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Abstract

This thesis outlines several different topics associated with the design and analysis
of millimetre and submillimetre systems. A major topic is the design, analysis and
verification of a 4 mm receiver for the 20 m telescope at Onsala Space Observatory,
Onsala, Sweden. The 4 mm receiver was designed to be installed parallel to the exist-
ing 3 mm channel to target new science at that longer wavelength. Gaussian beam
mode analysis was used to produce the fundamental optical design. This is compu-
tationally efficient, and provides all critical beam characterization through the op-
tical train within the paraxial limit. The design was analysed more accurately with
physical optics, using GRASP, a commercial software package developed by TICRA.
Following the manufacture of the system, experimental verification was performed
at Onsala Space Observatory. Measurements of the beam were compared with sim-

ulations to verify the operation at 69 GHz.

In addition to this, an investigation was carried out into the development of lens
antennae fed by planar antennae with good beam characteristics, as an alternative
to horn antennae in the W band. A variety of patch designs were considered, with
the effect of a lens placed in front of them. This adds the required directionality to
the beam to launch or receive signals efficiently. CST Microwave studio was used

for this investigation.

Finally, the behaviour of absorbing bolometer detectors housed in waveguide cavi-
ties was examined, in particular the effects of varying the absorber and input waveg-

uide position for a number of different cavity geometries. The goal was to analyse




Abstract

the effect of these parameters on the optical coupling: how much incident radiation
was absorbed in a thin absorbing layer of tantulum associated with a TES detector.
This work was directed towards the SAFARI instrument for proposed SPICA mis-

sions. The analysis tool was CST Microwave Studio.
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1.1 Historical Background of Astronomy

Astronomy is one of the oldest of the natural sciences, and since ancient times, hu-
manity has been performing methodical observations of the night sky. The earli-
est civilizations engaged in astronomical research, devising calendars based on the
movements of celestial objects, and using this knowledge for such diverse activities
as the timing of crop plantations or the dating of Easter. In more recent times, as-
tronomical research has resulted in a significant increase in human understanding

of the the physics of the universe [1].

Historically, most astronomical research took place using optical wavelengths (400-
700 nm), as these are the wavelengths visible to the human eye. However, these
wavelengths only form a tiny portion of the electromagnetic spectrum, as shown in
figure 1.1. Many of the great astronomers of history, including Copernicus, Brahe,

Galileo, and Newton all relied on these wavelengths to perform their astronomical
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observations. This reliance was due to the use of the the naked eye, and what could

be magnified by simple optical telescopes at visible wavelengths.
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Figure 1.1: Electromagnetic spectrum, highlighting visible light [2].

In the nineteenth century, James Clerk Maxwell showed that visible light was an
electromagnetic wave [3]. Maxwell’s Equations describe electromagnetic waves as
oscillating electric and magnetic fields, which can be produced by an accelerat-
ing charged particle. In 1887, Heinrich Hertz produced electromagnetic waves at
longer wavelengths, and demonstrated that they had the same properties as light
such as standing waves, diffraction, refraction, and polarization. These waves be-
came known as radio waves, and were to revolutionize communication in the early

twentieth century.

The first application of radio waves to astronomy was in 1932, when Karl Jansky
discovered radio emissions coming from the Milky Way [4]. Subsequent observa-
tion has revealed a number of different sources of radiation of these frequencies,
not only including stars and galaxies, but also a host of previously unknown objects,
such as radio galaxies, quasars, and pulsars. Perhaps one of the most significant dis-
coveries at radio frequencies has been the Cosmic Microwave Background (CMB),
which is evidence for a finite age of the universe. This led to the replacement of the

steady state theory of the universe with the cosmological model known as the Big

2
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Bang.

Detection of electromagnetic waves requires vastly different methods of observa-
tion depending on which frequency band is being observed. As a result of this,
telescopes specialize in certain parts of the electromagnetic spectrum. For exam-
ple, the Very Large Array (VLA) operates at radio frequencies [5], the Atacama Large
Millimetre Array (ALMA) and the Herschel Space Telescope for millimetre and sub-
millimetre wavelengths [6] [7], the Hubble Space Telescope at optical and infrared
[8], and the XMM Newton Space Observatory is designed for the detection of x-rays

[9].

It is useful to study the universe using a variety of different wavelengths, as different
information may be revealed depending on the wavelength used. Certain features
that are visible in one region of the spectrum may become transparent in others,
hence that which previously obscured may be visible when viewed using different
frequencies. An example of this is shown below in figure 1.2. This shows images of
the Horsehead Nebula taken using different wavelengths. The Horsehead Nebula is

a region of star formation located in the Orion constellation.

Radio (e AREEE Submm.

Figure 1.2: The Horsehead Nebula, viewed at different wavelengths [6].

The image taken at optical wavelengths shows the dark dust, which obscures the
visible radiation from within the nebula. The layer of hot gas around the nebula
then becomes visible at infrared and radio wavelengths. In the submillimetre band,
the dust is transparent, and the inner structure of the nebula is revealed. The darker
regions are those with the peak emission, and indicate the presence of star-forming

clouds.
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1.2 Millimetre and Submillimetre Astronomy

The far-infrared region of the electromagnetic spectrum is rather loosely defined,
and is interchangeably also referred to as the Terahertz region or the submillimetre
region. In terms of frequency, this region is loosely in the range 0.1 THz — 10 THz
[10]. The term "submillimetre" refers to wavelengths in the region 100 pm — 1 mm.
The millimetre waveband ranges from 1 mm - 10 mm. The far-infrared region in the
electromagnetic spectrum has commonly been referred to as the Terahertz gap, as
it was the last unexplored region of the electromagnetic spectrum due to a difficulty
in the development of detectors and readily available sources. However, the gap is
now being filled due to new technology being developed and made available. The
position of the Terahertz gap relative to the rest of the electromagnetic spectrum is

illustrated in figure 1.3.

Elecironics

Visible X ray 1 ray

Microwaves

MF, HF, VHF, UHF, 5HF, EHF

10° 10° 10¢ 10° 10" 10 10% 1% 10 Hz
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Figure 1.3: The Terahertz gap in the electromagnetic spectrum [11].

The Terahertz gap exists in the region between optical wavelengths and radio wave-
lengths. At shorter wavelengths, in the optical region, the method of analysis is
primarily ray tracing and geometrical optics, as traditional mirrors and lenses are
used. At higher wavelengths, where diffraction effects dominate, full electromag-
netic analysis requiring solutions to Maxwell’s equations are required to model the
radio waves and microwaves. A combination of optical and microwave techniques

is necessary for analysis in the Terahertz region.

Gaussian beam mode analysis, which was initially developed for lasers at near-infrared

wavelengths, is commonly used for the analysis of optical systems which operate in
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the millimetre and submillimetre regions. This method of analysis is based primar-
ily on the propagation of Gaussian beam modes that are solutions to the paraxial
wave equation [12]. Gaussian beam mode analysis is useful for the initial design
and analysis of a system. However, there are some drawbacks to this method when
good accuracy is required. The Physical Optics technique provides greater accuracy,
especially when off-axis reflecting systems are being studied. The drawback with
Physical Optics is that it is less computationally efficient, which results in longer

simulation times.

1.3 Astronomical Applications

An important application of radiation at Terahertz frequencies is in the observation
of cool objects in the universe such as interstellar gas and dust. Many important
astronomical sources radiate at these frequencies. From hf = kT, the equivalent
blackbody temperature for objects radiating at Terahertz frequencies ranges from
40 K to 480 K. For example, dense interstellar gas typically has a temperature rang-
ing from approximately 10 K in cooler regions up to 100 K or 200 K in the denser and
hotter parts. Due to the CMB, there is significant radiation at the lower frequencies
of the millimetre waveband. Some highly redshifted galaxies may also be observed
at these wavelengths. In addition, there are many important spectral lines result-
ing from certain molecular rotations and atomic transitions. These are of interest
as they reveal significant information concerning the chemical make up of various

objects in the universe such as gas and dust clouds.

Electromagnetic radiation is emitted or absorbed by different chemical compounds
at different frequencies, which are well-defined. In order to detect radiation from
extra-terrestrial sources, the radiation has to pass through the earth’s atmosphere.
Certain vibrational or rotational transitions can be excited in molecules by photons
at certain energies. This phenomenon results in transition and absorption lines,

which means photons at certain frequencies are absorbed by the atmosphere. For
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millimetre wavelengths (up to 300 GHz in terms of frequency), only certain O, and
H,O lines are present, so the atmosphere is largely transparent. However, in the sub-
millimetre range, a large number of absorption lines (mainly due to water vapour)
are present, which results in the atmosphere being very opaque. The opacity of
the earth’s atmosphere, across the electromagnetic spectrum, is shown in figure 1.4,

demonstrating the lack of transparency in the millimetre and submillimetre wave-

bands.
Maost of the
isible Long-wawvelength
. mz: infrared spectrum Radio waves ohservable radic waves
Gamma rays, X-rays and ultraviolet absorbed by firom Earth
light blocked by the upper atmosphere :‘i"h“ Earth,  stmspheric ' Frral
{best observed from space). Same {best
Spac : gasses
100 %

Atmospheric
opacity
&
#

0%

a.1nm 1mm 10 nm 1033 nm lum 1dpm 130 pm 1mm lcm 1decm im 10m 13 m 1Em

Wavelength

Figure 1.4: Atmospheric opacity, shown for wavelengths across the electromagnetic
spectrum [13].

