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Abstract

Due to technology trends such as autonomous driving, the need for robust safety in
the automotive industry increases. The safety comes from sensors that are able to im-
age the environment and systems that use this information to avoid incidents and retain
maximum safety. Detection of pedestrian has high importance since a missed detection
can be lethal. Current solutions for pedestrian detection are based on infrared and optical
cameras. With these solutions it can be challenging to detect pedestrians under condi-
tions such as cold/foggy conditions, especially during nighttime. In this scenario through
clothes penetration of infrared radiation is poor. Instead, terahertz radiation penetrates
better through clothes, making terahertz imagers a viable solution to increase safety in the
framework of autonomous driving.

The focus on automotive sensors requires that the solution needs to be low-cost, low
power and compact. Traditional passive terahertz detectors are based on cryogenically
cooling or active illumination of the target to maximize the sensitivity, since this is not
applicable in automotive designs we design an array that can be combined with direct
detectors to increases the sensitivity by maximizing the effective bandwidth. The sensor
needs to have sufficient resolution to detect the pedestrians at distances up to 10 meters

combined with sufficient sensitivity to also perform in weather conditions such as fog.



The design in this is thesis is a terahertz imager with a connected array of dipoles as
receiving antenna. By connecting the elements in the array, the dipoles behave broadband
and can be densely placed on a focal plane. The array of elements is placed under a silicon
lens to sample the far field. The prototype proposed is a limited size version of the full
array, which contains less pixels to make it less expensive to manufacture. The design is
able to detect pedestrians with sub-Kelvin sensitivity on hot days while also achieve an
spatial resolution of 15 e¢m at maximum distance. With this result the prototype shows
that it is a suitable solution to extrapolate further into a full array design. It shows it is
an addition to the existing sensors and it fills a gap in pedestrian detection.

This thesis is submitted in partial fulfillment of the requirements for the degree of

Master of Science n Electrical Engineering at Delft University of Technology.

Bart van den Bogert
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Chapter 1

Introduction

This chapter contains the introduction to the research done, clarifying the back-
ground and the application considered. First, the background in pedestrian detection will
be introduced, followed by the solution proposed in this thesis. The last section of the

chapter gives an overview of the outline of the thesis.

1.1 Pedestrian Detection

With the evolution of the automotive industry as we know, the demands on what a
car is able to detect change [1]. Traffic flow is affected by human driving involving reaction
time, delays and human error which can be removed in autonomous cars by replacing the
human driver with a computer controlled systems and sensors [2]. When looking at the
overview of the present systems on a car, a large variety of sensors are found, having vari-
ous functionalities such as temperature and pressure monitoring, locating the cars position
on the road and pedestrian detection [3]. With the development of autonomous vehicles,
economic benefits can be made, but this asks for determining appropriate standards for
liability and security [4].

One of the most important and challenging application that is considered here is the
detection of other road users. Especially pedestrians are hard to observe, due to their
small size compared to cars and their possible unpredictable movements and locations [5].
Since the result of a missed detection can be fatal, a high demand on safety performance
is required in pedestrian detection [6].

Currently, different kinds of sensors for pedestrian detection are used such as Radar

[7], near-infrared [8], far-infrared [9] and optical cameras [10]. All different types of sensors



Visible Terahertz Infrared

Figure 1.1: Image resolved from visible, terahertz and infrared light in left, middle and right respectively.
A limited performance in terms of penetrability of clothing occurs for visible and infrared light, while

terahertz radiation is able to penetrate through the clothing [13].

have their own strengths and limitations, so a combination of them is needed to design
a robust system [11]. Radar sensors use active illumination, but will be relatively big
compared to the other sensors. Optical cameras depend on optical light illuminating the
target, which can cause problems during nighttime. Near-infrared sensors are also based
on active sources which are relatively expensive. Far-infrared (FIR) are thermal cameras
receiving the thermal radiation described by Planck’s law. The FIR sensors cost less but
are also limited in performance for two important reasons. First, the infrared radiation
is attenuated strongly in atmospheric conditions such as fog and rain [12]. Second, FIR
sensors can be limited in the penetration through clothing (Fig. 1.1), making it harder to
detect a person. Fig. 1.1 shows that, in detecting pedestrians, a big portion of the radi-
ation is blocked due to the clothing the pedestrians wear. Fig. 1.1 is from the work [13],
that focuses on security imaging where the radiation is required to penetrate through the
clothing in order to detect concealed weapons. However, Fig. 1.1 also illustrates the fact
that a pedestrian will be a more distributed source of radiation in the terahertz (THz)
regime w.r.t. the infrared regime. This holds especially in the scenario when it is cold,
foggy and at night, where a pedestrian is likely to wear multiple layers of clothing, blocking
most of the infrared radiation. For this reason, a THz imager will be able to complement
current infrared and optical systems, increasing the reliability of current pedestrian detec-
tion systems.

As indicated in Fig. 1.2, the thesis discribes sensors that operate in the THz regime.

Which is at lower frequency than present solutions based on infrared (IR) and optical cam-
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Microwaves Visible X-ray y-ray

MF, HF, VHF, UHF, SHF, EHF

100 108 106 1109 1012 1015 1018 1021 1024
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Frequency (Hz)

Figure 1.2: Electromagnetic spectrum and indicated are the positions of RADAR, terahertz (THz), infrared
(IR) and optical cameras [14].

eras, but at higher frequencies than RADAR.

1.2 Solution proposed in this Thesis

Microwave frequencies up to 600 GH z are characterized by low atmospheric attenua-
tion and the ability to penetrate through clothing. These features show that a THz imager
can complement current existing images for the purpose of pedestrian detection. Best im-
age quality can be achieved in an active scenario, where both THz sources and detectors
are being used. However, the development of circuitry in microwave and millimeter wave
applications is still considered to be a challenging task [15]. THz sources are bulky and
power hungry, making them unsuitable for integration in a car. For this reason, the need
arises to develop passive THz cameras, i.e. radiometers. Similar to FIR cameras, a passive
THz camera will detect the thermal radiation that can be described by Planck’s law.

Over the past decades, looking into the development of circuitry in microwave and
millimeter applications has taken a flight, while in the THz regime (from 300 GHz to
3 THz) the solutions have proven themselves to be challenging [15]. The usage of this
part of the electromagnetic (EM) spectrum is limited in terms of tunable sources and ef-
ficient amplifiers for the use of large arrays. Without the availability of efficient coherent

mixers that can be integrated in large arrays, incoherent detection (i.e. direct detection)

3



architectures are preferred at submillimeter-wave frequencies. The use of direct detectors
comes with some benefits compared to other detectors. The first advantage is the easy
read-out circuitry that is needed, since the signal is received incoherently i.e. no mixers
are needed; for this a detector-integrator combination is used. The second advantage of
using direct detectors is that they consume less power than coherent detectors, since no
oscillators, mixers and amplifiers are used. The third advantage is that because of the
simple read-out circuitry, large focal plane arrays (FPA) can be manufactured. When
using integrated technologies such as CMOS, low-cost imaging applications are enabled,
suitable for commercial applications like the automotive industry. A quasi-optical system
containing elements such as lenses or reflectors is combined with the FPA to create a large
field of view (FoV).

The current state-of-the-art uncooled passive submillimeter-wave imagers [16] are in-
sufficiently sensitive to operate without actively illuminating the source of interest [17].
The sensitivity of a direct detector imager is expressed as the Noise Equivalent Tempera-
ture Difference (NETD), which is the temperature resolution of the system. The NETD is
the temperature sensitivity which is the minimal temperature difference from the source
of interest that can be distinguished form the noise fluctuation in the image. It is shown
in [17] the NETD can be expressed as:

NEP 1
AT = NETD = — 1.1
ansysAfrf V 27_int ( )

with kp the Boltzman constant (1.38 x 1072 m?kgs 2K '), 7]s,s the average system ef-
ficiency, Af,; the operational bandwidth of the feed (the product of 7,sAf.; is referred
to as the effective bandwidth Af* ]{f ) and 7;,; the integration time of the integrator. This
equation will be explained further in chapter 2.

Eq. (1.1) can be rewritten as a function for the imaging speed, defined as s = %
In Fig. 1.3 the imaging speed s is shown as a function of NEP and effective bandwidth
when a temperature sensitivity of 1 K is required. Fig. 1.3 illustrates the focus area of
the imager, where the solution will be based on in this thesis. The NEP of the whole
system is depending on the read-out circuitry and the environment the system is placed
in. The performance of direct detectors can be increased by cooling the system to cryo-
genic temperatures to increase their performance in terms of sensitivity [18] [20]. When
uncooled detectors are used, NEPs of 12 nW/+/Hz are achieved in [16] or even as low as
0.48 pW/ VHz [19]. This can be improved further by cryogenically cooling the system to
achieve NEPs of 3 x 107 W/v/Hz [20]. The ultimate limit one can achieve by cooling is

that the noise received is not limited by the noise introduced by the detector, but by the

4



Imaging Speed for a 1K Temperature Sensitivity
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Figure 1.3: The focus area (from [17]) of the passive imager used in this thesis, also showing: [A] cooled
KIDS as in [18] and [B] uncooled CMOS as in [16] .

erratic fluctuations of the signal itself. However, cooling will not be applicable here, since
this will introduce a bulky power consuming cooling installation that is unaffordable for
usage in the automotive industry. To compensate in the lag of sensitivity of the uncooled
system, one can increase the bandwidth of the system to increase the power received (from
Eq. (1.1)).

The design developed in this thesis is a THz imager that utilizes a broad portion
of the THz spectrum efficiently such that it, combined with a detector with a NEP in
the order of pWW/ V/Hz, is able to achieve real-time refresh-rates with sub-Kelvin tempera-
ture sensitivity. This thesis is part of the Tera-hertz silicon-Integrated CAMera (TICAM)
project, which is a passive imager for the detection of pedestrian in an automotive appli-

cation.

1.3 Outline of the Thesis

This thesis is organized in 6 more chapters: Chapter 2 is on a further analysis of
passive terahertz imaging, deriving the figures of merit. Chapter 3 is the analysis of the
application focused on pedestrian detection and how this sets the requirements for the
design of the imagers. In chapter 4, possible solutions for the design are evaluated and a
quasi-analytical model for connected arrays of elements is derived. Chapter 5 contains the
aspects that are taken into account in the optimization to determine the final design for

the array. Then the final design is evaluated in chapter 6 to find the realized performance.



Conclusions and future work prospects are given in chapter 7.



Chapter 2
Passive Terahertz Imaging

This chapter explains the figures of merit used in THz imaging. An overview of the
system can be found in Fig. 2.1, where an instrument box is looking at an incoherent
source of temperature T, radiating power. In the instrument box, the FPA of detectors
with feed period df is placed under optics with diameter D and focal distance F. The

source solid angle is defined as (), and the optics solid angle is €2¢.

2.1 Back-Body Radiation

The main purpose of a radiometer is to detect the spectral brightness distribution of
a source B(f,)) with temperature T, over a source solid angle {2,. The spectral brightness
of an incoherent source, which is also referred to as black-body radiation, can be described
by Planck’s law as [21]:

2 onf W
B(f,Q) == 2.1
(f7 ) 26#‘]‘(95)_1 m2Ser ( )

where f is the frequency, ¢ is the speed of light (2.99 x 108 m/s), h is Planck’s con-
stant (6.626 x 1073 m%kgs™!) and kp is Boltzman’s constant (1.38 x 1072 m?kgs2K~1).
Planck’s law describes the spectrum that is emitted as a function of the source tempera-
ture, there are two limits in this expression:
The first limit is called the Rayleigh-Jeans limit and is valid when hf < kT, which
is the case for pedestrian detection. In this limit, the spectral brightness becomes:
f2
B(f,Dlnsersr. = BY(f,Q) = 52k5To(Q). (2.2)
When the sources have a higher temperature than 270 K and looking at frequencies lower
than 1 T'H z, the error due to the difference between Planck’s law and the Rayleigh-Jeans



Instrument

Radiometérﬁ o FPA df Box

Figure 2.1: System under investigation, left: Instrument box (radiometer) placed under an incoherent
source of temperature T, with source solid angle {2;. Right: the instrument box containing a square focal
plane array (FPA), antenna diameter dy, of detectors placed under optics with diameter D and at focal

distance F over solid angle Q. [17]

limit is less than 10 %.
The other limit is the Wien’s limit, valid for hf > kgT, which is described as:

h

) -1
B, Dlugshsr, ~ BV (1,0) = (50 — 1) e matm (2.3)

In this equation it can be seen that the brightness decreases exponentially as a function
of the frequency; the lower frequency will have the strongest contribution in the emitted
radiation. Due to this decrease in spectral power, increasing the bandwidth of the system
is not beneficial in this limit. For this thesis is assumed the sources of interest are in the

Rayleigh-Jeans limit, thus Eq. (2.2) will be used in the further analysis.

2.2 Received Power

The purpose of a direct detector is to convert the incident black-body radiation, as
described by Planck’s law, to a signal that can be read-out by low frequency circuitry. A
schematic overview of the antenna-detector combination can be found in Fig. 2.2. This
consists of three main components: an antenna with effective bandwidth A f; }c ! receiving
an erratic THz signal; the detector (with noise equivalent power NEP) that transforms the

incident terahertz power to a DC voltage at the output of the detector (possibly modulated
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Antenna Detector Integrator

Figure 2.2: Schematic overview of the a direct detector. A terahertz EM radiation signal is received by
the antenna with effective bandwidth A fef F= Noys A fry; the energy is summed up incoherently in the
detector with Noise Equivalent Power NEP. The detector gets read-out by the integrator every 7;,: seconds,

resulting in a signal to noise ratio after detection of SNRAp.

signal to avoid flicker noise contributions). The low frequency signal at the output of the
detector is then integrated for a integration time 7;,; in order to reduce noise fluctuations
introduced by the detector. The signal to noise ratio (SNR) after detection is denoted as
SNRap.
For direct detector schemes the SNR can be expressed as [23]:
P,

NEP
where P, is the average received power accepted by the detector during the integration

SNR =

27—7,nt (24)

time 7;,;. The NEP is the noise equivalent power from the detector, which is the power
that is needed to get unit SNR after 0.5 seconds of integration.
The expression for the average received power P of the n'" detector-antenna combination
from a incoherent source, is equal to the integration of the targets brightness distribution
(following Eq. (2.1)) over the operational bandwidth, A f, r,over the source solid angle, €,
weighted by the effective area of the quasi optical system, Agf f

/Af / Aeff (f,Q—Q,) B(f,Q)dQdf . (2.5)

The factor % before the integrals is due to the fact of only a single polarization is received.
The effective area of the quasi optical system related to the directivity of the antenna,
DO(f,Q), as Aeff = 47rnsys(f)DO(f, 1), where 7, is the system efficiency of the feed;
this will be defined further.

2.2.1 System Efficiencies

This part describes the efficiencies that are taken into account to calculate the system

efficiency, 7,ys, as:
Nsys(f) = Nso(f)Mme () Notam () Nimp (F )N 26 (f)resi () - (2.6)
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In Eq. (2.6), 1, is the spillover efficiency, 1. is the mutual coupling efficiency, nopm, is
ohmic efficiency, 7, is the matching efficiency, 19 is the front-to-back ratio efficiency
and 7.z is the reflection efficiency. All these efficiencies will now be clarified further.
Reciprocity theorem shows that an antenna can be modeled as a receiver or a trans-
mitter to evaluate the patterns and efficiencies. This thesis derives a quasi-analytical model
of an antenna array as if it were used in transmission. Also the final array optimization will
be performed in transmission using CST Microwave Studio [24]. The following efficiency
terms will also be explained in transmission. However, do note that the array will be used

in a passive scenario, i.e. only in reception.

Spillover Efficiency

The first efficiency term that is taken into account is the spillover efficiency. Since this
FPA will be using a lens to focus the beams in the FoV, some spillover will be introduced.
While some of the radiated power is captured by the aperture of the lens (o), some is
radiated to angles wider than the truncation angle of the lens 6. The power that is not
radiated on the lens aperture is assumed to be lost.

