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Al mio paese

Alla mia famiglia





Anima di cristallo.

L’universo mi brilla dentro un bicchiere

dove ammiro la marea plumbea,

vischiosa del mio animo.

Le cose care sembrano ai vivi

scintillanti abbagli

divorati da un senso leggero di noia,

e quel tanto che sento

non gloria né vittoria,

ma il nudo di un’anima di cristallo:

rosea o purpurea essenza

non mi è dato saperlo

né decifrarlo, universo senza stallo.

(Crescenzo D’Acunto, Ischia 2011)





Crystal soul.

The universe shines to me into a glass

where I admire the leaden tide,

viscous neap of my soul.

Beloved things seem to living people

twinkling glares

devoured by a slight sense of boredom,

and what I feel

is no glory or victory,

but the nude of a crystal soul:

rosy or purple essence

I can not know

nor understand, universe without stalling.

(Crescenzo D’Acunto, Ischia 2011

Translation to English: Annalisa Iacono)





Abbreviations

TNO Netherlands Organization for Applied Scientific Research

SRON Netherlands Institute for Space Research

KID Kinetic Inductance Detectors

CPW Co-planar Waveguide Lines

RX Reception

TX Transmission

PEC Perfect Electric Conductor

TL Transmission Line

CO Co-polarization

XP Cross-polarization

GO Geometrical Optics

PO Physical Optics

FPA Focal Plane Array
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Chapter 1

Introduction

1.1 An History Started Around 15 Billion Years Ago

The humankind has always posed itself the question on the origin of the universe and has

always tried to give an explanation in keeping with the scientific means at its disposal.

The history of astronomy is as old as the one of the man and, when it started, it was

nothing else than a mix between astronomy and astrology. The beginning of the modern

astronomy, the rigorous and systematic discipline, can be linked to Nicolaus Copernicus

and his heliocentric cosmological model, with the sun at the center of the universe and

the other planets orbiting around it. Since then, thanks to scientists like Kepler, Galileo,

Newton and many others, the knowledge about the sky and the universe has increased

exponentially, and nowadays, thanks to the development of the astronautics, astronomers

can observe some spots of the universe from a closer point of view and find validation of

their studies.

One of the most acknowledged cosmological model is the Big Bang model (see Fig. 1.1).

According to it, the universe started with a huge explosion and it is expanding in every

direction since then, as the American astronomer Edwin Hubble discovered in 1929. The

understanding of the Cosmic Microwave Background (CMB) radiation, an echo of the Big

Bang emitted about 500.000 years after the big explosion, will give a clearer view of the

first instants of life of the universe, supporting the inflation theory. This theory postulates

that in the first few seconds after the Big Bang a very rapid cosmic expansion took place

and inflationary gravitational waves in the CMB radiation would be an evidence of this

phenomenon [1]. To cite this reference, ”The universe itself becomes a gravitational-wave

detector”.

Therefore, deep space science missions, which aim to the study of the CMB radiation, are



2 1. Introduction

Figure 1.1: Evolution of the Universe.

of great relevance nowadays, and a lot of attention is given by the scientific community at

the technology that will increase the acquisition of information on the universe.

In this context, together with other fascinating applications, millimeter and sub-millimeter

wave technology plays a key role.

1.2 What is Terahertz and Why?

Terahertz technology is a fascinating, relatively new and still not deeply investigated sub-

ject, although the attention of the scientific community has grown exponentially in the last

years. The term ”terahertz” was coined around the 70’s by the spectroscopists that were

referring with it to the emission frequencies below the far infrared. The first use of the

word ”terahertz” in the IEEE Transaction has to be attributed to Fleming in 1974 [2, 3].

Nowadays, it is commonly accepted to define ”Terahertz” as the portion of the spectrum

that cover a frequency range between 300 GHz - 3 THz (also called sub-millimeter wave

range, 100 - 1000 µm). These frequencies are squeezed between the traditional microwave

and the optical regions, they represent the so called THz Gap. Several reasons contribute

to the gap between these two regions. The up-scaling of the microwave electronics at THz

frequencies is not feasible, because of the inefficiency in multiplying frequency or because

of difficulties in mechanization of guides and other devices (although future trends leads

toward silicon micromachining, which is a very promising technique due to the very light

weight of the circuits and the ease of integration on a single chip [4, 5]). At the same

time also the down-scaling of photonics is not straightforward, because of the energy band-

gap and thermal stability, although the gap has been reduced by the recent technological
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progress in photonics and nanotechnology. In both cases, the wide applicability of the na-

tive technology has not pushed to put too much effort in adapting the existing technology

to fill the gap. Nevertheless, it has been recognized that the role, which THz technology

will play in the next future, is important because of the many possible applications [6].

Many chemical and biological agents have fingerprints in the THz spectrum. Therefore,

there is a high number of applications for which the technology at THz frequency could

be exploited, like secure screening (concealed weapons, explosive, and drugs detection)

and people screening in the airports [7], medical imaging, biological and non biological

screening [8], industrial process control, paintings analysis (to see what they hide behind

the first layer of paint, [9]). Many of these applications are really well suitable for space

and military defense, but there are payees also in civilian fields with a big potential public

impact, like for instance the medical science. This is also due to the fact that terahertz

radiation entails no or minimal health risks, but on the other side the water absorption at

these frequencies is very high, making the development of the technology in the medical

field very slow. Nevertheless, in the next future, it would be possible to analyze tissues

affected by cancer in a way that is not harmful to men. Overall, the technology has

improved in the last years; systems, which are faster and have a better resolution, have

been realized [7].

The military defense has an increasing interest in the potential of this technology, because

of its peculiarity: thanks to the high spatial resolution and the spectroscopy signature

(many materials present a characteristic THz spectrum), THz radiation is much more

effective in detection of concealed weapons, explosive and drugs from a safe distance than,

for instance, millimeter waves. Moreover, THz can see through almost all the concealing

barriers that aim to hide dangerous and potentially offensive objects and chemical agents.

The study of the THz spectral signature can be also useful to monitor the Earth’s atmo-

sphere (e.g., ozone depletion) and for other ground based astrophysics applications, even

though in this case only frequencies up to 1.5 THz can be exploited efficiently. For investi-

gation at higher frequency, due to the strong atmospheric absorption, space-borne facilities

are necessary.

The most interesting aspect in space applications, as said above, is the possibility that THz

technology will give to the knowledge of our universe and its creation, since half of the total

luminosity and 98% of the photons emitted since the Big Bang fall into the sub-millimeter

and far-IR range. Figure 1.2 shows the characterization of the interstellar dust [10] and it

is clear how most of its spectral content falls into the far-infrared range. Missions like the

Japanese AKARI [11] have already shown how sensitivity and resolution can be greatly

improved (see Fig. 1.3) and how objects not observable in the visible range appear clearer
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Figure 1.2: Spectral content of an interstellar cloud in the submillimeter wave region [10].

in the infrared images of the same area (Fig. 1.4).

Next section will deal with the two principal types of terahertz sensors for space applica-

tions. In this thesis we have focused the attention on a detector belonging to the class of

direct detectors. Whereas for terahertz detectors there have been great improvements in

the technology in the last years, the same cannot be said for the terahertz sources, although

a lot of progress has been made [12].

1.3 Terahertz Detection Technologies for Space Ap-

plications

Spectroscopy is very important for astronomy; it allows the detection and identification of

the matter in our universe, since each chemical peaks, absorbing or emitting energy, at a

different and unique frequency. High spectral resolution spectroscopy is used to characterize

molecular and atomic spectral lines, whereas low spectral resolution spectroscopy (i.e.

photometry) can detect interstellar dust emission from galaxies and the CMB radiation.
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Figure 1.3: Reflection nebula IC4954, taken by AKARI’s near-mid-infrared camera (IRC) (left) and IRAS,
the only previous infrared sky surveyor (right). Courtesy of JAXA/JPL.

Figure 1.4: Reflection nebula IC4954 taken by the two instruments on board AKARI - the Far-Infrared
Surveyor (FIS) and the near- and mid-Infrared Camera (IRC). Individual stars have recently been born
and they can be observed in the picture on the right. These stars are embedded in gas and dust, not
resolvable in the picture taken in visible range on the left. Courtesy of JAXA.

Detectors differ, therefore, on the base of the application, the frequency range and the

needed spectral resolution.

In literature [3, 13, 14], two categories of detectors are often identified: coherent detectors

and incoherent (direct) detectors. Although the choice between one and the other category

is very application dependent, it can be said roughly that coherent detection is preferred

in the lower THz bands, for higher spectral resolution spectroscopy and remote sensing,

while in the higher THz band direct detectors can be more advantageous.

Coherent detectors preserve information both about amplitude and phase of the received

signal; therefore, they can reach much higher resolution than direct detectors, which instead

collect only amplitude information. Since no low noise amplifier exists at THz frequency,

coherent detection is mainly based on heterodyne schemes. The signal is collected at
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THz frequency and it is down-converted to an intermediate frequency (GHz frequency for

instance) by means of a mixer, a device that exploits its not linear behavior for shifting

spectral components at a lower frequency, which are subsequently properly filtered. The

mixer is essentially a multiplier and, since the two input signals, one from the sky and one

from a local oscillator (with frequency fLO), are cosine type, using addition and subtraction

formulas for cosine function, and recalling that the spectrum of a cosine is a delta function,

the spectral components of the signal coming out from the mixer will be shifted at the

intermediate frequency fIF = fS − fLO. The filtering is necessary to opportunely choose

between the two spectral components of the output signal. Figure 1.5 shows a scheme of a

heterodyne receiver. The important feature of the heterodyne scheme is that the spectrum

of the signal at the intermediate frequency is the exact replica of the spectrum of the signal

from the sky (fS), but at a much lower frequency. Therefore, information about amplitude

and phase are preserved. Depending on the frequency band of operation, mainly three

different types of technology can be identified for heterodyne detectors for sub-millimeter

wave applications [15]:

• SIS (Superconductor Insulator Superconductor) mixers [16,17], working between 100

GHz and 1.2 THz, are the most sensitive mixers at the moment. These devices need

to be cooled below 5 K.

• Superconducting HEB (Hot Electron Bolometer) mixers [18, 19] are normally used

between 500 GHz and 6 THz, because of the very low noise in this range. They also

need to be cooled.

• Schottky diode mixers [20, 21] have the broader operational bandwidth, since they

can operate far beyond 5 THz. Compared to the other two mixers, they have the

advantage to operate at room temperature, but they can be exploited more efficiently

if their noise temperature is lowered by cooling. Although its better performance in

terms of bandwidth, the Schottky diode mixer requires very high local oscillator

pump power, from one to three order higher with respect to SIS and HEB mixers,

respectively [13].

The local oscillator can be realized with a Quantum Cascade Laser [22].

Incoherent, or direct, detectors provide only amplitude information on the signal. All

these kinds of devices exploit changes in the physical properties of the material, which the

detector is realized with, to sense the incoming THz radiation. Also for direct detection,

different types of technology can be identified [13]:
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Figure 1.5: Scheme of a heterodyne receiver.

• Semiconductor photo-detectors exploit the excitation of electrons in the valence band

due to the absorption of photons with energy greater than the energy gap of the ma-

terial. Some examples of arrays in CMOS technology have shown great performance

at 600 GHz [23,24]. These devices work at room temperature and this, together with

the ease of integration, makes them a very promising technology.

• Superconducting bolometers, like Transition Edge Sensors (TES) [25–31], exploit the

very sharp phase transition between the superconducting state and the normal state

of the metal, which the device is constituted by. Therefore, operational temperature

is close to the critical temperature of the superconductor.

• Superconducting detectors operating below the critical temperature of the supercon-

ducting material, like Kinetic Inductance Detectors (KID) [32] and Superconducting

Tunnel Junction (STJ) detectors [33]. Both these detectors exploit the Cooper-pair

breaking mechanism by means of THz radiation, although they exploit different ef-

fects to sense this change (kinetic inductance and tunnel junction, respectively).

The main difference in performance between coherent and incoherent detection is the sen-

sitivity, which is, in case of heterodyne systems, intrinsically limited by the quantum noise.

This is defined as Tn = hf/kB, where h is the Plank’s constant, f is the frequency and kB

is the Boltzmann’s constant. Quantum noise is equivalent to the shot noise produced by a

background radiation flux of one photon per second per Hertz of detection bandwidth [34].

This phenomenon, related to the photon amplification process necessary to the coherent

detection, imposes a lower limit to the sensitivity of the device, whereas this is not true in

principle for direct detection [13, 35]. Coherent detection is used mainly in the lower part

of the THz range, also because at radio wavelengths, the background is significantly larger

than the quantum noise value (Tbg > Tn). Therefore, there is no loss in sensitivity with

coherent detection at these frequencies. In contrast, at optical or infrared wavelengths the

quantum noise of coherent receivers is larger than the typical backgrounds (Tn > Tbg), and

thus direct detection is strongly preferred.
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1.4 Aim of the Thesis

Amongst direct detectors, Kinetic Inductance Detectors are developing very fast and their

potential makes them really attractive. The main feature that makes this technology so

tempting is the ease of integration in an array configuration with thousands of elements,

rendering the readout line chain very simple. These devices can reach noise equivalent

power as low as other cooled detectors [32, 36, 37]. Therefore, their unique feature, i.e.,

to realize an extremely simple frequency multiplexing scheme, makes them the future of

imaging with focal plane arrays (FPA). The detection mechanism is based on the Cooper-

pair breaking by means of an incoming THz radiation. This phenomenon is possible because

the THz radiation has frequency higher than the frequency gap of the superconductor the

KID is realized on. The device is cooled to guarantee the superconducting state. The

variation of Cooper-pair density can be read by means of a microwave resonating structure

coupled to a through line. The transmittance S21 of this line has a dip in correspondence of

the resonance frequency of the resonator, which shifts when THz power is absorbed, since

the characteristic impedance of the resonator line changes with a change of the Cooper-pair

density. The working mechanism of the KID will be explained more in detail in Chs. 2

and 4. The KID can work more efficiently if coupled to an antenna. In this thesis different

types of antenna feeds, narrow and broad band, have been investigated. The designs aimed

to satisfy the very challenging requirements of a deep space science mission (SPICA [38]).

Actually, in this thesis a lot of attention has been given to the interaction between the

antenna and the detector, and an unexpected behavior, recently discovered, is described

and explained in Ch. 4 and [36,39].

While the interaction between the antenna and the detector is a leading topic in the

work of this thesis, great attention has also been given to focal plane arrays of integrated

lenses. A modeling tool to study the coupling between adjacent array pixels has been

implemented. Actually, this tool can be used in different applications involving focal plane

arrays, independently from the detector technology in mind. Moreover, another advantage

related to this tool is the possibility that it gives to analyze the sensor in details, even

when very large integrated lenses are glued on the top of the antenna element. The tool

exploits Geometrical Optics (GO) and Physical Optics (PO) to compute the field over an

aperture, which is afterward used as input excitation in a commercial tool. Although actual

scientific novelty is not found in the approach used to implement the tool (GO and PO are

well known in the scientific community [40–42]), the news lies in the combination of the

two approaches (GO plus PO and commercial tool) and in the speed-up in the simulations

that follows.
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To summarize, the work in this thesis has dealt with the interaction between Kinetic

Inductance Detectors and integrated lens antennas. Moreover, the interaction between

different pixels of the FPA has also been investigated by means of a tool for modeling

arrays of integrated lenses.

1.5 Outline of the Thesis

This thesis can be considered as a link between the world of superconducting detectors, in

particular the Kinetic Inductance Detectors, and the world of antennas, specifically planar

integrated lens antennas. The phenomena related to the detector working mechanism have

revealed an unexpected behavior of a particular type of antenna; therefore, the attention

has focused on the study of the interaction between the two systems. The difficulties

behind this work have been found especially in the different background of knowledge

between physicists and electrical engineers, since even the Maxwell’s equations for the two

groups are written differently - the physicists prefers the Centimeter-Gram-Second (CGS)

metric system, whereas the others prefer the International System of Units (SI). The lack

of knowledge of quantum mechanics has not compromised the possibility of understanding

of the basic phenomena that drive the detector behavior (the design of the detector has

been carried out by SRON, Netherlands Institute for Space Research) and, therefore, the

possibility to understand what was happening to the antenna plus KID system.

In Chapter 2, the deep space mission SPICA, whose requirements have driven the work, is

introduced and few basic concepts on superconductivity and Kinetic Inductance Detector

(KID) are explained.

In Chapter 3, the design of different antenna feeds, both narrow and broad band, is de-

scribed with the relative performance. Measurements of a prototype are also shown.

In Chapter 41, it is described how an unexpected behavior of an twin arc-slot antenna led

to the discovery of a particular absorption mechanism proper of superconducting feed lines

in conjunction with KIDs. The phenomenon has been analytically studied and comparison

with measurements showed the expected results.

In Chapter 5, the same analytical reasoning of Ch. 4 has been applied to different antenna

plus KID configurations, specifically the antennas have been placed in series within the

length of the detector line.

In Chapter 6, the modeling of an array of lenses, with the combination of a Geometrical

1This chapter is an extended version of the article [J2] (a list of the author’s publications is included
at the end of this dissertation at p. 149).
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plus Physical Optics approach, together with the support of a full wave simulator, have

been developed and theoretical description is presented. Several tests to prove the validity

of the tool are shown as well.



Chapter 2

Per Aspera ad Astra: Through

Difficulties to the Stars

2.1 SPICA Mission

The work of this thesis has been entirely inspired by the next generation infrared space-

borne telescope mission SPICA (SPace Infrared telescope for Cosmology and Astrophysics,

[38,43,44]), a joint effort of the Japanese Space Agency (JAXA) and the European Space

Agency (ESA) toward the realization of a satellite that will have on the payload three

different instruments for mid to far infrared range spectroscopy (5-200 µm, MIR-FIR).

These are a FIR imaging spectrometer, called SAFARI (SpicA FAR-infrared Instrument),

the MIR Coronagraph instrument, for observation of objects hidden by the direct light of

a star, and the MIR Camera and Spectrometer. The mission is competing for two launch

opportunities in 2017 and 2018.

The MIR-FIR range spectrum contains a significant amount of information about stars

formation in the universe [10] and also most of the energy of the Cosmic Microwave Back-

ground Radiation, which is the lingering echo of the Big Bang. Its investigation will,

therefore, help scientists to have an insight on how the early universe was and how it

evolved. The SPICA mission aims at discovering the origins of galaxies, stars, and planets,

including our Solar system and the Earth, to investigate their formation and evolution.

The achievement of the scientific objectives is strongly dependent on the specifications of

the SPICA telescope. The wavelength coverage, the telescope operational temperature, and

image quality are defined in such a way that SPICA provides unique scientific capabilities

with respect to other space missions as AKARI [11], Herschel [45], Planck [46] and JWST

[47]. The wavelength range of the telescope is defined as the interval 5-210 µm, which
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Figure 2.1: Artist’s impression of the SPICA spacecraft. Courtesy of ESA.

is the range of operation of the entire mission. For diffraction limited performance, the

angular resolution is given by a telescope optics equivalent to 1.22 λ/D. SPICA, with a

3.5 m telescope cryogenically cooled below 5 K, will overcome the sensitivity limitation of

Herschel in the far infrared region by two orders of magnitude, and will have the possibility

to observe the entire MIR-FIR range with a single facility.

2.1.1 SAFARI: Challenging Requirements

The SAFARI instrument on SPICA will exploit the capability of MIR-FIR imaging spec-

troscopy and photometry to study the processes that drive galaxies formation and evo-

lution. SAFARI will be able to cover the full 34-210 µm band and, thanks to its broad

instantaneous spectral coverage and high sensitivity, it will be two orders of magnitude

faster than Herschel-PACS [48] to obtain a deep spectrum of comparable resolution. The

instrument will be composed of three different sub-systems, each one working on an oc-

tave bandwidth (fmin:fmax=1:2). The required sensitivity (given by the Noise Equivalent

Power, NEP, see Sec. 2.2.3 for the definition) has to be of the order of 10−19 W/
√

Hz; if

this is achieved, the instrument will be limited in sensitivity only by the natural photon

background. The pixel spacing will be Fλ/2, value dictated by the critical image sampling.

The total number of pixels will be of the order of 6000, with a pixel pitch of approximately

2.5 mm. One of the challenges of this project can be easily seen in this parameter, the

number of pixels that is much greater than the one for the Herschel-PACS camera.
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2.1.2 Collaboration between TNO and SRON

TNO (Netherlands Organization for Applied Scientific Research) and SRON (Netherlands

Institute for Space Research) have cooperated at the design of an instrument able to satisfy

the challenging required characteristics for the space instrument SAFARI, the European

contribution to the Japanese space telescope SPICA. On the 23rd of June 2010 an interna-

tional evaluation committee has selected TES as infrared detector line for SAFARI. This

choice has been driven only by the higher technological readiness level of TES that will

ensure a higher reliability for the mission. As a matter of fact the KID (Kinetic Induc-

tance Detector) technology is still young, although extremely promising and with a much

simpler architecture than TES. Future imaging instruments will be at least as demanding

as SAFARI, and KIDs will be the leader technology between the detectors. This is the

reason why we have focused the attention of this thesis on KIDs.

2.2 Kinetic Inductance Detector

Kinetic Inductance Detector (KID) has been firstly investigated at the group of Zmuidzinas

in Caltech, California [32]. This amazing device has been successfully used for applications

below 700 GHz [49, 50]. KIDs are realized on superconducting metals, which keep the

superconducting state for frequencies below the gap frequency. For certain kind of mate-

rials, like niobium, this value is very high and allows us to cover completely the range of

frequencies of the particular application. In these conditions, if the feeding lines of the an-

tenna are realized by this material, losses along the lines do not occur and all the detected

power can be exploited by the sensor. It is crucial to understand a few basics about the

subject, before proceeding with the detailed description of the detector, especially to help

the reader not familiar with superconductors.

2.2.1 Notes on Superconductivity

Superconductivity was discovered between 1908 and 1911 by Heike Kamerlingh Onnes, a

Dutch physicist, in his laboratory at the Leiden University [51], Fig. 2.2.

In 1972 Bardeen, Cooper and Schrieffer received the Nobel Prize for the microscopic the-

ory of superconductivity [52, 53] (called after their names BCS theory), which explains at

microscopic level, in a complete and rigorous way, the observed properties of superconduc-

tors (as the perfect diamagnetism, i.e. the active expulsion of the magnetic field - the so

called Meissner-Ochsenfeld effect [54], - the exponential electronic specific heat variation,
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Figure 2.2: H. K. Onnes (on the right) and his chief technician G. Flim at the Kamerling Onnes’s Leiden
laboratory, around 1911. Courtesy of Leiden Institute of Physics.

the disappearance of electrical resistivity [53]). Below a certain temperature Tc (the critical

temperature), proper of every superconductors, the metal shows the properties of a super-

conductor, while, suddenly above Tc, the behavior changes to the one of a normal metal.

Therefore, it is possible to say that superconductivity is a thermodynamic phase. When

the temperature of the metal is far below the superconducting transition temperature Tc,

the electrons are bounded in couples, called Cooper pairs [55]. The binding energy of the

Cooper pairs is 2∆ ≈ 3.5kBTc and this value stays close to ∆(0) (the binding energy for

T = 0), for T ¿ Tc.