This is why telescopes designed to operate in the submillimetre range are often
placed at very high altitudes in dry environments, so that the amount of water above
the telescope will be reduced as much as possible. For example, ALMA is located
in the Chajnantor plateau in the Atacama desert in Chile, which is at an altitude
of 5100 m above sea level. An alternative solution is to use a satellite outside the
earth’s atmosphere as a platform for a telescope. For example, the Herschel Space
Telescope was a space based telescope, which was designed to observe in the sub-
millimetre band 55 um — 672 ym. It was in operation between 2009 and 2013, when
it completed its mission. The disadvantage of using a space telescope is that the
components must be smaller than those typically used on the ground, due to the

restrictive costs of sending objects into space.
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In this thesis, the Onsala 4 mm receiver design is analysed. This receiver can be clas-
sified as a millimetre wave band receiver, and can operate relatively well between 67
and 86 GHz, observing interstellar medium spectral lines, unlike higher frequency

Terahertz receivers.

1.4 Commercial Applications

In addition to a wide range of applications of Terahertz radiation to scientific re-
search, there are also some commercial applications [14]. For example, it can be
used in security systems at airports and other places where screening for sharp ob-
jects or illegal substances is necessary. Terahertz radiation is absorbed by human
skin, but not by clothing or metallic and ceramic objects. Because of this, it is suit-
able for non-invasive scanning for concealed objects. In addition, radiation at Ter-
ahertz frequencies is non-ionizing, so it is much safer to use for a scan than high
frequency x-rays. Terahertz radiation will reveal sharp objects of a non-metallic na-
ture, such as ceramic knives. It also may be used to target compounds such as ex-
plosives and illicit drugs, which have characteristic Terahertz spectra. This provides
an additional layer of security, as such objects would be overlooked by conventional

metal detectors [15].

Other applications include using a Terahertz scan to safely examine a wound under
a bandage, without having to remove it [16], and the measurement of the quality of

pharmaceutical tablet coatings [17].

1.5 Thesis Overview and Author’s Contribution

This thesis is primarily concerned with the design, analysis, and verification of a
new receiver channel for the 20 m telescope at Onsala Space Observatory, Onsala,

Sweden. The receiver channel is referred to as the 4 mm receiver, as it is designed to
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operate in the frequency range 67-86 GHz, the centre of which corresponds approx-
imately to this wavelength. In addition to this, the design and analysis of a W band
(75-110 GHz) planar antenna with spherical lenslet is outlined, and some analysis
on the effect the design of a detector cavity has on its resonant frequency is pre-
sented. The following is a summary of the thesis content, by chapter, and details

the specific contributions of the author.

Chapter 2

Chapter 2 gives an overview of optical analysis techniques and background theory.
A derivation of Gaussian Beam Mode Analysis is presented as this forms the basis of
quasioptical analysis for millimetre and submillimetre optical systems, and is used
extensively throughout this thesis. The derivation of ray transfer matrix analysis is
presented, as this was the method used in the design of the Onsala 4 mm receiver.
The theory behind antenna systems and horn antennae is also outlined. GRASP, an
optical software package, is also introduced, along with the mathematical methods
which form the basis of its operation. The author performed a brief experimental

verification of GRASP, using the vector network analyser at Maynooth.

Chapter 3

In chapter 3, the 4 mm receiver system for the 20 m telescope at Onsala Space Ob-
servatory is introduced, and the preliminary design and analysis, making use of ray

transfer matrix analysis, is reported.

The author was responsible for the optical design of the 4 mm receiver, and for the
simulations reported to colleagues at Onsala Space Observatory. Using Mathemat-
ica [18], the author analysed the beam parameters of the 4 mm receiver, and anal-
ysed the truncation levels and coupling estimations across the frequency band of

operation.
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Chapter 4

Chapter 4 reports further analysis of the 4 mm receiver system, using physical optics
in GRASP; including a three-dimensional model, and a variety of feed models. A
model beam is propagated to the sky in GRASP, verifying the design, and cross-polar
levels are reported. Additionally, the design of the 4 mm receiver is compared with
that of the 3 mm receiver, and experimental results from Onsala Space Observatory
are compared with the equivalent simulations. Conclusions on the realized design

are also reported.

The author produced the GRASP files used for the analysis, and analysed the perfor-

mance of the system as presented in this chapter.

Chapter 5

In chapter 5, the design and analysis of a W band lens antenna are reported. The
motivation for this work is introduced, and an overview of patch antenna theory is
presented. CST Microwave Studio, a software package for high frequency electro-
magnetic design and analysis, is introduced, as this software package was used for

the simulations in chapters 5 and 6.

The performance of a variety of patch antenna designs is presented, and how the
addition of a lens in front of the antenna affects this performance is discussed. The

author performed all the analysis presented in this chapter using CST.

Chapter 6

In Chapter 6 the behaviour of rectangular detector cavities is investigated, and it is
shown that the geometry of the cavity, and the position of an input waveguide has a
large effect on its optical performance. The author performed the simulations used

in the analysis presented in this chapter using CST.
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Chapter 7

Chapter 7 presents a summary of the work carried out for the thesis, and final con-

clusions.

10
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2.1 Gaussian Beam Mode Analysis

Gaussian beam mode analysis (GBMA) plays an important role in the design and
verification of quasioptical systems. In this thesis, it is used for the initial optical
design of the Onsala 4 mm receiver system (chapter 3), as it is a computationally ef-
ficient method which provides all critical beam characterization through the optical
train, within the paraxial limit. Gaussian beams represent electromagnetic radiation
in which the transverse electric field and intensity are defined as on-axis power with

relatively low levels of truncation or beam clipping.

2.1.1 Paraxial Wave Equation

The formal mathematical treatment for Gaussian beam mode theory is found in [12]
and [19]. The paraxial wave equation is the basis for Gaussian beam mode propa-
gation. This makes the assumption that the variation of the amplitude along the
direction of propagation will be small over distances comparable with the wave-
length, and that the axial variation will be small compared with the perpendicular

variation.

The Helmholtz wave equation is satisfied for components of the electromagnetic
field [20]:

(V2 + k) y =0, 2.1)

where v is any component of E or H. k is the wavenumber, which is equal to 27/,

where A is the wavelength. By allowing the direction of propagation to be in the

12
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positive z direction, the expression for the electric field can be given by
E(x,y,2) = u(x,y,2)e”'*%, (2.2)

where u is a complex scalar function that defines the non-plane part of the beam. k
is the wavenumber, and i is the complex identity. The Helmholtz equation becomes
(in rectangular coordinates):

0°E 0%E 0°E

k’E =0. 2.3
02 52 o2 " 23)

By substituting the expression for the electric field, the reduced wave equation is

obtained:

62u+62u+62u_2ik6_u_0 (2.4)
ox2  0y? 0z? 0z '

The next step is to apply the paraxial approximation. The third term is small com-
pared to the fourth term because of the small variation of the amplitude along the
direction of propagation. It is also small compared to the first two terms because
of the assumption that the axial variation is small compared to the perpendicular
variation. Consequently, this term is dropped to obtain the reduced paraxial wave

equation in rectangular coordinates [12].

2228 it oo (2.5)
y

2.1.2 Fundamental Gaussian Beam Mode in Cylindrical Coordinates

Cylindrical coordinates are more convenient for circularly symmetric optical sys-
tems. In cylindrical coordinates, the axially symmetric paraxial equation is given
by

— +—-——-2ik— =0. (2.6)

13
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The simplest solution of the axially symmetric paraxial wave equation can be writ-

ten as

—ikr? ]
u(r,z) = A(z) exp , (2.7)

2q(2)

where A and g are two complex functions of z. These functions, defined below, are
found by substituting equation 2.7 for u into the axially symmetric paraxial wave

equation 2.6:

A OA) kzrzA(Gq )
+ =0. (2.8)

—2ik|=+— —L 1
l(q+6z q*> \0z

The two parts of this equation must equal zero since while the first part only de-
pends on z, the second part depends on both r and z, and the equation must be
satisfied for all values of r and z. This gives the following two simultaneous equa-

tions:

oq
N :1» 2.9
0z (2.9)
0A A
Y (2.10)
0z q
The solution for equation 2.9 is given by
q(2) = q(20) + (2 = 20). (2.11)

This function g is called the complex beam parameter or Gaussian beam parameter.
q is a function of z, unless otherwise indicated. As it appears as 1/¢g in equation 2.7,

it is convenient to write

1 1 1
q qy q;
By substituting this into equation 2.7, the exponential term becomes
ool g el 50N ()G e
X =ex — — —— — . .
2 qly 2 q);
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Chapter 2. Background Theory 2.1. Gaussian Beam Mode Analysis

The imaginary term here has the form of a phase variation produced by a spherical
wave in the paraxial limit. This can be compared with an equiphase surface having a
radius of curvature R. ¢(r) is defined to be the phase variation as a function of r rel-
ative to a plane at a fixed value of z. When r << R, the phase delay is approximately
equal to

ar:  kr?

