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Abstract

This work aims to make a (near) diffraction-limited image at sub-millimeter wavelengths using a
previously developed terahertz camera in CMOS techonlogy at 200 GHz - 600 GHz with a high an-
gular resolution, thanks to the high pixel density in its focal plane array (FPA). To this end, a quasi-
optical (QO) imaging setup with active illumination is designed and optimized such that it provides
uniform illumination of the imaging plane. The major design challenge is to design a QO setup that
does not degrade the scanning capabilities of the FPA and simultaneously maximizes uniform cou-
pling between the THz source and each of the detectors of the FPA. The implementation of the QO
imaging system is described in detail, including the read-out electronics and alignment of the vari-
ous focusing elements. The alignment steps of the QO setup are described with an overall accuracy
of 0.7 mm. To validate the QO imaging system, the designed radiation patterns in the imaging plane
and coupling are extracted from the measured voltage response of the detector. To quantify the
similarity between the measured patterns and simulated patterns, the near fields directivities are
calculated, which show a maximum deviation of 0.45dB within the characterized band compared
to simulations. The characterized coupling of the camera to the source showed a 0.7 dB agreement
with simulations over the considered band. Finally, a slotted metal plate and a leaf were imaged us-
ing the THz camera. The resulting images have excellent quality in terms of resolution and demon-
strate the (near) diffraction-limited resolution of the THz camera.
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Chapter 1

Introduction

1.1 Background and project context

Over the past decades, technology in the largest portion of the electromagnetic spectrum has ma-
tured, with applications spanning from healthcare to the defence industry. In the THz band, from
0.3 THz to 3 THz, commercial applications remain limited due to the technology gap: the design
of compact and power-efficient sources and detectors in this band remains challenging. The lack
of equipment is not due to a limited amount of user cases. The THz band has great potential in
fields like astronomy, as this band contains many molecular absorption lines [1]. Another user case
is in the automotive industry due to its high resolution w.r.t. radio waves and the ability to propa-
gate through adverse environment like fog [2]. The THz band also has potential for next generation
telecommunication due the large available bandwidth [3]. Finally, the THz band could be useful in
security screening thanks to the high resolution, non-ionizing characteristics and ability to pene-
trate clothing and packaging materials with little attenuation [4]. This work is focused around the
imaging applications in the THz band.

Heterodyne detection versus direct detection

When an image is captured, the radiation can in general be detected using either heterodyne de-
tection or direct detection. Heterodyne detection has several advantages, like a higher SNR and
retention of phase, which can be used to extract more information from the received signal. How-
ever, the mixers and amplifiers needed for heterodyne detection make compact integration difficult
and increase the power consumption [5]. In direct detection, only the amplitude of the signal is de-
tected. This results in simple detection schemes and low power consumption, as no local oscillator
or mixers are needed for amplitude measurements. This simple detection scheme makes direct de-
tectors an excellent candidate for large-integrated FPA cameras. An important performance metric
of a detector is the noise-equivalent-power (NEP), which is defined as the signal power that gives
a signal-to-noise ratio of one in a one Hz output bandwidth [6]. In the past, integrated THz detec-
tors had an NEP that was too high for imaging purposes. However, thanks to the advancements in
fr! fimax of silicon-based technology like CMOS and BiCMOS [5], THz direct detectors with an ap-
pealing noise equivalent power (NEP) can now be designed for imaging applications. As a result, it
becomes viable to work towards a fully integrated passive imaging system in silicon-based technol-
ogy that is low-cost, low-power and can be mass produced.

Challenges in passive THz imaging using direct detection

Two challenges remain to be solved before such a passive imaging system can be achieved. First, a
detector with low NEP and large bandwidth is needed. For real-time imaging, a detector with NEP
in the order of a few pW/ v/ Hz and several hundred GHz bandwidth is required [7]. Second, a tight
sampling of the focal plane is required for a high resolution. Any imaging system has an upper limit
to the resolution that can be achieved caused by the dimensions of the optics that are used. This
upper limit to the resolution is called the diffraction limit, and it is obtained when the focal plane
is sampled with an inter-element distance of dy = A4 F/(2D) [8], where A, is the wavelength in the
medium in which the focal plane is located, F is the focal length and D is the diameter of the used
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optics.

State-of-the-art THz imager resolution

Imaging setups with (near) diffraction-limited resolution have been demonstrated at THz frequen-
cies using one of two methods. The first method involves cryogenically cooling the detectors to de-
crease the NEP [9], the complexity/cost of which makes the system unsuitable for commercial appli-
cations. The second method involves using a sparsely sampled array and mechanically scanning the
field of view [10], which results in a refresh rate penalty. This work focuses on room-temperature di-
rect detection cameras using silicon technologies. The use of silicon technologies allows to achieve
a mass-producible, low-cost, low-power camera. Table 1.1 [11] shows an overview of state-of-the-
art room-temperature silicon-based cameras.

Table 1.1: Comparison of state-of-the-art silicon THz imagers.

Reference Technology Array grid Antenna Size BW (Abs.) Periodicity df Nap
This work 22 nm SOI CMOS Chessboard Dipole 2x2x3 200 - 600 GHz 0.7FzAgq -4.1dB
(12] 22 nm SOI CMOS - Double slot 1x1 200 - 600 GHz 2.5F#A51“) -3.0dB
(13], [14] 130 um SiGe - Wire ring 1x1 350 - 1000 GHz®? 1.2F#;Lf;’ -4.0dB
[15] 65nm SOI CMOS Rectangular Wire ring 32 %32 750 - 1000 GHz 1.4FA g -3.2dB
[16] 65nm SOI CMOS | Rectangular Patch 4x4 270 - 290 GHz 0510 © -5.5dB
(17 130 pm SiGe Rectangular Wire ring 4x4 230 - 290 GHz 0.5 © -3.4dB@

(a) single detector elements are presented which are not integrated in an FPA, thus a comparison is made with an FPA composed of
these single elements. (b) 450 GHz is taken as a reference frequency, since this is where the imager reaches peak sensitivity. (c) These
works do not include a focusing element in the imaging system. (d) Estimated from the difference between the reported detector and
system NEP using [15], the authors mention a near conjugate impedance matching.

In [12], a wideband single pixel detector is presented with excellent aperture efficiency. The detec-
tor meets the requirement of several hundred GHz bandwidth for passive imaging, but achieves a
large periodicity of 2.5F414. In [13] and [14] a wideband wire ring is presented with high radiation
efficiency and relatively small dimensions, which means that it can reach a periodicity of 1.2F;1,4
when used in an array. In [15] a 1k-pixel THz array is demonstrated. This array has excellent aper-
ture efficiency, a relatively large bandwidth and a large number of detectors, verifying the scalability
of the design and reaches a periodicity of 1.4F4A4. [16] and [17] present imager arrays with a more
narrow bandwidth. The arrays are difficult to compare in terms of resolution as they do not include
a focusing element.

At the THz Sensing Group in TU Delft a 12 pixel CMOS camera was recently developed [11]. This
THz camera contains an FPA with integrated, antenna-coupled direct detectors in 22 nm CMOS
technology and operates between 200 GHz to 600 GHz. By applying polarization re-usage, the FPA
achieves a diagonal element separation of dr = AF/ (v2D), A4 being the wavelength in silicon at 387
GHz. This element separation is close to the diffraction-limited sampling of df = 0.5AF/D, as will
be shown in Chapter 2.

When comparing the state-of-the-art THz imagers in Table 1.1, it becomes clear that the FPA of this
work achieves substantially better periodicity than any of the other THz imagers, in combination
with a high aperture efficiency and broadband operation. Therefore, this work is dedicated to the
demonstration of (near) diffraction-limited images using this previously designed silicon-integrated
THz camera [11] that is suitable for passive imaging with future low NEP detectors.

State-of-the-art THz quasi-optical systems for THz imaging

Currently, all THz imagers in literature use illumination to overcome the poor NEP of the detectors.
There have been multiple examples where images have been realized using active illumination. One
such example is presented in [16], where the object is placed between the source and detector, but
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in this design no quasi-optical (QO) system is used and the distance between detector and source
is just 20mm, putting constraints on user cases. Another common approach is to perform a raster
scan with a QO setup where detector and source both focus in the imaging plane [17] [18], increas-
ing resolution and coupling, but such an approach is only suitable for single-pixel imaging. In [17]
the imaging plane is illuminated by a collimated beam to allows multiple detectors to couple to the
THz source simultaneously, but no optimization is performed on the coupling and scanning capa-
bilities of the setup. Thus far, to the best of the author’s knowledge, no structured design strategy
has been demonstrated to implement a multi-pixel imaging system does not degrade the scanning
capabilities of the FPA and simultaneously maximizes uniform coupling between the THz source
and each of the detectors of the FPA.

1.2 Thesis objectives

This work aims to realize (near) diffraction-limited images using the silicon-integrated THz cam-
era developed in the THz Sensing Group [11]. Since the NEP of the CMOS direct detectors is too
high at room temperatures to achieve passive performance, active illumination using a coherent
THz source is required. In this contribution a QO setup has been developed that does not degrade
the scanning capabilities of the FPA and simultaneously maximizes uniform coupling between the
THz source and each of the detectors of the FPA. This objective has been divided in the following
segments:

1. The analysis and optimization of the proposed QO imaging setup.
2. The practical implementation of the QO imaging system with the CMOS passive imager array.
3. Characterization of patterns and coupling of the implemented QO imaging setup.

4. The capturing of near diffraction-limited images in the THz regime.

1.3 OQutline of the thesis

This work is divided into 4 central chapters. In Chapter 2, the design of a QO setup [19] to realize
images with the CMOS FPA is presented the and the trade-offs of such a design are analysed. The ra-
diation patterns of the detector are presented, and the radiation patterns of the detector and source
in the imaging plane are designed to provide uniform coupling among all detectors. The chapter
ends with an analysis of all losses in the QO setup. Chapter 3 describes the procedure to realize the
QO imaging setup described in Chapter 2. Specifically, the chapter presents an overview of the of
the overall implementation, the detector architecture, the readout, the implementation of the 12
pixel FPA and the alignment process of the QO setup. Chapter 4 validates the QO setup by measur-
ing the radiation patterns in the imaging plane and the coupling of the overall setup. The measured
coupling and radiation patterns are compared with their simulated values obtained in Chapter 2. In
Chapter 5 the imaging method is described and the obtained images of two subjects are presented
and analysed. Finally, Chapter 6 provides conclusion and discusses the future work.



Chapter 2

Design of Quasi-Optical setup

The design of a Quasi-Optical setup to realize images with the CMOS FPA, described in [19], is pre-
sented in this chapter. The CMOS FPA has been integrated in a hyperhemispherical lens to create a
virtual FPA, which, in combination with a biconvex lens, focuses the radiation in the imaging plane
with a resolution in the mm range and with very tight sampling. In this QO setup, the active illu-
mination was used to overcome relatively high NEP of the FPA and increase the DR of the setup.
The trade-off between coupling and the resolution of the system as well as the losses have been
analyzed. The final design of the QO setup is presented.