Whereas for superconductors the resistance is zero for a DC current, for an AC current there

is a nonzero impedance, which gives rise to a complex surface impedance Zs = Rs + jωLs.

Rs is the surface resistance and it is due to excess of electrons that are not paired in couples,

and that cause losses; these electrons are called quasi-particles. The thermal density of

quasi-particles excitation is given by [56]

nqp(T ) = 2N0

√
2πkBT∆(0)e−∆(0)/kBT , (2.1)

where N0 is the single-spin electron density of states at the Fermi energy of the metal,

kB is the Boltzmann’s constant and T the temperature in Kelvin. The reactive energy

that flows between the superconductor and an electromagnetic field applied close to the

superconductor surface gives rise to the kinetic inductance ωLs.

An intuitive explanation of the electrodynamic response of a superconductor, valid for

frequencies far below the frequency gap, can be found in the two-fluid model [57, 58],

which makes the assumption that the response of the metal is the sum of the responses

of the superconducting fluid and of the normal state. According to this model, the total

density of free electrons is the sum of the density of superconducting electrons ns and
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the density of the normal electrons nn: n = ns + nn. At T = 0, the total density is

equal to ns, while it goes to nn when increasing the temperature up to Tc. As for the

Drude theory (see App. A), in the two-fluid model, the conductivity is a complex quantity

(σ = σ1 − jσ2) and the real (σ1) and imaginary (σ2) part represent the normal and super

fluid, respectively [59]. As in the classical theory of normal metals, it is possible to define

the normal fluid skin depth from σ1 as

δnf =

√
2

µ0ωσ1

, (2.2)

where µ0 is the vacuum permeability (4π×10−7 Henry/m) and ω is the angular frequency.

In a similar manner, it is possible to define, from the imaginary part of the conductivity

σ2, a superconducting magnetic penetration depth λp as

λp =

√
1

µ0ωσ2

. (2.3)

Both quantities are measured in meters. The magnetic penetration depth is the distance

inside the surface of the superconductor over which an external magnetic field decays of

1/e of its initial value.

The two-fluid model is a very useful tool to understand the behavior of a superconductor

without knowledge of quantum mechanics. However, a complete expression for the complex

conductivity of a superconductor, valid not only for frequencies far below the frequency

gap, is given by the Mattis-Bardeen theory [60]. According to this theory, the real part of

the conductivity is

σ1

σN

=
2

~ω

∫ ∞

∆

dε
[f(ε)− f(ε + ~ω)](ε2 + ∆2 + ~ωε)√

ε2 −∆2
√

(ε + ~ω)2 −∆2
. (2.4)

that in the limit kBT ¿ ∆(0), ~ω ¿ ∆(0) simplifies [61] to

σ1

σN

≈ 2∆(T )

~ω

[
e−∆(0)/kBT K0(~ω/2kBT )[2 sinh(~ω/2kBT )]

]
. (2.5)

In these expressions σN is the normal state conductivity, f(ε) = 1/(eε/kBT +1) is the Fermi

function, kB is the Boltzmann’s constant, T is temperature in Kelvin, K0(x) is a modified

Bessel function [62], and ~ is the reduced Plank’s constant (h, Plank’s constant divided by

2π).

Similarly, the expression of the imaginary part of the conductivity is

σ2

σN

=
1

~ω

∫ ∆

∆−~ω
dε

[1− 2f(ε + ~ω)](ε2 + ∆2 + ~ωε)√
∆2 − ε2

√
(ε + ~ω)2 −∆2

. (2.6)
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If kBT ¿ ∆(0), ~ω ¿ ∆(0), (2.6) reduces to

σ2

σN

≈ π∆(T )

~ω

[
1− 2e−∆(0)/kBT e−~ω/2kBT I0(~ω/2kBT )

]
, (2.7)

where I0(x) is a modified Bessel function [62].

A superconductor is characterized by three length scales. The magnetic penetration depth

has been already mentioned. The mean free path le (the average distance covered by a

moving particle between successive collisions) and the coherence length ξ (intuitively the

spatial size of the Cooper pairs) are the other two important characteristic parameters in

defining the behavior of a superconductor. The maximum spatial extent of the pairs, the

coherence length, is ξ = ~vf/π∆(0) for clean materials. In the previous expression vF is

the Fermi’s velocity.

For different values of the three characteristic lengths, different situations at the limit can

be identified; in these cases the description of the behavior of the superconductor can be

simplified. The superconductor electrodynamic response to a magnetic field is said to be

local, when the coherence length is much shorter than the magnetic penetration depth

(ξ ¿ λp). This means that the electromagnetic field does not change much within the size

of a Cooper pair. On the other hand, when the magnetic penetration depth is much less

than the coherence length (λp ¿ ξ), a clean film (le À ξ) superconductor is in the extreme

anomalous limit (the field rapidly decays within the size of a Cooper pair), the response is

non-local. For disordered (dirty) films, the mean free path is much less than the coherence

length (le ¿ ξ), then, if the response of the superconductor is local (i.e. ξ ¿ λp), the

superconductor is said to be in the dirty limit. In these two situations at the limit, it is

possible to carry out from Mattis-Bardeen equations [60] a simple expression that links the

surface impedance of the superconductor Zs with the complex conductivity σ.

In the dirty local limit, for an arbitrary thickness t of the metal, the expression of Zs [63]

is

Zs =

√
jωµ0

σ1 − jσ2

coth
( t

λp

√
1 + j

σ1

σ2

)
, (2.8)

(2.8) will be recalled later in Ch. 4, in the case of thick films, for the understanding of a

particular phenomenon, which is related to the KID plus antenna system.

In the extreme anomalous limit, the expression of the surface impedance Zs [61, 64] is

Zs =
j
√

3ωµ0

2

[
3πω

4vF λ2
p

σ2+jσ1

σN

]−1/3

. (2.9)
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Figure 2.3: Microphotograph of Kinetic Inductance Detector coupled to a through line. Courtesy of SRON.

2.2.2 The Detection Mechanism

As said previously, the focus of this thesis has been on the interaction between the antenna

and the KID detector in a single-pixel configuration or in an array environment. The basic

working mechanism of the KID should be understood to grasp the meaning of certain

choices that have driven the research of this thesis.

The KID exploits the Cooper-pair breaking mechanism induced by THz photons absorption

to detect the incoming THz radiation [61,65,66]. This kind of detector is very sensitive and

easy to arrange into an array configuration, which extremely simplifies the read out line

chain. It will be shown how challenging the design is because of unconventional behavior

of the antenna plus the detector system (Chs. 4 and 5). This detector can reach very high

sensitivity, with Noise Equivalent Power, NEP (for the definition see Sec. 2.2.3), of the

order of 10−19 W/
√

Hz or lower, being in this way sufficient for most applications [67].

A single-pixel narrow-band prototype has demonstrated how sensitive this device can be,

see Ch. 3.

The measured NEP for this prototype was 0.5× 10−18 W/
√

Hz. This very high sensitivity

can be reached thanks to the superconductive nature of the material on which the KIDs

are realized. The system is cryogenically kept below the critical temperature of the metal

to reach the superconducting state. The phenomenon of Cooper-pair breaking by means

of incoming THz radiation (when the radiation frequency is higher than the gap frequency

of the metal, hf > 2∆) is exploited to sense the radiation itself. The microscopic effect of

creation of quasi-particles is amplified in order to be read, by means of a resonating circuit.

This is essentially a meandering coplanar waveguide (CPW), coupled to a CPW through

line. The meandering line is designed to resonate at a specific GHz frequency (usually with

a resonance frequency in the range of 4-8 GHz), for which it has the length of a quarter

wavelength. The transmittance S21 of the through line shows a dip in correspondence of the
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resonance frequency. The radiation that propagates along the KID breaks Cooper pairs,

changing their density, which is linked to the propagation constant and the characteristic

impedance of the line. This means that a change in the Cooper-pair density is translated

to a change of the resonance frequency of the resonator. This variation can be easily seen

in the frequency behaviour of the S21 parameter of the through line, whose dip shifts to

lower frequencies and becomes shallower and broader (see Fig. 2.4). The quality factor of

the resonating structures can reach values over 106, allowing resolving changes of a part per

million. An antenna is used to enhance the coupling between the THz radiation and the

KID. A slot antenna, which is easily fed by a CPW line, is the best choice. Different slot

antenna feeds have been investigated by the author and they will be shown in Ch. 3. A more

detailed explanation of the effects of the THz-photon radiation on the physical properties of

the superconducting line, and its influence on the electromagnetic characteristic quantities

of the superconducting line, will be given in Secs. 4.2.2 and 4.2.3.

A very attractive feature of the KID is that it is naturally suited to be used in an array

configuration (see Fig. 2.5). In fact, by coupling different KIDs on the same through line

and sizing the lengths of the resonators slightly differently, frequency multiplexing can

be achieved: each KID resonates at a different frequency, which can be easily identified

depending on the length of the resonator line. Thus, thousands of pixels can be placed on

the same through line, which extremely simplifies the readout system.

Figure 2.6 shows a homodyne scheme, which explains how direct detection can be obtained.

The signal from a microwave source is divided by a power splitter; the direct signal and

the signal through the sample - in our case the input signal for the through line coupled

to the resonator (the KID) in the cryostat - are mixed in a frequency quadrature mixer.

The frequencies of the local oscillator and of the RF signal are essentially the same. In this

case, the device is used to read phase differences. Let us imagine having an input signal

in the mixer that is a cosine function

v1(t) = cos(2πf0t + φ0) , (2.10)

where f0 is the frequency of the source and φ0 its initial phase. When the detector is

illuminated with a THz source, the signal at the output of the cryostat differs from the

signal of Eq. (2.10) in phase by a value ∆φ and has an amplitude A:

v2(t) = A cos(2πf0t + φ0 + ∆φ) . (2.11)

Using the addition and subtraction formulas for cosine functions, and opportunely filtering

after the quadrature mixer, it is possible to derive the variations in the Re{S21} and

Im{S21}, which are due to the THz power absorbed into the KID.
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Figure 2.4: Detection principle of the KID. In the figure at the top on the left-hand side, photons break
Cooper pairs in a superconductor, creating quasi-particles. This is true if hf>2∆. By making the su-
perconductor part of a resonant circuit, it is possible to read changes in the complex surface impedance
of the superconductor, due to radiation absorption, as a change in microwave transmission. A schematic
circuit, representing the KID, is depicted in the figure at the top on the right-hand side, and its response
is reported in the figure at the bottom, where the continuous line represents the equilibrium situation and
the dashed line the one after photon absorption.

2.2.3 Noise Equivalent Power

The Noise Equivalent Power (NEP) is the measure of the sensitivity of a detector. It is

the minimum amount of power that a detector can measure in one second. The lower this

value is, the more sensitive is the device. The requirement of SPICA for this parameter

is a NEP∼ 10−19 W/
√

Hz. In [68] a comparison between the sensitivities achieved by

different space science missions are reported. The requirements for SPICA are extremely

demanding, up to three orders higher in sensitivity than for previous missions.

The NEP is defined as the signal power that a system must have in input to have in output
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Figure 2.5: Microphotograph of an array of KIDs with in-line X-slot antenna (see Ch. 3 for the antenna
design). Courtesy of SRON.

Figure 2.6: Homodyne detection scheme for a KID.
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a unitary signal-to-noise ratio (S/N) in a bandwidth of one Hertz.

Let us try to give an intuitive derivation of the NEP from known quantities. We can

schematically represent the detector as a generic system with input signal P and output

signal F. F will be either the amplitude or the phase of the S21 parameter of the microwave

through line the resonator is coupled to. It is clear at this point that the variation of this

parameter depends on the incoming power, therefore F = F (P ). We can say that

F = F (P ) ≈ F (0) +
dF

dP
P . (2.12)

When P = 0, no radiation is impinging on the structure. The deviation of F from F (0),

which is the value of the output due to the background noise, depends on the amount of

power P that hits the structure, weighted by the responsivity of the device dF
dP

. Consider

now an ideal system that does not introduce any noise (background limited system, F (0) =

0). We compute the Noise Equivalent Power due to the background noise N by considering

this one as input at the detector:

F (N) ≈ dF

dP
N . (2.13)

Therefore, the NEP is

NEP = N ≈ F (N)
dF
dP

. (2.14)

This means that it is possible to measure the NEP by just measuring the output signal,

obtained in absence of the desired signal, and the responsivity of the system. A more

rigorous derivation of the NEP can be found in [66].
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Chapter 3

Single Cell Design

3.1 Introduction

In this chapter the attention is focused on the single antenna element of the focal plane

array. For sub-millimeter wave applications, integrated lens antennas are the most suited

antennas owing to their focusing properties and to the simple fabrication techniques also for

array configurations. Lens antennas are made of dielectric and they can have an elliptical

or quasi-elliptical profile: in the first case, they are obtained by the rotation of an ellipse

around its major axis; in the second case, a dielectric hemisphere is glued on the top of

a substrate with the same dielectric constant and height h (if h = R/n, where R is the

radius of the hemisphere and n =
√

εr is the index of refraction of the lens, the lens is

called hyperhemispherical). A feed element is placed at the second focus of the ellipse, in

such a way that the radiation emerging from it will be focused toward broadside direction

with higher directivity. We have designed different feeds1 and a detailed explanation of

them can be found in this chapter.

First, integrated lens antennas properties will be summarized. Then, a narrow-band design

for a single pixel antenna-coupled KID will be described, together with measurements of

a prototype working at 675 GHz. Moreover, several broadband designs will be described.

Some of these antennas are more suited to satisfy SPICA requirements [38], because of

their bandwidth (an octave) and because they are designed to exploit at the best the

sensor performance.

1In the microphotographs of the different antennas, light areas indicate the metal and dark areas
indicate where the bare substrate is exposed.
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3.2 Integrated Dielectric Lenses

The focal-plane array of SPICA [38] will host around six thousands THz sensors (pixel

elements) to achieve a spatial resolution higher than the state of the art instruments.

Integrated lens antennas seem a very good solution for the single-pixel element. They have

been extensively studied in the past (see [40,41,69–80]) and their properties are well known.

An antenna etched between two different substrates (let assume for the sake of simplicity

that one side is air) will radiate most of its power into the denser dielectric; the higher the

dielectric contrast, the higher the amount of power that will flow on the dielectric side.

Thick substrates suffer from power loss because of the propagation of substrate modes, i.e.,

from a ray tracing point of view, rays emerging from the antenna and impinging at the

dielectric-air interface with an angle above the critical angle are completely reflected back

and they start traveling along the substrate. This results into a loss of radiation efficiency

and high coupling between adjacent elements of the array. In the microwave regime, the

most commonly adopted solution is to integrate the antenna on a membrane on very thin

substrates; in this way the antenna radiates like it was in free space and does not suffer

from substrate mode losses [81]. Certainly, this solution requires a proper design of the

feed to avoid very low front to back ratio (i.e., the ratio between the power that goes into

the dielectric divided by the power that flows into air). At THz frequencies, this solution

is impractical, due to reduced thickness of the substrate that leads to an extreme fragility

of the structure.

Since the main advantage to use integrated lens is their ability to focus the radiation

emerging from the feed toward broadside direction, for sub-millimeter wave applications

this solution is preferable. For a lens with an elementary slot antenna in the focus, the front-

to-back ratio is ε
3/2
r and for an elementary dipole is εr, where εr is the relative dielectric

constant of the lens. Moreover, integrated lens antennas have good thermal stability and

mechanical rigidity.

The most suited shape for a lens is an ellipsoidal shape, cut orthogonally to the major

axis, at the height of the second focus, where the antenna feed will be placed. All the

rays emerging from this point and impinging above a certain angle are focused parallel

to broadside direction, see Fig. 3.1. Elliptical lenses also couple well to a Gaussian beam

at its minimum waist (typically the incoming wave for these kinds of applications can be

represented as a Gaussian beam).

Other typical shapes used for integrated lenses are hemispherical or hyperhemispheri-

cal. An hyperhemispherical lens is a dielectric cylinder of radius R and extension length

h = R/
√

εr with on top an hemisphere of radius R. The hyperhemispherical lens is actually
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Figure 3.1: Elliptical lens ray tracing. Rays impinging above the dashed section are focused broadside,
while the ones impinging below are refracted in different directions.

Figure 3.2: Microphotograph of flies eye lens array on antenna coupled KID array in monolithic fabrication.
Courtesy of SRON.

very easy to integrate into an array. The detectors and the antennas can be placed on a

membrane, the substrate thickness can be chosen as the extension length and hemispher-

ical lenses, made of the same dielectric of the substrate, can be glued on the top of the

substrate. At THz frequencies, the lenses can be monolithically microfabricated, removing

photolitographically parts of dielectric from an opportunely sized substrate, see Fig. 3.2.

3.3 Narrow Band Prototype

The design described in this section is a narrow-band antenna. The aim of this design is to

prove that the system antenna-coupled KID resonator exhibits the required performance

in terms of sensitivity of the detector. To validate this novel coupling mechanism of an

incoming THz radiation with the KID, a single-pixel prototype has been manufactured.

This has been designed to work at 675 GHz, which is a good compromise between a
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Figure 3.3: Arc twin slot antenna coupled to the KID by a corporate feed line: microphotograph of the
antenna.

Figure 3.4: Return loss of the twin arc-slot antenna.

high enough frequency to demonstrate feasibility in the THz regime and the possibility to

realize the prototype with optical lithography (the prototype has been realized and the

measurement campaign has been carried out at the laboratory of SRON, the Netherlands

Institute for Space Research).

The antenna is a twin arc-slot antenna, [82–84]. Slots are easily fed by the CPW line

constituting the detector (in this way the antenna and the sensor can be realized on the

same chip, with a clear advantage for the implementation) and the arc shape allows to

have rotationally symmetric patterns, which can efficiently illuminate a lens. The two
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Figure 3.5: For the reconstruction of the pattern, the THz source is moved in different horizontal and
vertical directions (along x and y, respectively) over the lens antenna, which looks toward the outside of
the cooler through a window.

slots are fed by CPW lines, connected in parallel, which results in a 50 Ω characteristic

impedance line (the slots and the lines of the corporate feed line have an impedance of 100

Ω). Fig. 3.3 shows the through line, at the bottom of the picture, the resonating (at GHz

frequencies) quarter wavelength CPW line, and the twin arc-slot antenna that couples the

THz radiation to the detector. The impedance bandwidth is of the order of 20%. Fig. 3.4

shows the simulated return loss for an antenna designed at the central frequency of 675

GHz. The external radius of the slots is 49.8 µm and the internal is 40.4 µm.

3.3.1 Measurements

For the optical test, a dielectric elliptic lens antenna has been glued on the antenna-

coupled KID device and this system has been placed in a sample holder. To reach the

superconducting state, the temperature has to be lower than the critical temperature of
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Figure 3.6: The cryostat is kept at 300 mK and has an optical access for a 675 GHz wave source. Courtesy
of SRON.

the metal [85]. Therefore, the sample holder has been placed in a cryogenic cooler and was

kept at 300 mK.

(a) Optical window and sam-
ple holder.

(b) Sample holder.

Figure 3.7: Measurements setup details. Courtesy of SRON.

Specifically, the KID has been realized on a 150 nm thick tantalum with silicon substrate.

The sample holder is placed such that the dielectric lens is pointing toward a coupling

window, cut on the side wall of the cooler. In this way, the power from a black-body

radiator, acting as known THz wave power source, can enter the sample holder and couple

to the lens. Then, the incoming radiation source has been shifted in horizontal and vertical
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(a) Lens plus chip. (b) Sample holder bottom.

Figure 3.8: Measurements setup details. Courtesy of SRON.

Figure 3.9: Measurements of the co-polar component of the twin arc-slot antenna plus lens system.

directions within the window (see Fig. 3.5), so that over time the field sensed at subsequent

positions can be recorded by storing the phase variations of the S21 response in the GHz

range of the through line, coupled to the KID. The relevant measurement setup is shown

in Figures 3.6 to 3.8.

Figures 3.9 and 3.10 show the measured co-polar and cross-polar responsivity components,

respectively, of the twin arc-slot antenna coupled to the KID. Good agreement between

simulations and measurements is found, including in the simulations also a particular

incoherent absorption mechanism that will be treated in details in Ch. 4. The measured

NEP (see Sec. 2.2.3 for the definition) of the KID plus antenna system is 0.5×10−18W/
√

Hz,

which is a very good result and proves the sensitivity of the device.
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Figure 3.10: Measurements of the cross-polar component of the twin arc-slot antenna plus lens system.

Figure 3.11: Microphotograph of air bridges on the CPW line feeding the antenna. Courtesy of SRON.

In order to improve the quality of the patterns, i.e., to avoid spurious radiation, mostly

arising from the odd mode contribution in the CPW lines, air bridges have been imple-

mented, as shown in Fig. 3.11. Eventually, the introduction of the air bridges led to a

better radiation patterns at 675 GHz; nevertheless, the odd mode, captured by the an-

tenna, contributes to the working principle of the detector as an incoherent additional

term; together with other contributions, due to the particular feed line configuration, it

will determine an enlargement and lowering of the maximum of the co-polar component,

and an increasing of the cross-polar component of the angular sensitivity of the detector,

as it will be explained deeply in Ch. 4.
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3.4 Broad Band Design

In this section, different kinds of broadband feed elements are described. Like for the

narrow band design, all these antennas are slot-based, because in this way they can be

easily positioned on the same chip of the KID resonator. First, arrays of connected slots

will be introduced as a very good solution for imaging applications at lower frequency.

Then, a standard X-slot antenna and its optimization, the in-line X-slot antenna, will be

described.

Antennas, which can provide dual-linear polarization, [86], or decade bandwidth anten-

nas with higher optical coupling, [87, 88], would be the future optimal solutions. Great

expectations are entrusted in the Leaky Lens antenna, [36]. This antenna, by exploiting

a traveling wave radiation mechanism, can achieve very good performances in terms of

phase center stability, bandwidth (over a decade), circular symmetry of the patterns. The

basic concept is that a slot antenna, of width ws and very long in terms of the wavelength,

printed on a ground plane, kept at a short distance h from a dielectric lens, fed at the

center, supports an outgoing wave that slowly leaks power into the lens, thus exciting only

the upper portion of the lens, which effectively increases the efficiency of the lens. The

Leaky Lens could be the ideal lens antenna to be integrated into a focal plane array. It has

not been realized yet, because of budget and time reasons. The realization of the antenna

up to 1 THz can be done without any particular effort, whereas the implementation at

higher frequencies would be more complex, but still possible, [89].

3.4.1 Connected Slots

A potential candidate for imaging purposes below 700 GHz is an array of connected slots,

[90]. This design has been implemented in several experiments of JPL, [49, 50]. This kind

of antennas is very efficient in terms of bandwidth (it can easily cover an octave) and

directivity (due to the array factor). Nevertheless, in the JPL experiments, the frequency

of operation was 350 GHz and this allowed the use of Niobium (a superconductor whose gap

frequency is around 700 GHz) for the feeding line, which avoids an absorption mechanism

that is proper of corporate feeding line in conjunction with KID resonator. This mechanism

will be described in details in Ch. 4 and Ch. 5 and several problems related to the use of

connected slot arrays for imaging applications, where an higher operational frequency is

required, have been identified.