This can be expressed mathematically as:

Jor, DY (f,2)d02

Nso(f) = . (2.7)

where Qo is the solid angle where the lens aperture is present, D/ is the directivity pattern

of the antenna feed used.

Mutual Coupling Efficiency

When an element is radiating power, some power is captured by the neighboring
elements. In an imaging array, where each antenna corresponds to a pixel in the imaging
plane, power that is dissipated in neighboring elements is assumed the be lost.

Considering that the influence of mutual coupling is stronger when elements are
placed closer to each other, mutual coupling is seen as the fundamental limit for closely
spaced arrays of elements [25].

The power radiated by the fed unit is P,,4 and the power dissipated in the neighboring

elements is P,,.. The mutual coupling efficiency is calculated as the ratio P,,q and the total

10



power Ptot = Prad + Pmc:
Prad

- Ptot '
For the simulation in CST, one pixel is excited, which radiates P,.q, the neighboring

Nime (2.8)

delta gaps are modeled as resistive elements with impedance Z; to calculate the amount

of power absorbed in these elements.

Ohmic Efficiency

The chip design is based on the use of CMOS technology (appendix (A)) placed under
a silicon lens. When CMOS technologies are used, ohmic loss are introduced due to the
finite conductivity of the metal layers and dielectric losses in the low-resistive silicon of the
technology. The bulk silicon considered here is characterized by a conductivity of 10 S/m.
CST provides an efficiency which contains both contributions of ohmic losses and mutual

coupling.

Matching Efficiency

Impedance mismatch between the antenna and the detector determines the matching
efficiency. Maximum power transfer between a port or detector with impedance Z, and the
antenna with impedance Z;, is when the impedances are conjugately matched. When the
impedances are not conjugately matched, not all power generated by the port is radiated
by the antenna, but reflected back into the port. In this work, the detector impedance Z,
is unknown. The optimization of the input impedance is performed using a constant and
real generator impedance over the frequency band. Final optimization must be performed
together with dimensioning the detector in order to obtain maximum power transfer.

The reflection coefficient, I', is calculated as:

= Zin = 24 . (2.9)
Zin + Z,

The matching efficiency is found as:

imp(f) = 1= [F(F)? (2.10)

as a function of frequency, since the impedance can generally not be assumed constant
for wideband systems. The impedance of the detector is approximated here as real and

constant over the whole frequency spectrum.
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Front-to-Back Efficiency

In the imager the lens is placed on one side of the antenna. Since the antenna
radiates in both hemispheres, some power is radiated back, away from the lens. This

power is assumed to be lost, defining the front-to-back efficiency as:

foront Df (f’ Q)dQ

- (2.11)

77f2b(f) =

where D/ is the feed directivity and Qon is the front hemisphere (where the lens is

present).

Reflection Efficiency

Using the lens, reflections as in Fig. 2.3 will occur. The difference in characteristic
impedance between the air and the silicon introduces reflections with reflection coefficient:
Zair - Zsil

_— 2.12
Zair + Zsil ( )

1—‘refl =

where Z,;, is the characteristic impedance of air and Z; is the characteristic impedance

of silicon. The reflection efficiency 7, is then calculated as:

Nreft = 1— |Frefl|2 . (213)

At the top of the lens the rays are mostly transmitted, but at the sides of the lens the
rays are reflected back inside the lens. To minimize the reflections, a matching layer can
be used to match the silicon lens with the air, but the bandwidth is limited.

2.3 Effective Bandwidth and Effective Gain Pattern

From the system efficiency the effective bandwidth of the system can be calculated

as:
Affff = Af?“fﬁsys (214)

where 7,5 is the average system efficiency as 75, = ﬁf IN foy Nsys(f)df -

Also the system efficiency can be used to calculated the effective gain pattern:
Gurs(@) = [ manl)DO(1. 00 (2.15)
v
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Figure 2.3: Rays picture in a silicon lens. At broadside the rays are mostly transmitted in the air, while

at the side of the lens most of the rays are reflected back inward the lens.

which is the spectral directivity weighted by the system efficiency and integrated over the
operational bandwidth, also referred to as radiometric pattern. The radiometric pattern
represent the incoherent integration of power of the detector and illustrates where the
radiometer integrates its power angularly.

Assuming the source of interest is operating in the Rayleigh-Jeans limit, the received
power from Eq. (2.5) substituting Eq. (2.2) into (2.15) gives:

k
pr==

=B Q)G (Q)d9. (2.16)
47 Afry

Assuming that the source is distributed (large compared to the radiation pattern)
and uniform in terms of temperature, the integration over the source solid angle of the
effective gain pattern is approximated as 47, the average received power P, of each feed is
then written as:

Py = kp T fog (217)

where T} is the average source temperature.

2.4 Temperature Sensitivity and Imaging Speed

To find the temperature sensitivity of the imager, we first consider an incoherent
source of average temperature T, resulting in a received power at the detector P,. A
difference in source temperature AT will result in a difference in received power as AP.
From Eq. (2.17) it follows:

AP = kAT sy Afyrs. (2.18)
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Substituting this in Eq. (2.4) and setting the SNR to unit gives the Noise Equivalent
Temperature Difference (NETD), which is the minimal difference in temperature that can

be distinguished from the noise fluctuations, i.e. the temperature resolution:

NEP 1
AT =NFETD = — . 2.19
ansysAfrf \% 27—int ( )

By rearranging the terms in this equation, one finds an expression for the imaging speed

S:

_ L 2.9
5 NEP (2:20)

Tint
In Fig. 1.3, it can be seen that the design in this thesis will be broadband. It will use a

1 _, (NETD - kBﬁsysAfo)Q

broad bandwidth to achieve a real-time imaging speed with sub-Kelvin sensitivity.

2.5 Resolution and Focal Plane Architectures

Resolution in an imager system is referred to the ability to distinguish multiple sources
from each other in its focal plane. The resolution is influenced by the sampling configuration
as a displacement from a feed Ap in the focal plane leads to a scanning angle Af off
broadside. For systems with large F. this can be expressed as Ap = FAf, where F' is the
focal length. To illustrate the principle of focal resolution one can look at Fig. 2.4.

If two point sources are angularly separated in the far field by Af (Fig. 2.4), two Airy
patterns will coherently sum in the focal plane with the maxima separated by Ap = FA#.
Similar to the Nyquist rule, in order to be able to distinguish the two peaks, one not
only needs to sample the peaks itself, but also in between. This implies that the required
sampling is dy = % = 0.5F4 A0, relating the angular resolution and the feed size to each
other as:

df

Denser sampling of the feeds will thus create also a denser sampling in the far field.
Although this implies that any angular resolution can be achieved, it is limited by the
diffraction of the two Airy patterns with the optics to still see one peak in the focal plane.
This peak is approximated by the -3 dB bandwidth of the intensity pattern to find the

minimal angular resolution AG“™ needed as [26]:

- A
A 2 2.22
. 2:22)
This is used in Eq. (2.21) to find the minimal sampling of the feeds as:
df™ = 0.5Fu. . (2.23)
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dr=0.5FA6

Ap=FAB Ap=FA®

(a) (b)

Figure 2.4: Overview of angular resolution for focal systems:(a) Two Airy disc patterns due to two point-
sources are placed in the focal plane separated by Ap = FA#; the related displacement is then Ap = FAQ,
where F' is the focal length. (b) Shows that to sample the focal plane and to resolve the two point sources,

one must sample in the focal plane as 1 Fu\. [17].

dFPA

Figure 2.5: Combination of the silicon lens and the FPA placed under it. The feed period is dy; the total
diameter of the FPA is dppa.

When the feed array is sampled according to this rule, it is referred to as fully sampled.
Denser sampling is limited by the diameter of the quasi-optical system. Sparser sampling
will result in less spillover loss (Fig. 2.7) at the cost of lower angular resolution and thus

it depends on the application which sampling is applicable.

To sample the FoV of the system, a FPA is placed under a silicon lens, as shown
in Fig. 2.5. One of the parameters of interest is the period of the feeds dy. Given the

focal number of the lens, F, the center frequency wavelength, \., the sampling length is

15



1

df = —F#/l df = ZF#A

Power sampling Field sampling Maximum Gain sampling

Figure 2.6: Overview of typical sampling lengths: power sampling, field sampling and maximum gain
sampling.
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Figure 2.7: Spillover efficiency as function of the sampling length for high F systems. Highlighted in the
figure are power, field and maximum gain sampling, (0.5F g\, 1Fx). and 2F g\, respectively). F' is the
focal number of the optics and A, is the wavelength at the center frequency f,.

expressed in terms of Fy\.. Typical sampling choices for feed periods are power sampling,
field sampling and maximum gain sampling (%F#)\C, 1Fu )\, and 2F 4\, respectively; Fig.
2.6). When the size of the feed gets bigger, the directivity of the feed increases resulting
in a higher spillover efficiency of the feed to the lens. The spillover efficiency as a function
of the feed size is show in Fig. 2.7, this curve is typical for high F systems.

Equation (2.21) shows that a displacement in the position of the feeds is also trans-
lated in a scan from broadside of the radiation pattern. Since the FPA the feeds are
displaced according to the sampling, the sampling also determines what the angular reso-
lution is. In Fig. 2.8 the angular resolution is shown in terms of directivity patterns for the

center frequency f.. Denser sampling means larger overlaps between beams and crossing
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Figure 2.8: Overlap of the directivities of 3 unit cells for power sampling (a), field sampling (b) and
maximum gain sampling (c). The red dotted lines indicate the crossing points of the centered patterns

with its neighbors.
at higher pattern levels.

An overview of the angular resolution and the spillover efficiency per sampling is
found in Table 2.1. This shows that it is not possible to maximize the angular resolution
and the spillover efficiency at the same time; it will be a tradeoff between the two param-

eters.

In order to achieve a fully sampled FoV with a sparsely sampled array, one can also
rotate mechanically the FPA (also known as jiggling) to let it scan across the sources of
interest. This has been proven to be applicable in [27]. Moving the FPA will result in
scan time loss (time the detector is not observing). Additionally, the instrumentation for

rotation can be relatively bulky and not suitable for automotive sensors.

Power

Field

Max. Gain

Table 2.1: Relevant parameters for typical types of sampling.
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Chapter 3

Pedestrian Detection

This chapter describes an analysis of the application at hand. First the scenario is
described, then the effect of the focal plane array on the architecture is investigated. The
predicted sensitivity is analyzed, and based on these considerations a proposal of an array

design is reported.

3.1 Scenario Description

The scenario under investigation considers to use the imager in an automotive appli-
cation to detect pedestrians at distances between 1 and 10 meters. The imager is envisioned
to be used in urban areas, where many pedestrians will be on short-range from the car. A
schematic overview of the situation is given in Fig. 3.1. The pedestrian is placed on 1, 5
and 10 meters from the car.

The radiated power is attenuated due to conditions as fog, that can be calculated
by ITU-models [12]. L,; is the atmospheric loss in dB through transmission, which is cor-
responding to the atmospheric efficiency 7y as 1, = 10 . The atmospheric efficiency for
transmission through 10 meters of fog is shown in Fig. 3.2; it can be observed that the
atmospheric losses are significant for these frequencies.

As it has been explained in the previous chapters, the overall goal is to maximize the
effective bandwidth. For this reason one would like to operate at frequencies as high as
possible, so that the same relative bandwidth corresponds to a larger absolute bandwidth.
Operating at higher frequencies also implies a reduction in the size of the optics and chip
area and improved resolution. However, the operational bandwidth should be used as effi-
ciently as possible. In chapter 4 it will be shown that a relative bandwidth of 1:3 is feasible
in a CMOS stratification. Considering these factors, the frequency band of 200 GHz to
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Figure 3.1: Overview of the considered scenario to evaluated the performance, where the pedestrian is
placed at 1, 5 and 10 meters from the car.
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Figure 3.2: Atmospheric efficiency due to the attenuation from the fog (water density 2.5 g/m3 and
temperature of 23°C') for a transmission over 10 meters.

600 GH z is chosen as operational region.

The average atmospheric efficiency 7, from 200 GHz to 600 GHz due to fog and
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Figure 3.3: Average atmospheric efficiency over the bandwidth 200 GH z - 600 GH z as a function of range
under rain and fog conditions. Rain parameters: rainfall rate 2.5 mm/h; fog parameters: temperature
23°C; water density 2.5 g/m?>.
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Figure 3.4: Field of view as a function of range for a scanning angle of 30°.

rain conditions is shown in Fig. 3.3. It shows that the atmospheric efficiency decreases
with larger ranges.

To make to imager compact and suitable for integration in a car, the maximum di-
ameter of the lens is set to be 5 em with a typical focal number of approximately 0.67 (i.e.
lens height 3 ¢m). The maximum scanning angle is £30 degrees. It is assumed that within
30 degrees scanning angle there is limited degradation in scanning performance, without
need to design advanced optical systems. The available FoV for the distance range can be

found in Fig. 3.4, which shows a FoV of almost 10 meters at maximum distance.

The imager detects the difference in temperature between the pedestrian and the
background. Therefore, the sensitivity that is required depends on the contrast in temper-
ature between the pedestrian and the background. When the pedestrian is 30°C' and the
background air is 27°C, it requires a sensitivity of at least 3 K to distinguish the pedes-
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Figure 3.5: Scanning angle for a silicon lens. Left: Schematic side-view of the maximum scanning angle

at the lens 0757 and the corresponding maximal feed displacement d77t*. Right: The maximum scanning

angle as a function of the maximum feed displacement, for a maximum scanning angle of 30° the maximal
size of the FPA is 8.9 mm.

trian. This implies that when the temperature contrast is bigger (i.e. on colder days), the
required sensitivity is lower, making the pedestrian easier to be detected.

To analyze the influence of the temperature of the background two scenarios are de-
fined. First a cold day where the air is 20 K colder than the pedestrian and then a hot
day where the air is only 3 K colder then the pedestrian. This difference in temperature

between the background and the pedestrian is also referred to as contrast.

3.2 Focal Plane Architecture

In Fig. 3.6 the scanning angle is shown as a function of the feed displacement, using
Snell’s law for the silicon lens (¢, = 11.9) to calculate the scanning angle. The lens has
a diameter of 5 ¢m and a height of 3 cm. The maximal scanning angle is 30° and the
corresponding maximal size of the FPA dy,, is 8.9 mm.

The sampling of the FPA determines the feed size, the maximum number of feeds
and the angular resolution, as shown in Table 3.1. Here it can be seen that for power, field
en maximum gain sampling, the resolution becomes 0.43°, 0.86° and 1.72°, respectively.

The FoV per pixel and the spatial resolution for all samplings can be seen in Fig. 3.6.

The spatial resolution on the pedestrian and the FoV for different distances is shown
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Power 65.86 135 x 135 0.43°
Field 131.73 67 x 67 0.86°
Max. Gain | 263.46 33 x 33 1.72°

Table 3.1: Feed size, maximum number of feeds and resolution for different types of sampling.

Spatial resolution

30 . . . . . . .
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Figure 3.6: Spatial resolution for power, field and maximum gain sampling as a function of range.

in Fig. 3.7. It can be observed that the spatial resolution is related to the physical size of
the pedestrian. For maximum gain sampling the spatial resolution is 30 ecm at 10 meters
which is relatively big compared to an arm or a leg. With the field sampling, a decent

resolution of 15 cm at 10 meters is achieved, which is enough to see the arms and legs of

the pedestrian.
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Figure 3.7: Spatial resolution for power, field and maximum gain sampling a pedestrian at 1, 5 and 10

meters.
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Figure 3.8: Overview TICAM single-pixel prototype: Left: Schematic side-view of the used CMOS strat-
ification for the TICAM. Right: Schematic overview of the double-bowtie slot antenna [36]; the units
are in pum, the holes made in the metal ground plane are present to meet the metal density rules of the
technology [28].

3.3 Temperature Sensitivity

The NETD of the system is found as:

NEP 1
NETD = (3.1)

kBﬁsysﬁatm (R) Afrf V 27—int

where 7,5 is the average system efficiency, 7qs, is the average atmospheric efficiency and

R is the range.

