuraties) op basis van lenzen te ontwerpen onder
een equivalente parabolische reflector met optimale scanprestaties. De gesynthetiseerde FPA met lens
bereikt scanverliezen die veel lager zijn dan die welke worden voorspeld door standaardformules voor
FPA’s op basis van hoorns. Het s het vermelden waard dat de afgeleide PWS direct kan worden gebruikt
om de eigenschappen van de lens en de voeding te defini€éren zonder iteratieve numerieke optimaliser-
ingsalgoritmen om een oplossing met een laag scanverlies te bereiken. Hier is een scanverlies van minder
dan 1dB bereikt tijdens het scannen tot +17, 5° voor een voorbeeld dat relevant is voor de state-of-the-art
groothoek-beeldvormingssystemen. De voorgestelde techniek is gevalideerd via een standaard Fysicke
Optick gebaseerde analyse in transmissie met een uitstekende overeenkomst.
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Ook wordt een breedband-QO-systeem voor de ASTE-telescoop gepresenteerd op basis van een
hyper-hemisferische lekke lensantenne. De lensantenne is geoptimaliseerd om de koppeling met een
parabolische reflector te maximaliseren. Het ontworpen QO-systeem heeft een gemiddelde verlicht-
ingsefhiciéntie van meer dan 70% van de totale relatieve bandbreedte van 3 : 1. Inclusief de voedingsver-
liezen, wordt een gemiddelde diafragma-efficiéntie van 65% verkregen. Het patroon in de lucht van het
systeem wordt ook gesimuleerd in GRASP. De zijlob, en het cross-polarisatie niveau van dit patroon,
over de bandbreedte, is respectievelijk onder —16dB, en —18dB. De voorlopige straalpatroonmeting van
dit breedbandige QO-systeem is hier opgenomen.

Er wordt ook een QO-architectuur voorgesteld om een breedbandige FoV en brede band-prestatie
te bereiken in een (sub)-millimeterbeeld- en detectiesysteem. Om de elementen van deze op lenzen
gebaseerde FPA-architectuur te ontwerpen, met meerdere zendvlakken dicht bij elkaar, werd een snel
en nauwkeurig analyse-tool ontwikkeld. De tool wordt besproken en gevalideerd aan de hand van een
tijdrovende multi-oppervlak PO-code met een uitstekende overeenkomst. Bovendien wordt als be-
wijs van het concept van het voorgestelde QO-systeem een voorbeeldscenario beschreven en worden
de prestaties over een relatieve bandbreedte van 3 : 1 geévalueerd. Voor het centrale element van het
voorgestelde QO-systeem werd in het ontwerp 1 dB aan scanverlies over de hele band bereikt, terwijl in
het midden van de frequentieband tot +7-bundels werden gescand.

Op dit moment zijn passieve beeldcamera’s op submillimetergolflengten op basis van focal plane
arrays van kale absorbers commercieel aantrekkelijke oplossingen. Het ontwerp van dergelijke arrays
wordtmeestal gedaan op basis van geometrische overwegingen of basisbreedbandgolf-incidentieanalyse.
In plaats daarvan wordt een spectraal elektromagnetisch model gebruikt. In dit model wordt de afgeleide
PWS van een QO-systeem (het directe veld gefocust door het QO-systeem) gekoppeld aan een Floquet-
golfweergave van het veld in de aanwezigheid van een generiek absorberend gaas. De resultaten van het
model zijn, met een uitstekende overeenkomst, vergeleken met de resultaten van volledige golfsimu-
laties. De voorgestelde spectrale methode biedt dus een nauwkeurige en efficiénte manier om de belan-
grijkste optische eigenschappen van de imager binnen het geldigheidsgebied van de FO-methode in te
schatten. Bovendien is een dual-band FPA voor veiligheidsbeeldvorming bij sub-millimetergolffrequenties
gepresenteerd. De detectoren zijn gebaseerd op kinetische inductantiebolometers, die de ontwikkeling
van grote FPA’s bij een gemiddelde gekoelde temperatuur mogelijk maken. De prestaties van de dual-
band imager werd geévalueerd met behulp van de beschreven spectrale techniek. De effectieve Point
Spread Function van de imager gekoppeld aan een black-body puntbron over een brede frequentieband
(6 : 1) werd geschat en met succes experimenteel gevalideerd. De halve vermogensbundelbreedte van
het effectieve patroon is vergelijkbaar met die van een QO-systeem met beperkte diffractie.
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Propositions Accompanying the Doctoral
Thesis

. Gaussian beam model can represent the EM fields propagation through multiple Quasi-Optical
(QO) components. However, the Paraxial wave approximation used for deriving this model is
appropriate only for scenarios with narrow field-of-views. In this thesis, a Fourier Optics based
analysis is proposed as a technique for analysing QO systems with wide field-of-views. (This
proposition pertains to this dissertation Ch. 1)

. The Plane Wave Spectrum (PWS) of a large format lens based focal plane array under focusing
system can be derived using Coherent Fourier Optics. This PWS is then used to obtain an op-
timal geometry in terms of low scan loss performance without employing iterative numerical
optimization techniques. (This proposition pertains to this dissertation Ch. 3 and 4)

. Forboth bare absorbers and antenna-based detectors under Quasi-Optical systems, conveniently,
the effective number of modes can be evaluated as the ratio between the aperture and the focusing
efficiencies. (This proposition pertains to this dissertation Ch. 7)

. Itis always better to push a newly developed method to its limits of applicability. Then when we
propose it to the readers, they can better understand the capabilities as well as the limitations of
this particular solution.

Paraphrased private conversation with Prof. Nuria Llombart, Delft University of Technology

. Statistically speaking, summing the luck of the population and integrating it over time leads to
a zero value, i.e.:

tmﬂx
L = > I Lt p)dt ~ 0

Population 0

Personally, I find this law, and in general statistics, terrifying. However, this can be a soothing

thought.

. The recipe for tackling a problem is one-part understanding it, one-part coding your solution,
at least a pinch of frustration now and then, and finally two-part debugging. The satisfaction
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afterwards is the drive, but it lasts for a moment. Savour it, because it’s time to prepare the next

batch.

. There are two types of people in the world: the ones who can extract relevant information from

incomplete data sets.

. In the game of life, you are dealt a hand at the beginning. Sure, you can play the cards you got.

Unfortunately, some have to. Some do so by choice and might blame the dealer afterwards. At
every given chance, it is best to spend your round drawing more cards from the deck.

. The human species, throughout its rapid development over the past thousands of years, tends to

model its perceived world. This behaviour leads to simplified problems and eventually solutions
in reasonable time frames. However, a pitfall of this evolutionary skill is replacing the real world
with an equivalent model in one’s mind. One should always keep track of the assumptions made
in modelling of a complex problem; otherwise, the measurements will not match the theory.

These propositions are considered opposable and defendable, and as such have been approved by the

promotors Prof. dr. N. Llombart and Prof. dr. A. Neto
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