In this section, the design of a 2x2 array of connected slots is reported (see Fig. 3.12). The

two slots constituting the antenna are 24 mm long and are designed to work in the scaled
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Figure 3.12: View of connected slot antenna with feeding line and air bridges.

Figure 3.13: Reflection coefficient of the 2x2 connected slot array.

frequency range 2÷ 4 GHz. The two slots are 1.5 mm in width and are oriented along the

x-axis. Their distance in y is 6.8 mm, which is the maximum possible distance to avoid

grating lobes in the y-z plane. The period of the array along the x axis is 5.2 mm, which

has been chosen as a good compromise between the arising of grating lobes, which would

eventually have occurred if the two feeds were too far in x, and the onset of the leaky wave

radiation mechanism, if the feeds were too close, [91, 92].

The input impedance of each antenna feed has a resistance of 75 Ω. The antenna with

the feed line has an impedance matching over a bandwidth of an octave, allowing 20%

mismatch efficiency (this mismatch is due to the air bridges along the line, the antenna

itself has a bandwidth broader than an octave), as it is possible to see in Fig. 3.13. The real

and imaginary part of the active impedance are reported in Fig. 3.14(a) and Fig. 3.14(b),

respectively.

The primary radiation patterns for different frequencies in the two main cut planes are

reported in Fig. 3.15, whereas the secondary radiation patterns are shown in Figs. 3.16
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(a) Real part of the impedance. (b) Imaginary part of the impedance.

Figure 3.14: Active Impedance of the 2x2 connected slot array.

(a) Co-polar component in the H-plane. (b) Co-polar component in the E-plane.

Figure 3.15: H-plane and E-plane primary patterns of the 2x2 connected slot array.

to 3.18. For the latter, the level of the cross-polar components is at least −17 dB below

the co-polar component levels for every frequency in the E-plane and −21 dB in the H-

plane. The side-lobe level is below −11 dB over the entire bandwidth.

These patterns are obtained considering the antenna placed in the second focus of a silicon

elliptical lens (a = 438.5 mm and b = 459.6 mm).
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Figure 3.16: Secondary patterns in the H-plane of a 2x2 connected slot antenna. A silicon elliptical lens
(axis a = 10λd and b = 10.45λd) has been considered.

Figure 3.17: Secondary patterns in the D-plane (φ = 45◦) of a 2x2 connected slot antenna. A silicon
elliptical lens (axis a = 10λd and b = 10.45λd) has been considered.

Feeding Line

Particular attention has been dedicated to the feeding line. The more natural way to feed

the structure is to use coplanar waveguides (CPW), so that the incoming signal can be

directly coupled to the KID resonator. Since the antenna is a 2x2 array, it is necessary to

use a 1:4 power divider network with identical path lengths from the feed point to each

element. The choice of the characteristic impedance of the CPW lines has been limited

to the range between 50 Ω and 80 Ω, due to manufacturing limitations for the minimum

width size of the slots and due to the parasitic radiation that interferes with the radiation
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Figure 3.18: Secondary patterns in the E-plane of a 2x2 connected slot antenna. A silicon elliptical lens
(axis a = 10λd and b = 10.45λd) has been considered.

from the slots, increasing the mutual coupling and the cross-polarization of the array.

These aspects, together with the intrinsic long length of these lines that results in high

insertion loss, constitute a big disadvantage of this kind of feeding line. On the other hand,

the choice has been made because of their simplicity in manufacturing, their broad band

behavior and their capability to be easily integrated with other devices (with KIDs in this

application). Details of the feeding line can be seen in Fig. 3.12.

To suppress the radiation from the CPW odd modes, air bridges, opportunely sized and

spaced, have been designed. The line at the feeding point has a 70 Ω impedance.

3.4.2 Standard X-slot

In this section, an alternative antenna feed for a single-pixel imaging system is reported.

The antenna is essentially a double slot antenna [40,93], whose arms are squeezed in order to

create a single feeding point. The reason for this choice is to avoid the effect of enlargement

of the pattern due to incoherent absorption in a corporate feeding line, operating above the

frequency gap. This effect will be explained in detail in Ch. 4. Differently from the double

slot antenna, whose bandwidth is around 15%, the total bandwidth of the standard X-slot

is an octave. This design satisfies the requirement for each of the three different sub-bands

of the final instrument that will be on board of the satellite for the SPICA mission [38].

The design of the single cell of the array was carried out by means of a commercial tool [94]

and its optimized parameters are shown in Fig. 3.19.

In this design, implemented at lower frequency (10÷ 20 GHz), the X-slot is fed by a CPW
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Figure 3.19: Standard X-slot dimensions (the frequency band is 10÷20 GHz).

Figure 3.20: Reflection coefficient of the X-slot antenna.

line, whose characteristic impedance is 50 Ω. The innovative aspect of this design is the

X shape that is very well suited for CPW feeding lines, avoiding long horizontal slots of

the feeding line, whose radiation ruins the overall performance of the antenna. The slots

cross to form an X-shape, but the slope between the arms of the cross is slight, so that the

cross-polarization level is still low enough to not degrade the antenna performance; a good

rotational symmetry of the far field pattern is achieved. Each slot is tapered, to gradually

guide the signal from the CPW to the radiating slots.

The reflection coefficient, and the real and imaginary part of the self impedance are re-
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(a) Real part of the self impedance. (b) Imaginary part of the self impedance.

Figure 3.21: Self Impedance of the X-slot antenna.

(a) Co-polar component in the H-plane. (b) Co-polar component in the E-plane.

Figure 3.22: H-plane and E-plane primary patterns of the standard X-slot antenna.

ported in Figs. 3.20, 3.21(a) and 3.21(b), respectively. The simulations show that this

antenna can be used over an octave bandwidth (10 ÷ 20 GHz for the current design).

The radiation patterns of the antenna etched between two half-infinite dielectrics (air and

silicon) are reported in Fig. 3.22 for different frequencies in the H and E planes. The

secondary radiation patterns are shown in Figs. 3.23, 3.24, 3.25. These patterns are ob-
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Figure 3.23: Secondary patterns in the H-plane of a standard X-Slot antenna. A silicon elliptical lens (axis
a = 10λd and b = 10.45λd) has been considered.

Figure 3.24: Secondary patterns in the D-plane (φ = 45◦) of a standard X-Slot antenna. A silicon elliptical
lens (axis a = 10λd and b = 10.45λd) has been considered.

tained considering the standard X-Slot placed in the second focus of an elliptical silicon

lens (a = 125 mm and b = 131 mm). The level of the cross-polar components is −13 dB

below the co-polar component in the diagonal plane (φ = 45◦), whereas it is always lower

in the other cases (for every frequency and in the other planes). The sidelobes level is

below −11 dB over the entire bandwidth. The cross-polar component in the E-plane is not

reported because it is negligible.
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Figure 3.25: Secondary patterns in the E-plane of a standard X-Slot antenna. A silicon elliptical lens (axis
a = 10λd and b = 10.45λd) has been considered.

3.4.3 In-line X-slot

The design proposed in this section is essentially a modification of the standard X-slot

(see Sec. 3.4.2) with the intent of more efficiently exploiting the radiation collected by

the antenna as source of energy to break Cooper pairs. The X-slot has been positioned

at an intermediate point (”in-line”) of the KID resonator (see Fig. 3.26). This choice

overcomes the problem occurring with the antenna of the previous design located at the

end of the transmission line, i.e., that a large number of quasi-particles diffuses into the

ground plane, rather than interacting with the resonator line. Instead, with the in-line

X-slot, (if the line, on the side where it is terminated by a short circuit, is long enough

that no reflected power interacts with the antenna), all the THz power can be exploited for

breaking Cooper pairs. This results in an increase of the total responsivity of the detector.

The equivalent transmission line circuits of the standard X-slot (Sec. 3.4.2) and of the

in-line X-slot are given in Fig. 3.27, at the top and at the bottom, respectively.

The antenna element is represented by its Norton equivalent circuit (with current source I

and impedance Za). In the case of the shorted transmission line (Fig. 3.27, top), the serial

connection of the short circuit and the transmission line, terminated on its characteristic

impedance Z0, results in a circuit where the element is loaded by Z0: the optimum power

transfer is obtained for Z∗
a = Z0. The doubly extended CPW line (Fig. 3.27, bottom)

results in a series circuit of two impedances Z0. This is true if we suppose that the line

closed by the short circuit is long enough that no significant power is reflected at the end

of the line. In this case, we can approximate the load with the characteristic impedance

Z0. The optimum power transfer is now obtained for Z∗
a = 2Z0. Simulating the antenna
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Figure 3.26: Microphotograph of the Kinetic Inductance Detector coupled to the in-line X-slot antenna.
In the inset a zoom of the antenna. Courtesy of SRON.

Figure 3.27: Equivalent transmission line circuit of the standard X-slot (top) and the in-line X-slot with
the segment AA′-BB′ longer than the diffusion length (bottom).

with the CPW line substituted by its equivalent circuit (lumped ports in the center of

the antenna) by means of a commercial tool, [94], we obtain the reflection coefficient at

its terminal as shown in Fig. 3.28. As theoretically predicted from the above reasoning,

we used an input port with an impedance of 100 Ω (for a CPW line with characteristic

impedance of 50 Ω). Fig. 3.29 shows the radiation pattern in the H-plane. This is computed

including the presence of a silicon elliptical lens of minor axis a = 0.58 mm and major axis

b = 0.61 mm. The lens has a flange whose height is 0.5 mm.

This standard design approach should, actually, be revised by taking into account the

presence of the two lines and material losses. To check the matching of the antenna in
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Figure 3.28: Theoretical S parameter of the in-line X-slot designed at central frequency of 1.55 THz.

Figure 3.29: Radiation patterns in the H-plane, after an elliptical lens (in the inset), of the in-line X-slot
designed at central frequency of 1.55 THz.

this case, the antenna has been treated as symmetrically fed by two waveguide ports. To

excite the CPW line even mode, the input signals have been chosen of equal amplitude and

opposite phase. Let us assume to represent the X-slot antenna coupled to the two CPWs

as a two-port device characterized by a scattering matrix S.

Assuming an even mode at the input ports, we have a1 = −a2 = a, where ai and bi

are the incident and reflected normalized wave amplitudes at the i-th port, respectively.

Furthermore, for the symmetry of the antenna, we have b1 = −b2 = (S11 − S12)a and,

the radiated power is equal to Prad = (1 − |S11 − S12|2)|a|2. Therefore, to maximize the

power radiated by the antenna, the quantity |Saeq|2 = |S11 − S12|2 should be minimized.
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Figure 3.30: Equivalent S parameter and radiated power for the in-line X-slot at 1.55 THz.

Figure 3.31: Equivalent S parameter and radiated power for the optimized in-line X-slot at 1.55 THz.

The quantity Saeq represents an equivalent S parameter at the antenna port that takes

into account the fact that there are two ports feeding the antenna. Fig. 3.30 shows the

equivalent S parameter and the radiated power for the in-line X-slot antenna working at

1.55 THz.

In this in-line configuration the matching of the X-slot cannot be considered sufficient for

the application in mind (at least -10 dB matching over an octave bandwidth). To obtain

higher performance in terms of bandwidth, an optimization of the structure, taking into

account the presence of the lines, should be performed relying on the previous guidelines

for the computation of the equivalent S parameter. The optimized in-line X-slot equivalent

S parameter and radiated power are shown in Fig. 3.31. The optimization of the design
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Figure 3.32: Optimized in-line X-slot antenna dimensions (at the central frequency f=1.55 THz).

(a) Co-polar component in the H-plane. (b) Co-polar component in the E-plane.

Figure 3.33: H-plane and E-plane primary patterns of the in-line X-slot antenna.

has been obtained by slightly changing the length and the width of the slots so that a more

gradual transition from the lines to the antenna was obtained, avoiding in this way sharp

discontinuities (see Fig. 3.32).

The radiation patterns, computed with the hypothesis of the antenna etched between

two half-infinite dielectrics, maintain their symmetry over a bandwidth of an octave (see

Fig. 3.33). Even if the matching results are sufficient for higher frequencies, the correspond-

ing radiation patterns will be degraded and unsuited for properly illuminating a lens. The

secondary patterns of the optimized antenna are shown in Figs. 3.34, 3.35, 3.36 for different

frequencies. A silicon elliptical lens with axes a = 0.58656 mm and b = 0.61335 mm has
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Figure 3.34: Radiation patterns in the H-plane after an elliptical lens (axis a = 10λd and b = 10.45λd) of
the optimized in-line X-slot.

Figure 3.35: Radiation patterns in the D-plane (φ = 45◦), after an elliptical lens (axis a = 10λd and
b = 10.45λd), of the optimized in-line X-slot.

been used.

3.4.4 Gain and efficiencies of the broadband antennas

The maximum gain of the proposed broadband antennas in transmission has been com-

puted over the operational frequency band. The values for the feeds etched between two

half-infinite dielectric media (air and silicon) are listed in the table 3.1, whereas the values

for the feed plus lens system are reported in the table 3.2. In Figs. 3.37(a) and 3.37(b) the
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Figure 3.36: Radiation patterns in the E-plane after an elliptical lens (axis a = 10λd and b = 10.45λd) of
the optimized in-line X-slot.

Table 3.1: Gain of the different broadband feed antennas.``````````````̀GMAX [dB]
f

f0 1.5 f0 2 f0

Standard X-Slot 5.04 6.67 7.42
Inline X-Slot 4.45 6.01 8.37
Connected Slot Array 5.91 8.51 8.39

values of different efficiencies for an array of connected slots and an X-slot antenna, respec-

tively, feeding a true elliptical silicon lens, are reported. As it is possible to see, the array

of connected slots has a transmission efficiency ηtr of around 55-65% over the bandwidth,

whereas for the X-slot antenna this value is lower (around 40-45%). The cross-polarization

efficiency ηx of the array of connected slots is around 95 % over the bandwidth, whereas it

is around 85% for the X-slot antenna (this lower value is due to the slightly sloped arms of

the antenna). The feed efficiency (defined as ηfeed = 1− |S11|2) of the array of connected

Table 3.2: Gain of the different broadband antennas plus lens.``````````````̀GMAX [dB]
f

f0 1.5 f0 2 f0

Standard X-Slot 27.80 29.58 32.06
Inline X-Slot 25.42 26.61 28.04
Connected Slot Array 30.84 33.51 35.13
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(a) Efficiencies of the array of connected slots. (b) Efficiencies of the X-slot antenna.

Figure 3.37: Efficiencies of the different broadband feed antennas.

slots is lower than the one of the X-slot antenna, because in the first case also the feed

line is included in the calculation. The illumination or taper efficiency ηi is 80-85% for the

array of connected slots, whereas it is 70-80% for the X-slot antenna. The total efficiency

(ηa = ηfeedηxηtrηi) is around 25% for the X-slot antenna and around 40% for the array of

connected slots.

3.5 Conclusion

In this chapter, the main concepts of lens antennas have been recalled to better understand

different types of feeds for integrated lens antennas, also proposed here. These antennas

are suited for focal plane array imaging. Some results on a narrow-band prototype (the

twin arc-slot antenna) have been shown. The good agreement between measurements

and simulations, although some discrepancies that will be explained in Ch. 4, proved the

sensitivity and the efficiency of the single element antenna-coupled KID.

Several broadband designs have also been described. Among these the in-line X-slot an-

tenna showed very good performance both in terms of bandwidth (an octave) and quasi-

particle efficiency (almost twice larger than the one of a standard antenna placed at the

end of the line). This solution is very suited for KID sensors, since the design has been

optimized, taking into account the interaction of the antenna with the detector.



Chapter 4

Power Absorption in Multiple Feed

Points Antennas coupled to KID

4.1 Introduction

In Ch. 3 different types of antenna feed for the single pixel cell have been described. In

both the cases of narrow band or broad band elements, the antenna can be an array, whose

elements are fed in parallel by means of a corporate feed line (e.g. twin arc-slots antenna,

connected arrays). In particular for this last example, the very broad bandwidth and the

ease in the realization would make them good candidates for a final design. For the narrow-

band prototype, unexpected effects were noticed during the measurement campaign in [95]

and, therefore, this led to a deeper investigation on a particular effect that involves multiple

feed point antennas coupled to KID.

In classical telecommunication applications, the field captured by each array element is

summed up coherently in the feeding network. In the case of KID, due to the particular

working mechanism of the detector, the absorption of THz radiation in the corporate

feed network affects the angular sensitivity of the device. Thus, incoherent and coherent

contributions are present. This results in a lowering of the responsivity of the detector and

a broadening of the array responsivity pattern. This effect has been pointed out in [96],

where a preliminary intuitive explanation of it was proposed (see App. D). In this chapter

a more accurate analysis of the phenomenon is carried out, leading to a link between the

physics of the device and its electromagnetic properties. Furthermore, the influence on the

radiation pattern of the CPW odd mode, although in presence of air bridges that should

prevent its excitation, is discussed.
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4.2 Effect of the THz-Photon Absorption on the Prop-

agation Constant

The radiation at THz frequencies, absorbed by the superconducting line forming the mi-

crowave resonator, changes the characteristic parameters of the line and in particular the

propagation constant. Therefore, by knowing a relation between the propagation constant

and the physical properties of the superconductor constituting the lines, it is possible to

derive the THz power impinging on the device.

Specifically, the resonator consists of a superconducting coplanar waveguide (CPW), where

electrons are condensed in a macroscopic quantum state, formed by paired electrons:

Cooper pairs. Since the energy needed to break a Cooper pair is smaller than the en-

ergy of a photon in the THz frequency range (hf > 2∆, where h is the Plank’s constant, f

is the frequency of the incoming radiation and 2∆ is the binding energy of a Cooper pair),

the photons associated to the absorbed THz radiation are able to break these pairs into

quasi-particle excitations, subsequently modifying the superconducting properties of the

CPW. This results in a slight deviation of the CPW kinetic inductance, and consequently

in a modification of the waveguide propagation constant, which produces an appreciable

shift in the resonant frequency of the device. This change can be measured by detecting

the shift of the resonant frequency induced in the transmittance S21 of the through line

the KID is coupled to. In the case of antennas fed by corporate feed lines, the absorption

in these lines contributes to the detection mechanism with incoherent contributions (the

signals captured by each antenna are weighted by the antenna-element patterns and not by

the array pattern). The latter contributions sum up to the coherent contribution, which is

due to the absorption in the line constituting the KID itself.

In the following we will consider only the variation of the propagation constant, since

the variation of the characteristic impedance due to the absorbed THz power does not

significantly affect the resonance frequency of the KID.

4.2.1 Propagation Constant of the Superconducting Line

The expression of the propagation constant as a function of the physical characteristic of

the superconducting line will be derived. Once this expression is known, the dependence

of the propagation constant on the THz-photon absorbed by the line can be written. It

is extremely important to find these relations to predict the behavior of the antenna that

receives the THz signals.

Let us derive the expression of the propagation constant by computing the equivalent
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Figure 4.1: Lumped-element equivalent circuit for an incremental length of superconducting transmission
line.

inductance Leq and the equivalent capacitance Ceq of a short piece of length ∆z of a super-

conducting transmission line (schematically represented as two-wire line). The elementary

segment of the line can be represented with an equivalent circuit with lumped elements. It

can be modeled as in Fig. 4.1, where we are assuming that there is no loss associated to the

finite conductivity of the material and no dielectric loss in the material between the conduc-

tors (the standard series resistance and the standard shunt conductance are negligible and,

therefore, they are not considered for this application). Lex represents the standard total

self inductance of the two conductors and Cex represents the standard shunt capacitance

due to close proximity of the two conductors [97] (the subscript ex stands for external).

The magnetic field in the conductor is usually non zero (due to loss for normal metal or

to the magnetic penetration in the case of superconductors). This field contributes to an

additional complex impedance, which is called the kinetic impedance (per unit length),

Zk = Rk + jXk. The real part and imaginary part of this impedance (per unit length) are

Rk and Xk = ωLk, respectively.

Lk, namely the internal inductance, is called kinetic inductance, because it is associated to

the time-average kinetic energy 〈Fk〉 of the current carriers (electrons) used in the process

of generating the current I in the circuit. The expression for this energy is

〈Fk〉 = 〈
∫

V

n
mv2

2
dV 〉 =

1

4
Lk|I|2 , (4.1)

where n is the density of the electrons, m is the mass of the electron and v is the superfluid

drift velocity. The integration is carried out over the volume of the conductor. Therefore,

with simple algebraic manipulations, and recalling the relation between the product of

time-averaged functions and their respective phasors 〈f(t)g(t)〉 = 1/2 Re{F (ω)G∗(ω)}, we

can write the kinetic inductance of a superconductor as

Lk =
4〈Fk〉
|I|2 = Λ

∫

V

|Js|2
|I|2 dV , (4.2)
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where Js is the phasor of the supercurrent density j
¯s

= nev
¯
, Λ = m/(ne2) and the integral

is over the entire volume of the superconductor [85]. The rest of the analysis will be

performed in phasor notation, supposing to work with signals whose time dependence is of

the kind ejωt. This factor is suppressed in all the terms.

By looking at the Fig. 4.1, let us derive the equivalent capacitance Ceq and the equivalent

inductance Leq of the line; the latter takes into account the series of two inductances, Lex

and Lk, and of the resistance Rk of the superconducting line. They are defined as follows

jωLeq = jω(Lex + Lk) + Rk ,

−jωCeq = −jωCex . (4.3)

So with a few algebraic manipulations and recalling that ωCex = kex/Zex and ωLex = kexZex,

we can write the expression of the propagation constant as

k2 = ω2LeqCeq = kex

(
kex − j

Zk

Zex

)
, (4.4)

where kex and Zex are the propagation constant and the characteristic impedance, respec-

tively, of a perfect conducting line having the same geometry of the line under analysis.

The kinetic impedance Zk is proportional to the surface impedance Zs by a factor g that

depends on the geometrical characteristic of the line (i.e., Zk = g Zs). Values of g for a

coplanar waveguide (CPW) are given in [98,99]. Thus, the change in the surface impedance

with respect to the THz power in the line is mirrored in the kinetic impedance.

In the following section the attention will be focused on how the surface impedance is

related to the conductivity of the superconductor and, through this, to the absorbed THz

power.

4.2.2 Effect of the THz-Photon Radiation on the Physical Prop-

erties of the Superconducting Line

The conductivity in a superconductor is a complex quantity, [85, 100]. In a two-fluid

model [101], the real part of the conductivity, σ1, describes the normal fluid properties,

while the imaginary part, σ2, describes the response of the normal super-fluid. In the local

limit, for dirty limit thick films, the surface impedance can be expressed as function of the

complex conductivity [63] as

Zs = Rs + jωLs =

√
jωµ0

σ1 − jσ2

. (4.5)
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Since for a superconductor at low temperature σ1 ¿ σ2, we can link the real and imaginary

part of the surface impedance to the conductivity as

Rs ' √
ωµ0 · σ1

2
· (σ2)

− 3
2 (4.6)

ωLs ' √
ωµ0 · (σ2)

− 1
2 . (4.7)

Therefore, the variations of the surface resistance Rs and of the surface inductance Ls with

respect to the variation of σ2 are

δRs

Rs

= −3

2

δσ2

σ2

,
δLs

Ls

= −1

2

δσ2

σ2

. (4.8)

The quantity δσ2/σ2 can be related to the variation of the density of quasi-particles, nqp,

starting from the expression of the imaginary part of the conductivity

σ2 = ns
e2

mω
= (n− nqp)

e2

mω
, (4.9)

where e and m are the charge and the mass of the electron, respectively, ω is the angular

frequency, and ns is the Cooper-pair density for a fixed temperature. This last quantity

is the difference between the total density of particles n and the density of quasi-particles,

nqp. Taking the derivative with respect to nqp, we find

δσ2

σ2

= −δnqp

ns

= − δnqp

N0∆
, (4.10)

where N0∆ is the density of Cooper pairs.