In the analysis of the performance it is assumed that the TICAM single-pixel model
from [28] is used. In April 2018 the TICAM research reached a special milestone by
completing their first single-pixel prototype [29]. This prototype uses the stratification
and antenna from Fig. 3.8. The most important simulated parameters of this prototype
can be found in Table 3.2.

In Fig. 3.9 the specifications of the single pixel model (Table 3.2) are used, under
fog condition with water density 2.5 g/m3. In this figure, the NETD for power sampling
(0.5Fx)\.) is too high for the required sensitivity. On the contrary, for field and maximum
gain sampling, the NETD is around 1 K for the entire range of distances.

Up to now the sources of interest are assumed to be distributed, being much larger
compared to the radiation pattern of the imager. In this case the maximum power is
received by the imager, following Eq. (2.19). When pedestrians are close to the imager
this condition applies, but when the pedestrian is further away the pixels will not only

detect the source but also the background. This makes that the sensitivity differ per pixel,
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Bandwidth 200 GHz-600 GH =

Used technology 28 nm CMOS (Fig. 3.8 left)
average system eff. 44 %

Noise Equivalent Power | 0.62 pW/v/Hz

Sensitivity sub-Kelvin at real-time refresh rate

Table 3.2: Parameters of the single-pixel prototype of the TICAM passive imager in [28], the values are
based on simulations.
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Figure 3.9: Sensitivity of the single-pixel model from table 3.2 as a function of distance for a distributed

source under fog conditions (density 2.5 g/m3).

due to the coupling between the radiation pattern and the presence of the pedestrian. This
coupling affects the received power per pixel. The coupling efficiency for feed n is expressed

as:

() = 1 [ DY (f.0 -0, 32

with directivity D7 (f,2,), where the source solid angle €2, defines the angular dimension
of the pedestrian. In order to simplify the analysis, the coupling efficiency is calculated at
the center frequency of 400 GHz and the directivity D/ is calculated assuming uniform
illuminated circular feeds.
An illustration of the source coupling efficiency can be found in Fig. 3.10. As expected,
it can be seen that the central pixel focused on the source have almost unit coupling
efficiency, while the pixels at the background have no coupling. When the coupling is small,
the received power is less, resulting in a lower sensitivity of the pixel to the temperature
change of the pedestrian.

The coupling efficiency for the scenario from Fig. 3.1 is found in Fig. 3.11. It shows that
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Figure 3.10: Overview of the coupling efficiency at 10 meters. Left: pedestrian of interest, every red circle

is a sampled pixel. Right: Coupling efficiency of every pixel to the source of interest.

1m 5m 10m

|

[
Q
S
I,
i
Q
S
I,
(9]

Figure 3.11: Overview of the coupling efficiency for different sampling configurations and distances to the
pedestrian.

lower coupling occurs when the pedestrian is further away, since the pedestrian couples
poorly with each pixel.

The atmospheric efficiency and the coupling efficiency are included in the sensitivity
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Figure 3.12: Sensitivity of for a pedestrian for power, field and maximum gain sampling for different ranges
1, 5 and 10 meter. Since it is cold, the NETD resolution scale is set on 20 K.

under Rayleigh-Jeans conditions as:

NEP 1
NETD" = —— _ (3.3)
angonsysnat(R)Afrf v Tint
where NET D" is the NETD of the n-th feed to the source, 77 is the average cou-

pling efficiency over the used bandwidth of n-th feed to the source, 7, is the average

atmospheric efficiency over the bandwidth and the average system efficiency is 7s,s(R) =
575 Jag, Msus()df-
First for cold days, the sensitivity is calculated in Fig. 3.12. Here the sensitivity scale
is set on 20 K, as the contrast between the pedestrian and the air can be more than 20 K
on cold days. The results show that the pedestrian is distinguishable for all configuration
at all distances.
The sensitivity for hot days are found in Fig. 3.13. The sensitivity scale is set to 3 K
to represent a hot day where the air temperature is almost as warm as the pedestrian tem-
perature. The results show that for power sampling (0.5Fx\.) the pedestrian is not seen

at all; the imager is useless in this configuration. For maximum gain sampling (2Fx\.) the

28



1m

5m 10m
. . [K]
>3

— —
2.5
<
= . '
1.5
— —
11
Q
>
<3 0.5
(@\]
— 0

Figure 3.13: Sensitivity of for a pedestrian for power, field and maximum gain sampling for different ranges
1, 5 and 10 meter. Since it is hot, the NETD resolution scale is set on 3 K.

pedestrian is distinguishable, but the angular resolution is really poor for larger distances.
This makes that field sampling (1Fz)\.) is the best trade-off between angular resolution
and distinguishably of the pedestrians.

From Eq. (3.3) it can be found that the average system efficiency needed to achieve sub-

kelvin sensitivity at real-time refresh rates is 25.1 %.
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Figure 3.14: Overview of the FoV of the full array compared with the proposed prototype.

3.4 Array Proposal

For the proposal of the array first the sampling has to be determined. As seen in Fig.
3.13, for power sampling (0.5Fx\.) the sensitivity is too low to detect the pedestrian on
hot days, the minimal NETD is above 4 degrees which make it impossible for the imager
to detect the pedestrians on hot days.

With maximum gain sampling (2F%\.) the resolution is limited when the pedestrian
is at large distances (Fig. 3.6), the resolution can be up to 30 cm which is large compared
to a pedestrian. The field sampling (1Fx)\.) is a good tradeoff between spatial resolution
and sensitivity, which makes it suitable for this application on both cold and hot days.
Using the field sampling would mean that 67 by 67 elements can be used to fill the FPA
area of 8.9 mm (Table 3.1) for the proposed lens (Diameter 5 e¢m, F =~ 0.67). To realize
a large array of 67 by 67 elements would be too expensive for a prototype, thus an array
of 7 by 7 elements will be designed to give an indication of the expected performance.
The performance of the small array can be extrapolated to predict the behavior of the full
array.

Since the array is limited in size, the FoV is smaller compared to the full array. The
full-array would result in a FoV of 30°, while the prototype will have a FoV of 6.02°. The
FoV as function of distance can be found in Fig. 3.14 and the observed contrast and the
NETD can be found in Fig. 3.15 and 3.16 respectively.

A summary of the parameters of this array is found in table 3.3. The required

performance is to get sub-Kelvin resolution at real-time refresh rate (7;,; = 0.1 s)
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Full-array

Prototype

Figure 3.15: Overview of the contrast that is seen by the full array compared to the contrast of the

proposed prototype.

Full-array

Prototype

Figure 3.16: Overview of the sensitivity that is seen by the full array compared to the sensitivity of the

proposed prototype.
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Sampling 1Fy) 1Fy).

Number of elements | 7 x 7 67 x 67

Feed size 132 pm 132 pm

Array size 924 pm x 924 pm | 8844 pm x 8844 um
Angular resolution | 0.86° 0.86°

Field of View 6.02° 60°

min. 7y, 25.1 % 25.1 %

Table 3.3: This table contains the array parameters proposed in this design.
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Chapter 4

Quasi-Analytical Model for Array

Optimization

This chapter contains an introduction with different existing antenna solutions. Con-
nected arrays are presented as the choice for the antenna. Then an analysis for connected

dipoles will be made to conclude with verification of the results.

4.1 Possible Array Architectures

There are different solutions for designing a broadband planar antenna. This section
will give some examples and elaborate on their benefits and limitation. For reference, the
required relative bandwidth of the system is 1:3 (200 GHz - 600 GHz). All antenna solu-
tions are assumed to be used in combination with dielectric lenses in order to achieve scan-
ning capabilities in an array configuration and to maximize radiation efficiency. Without
dielectric lens antennas, surface-waves inside the bulk silicon would introduce unacceptably
high losses.

The first possible solution is the spiral [30] or the sinuous antennas [31], found in Fig.
4.1 and 4.2 respectively. Both antennas have a relative bandwidth of 1:6 or even larger.
Also their non-directive patterns inside the dielectric lens results in a poor illumination
efficiency of the lens due to the high reflections that occur.

Another solution that received a lot of attention is the enhanced leaky-wave solu-
tion (Fig. 4.3), having a relative bandwidth of 1:5, examples of those antennas are shown
in [32] and [33]. These enhanced leaky-wave solutions are based on implementing an air
gap between the antenna and the high permittivity silicon. This introduces an enhanced

leaky wave along along the structure that illuminates a dielectric lens much more efficiently



Figure 4.1: SP2 log-spiral antenna, the dark color represents the substrate [30].

\

\ / Antenna
\ ,«— Wafer

Wideband
Matching
Layer

Figure 4.2: Dual-polarized sinuous antenna placed on an extended hemispherical dielectric lens with a

wideband match layer; the dark color represents the metal of the antenna [31].

towards the top part of the lens over a very large bandwidth [34]. The CMOS stratification
used (Appendix A) shows that it is not possible to use an air gap here. However, there
is a layer SiO, available, which has a lower permittivity than silicon, inducing a slight
enhanced leaky-wave behavior. Since the permittivity of SiOs (i.e. €, = 4.2) is higher
than air, an efficient illumination of the lens over a relative bandwidth of 1:5 cannot be
reached in this CMOS stratification.

It has been shown that also double-slot type configurations can be used to make a
relatively bandwidth of 1:2 [35] or 1:3 [36] (see also Fig. 4.4).
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Ground plane

memb

Membrane (&,

Figure 4.3: Schematic overview of a dual-polarized leaky lens antenna. The antenna is placed under a
silicon dielectric separated by an air gap of height ~ from the antenna plane [32].

Micro-bolometer

Air Bridges

Figure 4.4: Schematic overview of the double bow-tie slot antenna with a coplanar waveguide low-pass
filter [36].

From chapter 3, field sampling (d; = 1Fg\.) was identified as the best tradeoff.
For this reason, leaky-lens antenna and the double slot antenna are not viable solutions,
as they are both too large for this sampling with a F of 0.67.
Connected arrays were introduced in [37], having the objective to increase the bandwidth of
dipole arrays. After this, arrays of connected elements are investigated further in literature,
for example in [38], [39] and [40]. Connected arrays are promising on their performance
in terms of bandwidth, low cross polarization due to planar currents, wide-scanning appli-
cation. In this thesis, especially the broadband behavior is of interest, phased scanning is
not needed since a FPA in combination with optics will sample the FoV of interest.

In [41] it is seen that an array of connected elements is excited coherently to form a
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(a) (b)

Figure 4.5: Current distribution along the structures. The current distribution along the dipole is indi-
cated by the black lines; only the centered unit cell (dashed square) is excited and the other gaps are
indicated with orange: (a) Half-wavelength dipole array, here the current distribution that is supported
is a resonant sinusoidal distribution along the dipole. (b) Array of connected dipoles, here the supported
current distribution is approximately flat along the dipole.

single radiation beam outside the lens. Unlike the coherent connected array in [41], in the
design that is considered here the elements are not fed in phase and are independent from
each other. This configuration corresponds to the case where each element is associated
with a radiation beam in an imaging array configuration [33].

Figure 4.5 depicts the concept on which connected arrays are based on. In an imag-
ing array, only the element under consideration is active, while the neighboring elements
are terminated on passive resistors. The current distribution on a resonant dipole, as shown
in Fig. 4.5(a), is sinusoidal and frequency dependent. When connecting the elements as in
Fig. 4.5(b), the current is allowed to flow from the active element to the adjacent one and
is attenuated due dissipation in the passive element loads. This effectively results in a less
resonant current profile that is associated to wideband behavior.

It can be seen that for the connected array the current flows along the whole dipole.
This creates a broadband behavior to make it more directive than the resonant element
array. More power will be captured by the neighboring elements, decreasing the mutual
coupling efficiency. The design will be a trade-off between directivity and mutual coupling
between the elements.

A model is derived to analyze connected elements (both dipoles and slots) for the
performance in terms of mutual coupling and radiated far field.

Since the array of elements is placed under a lens, the focal number of the lens has in-
fluence on both performance parameters. Consider two lenses, one with a low focal number

and one with a higher focal number, Fig. 4.6 (a) and (b) respectively. For lenses with small

1 1

focal numbers the truncation angle is high (6 = sin™ TN

), which gives a low spillover
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dy

(a) (b)

Figure 4.6: Geometry lenses with different focal number. Two configurations of lenses with different focal
numbers (F/D). (a): A lens with a low focal number, having a large truncation angle 6} and a dense
spacing between elements ds. (b) A lens with a higher focal number, having a smaller truncation angle 6%

and a sparser spacing between elements.

of radiated power. Also the elements are spaced more dense here (dy = Fu).), causing the
mutual coupling between the element to be stronger. When the focal number is higher, the
truncation angle is smaller, which results in more spillover of radiated power. Moreover,
the elements are more spaced from each other, reducing the mutual coupling. Both term
cannot be optimized at the same time and thus a tradeoff has to be made between the two
configurations to find an optimum.

To find this optimum a model is derived for a single connected dipole element per
pixel and for 2 by 2 connected dipole subarray of elements per pixel, as it can be seen in
Fig. 4.7 and in Fig. 4.8, respectively. To analysis the performance, both the radiation
from a single element and the 2 by 2 elements are evaluated using the connected array
spectral domain methods [42].

To find an optimal configuration for the pixel radiating element, a single dipole ar-
ray, double dipole array, single slot array and double slot array are considered in Fig. 4.7,

4.8, 4.9 and 4.10, respectively. The initial situation considers 7 by 7 pixels. For the first
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Figure 4.7: Schematic overview of an 7 by 7 array of connected dipoles using a single row. A fed pixel cell

is indicated by the black square in the center of the array, the rest of the gaps are indicated with orange.

analysis of the arrays, only one row of the mentioned pixels will be considered. This can
influence the total efficiency due to mutual coupling, but this aspect will be investigated
later. First the Electric Field Integral Equations (EFIE) are solved for the dipoles and
the Magnetic Field Integral Equations (MFIE) are solved for slots. In the next section, a

connected array of dipoles is analyzed.
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Figure 4.8: Schematic overview of an 7 by 7 array of connected dipoles using double rows. A fed pixel cell
is indicated by the black square in the center of the array, the rest of the gaps are indicated with orange.

Figure 4.9: Schematic overview of an 7 by 7 array of connected slots using a single row. A fed pixel cell is
indicated by the black square in the center of the array, the rest of the gaps are indicated with orange.
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Figure 4.10: Schematic overview of an 7 by 7 array of connected slots using double rows. A fed pixel cell

is indicated by the black square in the center of the array, the rest of the gaps are indicated with orange.
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4.2 Array of Connected Dipoles

In this section, an analysis of connected dipoles is presented. Expressions for the
current distribution, the input impedances and far field are derived. Such formulas can be
used to evaluate the performance of the array in terms of efficiency, mutual coupling and

radiation characteristics.

4.2.1 Surface Currents

Before being able to solve the EFIE for a dipole, we have to use the equivalence
principle that defines a problem with equivalent surface currents that flow on the dipole.
For this analysis, the topology from Fig. 4.11 is used. Figure 4.11(a) depicts the dipole
fed in two locations. Using the equivalence theorem for the surface around the dipole, S,
electric and magnetic surface currents can be defined (Fig. 4.11 (b)). Image theorem can
then be used to remove the metal of the dipole and remain with equivalent surface currents
in free space (Fig. 4.11 (c)).

To find out which surface currents are present on the surface on the dipole S, the

equivalent electric and magnetic currents are expressed as respectively:

—

jo=nxh (4.1)

>

Ms = —N X € (4.2)

where n is the normal on the surface S; € and h are the total electric field and total mag-
netic field present on the location of the surface.

On the metal of the dipole, the metal is a perfect electric conductor (PEC), which
makes the present electric field zero; no present magnetic surface currents.

Observing on the gaps sees that the electric field is continuous through the gaps; the
equivalent magnetic surface currents on the upside and downside are equal but in opposite
direction (Eq. (4.2)), which makes them cancel out. To conclude, no magnetic current are
observed.

For the electric currents, following Eq. (4.1) to find the electric current on the
upside of S as j,(z = 0%) = 2 x H(z = 0%) and for the current on the downside of
S as jo(z = 07) = —2 x H(z = 07). For thin dipoles, taking the total current as
J=7Js(z=0%) +ji(z=07).

Now the analysis for the single and double dipole will be made.