2.1 Geometry

Virtual A
FPA |
THz
D
bc source
Imaging Foe
plane
"vv,,'“»'“

o

AAAAA

Figure 2.1: Schematic overview of the QO setup.

An overview of the complete QO system is shown in Figure 2.1. On one side, the focal plane array
(FPA) is integrated with a hyperhemispherical lens that creates a virtual focal plane array (VFPA)
behind the array. The FPA shows a virtual center and edge pixel, which will be used to determine
the best and worst case performance of the QO setup. The array will be tilted 45 degree w.r.t. the
THz source, so that both polarization can be illuminated simultaneously. The hyperhemispherical
lens is designed to couple to a hyperbolic biconvex lens with an f-number fj,¢; = Fj¢1/ Dy, Wwhere
Dy is the diameter of the biconvex lens and F. the focal length on the receiver side. The design of
the virtual focal plane array is explained in Section 2.1.1.

The second side of the biconvex lens focuses the radiation of each pixel on the imaging plane with
an f-number fjc2 = Fpco/Dyc. Section 2.1.2 elaborates on the design of this source side of the bi-
convex lens.
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The imaging plane is illuminated by a coherent source with a 20dB standard gain horn through a
planoconvex hyperbolic lens. The trade-offs that are involved in the design of this hyperbolic lens
are discussed in Section 2.1.3.

The overall performance of the QO setup, including the FPA and antenna losses, will be presented
in Section 2.2.

2.1.1 Virtual Focal Plane Array

Substrate lenses are the preferred solution for integration with silicon chips since lens and chip’s
substrate are of the same dielectric constant and thus broadband operation can be realized. An
elliptical lens is commonly used for maximum directivity. However, in an elliptical lens a displace-
ment in the FPA translates to a scanning angle with all scanning angles having the phase center at
the tip of the lens. The QO setup used in this work uses a refocusing element, which means that
identical phase centers get refocused to the same location. This means that with an elliptical lens,
no scanning can be performed in this QO setup, as is illustrated in Figure 2.2.

Imaging plane

Figure 2.2: Elliptical lens in the focus of a biconvex, hyperbolic lens. This configuration cannot perform
scanning in the imaging plane.

The hyperhemispherical substrate lens used in [20],[21] is and excellent solution to increase scan-
ning capabilities while keeping the system compact. It is a broadband solution since it is an apla-
natic design, i.e. the rays are still focused on a spot.

Figure 2.3 shows a schematic overview of the architecture. The hyperhemispherical lens is a partic-
ular case of extended hyperhemispherical lens, with the hemisphere radius R; and extension length
L; = R;/\/er, €, being the relative permittivity of the lens. When this lens is excited by a feed in the
center of its base, the field radiated by the lens appears as if generated by a virtual source placed in
a point below the lens. This virtual focus point is located at a distance F, = R;(,/€, + 1) from the tip
of the lens. The virtual focus should be aligned with the focus of the biconvex lens on the receiver
side.

When a feed element of the FPA is displaced by a distance d¢ from the on-axis position, the corre-
sponding virtual feed also displaces from the virtual focus point by a distance d,, as shown in Figure
2.3. For small displacements, the scanning angle of the displaced feed, 8,,;, can be approximated
using Snell’s law as in

ds

TR+ ey

The angle 6;,, (see Figure 2.3) is identical to 8,,; and can be calculated through geometrical consid-
erations by assuming a small displacement as in Equation 2.2.

Oour = 2.1)

dy

) 2.2)

Oin =
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Fbcl )

, @ Polarization 1
@ Polarization 2

O Virtual centre pixel
o Edge pixel

Virtual FPA

Figure 2.3: A schematic representation of the FPA in the hyperhemispherical lens and illustration of the
virtual FPA created by such a hyperhemispherical lens. The minimum.

Therefore, the resulting displacement in the VFPA can be obtained by equating 2.2 and 2.1, yielding
Equation 2.3.

dy =~ dfer (2'3)

The overall performance of the system (i.e. scan loss) depends on the geometrical parameters of
the hyperhemispherical and hyperbolic lens. For large values of R, the patterns become more sym-
metric as the scanning angle decreases, resulting in smaller scan loss[21]. However, larger lens radii
makes the integration with the detector more challenging. As a compromise, a diameter of 201 at
400 GHz was chosen, which corresponds to 15 mm.

The radiation patterns of the hyper-hemispherical lens with the FPA have been simulated using a
combination of full-wave simulation and PO techniques. The embedded radiation patterns inside
the silicon medium were obtained through a full-wave simulation, and then propagated to the out-
side of the lens using an in-house Physical Optics (PO) tool [22]. Figure 2.4 shows the magnitude
and phase of these secondary patterns. As can be seen, a relatively symmetric pattern is obtained.

In previous works, the hyperhemispherical lens was designed for an f-number corresponding to
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Figure 2.4: Simulated secondary patterns of virtual center pixel C (see Figure 2.3) phase and amplitude at
400 GHz.

the -15 dB field tapering of the primary patterns inside the silicon, e.g., at an angle of 60° [23]. This
corresponds to an f-number of the feed fr = m = 0.58. In order for the biconvex lens to be
illuminated by the hyperhemispherical lens by the same taper angle, the f-number of the bicon-
vex lens should be approximately fjc1 = fry/€r = 2.0 [21]. To optimize this f-number, the aperture
efficiency 14, of the biconvex lens was calculated for both the center and edge pixel using the ra-
diation patterns of the hyperhemispherical lens, for different values of f;.;. The aperture efficiency
of the biconvex lens is defined as:

Nap,BC =N tap,BCTSO,BC (2.4)

Here, ns0,5¢ is the spillover efficiency of the biconvex lens. The spillover efficiency is defined as

follows:
21 0o\ Bsec|2 o1
Jo b |E; |“sin0dOd¢
NSO.BC = 572

- (2.5)
o Jo IEfi‘thlzsianGd(p

In this equation, E o is the electric field of the hyperhemispherical lens evaluated on a sphere of
radius Fp.; centered at the the virtual focus of the hyperhemispherical lens. 8y is the subtended

half-angle (see Figure 2.3).
Ntap,BC is the taper efficiency of the biconvex lens and is defined as in Equation 2.6.

DirA3

_— (2.6)
A Appys

Ntap =

Where Dir is the directivity of the equivalent aperture of the biconvex lens, A is the wavelength in
free space, for which the center frequency of 400GHz has been used for this analysis. Appy; is the
physical area of the equivalent aperture, which is 7 (D /2).

Figure 2.5 shows the resulting aperture efficiency of the biconvex lens for the center and edge pixel,
and shows that the optimum occurs at f;.; = 2.12 for both pixels, corresponding to a taper angle of
0o =tan™! (%) = 13.3°, which is slightly higher than the . = 2.0 that is prescribed by [21]. Figure
2.4a shows that this angle is only slightly smaller than the -15 dB taper angle, which occurs around
14°. The optimum 74, is obtained for a higher f-number most likely due to the non-uniform phase
(see Figure 2.4b), which deviates more for larger angles. A design was chosen where the f-number
resulted in the highest 74, which is fj¢ = 2.12.
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Figure 2.5: aperture efficiency of the biconvex lens at 400 GHz.

2.1.2 Detector Illumination on the imaging plane

Figure 2.7 shows a schematic overview of the imaging plane illuminated by the imaging side of the

biconvex lens. For this setup, it is desired to know the relation between the HPBW, Ap‘éﬁBW, and

the geometry. Therefore, the electric field, E é’g‘t, is computed by propagating radiation from the

VFPA through the biconvex lens to the imaging plane, using a PO method in GRASP. From this field,

Apze}fBW is calculated for different values of the second f-number of the biconvex lens f,» for both

the center and edge pixel. The results are shown in Figure 2.6. It can be seen that pixel E has a larger

Ap%effBW, which is due to the lower taper efficiency as shown in Figure 2.5b.

4.5
pixel C
4+ pixel E
j=)
I L e e
2 :
)
B N Y Zo-
3g29 :
U 1
< 2.5 !
I
2t :
1
1
1.5 : L
1.5 2 2.5 3

fbcz
Figure 2.6: HPBW versus fjco-

For a given fj.,, the inter-element distance of the FPA in the imaging plane d, is given by Equation
2.7.

_ Fpeo
Fpe1

Where d; and d, are the displacements from the on-axis location in the imaging plane and VFPA,
respectively. Thus, a small f-number results in a high resolution. While a small f-number results
in a high resolution, it also results in a lower depth-of-field. This in turn makes alignment of the

d; dy 2.7)
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QO setup more difficult. A smaller HPBW also means diffraction effects will become more pro-

nounced. To keep a good resolution, but also keep diffraction effects limited, Ap?ﬁ;BW =~ 319 was
chosen which corresponds to f;,c2 = 2.5 (see Figure 2.6). This results in a deviation in Ap‘;’f}f sw Of

14% for pixel E w.r.t. pixel C, which is acceptable considering it also results in a larger depth-of-field.
The final dimensions of this QO setup are shown in table 2.1. The realized half-power beamwidth
(HPBW) of the camera is Apfl‘}fBW =2.1mm and Ap?f}fBW = 2.48mm for a pixel located in the FPA
center and at the edge, respectively, at 400 GHz. The detector (and source) radiation patterns in the
imaging plane are shown in Figure 2.8.

Fbcz ch

N
\4

_____ _:i:_:;{_‘:—_“~-_ THZ
T e ey source

o -
—_—
- -

Imaging plane

Figure 2.7: HPBW versus fj¢:.
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Figure 2.8: Simulated patterns of pixels C (see Figure 2.3) and E, phase and amplitude in imaging plane.

From Equation 2.3 and 2.7, the relation between the inter-element distance in the FPA and inter-
element distance in the imaging plane can be calculated geometrically as:

dl’ = €rdf (2.8)

This way, the minimum separation in the imaging plane between two elements of the FPA can be
calculated as di’”i” = 1.27mm. In [11] when an elliptical lens is used, a sampling is achieved of

d= E’Tg, at 363 GHz, where Fy is the f-number of the elliptical lens. In this setup, an equivalent

sampling in the imaging plane is achieved dl.mm = fb”—\};" at 417 GHz. The difference can be ascribed
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Figure 2.9: Beam overlap for 3 adjacent oppositely polarized pixels in the imaging plane at 400 GHz

to the use of a different QO setup. Figure 2.9 shows the simulated Eé’;’t patterns for 3 oppositely
polarized adjacent (i.e. minimum separation) pixels in the imaging plane at 400 GHz. It can be
seen that the beam-overlap is approximately -1.2 dB, which is slightly higher than in [11], where the
simulated beam overlap at 400 GHz is -1.3 dB. The difference can be ascribed to a lower directivity
of the hyperhemispherical lens.