$(r) = —

=—. 2.14
AR 2R ( )

The real part of 1/ q is then identified with the radius of curvature of the beam:
—| ==. (2.15)
( q) r R

. Reference
Equiphass

Surface

Flane

Phase ()

Delay Offset from Axis of
Propagation, r

Axls of

Propagation

Radiusof
Curvature

Figure 2.1: Phase shift of spherical wave relative to plane wave. ¢(r) is the phase
delay of the spherical wave at a distance r from the axis of propagation.

The second part of equation 2.13 is real and has a Gaussian variation as a function of
the distance from the axis of propagation. This can be equated with the exponential

part of a standard Gaussian distribution:

{220,
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Chapter 2. Background Theory 2.1. Gaussian Beam Mode Analysis

The imaginary part of 1/q is then found to be

( 1 ) 2 3 A (2.17)
q); kw?(z) mw? '
where w is called the beam radius and is the radius of the beam at which the field

falls to 1/e relative to its value on the axis of propagation.

By substituting equations 2.15 and 2.17 into equation 2.12, the function ¢ is given

by
1 il
=——-— (2.18)

1
g R nw?

where R and w are both functions of z.

At z =0, from equation 2.7, u(r,0) = A(0) exp[—ier/Zq(O)]. If wy is chosen such that

wo = [Aq(0)/im]®>, the relative field distribution at z = 0 is found to be

)
u(r,0) = u(0,0) exp (—rz) (2.19)
Wy

wy is the source plane beam radius, at z = 0. It is called the beam waist radius. From
this and equation 2.11, taking zp = 0, the following important expression for q is

obtained [12]:
inws
A

q= +z. (2.20)

Expressions for the radius of curvature and the beam radius as a function of position

along the axis of propagation can be derived from equations 2.18 and 2.20:

2\ 2
1 [ mwy
R:z+—(—) , (2.21)
z\ A
2,05
Az
w=wyl|l+ — (2.22)
Tw;

These relations for radius of curvature and beam radius are fundamental to Gaus-

sian beam mode propagation. Equation 2.22 shows that the beam waist radius is the

16



Chapter 2. Background Theory 2.1. Gaussian Beam Mode Analysis

minimum value of the beam radius, and it occurs at the beam waist, where z = 0. At
this point, equation 2.21 shows that the radius of curvature becomes infinite. Both
of these values depend on A, so in the geometrical limit (A — 0), the beam radius

becomes constant, and the radius of curvature diverges to infinity.

From equations 2.9 and 2.10,

dA
— = —%. (2.23)
A q
Integration, with limits of z and 0 yields
A
A@ _ a0 (2.24)
A0) q(2)
and by substituting g from equation 2.20,
A(2) 1+i/12/7rw§
= ) (2.25)
A(0) 1+ Az/mw})?
Expressing this in terms of a phasor is convenient, giving
Al@) _ W i) (2.26)
A0 w P '
where
Az
tango = —. (2.27)
b/

0

¢o is referred to as the Gaussian beam phase shift.

By taking the on-axis amplitude at the beam waist to be one, the complete expres-

sion for the fundamental Gaussian beam mode is given by

2 wo -2 inr?
u(r,z) = —exp|—- —
’ w w? AR

+ i) (2.28)

Hence, the expression for the electric field can be found using equation 2.2, which

17



Chapter 2. Background Theory 2.1. Gaussian Beam Mode Analysis

differs only by inclusion of the plane wave phase factor:

Erz)=2¢ LTI (2.29)
1z)=—exp|— —ikz— ——+idp|. )
w p w? AR ¢o

2.1.3 Normalization

In order to relate equation 2.29 for the electric field to the total power in a Gaussian
beam, using the paraxial limit it is assumed that the electric and magnetic fields are
related to each other, as in a plane wave. In this case, the total power is propor-
tional to the square of the electric field integrated over the beam area. A convenient

normalization is to set this integral to one, with the radius extending from 0 to oo:

f |E|%-27rdr. (2.30)

When this integral of equation 2.2 is evaluated at z = 0, it is found to be mw5/2. As
a result, the normalized electric field distribution at a distance z along the axis of

propagation is given by

E(r,z) = 2 )% r’ iﬂr2+_ ik (2.31)
rz)= p— exp 2" AR ipg—ikz]. .

2.1.4 Fundamental Gaussian Beam Mode in Rectangular Coordi-
nates

One Dimension

As asimple example, here a 2-dimensional beam that has variation in the x direction

is considered. In this case, the paraxial wave equation is reduced to

— —2ik—=0. (2.32)
X
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Chapter 2. Background Theory 2.1. Gaussian Beam Mode Analysis

Using the trial solution,

ikx? )
) (2.33)

u(x,z) = Ax(z)exp (_Zq @
X

which is similar to equation 2.7, it can be shown that the solution for g, as a function

of z is similar to that found for g in equation 2.20 [12]:

; 2
_ ITWy,

qx = 1 +z. (2.34)

The normalized electric field distribution is given by

—ikz|, (2.35)

+
w2 AR, 2

X

0.25 2 2
x°  imx© 1

E(x,z):( 2) exp( Pox
Twy

where wy, Ry, and ¢, are defined analogously to w, R, and ¢, previously. The
additional square root in the normalizing factor is a result of the variation being in

one direction. The phase shift is half as large as in the preceding case.

Two dimensions

In two dimensions, a similar approach is used. The trial solution is

ulx,y,z) =Ax(2)Ay(2) ex (—ikxz)ex (—M) (2.36)
g X y P 24x P qu) . .

This form is used in order to keep the solution independent in the two coordinates.

The following independent conditions are obtained:

0 0A 1A
dx _ r o _2Zx, (2.37)
0z 0z 2 qx
and
0 0A 1A
My, . 174y (2.38)
0z 0z 2 qy
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Chapter 2. Background Theory 2.1. Gaussian Beam Mode Analysis

The normalized electric field distribution is given by

E(x,y,2) =

(x,y,2) (nwx wy
(2.39)

where wy, wy, Ry, Ry, ¢ox, and ¢y, are defined analogously to w, R, and ¢ previ-

ously. Noting that x? + y? = r?, in the special case that the two beam waist radii are

equal at the same value of z, this relation becomes identical to equation 2.31.

2.1.5 Confocal Distance

The Gaussian beam parameters can be described particularly simply when expressed

in terms of the confocal distance [12]
Zc=—. (2.40)

This parameter is also known as the Rayleigh range. Using the confocal distance,

the Gaussian beam parameters can be rewritten as

2

ZC
R=z+25, (2.41)
<
Z 2,05
w=wy |1+ (z_) , (2.42)
C
V4
$o=tan"! (z—) (2.43)
C

The confocal distance is the distance from the beam waist along the propagation

axis at which the cross-sectional area is twice that at the waist [19].

2.1.6 Edge Taper

The distribution of the electric field perpendicular to the z axis is given by

IE(r,Z)l _ _ L 2
EO,2) ‘eXp[ %) ] (2.44)
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Chapter 2. Background Theory 2.2. Higher Order Gaussian Beam Modes

where r is the distance from the propagation axis. In terms of power density, the

distribution is given by

|P(r,2)| _ INEAY
M‘e"p[ 2| )] (2.45)

The fundamental Gaussian beam mode can be characterized in terms of the relative

power level at a certain radius. This is known as the edge taper T, and is given by

P(r,)
Te=——, 2.46
= P(0) (2.46)
where r, is the radius of the edge taper. From equation 2.45,
2r§
Te(r) =exp -— | (2.47)
w

In order to efficiently accommodate a large range, the edge taper is commonly ex-
pressed in decibels, so

T,(dB) = 10log,((Te). (2.48)

The edge taper is often used to specify a certain relative power density at the edge of
areflector. Usually the optics are designed to have a minimum 4 w size to minimize

beam truncation. This corresponds to -34 dB loss at the reflector edge.

2.2 Higher Order Gaussian Beam Modes

The fundamental Gaussian beam solutions given above are the simplest and most
widely used solutions to the paraxial wave equations describing the propagation of
a quasioptical beam. However, in reality electric field distributions are much more
complex than a fundamental Gaussian beam. Additional solutions are often needed
to accurately describe the beam. These solutions, which have a more complex varia-
tion of the electric field perpendicular to axis of propagation, can be analysed using
higher order Gaussian beam mode solutions. They are formed by superimposing

various polynomials on the fundamental Gaussian beam solution, as will be shown
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Chapter 2. Background Theory 2.2. Higher Order Gaussian Beam Modes

in the following sections. An important application of higher order modes is the ac-
curate description of the beam from a corrugated feed horn. In this case, they are
necessary because, although there is high axial symmetry, the radiation pattern is

not perfectly Gaussian. The pattern is usually 98% Gaussian.