41



N>

(@) .

=
\’
e

N>

(b)

N>

()

=

Figure 4.11: Schematic overview of a double fed dipole with equivalent surface currents. (a) Initial situation
of a dipole, fed at two location by an electric field. (b) Defined equivalent surface, S, along the dipole,
with equivalent electric and magnetic surface currents. (c¢) Equivalent surface, S, equivalent electric and

magnetic surface currents in free space.
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Figure 4.12: Geometric configuration of the single dipole with 1 delta-gap per unit cell. The distance d,,
denotes the unit cell length, N, is the total number of unit cells (odd), ws is the width of the dipole and
0 is the width of the delta-gap feed.

4.2.2 Single Dipole Analysis

The analysis of the single fed dipole follows the geometry given by Fig. 4.12, were NV,
is chosen to be odd, this way the focal plane array has a pixel cell in middle of the array

and in the focus of the lens. For this dipole the Electic Field Integral Equation is:

ngot(may?z) = gscat($7y>z) +€mc($73/, Z) (43)

where €;,; is the total electric field; €,.4 is the scattered electric field and €}, is the incident
electric field. It is assumed that the dipole is infinitely thin and observed at the z-location
of the dipole (z = 0), which makes Eq. (4.3) become:

gtot (337 y) = é’scat(x> y) + ginc($a y) . (44)

Assuming the dipole is electrically narrow, the only relevant component of the electric field
is along the dipole (x-direction). The incident field observed on the dipole (y = 0) can be
written as:

Cinc(x) = ?rectg(x):?: (4.5)

where 1} is the feeding voltage. The total electric field is the product between the surface
impedance (Z; on the gaps and zero everywhere else) and the spatial surface current on

the dipole surface:
7, (Np—1)/2

rot(7) = = > ismrects(z — nyd,) (4.6)

np=—(Np—1)/2
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with i, is the average electric current on delta gap with index n,. The scattered electric
field is equal to the convolution of the spatial electric current distribution j,(z’, ') (which

is only along #) and the spatial Green’s Function (EJ), ¢Z7 | as:
Cen) = [ [ By~ )il o'y (@)

The spatial electric current distribution is assumed to be the product of the longitudinal
distribution, i(z’), and the transverse edge-singular distribution, j;(y’), to find ,by the steps

from Appendix B.1, the longitudinal spectral Green’s function as:

1

o0 k,ws
D) = o [~ GE ) (47 ) i, (43)

The calculation of the spectral Green’s Functions for stratified media is explained in Ap-

pendix C. Using the identity:

rects(z —a) 1 [ ko0 \ koo
; = 27r/ smc( 5 )¢ dk, (4.9)

we can write the EFIE from Eq. (4.4) as:

(Np—1)/2

= | = iy < -
/ I(kx)D(kx)e*szxdkm = / sinc (7) —VU -+ Zl Z Z’&}npejkznpdp e*]kzzdkx

o0 - np=—(Np—1)/2

(4.10)
where I(k,) is the current spectrum. Since this equation must be valid for every position

x along the dipole, the integrands have to be equal, to write the current spectrum as:

sinc (L‘;) (Np—1)/2 .
I(k;z):TkZ Vot Zi Y dgn, et | (4.11)

np=—(Np—1)/2

By taking the inverse Fourier transform from this spectrum, the average current along the

gap n,, can be found as:

1 n;,dp+(5/2 1 n;dp+5/2 1 e’} )
isn = —/ i(x)dx = —/ I(ky)e %2 dk,dx (4.12)

T 0 Jurd,—s/2 O Jurdy—s/2 2T J oo
and
. (Np—1)/2
1 > sinc? (?‘S) ond o,
gy = — Vo + 2 i5p, € | emIRemdr gl o (4.13)
TS D) np_(%;m '



Defining the mutual admittance between unit cell n, and n;, as:

1 [ sinc? (@) , /
Y, o= —— [ 2 mike(nen))dy 4.14
v = T or T Dk (4.14)
and substituting it in Eq. (4.13), we obtain:
(Np—1)/2

Z.(S,n;, = ‘/E)}/[),’rz;7 — 27 Z Z.(S,npynp,n; . (415)

np=—(Np—1)/2
This can be written as a system of equations, calculating the current in each gap as:

Lis =Yv — Z)Yis (4.16)

where I is an identity matrix of order N,; 25 is the current vector; Y is the admittance

matrix and v is the voltage vector (feeding), defined as:

i (v
5~ XD
is = : (4.17)
_ié’(wp;n
YV v wpr o Yomp wp
2 2 2 2
Y = : : (4.18)
Ynp-1 mp-1 oo Yo
o
v= |Vl . (4.19)
0

This system of equations can be solved for 25 as:
is=[Y '+ Z1I) . (4.20)

The active input impedance of the port n, is then defined as:

Zin,active = .U'flp - Zl . (421)

5,

The mutual coupling efficiency, 7. , is the ratio between the power radiated by the fed
unit cell, P4, and the total power P, (P44 plus the power induced in all other present

unit cells, P,.):
Prad

_ . 4.22
Prad + Pmc ( )

Nme =
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Figure 4.13: Circuits that are used for the calculation of the power in the gaps of the dipole: (a) The

equivalent circuit for the fed delta-gap. (b) The equivalent circuit used for all non-fed delta-gaps.

To calculated the power in all elements, the equivalent circuit of Fig. 4.13 is used. In Eq.
(4.22) the total power is defined as:

2

Ptot - 26720 Re{ZO,act} (423)
and the induced power as:
(Np—1)/2 TAE
Ppne=Re{Z)} > = (4.24)
N,—1
np = =773
n, # 0

To complete this analysis, the same steps are performed for a double fed dipole.

4.2.3 Double Dipole Analysis

The analysis of the double fed double dipole follows the geometry given by Fig. 4.14,
were [V, is chosen to be odd, this way the focal plane array has a unit cell in middle of the
array and in the focus of the lens. The distance between the dipoles ds and the distance
between the delta gaps on the same dipole of the same unit cell ds are set to be equal.

For this configurations the EFIE is the same as for the single dipole (Eq. (4.3)). It
is assumed that the dipoles are infinitely thin and observed at the z-location of the dipoles
(z = 0), then the EFIE is equal to the one in Eq. (4.4).
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Figure 4.14: Geometric configuration of the double dipole with 2 delta-gap per unit cell per dipole. The
distance d,, denotes the unit cell length, N, is the total number of unit cells (odd), ws is the width of
the dipoles and 9 is the width of the delta-gap feeds, ds is the distance between the dipoles and dj is the
distance between the delta gaps on the same dipole of the same unit cell.

Assuming the dipoles are electrically narrow, the only relevant component of the
electric field is along the dipoles (x-direction), the incident field observed on the dipoles

can be written as:

d d
Cine(T,7y) = ? Z rects <x + n(;?é) Z rect,, <y — n558> 7 (4.25)

nse{—1,1} nse{—1,1}
A

AN J

~~

~
double gap double dipole

where V} is the feeding voltage. The total electric field is the product between the surface
impedance (Z; on the gaps and zero everywhere else) and the spatial surface current on
the dipoles:

7 (Np—1)/2 J y
Erot(T) = Fl Z [’i?,npreCta <5€ — npd, + 55) + ifmprectg (3: — nypd, — 5)]

np=—(Np—1)/2

Z rect —-n @
Wg y S 2

nse{_lvl}

(4.26)
with ¢§, ~and z'g n, 1 the average electric current in unit cell n, of gap o and S respectively.
The currents are excited in phase and since only two dipoles are present, the currents do
not depend on the dipole on which they are observed on, but do depend on the unit cell.

The scattered electric field is equal to the convolution of the spatial electric current
distribution j,(2’,4’) (which is only along Z) and the spatial Green’s Function (EJ), g&/ |
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from both dipoles as:

S . ds
Escat (T Z / / 9B (v — 2’y — ) ju (2 Y — nsg)da:’dy’. (4.27)
nse{-1,1}
The spatial electric current distribution is assumed to be the product of the longitudinal
distribution, i(z’), and the transverse edge-singular distribution, j;(y), to find, by following
the steps from Appendix B.2, the longitudinal spectral Green’s function as:

D(k,) = % / GE (ky, k) Ty (kyTw) [1+ e %] dk, . (4.28)

where we assume the observation is at y = ds.

The method to calculated the spectral Green’s functions for stratified media is found
in Appendix C. To write the EFIE from Eq. (4.4) with Eq. (4.25), (4.26) and (4.27) and
using the identity from Eq. (4.9) as

/ I(ky)D(ky)e 7 2 dk, =

h sinc ki(s - W [ —jkads | ,ikads
5 ole +e }
(Np_]-)/2 .o szd5 B jkzds _]k nod 7‘]]{ .
+ 2 Z [15:% +Z6n 2 }6 2l N e IRt

np=—(Np—1)/2

(4.29)
where I(k,) is the current spectrum. This integral must be valid for every position x along

the dipoles, the integrands must be equal this gives the current spectrum as:

5) N2 ikads heds]
—2Vycos (k‘xd(s) + 7 Z [Z‘ginpe_ 2+ Z?,npe 2 ] e]kmnpdp
np=—(Np—1)/2

sinc ( z

D(k.)

I(ky) =

(4.30)
By taking the inverse Fourier transform from this spectrum, the average current along «
and 3 of gap with index n, can be found as:

,f+5/2 +5/2 oo "
/ Ydx = ] ky)e " dk,d 4.31
6’”1’ 5 /’d ———6/2 Z $ e 5 /’d _‘L(S —8/2 277' ( )6 v ( )
and
1 [edet$+0/2 1 [t SH6/2 | oo '
i, = —/ i(x)dr = —/ — I(ky)e %= dk,dx . (4.32)
oy 0 npdp+—5—08/2 0 n;dp+d75—6/2 2m —00
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The construction of the admittance matrix is found in Appendix B.3. Using the equations

found, a set systems of equations can be made:
I'I:(; =Yv-— ZZY’I:g (433)

where I is an identity matrix of order 2N,; %5 is the current vector; Y is the admittance

matrix and v is the voltage vector (feeding), as:

i i
’i5 T2 T2
s = | . | with ié,a = and 'i(g’g = (434)
25,8 o B
] Np271 2(5, Np2—1
ﬁ T N
Yaa YOé . 2 2 2 2
= i bl — : . :
Y = [Yﬁa Yﬁﬁ] with Y = o . o (4.35)
Y]i‘fjpfl _ Np-—1 Y]i‘fjpfl Np—1
2 2 ’
o
v )
v = [ ] withv® = v” |1, (4.36)
UIB
0
This system of equations can be solved for 25 as:
is =Y '+ Z I . (4.37)
The active input impedance of the port n, is then defined as:
Up,
Zin active — = — Zl : (438)
7 Z(F,np

The mutual coupling efficiency, .. , is the ratio between the power radiated by the fed
unit cell; P4, and the total power Py (P.qq plus the power induced in all other present

unit cells, P,,.):

Prad
e = —————— . 4.39
! Prad + Pmc ( )
In Eq. (4.39) the total power is defined as:
(ligol? + 185, )
Ptot = 9 Re{Zin,active} (440)
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And the induced power as:

o0/ (i, 12+ 1i3,, )
Ppe=Re{Z} > 5 . (4.41)

n, # 0

4.2.4 Far Field of Dipole Structures

To find the electric far field radiated by a dipole structure, the asymptotic evaluation

is used:
EJ !
Gwm (kxsu ky87 Zobssy % )

Etar (Fobs) = Ghzs | GBI (s, by, 2opes 2') | T(Kas) Je(ys)e¥=o 2o AR

EJ /
sz (kxsa ky57 Zobsy R )

e—jkr

(4.42)

2rr

where 7 is the location of observation; I(k,s) is the current spectrum (Eq. (4.11) for a
single dipole and Eq. (4.30) for a double dipole); J,(k,s) is the transverse spectrum from

the transverse edge-singular current distribution (FT{j:(k,s)} = Jo (%)) and AF is

the array factoralong y (1 if a single dipole is used; 2cos (kyzds
used).

These steps are also done for slots; they can be found in Appendix D.

> when a double dipole is

4.3 Validation

To verify the results found from the integral equations a comparison is made with
the results from CST [24]. The results for both methods were close to each other, for all
structures. To be complete, the results from the verification of a double dipole structure
with Fip = 0.8; wy = 20 pm; 0 = 15 pm; ds = ds = 110 pm and Z; = 100 ©Q using the
stratification from Appendix A.2 are show in Fig. 4.15, 4.16 and 4.17 for respectively the
far field, the active input impedance and the mutual coupling. For this simulation only

one row of pixel is considered.

The validation for the other structures is found in Appendix E.
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Figure 4.15: Comparison between the integral equations and CST (the dashed lines) for the far field of
a double dipole with Fiy = 0.8; ws = 20 um; § = 15 um; ds = ds = 110 um and Z; = 100 € using the
stratification from Appendix A.2.
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Figure 4.16: Comparison between the integral equations and CST (the dashed lines) for the active input
impedance of a double dipole with Fiu = 0.8; wy =20 um; § = 15 um; ds = ds = 110 pm and Z; = 100
using the stratification from Appendix A.2.
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Mutual Coupling Effiency: IE: 91.7 %, CST: 92.3 %

IE
CST

100

90

85 - 1

Nme (%]

80 -

75 1

\ ‘ ‘ ‘ s ‘
70
200 250 300 350 400 450 500 550 600
frequency [GHz]

Figure 4.17: Comparison between the integral equations and CST (the dashed lines) for the mutual
coupling efficiency of a double dipole with Fu = 0.8; ws, = 20 pm; 6 = 15 um; ds = ds = 110 pm and
Z; = 100 Q using the stratification from Appendix A.2. The average mutual coupling over the bandwidth
is found as 91.7 % from the integral equations (IE) and 92.3 %, which are also shown in the title.
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Chapter 5
Optimization

This chapter shows the results of the optimization done. First the criterias that were
optimized and what is taken into account are explained in the optimization function. Then
the results are shown from the analytical optimization, followed by a further optimization

in a numerical optimization.

5.1 Optimization Function

The optimization is done for every structure: the single dipole, single slot, double
dipole and double slot. The optimization is done in two parameters the spillover efficiency
and the mutual coupling efficiency.

The spillover efficiency is influenced by the truncation angle of the used lens. The

truncation angle of the lens 6 is calculated from the focal number of the elliptical lens Flx

as 0y = sin~! <ﬁ

spillover efficiency high, where for low focal numbers the truncation angle is small which

). For low focal numbers the truncation angle is large, which makes the

makes the spillover efficiency low.

The mutual coupling between the elements is influenced by the distance between the
elements as dy = Fy\.. This makes that for low focal numbers the elements are spaced
closer to each other, which results in a lower mutual coupling efficiency. While for higher
focal numbers the elements are spaced more apart from each other which results in a higher
mutual coupling efficiency.

Both efficiencies cannot be optimized at the same time, so the optimization is to find
the optimal combination of the two efficiencies.

Another point that has to be taken into account is that the impedance in the delta gaps

needs to be matchable over the whole frequency band. The requirement is set that using a



constant resistive load to the antenna gives a mismatch efficiency of minimal -10 dB. The
impedance of the antenna is mainly influenced by the width of the dipole (or slot) and
the size of the delta gaps used. The influence on the far field by tuning the impedance is
minimal.

An other thing that is taken into account is the position of the side lobes. In the
design the side lobes are not allowed to enter the lens aperture, which requires the side
lobes to be positioned wider than the truncation angle. When the side lobes are outside
the aperture the spillover efficiency will be lower, but the aperture is more directive. The
side lobes are shifted in phase by 180 degrees which destructively interference the field at
the lens aperture. This results in lower directive beam patterns after the lens.

When the double elements are considered, the distance between the dipoles (or slots)
is set to be equal to the distance between the delta gaps (ds = ds in Fig. 4.14 and D.4).
By changing these parameters the array factor in the E and H-plane is changed. When
the two parameters are set to be equal the array factor in both direction is approximately
equal, which makes the radiation pattern more omnidirectional.

The stratification that is used for the optimization is the simplified layering from
appendix A.2, inducing some enhanced leaky-wave behavior.