2.1.3 Coherent Source Illumination

Current state-of-the-art antenna coupled direct detectors in silicon technology are not yet capa-
ble of achieving passive imaging for room temperature scenarios. The imagers rely on illumination
from an active THz source to increase the dynamic range [15] [16]. This can be problematic when
having a FPA since one requires all the pixels illuminated equally to ensure that their imaging per-
formance is uniform. To generalise the analysis, the HPBW ratio is introduced, which is defined as
how much wider the beam of the source is in the imaging plane w.r.t. the beam of the detector:
ApSippw! DO g
To arrive at the most compact setup that achieves uniform illumination, multiple topologies were
analyzed in which the imaging plane is illuminated in different manners [19], as shown in Figure
2.10. The basic scheme is the FPA on one end, a THz source placed on the other end, and the imag-
ing plane in-between. To simplify the analysis, the beams from the horn and FPA are approximated
by Gaussian beams. To model a beam corresponding to an off-axis FPA element, a linear phase shift
was included. To investigate how to achieve uniform coupling of the source to the two beams, we
define the coupling efficiency. It is given by:

D

[ [, \Ein2dS ][5 |EimRdS

Me (2.9

Where E fi’gt and E™ represent the electric fields of the camera and the horn antennas in the imag-

ing plane S;,, respectively. E;;"C is computed from the propagation of the primary fields of the horn
through the planoconvex lens to the imaging plane, through a PO method in GRASP, trough the
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Figure 2.10: Different topologies for illuminating the imaging plane and the coupling efficiency between the
source and beams.

same method as was used for the detector side. The coupling efficiency is shown for the three vari-
ations for a pixel in the FPA center and edge pixel in the FPA, when assuming a HPBW ratio of six in
the imaging plane, between the detector and source fields. As shown in Figure 2.10, focused illumi-
nation on the camera side provides the best coupling efficiency. On the illumination side, a source
radiating a collimated beam will not only couple well to the virtual center pixel but also improves
the coupling to the edge pixel. Thus, in order to both maximize the coupling and have uniform cou-
pling to all FPA pixels, the choice was made to have a collimating lens at the horn side of the setup,
and a focusing lens at the detector side. This collimated beam has been implemented in the setup
by the use of a planoconvex hyperbolic lens.

An analysis of the aperture efficiency of the planoconvex lens with the horn was performed as a
function of fpc, following the same procedure as in Section 2.1.1. The result is shown in Figure 2.11.
The figure shows maximum aperture efficiency for f,. = 1.48, which will be the used f-number.

With f) selected, the diameter of the planoconvex lens, D, is left to optimize, which is an impor-
tant design choice as it determines the HPBW of the source in the imaging plane Ap3/5 51 -

Intuitively, one would want to maximize the coupling between the coherent source and the detector
by (conjugately) matching their fields in the imaging plane, therefore also maximizing the DR. How-
ever, the resolution of the imaging setup will then be defined by the two-way pattern (TWBP) of the
imaging system, including both the source and the detector patterns [24]. The resulting resolution
then becomes ApggBW = Ap?f}fBW/\/z, with ApggBW being the HPBW of the TWBP. This will be
especially important when performing active imaging with the FPA, since it is not desired to have to

align the antenna of the coherent source to the beams of every individual pixel within the FPA.
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Figure 2.11: Aperture efficiency of the horn with planoconvex lens as a function of f,.

This effect is illustrated in Figure 2.12, where a scenario with alow HPBW ratio (Figure 2.12a) is com-
pared with the scenario for high HPBW ratio (Figure 2.12b). The figure shows that for a low HPBW
ratio, Apgg pw deviates significantly from Apff}fBW, especially for the edge pixel. The peak location
of the TWBP is also shifted more to the center. Moreover, the maximum amplitude of the TWBP is
lower w.r.t. the TWBP of the virtual center pixel, causing a deviation in DR between center and edge
pixel. In the high HPBW ratio scenario resolution of the overall camera is given by the detector and
not influenced by the source, but more power is lost in due to a lower coupling.
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Figure 2.12: Effect of the illumination of the imaging plane on the TWBP.

In order to quantify these differences, the directivity of the TWBP is calculated for both the center
and edge pixel. These directivities are compared with the directivity of their E o pattern. Since
the fields are not in the far field, the focused antenna directivity is used [25]. This focused antenna

directivity is defined as:

_ 4H|S(?max)|rr2nux

NF = (2.10)

Praa

Where S(7) is the power of the fields in the imaging plane as in Equation 2.11, 7,4y is the distance
from the biconvex lens to the imaging plane in the main axis, Fpc2, and P,,4 is the power S
integrated over the imaging plane.

o 1 o
IS(F)| = fus(fnz 2.11)
0
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The focused antenna directivities of E fi’;’t for pixel C and pixel E are shown in Figure 2.13 with dotted
lines. The directivities of the TWBP for pixel C and pixel E were calculated for different HPBW ratios
and shown in the same figure.
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Figure 2.13: TWBP Directivities compared to the directivities of E é’e”t for pixel C and pixel E.

As expected, the directivities of the TWBP approaches Eé’g[ for both pixels as the HPBW ratio in-
creases. From Figure 2.13 it seems desirable to choose a large HPBW ratio. However, as discussed
earlier, a large HPBW ratio will result in a low 1.. To analyse this trade-off, . was calculated using
Equation 2.9 as a function of the same HPBW ratios and is shown in Figure 2.14. In this analysis,
1. was analysed for a detector that was aligned with the THz source, which is why 7, is 3dB higher

than in 2.2, where a 45 degree rotation is applied for simultaneous illumination of all detectors.
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Figure 2.14: Coupling as a function of the ratio of HPBWs of the source and detector.
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The ratio of HPBW between the detector and the source ApSipgw! Ap?{eIfBW has been chosen such
that the deviation in directivity between TWBP and E”’ is at most 0.5dB for both the center and
edge pixel (see Figure 2.13). This occurs for a HPBW ratio of 4. This corresponds to a coupling
efficiency of -12dB and -13dB for the center and edge pixel, respectively. This means deviation
between DR due to illumination is below 1dB. This threshold not only achieves a good uniform
illumination, but also ensures that the resolution of the overall camera is given by the detector and

not the source. The final parameters of the QO setup are shown in Table 2.1.

Table 2.1: Dimensions of the Implemented QO System.

Parameter ‘ Dimension ‘ Parameter ‘ Dimension

Dy 4.2 cm amin 1.07 mm
Fpe1 8.9cm amn 1.27 mm
F, 3.3cm Fyeo 10.5 cm
L; 0.22 cm Dpc 6 cm

R 0.75 cm Fpc 2.96 cm
d}"”’ 92.2 um

2.2 Power coupling of the QO setup
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Figure 2.15: Overview of all loss contributions in the QO setup from the power radiated by the source P, to
the power arriving to the detector Pg,;.

In this Section, all loss contributions in the designed QO setup will be further elaborated on and the
overall performance of the QO setup including the FPA and antenna losses will be presented. Figure
2.15 shows an overview of all these loss contributions. The overall performance is expressed as the
overall power coupling of the full QO system, ngo, which is defined as in Equation 2.12.

Qo _ Paer
P PSTC

In this equation, P ,; is the power received from the detector, and P, is the power transmitted by
the source (see Figure 2.15).

(2.12)

Losses within hyperhemispherical lens and FPA chip
Figure 2.16 gives a more detailed view on the losses occurring within the hyperhemispherical lens
and the FPA chip. 7 feeq is the feed efficiency in the FPA which accounts for the front-to-back ra-



2.2. Power coupling of the QO setup 15

tio, losses in tiling of the CMOS architecture, conductor losses and losses in the silicon [11]. g
is the impedance matching efficiency between the antenna and detector and 1 ¢ represents the
losses due to mutual coupling between the FPA elements. 1 r¢eq, 1o and 1p¢ were thoroughly char-
acterized in [11] and also apply in the design with a hyperhemispherical lens since 7 feeq, N are
independent of the lens geometry and /¢ as well when an infinite silicon medium is assumed.

nOhmiC,AR

4

Nrefl,hemi

Sy . 00,hemi

~
Ad/4 AN z
Nso, heml ~od l\ Nmc

7Ifeed _T 0
Pda—————l__l .

Load

Figure 2.16: Losses from hyperhemispherical lens to detector.

Tohmic, AR Tepresents the ohmic losses in the quarter wavelength parylene-C anti reflection coating.
In [26], it was found that such an anti-reflection coating results in 1.6dB ohmic losses. 50 nem; is the
spillover efficiency of the radiation patterns inside the silicon medium of the hyperhemispherical
lens while 1,¢ 1 nemi T€presents the losses due to all reflections occurring from the silicon-air inter-
face. To find 750 nemi and Nref1,nemi, the power radiated by the hyperhemispherical lens, Ppep;, is
calculated from the far field patterns of the hyperhemispherical lens using the PO tool presented
in [22]. Then, the power radiated by the FPA in the silicon medium, Pgp, is calculated from the
radiation patterns inside the silicon medium. The combined efficiency term is then calculated as in
Equation 2.13.

Phemi

Prpa

Altogether these terms give the aperture efficiency of the hyperhemispherical lens as in Equation
2.14

Nrefl,hemi’lSO,hemi = (2.13)

Nap =1 feed’1SO,hemiTlrefl,hemiTlohmic,ARTIMC (2.14)

The results are shown in Table 2.2.

Spillover losses

The spillover loses for the biconvex lens 1150, p¢ and planoconvex lens 1so, pc were calculated for the
center frequency in Section 2.1.1 and 2.1.3, respectively, using Equation 2.5. The same analysis is
repeated for 350 to 475 GHz. The results are shown in Table 2.2.

Reflection losses
Nrerf1,Bc is the total reflection loss (air to HDPE and HDPE to air) in the biconvex lens. After defining
alossless lens in GRASP, 7, 7; pc is calculated using:

f& |Ege,*dS

Nrefl,BC = (2.15)

|E22§|2s1n9r2d9d¢
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Where E;leect is evaluated on sphere Sg; (see Figure 2.15) and 6y is the subtended half-angle (see Fig-

ure 2.3) and r is the radius of sphere Sg;, which is Fj,.;. EqQuation 2.15 expresses that when the lenses
are free from ohmic losses, then the the reflection efficiency is equal to the ratio of power that ar-
rives to the imaging plane versus the power entering the lens. 7.7 pc is calculated following the
same steps. The results are shown in Table 2.2.

Ohmic losses

Nohmic,sc is the ohmic efficiency in the biconvex and it is calculated as:

e
ffsim |Eé1rent| ASltans=4-10-4
rim |2
ffsl,m |Edet| dSltans=o0

Nohmic,BC = (2.16)

This formula expresses that the ohmic efficiency of the biconvex lens is equal to the ratio of the
power arriving to the imaging plane when the loss tangent tand is 0 versus when the loss tangent
tand is 4-10%. The loss tangent of tand = 4-10* is the loss tangent that was measured during the
characterization of the material that was used to implement the hyperbolic lenses. 17,5,mic,pc is cal-
culated following the same steps. The results are shown in Table 2.2.