In applications where the photon’s energy is too low or the count rate is too high to

count individual photons, the absorption of steady stream of low energy (at mm/sub-mm

wavelengths) photons will raise the steady-state quasi-particle density nqp by an amount

[61]

δnqp =
ηP̄THzτqp

∆
, (4.11)

where

• η is the efficiency with which the photon energy is converted to quasi-particles (η '
0.57, [102]),

• τqp is the quasi-particle lifetime (τqp = 4.38× 10−7 s for Aluminum and τqp = 1.78×
10−9 s for Tantalum),

• 2∆ is the Cooper-pair binding energy (2∆ = 3.5kBTc, where kB is the Boltzmann’s

constant and Tc is the critical temperature; Tc is equal to 4.39 K for the used Tanta-

lum)
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• P̄THz is the THz volume power density absorbed.

Thus, by inserting (4.11) in (4.10) we obtain

δσ2

σ2

= −2γ̄P̄THz , (4.12)

where γ̄ = ητqp/(2N0∆
2). Replacing (4.12) in (4.6) and (4.7), the variation of the surface

impedance with the absorbed THz power is straightforward.

4.2.3 Effect of the THz-Photon Radiation on the Electromag-

netic Characteristic Quantities of the Superconducting Line

In this section we derive the expression of the propagation constant as function of the THz

power impinging on the superconducting transmission line. In Sec. 4.2.2, the variation

of the surface resistance Rs and of the surface inductance Ls has been expressed with

respect to the variation of the imaginary part of the conductivity of the superconductor,

σ2. Recalling that Zk = gZs, where g is a geometry factor of the considered transmission

line, the change in the kinetic impedance with respect to the THz power impinging on the

line can be derived with the following steps:

Zk(PTHz(z)) = Zk(0) + δZk(PTHz(z)) = g

(
Zs(0) + δZs(PTHz(z))

)
=

= g

(
Rs(0) + δRs

)
+ jωg

(
Ls(0) + δLs

)
=

= gZs(0) + g

(
−3

2

δσ2

σ2

Rs(0)− j
ω

2

δσ2

σ2

Ls(0)

)
=

= gZs(0)− g

2

(
3Rs(0)− jωLs(0)

)
δσ2

σ2

=

= gZs(0)− g

2
Z̄s(0)

δσ2

σ2

, (4.13)

where we define

Z̄s(0) = 3Rs(0) + jωLs(0). (4.14)

Note that Zs(0), Rs(0), Ls(0) are relevant to the case when no THz radiation is imping-

ing on the structure. We can write the variation of the imaginary part of the complex

conductivity of the superconductor as function of the THz power in the line as in (4.12).
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Figure 4.2: Elementary volume of CPW.

We remind here that P̄THz is the average power density absorbed (dissipated) in the unit

volume. Furthermore, if the line under analysis is a CPW, P̄THz can be expressed in terms

of the THz power PTHz(z) flowing in a cross-section of the CPW by

γ̄P̄THz = γPTHz(z), (4.15)

where

γ = γ̄
α

ad

gc

gc + gg

. (4.16)

In the expression (4.16), α is the attenuation constant of the line at THz, d is the thickness

and 2a is the width of the core of the CPW line (see Fig. 4.2); the quantities gc and gg

are the geometry factors, [98, 99], relative to the center strip and to the ground plane,

respectively, of the CPW. The derivation of γ can be done by means of standard procedure

for the evaluation of the attenuation constant in typical microwave guiding structure, [97].

Let us consider that the power per unit length dissipated in the infinitesimal volume of

CPW (Fig. 4.2) is

Pd

∆z
=

PTHz(z0)− PTHz(z0 + dz)

∆z
' − d

dz
PTHz(z)

∣∣∣∣∣
z=z0

, (4.17)

where PTHz(z) is the power flowing through the cross-section of the CPW.

Since PTHz(z) = PTHz(z0)e
−2α(z−z0), then

Pd

∆z
= 2αPTHz(z0). (4.18)

Furthermore,

Pd =

∫∫

S

P̄THzdS∆z, (4.19)

where S is the cross-section of the CPW, and since we can consider the power flowing in

the core of the CPW as uniform for a specific z, then

Pd = P̄THz

∫∫

S

dS∆z = P̄THz2ad
gc + gg

gc

∆z, (4.20)
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where the factor (gg + gc)/gc takes into account that part of the power diffuses also into

the lateral ground plane. Therefore, we can derive P̄THz as a function of the power flowing

into the cross-section of the CPW as follows

P̄THz =
Pd

∆z

1

2ad

gc

gc + gg

= 2α
1

2ad

gc

gc + gg

PTHz(z). (4.21)

Substituting (4.12) in (4.13), and considering the expression (4.21), we finally obtain

Zk(PTHz(z)) = Zk(0)

(
1 +

Z̄s(0)

Zs(0)
γPTHz(z)

)
. (4.22)

We can write how the propagation constant changes with respect to the incoming THz

radiation, substituting in (4.4) the expression (4.22) of Zk, i.e.,

k2(PTHz(z)) = k2
ex − j

kex

Zex

(
Zk(0)

(
1 +

Z̄s(0)

Zs(0)
γPTHz(z)

))

=

(
k2

ex − j
kexZk(0)

Zex

)
− j

kex

Zex

Zk(0)
Z̄s(0)

Zs(0)
γPTHz(z).

(4.23)

We define the following quantities:

k2(0) = k2
ex − j

kexZk(0)

Zex

(4.24)

∆2k = −j
kex

Zex

Zk(0)
Z̄s(0)

Zs(0)
γ , (4.25)

so that we can rewrite the propagation constant along the line as function of PTHz(z) as

k2(PTHz) = k2(0) + ∆2kPTHz(z). (4.26)

By taking the square root of (4.26), it is possible to derive the variation of the propagation

constant with respect to the impinging THz power; it is clear that the propagation constant

changes with the THz power along the line as

k[PTHz(z)] = k(0)
√

1 + 2χPTHz(z) ' k(0) {1 + χPTHz(z)} , (4.27)

where

χ =
1

2

[
∆k

k(0)

]2

. (4.28)

In (4.27) we have considered χPTHz ¿ 1, which is a good approximation for typical ap-

plications, whereas k(0) represents the propagation constant that is present when no THz

radiation is absorbed in the superconducting resonator.
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4.2.4 Variation of the Resonator Input Impedance Versus the

Absorbed THz Power

KID detectors are microwave quarter-wave resonators with an open end at one side of

the line (the one that couples to the through line) and a shorted end at the other side,

where a THz antenna is placed. Since the KID resonator operates at a very low frequency

(e.g. f ∈ (4, 6) GHz), when compared to the incoming THz radiation, the geometrical

perturbation of the antenna can be neglected. However, since the THz surface density

power changes along the CPW, (4.27) shows that the resonator is not uniform, and that

its impedance satisfies the following nonlinear Riccati differential equation

dZ(z)

dz
= −j

k [PTHz(z)]

R0

(Z2(z)−R2
0) , (4.29)

where R0 is the characteristic impedance of the microwave line. If we denote the normalized

CPW impedance as u(z) = Z(z)/R0, we can express the solution of (4.29) as [103,104]

u(z) = tanh

{
atanh [u(0)] + j

∫ z

0

k [PTHz(z
′)] dz′

}
, (4.30)

where u(0) is the normalized impedance of the CPW in z = 0, where the antenna is located

(see appendix B).

4.3 Two Elements Array

To demonstrate the pattern broadening effect that occurs when the combiner network is

integrated to the superconducting resonator, let us consider the simple array geometry

of Fig. 4.3a, and its schematic representation of Fig. 4.3b. Let us consider a corporate

feed line (Fig. 4.3b) with two identical branches of length L1, feeding an array of two

perfectly matched antennas. The characteristic impedance of the lines is R1 in the THz

frequency band of interest. We assume that V0 and V1 are the voltages induced on the open-

circuit terminals of the antennas at section AA′ and CC ′, respectively. In this section, the

expression of the power as a function of the position along the line will be computed. The

equivalent transmission line of the two branches corporate feed line is shown in Fig. 4.4.

We want to evaluate the powers absorbed in the two branches of the line (AA′-BB′ and

CC ′-BB′) and the power absorbed in the common line (BB′-DD′). In general, the signals

received by the two antennas in the array, V0 and V1, are different. Therefore, the power

flowing in the lines AA′-BB′ and CC ′-BB′ is not the same. Solving the transmission line

problem, by applying the superposition principle, we turn off the two voltage sources of
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a
x

a
y

(a) (b)

Figure 4.3: (a) Arc twin slot antenna coupled to the KID by a corporate feed line: microphotograph of
the antenna. The antenna is realized on Tantalum and it is cooled at 300 mK. It has 20% bandwidth
around 675 GHz. The external radius of the slots is 49.8 µm and the internal is 40.4 µm. Each slot is fed
with R1 = 100 Ω coplanar waveguide. At the junction the impedance of the line becomes R0 = 50 Ω. (b)
Schematic representation.

Figure 4.4: Equivalent transmission line associated to a two elements array with corporate feed line.

the equivalent transmission line circuit, one at the time, and we replace them by a short

circuit. Thus, the total voltage as a function of z is the sum of the voltages along the line,

found by considering each of the two voltage sources excited individually:

Vtot(z) = V0(z) + V1(z) . (4.31)

4.3.1 Power along the lines AA′-BB′ and CC ′-BB′

We will focus first on the branch AA′-BB′. Let us turn off V1 to compute V0(z). The equiv-

alent transmission line becomes as shown in Fig. 4.5. R0 and R1, characteristic impedances

of the common line BB′-DD′ and of both lines AA′-BB′ and CC ′-BB′, respectively, are
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Figure 4.5: Equivalent transmission line when V1 is turned off.

Figure 4.6: Equivalent circuit when V1 is off.

connected in parallel. Therefore, the resulting impedance ZBB′ at the section BB′ is

ZBB′ =
R0R1

R0 + R1

. (4.32)

The reflection coefficient at the same section is

ΓBB′ =
ZBB′ −R1

ZBB′ + R1

=
−R1

2R0 + R1

. (4.33)

This implies that the reflection coefficient at the section AA′ (at a distance L1 from the

section BB′) is:

ΓAA′ = ΓBB′e
−2jk1L1 . (4.34)

The impedance at section AA′ (ZAA′) is written as function of the reflection coefficient

evaluated at the same section as

ZAA′ = R1
1 + ΓAA′

1− ΓAA′
. (4.35)

We can simplify the circuit as shown in Fig. 4.6; then, the current at the section AA′ is

IAA′ =
V0

R1 + ZAA′
(4.36)

and the voltage is

VAA′ = ZAA′IAA′ . (4.37)



58 4. Power Absorption in Multiple Feed Points Antennas coupled to KID

Figure 4.7: Equivalent circuit when V0 is off.

Figure 4.8: Equivalent circuit when V0 is off.

Therefore, the voltage associated with the progressive wave along the line is

V 0
+ =

VAA′

1 + ΓAA′
e−jk1L1 . (4.38)

Thus, we can write the voltage V0(z), excited along the line when only the source V0 is

turned on as

V0(z) = V 0
+ejk1z(1 + ΓBB′e

−2jk1z) , (4.39)

where ΓBB′ is the reflection coefficient at the section BB′, as in (4.33).

Let us now turn off the voltage source V0; we obtain the equivalent circuits as in Figs. 4.7

and 4.8. VBB′ is the voltage at the section BB′:

VBB′ = V1(z)z=0 = V 1
+ · (1 + ΓBB′) , (4.40)

where V 1
+ is the voltage associated to the progressive wave along the line BB′-CC ′ as in

Fig. 4.7.
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Since in the segment AA′-BB′ there is no reflection at the end of the line, because the load

is perfectly matched, we can write VBB′ as (see Fig. 4.8)

VBB′ = V ′(z′)z′=L1 = V ′
+ejk1L1 . (4.41)

Thus, the expression for the term V ′
+ is

V ′
+ = VBB′e

−jk1L1 = V 1
+(1 + ΓBB′)e

−jk1L1 , (4.42)

then

V1(z
′) = V ′

+ejk1z′ = V 1
+(1 + ΓBB′)e

−jk1L1ejk1z′ , (4.43)

where z′ = L1 − z.

As stated above, the total voltage along the line between the sections AA′ and BB′ is the

sum of the two contributions V0(z) and V1(z). We can write the expressions of the total

voltage V AA′−BB′
tot and of the total current IAA′−BB′

tot as follows

V AA′−BB′
tot (z) = V 0

+ejk1z(1 + ΓBB′e
−j2k1z) + V 1

+e−jk1z(1 + ΓBB′) , (4.44)

IAA′−BB′
tot (z) =

V 0
+

R1

ejk1z(1− ΓBB′e
−j2k1z)− V 1

+

R1

e−jk1z(1 + ΓBB′) . (4.45)

The equivalent circuits obtained turning off the two voltage sources are identical except

for the voltage source amplitude and phase. Let us rewrite the expressions of V g
+, with

g = (0, 1), in a more convenient way,

V g
+ =

VAA′

1 + ΓAA′
e−jk1L1 =

ZAA′IAA′

1 + ΓAA′
e−jk1L1

=
ZAA′

1 + ΓAA′

Vg

R1 + ZAA′
e−jk1L1 , (4.46)

where g = (0, 1) for the Vg and V g
+. Given the expression of ZAA′ (4.35), the expression

above becomes

V g
+ =

R1

1− ΓAA′

Vg

R1 + ZAA′
e−jk1L1 . (4.47)

Since
R1

R1 + ZAA′
=

1− ΓAA′

2
, (4.48)

we obtain

V g
+ =

Vg

2
e−jk1L1 . (4.49)

We can now rewrite the expressions of the total voltage and the total current as a function

of the input voltage signals V0 and V1 as follows
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V AA′−BB′
tot (z) =

V0

2
e−jk1(L1−z)(1 + ΓBB′e

−j2k1z) +
V1

2
e−jk1(L1+z)(1 + ΓBB′) (4.50)

IAA′−BB′
tot (z) =

V0

2R1

e−jk1(L1−z)(1− ΓBB′e
−j2k1z)− V1

2R1

e−jk1(L1+z)(1 + ΓBB′) .(4.51)

Let us define

χ =
V 1

+

V 0
+

=
V1

V0

. (4.52)

The total voltage becomes

V AA′−BB′
tot (z) = V 0

+ejk1z(1 + Γ0(0)e−2jk1z) ,

IAA′−BB′
tot (z) =

V 0
+

R1

ejk1z(1− Γ0(0)e−2jk1z) , (4.53)

where

Γ0(0) = ΓBB′ + χ(1 + ΓBB′) . (4.54)

The power absorbed in the section AA′-BB′ is therefore

PAA′−BB′(z) =
1

2

|V 0
+|2

R1

e2α1z(1− |Γ0(0)|2e−4α1z)

=
1

8

|V0|2
R1

e2α1(L1−z)(1− |Γ0(0)|2e−4α1z) .

(4.55)

Similarly, we can compute the power absorbed in the section CC ′-BB′ as follows

PCC′−BB′(z) =
1

8

|V1|2
R1

e2α1(L1−z)(1− |Γ1(0)|2e−4α1z) , (4.56)

where

Γ1(0) = ΓBB′ +
1

χ
(1 + ΓBB′) . (4.57)

In (4.55) and (4.56), α1 = −Im {k1} is the imaginary part of the propagation constant

associated to the THz wave. We would like to stress that at THz frequencies the CPW

metal is no longer superconducting, but the system is still cooled. Thus, the attenuation

constant α1 can be calculated as in [105] by considering a metal conductivity at the system

temperature.
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Figure 4.9: Equivalent circuit of the common line of the corporate feed line.

4.3.2 Power along the line BB′-DD′

At this point we have to compute the power absorbed in the common line of the corporate

feed line (section BB′-DD′, Fig. 4.9). The input voltage is

V BB′
tot = V AA′−BB′

tot (z)

∣∣∣∣
z=0

=
V0

2
e−jk1L1 [1 + Γ0(0)] . (4.58)

Since the line can be considered as closed on a matched load, we can write

V
′′
(L2) = V BB′

tot =
(
V
′′
+ejk2z

′′) ∣∣∣∣
z
′′
=L2

. (4.59)

Therefore, the term V
′′
+ is

V
′′
+ =

V0

2
e−jk2L2e−jk1L1(1 + Γ0(0)) . (4.60)

Finally, the power in the section BB′-DD′ is

PBB′−DD′(z) =
1

8

|V0|2
R0

e−2α2xe−2α1L1|1 + Γ0(0)|2 . (4.61)

where α2 and R0 are the pertinent attenuation constant and characteristic impedance,

respectively.

4.3.3 Computation of the Impedance Variation Along the Lines

Substituting (4.55) and (4.56) in (4.27) and making use of (4.30), we can write the

impedance at the cross section BB′, normalized to the characteristic impedance R02 of
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the microwave line BB′-DD′, as follows

uBB′ =
R01

R02

u0u1

u0 + u1

, (4.62)

where

ui = tanh
{
+jkI(0)(L1 + ∆Li)

}
(4.63)

and

∆Li =
|Vi|2
8R1

χI

2α1

(
1− e−2α1L1

) (
1− |Γi(0)|2e−2α1L1

)
, (4.64)

with i ∈ {0, 1}. Specifically, we remind the reader that the two antennas act as short

circuits at the KID resonator frequency. Furthermore, the superscript I denotes the quan-

tities relevant to the line branches AA′-BB′ and CC ′-BB′, while the superscript II those

relevant to the section BB′-DD′. Thus, the normalized impedance at the cross section

DD′ is

uDD′ = tanh
(
atanh(uBB′) + jkII(0) [L2 + ∆L2]

)
, (4.65)

where L2 is the length of the common part of the feeding line, and

∆L2 =
|V0|2
8R0

χII

2α2

|1 + Γ0(0)|2e−2α1L1
(
1− e−2α2L2

)
. (4.66)

It is worth noting that in equations (4.63) and (4.65) we have used the expressions kI(0) and

kII(0), which are the propagation constants of the lines when no THz radiation impinges

on the structure.

4.3.4 Special Case: Plane Wave Impinging on Identical Antennas

In the case that a plane wave impinges on an array of two identical antennas, located along

the x axis of a Cartesian coordinate system and placed a distance d apart, it is possible

to find a simple analytical expression for (4.65). As a matter of fact, for this case we have

V0 = V e−jγ/2 and V1 = V e+jγ/2, where γ = k0d cos(ψ), with ψ ∈ (0, π) being the angle

between the direction of observation and the xa axis (the reference system is defined in the

inset of Fig. 4.10). By conveniently assuming R1 = 2R0, we can write Γ0(0) = jejγ/2 sin(γ
2
)

and Γ1(0) = Γ∗0(0). Furthermore, supposing, for sake of simplicity, that the junction is

perfectly matched also at microwave range (i.e., R01 = 2R02), the normalized impedance

at the cross section DD′ can be written as follows

uDD′ = tanh
[−j

(
kIL1 + kIIL2

)− j
(
kI∆L1 + kII∆L2

)]
, (4.67)
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with

∆L1 =
|V |2
8R1

χI

2α1

(
1− e−2α1L1

) (
1− sin2(γ/2)e−2α1L1

)
, (4.68)

and

∆L2 =
|V |2
8R1

χII

2α2

2
(
1− e−2α2L2

)
cos2(γ/2)e−2α1L1 . (4.69)

For this special case the responsivity of the KID is directly proportional to the term

kI∆L1 + kII∆L2.

Concerning the contribution kI∆L1 (incoherent contribution), two terms between paren-

theses can be identified in (4.68). The first one (i.e., 1 − e−2α1L1) takes into account the

break of Cooper pairs due to the THz wave travelling from each antenna to the junction

BB′. The other one (i.e., 1 − sin2(γ/2)e−2α1L1) allows for the unbalanced portion of THz

wave impinging on the junction BB′, and reflected back to the antennas. While the latter

is affected by the phase difference between the THz signals captured by the two antennas,

the former is proportional only to the power density of the impinging plane wave.

The contribution kII∆L2 (coherent contribution) is relevant to the amplitude of THz wave

propagating in the common line BB′–DD′. Looking at (4.69) it is evident that the term

cos(γ/2) is the usual array factor of a two-element array.

It is worth noting that, when the attenuation term e−2α1L1 is negligible, a portion of the

power density of the impinging plane wave is always detected by the KID resonator even if

the THz signals captured by the two antennas are out of phase. This results in a broadening

of the responsivity pattern.

Fig. 4.10 shows the normalized responsivity in the E-plane (i.e., the xaza plane) of the

twin slot antenna sketched in the inset. The distance between the slots is d = λ0/2, where

λ0 is the free-space wavelength at 0.675 THz, and the CPW consists of Tantalum with a

resistivity of 8.4 × 10−8 Ωm at 4K. Four curves are shown in Fig. 4.10. The solid curve

represents the responsivity that we obtain by using the normalized impedance of (4.67). It

is the sum of the two incoherent and coherent contributions of (4.68) and (4.69), respec-

tively, also shown in figure (dashed and dot-dashed lines). Conversely, the dotted curve is

the responsivity that should be measured if the two CPW arms confluent in the junction

BB′ are made by a metal that is a superconductor also at the considered THz frequency

(i.e., the frequency of the impinging THz radiation is below the critical frequency of the

employed metals and we can assume α1L1 ¿ 1). Fig. 4.10 puts in evidence that by using

a combining network working above the gap frequency we not only have a lowering of the

device responsivity, but also a broadening of the pattern.
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Figure 4.10: Normalized responsivity pattern on the xaza–plane for the twin slot antenna shown in the
inset when a plane wave impinges on it. With reference to the layout of Fig. 4.3b the antenna combining
network has L1 = 187.4 µm, L2 = 300 µm, R1 = 100Ω, R0 = 50Ω.

4.3.5 Odd Mode Contribution

Two fundamental modes, called even and odd modes, can propagate in a CPW line. The

odd mode is generally unwanted since it supports an appreciable leaky-wave effect. In fact,

in this case a large portion of the THz wave captured and transformed by the antenna in the

odd mode is radiated back to the dielectric volume. However, also this mode contributes

to the breaking of Cooper pairs and therefore it has to be taken into account for computing

the correct input impedance variation of the KID resonator.

Since the two modes are orthogonal, the THz power absorbed along the lines is simply the

sum of the powers associated with the even and the odd modes. This is true even if the

leakage effect has to be included in the attenuation constant present in the exponentials

of (4.55), (4.56) and (4.61).

In practical applications, to prevent the propagation of the odd mode, several air bridges

are located along the CPW line. As an example, the microphotograph in Fig. 4.11 shows

a magnification of the air bridges present in the device shown in Fig. 4.3a. Thus, for the

odd mode, we can equivalently think that each CPW line is short-circuited at a distance

L1,odd from the relevant slot, with L1,odd << L1. As a consequence, the leakage effect can

be neglected. The total THz power absorbed in the line is the sum of the THz power

associated with each mode as

PTHz(z) = PTHzeven + PTHzodd
. (4.70)
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Figure 4.11: Microphotograph of the air bridges present in the device shown in Fig. 4.3a. (Courtesy of
SRON, Netherlands Institute for Space Research).