The first part of the optimization is done in MATLAB, where the theory from chapter
4 and appendix D is implemented. In this theory it is assumed that only one row of 7
pixels is present.

The decision of which structure is chosen and what are the optimal parameters is
based on the possible efficiency that can be achieved. When the optimal parameters for

each structure are found, also the implementation of the structure is taken into account.

5.2 Quasi-Analytical Optimization

Now each structure is analyzed individually, first the single elements, then the double

elements.

5.2.1 Single Dipole

The single dipole is optimized as a function of the lens focal number. The average
efficiencies over the bandwidth (200 GHz - 600 GH z) are shown in Fig. 5.1, with w, = 20
pm; o =15 pm; N, = 7; Z; = 100 €.
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Figure 5.1: Overview of the efficiency for the single dipole (ws = 20 um; 6 = 15 pm; N, = 7; Z; = 100
) over the bandwidth 200 GHz - 600 GHz. The spillover (SO), mutual coupling (MC) and total (TOT)
efficiency are shown.
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Figure 5.2: Overview of the efficiencies for the single dipole (Fx = 0.6; ws = 20 pm; 6 = 15 pum; N, = 7;
Z; = 100 Q) over the bandwidth 200 GHz - 600 GHz. The spillover (SO), mutual coupling (MC) and
total (TOT) efficiency are shown.

In this figure it can be seen that the highest total efficiency is achieved for a focal
number of 0.5. The critical angle for a silicon-air interface is approximately 56° degrees,
this corresponds with a focal number of 0.6, this is set to be the optimal focal number,
efficiencies for this configuration over the spectrum are shown in Fig. 5.2.

The far field for this configuration can be found in Fig. 5.3. Here the truncation

angle is indicated by the black dashed line. It is clear that the main beam is completely
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Figure 5.3: Overview of the far fields for the single dipole (Fiz = 0.6; ws = 20 pum; 6 = 15 uym; N, = T;
Z; =100 Q) for 200 GHz, 400 GHz and 600 GH z. The truncation angle is indicated by the black dashed
lines.

within the lens aperture while the crossing points at the truncation angle are below -3 dB.

For the optimal single dipole the average spillover efficiency is 84.5 %, the average
mutual coupling efficiency is 73.5 % and the total average efficiency is 60.5 %.
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Figure 5.4: Overview of the average efficiency for the single slot (ws = 20 um; § = 15 ym; N, = T;
Z; = 100 Q) over the bandwidth 200 GHz - 600 GHz. The spillover (SO), mutual coupling (MC) and
total (TOT) efficiency are shown.

5.2.2 Single Slot

The single slot is also optimized as a function of the lens focal number. The average
efficiencies over the bandwidth (200 GHz - 600 GHz) are shown in Fig. 5.4, with wy = 20
pm; 6 =15 pm; N, = 7; Z; = 100 €.

In this figure it can be seen that the highest total efficiency is achieved for a focal
number of 0.5. But the same restriction holds for the focal number as for the single
dipole, so the optimal focal number becomes 0.6, efficiencies for this configuration over the

spectrum are shown in Fig. 5.5.

The far field for this configuration can be found in Fig. 5.6. Here the truncation
angle is indicated by the black dashed line. It is clear that the main beam is completely
within the lens aperture while the crossing points at the truncation angle are below -4 dB.

For the optimal single slot the average spillover efficiency is 68.0 %, the average
mutual coupling efficiency is 77.7 % and the total average efficiency is 53.3 %.
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Figure 5.5: Overview of the efficiencies for the single slot (Fiy = 0.6; ws = 20 pm; § = 15 um; N, = T;
Z; = 100 Q) over the bandwidth 200 GHz - 600 GHz. The spillover (SO), mutual coupling (MC) and
total (TOT) efficiency are shown.
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Figure 5.6: Overview of the far fields for the single slot (Fix = 0.6; ws = 20 pm; § = 15 pm; N, = 7;
Z; =100 Q) for 200 GHz, 400 GHz and 600 GH z. The truncation angle is indicated by the black dashed

lines.
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Figure 5.7: Overview of the average spillover and mutual coupling efficiency of a double dipole (ws = 20
wm; 6 =15 pm; Np = 7; Z; = 100 Q) over the bandwidth 200 GHz - 600 GHz. It is shown as function of

spacing distance ds and focal number Fl.

5.2.3 Double Dipole

The double dipole is optimized as a function of both the spacing in the pixel and
the lens focal number. The spacing distance between the dipoles is set to be equal to the
distance between the delta gaps on the dipole (ds = ds), to make the array factor in both
plane approximately equal. To visualize the optimization done, the spillover efficiency and
the mutual coupling efficiency are shown in Fig. 5.7, all are averaged over the bandwidth
200 GH~z to 600 GH z.

This figure shows that for highers focal numbers the average spillover efficiency gets
poor, where for low focal numbers the average spillover efficiency is much better. For the
spacing distance the influence is less strong.

The figure shows also that the average mutual coupling efficiency is very high (90%
+) for almost all focal numbers above 0.9, below 0.7 the average mutual coupling efficiency
drops drastically. The distance spacing has less impact on the result.

The spillover efficiency and the mutual coupling efficiency are combined to find the

average total efficiency, this is shown in Fig. 5.8, averaged over the bandwidth 200 GH z
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Figure 5.8: Overview of the average total efficiency of a double dipole (ws = 20 pm; § = 15 pm; N, = T7;
Z; =100 Q) over the bandwidth 200 GHz - 600 GH z. It is shown as function of spacing distance ds and
focal number Fl.

to 600 GHz.

The optimum in the total efficiency lies on Fz = 0.7 and ds = 130 wm. The far
field of this configuration are shown in Fig. 5.15. These figures show the problem of this
configuration that the side lobe level is very high for higher frequencies, which are also
within the lens aperture. This makes this configuration not preferable. The efficiencies of

this configuration are shown in Fig. 5.10.

To solve the high side lobes, the parameters of the configuration are slightly changed
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Figure 5.9: Overview of the far fields for the double dipole (Fi = 0.7; ds = 130 pm; w, = 20 pum; 6 =15
wm; Np =17; Z; =100 Q) for 200 GHz, 400 GHz and 600 GHz. The truncation angle is indicated by the

black dashed lines.
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Figure 5.10: Overview of the efficiencies for the double dipole (Fiz = 0.7; ds = ds = 130 pum; ws = 20 um
;0 =15 um; N, =7; Z; = 100 Q) over the bandwidth 200 GHz - 600 GHz. The spillover (SO), mutual

coupling (MC) and total (TOT) efficiency are shown.

to Fy = 0.8 and ds = 110 pum, Fig. 5.8 showed that the difference is a few procent w.r.t.
the previous optimal. The far fields of the new optimum are found in Fig. 5.11, with
much lower side lobes at higher frequencies and the side lobes also do not enter the lens

aperture. The efficiencies for this configuration are shown in Fig. 5.12. This configuration

is assumed to be the optimal for this structure.

For the optimal double dipole the average spillover efficiency is 71.3 %, the average
mutual coupling efficiency is 92.5 % and the total average efficiency is 66.8 %.
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Figure 5.11: Overview of the far fields for the double dipole (Fix = 0.8; ds = 110 um; ws = 20 pum; § = 15
wm; Ny =7, Z; =100 Q) for 200 GHz, 400 GHz and 600 GH z. The truncation angle is indicated by the

black dashed lines.
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Figure 5.12: Overview of the efficiencies for the double dipole (Fix = 0.8; ds = ds = 110 pm; ws = 20 um;
§d =15 um; N, = 7; Z;, = 100 Q) over the bandwidth 200 GHz - 600 GHz. The spillover (SO), mutual

coupling (MC) and total (TOT) efficiency are shown.
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Figure 5.13: Overview of the average spillover and mutual coupling efficiency of a double slot (ws = 20
um; § =15 um; N, = 7; Z; = 100 Q) over the bandwidth 200 GHz - 600 GH z. It is shown as function of

spacing distance ds and focal number Fl.

5.2.4 Double Slot

The double slot is optimized as a function of both the spacing in the pixel and the lens
focal number. The spacing distance between the slots is set to be equal to the distance
between the delta gaps on the slot (d; = ds), to make the array factor in both plane
approximately equal. To visualize the optimization done, the spillover efficiency and the
mutual coupling efficiency are shown in Fig. 5.13, all are averaged over the bandwidth 200

GHz to 600 GHz.

This figure shows that for highers focal numbers the average spillover efficiency gets
poor, where for low focal numbers the average spillover efficiency is much better. For the
spacing distance the influence is less strong.

The figure shows also that the average mutual coupling efficiency is very high (90 %
+) for almost all focal numbers above 0.9, below 0.7. The distance spacing has less impact
on the result.

The spillover efficiency and the mutual coupling efficiency are combined to find the average
total efficiency, this is shown in Fig. 5.14, averaged over the bandwidth 200 GH z to 600
GHz.
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Figure 5.14: Overview of the average total efficiency of a double slot (ws = 20 pm; 6 = 15 pum; N, = 7;
Z; =100 Q) over the bandwidth 200 GHz - 600 GH z. It is shown as function of spacing distance ds and
focal number Fl.

The optimum in the total efficiency lies on Fz = 0.6 and ds = 120 pum. The far
field of this configuration are shown in Fig. 5.15 and the efficiencies over the bandwidth
are shown in Fig. 5.16. These figures show the problem of this configuration that the side
lobe level is very high for higher frequencies, which are also within the lens aperture. This
makes the configuration not preferable.

To solve the high side lobes, the parameters of the configuration are slightly changed
to Fiy = 0.8 and ds = 110 pum, Fig. 5.14 showed that the difference is a few procent w.r.t.
the previous optimal. The far fields of the new optimum are found in Fig. 5.17 with much

lower side lobes at higher frequencies and the side lobes also do not enter the lens aperture.
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Figure 5.15: Overview of the far fields for the double slot (Fx = 0.6; ds = 120 pum; ws = 20 pm; § =15
wm; Ny =7; Z; =100 Q) for 200 GHz, 400 GHz and 600 GH z. The truncation angle is indicated by the
black dashed lines.
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Figure 5.16: Overview of the efficiencies for the double slot (Fx = 0.6; ds = ds = 120 pm; w, = 20 pm;
d =15 um; N, = 7; Z; = 100 Q) over the bandwidth 200 GHz - 600 GHz. The spillover (SO), mutual
coupling (MC) and total (TOT) efficiency are shown.

The efficiencies over the operational bandwidth are shown in Fig. 5.18. This configuration
is assumed to be the optimal for this structure.

For the optimal double slot the average spillover efficiency is 83.7 %, the average
mutual coupling efficiency is 71.1 % and the total average efficiency is 61.1 %. From best
to worst performance the structures are ordered as double dipole, double slot, single dipole

and single slot.
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Figure 5.17: Overview of the far fields for the double slot (Fx = 0.8; ds = 110 pm; ws = 20 wm; § = 15
wm; Np =17, Z; =100 Q) for 200 GHz, 400 GHz and 600 GH z. The truncation angle is indicated by the

black dashed lines.
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Figure 5.18: Overview of the efficiencies for the double slot (Fuz = 0.8; dy = ds = 110 pm; ws = 20 um;
§d =15 um; N, = 7; Z, = 100 Q) over the bandwidth 200 GHz - 600 GHz. The spillover (SO), mutual
coupling (MC) and total (TOT) efficiency are shown.
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5.2.5 Overview of Optimums
To give an overview of the optimum configuration per structure, the parameters are

given in table 5.1 and the estimated performance is given in table 5.2

Table 5.1: Parameters that are used for every type of element to calculated the performance, with w, = 20

pm; 6 =15 um.

Single dipole | 0.6 | 5 20 n.a.
Single slot 0.6 | 5 20 n.a.
Double dipole | 0.8 | 5 20 110
Double slot 0.8 |5 20 110

Table 5.2: Average efficiencies over the bandwidth from 200 GHz to 600 GH z for the optima from table

5.1.

Single dipole | 84.5 % | 73.5 % | 60.5 %
Single slot 68.0 % | 77.7 % | 53.3 %
Double dipole | 71.3 % | 92.5 % | 66.8 %
Double slot 83.6 % | 70.5 % | 61.1 %
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Figure 5.19: CST implementation of the optimal double dipole structure, where a 3 by 3 pixel array is
shown with its geometric parameters. Light gray is the metal of the dipoles and dark gray is the SiO,
substrate. The red ports indicate the central pixel, which are fed simultaneously, the blue ports are resistive

elements to simulate the mutual coupling in the array.

5.3 Numerical Optimization

The design of the structures is continued in CST Microwave Studio. CST is used to
calculated the rest of the considered efficiencies and also to see how the implementation of
the structure influences the performance. First the double dipole is analyzed, since it was

most efficient in the optimization.

Double Dipole

A screenshot from CST of the double dipole structure from the optimization is found
in Fig. 5.19. This figure shows a part of the array of pixels (3 by 3 pixels are shown), here
is seen that the delta gaps in the central pixel are closely placed to the delta gaps of the

adjacent pixels.

In the analysis of this structure the implementation of the feeding network for the

pixels is investigated. Since each pixel contains 4 delta gaps they need to be connected
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(b)

Figure 5.20: Schematic overview of the feeding network for a double dipole structure. In (a) it is modeled
as 4 delta~gaps that are excited in phase with equal amplitude; in (b) a transmission line is added to excite

the 4 gaps in the structure.

through a feeding network. A visualization of the feeding network is found in Fig. 5.20. It
shows that a transmission line is used to excite the 4 gaps. The use of this transmission
line lowers the efficiency with respect to the ideal delta gaps, since some power is dissipated

in the transmission line.

Another limiting factor in this circuit is the radiation from the tranmission line. In
Fig. 5.21 (a) the solution from the integral equations (solid lines) match the CST simulation
(dashed lines) well. In this simulation no feeding network is used and all 4 ports of the
central pixel are excited in phase and with equal amplitude. Fig. 5.21 (b) shows the far
field while the feeding network is implemented. The CST simulation no longer matches the
integral equation, since large side lobes are present which are almost 10 dB higher than
expected in the integral equations.

The cause of the strong side lobes comes from the common mode radiation in the
transmission line. Fig. 5.22 shows the field intensity present in the structure of an excited
pixel. In this transmission line the current flows in the same direction in both lines, this
makes common mode radiation occur, which change the radiation pattern of the structure.

These strong side lobe make the double dipole not suitable as a solution.
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Figure 5.21: Far field of the double dipole structure, the solid lines are from the integral equations and
the dashed lines are from the CST simulation. (a) is the far field without the feeding network; (b) is the
far field with the implemented feeding network.

Figure 5.22: An intensity pattern on the structure of the double dipole with a feeding network. In the

transmission line the red boxed parts indicate a strong common mode present there.
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Figure 5.23: CST implementation of the optimal double slot structure, where a 3 by 3 pixel array is
shown with its geometric parameters and dark gray indicates the metal of the slots and light gray is the
5104 substrate. The red ports indicate the central pixel, which are fed simultaneously, the blue ports are

resistive elements to simulate the mutual coupling in the array.

Double Slot

The second best structure is the double slot. This is similarly implemented as the
double dipole, a screenshot from CST of the double slot structure is shown in Fig. 5.23.
This figure shows a part of the array of pixels (3 by 3 pixels are shown), here is seen that
the delta gaps in the central pixel are closely placed to the delta gaps of the adjacent pixels.

In the optimization the structure is assumed to have only one row of pixels, so the
mutual coupling of the simulation is expected to be higher since more other elements are
present. The mutual coupling efficiency for the integral equations and the CST simulation
are shown in Fig. 5.24. This shows that the difference in mutual coupling efficiency is
more than 10% over the whole frequency band. This additional loss in efficiency cancels
out the potential gain that could be achieved by using the double slot.

A feeding network for the double slot will introduce additional ohmic losses. This

makes the double slot not suitable as a solution.
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Figure 5.24: Mutual coupling efficiency for a double slot structure, without feeding network, from the

integral equations and the CST simulation(3 rows of pixels).
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Figure 5.25: CST implementation of the optimal single dipole structure, where a 3 by 3 pixel array is
shown with its geometric parameters. dark gray is the metal of the dipoles and light gray is the SiOq
substrate.