2.2.1 Higher Order Modes in Cylindrical Coordinates

In cylindrical coordinates, the additional variation of the electric field is accounted
for by using a trial solution including additional terms that vary as a function of the
polar angle ¢ (not to be confused with the phase shift ¢¢) and the radius r. The trial

solution can be written as

2

u(r,,z) = A(z)exp (— ikr ) S(r)exp(imep), (2.49)

2q(2)

where S(r) is an unknown radial function, and m is an integer. The solutions ob-

tained for the paraxial wave equation are given by

o7\ 2
S(r) = (ﬁ) L,,m(ziz), (2.50)
w w

where w is the beam radius, as before, and L, is the generalized Laguerre poly-
nomial. p and m represent variation in the radial and azimuthal directions respec-

tively. The polynomials L, (u) are solutions of Laguerre’s equation [21]

d’L dL
pm+(m+l—u) pm

+pLym =0, 2.51
du? du < Prem @51

and can be found from the following expression:

U,,—m Ap

e'u (U, ptm
P duP(e u ). (2.52)

Lpm(u) =
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The first few Laguerre polynomials are

LOm(u) = 1)
Limw)=1+m-u, (2.53)

Lom(w) :% [(Q+m)(1+m)-22+m)u+u?].

The normalized electric field distribution for the pm Gauss-Laguerre beam mode is

given by
2p! %% 1 2r )" 272
Ep’"(r"”’Z):(n( Zm)) w(z)(;f(_zr)) L’”’”(wzr(z))
p (2.54)
(—r—z—ﬁ—'(z +m+ Depo(2) — ikz+i )
exp 22 AR@ i2p+m ¢o(z2)—tkz+imey]|,

where the beam radius w, the radius of curvature R, and the phase shift ¢ are the

same as for the fundamental Gaussian beam mode.

2.2.2 Higher Order Modes in Rectangular Coordinates

In rectangular coordinates, the higher order modes are obtained by including ad-
ditional functions dependent on x and y. As the general two-dimensional mode is
the product of two one-dimensional modes, it is convenient to start with just the x

coordinate. The trial solution is

u(x,z)=Az)H @ ex (—ﬂ) (2.55)
e wz | P\ 24)) ‘

where w and q are defined as before. H satisfies Hermite’s differential equation

d?H(u) dH (u)
-2u
du? du

+2mH(u) =0, (2.56)

where m is a non-negative integer. This equation defines the Hermite polynomial

Hjy;(u) of order m. Given the Hermite polynomials Hy(u) and H; (u) are respectively
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1 and 2u, the remaining polynomials can be obtained from
Hyi1=2(uHy(uw) —nHp-1(1). (2.57)

They can also be found from the following expression:

n

d
H, (1) = (—1)”3”2M (e_”z). (2.58)

The first few Hermite polynomials are

Hy(w) =1,
Hl(u) :21")
Hy(u) =4u® -2, (2.59)

Hs(u) =8u° —12u,

Hy(u) =16u* — 48u? +12.

The normalized electric field distribution for the one dimensional Gauss-Hermite

beam mode of order m is given by

B o) :(%)0.25(;)0.5Hm(\/§x)

wy2mm! Wy
) ) (2.60)
X inx i2m+1
exp (——2 — + ( JPox _ ikz)
wy ARy 2

Finally, the two-dimensional case is achieved by using a trial solution formed from
the product of individual functions like equation 2.60 in x and y. The normalized

electric field distribution for the two-dimensional mn Gauss-Hermite beam mode

is given by
1 0.5 V2x V2y
E VY, 2) = H H
mn(%: ) (nwxwy2m+”‘1m!n!) m( Wy ) n( wy
2 y2 inx® iny*  iCm+1 i(2n+1)
exp(—x—z—y—z—mx By +l( m )¢0x+ (Poy—ikz .
wy  wy ARy AR, 2 2
(2.61)
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Chapter 2. Background Theory 2.3. Ray Transfer Matrix Analysis

2.3 Ray Transfer Matrix Analysis

Section 2.1 outlines the free space propagation of a Gaussian beam. However, in a
quasioptical system, there will be elements such as mirrors and lenses which will
need to be described. Ray transfer matrix analysis, which is adapted from geomet-
rical analysis, is used to efficiently model this beam transformation. This is also
known as ABCD matrix analysis due to the use of these letters to denote the matrix

elements.

Fin Fout

’

z zZ

Figure 2.2: Ray propagation in free space, showing r;;, and r,,;. The angle 6 is equal
to the slope r’ in the paraxial limit.

By denoting the position of a ray as rj,, and its slope relative to the axis of propaga-
. / . . . o,
tion as r; (figure 2.2), the relationship between the input and output ray position

and slope can be written as [12]

T'out A BJ|rin
= . (2.62)
Tout C D|\r

The slope here is the slope of rays relative to the z axis, which is equivalent to the
angle for the small angles considered in the paraxial approximation, where tan6 = 6.
The radius of curvature is defined by R = r/r’, so the following equation can be used

to determine the output radius:

Rout = — . (2.63)
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This is extended to quasioptical systems by using g, the complex beam parameter

[22], giving
= —" 2.64
dout Cqnt D ( )
The reciprocal form of this equation is often more convenient to use:
1 C+ D/ g;
= Gin. (2.65)
qout A+ B/qin
The beam width w, and the radius of curvature R can thus be determined:
A 0.5
= —] (2.66)
nlm(-1/q)
1\1°!
R=|Re (—)] (2.67)
q

The phase slippage A¢y, which is defined as the difference between the phases of
the incident and output beams, is given by the argument of a combination of the

matrix elements A and B, and the incident complex beam parameter ¢j,:

A¢pg = —Arg (A+B (qi)) (2.68)

ABCD matrix analysis is extremely useful in quasioptical analysis, as it means that
the ray theory of geometrical optics can be applied to systems at millimetre and
sub-millimetre wavelengths. Each element of a system has a unique ABCD matrix;
these are multiplied together to determine the overall system matrix. The order of
multiplication is such that the rightmost matrix describes the first element at the

input, and the following matrices are placed to its left.

The following table gives the ray transformation matrices for some of the most com-

monly used components in quasioptical systems [12].
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Element Matrix Comment
Propagation in free 1 d d is the propagation
space 0 1 distance.

For mirrors
Reflection from a flat 10
perpendicular to the
mirror 01
beam.
R is the radius of
Reflection from a curved 1 0
curvature. R >0 fora
mirror —% 1
convex mirror.
n; is the initial refractive
Refraction at a flat 1 0
index and n, is the final
interface - %
2 refractive index.
R is the radius of
Refraction at a curved 1 0
curvature; n; and n, are
interface % %
2 2 the refractive indices.
f is the focal length.
1 0 f > 0for a converging
Thin lens
—% 1 lens. Only valid if f >>

lens thickness.

Table 2.1: ABCD matrices for commonly used optical components.

In order to illustrate the application of the ABCD matrix technique, a Gaussian beam

telescope is outlined below. The Gaussian beam telescope consists of two lenses of

focal lengths f; and f> separated by a distance d = fj + f> such that their foci are

coincident. Furthermore, the input is taken to be f; from the first lens, and the

output is taken to be f, from the second lens, although it is not necessary that a

beam waist exists at this point. This is illustrated in figure 2.3 below.
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First First
Lens (f1) Lens (f2)

Output
Gaussian

Figure 2.3: Gaussian Beam Telescope [23].

The combined ABCD matrix for this arrangement is

1 1 olf1 A+ 1 olf1
vl fitfe fl, (2.69)

which simplifies to

B
h
M= . (2.70)
o _h
I

The complex beam parameter can then be found using equation 2.64:

2
dout = (%) 4in, 2.7

and the output beam parameters can hence be determined:

2
Rout = (%) Rin;
fl (2.72)
Wout = (?j) Win

These parameters are independent of wavelength, and are only dependent on the
focal lengths of the lenses. As the B matrix element is zero, the argument for the

phase shift becomes real, so A¢g = 7.
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2.4 Analysis of Antenna Systems

2.4.1 Telescope

The antenna system dealt with in this thesis is a large Cassegrain reflecting antenna,
which is designed to couple radiation from the sky to a focal plane through a series
of quasioptical elements in a cryostat receiver near the focal plane. The radiation
is fed to a horn antenna, which in this case is a conical corrugated horn, and the
detector is a waveguide probe. By the principle of reciprocity, optical systems op-
erate equivalently whether they are receiving or transmitting [24]. Therefore, when
designing the system, coupling a beam from the telescope to the horn antenna is
equivalent to propagating a beam from the horn back in the direction of the sky

through the telescope [23].