Overview QO setup losses
An overview of all losses in the setup is given in Table 2.2. A visual representation of the losses is

given in Figure 2.17. In this figure np¢, pc are the combined spillover, ohmic and reflection losses of
the biconvex and planoconvex lenses. 1,,icq is defined as the optical efficiency, as in:

Noptical = TBCTcTIPC (2.17)

Using this expression, the overall power coupling of the full QO system, ngo, can be expressed as
ngo =MNopticalMap- This n(}go is shown in the bottom row of Table 2.2.

Table 2.2: summary of all losses in system.

Freq [GHz] 350 [375 [400 [425 [450 [475

naldB] -1.04 [ -092 |-083 [-079 |-0.80 [-0.85
N feealdB] -1.86 | -1.86 | -1.86 | -1.87 | -1.90 | -1.93
150,hemi |BINrefi,hemildB] | -0.40 [ -0.40 [ -0.40 [-0.40 [-0.40 [ -0.40
nucldB] -1.60 | -1.24 | -0.98 | -0.80 [ -0.66 [ -0.56
Nohmic,ARldB] 160 | -16 |-16 |-16 |[-16 |-16

ns0,8¢c1dB] -030 [-023 [-017 [-015 [-0.14 [-0.14
Nref1,pcldB] -047 [-045 [-044 [-042 [-042 |[-0.41
Nohmic,scldB] -0.15 | -0.16 |-0.18 |-0.19 [-0.20 | -0.22
ncldB] -14.55 | -14.70 | -14.92 | -15.01 [ -14.85 [ -15.00
Nrefi,pcldB] -052 | -035 |-044 [-021 |-049 |[-0.42
Nohmic,pcldB] -030 | -031 |-034 [-035 |-039 [-041
1s0,pcldB] -0.05 | -0.04 |-0.03 |-0.03 [-0.0 [-0.04

12°14B | -22.84 | -22.26 | -22.19 | -21.82 | -21.89 | -21.98
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Figure 2.17: Visual respresentation of losses in the QO system.



Chapter 3

Practical Implementation of the QO
Imaging System

This chapter describes the procedure to implement the QO imaging setup described in Chapter 2.
First, a schematic overview of the overall implementation and working principles will be introduced.
Second, the detector architecture of the FPA camera in CMOS technology is explained, as well as
its operation and performance metrics. Third, the implementation of the 12 pixel FPA is shown.
For this setup, an electronically controlled switching architecture was realized to read the 12 pixels.
Finally, the steps for aligning the QO setup are presented and an estimate of the accuracy is given
for each alignment step.

3.1 QO setup with CMOS Array Architecture Implementation

DAC DAC
#1 #2

Read- §
out
I 9-14GHz

/I QL
L] MixerO

Vdet Vref ¥

THz FPA 325-500GHz
camer Y-

_____ : Extender VoV
—D i WR2.2

I Coherent
THz source

ADC Synth.

\—

Y
_~\

hd

|_
'_.

QO system

Figure 3.1: A schematic overview of the implementation of the QO Imaging System with the CMOS passive
imager array, subdivided into the source module, QO setup module and read-out module.

The implementation of the QO imaging system, including the CMOS-integrated array, is shown in
Figure 3.1. It is composed of the QO system which includes the THz FPA camera, the readout for
the camera, and the implementation of the coherent THz source. The source is composed of a
WR2.2 frequency extender equipped with a 20dB standard gain horn. The multiplication factor of
the extender module is 36, and thus the frequency at its input should range between 9 and 14 GHz.
This 9-14 GHz CW signal is generated by an Anritsu MG3694A synthesizer and is of-off modulated
in order to separate the detected signal from flicker noise and increase the DR [11]. The modulation
is implemented with an IQ mixer which is controlled by 2 DACs. To get a high quality off-state,

18
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the I and Q values are chosen to produce a minimal power at the output. During the on-state, one
DAC maintains a constant value while the other DAC generates a signal that will drive the extender
in saturation mode. The procedure for finding the appropriate I and Q voltages was described in
[11]. A modulation frequency, fyrop, of 1 MHz was selected since this achieves the highest dynamic
range in this particular setup [11].

3.2 THz FPA camera

Djens = 15mm

Figure 3.2: Schematics of a detector.

Figure 3.2 shows a schematic overview of the 12 pixel antenna coupled detector array implemented
in 22nm silicon-on-insulator (FD-SOI) CMOS technology. It is composed of an array of 45 degree
tapered dipole antennas. The dual-polarized array geometry results in a tight sampling of the fo-
cal plane, yielding a (near) diffraction-limited angular resolution. Each antenna is connected to a
direct-detector. The detector architecture consists of a pseudo differential Schottky barrier diode
(SBD) detection circuit [12] as shown in the bottom in Figure 3.2. The pseudo-differential read-out
limits common mode noise. The SBDs generate a current response at DC Al;,; when power Pg,; is
absorbed by the array element. The load resistor R;,,4 is used to convert this current response into
avoltage response, AV. The voltage over the resistor Rj,,4 of the detector branch is called Vy,;, itis
a summation of the voltage V and AV caused by P ;.

Areference branch is added, which contains identical and equally biased SBDs and is not connected
to the antenna terminals [27]. Since this branch has the same biasing current, and thus an identical
voltage drop Vj over the R;,,4 in the reference branch, this allows for a pseudo-differential readout
so that AV can be found between the reference and detector terminal.

Thus, the voltage response AV has a direct relation to Pg.;. This relation is expressed with the
responsivity i, 4., as in:

AV

Pget

R,,qer has been characterized extensively in [12] and the simulation is shown in Figure 3.3a.

The detector and reference voltage are then pseudo-deferentially amplified using a LNA so that the
output of the LNA, AV . is defined as in Equation 3.2.

outr’

Ru,der = (3.1)

AV, = GINAAV = GinaRy,derPaer (3.2)
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Figure 3.3: Detector and system responsivities.

Where Gy 4 is the gain of the LNA. The gain of the LNA is set to 40dB, yielding a bandwidth of 8
MHz, which is sufficient to amplify the modulation frequency [28]. The relation between the power
coupled by the hemispherical lens, P;;, (see Figure 3.4), and P, is given by:

Paer =NapNaPin 3.3)

Where 1q is the impedance matching efficiency and 74, is the aperture efficiency of the hyperhemi-
spherical lens as described in Section 2.2. Filling in Equation 3.3 into Equation 3.2 gives:

AVz;ut =GrnaAV = GLNAmv,detnaanPin 3.4)
The system responsivity is then defined as in Equation 3.5
AVour
8fev,sys = nuan%v,det == 5 (3.5)
GrnaPin

By multiplying nq and 74, from Section 2.2 with R, 4., from Figure 3.3a, %55 is obtained and
shown in Figure 3.3b. With these steps the relationship between Py, P;,, and AV, ,, is defined.

3.3 Read-out architecture

3.3.1 Signal detection

Since the THz source is on-off modulated, AV, , needs to be retrieved from the measured square
wave at the ADC. Equation 3.2 and 3.5 only describe the relation between Py, P;, and AV, , when
the THz source is in on-state. This section will explain how AV} . is extracted from the measured

square wave at the ADC.

Figure 3.4 shows how the signal of interest travels from the aperture of the lens to the readout. The
on-off modulated signal results in a square wave with amplitude AV, .. The ADCs sample the out-
put signal, which fluctuates between AV, ,, during on-state and the noise floor during off-state.
Then the Fourier transform of the signal is taken and evaluated at fj;op. By using the property that

the fundamental tone of a square wave is a factor & smaller than the amplitude of the square wave,
AV}, is found without suffering from 1/f noise.

With these steps a method is presented for retrieving AV, . from the measurements, and thus P,
and P;; can also determined through measurements.
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Figure 3.4: Signal detection from the square wave at the output of the LNA (a) and the corresponding
spectrum (b), which shows that the amplitude of the square wave is related to the amplitude of the
fundamental tone.

3.3.2 Design of electronic switching system

To generate an image, all twelve pixels should be read out as quickly as possible. Due to practical
considerations, only 3 ADCs can be used simultaneously. As a result, an electronic switching system
needs to be implemented to allow automated readout. The switching system multiplexes these
outputs over three LNAs, of which the outputs can be subsequently digitized by the ADCs.

1..4 ys1.4 5..8 y/5..8 9..12v179...112
Vdet Vref Vdet Vref Vdet Vref

L bl Ll bl L e
[ ® ¢ [ ® [y

| I | I

LNA LNA
ADC ADC ADC
VS R AV

Figure 3.5: Schematics of a switching architecture.

Figure 3.5 shows a schematic overview of the switching system. In total 6 switches were used. Each
LNA is driven by a pair of switches, one switch multiplexes the V,; ports, while the other switch
multiplexes the V;.¢ ports. The switch that was used is the Agilent 87204. This is a mechanical
switch, which are designed for minimal signal degradation. The switches were controlled using an
Agilent 11713A Attenuator/Switch Driver, remotely controlled via a GPIB interface, allowing for au-
tomated readout of all pixels.

3.3.3 DC Blocks

When the switches are in open-path mode, the paths are terminated with Rg,,;+.;, = 50Q, which is
illustrated in Figure 3.6. This means that when the pixels are not read out, the 2k load resistance
Rjoaq is in parallel with the 50Q switch resistance. This results in high currents flowing through



22 3. Practical Implementation of the QO Imaging System

the SBDs for which the system was not designed. To prevent this, a BLK-89-S+ DC block is placed
between each output of the pixels and the inputs of the switch. The DC block exists of a capacitor
connected to SMA connectors, which creates a high-pass filter with a cut-off frequency of 100kHz,
normalized to 500, like R,,; ;- When the detector or reference branch is connected to the LNA, the
capacitor is put in series with the LNA input impedance. The LNA input impedance is in the order
of GQs and thus considerably higher than 50 Q. This will lower the cutoff frequency significantly.
However, this is not an issue since the only task of the DC block is to remove the DC component of
the signal.
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Figure 3.6: Schematics of a switching architecture.

3.4 Fabrication and assembly

This section first introduces the assembled QO imaging setup. Second, the design and motivation
of the components of the QO imaging setup are explained. Finally, an overview of the alignment
steps is presented, including the accuracies.

Figure 3.7 shows and overview of the QO imaging setup, assembled on an optical table. The holes
in the optical table form a reference point so that alignment is easier. The holes also ensure that
there are minimal angular errors: the planoconvex lens and biconvex lens can be assumed to be
near parallel because they are attached to the same optical table.