Single Dipole

The third best option is the single dipole structure, a CST screenshot is found in Fig.
5.25. This figure shows a pixel array of 3 by 3 pixel with its geometric parameters. The
dark gray indicated the metal of the dipoles and the light gray is the SiO5 substrate. The
central pixel is only one red port, the rest of the pixel are blue resistive ports.

The first benefit from using a single element structure is that the detectors can be
connected to the delta gaps directly, without using a feeding network. Although the poten-
tial efficiency is expected to be lower than in the double element variant, the preference is
for using the single element. Also the side lobes are not influenced by this implementation.

CST is used to calculate the feed efficiency 7e.q Which is expressed as:

nfeed(f> = 7780(f>77m0(f)770hm(f)nimp(f) (5.1)

with 74, the spillover efficiency, n,,. the mutual coupling efficiency, nop, the ohmic effi-
ciency and 7;y,, the matching efficiency. The results can be found in Fig. 5.26, this show
that the average feed efficiency over the bandwidth is 37.1 %. The coresponding input
impedance is found in Fig. 5.27

It is assumed that the performance of the single dipole is comparable with the single

slot, so the decision is made to use the single dipole.
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Figure 5.26: CST efficiency results from the implementation of a single dipole array, it shows the spillover
efficiency (SO), the mutual coupling efficiency (MC), the ohmic effiency (OHM) and the matching efficiency
(IMP). The average feed efficiency (FEED) over the bandwidth is 37.1%.
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Figure 5.27: Active input impedance of the dipole structure found in the optimization, showing both the
results from the integral equations (IE) and the results found in CST.

Tapered Single Dipole

To improve the design found further the influnce of tapering the dipoles is considered,
this follows the geometry from Fig. 5.28.
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Figure 5.28: Geometry used for the tapering of the single dipole structure. with unit cell length d,, delta

gap width ¢, dipole width wy, tapering width w.per and taper transition length wipans-
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Figure 5.29: CST implementation of the optimal tapered single dipole structure, where a 3 by 3 pixel
array is shown with its geometric parameters. dark gray is the metal of the dipoles and light gray is the
Si05 substrate.

By tapering the dipole in the structure, the decay of the current along the dipole

gets stronger, which improves the mutual coupling efficiency. However, a smaller current
distribution also results in a less directive far field.
After optimizing the taper all found parameters are found in table 5.3, where the total
efficiency is used to find the optimal solution. A screenshot of the array in CST is shown
in Fig. 5.29.

An overview of all the efficiency terms is found in Fig. 5.30. This is the efficiency
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Figure 5.30: Efficiency terms present in the tapered array of dipole from table 5.3. The average system
efficiency over the bandwidth is 44.3 %. It consists of the Ohmic efficiency (OHM), the mutual coupling
efficiency (MC), the spillover efficiency (SO), the mismatching efficiency (IMP), the front-to-back efficiency
(F2B), the reflection efficiency (REFL) and the system efficiency (TOT).

that is assumed in the rest of the performance analysis, the average system efficiency over
the bandwidth is 44.3 %.
The parameters for the final design is found in table 5.3

Focal number Fj 0.60
Unit cell length d, 132 um
dipole width w, 20 pm
delta gap width 15 um

Tapering width wgper 90 pum

Transition length wyyqns | 40 pm

Average system eff 75,5 | 44.3 %

Table 5.3: This table contains the parameters proposed for the tapered single dipole structure.

This array is simulated in CST to find the primary fields in Fig. 5.31. Then the
automated physical optics (PO) is used to calculate the secondary field. In Chapter 3 it
was explained that a 5 ¢m lens (60\.) will be used in this scenario. The radiated far field
after such dielectric lens can be analyzed using in-house developed PO tools. In order to
relax computational costs we will analyze a 8 mm lens.

The results of the secondary fields are show in Fig. 5.32. The active input impedance for
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Figure 5.31: Primary fields for the tapered dipole structure for frequencies of 200 GH z, 400 GH z and 600
GHz.
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Figure 5.32: Secondary fields for the tapered dipole structure for frequencies of 200 GHz, 400 GH z and

600 GH z, calculated using a lens with a diameter of 8 mm.
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Figure 5.33: The active input impedance from the tapered dipole, simulated in CST.

the tapered dipole is found in Fig. 5.33.
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Chapter 6

Array Performance in Pedestrian

Detection

This chapter summarizes the performance of the final array design. Giving the per-

formance in terms of radiation patterns and in sensitivity of the imager.

6.1 Sampling

In the previous chapter the final design for the array of connected dipoles is done.
Using the system efficiencies and the radiation pattern from the simulations of the final
design, the effective gain pattern can be calculated (Eq. (2.15)), it is shown in Fig. 6.1.
This shows how the FoV looks for the 7 by 7 elements prototype, it also shows the cut for
¢ is 0 degrees of the center pixel and the two adjacent pixels. The crossing point of the
effective gain patterns is at an angle of 2’\—5 at a level of -2.5dB.

The effective gain pattern is the integrated directivity patterns weighted by the
system efficiency over frequency, the radiation patterns for 200 GHz, 400 GHz and 600
GHz are shown in Fig. 6.2, 6.3 and 6.4 respectively. When the system efficiency would
be uniform the effective gain pattern would be identical to the radiation pattern of the
center frequency [17].The efficiency of the final design is shown in Fig. 5.30, which is not
uniform but is higher for higher frequencies, due to this the effective gain pattern is more
influenced by the higher frequency patterns, which results in a lower crossing point.

The effective bandwidth is calculated from Eq. (2.14) and with an operational band-
width of 400 GHz and the average system efficiency of 44.3 %, the effective bandwidth is
177.2 GHz. To place this in the focus area indication from Fig. 1.3, this imager is placed

close left under the circle indicating the focus area.
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Figure 6.1: Effective gain pattern for the final design. Left: the FoV for the 7 by 7 prototype array as a
2D surface. Right: the FoV seen for ¢ is 0 degrees, for the center pixel and its adjacent pixels.
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Figure 6.2: Electric field at 200 GH z for the final design. Left: the FoV for the 7 by 7 prototype array as
a 2D surface. Right: the FoV seen for ¢ is 0 degrees, for the center pixel and its adjacent pixels.
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Figure 6.3: Electric field at 400 GH z for the final design. Left: the FoV for the 7 by 7 prototype array as
a 2D surface. Right: the FoV seen for ¢ is 0 degrees, for the center pixel and its adjacent pixels.
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Figure 6.4: Electric field at 600 GH z for the final design. Left: the FoV for the 7 by 7 prototype array as
a 2D surface. Right: the FoV seen for ¢ is 0 degrees, for the center pixel and its adjacent pixels.

6.2 Sensitivity

The sensitivity can be calculated from Eq. (2.19) and under the conditions found in
the final design it is equal to 0.58 K at 10 Hz refresh rate, sufficient to meet the required
sub-Kelvin sensitivity in the case of distributed sources without atmospheric attenuation.

The NETD for scenarios with atmospheric attenuation taken into account is calculated
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Figure 6.5: NETD as a function of distance under standard and fog conditions.

with Eq. (3.1) and is shown in Fig. 6.5, this shows that the NETD is sub-Kelvin for both
standard and fog conditions, the average NETD is 0.73 K over the whole distance range
for the fog conditions.

Now by also including the coupling efficiency, the pixel dependent NETD, is found
in Fig. 6.6 for both the prototype and the full array. This shows a sufficient NETD to be
able to detect the pedestrian at all distances as has been analyzed in Chapter 3.

This shows that the final design meets the requirements to have sub-Kelvin sensi-

tivity at real-time refresh rate.
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Figure 6.6: Sensitivity of the final design in detecting a pedestrian 1, 5 and 10 meters away and for both

the prototype and the full array configuration.
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Chapter 7

Conclusion and Future Work

7.1 Summary and Conclusion

The scope of this thesis was the development of the FPA for a low-cost, low-power
and compact terahertz imager for pedestrian detection in automotive applications. An
analysis and optimization of the FPA combined with the application is made to conclude
with a proposed design and its expected performance.

Chapter 1 introduced the scope on THz imagers and what the benefits are of using
them. A first mention is made on the performance of the system in terms of sensitivity. It
is shown that the focus is around uncooled detectors with higher NEPs than cryogenically
cooled detectors, which is compensated for by increasing the effective bandwidth. It is
shown that with the effective bandwidth of a few hundred GHz and NEPs in the order of
pW/v/Hz sub-Kelvin sensitivity at real time refresh rates can be achieved.

Chapter 2 clarified the figures of merits that are needed in passive terahertz imaging.
It showed the imager is based on the detection of Back-Body radiation and that for this
application the Rayleigh-Jeans limit applies. The received power is shown by explaining
all efficiency terms that are taken into consideration. Different focal plane architectures
are introduced that will imply tradeoffs between sensitivity and imaging resolution.

In chapter 3 the application was analyzed using a scenario of a pedestrian placed in
front of a car under foggy atmospheric conditions. Also the influence on the sensitivity
of the coupling between the source and the radiation pattern was explained. The require-
ments for scanning angle and detections are set, then the performance of typical sampling
configurations is shown. From the expected sensitivity and angular resolution is concluded
that the sampling of choice is field sampling (1Fx\.). Also it is decided to make limited

size prototype with less pixels instead of making an expensive full array design.



Chapter 4 then showed possible solutions for designing a broadband THz antenna
for the FPA. The decision is made to design a connected array of elements and the quasi-
analytical model used for the array optimization is derived for arrays of connected dipoles
and connected slots.

In chapter 5 the optimization is explained. First the performance of the different
structures in the previous chapter is analyzed using the derived analytical models. Then
the array is implemented and optimized in CST to validate the complete array behavior.
A proposal is made for the geometry of the array of connected dipoles and the performance
is optimized further by tapering the dipoles, also the efficiency of the system is shown.

Chapter 6 showed the performance of the proposed array in effective gain pattern
and sensitivity. It showed that the proposed FPA design results in sub-Kelvin sensitivity
at real-time refresh rate. The design was able to achieve a average NETD of 0.73 K over
the whole range for distributed sources at real-time refresh rate with foggy conditions, with
an effective bandwidth of 172.2 GHz.

This thesis has been done a part of the TICAM research project. While being super-
vised by ir. Sven van Berkel, I performed an analysis of connected elements and used it to

optimize it for the pedestrian detection application.

7.2 Future Work

The proposed design for the array of connected elements will be suitable for the first
multi-pixel model of the TICAM. At the moment the single-pixel model is developed which
means that still some effort has to be spend on making the transition towards prototype
with multiple pixels possible. Extend research has to be done on manufacturing the array
with detectors and how it is integrated on a system engineering level.

The techniques used in this thesis depend on the technology used, but changing the strat-

ification could results in other geometric parameters than the ones found here.
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Appendix A

CMOS Layer Topology

This appendix contains the information about the used simplified stratified CMOS
technology. The exact stratification is not published.

A.1 Complete CMOS Layering

Figure A.1 contains a abstract overview of the layered stratification of the used com-

plete CMOS technology; The exact stratification is not published.
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Figure A.1: The complete CMOS stratification used, with hoffser equal to 1.2 [um)].
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Figure A.2: The simplified CMOS stratification used, with hffser equal to 1.2 [pm].

A.2 Simplified CMOS Layering

Fig. A.2 contains a abstract overview of the simplified layered stratification of the
used CMOS technology; table A.1 contains the parameters of the used materials.

Antenna layer | 2.8 na. | o =2353%10" [S/m]
Lossy Silicon 150 11.9 | 0 =10 [S/m]
Lossless Silicon | oo 11.9 | n.a.

Vacuum 00 1 n.a.

S104 7.07 4.2 | tand = 0.002 [S/m]

Table A.1: Parameters for the materials used in figure A.2.
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Appendix B

Algebraical Steps for Connected
Arrays

This chapter contains some algebraical steps done in the analysis of connected ele-

ments.

B.1 Longitudinal Green’s Function for a Single Dipole

Rewriting Eq. (4.7) to find:

Zront = / i) ( / gfﬂx—xcy—y’)y@(y')dy') 0 (B.1)

[e.9] o0

d(z—z')

where d(z — ') is the longitudinal spatial Green’s function in the presence of the dipole;
this can be calculated in the spectral domain. The transverse electric current distribution

is expressed as:

Jie(y') = - ! : (B.2)

@)

To find the spectral form of d(z — 2’), D(k,), the spatial Green’s function is written

as the double inverse Fourier transform of the spectral form and closing the integral in y’
(with FT{j(y)} = Jo (25)) to find:

1 [o /1 [ ks o
da —a') = - / (% / GE (k. y) Jo (%) dky) e~iks(@=2") g (B.3)

o0 —00



which can be rewritten as d(z — 2') = 3£ [ D(k,)e % ==*)dk, with:
kyw
k) GEI(k, k) Y2 ) dk, . B.4
— o [ e () a (B.4)

B.2 Longitudinal Green’s Function for a Double Dipole

Rewriting Eq. (4.27) observed for both dipoles gives:

. d , ds
€scat = / / Z gmm €T — xla _E - y,)jt(y/ - ns?)dy, dl’/ (B5)

nse{—1,1}
d*(;r—az’)
- / dS I\ / dS d / d / B
€scat = Z g;mc r—x, E _y)]t(y _HSE) Y x ( 6)
® nee{-1,1}
d+(22x’)

where d~(z — 2’) and d*(z — 2’) denote the longitudinal spatial Green’s function observed
at the lower and the upper dipole respectively; both can be calculated in the spectral do-
main. The transverse current distribution follows a edge-singular distribution (Eq. (B.2)),
translated to the location of the dipoles. Starting with the lower dipole (d~(z—2")), to find
the spectral longitudinal Green’s function, D~ (k,), the spatial GF is written as a double

inverse Fourier transform (IFT) of the spectral form and closing the integral in y' (with
FT{)) = o (’f;)) to find:

d”(v—a') = i/ i/ > GE (kayky) o (@Tw) o (5 +5) gpe | e g,

2m 2m
nse{—1,1}
(B.7)
which can be rewritten as d~(z —2') = & [*2_ D~ (k )e ke qk with:
1 .
D~ (k,) = 2—/ GE (k. ky) Jo (’%") CAZESIF (B.8)
T

To continue with the upper dipole (d*(z — z’)), finds the spectral longitudinal Green’s
function D (k,), the spatial GF is written as a double inverse Fourier transform of the
spectral form and closing the integral in y' (with FT{j.(v/)} = Jo (lﬁ’Tw)) to find:

1/2
1 [~ (1 [~ kows\ . , )
=5 [ s/ 2 bk <—y§” )6Jky(”sdsd2)dky e,
e T pe=—1/2

(B.9)
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which can be rewritten as d*(z — 2’) = &= [*° D (k,)e 7%= dk, with:

D*(k,) = %/ GE (ky k) Jo (’@Tw> [1+ e=9kode] d, (B.10)

which shows that the Green’s functions are identical for both observations, D~ (k,) =

DT (k;), concluding in the general expression for both dipoles:

k,w, s
ke) 27/ GE (ky, k) o ( y2 )[1+e uds] d, . (B.11)

B.3 Admittance Matrix for a Double Dipole

Starting with the « currents, combining Eq. (4.30) and (4.31) and close the integral

in x to find:

o 1 % ginc? (%‘;) e]kzd(; v [ kzdé Le szd(;
5mp o D(k,) o [ ]
Np—1 (B12)
- o dkady g dkedad pingd, | —jkenld
+ Z Z [257%6 T g€ } et e rrdk, .
Np—1

In this equation, four terms are distinguished: From the fed a gap to the observed current
in the o gap of n; From the fed 8 gap to the observed current in the « gap of ny,; From the
induced currents in the other v gaps to the observed current in the a gap of n},; From the
induced currents in the other 8 gaps to the observed current in the a gap of n;,. Written

in formula form as:

Np—1
w =Y Ve v+ 20 S [Vt v it Vil (B.13)
__Np-1
with
1 > sinc? (%6) b )d
g = —— e ") e, B.14
me — " 9x | T Dk ¢ (B.1)
1 [ sinc? (L‘S)
yes _ _ 1 2 ) gikads iks (np=nj)dp g B.15
n,,np o . D(kﬁx) (& (& ( )