2.4.2 Conical Corrugated Horn

In order to accurately analyse an antenna system, it is necessary to have an accurate
description of the source field. There is a large variety of antenna feed horns, all with
different field distributions and beam mode expansions. The conical corrugated
horn is a very common type of feed horn. These horns produce circularly symmetric
beams, and their field distributions can be expanded in terms of Laguerre-Gaussian
modes. The horn propagates a waveguide mode known as the hybrid HE;; mode
[12]. The corrugations in the horn are designed to produce an infinite reactance on
the metallic surface to prevent the establishment of currents. Bandwidth is limited

as the reactance condition is frequency dependent.

The linearly polarized field distribution for a circularly symmetric waveguide can be

approximated to a good level by [25]

(2.73)

2.405r
E(r) =]0( )
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where r is the distance from the central axis, a is the waveguide radius, and Jj is
the zero order Bessel function. The horn is said to be operating in the balanced
hybrid mode condition. At the aperture, there is also a spherical phase curvature

term which is defined by the radial length of the horn, Ry, so

E(r) =] (2'405r)ex (—i”—rz) (2.74)
-0 a P ARy ) '

The normalized coupling coefficient for the fundamental Gaussian beam mode to

this aperture field distribution can be expressed as [12]

2/s%

cp=1362s f L,(x)exp (—g) Jo(stv/x)dx, (2.75)

x=0

where x = 2r?/w?, s = wy/a, and t = 2.405/+/2. This coupling coefficient is graphed
in figure 2.4, which shows that the maximum coupling occurs where the beam ra-

dius w = 0.6435a [26]. This gives a Gaussian power coupling coefficient (cfj) 0f 98%.

1.0 T
0.8

0.6

Normalized Coupling Coefficient

0.2F -

0.0 I I I I 1 I I I I 1 I I I I 1 I I I I
0.0 0.5 1.0 1.5 2.0

Gaussian Beam Radius Divided by Aperture Radius

Figure 2.4: Coupling coefficient of the fundamental Gaussian beam mode to the
truncated zero order Bessel function.

The field distribution can be expanded using Gauss-Laguerre beam modes:

E(r,g) = Y ApEpo(r, ). (2.76)
p=0
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where E) represents beam modes with coefficients A, of increasing order p.

The truncated Bessel function is used in conjunction with the ABCD matrices for
a more accurate description of the system when compared with the fundamental

Gaussian beams, and is used throughout the analysis presented in chapter 3.

2.4.3 Horn transition

In general, a conical horn will be attached to a rectangular waveguide, and reflec-
tion at the junction will need to be minimized [27]. The reflection coefficient on a

transmission line is written as
L=
Zo+ 2 ’

lpl (2.77)

where Z, is the load impedance, and Z; is the source impedance. When p is mini-
mized, the source and load impedance are equal, and are said to be matched. The
field in a waveguide can be described in terms of transverse electric (TE) and trans-
verse magnetic (TM) modes, which are linearly polarized hybrid modes [12]. The

waveguide impedance for the TE and TM modes can be written as

7 ZoA
Zrg = - 0/1 g (2.78)
1 (&)
Ae
AV ZA
ZTM = 1- (/1—) = /1_’ (279)
¢ g

where Zj is free-space impedance, and A, and A¢ are cut-on and guide wavelengths
respectively. Combining the above equations gives the following condition:

, (2.80)
Agz + /lgl

lpl =

where only the fundamental modes are being considered, as not much power is
scattered to the higher order modes and 1 and 2 refer to such wavelengths in the

same location. As the guide wavelength can be expressed in terms of the cut-on
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wavelength, the condition can be achieved by equating the cut-on wavelengths for

the rectangular and circular modes as follows:

(2.81)

S

(2P - () P

where a and b are respectively the width and height of the rectangular waveguide,
and R, is the radius of the circular waveguide (i.e., the first part of the conical horn).
m and n are the whole numbers of half wavelengths that fit in the a and b dimen-
sions, and x and [ are the radial and azimuthal orders of the circular TE modes. By
substituting m =1, n =0 and p; ;= 1.84, which are the values for the fundamental

TE modes, the condition is met when

ro = , (2.82)

2.4.4 Beam coupling

Beam coupling is used to calculate how well a beam from an optical system corre-
sponds with the beam representing ideal conditions. For example, it may be nec-
essary to test a field distribution collected on an output grid from software such as
GRASP (see section 2.5) at a telescope focal plane, and analyse its optical character-
istics. Then, taking the actual beam that has been propagated through the system,
a coupling calculation may be performed with an ideal equivalent beam to anal-
yse how close the propagated beam is to the ideal beam. This coupling calculation

might also reveal an insight into the amount of optical aberration in a beam.

For example, equation 2.83 represents the fundamental Gaussian beam mode:

(x%+ yz) ik(x®+ yz)
w? 2R

Epo=exp|— , (2.83)

where w is the beam radius, and R is the radius of curvature.
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The following formula is used to calculate a coupling coefficient, Ky[12]:

F*Egods
Koo = JsE" Euo . (2.84)

Fis the field distribution which is being coupled to the fundamental Gaussian beam
mode Ej in an area S. In practice, summations are used rather than integrals. The

area should be large enough to cover all the power from the field distribution.

It is also possible to use the same equation to couple to other arbitrary beams, such
as the top hat field from a telescope. In this case, the appropriate field is substituted

for the Gaussian beam in equation 2.84.

2.5 Introduction to GRASP

While Gaussian beam mode analysis is a good representation of beam propagation
in quasioptical systems, it does not provide sufficient accuracy when precise detail
of the beam propagation is required, particularly for off-axis systems [20]. For ex-
ample, off-axis propagation with reflectors is not dealt with fully as the mirrors are
treated as thin lenses. For this reason, the Physical Optics (PO) technique is used in

addition to Gaussian beams to more accurately characterize optical systems.

GRASP is an example of an electromagnetic simulation package which makes use of

the PO technique, which is outlined below.

2.5.1 Physical Optics Analysis

Here, the analytical solutions of Maxwell’s equations are considered, leading to a

description of the PO approximation [28][29]. Maxwell’s equations for a time har-
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monic electromagnetic field can be expressed as follows:

VxE=-iwuH, (2.85)

VxH=iweE+], (2.86)

where E is the electric field, H is the magnetic field strength, J is the electric current

density, w is the angular frequency, u is the permeability, and ¢ is the permittivity.

To solve these equations, solutions must be found for E and H due to a current
source J. To obtain a practical solution, vector potential functions are introduced.

The magnetic vector potential is related to the magnetic field by [23]

1
H=_VxA. (2.87)
U

The electric field can also be described by this vector potential,

E=

- V(V-A) - iwA. (2.88)
iwue

The magnetic vector potential satisfies the Helmholtz equation,

VA + K°A = —pJ, (2.89)

where k is the wavenumber. The solution for equation 2.89 is found by integrating
the effects of the elemental currents. It gives the magnetic vector potential A due to

the current density J,

ikr
A:ﬁ_[s]er ds, (2.90)

where ds is the infinitesimal source element surface and S is the surface over which
the integration is carried out. e!*"/r is a Green’s function. This results in
U ei kr

A=— .
A r

(2.91)
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The total field can be found using this result and equations 2.87 and 2.88, such that

. L
E= 147_[ ffS[IG+ 2 (J-V)VGlds, (2.92)

H= iff [J x VG]ds, (2.93)
a7 JJs

where G = %"/,

Once the current density is known, equations 2.92 and 2.93 give the electric and
magnetic fields. Appropriate approximations are used to calculate the near and far
fields of the radiated field. The following relation applies to a radiated field from a
scatterer surface:

Etot = Einc + Escat, (2.94)

where E;.; is the total electric field, E;,¢ is the incident electric field, and Eqc,¢ is the

scattered electric field.

To calculate the scattered electric field, the first step is to calculate the currents on
the surface of the scatterer. These currents are induced by the incident electric field.
The scattered field must then be calculated from the current distributions. Finally,

the total field is found by combining the incident and scattered fields.

The PO approximation simplifies the calculation of the induced currents on the
scatterer. The scatterer is assumed to be large when compared with the wavelength.
This means that the induced currents are calculated as if they were on an infinite

plane surface. Each current element is locally expressed as
J=2nxH (2.95)

where 71 is the unit vector normal to the scatterer surface, and H is the incident
magnetic field. This will give accurate results as long as the radius of curvature is

large compared with the wavelength. The fields are calculated as 2-dimensional
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numerical integrations. In GRASP, the integration area of the scatterer is defined by

its rim, which here is the circle which determines the edge of the mirror.