Then the expression of the propagation constant as function of the power absorbed is

k[PTHz(z)] ' k(0) {1 + χevenPTHzeven(z) + χoddPTHzodd
(z)} . (4.71)

Integrating the propagation constant to obtain the characteristic impedance along the line,

we obtain that the equivalent length extension ∆Lmn in (4.64), corresponding to the even

mode contribution, is increased by the amount

∆Lmn,odd =
|V odd

i |2
8Rodd

1

χI
odd

2αodd

(
1− e−2αoddL1,odd

)2
, (4.72)

where all the quantities pertain to the odd mode.

The contribution of ∆Lmn,odd is quite small with respect to the corresponding one due to

the even mode, but this can have a significant effect on the measure of the cross-polar

component of the impinging THz wave.

4.4 Arc Twin Slot Antenna: Comparison to Measure-

ments

In the frame of the collaboration between TNO (Netherlands Organization for Applied

Scientific Research) and SRON (Space Research Organization Netherlands) for the in-

vestigation of the technology that would satisfy the requirements for the Japanese deep

space investigation mission SPICA [38], a single-pixel prototype has been realized and

measured [36,95]. The prototype consists of a KID coupled to the twin arc-slot antenna of

Fig. 4.3a where, to increase the sensitivity of the device, the antenna has been located in

the lower focus of a dielectric elliptical lens. (εr = 11.68, a = 1.8 mm, b/a = 1.04577). Air

bridges have been placed along the CPW lines feeding the antenna to prevent odd-mode

radiation. The first air bridge is placed at a distance L1,odd = 31.2 µm from the antenna.
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Table 4.1: Values used to compute the responsivity of the twin arc-slot antenna.
χ
′′
/χ

′
α1 [Np/m] α2 [Np/m] L1 [µm] L2 [µm] Lodd [µm] R1 [Ω] R2 [Ω]

0.603 8000 6000 187.6 6000 31.2 100 50

The responsivity of the system lens plus antenna has been evaluated as in Sec. 4.3, taking

into account also the odd-mode contribution captured directly by the antenna and propa-

gating for a length L1,odd. The interaction between the lens, and the twin arc-slot antenna

has been evaluated by combining Physical Optics with a full-wave analysis of the feed in

transmission mode, [40], carried out with CST Microwave Studio. Table 4.1 shows the

values used for computing the responsivity of the twin arc-slot antenna.

The single element antenna (including a segment of the CPW of length Lodd) receives a field

which excites both even and odd mode in the CPW line (both the radiation captured by

the antenna and the radiation absorbed directly in the CPW line of length Lodd are taken

into account). The difference in amplitude between these two contributions (see Fig. 4.12)

is relatively low and the same level is present in both E and H planes. Therefore, it is

extremely important to take into account also the odd mode contribution, which increases

the incoherent absorption, since it plays an important role in the prediction of the correct

behavior of the antenna, especially for the level of cross-polarization.

(a) E-plane. (b) H-plane.

Figure 4.12: The difference between the even and odd mode contributions is depicted. The grey area
indicates the values of the difference that are smaller than 15 dB.
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Figure 4.13: Comparison to measured pattern in the E-plane for the co-polar component. The patterns
are normalized to the maximum of the co-polar components.

Figs. 4.13 and 4.14 show the co- and the cross-polar responsivity pattern in the principal

E-plane for the frequency of 0.675 THz. In particular, three curves are present in Fig. 4.13:

a solid curve relevant to the measured data; a dashed curve obtained by considering the

incoherent and coherent contributions (i.e., obtained with the procedure described in Sec-

tion 4.3 and normalized to the case when no THz absorption is present); a dotted curve

showing the pattern that should be obtained if no Cooper-pair breaking is present in the

corporate feed arms of the antenna (only coherent contribution).

Figure 4.14: Comparison to measured pattern in the E-plane for the cross-polar component. The patterns
are normalized to the maximum of the respective co-polar components.

In addition to a good agreement between the solid and the dashed curves, we can notice

a broadening of the pattern with respect to the case when only the coherent contribution
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Figure 4.15: Comparison to measured pattern in the H-plane for the co-polar component. The patterns
are normalized to the maximum of the co-polar components.

Figure 4.16: Comparison to measured pattern in the H-plane for the cross-polar component. The patterns
are normalized to the maximum of the respective co-polar components.

is expected (dotted curve). However, the broadening effect is not so evident as in the case

shown in Fig. 4.10. This is due to the presence of the lens that narrows the overall pattern.

Fig. 4.14 shows only the cross-polar responsivity pattern obtained from the measured data

and from the results of the procedure described in Section 4.3. As a matter of fact,

the responsivity pattern associated to the coherent only contribution is zero because of

both the symmetry of the antenna with respect to the xaza plane and the presence of air

bridges, which prevent the odd mode to reach the feed lines junction. Again we obtain

a good agreement between predicted and measured data. It is worth noting that the

measured cross-polar component is associated with the contribution of the THz odd mode

propagating in the short CPW portion between the slot and the first air bridge.
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Fig. 4.15 and Fig. 4.16 show the co- and the cross-polar responsivity pattern in the principal

H-plane for the frequency of 0.675 THz. The curves in each of the two figures represent

the quantities as defined for the E-plane.

In this plane the effect of the broadening for the copolar component is less pronounced than

in the E-plane. The reason for this is due to the symmetry of the antenna (in this plane

only coherent contribution is present). The effect on the cross polarization component is

mainly due to the direct absorption in the feeding lines, therefore, the total effect is similar

in the two planes.

4.5 Conclusion

In this chapter a particular absorption mechanism, which involves antennas fed by corpo-

rate feed lines coupled to Kinetic Inductance Detectors, has been analyzed. This detector

is able to sense an incoming THz signal, exploiting the Cooper-pair breaking due to THz-

photons absorption. In a corporate feed line configuration, the power absorbed in the lines

before the common feed-points breaks Cooper pairs, contributing to the overall detection

mechanism. This results in a lowering of the system responsivity, an enlargement of the

array pattern and in an increase of the cross-polar component. This concept has been

analytically developed and proved by comparison with measurements on a twin arc-slot

antenna. In this particular case, it has been demonstrated that also the other fundamental

mode (the odd mode in the CPW) contributes to break Cooper pairs along the lines and,

therefore, it should be taken into account to predict the angular sensitivity of the system.
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Chapter 5

Power Absorption Mechanism in

Series Antennas coupled to KID

5.1 Introduction

In the previous chapter a particular absorption mechanism proper of superconducting

corporate feed line has been investigated. The use of antennas like array of connected

slots has been successfully implemented by the group of Zmuidzinas at JPL, [49], for an

array antenna working at the central frequency of 350 GHz. The feed line is a corporate

microstrip realized on niobium, whose frequency gap is around 700 GHz; this value is

far above the radiation frequency of the application under analysis. In this condition,

the problem outlined in Ch. 4 is not present, because at 350 GHz the feeding lines are

superconducting and no absorption occurs. Instead, for applications where radiation at

higher frequencies has to be sensed, the system cannot be designed without taking into

account this incoherent absorption effect.

An alternative to the use of an array fed by corporate feed lines is the use of antennas fed

in series by the line that constitute the KID itself. In this chapter, an analysis similar to

the one of Ch. 4 will be performed for these antenna arrays fed in series.

This study aims to investigate the absorption phenomenon also in this kind of structures

to determine in which conditions the antenna system can be optimally used. We will show

that in certain conditions the responsivity of the device can be doubled. Obviously, if

standard integrated dielectric lenses are used as focusing elements, the optical efficiency of

the antenna system decreases and the gain in responsivity of the KID is overall diminished.

Nevertheless, in case the single pixel antenna of the focal plane array is not coupled to a

focusing lens [106] or in the case the shape of the lens is a degree of freedom, the use of an
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array of antennas fed in series could be a good solution to increase the sensitivity of the

device.

5.2 Variation of the Resonator Input Impedance Ver-

sus the Propagation Constant Change

In Ch. 4 the effect of the THz-photon radiation on the electromagnetic characteristic quan-

tities of the superconducting line has been investigated. This study has highlighted the

fact that using an antenna array fed by corporate feed lines can be disadvantageous, when

the gap frequency of the superconductor constituting the lines is below the frequency of

the incoming radiation. In fact, in the case of a twin slot antenna for instance, we observe

a lowering of the device responsivity and also a broadening of the pattern (see Fig. 4.10).

To investigate this phenomenon also for antennas placed in series along the line, let us

reconsider the expression (4.27) of the equivalent propagation constant as a function of

the THz power absorbed in the system, as derived in Ch. 4. All the quantities in this

expression are defined as in 4.24, 4.25 and 4.28.

Since the THz surface power changes along the CPW line of the resonator, the impedance

satisfy a nonlinear Riccati differential equation whose solution [103,104] is as in (4.30).

5.3 Analysis of Antennas in Series

Let us now analyze two antennas placed in series on the same line. In the first place, it

has been shown by the author in [107] (see also Sec. 3.4.3) that placing a single antenna

within the CPW line at a distance long enough that all the power is absorbed in the

line, Fig. 5.1(a), and not at the short circuit of the resonator, almost doubles the quasi-

particle efficiency. In [107] an X-slot antenna with the CPW crossing its body (Fig. 5.2)

has been considered in such a way that the diffusion of the quasi-particles happens on both

sides of the line, effectively contributing to break Cooper pairs and, therefore, to the KID

behaviour. In the case of a standard antenna, placed at the end of the resonator (Fig. 5.3),

part of the captured power flows to the ground plane; this is lost, because it cannot be

sensed within the resonator.

In this chapter we will see that changing the location of the antenna does not modify the

responsivity of the system. Specifically, we analyze the behavior of two identical antennas

placed in series along the line, oriented to receive the same polarization of the incident

wave (Fig. 5.4). We represent the antennas and the KID with the equivalent circuit in
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(a) (b)

Figure 5.1: (a) In-line X-slot antenna and KID; (b) Standard X-slot antenna and KID.

Figure 5.2: In-line X-slot antenna.

Figure 5.3: Standard X-slot antenna.

Fig. 5.5, where the input impedance of the antennas are Z1 and Z2. We will make the

hypothesis that Z1 = Z2 = 2R1, as seen in Ch. 3.

Moreover, we suppose that the line at FF ′ (where it couples to the through line) is ter-

minated by a matched load (this approximation is valid because the length of the KID at

THz frequency is long enough for considering all the power absorbed along the line).

We call dant the distance of the line between the two antennas, L1 and L2 the lengths of

the other two segments of the transmission line, respectively, as shown in Fig. 5.5.

The variation of the impedance along the line is due to the THz power absorbed in the three
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Figure 5.4: Series of two antennas plus KID.

Figure 5.5: Equivalent transmission line circuit of a series of two antennas plus KID.

segments of the resonator line, AA′-BB′, CC ′-DD′ and EE ′-FF ′. Solving the transmission

line problem, we find these contributions, which sum up to the physical length of the line

and determine the variations of the electrical size of the line:

u(FF’) = tanh[jkI
0(L1 + dant + L2 + ∆L1 + ∆dant + ∆L2)] . (5.1)

In the next three sections (Secs. 5.3.1, 5.3.2, 5.3.3), the expressions for ∆L1, ∆L2 and

∆dant will be derived.

5.3.1 Calculation of the Voltage as a Function of the Position

Along the Line

In this section we will solve the transmission-line problem for computing the variation of

the power with respect to the position along a line with two antennas in series; its schematic

circuit can be seen in Fig. 5.5.

The problem can be solved by using the superposition principle, which amounts to con-

sidering the total solution as the sum of the solutions obtained considering each source as
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Figure 5.6: Equivalent circuit to derive the general solution of the transmission line problem of two antennas
in series.

acting individually. To extract the electrical parameters of the circuit shown in Fig. 5.5

we can make use of the basic circuit of Fig. 5.6. As a matter of fact, different sections of

the whole circuit in Fig. 5.5 can be represented by the latter by a proper definition of its

characteristic quantities (Vi, L, ZA and ZB as defined in Fig. 5.6).

The basic circuit can be modeled as a very simple transmission line problem. We can write

the voltage for the generic position z along the line as follows

V (z) = V +
i ejk1z(1 + Γ(0)e−2jk1z) , (5.2)

where V +
i is the is the voltage associated with the progressive wave along the line,

Γ(0) = (ZB −R1)/(ZB + R1) is the reflection coefficient on the load, L is the length of the

line, R1 and k1 are the characteristic impedance and the complex propagation constant of

the line, respectively. The unknown quantity is V +
i . To compute it, let us consider the

voltage at the point z = L, where its value is known and is

V (L) =
Z(L)

Z(L) + ZA

Vi , (5.3)

with

Z(L) = R1
ZB + jR1 tan(k1L)

R1 + jZB tan(k1L)
. (5.4)

Therefore, we can derive the value of V +
i as

V +
i =

V (L)e−jk1L

1 + Γ(0)e−2jk1L
, (5.5)

and, thus, through (5.2), the voltage along the line is known for all z.

In the following sections, the appropriate quantities, which define the general equivalent

circuit, will be derived for each segment of the line, i.e., for the lines AA′-BB′, CC ′-DD′

and EE ′-FF ′.
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Line AA′-BB′

The length of this segment of the line is L = L1.

If we first turn off the voltage source V1, we have

Vi = V0 ,

ZA = Z1 +
−→
Z CC′ ,

ZB = 0 , (5.6)

where

−→
Z CC′ = R1

Z2 + R1 + jR1 tan(k1dant)

R1 + j(Z2 + R1) tan(k1dant)
. (5.7)

The arrow symbol over the impedance means that the result is found looking at the right-

hand side of the circuit. V0(z) can be now derived by using (5.2).

When the voltage source V1 is turned on and source V0 is turned off, we have

Vi = Vth ,

ZA = Zth ,

ZB = 0 , (5.8)

where Zth and Vth are the impedance and the voltage, respectively, of the equivalent

Thevenin circuit at the section BB′ of the circuit in Fig. 5.5, as shown in Fig. 5.7. There-

fore, the expression of ZA is

ZA = Zth = Z1 +
−→
Z CC′ (5.9)

and the expression of the Thevenin voltage is

Vth = Vin cos(k1dant)− jR1I0 sin(k1dant) . (5.10)

In the previous expression, the quantities Vin and I0 are defined as follows

Vin =
Zin

Zin + Z2 + R1

V1 ,

I0 =
V1

Z2 + R1 + Zin

, (5.11)

where

Zin = −jR1 cot(k1dant) . (5.12)

Now, V1(z) can be derived by using (5.2). The sum of V0(z) and V1(z) is the total voltage

along the line AA′-BB′ (in Fig. 5.5) as a function of the position z.
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Figure 5.7: Equivalent Thevenin circuit when the voltage source V0 is turned off.

Line CC ′-DD′

The length of this segment of the line is L = dant.

If the voltage source V0 is turned on and V1 is turned off, we have

Vi = V0 ,

ZA = Z1 + ZBB′ ,

ZB = Z2 + R1 , (5.13)

where

ZBB′ = jR1 tan(k1L1) . (5.14)

V0(z) can be now derived for this segment of the line by using (5.2).

When the voltage source V1 is turned on and V0 is turned off, we have

Vi = V1 ,

ZA = Z2 + R1 ,

ZB = Z1 + ZBB′ . (5.15)

Now, V1(z) can be derived for this segment of the line by using (5.2). The sum of V0(z)

and V1(z) is the total voltage along the line CC ′-DD′ as a function of the position z.
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Line EE ′-FF ′

The length of this segment of the line is L = L2.

When the voltage source V1 is turned on and V0 is turned off, we have

Vi = V1 ,

ZA = Z2 + ZDD′ ,

ZB = R1 , (5.16)

with

ZDD′ = R1

←−
Z CC′ + jR1 tan(k1dant)

R1 + j
←−
Z CC′ tan(k1dant)

, (5.17)

and
←−
Z CC′ is defined as

←−
Z CC′ = Z1 + jR1 tan(k1L1) . (5.18)

The arrow symbol over the impedance means that the result is found looking at the left-

hand side of the circuit. Now, V1(z) can be derived for this segment of the line by us-

ing (5.2).

If the voltage source V0 is turned on and V1 is turned off, we have

Vi = Vth ,

ZA = Zth ,

ZB = R1 , (5.19)

where

ZA = Zth = Z2 + R1

←−
Z CC′ + jR1 tan(k1dant)

R1 + j
←−
Z CC′ tan(k1dant)

(5.20)

and Vth = Vin cos(k1dant) − jR1I0 sin(k1dant). The quantities Vin and I0 are defined as

follows

Vin =
Zin

Zin +
←−
Z CC′

V0 ,

I0 =
V0

Zin +
←−
Z CC′

, (5.21)

where Zin = −jR1 cot(k1dant) and
←−
Z CC′ is defined as in (5.18).

V0(z) can be now derived for the segment of the line EE ′-FF ′ by using (5.2).
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5.3.2 Calculation of the Power on the Line

In the previous sections, the voltages as a function of the position along the line have

been computed for the segments AA′-BB′, CC ′-DD′ and EE ′-FF ′. Starting from their

expressions, after writing the current as a function of z, the power for different positions

along the line can be evaluated for each segment. While for the lines AA′-BB′ and EE ′-

FF ′ the reference system is the same and the expressions of the power have identical forms,

for the segment CC ′-DD′ the reference system, when applying the superposition principle,

changes as in Fig. 5.8. This should be taken into account for the derivation of the power

expression, as it will be shown in this section.

Power along the lines AA′-BB′ and EE ′-FF ′

The expression of the power in the lines AA′-BB′ and EE ′-FF ′ assumes the same form.

Therefore, the generic expression will be considered and the quantities relative to the two

lines will be properly derived.

The total voltage is the sum of the voltages computed with the superposition principle, let

us call it V (z) = V1(z) + V0(z). The same holds for the current I(z) = I1(z) + I0(z). The

power density is

P (z) =
1

2
Re

{
V (z)I∗(z)

}
=

1

2
Re

{
V1(z)I∗1 (z) + V0(z)I∗0 (z) + V1(z)I∗0 (z) + V0(z)I∗1 (z)

}
.

(5.22)

By substituting the results found in the previous section, the first two terms can be written

as follows
1

2
Re

{
Vi(z)I∗i (z)

}
=
|V +

i |2
2R1

e2αz[1− |Γi(0)|2e−4αz] , (5.23)

for i ∈ {0, 1}. In the last expression α is the attenuation constant of the line.

The other two terms can be written as follows

1

2
V1(z)I∗0 (z) =

1

2

V +
1 V +∗

0

R1

e−2αz

(
1 + Γ1(z)− Γ∗0(z)− Γ1(z)Γ∗0(z)

)
(5.24)

and
1

2
V0(z)I∗1 (z) =

1

2

V +
0 V +∗

1

R1

e−2αz

(
1 + Γ0(z)− Γ∗1(z)− Γ∗1(z)Γ0(z)

)
. (5.25)

The sum of these two terms is the sum of:

• two terms that are each other the complex conjugate,
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• and two other terms that are opposite in sign, and are the complex conjugate of each

other.

By using the properties that t + t∗ = 2 Re{t} and q − q∗ = 2j Im{q}, where t and q are

two complex numbers, the sum of the expressions (5.24) and (5.25) becomes

1

2
V1(z)I∗0 (z) +

1

2
V0(z)I∗1 (z) =

=
1

2

e−2αz

R1

[
2 Re

{
V +

1 V +∗
0

(
1− Γ1(z)Γ∗0(z)

)}
+ 2j Im

{
V +

1 V +∗
0

(
Γ1(z)− Γ∗0(z)

)}]
.

(5.26)

Therefore, the power along z, resulting from the sum of the terms (5.23) for i ∈ {0, 1}
and (5.26), is

P (z) =
1

2

e2αz

R1

[
|V +

0 |2
(

1− |Γ0(0)|2e−4αz

)
+ |V +

1 |2
(

1− |Γ1(0)|2e−4αz

)
+

+ 2 Re

{
V +

1 V +∗
0

(
1− Γ1(0)Γ∗0(0)e−4αz

)}]
.

(5.27)

Power along the line CC ′-DD′

As said above, to evaluate properly the power as a function of the position along the

line between the segment CC ′-DD′, the reference system of Fig. 5.8 has to be taken into

account. The total voltage, obtained by applying the superposition principle, is V (z) =

V1(z) + V0(L− z) and, similarly, the current is I(z) = I1(z) + I0(L− z).

The total power is, thus, the sum of four terms as follows

P (z) =
1

2
Re

{
V (z)I∗(z)

}
=

=
1

2

[
Re

{
V1(z)I∗1 (z)

}
+ Re

{
V0(L− z)I∗0 (L− z)

}
+

+ Re

{
V1(z)I∗0 (L− z)

}
+ Re

{
V0(L− z)I∗1 (z)

}]
.

(5.28)

For the first term, the power expression can be easily derived and is
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Figure 5.8: Superposition principle for the central segment of the line.

1

2
Re

{
V1(z)I∗1 (z)

}
=
|V +

1 |2
2R1

e2αz[1− |Γ1(0)|2e−4αz] . (5.29)

Now, let us rewrite the voltage V (L− z) and the current I(L− z) in an equivalent form,

in such a way that the expressions are similar to (5.2). After few algebraic manipulations,

it is possible to find the expression for the voltage

V0(L− z) = V
′′(0)
+ ejk1z

(
1 + Γ

′′
0e
−2jk1z

)
(5.30)

and for the current

I0(L− z) = −V
′′(0)
+

R1

ejk1z

(
1− Γ

′′
0e
−2jk1z

)
, (5.31)
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where we have defined the following quantities

V
′(0)
+ = V +

0 ejk1dant ,

Γ
′
0 = Γ0(0)e−2jk1dant ,

V
′′(0)
+ = Γ

′
0V

′(0)
+ ,

Γ
′′
0 =

V
′(0)
+

V
′′(0)
+

. (5.32)

It is worth noting that the negative sign of the current is due to the fact that in this case

we have a passive sign convention on the source.

Now, we can compute the power expression relative to the other terms of the right-hand

side of (5.28); for the second term we find

1

2
Re

{
V0(L− z)I∗0 (L− z)

}
= −|V

′′(0)
+ |2
2R1

e2αz

(
1− |Γ′′0 |2e−4αz

)
, (5.33)

while for the third term

Re

{
V1(z)I∗0 (L− z)

}
=

= −Re

{
V +

1 V
′′(0)∗
+

R1

e2αz

(
1− Γ1(0)e−2jk1z − Γ

′′∗
0 (0)e2jk∗1z − Γ1(0)Γ

′′∗
0 (0)e−2j(k−k∗)z

)}
,

(5.34)

and for the fourth one

Re

{
V0(L− z)I∗1 (z)

}
=

= Re

{
V +∗

1 V
′′(0)
+

R1

e2αz

(
1− Γ∗1(0)e2jk∗1z − Γ

′′
0(0)e−2jk1z − Γ∗1(0)Γ

′′
0(0)e−2j(k−k∗)z

)}
.