These steps are now repeated for the § currents. Combining Eq. (4.30) and (4.32) and

close the integral in = to find:

1 [ sinc? (L‘;) jkads jkadg  jkadg
— 2 e — 2V, |e 2 e 2
2 D(k 0
P ™ —00 ( x)
Ny (B.16)
o _dkeds g ghads] e
+ Z g [zg‘“’%e 2 4 zgn;e 2 } ejk“””pd”) eIk g
n Np2—1

In this equation, four terms are distinguished: From the fed a gap to the observed current
in the 3 gap of n); From the fed 8 gap to the observed current in the 8 gap of n,,; From the
induced currents in the other  gaps to the observed current in the 3 gap of n}; From the
induced currents in the other 3 gaps to the observed current in the § gap of n;. Written

in formula form as:

Np—1
2
By =vlvmavil ez Y [gavie i, ve] @
np:_$
with Z(k 5)
1 [ sinc” (== 4 ; /
yhe — _ - P N2 ) —jkads ka(np—np)dpdkx B.18
e = Tor | Dlke) (B.18)
1 [ sinc? (L‘;) : /
Y58 :__/ SIS ) ke (np=mh )y g B.19
e = "o | T Dlka) (B.19)

Combining the terms from Eq. (B.14), (B.15), (B.18) and (B.19) to construct the admit-

tance matrix as:

YUNp—l Np—1 =+ YUNp—l Np—1
Y o« Yocﬁ N T2 T T2 T2 T2
= | yae yoos| With Y= z S . (B20)
Yzzvjpfl _ Np—1 s Yzzvjpfl Np—1
2 ’ 2 2 ) 5
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B.4 Longitudinal Green’s Function for a Single Slot

Rewriting Eq. (D.8) to find:

Escat = / ’U(l‘,) (/ g;ch(w - Ilvy - y/)mt(y,)dy/) dl’l (B21)

e} [e.e]

g

d(z—z")

where d(x — 2') is the longitudinal spatial Green’s function in the presence of the slot; this
can be calculated in the spectral domain. The transverse magnetic current distribution is

expressed as:

muly) = —— ! . (B.22)

e

To find this spectral form of d(x —2’), D(k,), the spatial Green’s function is written as the

double inverse Fourier transform of the spectral form and closing the integral in 3/ (with
FT{5:(y")} = Jo ( ”u“)) to find:

N 1 > 1 HM kyws —jkz(z—2")
d(z x)_%/ (%/ GHM (). . k;)J( %) dhy ) e dk,  (B.23)

which can be rewritten as d(z — 2') = 5= [ D(k,)e % ==*)dk, with:
1 1 kyws
D(k) = o | G (e, ) o (2222 ) . (B.24)
7r

B.5 Longitudinal Green’s Function for a Double Slot

Rewriting Eq. (D.28) observed for both slots gives:

— ds ds
hscat - / / Z gii;M ) _5 - y/)mt(y, - ns?)dy/ dZE, (B25)

. [e9) o ds ds
= [ o) | [ X g Gl - n )y | di’ (820

J/

where d~(z — 2’) and d*(z — 2’) denote the longitudinal spatial Green’s function observed
at the lower and the upper slot respectively; both can be calculated in the spectral do-

main. The transverse current distribution follows a edge-singular distribution (Eq. (B.22)),

95



translated to the location of the slots. Starting with the lower slot (d~(z — 2')), to find
the spectral longitudinal Green’s function, D~ (k,), the spatial GF is written as a double

inverse Fourier transform (IFT) of the spectral form and closing the integral in y' (with

FT{my ()} = Jo ( yws)) to find:

_ 1 [~ [ 1 kyws\ ik (n.ds s ds ke (e
te =g [ [ X i (yT)e”“y(”“)dky eI =g,

0 ns€{—1,1}
(B.27)
which can be rewritten as d™(z — 2’) = &= [*° D~ (k,)e 7%= dk, with:
1 k .
D~ (k,) = 2—/ GEM (K, k,)Jo (%) [/ + 1] dk, . (B.28)
7r

To continue with the upper slot (d(x — z')), finds the spectral longitudinal Green’s func-
tion, D" (k,), the spatial GF is written as a double inverse Fourier transform of the spectral
form and closing the integral in ' (with FT{m.(y')} = Jo (k”ws>) to find:

k s ] 4s __ds ; /
d+((13—x/) 27‘-/ 27T/ Z GHM k, k ),] (%) e]ky(nsd2 d2 )dk‘y efjkzz(xf:v)dkx

nse{—1,1}
(B.29)
which can be rewritten as d*(z — o) = 5= [*° D (k,)e %@~ dk, with:
D* (k) = L / GIM (k. k) Jo I [1+ e 7*od] dk (B.30)
’ 2T 2 Y

which shows that the Green’s functions are identical for both observations, D~ (k,) =

D™ (k,), concluding in the general expression for both slots:

D(k,) = %/ GHM (k. k) Jo <@Tw) [1+ e M) dk, (B.31)

B.6 Impedance Matrix for a Double Slot

Starting with the « voltages, combining Eq. (D.31) and (D.32) and close the integral

in z to find:
N 1 % ginc? (%‘s) jkads jkads  jkazds
Vg = o= —— < fe 2 — 21 [e 2 4e 2 ]
r 21 J_o D(ky)
Np—1 (B.32)
2 ]kxdé ]kxdé . . ’
+Y, § [UgnLG + U?n’ e 3 :| ejk?ccnpdp e—]kznpdpdkx .
Np—1
np=——1
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In this equation, four terms are distinguished: From the fed o gap to the observed voltage
in the o gap of n); From the fed 8 gap to the observed voltage in the o gap of n,,; From the
induced voltages in the other a gaps to the observed voltage in the o gap of n},; From the
induced voltages in the other 3 gaps to the observed voltage in the o gap of n;,. Written

in formula form as:

Np—1
2
=D |Zoto+ 230 Y Y [ 2, 0 2] (B3D)
np— Np2—1
with 2( 6)
1 [ sinc” (= ke (np—nl)d
aa T z\Np—Np rdk, B.34
NpMp 2 o D(kx) © ( )
0 ainn2 [(kzd
aB 1 Mez‘kwdaea‘kw(nr%)%dkm , (B.35)

mpne — " on | D(ky)
These steps are now repeated for the § voltages. Combining Eq. (D.31) and (D.33) and

close the integral in = to find:

Sln02 ( 15) ]ka:d5 szd(; jkadg
U?n,:— —210|: +e 2 :|
Mo 21 J_oo D(ky)
Np-1 (B.36)
_ jhkads jhzds . T
+Y g [U?n,e >+ U?n/e 2 } elhampdy | g=ikantpdp
b y b

— Np—l ’

In this equation, four terms are distinguished: From the fed o gap to the observed voltage
in the 8 gap of n); From the fed 8 gap to the observed voltage in the 8 gap of n;,; From the
induced voltages in the other a gaps to the observed voltage in the 3 gap of n}; From the
induced voltages in the other 3 gaps to the observed voltage in the 3 gap of n,. Written

in formula form as:

Np—1
Gy = To | 2000+ 2000|400 [0, 2, + 05 20| (B.37)
”P:*%
with 2( 5)
1 [ sinc” (&= : ~ /
ZBe T P N2 ) —jkaeds Jka:(np—np)dpdkx B.38
ny,,Mp 2 0o D(kz) ¢ ‘ ( )
1 [ sinc? (L‘S) , /
R Rl SR A (A L B.39
My = 5 /Oo A (B.39)



Combining the terms from Eq. (B.34), (B.35), (B.38) and (B.39) to construct the impedance

matrix as:

5 ZZij—l _ Np—1 - ZZij—l Np—1
VAT A o 2 2 2 02
2= |z Zﬂﬁl with 2= L B
Zé\]fpﬂ _ Np-—1 s Zzzgpfl Np—1
2 2 2 2
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Appendix C

Spectral Green’s Functions for
Stratified Media

This chapter explains how spectral Greens Functions are calculated for stratified
media, first describing the methods used, then giving the spectral Green’s functions to be
complete. In this appendix is assumed that the sources are not along 2 and placed in the

xy-plane.

C.1 Equivalent Circuits

The theory on forming an equivalent transmission line problem from stratified media
is found in [43]. To solve the spectral Green’s functions, first the equivalent transmission
line has to be determined, consisting of finding the equivalent transmission line and deter-
mining the equivalent source.

To find the equivalent transmission line, every layer is transformed into a transmission line
section, as in Fig. C.1. The transmission line have the characteristic impedance from the
corresponding material Z with the local wavenumber k£ and the length of the transmission
line h corresponds to the thickness of the layer. To determine what source is used in the
equivalent problem, electric sources are modeled as current source, magnetic sources are
modeled as a voltage source. Then depending on the structure used in terms of the pres-
ence of decoupling planes (i.e. slots), the transmission line source is separated for above
and below, this is visualized in Fig. C.2. When considering a slot antenna compared to the
dipole antenna, the upper and the lower half-space are decoupled due to the metal layer

separating them.



Z3, k3, h3
T i

Z 2 Z3, k3, hy
1 i

Zl' kl' hl
—~ —~

Figure C.1: Equivalent transmission line for a layered stratification of different mediums.

C.2 Calculating Potentials

To find the voltage and current potentials at the observation location, the first step
is to calculate input impedance at the source location of the upper and lower half-space
of the transmission line circuit. An infinite extended transmission line can be modeled as
a load impedance equal to the characteristic impedance of the medium to the previous
transmission line. This load can then be transformed to the beginning of the transmission
line it is attached to by:

Zl + jZS tan(hikzs)
Zi == ZS "
Zs+ jZ tan(hk,s)

(C.1)
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Figure C.2: Equivalent source for the equivalent transmission line problem for a: (a) electric source without

decoupling plane; (b) magnetic source without decoupling plane; (c) electric source with decoupling plane;
(d) magnetic source with decoupling plane.

where Z;, k., and h are the characteristic impedance, the wave number and the height of
the transmission line respectively; Z; is the load impedance attached to the transmission
line. This step can be repeated to transform the equivalent input impedance to the location
of the source. This has to be done for the upper Z,, and the lower Z4,,, half plane.

These steps are done for both the trans-electric (TE) and trans-magnetic (TM) mode,
which have different characteristic impedances for the media. Assuming medium ¢ with
characteristic impedance Z;, the characteristic impedance for the TE-mode is Z'F = szk—il

and for the TM-mode as ZZ-T E = Z,,f—; k; is the wave number in medium 7 and k,;, =

\/k? — k2 — k2. Then the found potentials depend on the used source and the observed
location , to calculate the potential at the source location, it can be seen in Fig. C.3. With
this the first boundary condition at the location of the source is calculated.

When the observation location is not at the location of the source the potential needs to
be calculated using the boundary conditions found. The potential found in each location

is the summation of an upward going wave and a downward going wave as:
v(z) = VT (e77%* 4 Telh?) (C.2)
i(z) = I (e77%% 4 Te/*?) (C.3)

where T is the reflection coefficient between the two media (i and j) the wave is reflected

from, calculated as:
_Zi=Z;
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Figure C.3: Equivalent circuit at the source location a: (a) electric source without decoupling plane; (b)
magnetic source without decoupling plane;(c) electric source with decoupling plane; (d) magnetic source
with decoupling plane.

In the case a medium is infinitely extended, no reflected wave is present and I' is equal to
zero. Eq. (C.2) and (C.3) must be continuous on the boundaries between the media, using

“TE/TM TE/TM

these boundaries conditions the potentials ¢ and v can be calculated for the

observation location. The are repeated for each medium layer until the layer in which the

observation point is present is reached.

C.3 Spectral Green’s Functions

The Green’s functions for sources oriented along x or y and stratification along 2z can

be used to calculate the electric or magnetic field:

:r;y, // Gz, y, 22y, 2 ey, 2 da dy’ (C.5)

where ¢ donetes the type of current source, electric (j) or magnetic (m) and f the field
component, electric (e) or magnetic (h). Where the Green’s function can be generalized in

the spectral domain as:
§ oy, 22y 2) / / Gk, oy, 2, 2 )e ko@D =ik W=V gL dk, . (C.6)

The spectral green’s function is a dyadic operation, since the sources are not oriented
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along 2 here, the Green’s function is a 3 x 2 dyad:

Gmm(kankyazazl) G:Ey(km7ky7za Z,)
éfc(k.r7ky727z/> - Gy$<k$7ky7z72/) ny(kkayaz7zl) . (07)
GZ$(]€£E7 ky7 Z? Z/) Gzy(kxakw Z’ Z/)

The expressions for the combinations between current sources and field components

using the calculated potentials are given by:

éhm(kz,ky,z,z’) =

;_51 (@'TE(kp, 2,2 k2 + "™ (k,, z, Z/)k‘Z) % (iTM(kp, z,2') —iTE(k,, 2, z’))
% (Z'TM(k‘p, 2,2 —iTE(k,, 2, Z’)) —;—gl (iTE(kp, 2, z’)kz + ™M (k,, 2, z’)kﬁ)
#UTE(I%,Z,Z/) #UTE(ICP,Z,Z’)
(C.8)
G (ky, ky,2,2) =
% (ZTM(kZ, 2,2') = vTE(k,, 2, 2)) ;—%1 (V™™ (ky, z, 2 ) k2 + 0T E (k,, 2, z’)ki) ©9)
é (VM (ky, 2, 2" )k2 + 0T E (kp, 2, 2 K2) kz—gy (VT (ky, 2,2') — "™ (kp, 2,2')) '
—%iﬂ”(/ﬂp, z,2') k”;fiM "™ (K, 2, 2")
G (ky, ky, 2,2") =
%}1 (UT?jMUfp,)Z, 2VkE+oTE(k,, 2, z’)kz) % (UTE(kp, z,2") — ™ (k,, z, z’)) c.10)
% (v (ky, 2, 2') — "™ (kp, 2,2")) _;_%1 (vTE(ky, 2, 2k 4+ 0™ (ky, 2, Ak2) 1
%ZZTMZ'TM(ICK;,Z, 2') %ZZ-TMZ'TM(]{?{),Z, 2')
GMi(ky, ky, 2,2') =
(kZ—gy (yiTM(ljp, z,2) —iTE(k,, 2, z’)) ;—/2)1 (@'TM(k:p, z, z’)k:f/ +iTE(k,, 2, z')kﬁ) ©.11)
;—51 (iTM(k;p, 2,2 VK2 +iTE(k,, z, z’)ki) % (iTE(kp, z,2") —i™(k,, z, z’)) '
kkszE 0 (kp, 2, 21) kk%TE P (kp, 2, 2')

where i denotes the medium of observation and k2 = k2 + k)
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Appendix D

Connected Slot Analysis

This chapter explains the analysis of connected slots, similar that has been done in
chapter 4.2.1 - 4.2.4 for dipoles.
First an analysis will be made of the surface currents present in a fed slot structure. Then

a spectral analysis made from a single and double slot array.

D.1 Surface Currents

Before being able to solve Combined Magnetic Field Integral Equation for the slot,
we have to use the equivalent principle that defines a problem with equivalent surface cur-
rents that flow on the slot. For this analysis the topology from Fig. D.1 is used. Where in
Fig. D.1 (a) can be seen that the slot is fed on two location by an electric current, where
this can be redefined using the equivalence theorem on surface around the slot, containing
equivalent surface currents on a PEC (fig. 4.11 (b)).

Using the equivalent electric and magnetic currents to find the surface currents, respec-
tively:

—

js: X H (Dl)

>

Mg = —N X € (D.2)

where n is the normal on the surface S; € and h are the total electric field and total
magnetic field present on the location of the surface.

On the metal of the slot, the metal is a perfect electric conductor (PEC), which makes the
present electric field zero; no present magnetic surface currents. The magnetic field here
will be non-zero, but when applying image theorem to remove the PEC, the image current

cancels out the real current; no net magnetic current is present on the metal.



N>

(@) .