Cross-polarization

To fully characterize the reflecting elements in a system, it is necessary to consider
the effect on the polarization of the incident beam, assumed to be linearly polar-
ized. Cross-polarization levels are used to describe power leaking from the linear
polarization state of interest to the orthogonal state of polarization. This describes
the component of the field orthogonal to what is called co-polarization, which is
in the main polarization plane of interest. Ludwig’s third definition is convention-
ally used to define the reference polarization [30]. In this definition, the reference
polarization is taken to be that of a Huygen'’s source, i.e. electric and magnetic tan-
gential field components that lie in the aperture plane, radiating equal, equiphase
fields along the z axis. The direction of cross-polarization is obtained by rotating
the source 90° in the aperture plane. The co-polar and cross-polar components are

given by

Ecop =Egcosb cos¢p — Eysing =~ Egcosp — Epsing, (2.96)

Exsp =EgcosOsin¢g + Eycos¢ ~ Egsing + Ep cos¢. (2.97)

It is desirable to keep the cross-polar levels low.

Physical Theory of Diffraction

The PO approximation only holds when the surface on which the induced currents
are calculated can be locally defined as planar. As this does not hold at the truncated
edges of a scatterer, the edge effects of the field are not truly accounted for by the PO
technique. Instead, the Physical Theory of Diffraction (PTD) is used to calculate the

currents at these edge. GRASP makes use of the PTD technique by calculating the

36



Chapter 2. Background Theory 2.5. Introduction to GRASP

edge currents among the illuminated edge of the scatterer for incremental surface
area strips. The PTD contributions are then separated into the TE and TM compo-
nents, which are combined to give the local field. The PTD approximation is valid
when the local incident field at the edge of the scatterer behaves as a plane wave.
Using the PTD technique improves the accuracy when the reflectors have a moder-
ate degree of truncation. The combined PO and PTD field calculations provide very
accurate results for the fields scattered by reflectors illuminated by radiation from
long wavelength sources such as feed horns. This provides much more accurate re-
sults than using the PO method alone, as shown in [23]. In Chapter 3 of this thesis,
the predicted fields were generated using the combined PO and PTD technique in

GRASP.

2.5.2 System Generation in GRASP

A system can be both implemented and analysed in GRASP using TICRA Object
Repository (*.tor) and TICRA Command Input (*.tci) files. These files form the basis
of a GRASP project file. The *.tor files describe the objects in the system and the *.tci
files describe the list of analysis calculation commands to be implemented. These
files are created using the graphical user interface in the GRASP pre-processor. It
is also possible to plot the system in 3D, and perform limited planar and contour
plots of the output beams. The post-processor can be used to plot the output fields,
or they can be analysed using an external program such as Mathematica. Each el-
ement in GRASP is defined at a local coordinate system using a set of properties
specific to that element. The descriptions following are of those elements that were

of most importance for the research reported in this thesis.
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2.5.3 GRASP Input Sources

To analyse beam characteristics, a source of electromagnetic radiation needs to be
defined in GRASP. The input sources are subsequently propagated through the sys-
tem. The following three methods were used to define input horn fields [31]. Two
of them are generated internally by GRASP, and the third uses an externally defined

field.

Gaussian Beam

This method defines a feed which radiates a Gaussian beam using the near-field
parameters of the Gaussian beam. It provides a field with a Gaussian taper, and
truncates the beam at the edge of the aperture. It satisfies Maxwell’s equations in
both the near and far fields. This is used as a simple model for the radiation from a
corrugated horn. A corrugated horn has 98% of its power in an equivalent Gaussian
which is scaled to the right size to represent it. The beam radius and the phase front

radius are the parameters required, illustrated in Figure 2.5

Figure 2.5: Gaussian Beam, Near field definition; R¢ = phase front radius, wy =beam
waist radius, w = beam radius at desired plane, zj = distance from beam waist

The beam radius w and the phase front radius are related to the beam waist wy and

the position of the waist at —zg by

w =wo\/1+ z3/b?, (2.98)

Rc =20(1+ b?*123), (2.99)
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where the confocal distance b = w?k/2 and the wavenumber k = 27/ A.

Hybrid Mode Conical Horn

This is a more accurate description of the radiation produced from a conical cor-
rugated horn (see section 2.4.2). The horn is operating under the balanced-hybrid
condition and has a narrow flare angle. The parameters required are the aperture
radius, the semi-flare angle, and the distance to the phase centre of the horn. The
hybrid modes HE,;,,, and E H,,, and the cylindrical modes T Ey,, and T My, are sup-
ported. As has already been mentioned, the conical corrugated horn typically prop-

agates only the hybrid HE;; mode.

Tabulated Planar Source

This option is used when an external user defined vector source field is required.
The files used store field values in a rectangular grid. For the analysis presented in
Chapter 4, the grid files were produced using the mode matching software Scatter,
which was developed by the Terahertz Optics and Technology Group in Maynooth
[32]. The basis of the mode matching technique used by Scatter is splitting a horn
into segments of increasing radius, and considering the propagation of the appro-
priate waveguide modes through each section. At each junction between sections
of different radii, an overlap integral is performed to provide the level of coupling

between the modes. The modes are then recombined to provide the resulting field.

Scatter offers an excellent prediction of the aperture vector field distributions [33].
As aresult, it is more desirable to use it for the source field than the Gaussian Beam
or Hybrid Mode Conical Horn in GRASP. The mode matching code accurately pre-
dicts co-polar and cross-polar levels of the horn, and GRASP allows full vector free

space analysis.
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2.5.4 Reflectors

Reflector objects are defined in GRASP using a surface object and a rim object. The

rim describes the edge of the scatterer.

Elliptical reflectors are used to image a beam waist from one plane to another plane.

Parabolic reflectors are used when parallel beams need to be brought to a focus.

An ellipsoid is generated by rotating an ellipse about one of its axes. The distances
Ry and R; from the focal points to the point of reflection on the surface are related

as follows:
L1 + ! (2.100)
f R R’ '
where f is the the focal length determined from the ABCD matrices, where the mir-
rors are treated as on-axis lenses. In the initial geometric design of a system, R is

determined by adding the distance between the phase centre and the horn aperture

to the distance between the horn aperture and the first mirror.

A beam from the first focal point will travel a distance of R; before reflecting off the
surface and travelling a distance of R, to the second focal point. This typical optical
train is represented below in figure 2.6, along with the defining parameters of the
ellipse: the semi-major axis a, the semi-minor axis b, the linear eccentricity (half

the interfocal distance) ¢, and the two focal points F; and F,
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Figure 2.6: Ellipse parameters

Using R;, R», and 6, the angle of reflection, the semi-major axis a, semi-minor axis

b, linear eccentricity c, eccentricity e, and the ellipsoid’s radius of curvature Rad,

are then determined:

Ri+Ry
a= ,
2

b=1+/R1Rycos(0),

c=Va?-b?

b2
e = 1—;,
Rad = a(1 - é%).

The defining polynomial for the ellipsoid is

x%+ y2 (1- ez)z2

+
2Rad 2Rad

This equation may be implemented in GRASP as

(2.101)

(2.102)

(2.103)

(2.104)

(2.105)

(2.106)

order quadric polynomial

surface to define the mirror surface. The origin is one of the vertices of the ellipsoid.
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The surface must then be rotated so the mirror is in the correct position.

2.5.5 Verification of GRASP using the VNA

A vector network analyser (VNA) characterizes a device under test by measuring its
effect on the amplitude and phase of test signals. Generally, the reflection and trans-
mission of the applied device under test is measured. For example, in a two-port
system, a test signal from port 1 may be incident on the device, with the response
measured at port 2. If a is the incident wave from port 1, and d is the response at
port 2, the transmitted power |S»; | may be calculated by the scattering matrix in the

following equation:

b 811 812 a
= ) (2.107)

d So1 S\ c

The VNA at the Maynooth Department of Experimental Physics uses a Rohde and
Schwarz ZVA-24 system, which corresponds to a frequency range of 10 MHz-24 GHz.
The in-house system incorporates two ZVA-Z110 W-band (75 GHz-110 GHz) con-
verter heads in order to step up the frequency to the Terahertz region. The signal
is split into two identical waves, and one is transmitted to the device under test,
while the other is transmitted to the reference channel. The VNA system must be

calibrated before any measurements may be taken.