The FPA is integrated with the hyperhemispherical lens following identical steps as in [11]. The
THz camera is held in place with a 3D-printed stand. The stand is designed so that it can hold the
camera at different orientations with regular 45 degree intervals, for testing different polarizations.
The orientation that is chosen is such that both polarizations are illuminated equally by the THz
source. The switches are organized in a second stand shown in the back of Figure 3.7. All 3D printed
parts have a tolerance of less than 0.2 mm. Both hyperbolic lenses were manufactured using a CNC
milling process. The used material of the lenses is HDPE. The subject to be imaged is put in an en-
velope and attached to a CNC machine using an extension arm, which allows it to move the object
within the imaging plane.

Since the focus of the biconvex lens should coincide with the focus of the hyperhemispherical lens,
the alignment of the biconvex lens was the most critical part. Thus, it was desirable to have freedom
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Figure 3.7: Image of the fabricated and assembled quasi-optical setup.

of movement in all axis to overcome any misalignment due to tolerances in any dimensions in the
setup. Therefore, the lens was held by a KS3 lens-holder from Thorlabs, which allowed for rotational
alignment ((0, ¢), see Figure 3.8). The KS3 holder was attached to a 3-axis stage via a 3D-printed
part. The 3-axis stage allowed for translational alignment ((x,y,z), see Figure 3.8). The 3-axis stage
was put on a 3D-printed table that was attached to the optical table. The biconvex lens could then
be aligned in five axes, as shown in Figure 3.8.

-

Figure 3.8: Designed component for to allow 5 axis of alignment for biconvex lens.

The planoconvex lens was placed in an LMR3 lens holder from Thorlabs, as shown in Figure 3.9.
To ensure proper alignment between the planoconvex lens w.r.t. the horn, a 3D-printed part was
designed. The 3D-printed part ensured proper rotational alignment with a cavity with the exact
thickness of the LMR3, which prevents rotation in undesired direction. The 3D-printed part ensured
proper translational alignment by attaching to the extender and keeping the lens at a fixed location.
This ensured translational alignment of the lens w.r.t. the horn with an accuracy of 0.2mm, which
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is the tolerance of the 3D printer. The extender was mounted to a 3-axis stage via two 3D-printed
parts. The 3-axis stage allowed for alignment of the horn and planoconvex lens w.r.t. the imaging
plane. This freedom of movement enables moving the collimated beam in the imaging plane to
illuminate all pixels in the imaging plane as uniform as possible.

Figure 3.9: Designed component for to allow 3 axis of alignment for horn and PC lens.

3.4.1 Alignment biconvex lens

To realize the alignment and characterize the radiation patterns of the 12 pixel camera in the imag-
ing plane, the setup in Figure 3.10 was built. The biconvex lens and THz camera are still in place,
but the planoconvex lens is removed. The horn is attached to a CNC to scan the radiation patterns
in the imaging plane.

Figure 3.10: Overview of measurement setup for measuring radiation patterns. Using bolts in the optical
table, alignment of the CNC is ensured.

For practical considerations, soft alignment points are introduced to perform the alignment. Soft
alignment points are used when one of the original distances in the design of the QO system is
difficult to measure (e.g. distance between tips of two lenses). The soft alignment points use the
distance between two alternative locations in the setup that are easier to measure, yet still ensures
the requirement on the original distance is met.

The soft alignment point for the biconvex lens in z-direction (see Figure 3.10) is the distance be-
tween the rectangular rim on the THz camera, and the surface of the KS3 as shown in Figure 3.11.
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Figure 3.11: Soft alignment point distance hemispherical lens and biconvex lens.

The nominal distance was 53.85mm and the measured distance was 53.7mm. The accuracy of the
physical alignment, done using a caliper, is .25mm.

The second soft alignment point for the biconvex lens in y-direction (see Figure 3.10) is the height
of the KS3 lens-holder above the optical table, as shown in Figure 3.12a. The nominal distance was
176.89mm and the measured distance was 176.8mm. The accuracy of the physical alignment, done
using a ruler, is 0.5mm.

The third and final soft alignment point for the biconvex lens in x-direction (see Figure 3.10) is the
distance between the KS3 projected onto the optical table and one of the holes in the optical table, as
shown in Figure 3.12b. The nominal distance was 2.3mm and the measured distance was 2.43mm.
and has an estimated accuracy of 0.5mm. The accuracy of the physical alignment, done using a
caliper, is 0.5mm.

(a) Soft alignment point in y-alignment biconvex lens. (b) Soft alignment point in x-alighment biconvex lens.

Figure 3.12: Soft alignment points for x- and y- alignment of the biconvex lens.

Another inaccuracy in the x and y alignment of the biconvex lens is caused by the deviation of the
radius of the lens w.r.t. the radius of the KS3 lens holder. The biconvex lens has a radius of 23.9mm
while the lens holder has a radius of 37.5mm. To minimize the possible error, a flat ring is put around
the biconvex lens with a radius of 37.3mm. This means that there is still freedom of movement
of £0.2mm in both x and y direction, as shown in Figure 3.13. Adding this to the accuracy of the
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alignment in x-direction gives an overall accuracy of 0.7 mm.

Figure 3.13: Uncertainty due to lens size.

The rotational alignment of the KS3 was set to 0, as the optical table was assumed to ensure good
rotational alignment.

Next, the horn will be aligned w.r.t. the biconvex lens in z-direction (see Figure 3.10). The soft align-
ment point is the distance between the waveguide to which the horn is attached and the surface
of the KS3 (see Figure 3.14). The nominal distance was 116.55mm and the measured distance was
116.7mm. The accuracy of the physical alignment, done using a caliper is 0.25mm. Since this setup
will be used for 2D scans, no alignment in the x and y plane is necessary.

Imaging plane

10.5¢cm

Figure 3.14: Alignment of distance between horn and biconvex lens.

After the measurements of the radiation patterns, the location of the horn in z-direction was pro-
jected on the optical table using a ruler and marked with tape on the optical table, as shown in
Figure 3.7. This location is defined as the imaging plane.

3.4.2 Alignment planoconvex lens and THz source

For the complete imaging system, the planoconvex lens should be properly aligned to illuminate
the imaging plane uniformly. The ideal location for the center of the planoconvex lens is middle
of all measured radiation patterns, as this assures the most uniform illumination. The locations of
the radiation pattern peaks of the 4 center pixels were used to determine where the center of the
planoconvex lens should be placed. To find the location of these peaks w.r.t. reference points in the
setup, the horn was put at the location where the peaks were measured. The locations of the peaks
in x direction are found by projecting the center of the horn to the optical table and measuring w.r.t.
one of the holes, as shown in Figure 3.15. The location of the peaks in y direction are found directly
by measuring the distance between the center of the horn and the optical table. The planoconvex
lens was then placed at the center of these locations. The alignment in z direction does not need
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Plano-convex lens
o Measured peaks
@ Desired location
center plano-
convex lens

Optical table  Holes

Figure 3.15: Alignment of planoconvex lens.

high precision since the planoconvex lens produces a collimated beam. For practical reasons, the
lateral distance of planoconvex lens to the imaging plane was set to be 2 cm.

After performing this alignment, the freedom of movement in translational alignment provided by
the structure shown in Figure 3.9 was used to minimize difference in received power between all 12
pixels with no object in the imaging plane.

Overall, the accumulated worst-case deviation is around 0.7 mm, for the biconvex lens alignment
in x-direction. After the alignment procedure, the 3-axis stage of the biconvex lens should therefore
not be moved more than this 0.7 mm. The alignment of the illumination is less precise and should
result in all pixels being illuminated as equal as possible.



Chapter 4

Characterization of the QO imaging
system

In order to validate the QO imaging system, the radiation patterns in the imaging plane and the
coupling efficiency were measured. To measure the patterns, a planar scan was performed in the
imaging plane with the horn antenna as explained in Section 3.4.1 and shown in Figure 4.1. From
these patterns, the directivity, Ap?f}fBW and standing wave effects are extracted. Finally, using a
noise measurement and the received power, the dynamic range of the setup is estimated.

4.1 Radiation patterns

Imaging

Virtual plane
FPA
. .| THz

source

Polarization of: 7
* Array, polarization1 =
* Array, polarization 2

Figure 4.1: schematic overview and photograph of setup used to measure patterns in the imaging plane. The
array is oriented to couple both polarizations equally to the coherent THz source.

The detector radiation patterns in the imaging plane, E“é’:t, have been measured between 350 and
475 GHz, with 25 GHz intervals. Besides these frequencies, the patterns have also been measured at
+1 GHz and +2 GHz w.r.t. the previously mentioned frequencies to investigate the impact of stand-
ing waves. The patterns were measured by doing a planar scan with the horn in the imaging plane
using a CNC machine. The CNC was moved in steps of 0.2mm in x and y directions in the imaging
plane. For each location (x;, y;) value, the output voltage AVO’ut(x,-, y;) of each pixel of the array was

measured. Using this voltage response, P;,(x;, y;) was calculated using Equation 3.5.

In Appendix B the influence of the horn is investigated by calculating the coupling between the
horn and equivalent aperture of the biconvex lens via a reaction integral and comparing it to |E ;’e"tlz

in the imaging plane. It is concluded that IEZZIZ is a good approximation for P;,(x;, y;). Since

AV] (X, y i) is_)linearly related to P;,(x;, y;), itis also directly proportional to the elecEpic field radi-
ation pattern IEC’{ZI2 and therefore AVO’ «t(Xi, ¥j) can be used to directly characterize IE;’ZIZ.

28
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Figure 4.2 shows the measured and simulated 2D patterns of the detector in the imaging plane,
each normalized to the maximum magnitude of its signal strength. The measured patterns show
one of the center and edge pixels and one of each polarization, red and blue (see Figure 4.1). The
simulation corresponds to the virtual center pixel in the red polarization, Iﬁéﬁtlz, via the simulation
approach explained in Chapter 2. As shown, the agreement in 2D is good across the band, showing

a 90° rotation of the patterns between the red an blue polarization, as expected.
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(j) center pixel, 425 GHz, pol. blue. (k) edge pixel, 425 GHz, pol. red. (1) simulation, 425 GHz, pol. red.
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Figure 4.2: measured and simulated 2D patterns in imaging plane for different frequencies.

Figure 4.3 compares the cuts of the measured and simulated patterns in the E-, H- and D-planes
of the same pixels as shown in Figure 4.2. The overall agreement between simulation and mea-
surement in the cuts is good considering the fact that the simulations do not take into account the
reflections (i.e. standing wave effects), spillover and diffraction of the overall QO setup.
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(c) center pixel, 375 GHz. (d) edge pixel, 375 GHz.
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Figure 4.3: Measured versus simulated radiation patterns.
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Figure 4.4 shows the combined measured detector patterns in the imaging plane for all considered
frequencies. The figure also shows cuts of 4 adjacent pixels along the dotted black line for each fre-
quency. The inter-element distance in the imaging plane, d; can be seen to be around 1.33 mm,
which is slightly above the predicted 1.27 mm (see Table 2.1). This can be explained by a deviation
in the dielectric constant of the hyperbolic lenses, as explained in Appendix A, which resulted in a
larger Fj., and thus a larger inter-element distance in the imaging plane given that d; = E bcf dy.
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0 0
-5 St
m
=
10 o -10
k=l
2
215 =-15¢
2
=
20 -20
25 -25 : :
4 2 0 2 4 6 -6 -4 2 0 2 4
X [mml y [mm]
(c) 2D plot of combined patterns at 375 GHz. (d) Cut of 4 radiation patterns at 375 GHz.
0 0
-5 -5
-10 o 10}
<
2
-15 5" 15
<
g
20 -20
25 : : ‘ : :
25
4 2 0 2 4 6 -6 -4 -2 0 2 4
x [mml y [mm]

(e) 2D plot of combined patterns at 400 GHz. (f) Cut of 4 radiation patterns at 400 GHz.
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Figure 4.4: Combined measured detector radiation patterns.