Vo
3

________________________________________

(b)

=

_______________________________________

Figure D.1: Abstraction of a double fed slot with its equivalent surface currents. (a) Initial situation along
the slot, fed on two location by an electric current. (b) Defined equivalent surface filled with PEC, S, along

the slot, with equivalent electric and magnetic surface currents.

Observing along the slot sees that the electric field is continuous here; the equivalent
magnetic surface currents on the upside and downside are equal but in opposite direction
(Eq. (D.2)). Using 2z X <ﬁ+ — ﬁ*> = jine, and adding the current together as m; =
—mJ = my then finds 2 X (2msGmetar) = jmc, where gnmetar is the Green’s function in the
presence of the metal, which can be replaced by the free space Green’s function by using
the image theory to get 2 x (4m,gyss) = jm Concluding that only equivalent magnetic

currents are present on the equivalent surface on the slot.

D.2 Single Slot Analysis

The analysis of the single fed slot follows the geometry given by Fig. D.2, were N,
is chosen to be always odd, designing the focal plane array having a unit cell in middle of
the array and in the focus of the lens. For this slot the Magnetic Field Integral Equation
(MFIE) is:

ﬁtot(az, y,z) = ﬁsmt(x, y,z) + ﬁinc(x, Y, 2) (D.3)

where Etot is the total magnetic field; ﬁscat is the scattered magnetic field and ﬁmc is the

incident magnetic field. Assuming the slot is infinitely thin and observing at the z-location
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Figure D.2: Geometric configuration of the single slot with 1 delta-gap per unit cell. The distance d,,
denotes the unit cell length, N, is the total number of unit cells (odd), ws is the width of the slot and ¢
is the width of the delta-gap feed.

of the micro strip (z = 0) becomes Eq. (D.3):
l_itot<x7 y) = ESCM('T7 y) + Einc('r? y) . (D4)

The slot is fed by a electric current source on the delta-gaps along 3:

- 1
Jine = gOI'eCtg (x)7y. (D.5)
Using equivalence theorem (jmc =N X Einc = ﬁinc = —n X ]znc) and the normal on the

surface n being along 2 to write the incident magnetic field observed on the slot, assuming

the slot is electrically narrow that the only relevant component is along z, as:

Fonel) = %rectg(x)i (D.6)

where [ is the feeding current. The total magnetic field is the product between the surface
admittance (Y; on the gaps and zero everywhere else) and the spatial surface voltage on

the slot:
Y, (Np—1)/2

hiot(x) = 5 Z Vs, rects(x — nyd,) (D.7)
np=—(Np=1)/2
with vs,, is the average voltage on delta gap with index n,. The scattered magnetic field
is equal to the convolution of the spatial magnetic current distribution m,(z’,y") (which is
HM
) gmx

only along %) and the spatial Green’s Function (HM) , as:

ﬁscat(x) = / / gg;M(l‘ - l’/, Yy — y,)mx(‘r/) y/)dl'/dy, . (DS)
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The spatial magnetic current distribution is assumed to be the product of the longitudi-
nal distribution, v(z’), and the transverse edge-singular distribution, m,(y’), to find |by

following the steps from appendix B.4, the longitudinal spectral Green’s function as:

D(k,) = i/ GHM (i, k) Jo (kyw5>dky. (D.9)

27 2

The calculation the spectral Green’s Functions for stratified media is explained in appendix
C. Using the identity from Eq. (4.9), to rewrite the MFIE from Eq. (D.4) as

(Np—1)/2

o k.0 , .
/ V e szil?dk = / sinc (%) _IO + 3/2 Z /U(S’npejkmnpdp e*]kzxdkx

> np=—(Np—1)/2

(D.10)
where V' (k,) is the voltage spectrum. Since this equation must be valid for every position

x along the slot, the integrands has to be equal, finding the voltage spectrum as:

ké) (Np—1)/2 .
—lo+Yy D v, (D.11)

np=—(Np—1)/2

By taking the inverse Fourier transform from this spectrum, the average voltage along gap

n; can be found as:

n dp+5/2 ny,dp+3/2 .
Vs V(kz)efj *Tdk,dx (D.12)
v 5//11 —3/2 5//(1 —6/2 27T
. (Np—1)/2
1 [ sinc® (%) S jkonpdy | —jkentyd
U(S’n; - % —00 D(k$§ _IO + Yi Z /Ué’npej B € e i pdkm : (D'13)
np=—(Np—1)/2
Defining the mutual impedance from unit cell n, to n;, as:
00 kzd
o _i/ sinc ( 2 )e—jkx(np—n;>dp (D.14)
T 2 o Dk
substituted in Eq. (D.13):
(Np—1)/2
U(;,n;) = [OZOJL;, — Yz Z U(;mpanm; . (D15)

np=—(Np—1)/2

This can be written as a system of equations, calculating the voltage in each gap as:
Tvs = Zi1— Y, Zvs (D.16)
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where I is an identity matrix of order N,; v; is the voltage vector; Z is the impedance

matrix and ¢ is the current vector (feeding), as:

Uayi(Np2—1)
Vs =
_'U(;’(NPQ—I)
A Np—1 Np-—1 A Np—1 Np-—1
T2 T T2 T2 T2
7 =
Zprl Np—1 Zprl Np—1
L 2 2 2 2
0
1 = IO
0

This system of equations can be solved for vs as:
vs=[Z '+ VI .
The active input admittance of the port n, is then defined as:

i,

Y.

)/in,active -
Usn,

(D.17)

(D.18)

(D.19)

(D.20)

(D.21)

The mutual coupling efficiency, 7. , is the ratio between the power radiated by the fed

unit cell, P4, and the total power P, (P,.q plus the power induced in all other present

unit cells, P,.):
Prad

nmC:PTad—'—Pmc'

(D.22)

To calculated the power in all gaps, the circuits in Fig. D.3 are used. In Eq. (D.22) the

radiated power is defined as:

o |U5,0 2
Ptot - 2 Re{YE),act}
and the induced power as:

(Np—1)/2 [0 |2
Ppe=Re{Vi} > —

Np—1

Np = =75

n, # 0

To complete this analysis, now the same steps are performed for a double slot.
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Figure D.3: Circuits that are used for the calculation of the power in the gaps of single slot: (a) The

equivalent circuit for the fed delta-gap. (b) The equivalent circuit used for all non-fed delta-gaps.

D.3 Double Slot Analysis

The analysis of the double fed double slot follows the geometry given by Fig. D.4,
were N, is chosen to be always odd, designing the focal plane array having a pixel cell in
middle of the array and in the focus of the lens. The distance between the slots, dg, and
the distance between the delta gaps on the same slot of the same unit cell, dg, are set to
be equal.

For this configurations the MFIE is the same as for the single slot (Eq. (D.3)). Assuming
the slots are infinitely thin and observing at the z-location of the micro strips (z = 0) the
MFIE is equal to the one in Eq. (D.4).

The slots are fed by a electric current source on the delta-gaps along y:

- Iy ds ds\ .
Jine = 5 Z rects (x + n(;?) Z recty,, (y — nsE) 7 (D.25)

nse{—1,1} nse{—1,1}

J/

TV TV
double gap double slot

where Iy is the feeding current. Using equivalence theorem (jmc =n X f_imc = Einc =
—n X jmc) and the normal on the surface n being along 2 to write the incident magnetic

field observed on the slots, assuming the slots are electrically narrow that the only relevant
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Figure D.4: Geometric configuration of the double slot with 2 delta-gap per unit cell per slot. The distance
d, denotes the unit cell length, N, is the total number of unit cells (odd), w, is the width of the slots and
0 is the width of the delta-gap feeds, ds is the distance between the slots and ds is the distance between
the delta gaps on the same slot of the same unit cell.

component is along Z, as:
. I d ds
Rine(2) = § Z rects (m - n(;g) Z rect,,, (y — nSE) z. (D.26)
nse{—1,1} ns€{—1,1}

The total magnetic field is the product between the surface admittance (Y; on the gaps

and zero everywhere else) and the spatial magnetic surface current on the slots:

. Y, (Np—1)/2 ds ds
hiot(z) = = Z [vgnprecta <x — nydy, + 5) + vgnprectg <x — npd, — 5)}
np=—(Np—1)/2
ds
Z rect,,, <y - nsg)
ns€{—1,1}

(D.27)
with v§,, and vg n, 18 the average voltage in unit cell n, of delta gap o and f respectively.
The voltages are excited in phase and since only two slots are present, the voltages do not
depend on the strip on which they are observed, but do depend on the unit cell.

The scattered magnetic field is equal to the convolution of the spatial magnetic current
distribution m, (2/,') (which is only along ) and the spatial Green’s Function (HM), gZZM
, from both slots as:

ds
scat Z / / g;z;g; x - xla Y= y/)mm(x/v y/ - ns?)dxldy/ : (D28)

ns€{—1,1}
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The spatial current distribution is assumed to be the product of the longitudinal distribu-
tion, v(z'), and the transverse edge-singular distribution, m,(y’), to find, by following the

steps from appendix B.5, the longitudinal spectral Green’s function as:

D(k,) = %/ GHM (K, k) o (ky;”) [1+ ek dk, . (D.29)

The calculation the spectral Green’s Functions for stratified media is explained in appendix
C. To write the MFIE from Eq. (D.4) with Eq. (D.26), (D.27) and (D.28) and using the

identity from Eq. (4.9) as

/ V(k e IRl =

7jk1;d§ jkads . .
+Y E [vg‘ e+ vgnpe 2 ] e]kznpdp>e ke
np=—(Np—1)/2

(D.30)
where V' (k,) is the voltage spectrum. Since this integral must be valid for every position

x along the slots the integrands must be equal to find the voltage spectrum as:

6) (Np—1)/2 N  jkadg 8 jkzdg jkanyd
—21ycos (kpds) + Y, Z [U5 €2 Fus, ez ] eIkanpdp
np=—(Np—1)/2

(D.31)
By taking the inverse Fourier transform from this spectrum, the average voltage along «

and 3 gap n;, can be found as:

n/ dp—5+5/2 n/ dp—d—5+6/2 oo
o 1 P 2 1 P 2 1 ik
Vg = = v(z)de = < — V(ky)e " dk,dx (D.32)

,n
L SR S O Jurdy—% 572 27 J o

1 (et E+6/2 1 [redetF+6/2 | poo ,
ol == v(z)dr = = — V(ky)e k= dk,da . (D.33)
d,n, 5 ) d 2

nldp+E—5/2 nhdp+E—5/2 4T

The construction of the admittance matrix is found in appendix B.6. Using the equations

found, a set systems of equations can be made:
Tvs = Z1— Y, Zvs (D.34)
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where I is an identity matrix of order 2/NV,; vs is the voltage vector; Z is the impedance

matrix and ¢ is the current vector (feeding), as:

a B
U(S,—Np;l U(S’_prl
Vs,a . .
Vs = & with Vo = and Vsp = : (D35)
Vs, o
v s Np2—1 v ,Np2—1
5 ZZ_Jprl _ Np-—1 ZZ_]prl Np—1
ZOLC! ZOL o 2 ’ 2 2 ’ 2
= i R : .. :
= | goa o8 with Z" = o ) o (D.36)
szgrp—l Np—1 Zzzgrp—l Np—1
L T T 3 1
0
i '
i= [ B] withi® =i’ | I, (D.37)
7
0
This system of equations can be solved for v; as:
vs=[Z'+ VI (D.38)
The active input admittance of the port n, is then defined as:
in
Y;n active — = — Yz : (D39)
’ v

0,np
The mutual coupling efficiency, .. , is the ratio between the power radiated by the fed
unit cell, P,.q4, and the total power P,y (Prqq plus the power induced in all other present

unit cells, P,,.):
Prad

7 Prad + Pmc ( )
In Eq. (D.40) the total power is defined as:
(legol? + 05, )
Ptot = 9 Re{y;'n,active} (D41)
and the induced power as:
Mo (Jug,, 2+ 107, ?)
Ppe=Re{Y}} ) 5 (D.42)
Np—1
ny, = ——%4
n, # 0
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D.4 Far Field of Slot Structures

To find the electric far field radiated by a slot structure, the asymptotic evaluation

is used:
Gme (kmsa kym Zobs s Z/)
Efar (Fobs) = Ghzs | GEM (kyg, kys, Zoss 2) | V(Kws) MKy )Mo =2 AF

EM !
sz (kxsa ky57 Zobsy R )

e—jkr

(D.43)

2rr

where 7, is the location of observation; V(k,s) is the voltage spectrum (Eq. (D.11) for
single slots and Eq. (D.31) for double slots); M;(k,s) is the transverse spectrum from the

transverse edge-singular voltage distribution (F'T{m(kys)} = Jo (%)) and AF is the

array factor along y (1 if a single slot is used; 2cos (ky2d5> when a double slot is used).
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Appendix E

Validation

This chapter contains the validation done for different structure from the models

derived for dipoles chapter 4 and for slots in appendix D.

E.1 Single Dipole

The verification is done using CST [24] for a single dipole structure with parameters:
Fy =0.6; ws = 20 pm; 0 = 15 pm and Z; = 100 2 using the stratification from appendix
A.2 are show in Fig. E.1, E.2 and E.3 for respectively the far field, the active input

impedance and the mutual coupling. For this simulation only one row of pixel is considered.
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Figure E.1: Comparison between the integral equations and CST (the dashed lines) for the far field of
a single dipole with Fiz = 0.6; ws, = 20 pm; § = 15 pm and Z; = 100 2 using the stratification from
appendix A.2.
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Figure E.2: Comparison between the integral equations and CST (the dashed lines) for the active input
impedance of a single dipole with Fly = 0.6; ws = 20 pm; 6 = 15 pm and Z; = 100 2 using the stratification
from appendix A.2.
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Mutual Coupling Effiency: IE: 72.8 %, CST: 73.8 %
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Figure E.3: Comparison between the integral equations and CST (the dashed lines) for the mutual coupling
efficiency of a single dipole with Fiu = 0.6; ws = 20 um; 6 = 15 wm and Z; = 100 € using the stratification
from appendix A.2.
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Figure E.4: Comparison between the integral equations and CST (the dashed lines) for the far field of a
single slot with Fiz = 0.6; ws = 20 um; § = 15 wm and Z; = 100 §2 using the stratification from appendix

A2

E.2 Single Slot

The verification is done using CST [24] for a single slot structure with parameters:
Fy =0.6; ws =20 pm; 0 = 10 pm and Z; = 100 €2 using the stratification from appendix
A.2 are show in Fig. E.4, E.5 and E.6 for respectively the far field, the active input

impedance and the mutual coupling. For this simulation only one row of pixel is considered.
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Figure E.5: Comparison between the integral equations and CST (the dashed lines) for the active input

impedance of a single slot with Fiz = 0.6; ws = 20 pm; 6 = 15 pm and Z; = 100 2 using the stratification

from appendix A.2.
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Figure E.6: Comparison between the integral equations and CST (the dashed lines) for the mutual coupling

efficiency of a single slot with Fiz = 0.6; ws = 20 pm; 6 = 15 pm and Z; = 100 2 using the stratification

from appendix A.2.
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Figure E.7: Comparison between the integral equations and CST (the dashed lines) for the far field of

a double slot with Flx = 1.5; ws, = 20 pm; 0 = 10 um; ds = ds = 100 pm and Z; = 1002 using the

stratification from appendix A.2.

E.3 Double Slot

The verification is done using CST [24] for a double slot structure with parameters:
Fy = 1.5, wy = 20 pm; 0 = 10 pm; ds = dys = 100 pm and Z; = 100 €2 using the
stratification from appendix A.2 are show in Fig. E.7, E.8 and E.9 for respectively the far
field, the active input impedance and the mutual coupling. For this simulation only one

row of pixel is considered.
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Figure E.8: Comparison between the integral equations and CST (the dashed lines) for the active input
impedance of a double slot with Fiy = 1.5; ws = 20 pm; 0 = 10 pm; ds = d; = 100 pm and Z; = 100
using the stratification from appendix A.2.
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Figure E.9: Comparison between the integral equations and CST (the dashed lines) for the mutual coupling
efficiency of a double slot with Fly = 1.5; wy = 20 pm; 6 = 10 pm; ds = ds = 100 pm and Z; = 100 Q
using the stratification from appendix A.2.
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