(5.35)

By using again the properties t + t∗ = 2 Re{t} and q − q∗ = 2j Im{q}, where t and q are

two complex numbers, we can write the sum of the terms (5.34) and (5.35) as follows

1

2
Re

{
V1(z)I∗0 (L− z)

}
+

1

2
Re

{
V0(L− z)I∗1 (z)

}
=

=
1

2

e2αz

R1

2 Re

{
V +

1 V
′′(0)∗
+

(
Γ̄
′′∗
0 (z)− Γ1(z)

)}
,

(5.36)
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where Γ̄
′′∗
0 (z) = Γ

′′∗
0 e2jk∗1z.

Thus, for this segment of line the total power as a function of z is the sum of the terms of

the right-hand side of (5.29), (5.33) and (5.36).

5.3.3 Computation of the Impedance Variation Along the Lines

As pointed out in Ch. 4 in Sec. 4.2.4, the variation of the impedance along the line can

be derived by integrating the propagation constant as a function of z. It has been shown

(see (4.27)) that it is proportional to the absorbed THz power. Integrating the power P (z),

therefore, leads to the expression for the propagation constant variation along the line. As

it was shown in the previous section, the expression of the power as a function of z is of

the general form P (z) = Aeaz(1 − Be−bz), where A, a, B and b are positive constants.

Therefore, the solution of the integral appearing in (4.30) is of the form

∫ L

0

P (z)dz =
A

a
(eaL − 1)− AB

(b− a)
(1− e(a−b)L). (5.37)

Lines AA′-BB′ and EE ′-FF ′

Integrating (5.27) between 0 and L1 for the line AA′-BB′ and between 0 and L2 for the

line EE ′-FF ′, we find ∆L1 and ∆L2, respectively

∆Li =
χ

2R1

{
+
|V +

1 |2
2α

[
e2αLi − 1− |Γ1(0)|2(1− e−2αLi)

]
+

+
|V +

0 |2
2α

[
e2αLi − 1− |Γ0(0)|2(1− e−2αLi)

]
+

+
2 Re{V +

1 V +∗
0 }

2α

(
e2αLi − 1

)
+

− 2

2α
Re

{
V +

1 V +∗
0 Γ1(0)Γ∗0(0)

}(
1− e−2αLi

)}
,

(5.38)

for i ∈ {1, 2}.
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Line CC ′-DD′

Integrating between 0 and dant the sum of the terms of the right-hand side of (5.29), (5.33)

and (5.36), we find

∆dant = χ

{
1

2

|V +
1 |2

2αR1

[
e2αdant − 1− |Γ1(0)|2

(
1− e−2αdant

)]
+

−|V
′′(0)
+ |2

2R12α

[(
e2αdant − 1

)
− |Γ′′0 |2

(
1− e−2αdant

)]
+

− 1

R1

Re

{
jV +

1 V
′′(0)∗
+

2β

[
Γ1(0)

(
e−2jβdant − 1

)
+ Γ

′′∗
0

(
e2jβdant − 1

)]}}

(5.39)

5.4 Results

As first case we analyze and compare a single antenna located both within the line

(Fig. 5.1a) and at the end of the line (Fig. 5.1b). The former geometry is a particular

case of the configuration studied in the previous section, when dant = 0, Z2 = 0 and

V2 = 0, whereas for the latter the additional condition L1 = 0 has to be considered. In

this case and in all the following studies, a CPW line with dimensions a = 1 µm and b = 3

µm has been considered (refer to Fig. 4.2 for the definitions of a and b). The impedance of

the line is about 50 Ω, a very common value for actual implementations. The attenuation

constant α of the line is 6× 103 Np/m.

Fig. 5.9 shows the normalized responsivity (the maximum variation of the impedance with

the incoming THz power) of the two configurations, when the impedance of the antennas

satisfies the requirement of maximum transfer of power between the antenna and the line,

and the quasi-particle efficiency is assumed constant.

It is worth noting that, under the last hypothesis, the two configurations produce identical

solutions. Since the quasi-particle efficiency of the in-line antenna is almost twice that

of the standard antenna located at the end of the line, we can conclude that the former

configuration is more effective. In Fig. 5.10 the normalized responsivity of a KID with two

identical antennas in series with the same polarization (Fig. 5.4) is plotted depending on

dant, the length of the line between the two antennas. It is evident that, after a transition

phase, related to lengths of dant shorter than the diffusion length of the quasi-particles,

the system reaches a steady state; at this point the system is twice more responsive than
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Figure 5.9: Comparison between the normalized responsivity of a standard antenna placed at the short
circuit of the resonator and of an in-line antenna.

Figure 5.10: Normalized responsivity versus the length of the line between the two antennas (dant). A
CPW line with dimensions a = 1 µm and b = 3 µm has been considered. The working frequency is 675
GHz.

a single in-line antenna system. This effect can be exploited to increase the responsivity

of the system, properly designing the antennas and choosing the appropriate dant for the

line.

The same analysis has been performed for the case of two antennas with orthogonal po-

larization (Fig. 5.11). The line between the two antennas has been meandered to assure

a length greater than 0.6 mm for which the system has reached the steady state. Since

the incoming wave is in general unknown, we want a system that is able to detect both

polarizations in the same manner. As expected, the responsivity of the system with an-

tennas with different polarizations is almost constant for different polarization angles of
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Figure 5.11: Series of two antennas with orthogonal polarizations plus KID.

the incoming wave; while for an antenna with single polarization, the responsivity has a

maximum, when the incoming wave polarization is perfectly matched to the one of the

antenna, and decreases uniformly to zero when the polarization vector of the incoming

wave changes toward the orthogonal polarization. This can be observed in Fig. 5.12, where

the normalized responsivity has been plotted versus the polarization angle βPOL, both for

a single in-line antenna and for two antennas with orthogonal polarizations.

Figure 5.12: Normalized responsivity versus βPOL, the polarization vector of the incoming plane wave. A
CPW line with dimensions a = 1 µm and b = 3 µm has been considered. The working frequency is 675
GHz.



Chapter 6

Focal Plane Array Modeling

6.1 Introduction

In Ch. 1 and Ch. 2 the need for very large focal plane arrays for satisfying very challenging

requirements of future deep space science missions has been pointed out. Future missions

will host cameras with thousands of pixels, whose high sensitivity will allow astronomers to

obtain very high quality images of the early universe or of star formations. The design of a

focal plane array has to take into account several aspects that will be highlighted in the next

section. In the previous chapters (Ch. 4 and Ch. 5), a particular absorption mechanism

has been investigated. A study of the interaction between the feed in the focus of a lens

antenna and the detector is needed to predict the correct behavior of the antenna plus

KID system. This reason, with the need of the study of the coupling between a Gaussian

beam and a lens antenna (to properly dimensioning the lens) and between adjacent array

pixels, has driven the work reported in this chapter.

6.2 Multi-Beam Imaging

Parallel acquisition is extremely important, especially for astronomy, where the signals,

collected looking at the sky, are extremely weak and the required integration time can be

very long. It is clear since several years that planar detectors, instead of linear scanned

elements, play a key role to overcome the limitation in sensitivity and speed of many

millimeter and sub-millimeter imaging systems, [108]. The idea of multibeam imaging is

intuitively represented in Fig. 6.1. Each lens antenna is coupled to a detector. The different

offsets of the antennas in the focal plane of the quasi-optical system allow each element

to look toward different directions. The reconstruction of the image has to deal with
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the fact that each pixel collects energy from all the directions and these contributions are

weighted by the antenna pattern. In radioastronomy, the objects to be observed are usually

incoherent sources of large angular extent. The brightness is normally the parameter to

describe them: the brightness distribution of a source indicates its form and extent and

it is defined as the power flux per unit bandwidth per unit solid angle and it is measured

in Janskys per square degree (W/m2/cps/steradian), [109]. The fact that a source has an

extent results in the fact that the observed signal differs from the true one. Therefore,

it is of key importance in radioastronomy to deduce the actual source brightness from

the measured one. To this aim let us consider the expression of the observed brightness

temperature in a one-dimensional case. The simplification does not weaken the reasoning,

but by so doing the analysis is greatly simplified. The expression of the observed brightness

temperature To(θ) is [110]

To(θ) =

∫ +π

−π

F (θ − θ0)Tt(θ0)dθ0 . (6.1)

In this expression the observed brightness temperature To in a certain direction θ is given by

the sum of all the contributions of the true brightness along all the extent of the source (i.e.,

the different directions in θ0), filtered by what the antenna can see in those same directions

(the antenna pattern F (θ)). If we extend the limits of integration of (6.1) to ±∞ - this

can be done if we suppose that the antenna has a narrow beam and, therefore, the pattern

can be considered negligible outside the main beam, which is true for telescopes - the

expression (6.1) (the observed brightness, which represents the image) is the convolution

of the antenna pattern and the true brightness distribution (which represents the object).

In the Fourier transform domain, the convolution of two functions is the product of the

Fourier transforms of the two functions

T̃o(s) = F̃ (s)T̃t(s) . (6.2)

The true brightness distribution can be, therefore, easily derived by inverting the product

and inverse Fourier transforming

Tt(θ) =

∫ +∞

−∞
T̃te

j2πsθds =

∫ +∞

−∞

T̃o

F̃ (s)
ej2πsθds , (6.3)

where s is the angular spatial frequency. From this equation is clear that the spatial Fourier

spectrum of the observed object T̃o will contain only those components which are present

in both the spatial Fourier spectrum of the antenna pattern F̃ (s) and the true object T̃t(s).

Thus, the antenna acts as a spatial frequency filter [110]. Indeed, the antenna pattern is
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Figure 6.1: Waves coming from different directions focus on the focal plane array.

practically zero for s < −D/λ and s > D/λ, where D is the size of the antenna aperture.

This means that it is impossible to resolve spatial frequencies above the cut-off.

We consider that in practical application the observed signal is discrete, sampled every ∆θ

(To(n) = To(n∆θ), where n = 0, 1, · · · , N − 1) and its discrete Fourier transform can be

written as follows

T̃o(k) =
N−1∑
n=0

To(n)e−j 2π
N

kn , (6.4)

and, since we have observed that the cut-off frequency of the antenna pattern sets also the

cut-off of the image, we can give a criterion for the minimum sample rate, imposed by the

antenna, as follows
1

2∆θ
<

D

λ
, (6.5)

therefore, the sampling step ∆θ has to satisfy the following condition

∆θ >
λ

2D
. (6.6)

The spacing between the elements in a focal plane array is d ≈ F∆θ, where F is the focal

distance to the quasi-optical system (see Fig. 6.2). This leads to the expression for the

minimum spacing d between the elements in a focal plane array

d ≈ F∆θ >
λ0

2

F

D
, (6.7)

An issue for the design of a focal plane array is to decide a proper focal number (i.e.,

the ratio f = F/D). In general, very low f-numbers increase the significance of higher

order aberrations [111]. To avoid degradation of the off-peak gain of the off-focus elements
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Figure 6.2: Focal plane array in front of an equivalent quasi-optical system.

[112, 113], large F/D ratio systems are required (Fig. 6.3, [114]). Moreover, in the case of

SPICA [38], KIDs are designed to resonate at GHz frequencies, they are very large in terms

of wavelengths at THz frequencies; e.g., the pixel size suited to host the KID is around

ten wavelengths, at the lowest THz frequency required for the mission. Since to correctly

reconstruct the image, the spacing d between the elements should satisfy (6.7) [115], then

the resulting F/D ratio should be of the order of 20.

Another issue for the design of a focal plane array is the feed-coupling efficiency. The

feed must be designed to maximize the captured power. An over-illumination of the lens

by the impinging Gaussian beam will result in spillover (the power not intercepted by

the lens antenna) and an under-illumination will result into a degradation of the taper

efficiency (the measure of the nonuniformity of the field distribution on the aperture).

Goldsmith [116] found that the optimum compromise between the two issues, for Gaussian

illumination of circular apertures, is to have an edge taper of -10.9 dB, which corresponds

to the maximum of the aperture efficiency (defined as the product of the spillover efficiency

times the taper efficiency), see Fig. 6.4. A recent study [117] has shown how this value

in the case of dielectric hemielliptic lenses can differ depending on the choice of the field

considered to define the edge taper (near or far-field) and the feed polarization. For lenses
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Figure 6.3: Degradation of peak gain of a symmetric parabolic reflector for off-focus elements in an array
for different F/D ratios.

Figure 6.4: Taper, spillover and aperture efficiencies versus edge taper.

made by material with a low dielectric constant (like rexolite, εr = 2.53), a near-field edge

taper of -10.9 dB is still a reasonable value. In case of lenses made by high dielectric

constant materials (like quartz, εr = 4 and silicon, εr = 11.9) this value has to be -12 dB

and -20 dB for quartz and silicon lenses, respectively, for the H-polarization. These criteria

do not take into account resonances that can ruin the overall performance of the lenses.

The model described in this chapter can be used also to check and size opportunely the

single-pixel lens.
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Figure 6.5: Linear array of KIDs with in-line X-Slot antenna. Frequency multiplexing concept. Each
resonator has a different length and resonates at a different frequency. The distance between the tones at
which each KID resonates is large enough to still appreciate the shift in frequency caused by absorption
of THz radiation. Courtesy of SRON.

6.2.1 KID Array Concept: Frequency Multiplexing

For the focal plane array of KIDs related to the mission SPICA, the idea is, as said pre-

viously, to arrange on the same read-out line chain thousands of antenna-coupled KIDs,

each one with a slightly different length, in such a way that each KID will resonate at a

different frequency. In this way it will be possible to distinguish the contributions of dif-

ferent pixels looking toward different directions, using a unique line for the output signal

(see Fig. 6.5). This concept is actually very powerful and attractive, because its imple-

mentation will simplify extremely the hardware needed for the read-out line chain; this

is clearly one of the main advantages in using this detector technology, together with the

sensitivity of the device and despite the complexity to improve the knowledge acquisition

on this technology. For more details on the KIDs behavior see Sec. 2.2.

6.3 Electromagnetic Modeling of the Integrated Lens

Antenna: Transmission Mode

Integrated lens antennas can be used as single pixel for the focal plane array (see Ch. 3).

The focusing properties of a lens are well known in literature ( [40,41,72]). Due to the dia-

meter of the lenses used for these applications, which is quite large (tens of wavelengths),

the use of full-wave simulators to compute the field radiated by the lenses is quite im-
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Figure 6.6: Lens with rotational symmetry in φs.

practical. A more useful approach is the combination of Geometrical Optics and Physical

Optics, [118]. In this section the electromagnetic modeling of integrated lens antennas will

be described for lenses operating in transmission mode. The same approach will be valid

also for lens antennas in reception, as it will be shown in Sec. 6.4. A few changes will lead

to a more general approach; the price to pay for this is a longer simulation time, but the

approach is still more competitive in terms of performance than a full-wave model.

We suppose that the lens is rotationally symmetric in φS, see Fig. 6.6. The lens can have

any profile and is made of dielectric with relative dielectric constant εr. The theoretical

analysis of the integrated lens can be divided into two fundamental steps: the first step

involves the use of Geometrical Optics (GO) to compute the field incident on the lens.

The lens geometry and the far field pattern of the antenna feed are assumed known.

Furthermore, the lens surface is supposed to be far away from the feed, i.e., the radius has

to be greater than two wavelengths. The second step involves the use of Physical Optics

(PO) for the calculation of the electric and magnetic currents at the interface between air

and the dielectric lens; these currents will be used to compute the far field from the lens.

The lens surface is subdivided as in Fig. 6.7 in facets, which are assumed to be small in

terms of wavelength. The field radiated by the feed located at the lower focus of the lens

impinges on each facet. Since the lens dimension is greater than two wavelengths, the

impinging wave on each facet can be considered locally planar.

With the aid of Fresnel’s formulas for reflection and transmission coefficients, the reflected

and transmitted fields for both parallel and orthogonal components can be computed.

Then, by applying the equivalence theorem, the source and the lens effects can be equiv-

alently described by a distribution of equivalent electric and magnetic currents located
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Figure 6.7: Discretization of the lens and geometry of a cut at φS = 0.

on the lens surface and radiating to free space. These equivalent sources will be used to

compute the far field pattern from the lens (Fig. 6.8, [119]).

The radiation pattern of the feed in the far field will be obtained by using a commercial

tool, [94]. We consider the feed radiating into two infinite half-spaces (the antenna is

etched at the interface between air and dielectric). Once we know the radiated field,

we can expand it into cylindrical modes [120, 121]. We aim to compute the coefficients

of this expansion for each segment of the lens. The number of coefficients is equal to

the number of modes that are needed to accurately represent the field. This number is

M = b(2kda) + 1.8d
2/3
0 (2kda)1/3c, where a is the radius of the area occupied by the feed,

kd the propagation constant into the dielectric medium and d0 is the number of digits of

accuracy [122].

6.3.1 Equivalent Sources

The electric and magnetic fields at the lens-air interface have been computed; now we have

to decompose the fields along the parallel (‖) and perpendicular (⊥) components. Then,

we will use the Fresnel’s coefficients for evaluating the transmitted and reflected fields.

The Fresnel’s reflection (ρi) and transmission (τi) coefficients (i = {‖,⊥}) are [123]

ρi =
Z2i − Z1i

Z2i + Z1i

(6.8)

τi =
2Z2i

Z2i + Z1i

. (6.9)
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Figure 6.8: Love’s equivalence theorem representation. The field outside the volume of the lens can be
computed considering the radiation of the equivalent currents at the dielectric-air interface.

In this expression, the impedances Z1i and Z2i for the case of parallel polarization of the

E field are

Z1‖ = (ζ0/n1) cos(θi) (6.10)

Z2‖ = (ζ0/n2) cos(θt) , (6.11)

where ζ0 is the characteristic impedance of free space, n1 and n2 refer to the air and

dielectric refraction indices, respectively, and θi and θt are the angles of incidence and

refraction with respect to the normal direction, respectively. Moreover, the impedances

Z1i and Z2i for the case of perpendicular polarization of the E field are

Z1⊥ =
ζ0/n1

cos(θi)
(6.12)

Z2⊥ =
ζ0/n2

cos(θt)
. (6.13)

To write these formulas Snell’s laws have been taken into account (the angle of incidence

is equal to the angle of reflection θi = θr and the ratio between the sines of the angle of

incidence and the angle of refraction θt is the inverse of the ratio of the refraction indexes

sin θi/ sin θt = n2/n1. The reflected and refracted waves lie in the plane that contains the

normal to the interface and the direction of incidence).

The equivalent sources are
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J̄s = n̂× H̄t (6.14)

M̄s = −n̂× Ēt. (6.15)

These equivalent sources are chosen to radiate the same field radiated by the lens antenna

(Love’s equivalence principle, see Fig. 6.8).

6.3.2 Far Field Radiated from the Lens

The far field radiated from the lens by the equivalent electric and magnetic currents can

be expressed in terms of vector potentials [119]. The electric and magnetic fields can be

expressed in the Fraunhofer zone as follows

Ē(P ) = −j
ωµ0e

−jk0R

4πR

∫∫

S

[J̄S − (J̄S · êR)êR +
1

η0

(M̄S × êR)]eik0R̂·r̄sdS (6.16)

H̄(P ) = −Ē(P )× êR

η0

. (6.17)

In (6.16) and (6.17) êR is the observation direction, whereas r̄s is a vector describing the

lens surface.

Expansion in cylindrical coordinates

Given the circular symmetry of the structure and considering the form of the integrand

in the field expression, we can write the field generated by the source (the feed antenna)

as superimposition of cylindrical modes, in such a way that the integration in φs can be

written in a closed form. This expansion allows us to reduce the complexity of the problem.

We can rewrite the field expression of (6.16) in a more compact way as

Ē(P ) = c1

∫∫

S

N̄(xs, zs)e
jk0R̂·r̄sdS , (6.18)

where

c1 = −jωµ0
e−jk0R

4πR
, (6.19)

N̄(xs, zs) = J̄S − (J̄S · êR)êR +
M̄S × êR

η0

. (6.20)
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For the electric field we can write

Ē(P ) = c1

∫ 2π

0

∫ D/2

0

N̄(ρs, φs)e
jk0R̂·r̄sρsdρsdφs . (6.21)

Since

r̄s · R̂ = ρs sin θ cos(φ− φs) + rs cos θs cos θ , (6.22)

the field can then be written as follows

Ē(P ) = c1

∫ 2π

0

∫ D/2

0

ejk0rs cos θ cos θsN̄(ρs, φs)e
jk0ρs sin θ cos(φ−φs)ρsdρsdφs . (6.23)

We can expand the currents as the sum of cylindrical modes:

J̄s =
+∞∑

m=−∞
w̄J

m(ρs)e
−jmφs

M̄s =
+∞∑

m=−∞
w̄M

m (ρs)e
−jmφs , (6.24)

and write the expression of N̄ as follows

N̄(φs, ρs) =
+∞∑

m=−∞
N̄m(ρs, θ, φ)e−jmφs , (6.25)

where

N̄m(ρs, θ, φ) = w̄J
m(ρs)− (w̄J

m(ρs) · êR)êR +
w̄M

m × êR

η0

. (6.26)

By substituting (6.25) in (6.23), the expression for the field becomes

Ē(P ) = c1

∫ 2π

0

∫ D/2

0

+∞∑
m=−∞

(
N̄m(ρs, θ, φ)e−jmφs

)
ejk0rs cos θ cos θsejk0ρs sin θ cos(φ−φs)ρsdρsdφs .