Figure 4.4 shows that the magnitude of the peaks of the detector radiation patterns is different for
each detector. This is caused by a combined effect of scan loss, offset in system responsivity of each
detector, misalignment of the QO setup and standing waves. This deviation in magnitude of the
peaks can be compensated by equalizing the peaks to make more uniform images. For 400 GHz,
the roll-off (see Figure 4.4f) was approximately -1.6 dB. This is 0.4 dB lower than the simulated beam
overlap in Chapter 2 and can be ascribed to the same combination of effects that result in a deviation

in radiation pattern peaks.
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4.1.1 Directivity

To quantify the similarity between the measured patterns and simulated patterns, the focused an-
tenna directivity as defined in Equation 2.10 has been calculated for both the measurements and
simulations as a function of frequency. To evaluate the measured focused antenna directivity, Equa-
tion 2.10 is rewritten as:

ATI8Foma) |72 AT (P P12
Dnp = IS (Frmax)| max _ det' max max 4.1)

Prad ffs,-m IE“;’ZtIZdS

By noting that AV, (x;,y;) IEQ’ZI2 and observing that IE;’ZIZ is both in the numerator and de-
nominator, the focused antenna directivity can be calculated from the measurements by substitut-
ing AVéu (xi,y;) for IE;’ZIZ in Equation 4.1. The simulated directivity is calculated with the simu-
lated |E Z’St | obtained from PO methods in GRASP, following similar steps as in Chapter 2.

The dynamic range achieved in the measurement setup, around 25 dB, results in a range validity
in the pattern measurement until 4mm, corresponding to the full main beam and first sidelobe.
Thus, to give a fair comparison between the measurements and simulations, both are therefore
truncated at 4 mm from the peak of the radiation pattern. Figure 4.5 shows a comparison between

the measured and simulated directivity.
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Figure 4.5: Simulated and measured focused antenna directivity at 25 GHz intervals with + 1 GHz and +2
GHz (a) and averaged over each + 1 GHz and +2 GHz (b).

The directivities were calculated for 350 GHz to 475 GHz with 25 GHz intervals, and at each inter-
val + 1 GHz and +2 GHz (see Figure 4.5a). From these extra measurements the average directivity
around each 25GHz interval was taken to reduce the effect of standing waves, resulting in the direc-
tivities displayed in Figure 4.5b. For these averaged measured directivities, the deviation w.r.t. the
simulated directivities is at most 0.45 dB for all pixels at all frequencies, meaning there is excellent
agreement between simulated and measured patterns.

4.1.2 Half-power beamwidth

Apl‘ff}ﬁBW was calculated for all pixels and compared to the simulated values in Figure 4.6. A p?{ePtBW

is calculated as an average over all cuts in the imaging plane. Figure 4.6 shows that Ap?[‘}fBW for the
measured patterns is larger than the simulated virtual center pixel, as is expected since the directiv-
ity of the measured patterns was also slightly lower. It can be seen that both center pixels and edge

pixels have approximately equal deviation in Ap?flfBW, which suggests the deviation is not due to
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the pixels being located further off-axis. This deviation is likely caused by the horn, as it is shown in
Appendix B that there is a minor influence of the horn when the radiation patterns are measured,
making the radiation patterns slightly wider. Figure 4.6 also shows the simulated ApfﬁﬁBW of the
patterns when taking into account this effect of the horn, which is in good agreement with the mea-

sured Ap9e!
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Figure 4.6: Simulated and measured HPBW at 25 GHz intervals with + 1 GHz and +2 GHz (a) and averaged
over each + 1 GHz and +2 GHz (b).

4.2 Coupling

From the measured voltage response AV ,,, the absolute power absorbed by each detector P .,
can be calculated using Equation 3.2. From this Pg,; the overall coupling of the full QO setup, ngo
was extracted as defined in Equation 2.12. The definition of ngo is illustrated in Figure 4.7. The

measured ngo will be compared to the simulated ngo, which was calculated in Chapter 2 and shown
in Table 2.2.
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Figure 4.7: Overview of setup.

To determine measured ngo, the power radiated by the source, P, needs to be accurately known.
To determine this power, a VDI Erickson PM5 Power Meter was connected to the waveguide of the
extender. After compensating for the losses and reflections in the waveguide taper of the PM5, P,
is obtained, which is shown in Figure 4.8.

Figure 4.8 shows that the power produced by the extender drops substantially for 325 GHz and 500
GHz. Therefore, the measurements are only performed in the 350GHz to 475GHz band.
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Figure 4.8: Measured power at the output of the extender.

Figure 4.9 shows the comparison between measured coupling and simulated coupling from Table
2.2 for all pixels. The coupling was first extracted for 350 GHz to 475 GHz with 25GHz intervals, and
at each interval +1 GHz and +2 GHz, as shown in Figure 4.9a. Then the average coupling around
each 25GHz interval was taken, resulting in the displayed measured coupling as shown in Figure
4.9b.
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Figure 4.9: Measured versus simulated coupling.

In Figure 4.9b the average measured coupling of both the center and edge pixels is also shown.
These averages reveal the effect of the off-axis position of the detectors on the coupling. It can be
noted that the average measured coupling of the center pixels is slightly higher w.r.t. to edge pixels.
The deviation between the averages varies between 1dB and 0.4dB. This deviation can be ascribed
to the off-axis position which causes higher taper losses and scanning losses.

The simulation is performed with a virtual center pixel, which approximates the measured coupling
of the center pixels better than the edge pixels. Thus, assessing how well the measurements match
the simulations is performed best by comparing the measured average of the center pixels with the
simulation. The measured average coupling of the center pixels varies between -0.7dB to +0.4dB
w.r.t. the simulations. This is a very good agreement, and the remaining deviations in coupling can
be ascribed to the remaining standing waves and deviations in responsivity of detectors.
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4.3 Dynamic range

With the losses in the QO system characterized, the dynamic range remains to be found for all pixels.
The dynamic range is important as it dictates the threshold of which signal levels can be displayed
in the images before it is corrupted by noise. To find the dynamic range, first the peak value is
measured while the source is on-off modulated. Then, the source is turned off and the average noise
AV] ilsreo rf 1s calculated using 5 sampling points centered around the modulation frequency (see
Figure 4.10). The dynamic range is then calculated as in Equation 4.2. Both the noise and AV,
were measured with an integration time of 10 ms, which will also be used in Chapter 5 when images
are taken. Following this method, the dynamic range is found for all pixels at all frequencies and
shown in Figure 4.11.
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Figure 4.10: [llustration of measurement of the dynamic range.

The frequency averaged DR of each pixel is at least 20dB over the characterized bandwidth. The
average DR of the center pixels is higher than the average DR of the edge pixels, which is expected
since this difference was also present in the coupling measurements. The deviation in QSO between
pixels will cause deviations in images. As will be explained in CH5, this deviation can be compen-
sated for using a simple calibration step.
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Figure 4.11: Dynamic range extracted from measured noise.
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4.4 Standing wave effects

As could be seen in the measurements of the directivity, HPBW, coupling and DR, the +1 GHz and +2
GHz measurements showed significant fluctuations, indicating effects of standing waves. To explore
the effect of these standing waves, the radiation patterns were measured at 398, 399, 400, 401 and
402 GHz. When measurements are performed at such small frequency intervals, the losses in the
system should remain approximately constant. Any deviations in the measured radiation patterns
can therefore be contributed to standing waves, thus giving a good estimate of how pronounced the
standing wave effects are in this setup.

Figure 4.12 shows a cut of patterns of 4 pixels at 5 frequencies separated 1GHz intervals. It can be
seen that the standing waves can influence measurements by up to 1.9dB. When measurements are
performed at a single frequency, the measured power can thus vary by up to 1.9dB due to standing
waves. This shows that averaging any measurements or images over multiple frequency points can
greatly improve the quality of these measurements by averaging out these standing waves.
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Figure 4.12: Effect of standing waves.



Chapter 5

Sample images using 12 pixel THz camera

With the radiation patterns and overall coupling of the full QO setup validated, images can be taken
with the THz FPA camera. In this chapter, an efficient method for obtaining images with more
pixels than the number of detector elements in the FPA is presented. After that, the images of two
objects are shown and analysed for different frequencies, and the effect of a simple calibration is
demonstrated. Finally, the images are compared to other state-of-the-art THz imagers.

5.1 Imaging method

With only 12 pixels available for readout, the array size is not sufficient to perform imaging in a
practical scenario. To overcome this issue, the object that was desired to be imaged was moved in
the imaging plane using a CNC machine. Consequently, some post-processing steps were required
in order to construct a larger image from the individual 12-pixel images. All images were taken with
an integration time of 10 ms.
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Figure 5.1: Different methods for scanning the imaging plane, where the FPA imaging plane radiation
patterns are resembled by a blue cross with a number in it (a). Scanning patterns in (b) and (c) result in poor
performance, while (d), the brick-like pattern, results in optimal performance.

Figures 5.1b, 5.1c and 5.1d illustrate different methods for scanning the imaging plane, where the
FPA radiation patterns in the imaging plane are resembled by a blue cross with a number in it, as
is visualized in 5.1a. In this illustration, the imaging plane is divided into an array of 14x 10 pixels
each with a size of Ax x Ay, where Ax and Ay are the beam separation in the x- and y- dimensions,
respectively. One measurement of all 12 pixels will be called a scan. As shown in Figure 5.1b, moving
the sample by steps of 4Ax and 4Ay before taking the next scan results in gaps in the image. One
could resolve this by using a step size of 4Ax and 2Ay (see Figure 5.1c¢) as this leaves no gaps in the

39
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image, but the number of pixels that is effectively used this way is reduced to 8, and thus increases
imaging time. Instead, a step size of 3Ax and 2Ay with an offset of 2Ay in every other x-columns is
used, creating the brick-like pattern (see Figure 5.1d). Using this method, no gaps are present in the
image and all pixels are used. A down-side of this method is that there are some gaps around the
edges of the resulting image.