For the purpose of comparing a GRASP simulation with an experimental measure-
ment, the beam pattern of a pyramidal horn was measured using the VNA, and
an equivalent simulation was made in GRASP, using physical measurements of the
horn. In addition, for a tolerance analysis, the dimensions of the horn were reduced
by 0.1 mm, and increased by 0.1 mm to account for any possible errors taken during
measurement of the horn dimensions. This is illustrated in figure 2.7, which clearly
shows the presence of the VNA-generated beam within these tolerances (GRASP
Max, GRASP Min), especially in the y cut, where more deviation is evident in the

GRASP-generated beams.
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Figure 2.7: Cuts of the field generated by the VNA compared with those generated
with GRASP

2.6 Conclusion

In this chapter, the background theory and optical analysis techniques were intro-
duced. Gaussian Beam Mode Analysis and the PO technique employed by GRASP
were presented, as they form the basis of the analysis of the Onsala 4 mm receiver
presented in Chapters 3 and 4. The theory behind antenna systems and horn an-
tennae was also outlined. A brief experimental verification of GRASP using a vector

network analyser was performed.
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This chapter concerns the optical design design and analysis of a 4 mm receiver
channel for the 20 m telescope at Onsala Space Observatory, Onsala, Sweden. The 4
mm receiver was installed in October 2015, and is designed to operate between 67
and 86 GHz. This receiver was installed parallel to the 3 mm receiver channel [34],
which was installed in March 2014 [35]. The Department of Experimental Physics
at Maynooth was invited to design the 4 mm system; the author’s specific contribu-
tion was the optical design and verification of the receiver. Eimante Kalinauskaite
worked in parallel at Maynooth on the design of the conical corrugated horn, which
is the antenna of choice. This work was done from autumn 2014 to summer 2015.
The system was then manufactured and tested. The first light was observed in Oc-

tober 2015.
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3.1 Onsala Space Observatory

Onsala Space Observatory (OSO) [36], which was founded in 1949 by Olaf Rydbeck,
is the Swedish National Facility for Radio Astronomy. It is associated with the De-
partment of Earth and Space Scientists at Chalmers University of Technology which
operates it on behalf of the Swedish research council [37]. The observatory partici-
pates in anumber of international projects, including LOFAR (Low Frequency Array)

[38] and ALMA (Atacama Large Millimeter Array) [39].

3.1.1 25 m and 20 m Telescopes

There are two Cassegrain telescopes at Onsala, one with a 20 m antenna and one
with a 25 m antenna. The two telescopes provide the possibility to perform high res-
olution spectroscopy at frequency range 0.8 — 116 GHz. The 25 m telescope, which
operates in the range 0.8 — 6.7GHz, is shown in figure 3.1. The receivers and operat-

ing frequency ranges of the 25 m telescope are shown in table 3.1.

I

Figure 3.1: The 25 m telescope.
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Frequency range (GHz) | Temperature (K) | Receiver type | Polarization
0.8-1.2 100 HEMT amplifier Dual
1.2-1.8 30 HEMT amplifier Dual
4.5-5.3 80 FET amplifier Dual
6.0-6.7 80 HEMT amplifier Dual

Table 3.1: Receivers in the 25 m telescope [40]

The 20 m telescope, which is analysed in this thesis, is enclosed in a 30 m diam-
eter radome which protects it from the weather. This is shown in figure 3.2. The
telescope operates in the range 2.2 — 116 GHz; the receivers, including the 4 mm
receiver recently designed at Maynooth, and their operating frequency ranges are

shown in table 3.2.

Figure 3.2: Exterior of the 20 m telescope.
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Figure 3.3: The 20 m telescope inside the radome [41].

Table 3.2: Receivers in the 20 m telescope [42]

“Designed at Maynooth

Frequency range (GHz) | Temperature (K) Receiver type | Polarization

2.2-24 60 HEMT amplifier Single

8.2-84 80 HEMT amplifier Dual
18.0-26.0 30 HEMP amplifier Dual
26.0-36.0 50 HEMT amplifier Single
36.0-49.8 50 HEMT amplifier Dual

67-87 ("4 mm")* 50-60 HEMT amplifier Dual
85-116 ("3 mm") 50-60 SIS mixer Dual
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3.1.2 20 m Telescope Optics

Figure 3.3 shows the interior of the radome, with the primary reflector of the 20 m

telescope clearly visible.

The 20 m telescope follows a traditional Cassegrain design; this is illustrated in fig-

ure 3.4.
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Figure 3.4: Layout of the 20 m Cassegrain telescope at Onsala Space Observatory.
Dimensions are given in metres [43].
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3.2 4 mm Receiver

As shown in Table 3.2, the 3 mm channel was designed to operate between 85 GHz
and 116 GHz [43], whereas the 4 mm receiver channel was to operate between 67

GHz and 86 GHz.

The main observation goal of the 4 mm channel is to study deuterated molecules in
the interstellar medium, many of which have not been extensively surveyed before
by any telescope [35]. A list of important spectral lines in this frequency band is

given in Table 3.3, including these important deuterated molecules.

Substance Rest frequency (GHz) | Bandwidth (GHz)

Deuterated formylium (DCO+) 72.039 71.97 - 72.11
Deuterium cyanide (DCN) 72.415 72.34 -72.49
Cyanoacetylene (HC3N) 72.784 72.71 -72.86
Methyl cyanide (C H3CN) 73.59 73.51 - 73.66
Deuterated water (HDO) 80.578 80.50 - 80.66
Cyanoacetylene (HC3N) 81.881 81.80 - 81.96
Cyclopropenylidene (C3 H») 82.966 82.88 - 83.05

Table 3.3: Important Spectral lines in the 4 mm band [44].

The 4 mm receiver was installed in October 2015. Scientific verification observa-
tions were performed in the early months of 2016, which indicate its success. The

receiver was used for the following projects [42]:

* W. Vlemmings et al.: A new circumstellar water maser at 67.8 GHz.

e E. De Beck et al.: The molecular content of supergiant outflows: a legacy of

the history and future of massive stars.

e T. Danilovich et al.: The sulphur chemistry in circumstellar envelopes of oxygen-

rich AGB stars.
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* W. Geppert et al.: Search for water clusters in massive star-forming regions.

P. Bjerkeli et al.: An unbiased 4mm spectral survey of the Class 0 protostar

NGC 1333 IRAS 2A.

W. Geppert et al.: Mapping of formaldehyde in star-forming regions.

E. Wirstrom et al.: Deuteration in Barnard 5.

J. Black et al.: Atmospheric emission lines for science verification at 4 mm

wavelength.

M. Hajigholi et al.: DCO+/DCN in the outer and inner galaxy.

3.2.1 Design Requirements

The following are the primary requirements for the optical design. There are me-
chanical constraints associated with the design as the optical train is to fit within a
cryostat unit. The cylindrical cryostat unit was initially designed with half the space
allocated for the 3 mm channel. The remaining space is for the development of
the additional 4 mm channel. A cross-sectional drawing of the cryostat unit is pre-
sented in figure 3.5, which illustrates the geometry of the space. The L-shaped blue

area indicates the volume available for the 4 mm receiver channel.
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Figure 3.5: Geometrical layout of the cryostat unit to house the 4 mm receiver chan-
nel and optical system [34].

Further requirements are low cross polar levels of less than —30 dB relative to max-
imum copolar levels, low power truncation of —30 dB at the optical components
and windows, and an edge taper of —12 dB at the secondary mirror in order to give
high coupling efficiency to the horn antenna. There is an additional requirement
of wavelength independent coupling between the horn aperture and the antenna
secondary mirror over the bandwidth of the channel. This requires the same beam
radius at the secondary mirror at all frequencies across the band, so that the horn

aperture is imaged onto the secondary mirror of the telescope.

The 3 mm and 4 mm receiver channels are housed in a cryostat which is located
near the telescope’s focal point (see figure 3.4). The cryostat is mounted such that
the optics coupling the two receiver channels are equivalently off-axis from the cen-
tral focal point. The upper plate of the cryostat contains four cryostat windows. Two

of these windows contain the front-end optics for the two receiver channels and the
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remaining two contain cold calibration targets. There is a sliding mirror mecha-
nism, which steers the beam towards either the antenna secondary mirror (for ob-
servation) or the cold targets (for calibration). This mechanism, and its effect on the

beams, is illustrated in figure 3.6.

Figure 3.6: Model of the sliding mirror mechanism for the on/off calibration of the
3 mm and 4 mm receiver [34].

The flat reflectors in this part of the optical train have no optical power, but redirect
the beam in a particular direction, and result in an additional propagation distance

and possible aberrations which must be accounted for.

Secondary Mirror

FM 02 4mm  gnv o) 4mm

S N I
146.394
1
1
1
CW 01
CW 02
CW 03

Figure 3.7: Simplified schematic showing position of mirrors in the steering mech-
anism and cryostat windows [34]. Dimensions in millimetres.

Figure 3.7 shows the existing position of the mirrors and cryostat windows as de-

signed for the 3 mm receiver. The dimensions are simplified to appear in one line
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and displayed with the beam width at 67 GHz. The two flat mirrors are part of the
sliding mirror mechanism. The first flat mirror after the secondary mirror is referred
to as FM_01_4mm and the second as FM_02_4mm. FM_02_4mm is located 146.394
mm from FM_01_4mm. It is tilted at an angle of 45°, and it directs the incident ra-
diation into the cryostat. The beam must fit through a series of cryostat windows.
The first of these is denoted CW_01. It has a diameter of 91 mm and is located a
distance of 71.6 mm from FM_02_4mm. The second cryostat window, CW_02, has a
diameter of 92 mm and is located a distance of 34.3 mm from CW_01. CW_03 is the
third cryostat window, and has a diameter of 95 mm and is located at a distance of

43.2 mm from CW_01.