(6.27)

Using the relationship that defines the Bessel’s function of mth order:

Jm(u) =
j−m

2π

∫ 2π

0

ej(u cos φs+mφs)dφs , (6.28)

we find the solution of the integration in φs of (6.27) in a closed form as

Ē(P ) = 2πc1

∫ D/2

0

+∞∑
m=−∞

N̄m(ρs, θ, φ)Jm(k0ρs sin θ)ejm(π
2
−φ)ejk0rs cos θ cos θsρsdρs . (6.29)
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Since we are interested only in the far field, it is more convenient to express the field

in spherical coordinates. As a matter of fact, we reduce the number of unknowns, since

Er ' 0. By using the following expressions that relate the spherical to the Cartesian

components of the field:

Eθ = (Exx̂ + Eyŷ + Ez ẑ) · θ̂ = Ex cos θ cos φ + Ey cos θ sin φ− Ez sin θ , (6.30)

Eφ = (Exx̂ + Eyŷ + Ez ẑ) · φ̂ = −Ex sin φ + Ey cos φ , (6.31)

we can derive the expression of the component along i = φ or i = θ as follows

Ei = −2πc1

∫ D/2

0

+∞∑
m=−∞

Ni(ρs, θ, φ)Jm(k0ρs sin θ)ejm(π
2
−φ)ejk0rs cos θ cos θsρsdρs , (6.32)

where for i = φ

Nφ(ρs, θ, φ) = (−Nx
m sin φ + Ny

m cos φ) , (6.33)

and for i = θ

Nθ(ρs, θ, φ) = (Nx
m cos θ cos φ + Ny

m cos θ sin φ−N z
m sin θ) . (6.34)

Matching layers

The use of matching layers when dealing with dielectric lenses is often recommended to

increase the performance of the antenna in terms of bandwidth and to reduce the effects of

gain reduction, beam distortion and the increase of side lobes, especially in structures where

the dielectric contrast between the lens and air is strong ( [74,124–127]). The possibility of

including matching layers has been taken into account and the problem has been studied

with a transmission line approach. Let us suppose to have N layers and consequently N

transmission lines in cascade. The n-th piece of line has length ln and is characterized by a

propagation constant kn and characteristic impedance Zn. If Vn+1 and In+1 are the voltage

and the current at z = 0 and Vn and In are the voltage and the current at z = ln, it is

possible to write

Vn = Vn+ejknln + Vn−e−jknln ,

In =
Vn+

Zn

ejknln − Vn−
Zn

e−jknln , (6.35)
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Figure 6.9: Generic transmission line.

where

Vn+ =
1

2
(Vn+1 + In+1Zn) ,

Vn− =
1

2
(Vn+1 − In+1Zn) . (6.36)

If we substitute (6.36) in (6.35), then we obtain

Vn = Vn+1 cos(knln) + In+1jZn sin(knln) , (6.37)

In = Vn+1
j sin(knln)

Zn

+ In+1 cos(knln) . (6.38)

These last expressions can be written in matrix form
[

Vn

In

]
= ¯̄Tn

[
Vn+1

In+1

]
, (6.39)

where ¯̄Tn is the transmission matrix

¯̄Tn =

[
cos(knln) jZn sin(knln)
j sin(knln)

Zn
cos(knln)

]
. (6.40)

This form is useful because, in case of N transmission lines in cascade, we can write

[
Vn

In

]
= ¯̄T

[
Vn+N

In+N

]
(6.41)

or inverting the equation

[
Vn+N

In+N

]
= ¯̄T−1

[
Vn

In

]
. (6.42)
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In (6.42) the matrix ¯̄T is the product of the matrices relative to different segments of the

line in cascade

¯̄T =

[
t11 t12

t21 t22

]
=

N−1∏
i=0

¯̄Tn+i . (6.43)

We want to compute the voltage at the interface between the last matching layer and the

free space, to compute the electric and magnetic currents for the equivalence theorem. We

need to calculate the input voltage and current (we call them V1 and I1, respectively).

Zlens is the characteristic impedance associated to the transmission line representing the

lens. To calculate V1 and I1 we need the reflection coefficient at the input section AA′ (see

Fig. 6.10):

V1 = V1+(1 + ΓAA′)

(6.44)

I1 =
V1+

Zlens

(1− ΓAA′) , (6.45)

where

ΓAA′ =
ZAA′ − Zlens

ZAA′ + Zlens

. (6.46)

ZAA′ is the impedance of the transmission line at the section AA′ and it can be computed

by using the elements of the transmission matrix. With this aim, let us write Zu, the load

impedance, as the ratio between the output voltage and the output current

Zu =
VN+1

IN+1

. (6.47)

Using (6.41), we can rewrite the expression of V1 and I1 as follows

V1 = (t11Zu + t12)IN+1 , (6.48)

I1 = (t21Zu + t22)IN+1 . (6.49)

Thus, the impedance at the AA′ section is

ZAA′ =
V1

I1

=
t11Zu + t12

t21Zu + t22

(6.50)

and from this expression we can derive the reflection coefficient ΓAA′ .
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Figure 6.10: Transmission line equivalent to the matching layers cascade.

6.3.3 Axial Displacement of Off-Focus Feeds

Let us imagine a lens antenna fed by an off-focus element displaced by the axial directions

x and y. The field radiated by the lens can be easily computed considering the field of the

feed element in the focus and introducing the opportune phase difference [73]:

Ēi(θ, φ) = Ē0(θ, φ) · ejkd∆x sin θ cos φejkd∆y sin θ sin φ , (6.51)

where ∆x and ∆y are the offset along x and y axis, respectively.

6.4 Electromagnetic Modeling of the Integrated Lens

Antenna: Receive Mode

The same approach used for the computation of the electromagnetic field radiated by a lens

can be used to compute the electromagnetic field inside the lens, when an electromagnetic

wave is impinging on it. In this case, we remove the hypothesis of circular symmetry of the

lens to allow the possibility of a generic profile of the lens or the analysis of arrays of lenses,

not necessarily symmetric. The first step consists of calculating the electric and magnetic

currents that the incident field produces at the interface between air and dielectric. In this

case, the normal to the surface is the opposite with respect to the previous case.

The second step is to use the radiation integral of (6.16) to compute the field inside the

lens.

This situation will lead to a third step: the electromagnetic field computed over an aperture

can be used as excitation field for any commercial tool that allows this feature (e.g. FEKO

[128], CST [129]). The apertures used in our simulations are parallel to the ground plane

containing the feed antenna, and they are placed at a close distance from it (λ/10 for

instance). The field computed over these apertures is truncated, therefore, their size has

to be large enough to consider acceptable the approximation due to the truncation (a rough

guideline for choosing the aperture size is to consider a circular aperture illuminated by a

uniform distribution; in this case, the 3dB beamwidth of radiation pattern is 1.016λ/D, in
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Figure 6.11: Waves coming from different directions impinge on the lens. The equivalent electric and
magnetic currents are calculated at the air-dielectric interface.

radians, and the position of the first null is at arcsin(1.22λ/D), in radians, [114]). With the

aid of the commercial tool, exciting the actual feed antenna (including feed lines and other

details), it is possible to compute in a very simple and effective way the distribution of the

field in the feed structure. This procedure overcomes the long computation time, which

affects the use of a full-wave method to analyze the entire structure (lens plus sensor). The

need of modeling very small details of the feed antenna leads to a very dense mesh in the

areas close to the focus, whereas the size of the lens can on the contrary be very large.

6.4.1 Study of the Behavior of the Single Element Antenna When

Illuminated by Gaussian Beams

Geometrical Optics can be used to compute the electromagnetic field incident on the air-

lens interface for any wave impinging on the surface. We have considered plane waves or

Gaussian beam excitations. Once the transmitted field is known, it is possible to derive

the equivalent electric and magnetic currents that will be used in the radiation integral

(equations (6.16) and (6.17)) to compute the far field inside the lens. Several comparisons

with the full-wave simulator CST [94] have been performed to check that our approach was

able to compute the electromagnetic field inside the lens with a good approximation. In a

first phase, reflections at the ground plane of the lens (in the focal plane where the sensor

is placed) are not considered, therefore, the model of the lens in CST is done in such a way

that there is an infinite half dielectric space in place of the ground plane.
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Figure 6.12: Comparison between the normalized electric field (x component) along the x axis, when a
plane wave linearly polarized along the x axis impinges from direction θ = 10◦ and φ = 90◦. The radius
of the silicon extended hemispherical lens is 4λd.

Figure 6.13: Comparison between the normalized electric field (x component) along the y axis, when a
plane wave linearly polarized along the x axis impinges from direction θ = 10◦ and φ = 90◦. The radius
of the silicon extended hemispherical lens is 4λd.

Figures 6.12 and 6.13 show a comparison between the normalized electric field along one

of the axes at the aperture plane computed with the proposed technique and with the full-

wave simulator CST, when a plane wave linearly polarized along the x axis impinges from

direction θ = 10◦ and φ = 90◦. The radius of the considered silicon extended hemispherical

lens is 4λd. A good agreement between our model and CST simulation is found; the higher

sidelobes of the full-wave simulation are due to internal multiple reflections, which are

neglected in our formulation. In this chapter, the most general case of incidence from a
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Figure 6.14: Electric field along the cut y = 0 (H plane) of a slot placed in the focus of an extended
hemispherical lens of radius Rlens = 2λd illuminated by a Gaussian beam from broadside direction (the
beam waist radius at the top of the lens is ω0 = RLens). The field is computed using a commercial full-wave
simulator for the dashed line and our model for the solid line.

generic direction is reported. Other comparisons can be found in Appendix C.

We want to prove that using our model for computing the field over an aperture and, then,

using this as excitation in a commercial tool, gives the same results than simulating the

entire structure. A quartz extended hemispherical lens of radius Rlens = 2λd, illuminated

by a Gaussian beam from broadside direction, has been considered. The electromagnetic

field over an aperture of side 2λd has been calculated by means of our model. The aperture

is placed at a distance λd/10 from the ground plane. The operational frequency is 1.55

THz. This field has been, thus, used in FEKO simulator to excite a slot antenna of length

ls = λd/2 and width ws = λd/10, equivalently placed in the focus of the lens. The E field in

a cut along the slot is reported in Fig. 6.14 and it is compared with the full-wave simulation

of the entire structure consisting of lens plus slot antenna. The good agreement between

this two simulations shows how this concept can be used for any kind of feed and for any

lens configuration, reducing considerably simulation efforts with respect to the full-wave

case.

6.5 Mutual Coupling Between Adjacent Elements of

the FPA at THz Frequencies

The Geometrical Optics plus Physical Optics model in reception has been extended to an

array of lenses (Fig. 6.15) to investigate the mutual coupling between adjacent elements
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Figure 6.15: Gaussian beams coming from different directions impinge on the array. The equivalent electric
and magnetic currents are calculated at the air-dielectric interface.

and to possibly study the absorption of even and odd modes in the CPW lines constituting

the KID, as the analysis in Ch. 4 and 5 has demonstrated to be necessary to correctly

design an antenna-coupled KID.

Since the profile of the geometry under investigation does not have any constraints (unlike

the case in transmission, where, for sake of simplicity and to speed up the simulation time,

we have required circular symmetry of the lens), the approach used in the previous section

can be applied for arrays of lenses as well.

Another way to decrease the simulation time has also been investigated; this is based on

the idea of dividing the array into identical cells. A wave impinges on the structure and

the equivalent currents are computed at the air-dielectric interface. The electromagnetic

field, radiated by the currents on the single cell, is computed on the aperture and at the

boundary between adjacent cells. Thus, new equivalent currents are found. The field

radiated by the sum of all these boundary contributions, the new equivalent electric and

magnetic currents, will radiated into the adjacent cells of the array. Also in this case, we

are interested in the field over aperture planes (Fig. 6.16).

To check if the cell-concept approach is correct, comparison between the field over an

aperture calculated with this approach and with the standard approach (i.e., considering

the array geometry as a unique structure) has been made, and an almost perfect agreement

(Figs. 6.17-6.20) is found for all components (since the components along the y axis are

negligible, this comparison has not been reported, although a good agreement is found in

this case as well). Figure 6.21 shows the reference systems used in the previous figures.

In these tests, an array of two silicon elliptical lenses with dimensions a = 0.58656 mm

and b = 0.61335 mm has been considered at frequency f = 1.55 THz. It is important to

keep in mind that these results prove only that the cell-concept approach uses the same

level of approximation of the standard approach for computing the field inside the array of
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Figure 6.16: Cell-concept principle: each equivalent current radiates on the aperture plane and on the
boundaries in common with the other cells (at the top of the figure). The sum of all the contributions
gives the new equivalent electric and magnetic currents (picture in the middle). These current contributions
radiate into the adjacent cells and the field over an aperture is computed (at the bottom of the figure).

lenses. Therefore, the perfect agreement between the two methods is justified. The level of

approximation, which is proper of the two approaches, can be seen in the comparisons with

the full-wave simulations as has been shown in Sec. 6.4.1. Nevertheless, the main advantage

of using the cell-concept approach, instead of the standard one, lies in the reduction of the

simulation time, as it will be shown in the next section.
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Figure 6.17: Electric field along the x′ axis at the aperture plane (La = 200 µm) under the first lens of
the array, when a Gaussian beam (the beam waist radius at the top of the lens is ω0 = RLens) impinges
from broadside direction. Left: Ex component. Right: Ez component.

Figure 6.18: Electric field along the x′′ axis at the aperture plane (La = 200 µm) under the second lens of
the array, when a Gaussian beam (the beam waist radius at the top of the lens is ω0 = RLens) impinges
from broadside direction. Left: Ex component. Right: Ez component.

Figure 6.22 shows the illumination of two lenses array from an angle θ = 20◦ with respect

to broadside. Areas that are in shadow for the direct illumination have to be computed in

advance and the transmission coefficients for the points in these areas are set to zero.

The coupling between adjacent elements is expected to be low, especially because we are

considering elements that are around 17 wavelengths in the dielectric far from each other.

This size is a typical value for the application that we have in mind [38], where, due to

reasons pointed out previously in Sec. 6.2, the pixel size is very large in terms of wavelengths

and, therefore, the coupling between the elements is quite low. As can be observed from
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Figure 6.19: Electric field along x′ axis at the aperture plane (La = 200 µm) under the first lens of the
array, when a Gaussian beam (the beam waist radius at the top of the lens is ω0 = RLens) impinges from
θ = 20◦, φ = 0 direction. Left: Ex component. Right: Ez component.

Figure 6.20: Electric field along x′′ axis at the aperture plane (La = 200 µm) under the second lens of the
array, when a Gaussian beam (the beam waist radius at the top of the lens is ω0 = RLens) impinges from
θ = 20◦, φ = 0 direction. Left: Ex component. Right: Ez component.

Figs. 6.17-6.18, the coupling between adjacent elements in our simulations results to be

around -20 dB. This value, slightly higher than expected, is mainly due to the tail of the

Gaussian beam, which is directly illuminating the second lens. The losses into the dielectric

are not included into the calculation, because they are expected to be very low at THz

frequencies as a recent study has shown [130].

Figures 6.19 and 6.20 show the coupling between adjacent cells, when an electromagnetic

wave is impinging from an angle θ = 20◦ from broadside. In this case, the coupling between



6.5. Mutual Coupling Between Adjacent Elements of the FPA at THz Frequencies 109

Figure 6.21: Two lens array with reference systems for the electric field patterns on the aperture.

Figure 6.22: Two lens array illumination from a Gaussian beam impinging from θ = 20◦ and φ = 0.

the adjacent cells turns out to be even higher. This is due again to the fact that a tail of

the Gaussian beam impinging on one lens is actually directly illuminating the other lens,

as can be clearly seen in Fig. 6.22.

At the moment, the tool is not able to compute the coupling between cells that are not

adjacent in the array and multiple reflections between the cells are not taken into account.
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6.5.1 Computation Times

The validity of using the cell-concept approach, instead of considering the array as an

entire structure, has been shown in the previous section. The main advantage of this

approach is the reduction of the computation time. Clearly, for a single lens design the two

approaches are equivalent, although it is clear from the Figs. 6.23 and 6.24 that the increase

of the number of lenses in the array (therefore, the number of facets in the discretization

process) increases the computation time1 for the classical approach in an exponential way,

whereas the increase results to be linear for the cell-concept approach. Therefore, the

latter method proves to be very convenient in the simulation of electrically large arrays of

integrated lenses, as in the case of the mission SPICA. Figure 6.23 shows details of the time

for computing different phases in the solution process. An estimation of the computation

time of the multiple reflections at the dielectric-air interface and at the ground plane is

also taken into account. The computation of the radiation integral to calculate the field

over an aperture is one of the most time-consuming phases for the simulation. Thus, the

cell-concept approach can greatly improve the situation. In Fig. 6.23 the exponential and

linear behaviors of the computation time for the classical and the cell-concept approaches,

respectively, are illustrated. Whereas in Fig. 6.24 the direct comparison between the total

required computation time for the two approaches neatly demonstrates the advantage of

the cell-concept method.

In the simulations of Figs. 6.23 and 6.24 a quartz (relative permittivity εr = 4) hyperhemi-

spherical lens with radius R = λ0 has been considered as basic element of the array.

6.6 Conclusion

In this chapter some important imaging concepts have been recalled and a model based

on Geometrical and Physical Optics for array of lenses in transmitted and receiving mode

has been described, and some results to prove its validity have been shown. The main idea

behind the realization of this model has to be found in the need of a model that can predict

the behavior of the antenna plus KID system, in such a way that the interaction between

the two can be correctly predicted. Moreover, the model has not only been implemented

for the specific problem of THz imaging, but it is a general instrument for the analysis

of array of lenses for any and more general purposes. An approach based on the analysis

of a single cell and its interaction with adjacent elements in an array of lenses has been

1The time performance in the Figs. 6.23 and 6.24 has been computed using a personal computer with
Intel Core 2 Duo processor and 2 GB of RAM.
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Figure 6.23: Comparison between the computation times of arrays of lenses. Different steps of the simu-
lation are reported separately.

Figure 6.24: Comparison between the total computation times of arrays of lenses. See Fig. 6.23 for the
array configurations.

implemented and verified. The improvement that this approach gives to the computation

time is extremely high, making it very convenient for the analysis of arrays of integrated

lenses.
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Chapter 7

Conclusions

This PhD dissertation describes the research work performed during a period of four years

(from March 2008 to June 2012) at TNO Defense, Security and Safety in The Hague,

The Netherlands. A strong collaboration with SRON (Netherlands Institute for Space

Research) for the design of the sensor has been essential to achieve the aimed goals.

The attention to the Terahertz range is exponentially growing, thanks to the great number

of applications that would derive from exploitation of these frequencies. Deep space science,

detection of concealed weapons, explosive and drugs from a safe distance, medical imaging,

biological and not biological screening, industrial process control, painting analysis are

among the most relevant applications.

In this thesis the attention has been focused on the possibility to realize THz imaging sys-

tems to acquire knowledge on the universe, its formation and evolution, since the matter in

the sky has a huge spectral content in this frequency range. The requirements for the real-

ization of the European space instrument SAFARI, the FIR imaging spectrometer for the

deep space science mission SPICA [38], proposed by the Japanese Space Agency (JAXA),

have driven the research reported in this dissertation. To image an extended source emit-

ting very weak signals is not an easy task. It requires highly sensitive sensors and parallel

acquisition, to decrease the integration time needed to extract the desired signal from the

background noise. Particular attention has been devoted to the Kinetic Inductance Detec-

tor (KID), which is a cooled direct superconducting detector that has recently shown very

promising properties for future developments of this kind of applications. To optimize the

performance of the KID, a proper antenna design is a key factor, since the increase of the

optical coupling to the detector results in better performance of the device.

In this chapter, we summarize the conclusions and the most significant results of the

research.
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7.1 Single Pixel Design

The choice of the detector has driven the design of the focusing element. An integrated

dielectric lens antenna is needed to properly couple the radiation to the sensor and the use of

the lens guarantees a drastic reduction of surface waves in the substrate. The technological

limitation to realize devices at these short wavelengths has imposed the use of slot-based

elements to be placed in the lower focus of the lens, in such a way that the coplanar

waveguide, forming the detector, can be easily coupled to the antenna on the same chip.

Several designs have been proposed and an optimization procedure led to the identification

of the in-line X-slot antenna, [107], as the best design for the application in mind (SPICA

mission). This antenna has the octave bandwidth required for the mission, it does not

suffer of a particular absorption mechanism that ruins the overall pattern performance of

antennas with corporate feed lines (this effect has been deeply investigated in Ch. 4), and

the in-line configuration guarantees an almost double quasi-particle efficiency (the ratio

between the power effectively exploited by the KID to break Cooper pairs and the total

power absorbed by the antenna).

7.2 Responsivity of the KID for Different Antenna

Configurations

The most important achievement of this work has been the discovery of an unexpected

antenna behavior, which has been deeply analyzed and demonstrated with measurements

in Ch. 4. Antennas fed by corporate feed lines in conjunction with KIDs are affected by a

broadening and a lowering of their angular sensitivity. This is due to the fact that also the

incoherent absorption in the lines contributes to the overall KID working mechanism and,

therefore, this contribution, not depending on the phase difference between the antenna

elements, should be taken into account for a correct prediction of the angular sensitivity

of the antenna. This effect was not noticed in previous works performed with connected

arrays of slots [49], because the material used to realize the corporate feed lines had a

frequency gap above the operational frequency and, therefore, no absorption occurred in

the lines. In the frequency band of SPICA, superconducting materials with a high enough

frequency gap do not exist (to the author’s knowledge). Therefore, this effect has to be

taken into account for a proper design of the antenna plus KID system.

In Ch. 5, the attention has also focused on a similar analysis, performed to investigate

the responsivity of antennas placed in series within the detector line. This study has
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led to the demonstration that the responsivity of the KID can be doubled by using two

identical antennas in-line with the resonator and properly dimensioning the length of the

line between the two antennas. Moreover, by using antennas with orthogonal polarizations,

and properly dimensioning the length of the line between them, it becomes possible to have

a responsivity that does not depend on the polarization of the incoming wave. In case the

single-pixel antenna element of the focal plane array is not coupled to a focusing lens [106],

or if the profile of the lens can be properly shaped (adding a degree of freedom to the

problem), these series configurations can be exploited for an higher responsivity of the

KID.

7.3 Large Lens Array Modeling

The prediction of the field inside array of lenses is vital for multi-sensor focusing systems. In

spite of the high number of tools based on the principles of Geometrical Optics and Physical

Optics present in literature, the need of having a model able to predict the interaction of the

antenna-coupled KID with the Gaussian beam coming from the lens has led to the design

of our mixed-approach model (GO and PO plus commercial tool, [131]). We aimed at

analyzing lenses both in transmission and in reception, and, moreover, at analyzing arrays

of lenses with a limited computation effort. The tests performed to check the validity of

our model have shown satisfactory results. The tool has been used to predict the radiation

patterns after the lens of several of the single-pixel-antenna designs. It has also been used

to check the coupling between adjacent lenses for different directions of incidence of the

incoming Gaussian beam. Moreover, the model is a general instrument for the analysis of

array of lenses for any and more general purpose.

7.4 Outlook

• Kinetic Inductance Detectors (KIDs) will allow a better understanding of the universe

and its origins. Arrays with thousands of KID elements will be easy to implement.

KIDs can be considered as one of the leading detection technologies for future ground

and space missions. A lot of work still needs to be done to improve the performance

of these amazing devices. This goes together with the design of the ideal antenna

element, which will allow the optimum coupling of the THz radiation to the KID. In

this dissertation several antenna elements have been discussed, which actually satisfy

SPICA requirements. Nevertheless, the design of a broadband antenna with a single
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feed point and with an optical coupling higher than the proposed designs is necessary

for future systems. The enhanced leaky lens antenna [87, 88] could be the solution.

A prototype of a KID plus this antenna should be realized at THz frequencies to test

the potential of this technology for imaging purposes.

• Single feed point, dual polarization antennas will be the best solution for the KID

sensor for SPICA, since the aim of these devices is to image an extended source that

emits a very weak signal, whose polarization is not known a priori. Some work has

been already done on this subject [86], although for the particular application of

SPICA the integration with the KID could be not straightforward and some analysis

of this antenna plus KID system should be done to verify the effectiveness of the

design together with the KID.

• The analysis carried out in Ch. 5 has shown how a KID can be more responsive

with the use of two (or more) antennas in series within the length of the resonator.

This advantage is paid by a lower coupling efficiency of the antennas to a standard

integrated dielectric lens, since they will lay outside the focus of the ellipsoid. Never-

theless, the lens can be properly shaped to achieve higher optical coupling efficiency.

• The numerical modeling of a non-uniform transmission line (representing the KID),

which characteristics are dependent on the power of the THz wave travelling on it,

loaded with an arbitrary number of loads (representing the antennas) in arbitrary

locations (along the resonator) can be implemented to generalize the study of the

antenna-coupled KIDs responsivity. This can be seen as a generalization of the study

discussed in Ch. 4 and Ch. 5 of this dissertation.