To implement the imaging procedure in the most simple manner, a constant separation Ax Ay is
assumed between the beams of the pixels. This separation was determined using the multi-beam
radiation pattern measurements from Section 4.1.2, as is illustrated in Figure 5.2. By taking the
average separation over all multi-beam radiation pattern measurements, it was found that Ay; =
Ay, = Ax; = Axp = 1.33mm.

-4 -2 0 2 4 6
X [mm]

Figure 5.2: dx and dy characterization.

The average time to take one scan (one image of 12 pixels), Tscqn, is 3.2 seconds for 1 frequency
point. The area of one scan, Ascqp, is approximately 21 mm?. The time to take an image of an object
at one frequency, Tsample, is then calculated as:

Asample 5.1)

T =T

sample scan Ascan
Where Agqmpie is the area of the object that is being imaged. This large time per scan is mainly
attributed to the switches, which have to switch between 4 ports for one scan. Another cause is the
time it takes the CNC to move the object in the imaging plane.

5.2 Sample images

Two objects were imaged with the THz camera for all characterized frequencies. The first object was
a thin metal sheet with slots. Since the used material is metal, the images become almost binary, as
no radiation from the source can be coupled by the detector when the metal is at the location of the
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respective detector radiation pattern in the imaging plane. The coupling for different circular slots is
simulated using the simulated fields of the horn and detector radiation pattern in the imaging plane
and compared to the measured coupling for the respective slot. The second object that was imaged,
was a green leaf. Within the leaf a part of the radiation was absorbed, which gave information about
the structure of the leaf.

5.2.1 Metal sheet with slots

Figure 5.3 shows a picture of a thin sheet of metal that was fabricated to evaluate the imaging capac-
ity of the THz camera. The metal sheet has a thickness of 0.1 mm, well below the wavelength for the
center frequency of 400 GHz (e.g. 0.75 mm), reducing the risk of diffraction effects. The diameter of
the circles and width of the slits ranges from 0.9 mm to 9 mm, which corresponds to 1.21 to 121,
or 0.4Ap?fPtBW to 4Ap?ﬁ’fBW for the center frequency of 400 GHz. The metal sheet is put in an enve-
lope for support, but also to demonstrate the ability of radiation at these frequencies to penetrate
packaging materials.

e

Figure 5.3: Fabricated metal sheet with slots for imaging.

Figure 5.4a shows the raw image of the metal sheet with slots, Figure 5.4b shows the image where
the voltage response of the detectors are equalized when no object is in the imaging plane, and
Figure 5.4c shows the image in which both the voltage responses are equalized and averaging is per-
formed over a narrow frequency band. Equalizing the voltage responses makes the apertures more
uniform, but the increase in image quality is minor. As expected, the frequency averaging increases
uniformity among pixels located on a slot, by averaging out of the standing waves. Figure 5.4c also
compares the THz camera image to the (designed) physical dimensions of the slots in the metal
sheet (shown in red), which shows excellent agreement and therefore confirms a correct image con-
struction.

To quantitatively asses the realized imaging performance, the coupling of the circular slots in Figure
5.4c is compared to simulations. Using Equation 2.9, the coupling between the detector and source
can be calculated from the imaging plane fields of the detector and source, which were obtained
through a PO method in GRASP. To this end, E{;’;’t and Ei™ are integrated over the full imaging plane
in the denominator of Equation 2.9, identical to Chapter 2. In the numerator, the reaction integral is
evaluated until p = /2, where @ is the diameter of the slot. £ ;’:I and Ei™ are set to 0 for p > @(/2
to include the effect of the metal sheet, as shown in Figure 5.5. It is important to note that this

is a first-order approximation, as diffraction is not taken into account. Especially for the smaller
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(c) Metal sheet at 400 GHz, with compensation and with frequency averaging, compared to
designed slot dimensions.

Figure 5.4: Images of the metal sheet with slots taken with THz camera.

apertures the diffraction might have a more pronounced effect.
Besides the size of the slots, the coupling is also affected by the alignment of a slot to a pixel. This
effect is explained schematically in Figure 5.6. In the best case scenario, the pattern of a pixel coin-
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Figure 5.5: Method for calculating the coupling using a reaction integral in the imaging plane.

cides with the center of the circular slot in the metal sheet, which results in maximum coupling. In
the worst case scenario, the center of the circular slot is located furthest away from the peak of any
pixel pattern, which occurs when the circular slot is at the cross-over of 4 pixels, which is the least
covered point in the field-of-view.

N

Best case Worst case

Pixel @ Metal plate with hole

Figure 5.6: Explanation of the two scenarios that give maximum (best case) and minimum (worst case)
coupling.

By truncating the fields in the numerator for different p > @(/2, the coupling for is found as a func-
tion of the circle diameter, @y and shown in Figure 5.7. On the y-axis the coupling is normalized to
the coupling for a diameter of g = 9mm, as will also be done when the comparison is made with
the measurements.

Figure 5.8 shows a cut of the image shown in Figure 5.4c, taken along the centers of the circular slots,
and normalized to the coupling of the 9 mm slot. Note that there is a decreased DR in this image w.r.t
(4.11), caused by the losses of an envelope in which the metal sheet was placed, approximately 2 dB.
The simulated and measured normalized coupling is compared in Table 5.1 and visually represented
in Figure 5.8.
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Figure 5.8: Coupling for a cut along the circular slots of the image shown in Figure 5.4c, indicating the peak
values for the different apertures.

Table 5.1: Measured versus simulated coupling for circular slots in imaging plane.

Do Simulated worst case | Simulated best case | Measured
9 mm 0dB 0dB 0dB
72mm | 0.51dB 0.66 dB 0.53dB
54mm | 0.47dB 1.75dB 0.04 dB
3.6mm | -2.51dB 0.02 dB -1.83 dB
1.8mm | -11.96dB -8.11 dB -9.52 dB
1.44 mm | -15.5dB -12.5dB -12.23dB
1.26 mm | -17.2dB -14.5dB -14.09 dB
0.9mm | -23dB -19.6 dB /
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Table 5.1 shows that in general there is good agreement between the simulation and measure-
ment. The 0.9 mm aperture is not measured as it can not be distinguished from the noise. For
@0 = [5.4,1.44,1.26] there are minor deviations to the maxima and minima of at most 0.4dB, which
can be caused by standing waves, diffraction or the normalization or inaccuracies due to the inac-
curacies in the simulated first-order approximation.

5.2.2 Leaf

The second imaged object is a green leaf. To support the leaf, it was taped inside an envelope. Figure
5.9 shows images of a leaf using the imaging setup at different frequencies. Each image is compared
to an image taken by a regular camera of the same leaf. Each image is normalized to the maximum
received level and with a DR of 25 dB.

All middle figures show the raw image as captured by the camera. A noisy, but periodic pattern
can be recognized in the middle figures, which arises from the different responsivities of the pixels.
Since this error is deterministic of nature, it can be easily compensated for by equalizing the pixel
responses. After applying this compensation, the rightmost figures are obtained.

y [mm]

(a) leaf, 350 GHz.

50 100 150 50 100 150
X [mm] X [mm]

(b) leaf, 375 GHz.

y [mm]

-20

=25

X [mm]

(c) leaf, 400 GHz.



46 5. Sample images using 12 pixel THz camera

0

n

y [mm]

50 100 150 - 50 100 150
X [mm] X [mm]

(d) leaf, 425 GHz.

0 preverrrrrrrrrrrrrvwrn — 0

n

y [mm]

50 100 150
X [mm] X [mm]

(e) leaf, 450 GHz.

50 100 150 50 100 150
X [mm] X [mm]
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Figure 5.9: Images of a leaf taken with a regular camera (left), raw image from THz camera (center),
compensated THz camera (right).

The main veins of the leaf appear as very dark on the images, indicating low transmission. The other
areas of the leaf present around -10 dB of attenuation. The image implies that the water content in
the main veins is higher, which is most likely the result of their thickness. If one looks carefully, the
tape used to fix the leaf can also be distinguished in the images.

When comparing images taken at different frequencies, it stands out that the absorption for high
frequencies is larger than for small frequencies. This is caused by the water absorption increasing
with frequency [29]. For higher frequencies, transitions seem sharper, like the edge of the leave.
This is caused by the smaller HPBW of the detector in the imaging plane and thus higher isolation
of each pixel.

Figure 5.10 compares the images from Figure 5.9c to an image that has been compensated and aver-
aged over a narrow frequency band. To obtain the averaged image, 5 images were taken around the
frequencies of interest with, +1 GHz. after compensating the entire image using the same method
as before, at each location (x;, y;) the average over these frequencies was taken. This way, the impact
of standing waves is reduced and therefore an image with higher quality is obtained, as can be seen
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in Figure 5.10c.
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Figure 5.10: Image of leaf at 400 GHz without compensation (a), with compensation (b) and with
compensation and frequency averaging (c).

5.2.3 Image quality comparison with different samplings

To illustrate the effect of the sampling on the quality of the image, the same image has been mea-
sured with a 2x higher sampling rate doyersampie = df/2 than the THz camera presented in this
work, which gave a virtual periodicity of dyyersampie = 0.35F4A4 (see table 1.1). This higher sam-
pling rate was achieved by creating an image with a single pixel and moving the object in the imag-
ing plane with Ax/2 and Ay/2. The ratio between the periodicity of a state-of-the-art THz imager,
dcomp, and the over-sampled image setup is then N = dcomp/ doversampie, Tounded to the nearest
integer. The virtual image was then obtained by selecting every N*" pixel in both x and y and dis-
carding intermediate pixels.

Figure 5.11 shows the comparison between the virtual image with 2 x higher sampling and the im-
age taken with the array. Since the array performs near the diffraction limit, it was expected that
the resolution of the image would not increase with a factor 2 when the sampling was 2 x higher.
Indeed, the level of details visible in both images is very similar.
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40 40 +
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E 80 E 3o}
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100 100
120 20 120 20
140 1401
.................... )5 )5
50 100 150 50 100 150
X [mm] X [mm]
(a) Leaf image from array, d = 0.7FxA. (b) d = 0.35F 4.

Figure 5.11: Comparison of image obtained with with THz camera and over-sampled virtual image.

To verify that down-sampling the over-sampled figure gave an accurate representation of the image
directly obtained with the FPA, Figure 5.12 shows the comparison between the image of the array
and the virtual image down-sampled with N = 2. The images are indeed in very good agreement.
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Figure 5.12: Comparison of image obtained with with THz camera and virtual image with dy = 0.7FyA,.
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Figure 5.13: Comparison of image obtained with with THz camera and virtual image with dy = 1.05F3 4.
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Figure 5.14: Comparison of image obtained with with THz camera and virtual image with dy = 1.4FyA,.