• CMOS focal plane array technology [23, 24] is developing very fast, because of the

number of applications and the easy implementation (these devices work at room

temperature and are realized in semiconductor technology, so they are easy to realize

and their cost is limited). The tool realized during this PhD research can be further

developed, including the modeling of stratified media, to investigate this new range

of applications.

7.5 Impact of the Research

The work described in this thesis has yield to a number of journal and conference publica-

tions (listed on p. 149 of this dissertation).
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Furthermore, the research developed within this work has had an important role at TNO,

Defense, Security and Safety in the framework of a collaboration with SRON. Moreover,

Terahertz technology is also a strategic research area for the Eindhoven University of

Technology, especially in the field of short-range Terahertz observation. In this thesis, a

tool to model array of large integrated lenses in reception has been developed and, even

if this tool was firstly realized to investigate the interaction between the incoming wave

and the sensor, and to investigate the interaction between adjacent elements in the array,

it can be also used for more general purposes. The analysis of CMOS focal plane arrays

and the analysis of arrays of lenses at lower frequencies for different kind of applications

are two examples.

Finally, the work described in Ch. 4 was awarded the First Prize for Antenna Theory at

the 4th European Conference on Antennas and Propagation (EUCAP, 12-16 April 2010),

in Barcelona, Spain.
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Appendix A

Drude Conductivity

The Drude theory postulates that metals consist of positive ion cores, which are fixed in a

crystal lattice, and valence electrons, which are free to move within the metal and which

are, therefore, responsible for the electric current flowing through the metal. Let us derive

the expression of the Drude model of the complex conductivity for finite frequency electric

fields by applying classical mechanics to the electron motion, i.e., the Newton’s equation,

when an electric field E is applied

m
dv

dt
= −eE − mv

τ
, (A.1)

where m, v and e are the effective mass, the drift velocity and the charge of the electrons,

respectively, τ is the average lifetime for free electrons between collisions with impurities

or other electrons (the second addend on the right hand side of the equation is due to the

collisions of the electrons).

From this equation and making the hypothesis of working with sinusoidal functions of time,

so that we can consider the quantities in the frequency domain (the derivative in time is

replaced by jω factor), we can rewrite

jωv0 = − e

m
E0 −

v0

τ
, (A.2)

with v0 and E0 the phasors of the velocity and the electric field, respectively.

From this linear equation, after few algebraic manipulations, the velocity is solved directly:

v0 = −eτ

m

1

1 + jωτ
E0 . (A.3)

Since the current density depends on the velocity, we can now write
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J0 = ne(−e)v0 =
nee

2τ

m

1

1 + jωτ
E0 , (A.4)

where ne is the number of conduction electrons per unit volume. This result can be

identified as Ohm’s law J0 = σ(ω)E0, where we can write the expression of the complex

conductivity as

σ(ω) =
nee

2τ

m

1

1 + jωτ
. (A.5)

Thus, the real part of the conductivity is

σ1(ω) =
nee

2τ

m

1

1 + ω2τ 2
, (A.6)

whereas the imaginary part is

σ2(ω) =
ωτ 2nee

2

m

1

1 + ω2τ 2
. (A.7)



Appendix B

Riccati’s Nonlinear Differential

Equation

In this appendix, the solution of a nonlinear Riccati differential equation is derived.

Figure B.1: Short ended transmission line.

Let us consider a transmission line terminated by a short circuit as shown in Fig. B.1. We

can define the impedance along the line as a function of the position z:

Z(z) =
V (z)

I(z)
. (B.1)

Differentiating both sides of (B.1) with respect to z, we obtain

dZ

dz
=

dV/dz

I(z)
− V (z)

I2(z)

dI

dz
. (B.2)

Substituting in (B.2) the differential equations

dV

dz
= jβR0I , (B.3)

dI

dz
= j

β

R0

V , (B.4)
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which describe the behaviour of the voltage and the current along the line, we obtain

dZ(z)

dz
= −j

β

R0

(Z2(z)−R2
0) . (B.5)

By defining the normalized impedance as

u(z) =
Z(z)

R0

, (B.6)

and by using (B.6) in (B.5), we can write

du(z)

dz
= −jβ(u2(z)− 1) . (B.7)

Let us solve the equation with respect to u(z):

∫ u(L)

u(0)

du

1− u2
= j

∫ L

0

β(z)dz . (B.8)

The integration path of the integral on the left-hand side of the previous equation (u ∈ C) is

always far from the real discontinuity in u = 1, because the impedance is mainly imaginary

due to the nature of the resonator; therefore, the solution of the integral is the inverse of

the hyperbolic tangent

j

∫ L

0

β(z)dz =

[
atanh(u)

]u(L)

u(0)

. (B.9)

In the case of interest u(0) = 0, thus

u(L) = tanh

{
j

∫ L

0

β(z)dz

}

= j tan

{∫ L

0

β(z)dz

}
. (B.10)



Appendix C

Comparison Between Full Wave

Simulator and GO-PO Tool

In this appendix a number of comparisons between the full-wave simulator CST and our

tool for computing the field inside a lens in reception (see Ch. 6 for details) are reported

for different polarizations of the incoming wave. The radiation is impinging from broadside

direction. The axis of the considered lenses is parallel to z axis and the field is computed

over an aperture in the z = 0 plane. For all comparisons a good agreement in the main

lobe is found. The higher sidelobes of the full wave simulation are due to internal multiple

reflections, which are neglected in our formulation.

Figure C.1: Comparison between the normalized electric field (x component) along the x axis, when a
plane wave impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon extended hemispherical
lens is 4λd.
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Figure C.2: Comparison between the normalized electric field (z component) along the x axis, when a
plane wave impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon extended hemispherical
lens is 4λd.

Figure C.3: Comparison between the normalized electric field (x component) along the y axis, when a
plane wave impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon extended hemispherical
lens is 4λd.
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Figure C.4: Comparison between the normalized electric field (y component) along the x axis, when a
plane wave polarized along y impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon extended
hemispherical lens is 4λd.

Figure C.5: Comparison between the normalized electric field (y component) along the y axis, when a plane
wave polarized along y impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon extended
hemispherical lens is 4λd.
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Figure C.6: Comparison between the normalized electric field (z component) along the y axis, when a plane
wave polarized along y impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon extended
hemispherical lens is 4λd.

Figure C.7: Comparison between the normalized electric field (x component) along the x axis, when a
circularly polarized plane wave impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon
extended hemispherical lens is 5λd.
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Figure C.8: Comparison between the normalized electric field (y component) along the x axis, when a
circularly polarized plane wave impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon
extended hemispherical lens is 5λd.

Figure C.9: Comparison between the normalized electric field (z component) along the x axis, when a
circularly polarized plane wave impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon
extended hemispherical lens is 5λd.
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Figure C.10: Comparison between the normalized electric field (x component) along the y axis, when a
circularly polarized plane wave impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon
extended hemispherical lens is 5λd.

Figure C.11: Comparison between the normalized electric field (y component) along the y axis, when a
circularly polarized plane wave impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon
extended hemispherical lens is 5λd.
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Figure C.12: Comparison between the normalized electric field (z component) along the y axis, when a
circularly polarized plane wave impinges from direction θ = 0◦ and φ = 0◦. The radius of the silicon
extended hemispherical lens is 5λd.
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Appendix D

Coherent and Incoherent Absorption:

Intuitive Explanation

The absorption mechanism proper of superconducting corporate feed lines, used to drive

the signal collected by a multiple-feeding-point antenna to the KID, deeply investigated

in Ch. 4 of this dissertation, is intuitively explained in [96]. Here we report the main results.

First we consider an array composed of two elements, each fed by a transmission line,

characterized by an element pattern g(θ). The power incident on the elements is equally

divided over the two branches of the feeding line. The two lines have length ` and are

connected in parallel. For our analysis we assume that the single resulting line is infinitely

extended. Our aim is to evaluate the angular dependence of the power received by the

system and actually used to break the Cooper pairs. The current at each antenna element

can be expressed as I1 = I0e
jk0d/2 cos θ and I2 = I0e

−jk0d/2 cos θ, where θ ∈ [0, π] is the angle

of incidence, I0 is a constant amplitude factor, k0 is the propagation constant in vacuum

and d is the spacing between the antenna elements. The two transmission lines are of equal

length and impedance. At the combiner, the power is summed up, which results in the

current I3 given by

I3 = g(θ)

(
I0√
2
ejk0

d
2

cos θ +
I0√
2
e−jk0

d
2

cos θ

)
e−jk`` = g(θ)

2I0√
2

cos(k0d/2 cos θ)e−α`e−jβ` . (D.1)

In case the lines are lossless (α = 0), the entire power is received according to the array

pattern g2(θ) cos2(k0d/2 cos θ). However, for frequencies above the gap frequency, the su-

perconductor behaves as a normal metal and α 6= 0. In this case, e−2α` of the power is

received coherently according to the array pattern g2(θ) cos2(k0d/2 cos θ), while (1− e−2α`)

is received incoherently according to the square of the element pattern. These two contri-
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Figure D.1: Schematic representation of an array of two antenna elements and the feed lines.

butions will be indicated with Pc(θ) (coherent) and Pi(θ) (incoherent), respectively. For

lines etched on superconducting metals both these contributions will affect the behavior of

the KID and, therefore, they should be taken into account in the evaluation of the radiation

pattern. For I0 = 1 A, we find

P (θ) = Pc(θ) + Pi(θ) = (1− e−2α`)g2(θ) + 2e−2α`

(
g(θ) cos(k0

d

2
cos θ)

)2

. (D.2)

We can now generalize this formula for the case of a uniform linear array of N elements

fed by a corporate feeding network. All the branches of this network have the same char-

acteristic impedance Z0. We consider the array radiating in a medium with propagation

constant k. The branches of the feeding line are composed of different segments of lengths

`1, `2, . . . , `M with M = log2 N , where N is the number of elements, and M is the number

of power combination levels. The total current flowing in the final output line is

I =
I0

(
√

2)M
g(θ)

∣∣∣∣
ejNkd cos θ − 1

ejkd cos θ − 1

∣∣∣∣e−α
∑M

i=1 `ie−jβ
∑M

i=1 `i . (D.3)

Using (D.3), we can write the coherent contribution of the power as

Pc(θ) = Z0
I2
0

(
√

2)2M
g2(θ)

∣∣∣∣
ejNkd cos θ − 1

ejkd cos θ − 1

∣∣∣∣
2 M∏

i=1

e−2α`i . (D.4)

The final output line from the common feeding point is supposed to be of infinite extent

and, therefore, if lossy, all the power provided coherently by the antenna will be absorbed

along this line. Since the resonator line of the KID is very long at THz frequencies, the

above hypothesis of infinite extended line can be considered valid in this case and all the

power can be considered absorbed along the KID resonator line.

In the general case of a linear array with N elements (see Fig. D.2), the total received

power is

P (θ) = Pc(θ) + Pi1(θ)N + Pi2(θ)
N

2
+ · · ·+ PiM(θ)

N

2M−1
, (D.5)
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Figure D.2: Schematic representation of an array of N antenna elements and the feed lines.

where the factor N/2m−1, m = 1, . . . , M , is the number of branches for each power combi-

nation level and Pi1(θ), Pi2(θ), . . . , PiM(θ) are the incoherent contributions at each of these

levels:

Pi1(θ) = Z0I
2
0g

2(θ)(1− e−2α`1)

Pi2(θ) = Z0I
2
0

(√
2g(θ) cos(k0

d

2
cos θ)

)2

× e−2α`1(1− e−2α`2)

...

PiM(θ) = Z0I
2
0

((√
2
)M−1

g(θ) cos(k0
d

2
cos θ)

)2

×
( M∏

p=1

cos[k0(p− 1)d cos θ]

)2

e−2α`1 × · · · × e−2α`M−1(1− e−2α`M ) .

(D.6)

Here, the factor 1
2

is canceled because of an additional factor 2, due to the fact that a

sub-array consists of two elements. The idea is that each sub-array of two elements is

contributing to the incoherent power with a different weight depending on its own element

factor.

Some results are presented in Figs. D.3-D.6 for an array with a constant element factor

and with a different number of elements (2, 4, 8 and 16). The frequency is set to 1 THz

and the spacing of the array to d = 0.5λd, where λd is the wavelength in the medium

where the radiation comes from. We suppose that the array has a silicon lens glued on it

(εr = 11.9). In figures D.3, D.4, D.5 and D.6 the angular sensitivity P (θ) is plotted versus

the angle θ for the lossless case and for the case of different values of the attenuation

constant, where arrays with 2, 4, 8 and 16 elements are considered, respectively. We

observe that near end-fire (θ = 0◦, θ = 180◦) the sensitivity is constant for each array

size and each choice of the attenuation constant. The level of this floor is dictated by the
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Figure D.3: Angular sensitivity of an array with 2 of elements with constant element factor for different
values of attenuation constant.

Figure D.4: Angular sensitivity of an array with 4 of elements with constant element factor for different
values of attenuation constant.

power absorbed in the first branch of the feeding line. We note that in our graphs the

floor does not depend on the number of elements of the array because of normalization.

We consider the floor as reference to establish the level of performance degradation of our

system. If the floor is above the threshold of -10 dB, we consider the behavior of our

system to be unreliable because of the incoherent absorption. As can be observed from the

figures, for values of attenuation approximately above 1500 Np/m, the angular sensitivity

at end-fire is above -10 dB. Also the level of the sidelobes increases, which strongly affects

the antenna behavior. Our model is represented schematically in Fig. D.7. The phase

distribution of an incident plane wave is generated by the upper part of the circuit. The
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Figure D.5: Angular sensitivity of an array with 8 of elements with constant element factor for different
values of attenuation constant.

Figure D.6: Angular sensitivity of an array with 16 of elements with constant element factor for different
values of attenuation constant.

source power flowing from port 1 is equally divided by an ideal power divider into two ideal

transmission lines with phase difference kd cos θ. Each of these lines is further connected

to a wavelength-long transmission line that is lossy. The feed network consists of an ideal

power combiner (we assume no coupling between the combined branches and no reflections

at the junction). The S21 parameter of the equivalent circuit is a measure for the coherent

received power. We need also to sum up the incoherent power contributions to obtain the

angular sensitivity. The effect of using actual components can be taken into account by

replacing the ideal power combiner with a device, whose scattering parameters are obtained

by using a full-wave simulator. Both reflected and coupled powers will be absorbed in the
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Figure D.7: Equivalent circuit representing a plane wave impinging on an array of two elements at an
angle θ from the array axis.

two lossy lines, whereas a quantity of power, which is smaller than the one predicted by

the ideal case, will flow in the line below the common point.
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Summary

Large Focal Plane Arrays for Terahertz Imaging

The increasing attention for Terahertz technology is due to the number of potential appli-

cations that may benefit from its use (medical, defense, space). The matter in the universe

has a rich spectral content in the THz range, therefore, very high resolution cameras that

are able to image at these frequencies will contribute to an understanding of our universe,

its origin and its formation, deeper than previous cameras working at other frequencies or

with a lower resolving power. SPICA, a future Japanese deep space science mission, will

host a European far-infrared imaging spectrometer, SAFARI. Focal plane arrays play a key

role as part of this instrument, since parallel acquisition is required to reduce integration

time. The Kinetic Inductance Detector (KID) is a very promising device for several rea-

sons: it can be very sensitive (NEP of the order of 10−19 W/
√

Hz), it can be easily arranged

in an array configuration, allowing a powerful and effective frequency multiplexing scheme,

and it can be easily integrated with a lens antenna to couple the THz radiation to the

sensor more effectively. A KID is basically a superconducting microwave resonator, whose

characteristics are modified by the incoming THz radiation.

Specifically, the resonator consists of a superconducting coplanar waveguide (CPW), where

electrons are condensed in a macroscopic quantum state, formed by paired electrons:

Cooper pairs. Since the energy needed to break a Cooper pair is smaller than the en-

ergy of a photon in the THz frequency range, the photons associated to the absorbed THz

radiation are able to break these pairs into quasi-particle excitations, subsequently modi-

fying the superconducting properties of the CPW. This results in a slight deviation of the

CPW kinetic inductance, and consequently in a modification of the waveguide propagation

constant, which produces an appreciable shift in the resonant frequency of the device. This

change can be measured by detecting the shift of the resonance frequency induced in the

transmittance S21 of the through line the KID is coupled to.

A proper antenna design is a key issue to ensure an optimum behavior of the detector.

Several single-pixel antenna designs have been proposed. The analysis of each of them
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has resulted in the identification of the most suited for our application (the in-line X-slot

antenna). It has been shown that, above 700 GHz, using antennas fed by corporate lines,

and realized with the same superconducting material as the detector, lowers the system

responsivity and broadens the array pattern due to incoherent absorption in the branches

of the feed line. Therefore, the use of an antenna with a single feed point is suggested.

If the antenna is integrated with the resonator line, the quasi-particle efficiency, i.e. the

ratio between the power exploited to break Cooper pairs and the total power absorbed

by the antenna, is almost doubled. The behavior of the KID, when two antennas are

placed in series within the resonator line, has been analyzed and the results show that the

responsivity can be doubled, if the two antennas are identical and a proper length of the

line between the two is chosen. If the two antennas are orthogonally polarized, by choosing

a proper distance between the two, it is possible to obtain a constant responsivity of the

KID, whereas this would drop to zero for a complete polarization mismatch between the

incoming wave and the antenna. Placing two antennas in the focal plane of the integrated

lens, but not in the focal point, is not optimal from the radiation-efficiency point of view.

Therefore, this kind of configuration can be used efficiently if the lens can be shaped to

optimize the coupling efficiency, or if the use of lenses is not necessary.

Modeling of arrays of lenses in reception has been carried out to analyze the interaction be-

tween the incoming wave and the antenna-plus-sensor system and to analyze the coupling

between adjacent lenses. The tool is based on a mixed approach that makes use of Geo-

metrical Optics, Physical Optics and a full-wave model. Moreover, the model has not only

been implemented for the specific problem of THz imaging, but it is now an instrument

for the analysis of arrays of lenses for more general purposes.



Samenvatting

Grote brandvlak antennestelsels voor Terahertz beeldvorming

De toenemende aandacht voor Terahertztechnologie is toe te schrijven aan het aantal

toepassingsgebieden dat hiervan zal profiteren (medisch, defensie en ruimtevaart). De ma-

terie in het universum bevat veel informatie in het THz bereik. Daarom kunnen zeer hoge

resolutie camera’s, die in staat zijn om afbeeldingen op deze frequenties te maken, een goed

begrip opleveren van ons heelal, zijn oorsprong en zijn vorming. Dit kan beter dan met de

al in gebruik zijnde camera’s die bij andere frequenties of met een lager oplossend vermogen

werken. SPICA, een toekomstig Japanse deep space wetenschappelijke missie, zal ruimte

bieden aan een Europese diepinfrarood beeldvormende spectrometer, SAFARI. Brandvlak

antennestelsels spelen een hoofdrol als onderdeel van dit instrument, omdat parallele data

acquisitie nodig is om de integratietijd te verkorten. De Kinetic Inductance Detector (KID)

is een veelbelovend instrument om verschillende redenen: hij kan erg gevoelig zijn (equiva-

lent ruisvermogen in de orde van 10−19 W/
√

Hz), hij kan eenvoudig in een stelsel geordend

worden, waardoor krachtige en effectieve frequentiemultiplexing mogelijk is, en hij kan

eenvoudig worden gëıntegreerd met een lensantenne om de THz-straling effectiever in de

sensor te koppelen. Een KID is eigenlijk een supergeleidende microgolfresonator, waarvan

de kenmerken veranderd worden door de inkomende THz-straling.

De resonator wordt gemaakt van een supergeleidende coplanaire golfgeleider (CPW), waar

de elektronen gecondenseerd worden in een macroscopische kwantumtoestand en gevormd

worden door de elektronenparen: Cooperparen. Omdat de energie die nodig is om een

Cooperpaar te breken kleiner is dan de energie van een foton in het THz-gebied, zijn de

fotonen die geassocieerd zijn met de geabsorbeerde THz-straling in staat om deze paren op

te breken en quasi-deeltjes te exciteren. Als gevolg daarvan wijzigen de supergeleidende

eigenschappen van de CPW. Dit resulteert in een geringe afwijking van de kinetische induc-

tie van de CPW en dus ook in een wijziging van de propagatieconstante van de golfgeleider,

wat een aanzienlijke verschuiving van de resonantiefrequentie van het apparaat veroorza-

akt. Deze verandering kan worden gemeten door het detecteren van de verschuiving van
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de resonantiefrequentie die gëınduceerd wordt in de transmissiecoefficient S21 van de door-

gaande lijn waaraan de KID gekoppeld is.

Een goed antenne ontwerp is een belangrijke voorwaarde om een optimaal gedrag van de

detector te garanderen. Diverse eenpixel antenneontwerpen zijn voorgesteld. De analyse

van deze ontwerpen heeft geleid tot de identificatie van de meest geschikte variant voor

onze toepassing (een antenne opgebouwd uit een X-vormige uitsparing in het grondvlak

van de CPW). Boven de 700 GHz leidt het gebruik van antennes, die gevoed worden

door vertakte voedingslijnen en die gemaakt zijn van hetzelfde supergeleidende materiaal

als de detector, tot een verlaging van de systeemresponsiviteit en tot een verbreding van

het antennepatroon van het stelsel. Dit is te wijten aan een incoherente absorptie in de

takken van de voedingslijn. Daarom wordt het gebruik van een antenne met een enkel

voedingspunt voorgesteld. Als de antenne wordt opgenomen in de resonatorlijn zal de

effectiviteit van de quasi-deeltjes bijna verdubbelen. De effectiviteit van de quasi-deeltjes

is de verhouding tussen het gebruikte vermogen om Cooperparen te breken en het totale

vermogen dat wordt geabsorbeerd door de antenne. Het gedrag van de KID, wanneer twee

antennes in serie worden opgenomen in de resonatorlijn, is geanalyseerd. Het resultaat

toont aan dat de responsiviteit kan worden verdubbeld als de twee antennes identiek zijn

en als er een geschikte lengte van de lijn tussen deze twee antennes gekozen wordt. Als de

twee antennes orthogonaal gepolariseerd zijn, kan door het kiezen van een geschikte afstand

tussen deze twee, een constante responsiviteit van de KID verkregen worden, terwijl deze

anders door een ongelijke polarisatie van de inkomende golf en de antenne zelfs nul kan

worden. De keuze voor het plaatsen van twee antennes in het brandvlak, maar niet in het

brandpunt, van de gëıntegreerde lens is niet optimaal. Een dergelijke configuratie kan pas

echt optimaal worden gebruikt wanneer de vorm van de lens kan worden geoptimaliseerd

voor de koppelings efficiëntie, of wanneer het gebruik van lenzen niet nodig is.

Een model van lenzenstelsels in ontvangsttoestand is gëımplementeerd om de interactie

tussen de inkomende golf en de antenne inclusief sensorsysteem te analyseren en om de kop-

peling tussen aangrenzende lenzen te bestuderen. Dit model is gebaseerd op een gemengde

aanpak die gebruik maakt van geometrische optica, fysische optica en een volledige Maxwell

beschrijving. Bovendien is dit model niet alleen gëımplementeerd voor het specifieke prob-

leem van THz beeldvorming, maar is het ook een algemeen instrument voor de analyse van

de lenzenstelsels voor algemenere doeleinden.
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