Table 1.1 shows an overview of the current state-of-the-art THz imagers, each with their periodicity.
The periodicity of an array composed of wire-ring antennas presented in [13] and [14] resulted in
a periodicity of dy = 1.2F;A?, which should give an image quality somewhere in between Figure

5.13b and 5.14b. The array presented in [15] would give dy = 1.4F#A51“) and is therefore resembled
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Figure 5.15: Comparison of image obtained with with THz camera and virtual image with dy = 2.45F3 1.

by Figure 5.14b. Finally, Figure 5.15 makes a comparison between the image of the array and the
image of an array composed of double slot elements presented in [12] with df = 2.5F;1,.

The presented comparison demonstrates that the images from the THz imager in this work show
significantly higher quality than other state-of-the-art THz imagers. Considering that the image
captured with a 2x lower periodicity presented in 5.11b did result in substantially higher level of
details than the image captured with the FPA shown 5.11a confirms that the obtained images with
the FPA are in fact (near) diffraction limited.



Chapter 6

Conclusion and future work

6.1 Summary and conclusions

This work was dedicated to the realization of (near) diffraction-limited images using the silicon-
integrated THz camera developed in [11]. The main challenge was to design a QO setup that does
not degrade the scanning capabilities of the QO setup and simultaneously maximizes the uniform
coupling between the THz source and each of the detectors of the FPA. As a trade-off, a QO setup
was designed in which the two-way-beam-pattern of the detector in the imaging plane deviated at
most 0.5 dB from the original beam pattern, and a coupling of -15 dB was achieved for the dual-
polarized scenario.

After the QO setup was designed, an overview and description of the working principles of the over-
all imaging implementation was presented, including the coherent source, the detector architec-
ture, the readout and the implementation of the 12 pixel FPA. The hyperbolic lenses were fabricated
and a combination of 3D-printed parts were assembled with lens holders and 3-axis stages to allow
accurate alignment. The process for aligning the QO setup was thoroughly described with an overall
accumulated worst-case accuracy of 0.7 mm.

Following the implementation and alignment of the QO setup, the system was characterized. First,
the radiation patterns in the imaging plane were obtained. The similarity between the simulated
and measured patterns was expressed via the near field directivity and showed excellent agreement,
with a deviation of at most 0.45 dB over the characterized bandwidth. Subsequently, the coupling
and dynamic range of all pixels of the full QO setup were measured. The overall coupling of the QO
setup was between -25 dB and -20 dB over the characterized bandwidth, with a maximum deviation
between measured and simulated coupling of 0.7 dB, which is also a very good result. The dynamic
range among the pixels over 350 GHz - 475 GHz was between 20 dB and 26 dB.

Next, an efficient method for sampling the field-of-view with the 12 pixels of the FPA was presented.
The images of a slotted metal plate and a leaf were presented. Images for different frequencies were
presented and the effect of frequency averaging and compensation for detector responsivity on the
image quality was analyzed. The applied compensation resulted in the removal of the noisy, but pe-
riodic pattern, and frequency averaging revealed finer details in the picture by removing the stand-
ing waves. Consequently, a comparison of the imaging quality was performed with images taken
using the sampling periodicity of other state-of-the-art images. It was concluded that a substantial
improvement of image quality could be seen with respect to the other state-of-the-art imagers. Fi-
nally, it was noted that oversampling the array with a 2x lower periodicity did not result in images
with a substantially higher level of details, confirming that the obtained resolution is indeed (near)
diffraction-limited.

50
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6.2 Future work

This work demonstrated that the imaging system is capable of creating high resolution images. In
order to make the imaging setup more appealing for commercial use, several suggestions for im-
provement are presented here.

For the imaging system to be compelling in commercial fields, the imaging time should be de-
creased. In the current design, a single 12 pixel image took 3.2s to complete. As explained in Chapter
3, this was largely caused by the switching mechanism. A study could be performed towards an in-
tegrated switching solution. Another cause for the large image time was the movement of the CNC.
This can be solved by scaling the FPA, increasing the field-of-view so that the object in the imaging
plane can be moved in larger steps or would not need to be moved within the imaging plane at all.
A new QO setup would need to be designed in that scenario, as more pixels would need to be illu-
minated. Achieving uniform illumination could prove challenging in this situation, as a larger area
in the imaging plane needs to be illuminated, therefore also decreasing the coupling between the
source and each individual detector.

The used THz camera was designed as a broadband solution, but in this work only single frequency
measurements were performed. A study towards imaging with a broadband source could show how
the detector would perform when imaging a black body, as black bodies also radiate broadband sig-
nals.

The imaging setup has shown that it is possible to image through packaging material, in this case
an envelope. A case study towards more user cases could be performed, like scanning mail for pro-
hibited items.

Finally, an interesting case study would be to place the source at the location of the detector, allow-
ing for stand-off detection. Instead of illuminating an object, reflections from the measured object
would be measured.
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A

Deviation in dielectric constant of
hyperbolic lenses

After aligning as described in Chapter 3, the radiation patterns were measured. The comparison of
the measured patterns and simulated patterns can be found in Figure A.1. The simulated patterns
here, are the ones obtained from the reaction integral as in Appendix B.
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Figure A.1: Patterns measured with Fp, =10.5cm

From the figure it can be seen that the simulated patterns have a narrower pattern than the mea-
sured patterns. Re-alignment of the source and/or biconvex lens within the estimated accumulated
worst-case deviation, which was shown to be 0.7mm in Chapter 3, did notimprove the performance.
Characterization of the HDPE material that was used for the biconvex lens and planoconvex lens
turned out that dielectric constant that was used for the design, €, = 2.4 did not match with the di-
electric constant of the used HDPE 2.3 < ¢, < 2.4.

Figure A.2 shows the ray tracing in GRASP for two lenses with the same dimensions but different e, .
The figure shows that the imaging plane is moved further away from the biconvex lens.

Figure A.2: Effect of deviation in dielectric constant €, on the focus
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Since there was uncertainty about the exact value of ¢, the exact location of the imaging plane was
also not known. To this end, the radiation patterns were measured at different distances of Fj,
for the frequency where the deviation of the radiation pattern is the strongest, which is at 475 GHz
(see Figure A.1). Figure A.3 shows the radiation patterns for 475 GHz for different locations of the
imaging plane.
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Figure A.3: Patterns measured for Fj,., = (a) 10.5cm (b) 10.9cm (c) 11.4cm (d) 11.9cm (e) 12.4cm

Figure A.3 shows that the pattern for Fj, = 11.9c¢m has the best overall agreement with the simu-
lation. The similarity between measured and simulated patterns was further explored after all fre-
quencies were measured by comparing the directivity of the measured patterns with the directivity
of the simulated patterns, which is shown in Chapter 4. When the directivities were shown to be in
good agreement, it was concluded that location of the imaging plane was at Fj, = 11.9 cm instead
of 10.5 cm.



B

Impact of the polarized THz source on the
measured radiation patterns

To find the influence of the horn on the measured patterns, the simulated electric field of the detec-
tor in the imaging plane has been compared to a pattern that is obtained using a reaction integral
involving the simulated fields of the horn, which are displaced as the horn moves across the imag-
ing plane. In thi simulation, the horn and detector have identical polarization. To generalise the
scenario, the biconvex lens and horn are represented with their equivalent apertures, as shown in
Figure B.1.

v T [Blee (), R ()]
_,?*\ i S - | Scanning
P I RN surface Sg
l} I~ +
/ /T
+ ~
Polarization PRI TG ! SIS X Polarization
detector } X T horn
T -
51___——"——/‘/ - N -
- [€horn(T), Rporn (7]
Sr
[ﬁllzorn (?)' j llsorn (?)]
(a) Horn located at the center.
\_» \\\“\-.‘[Efizet(?)J hget(?)]
_»t y
=\ Scanning
li’l\ + X surface Sg
A TThe- -
o ’\ o+~ ~, i
Polarization : /‘ [Eaet (™), Rgee )] ; Polarization
detector 1 > horn
ry = (X3, i)
— N [6horn(? + ?i): hhorn(? + ?1)]

[mﬁorn (F + ?i)'j)lliorn (F + ?l)]
(b) Horn displaced (x;, y;) from center.

Figure B.1: Representation of the biconvex lens and horn with their equivalent aperture to evaluate the
coupling. Note that when the horn is displaced with 7; = (x;, y;) in scanning surface Sg, equivalent currents
[Mporn (T +T7i), jnorn(F + 7;)] are also displaced 7; on the reaction integral surface Sg.
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58 B. Impact of the polarized THz source on the measured radiation patterns

The equivalent aperture of the biconvex lens supports the electric and magnetic fields [, (), fzdet(?')],
which are being focused toward the equivalent aperture of the horn in Figure B.1a. The equivalent
aperture of the horn supports the electric and magnetic fields [85,4; 1, (F), Bporn (F)].

For each scanning position 7; of the horn in scanning surface Sg, the coupling efficiency, nr(7;),
where 7; = 4 /xl? + yl? represents the scanning of the horn in scanning surface Sg, is calculated as:
oy Vee@P?
nr(7;) = e (B.1)
16PraaPhorn

Where P, .4 is the total power radiated by the equivalent aperture of the biconvex lens, Py, is the
total power radiated by the by the equivalent aperture of the horn and V,.(7;) is the open circuit
voltage of the Thevenin equivalent circuit for location 7; of the horn. P, is calculated as:

P —iff 1840:(F)?dS (B.2)
rad—zcO 5, det .

Where S; is the area of the equivalent aperture of the biconvex lens, which is illustrated in Figure
B.1a. Py, is evaluated in a similar manner. V,.(7;) is calculated as:

Ve ) = f fs hE (F)-mR  (F+F) -8k (P jR (F+7)dS (B.3)
R

Where Sp is a surface between the equivalent apertures indicated in Figure B.1 with the grey area

and ﬁiﬁ orp a0d f,f orn are the equivalent currents induced by the horn, defined as in:
jlforn(?'i_?i) =A% hporn(F + ;) (B.4)
mﬁorn(?'i_?i) ==X Eporn(F+T;) (B.5)

Where 7 is the unit normal vector on surface Sp pointing inward the volume containing the detec-
tor. If the horn is displaced by 7;, ﬁ,or o(F +7;) and iiper, (7 + 7;) move by the same 7; in the grey
plane (see Figure B.1b). Since é,.,(7) and fldet(?) do not change if the horn is moved, ng(7;) can be
calculated by linearly shifting the equivalent currents, making it an efficient computation. ng(7;) is
calculated for (x;, y;) € [-5,5].

As the power received by the detector is proportional to ng(7;), a comparison between nr(7;) and
|84¢:(Fi)|? gives insight to how well the measurements with the horn represent |8,4,,|>. Figure B.2
shows the comparison between the normalised patterns of ng(¥;) and |84, (7;)|2.
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Figure B.2: Comparison at 400GHz between (a) ng(7;) and 1840 (F)1? (D) ngr(7;) and Iegl‘;t(?,-)l2
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The agreement between g (¥;), |84 (7i)|? and le%? (Fi) |? is very good up to -15 dB, and therefore in

this work the measured patterns with the horn will be compared to |€;,;(F;)|2.
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