The proposed optical scheme makes use of two off-axis ellipsoidal mirrors. The
main alternative to this scheme was one with a dielectric lens and the horn antenna
on-axis with the cryostat window. The disadvantage of the alternative scheme was
the increased potential for standing wave effects due to the system being on-axis,
and a significantly reduced amount of space for optical components. In order to
achieve wavelength independence, a Gaussian beam telescope type configuration
is required, which would be more difficult to achieve with the limited optical dis-
tance of an on-axis approach. Using two off-axis ellipsoidal mirrors allows greater
freedom in the development of an appropriate solution as there is a higher number
of variable parameters. Such a design is compact, and makes good use of the avail-
able space. In addition, a two ellipsoidal mirror design was also used for the 3 mm
system. The pairing of off-axis reflectors helps achieve low cross-polar levels. The
geometrical constraints affecting this particular design within the cryostat unit are

shown in figure 3.8, along with the design itself.
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Figure 3.8: Proposed optical layout for the 4 mm system to fit within the geometrical
constraints of the cryostat.

In this design, CM_01_4mm is an ellipsoidal mirror on an axis in line with the cryo-
stat window, and CM_02_4mm is an ellipsoidal mirror on the axis in line with the
horn. The horn aperture isimaged by CM_02_4mm to a focus between CM_02_4mm

and CM_01_4mm, and this is then imaged to the secondary mirror.

3.2.2 Horn Design

The final corrugated horn, designed at Maynooth by Eimante Kalinauskaite, was
designed to have a slant length of 100 mm, axial length of 87 mm, and an aperture
radius of 15 mm. This is a standard linear corrugated horn dimension for this fre-
quency range. The horn design is shown in figure 3.9, and includes corrugations

which are perpendicular to the axis of propagation
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[
T

. .
20 40 60 80
Distance [mm]

Radius [mm]

=10

Figure 3.9: Final design of the conical corrugated horn.

The Cylindrical Scatter software program was used to obtain the scattering matrices,
fields at the aperture, and the farfield beam patterns. The aperture field at 76 GHz
is shown in figure 3.10; the blue line corresponds to a cut taken at ¢ = 0°, the red at
@ =90°, and the yellow at ¢ = 45°. The horn has excellent cross polar performance

with low levels, satisfying the design constraints.

Out[116]=

-15 -10 -5 5 10 15

Figure 3.10: Aperture fields of the horn at 76 GHz taken at various cuts

In figure 3.11, the farfield co-polar and cross-polar radiation cuts are presented for

the horn, at 76 GHz. The cross-polar cuts were taken at ¢ = 45°.
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Figure 3.11: Horn farfield at 76 GHz, showing the required low cross polar levels.

The horn aperture fields used for the GRASP analysis presented in chapter 4 were
generated using this model in Cylindrical Scatter. These consist of a tabulated grid

of data points for the co and cross polar fields.

3.2.3 Further Design Considerations

Due to mechanical constraints, only certain optical designs were possible. As shown
in figure 3.12, the 4 mm system was considered with three different separations be-

tween the horn and cryostat optical axes.

150 mm 120 mm 100 mm

Cryostat \
axis N Cryostat Cryostat

axis Horn axis
Horn N

~ N
\
Horn axis . axis
axis

(a) 150 mm (b) 120 mm (c) 100 mm

Figure 3.12: Three options for the separation between the horn and cryostat axes.

When considering the different separations between the horn and cryostat axes, the

angle of reflection was changed in each case in such a way that the optical distance
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between the mirrors remained 180 mm, so the same ABCD matrix setup could be

used.

Ultimately, the 120 mm separation was chosen as a compromise. The 150 mm sep-
aration was close to the mechanical limit of the cryostat, and would result in the
beams potentially being close to the cryostat wall. The physical overlap of the mir-
rors in the 100 mm case resulted in some of the beam being reflected back and lost.
This advantage of the 120 mm separation over the 100 mm separation is illustrated

in the GRASP simulation using rays in figure 3.13.

(a) 100 mm (b) 120 mm

Figure 3.13: Comparison of 100mm separation with 120 mm separation, showing
rays being reflected back in the 100mm case. The maximum angle for rays shown is
12°

The rays are set to a maximum angle of 12°. At the horn aperture, the geometrical
beam associated with this angle approximately corresponds to 2.5 times the beam

radius. The mirrors have the same radii in each case: the first mirror after the horn
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antenna (denoted CM_02) has a radius of 70 mm; the second mirror (CM_01) has
a radius of 78 mm. These radii were chosen so that they would correspond to 2.5
times the beam radii at the mirror positions. Using the 100 mm separation would

introduce an unnecessary truncation which should be avoided.

3.3 Initial Optical Analysis

The ABCD matrix technique (Section 2.3) was used for the initial analysis of the sys-

tem.

The two ABCD matrices required for this system were those for propagation in free

space and for a thin lens. The matrix for propagation in free space is

Mist = , 3.1)

where d is the distance travelled by the beam. The matrix for a thin lens is

1 0
Miens = ’ (3.2)

1
7 1

where f is the focal length. The focal lengths found here were later used to deter-

mine properties of the ellipsoidal mirrors used in the system.
The combined matrix for the system is

M= . (3.3)
f2 h

This was then used to determine the evolution of the optical beam at important

planes in the system.

In order to cover the band width of the channel, analysis was performed for three
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frequencies: 67 GHz, 76.5 GHz, and 86 GHz. The focal lengths were chosen so that
the beam radius at the secondary mirror would be equal at all three frequencies,
i.e. the system would be wavelength independent. This was done by varying the
two focal lengths of the ellipsoidal mirrors in order to achieve the same beam width
and radius of curvature for the three frequencies across the band. Appropriate fo-
cal lengths of 56.07 mm for CM_02 and 79.355 mm for CM_01 were calculated to

achieve this. They also give waists reasonable distances between mirrors.

The beam waist forms a distance A behind the aperture, defined by

(3.4)

The following table gives the values of A, the distance of the waist from CM_01, and

the beam width at the waist for the three frequencies.

Frequency (GHz) | A (mm) | waist distance from CM_01 (mm) | w at waist(mm)
67 29.97 308.67 15.68
76.5 35.81 312.97 13.75
86 41.35 315.94 12.24

Table 3.4: A, beam waist location and radius for the large horn

The following tables outline the information on the beam width, radius of curvature,
and edge taper at all planes of interest in the system. While there is some variation
of the beam width at the secondary mirror in table 3.5, this is acceptable as the
difference (2.4 mm) is smaller than the smallest wavelength for which the system is
designed (3.5 mm), and does not significantly affect the optical coupling. Moreover,
even a small variation of one of the focal lengths has an impact on the beam width

at the secondary mirror comparable to this difference.
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Parameter 67 GHz | 76.5 GHz | 86 GHz

wy at phase centre (mm) 8.08 7.73 7.39
A (mm) 29.97 35.51 41.35

w at aperture (mm) 9.65 9.65 9.65
w at CM_02 (mm) 27.6 26.3 25.3
w at CM_01 (mm) 32.1 31.5 31.1
w at CW_03 (mm) 18.5 17.1 16.1
w at CW_02 (mm) 18.1 16.7 15.6
w at CW_01 (mm) 16.8 15.1 13.9
w at FM_02(mm) 15.7 13.8 12.2
w at FM_01(mm) 20.9 19.2 18.0
w at secondary (mm) 767.1 765.7 764.7

Table 3.5: Evolution of beam width through the system.

Parameter 67 GHz | 76.5GHz | 86 GHz
R at aperture (mm) 100 100 100

R at CM_02 (mm) 164.0 170.6 176.4
R after CM_02 (mm) -85.2 -83.5 -82.2
RatCM_01 (mm) 98.7 99.9 100.8
R after CM_01 (mm) | —405.2 -386.4 -373.7
R at CW_03 (mm) -382.7 -316.3 -273.2
R at CW_02 (mm) -398.5 -324.9 -277.5
R atCW_01 (mm) -521.1 -399.3 -323.8

R at FM_02 (mm) 4783.3 | 11895.3 | -17540.4
R at FM_01 (mm) 347.8 303.2 270.9
R at secondary (mm) | 8446.7 8441.6 8438.0

Table 3.6: Evolution of radius of curvature through the system.
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Parameter 67 GHz | 76.5 GHz | 86 GHz
T, at CW_03 (dB) -57.2 -67.0 -75.6
T, at CW_02 (dB) -56.1 -65.9 -75.5
T, at CW_01 (dB) -63.7 -78.9 -93.1
T, at FM_02 (dB) -106.6 -138.0 -176.5
T, at FM_01 (dB) -60.2 -71.3 -81.1
Te at secondary (dB) | -12.0 -12.0 -12.0

Table 3.7: Evolution of edge taper through the system.

3.4 Truncation Analysis

As each optical element (mirror or window) in the system has a finite radius, it is
important to know the effects that this will have on the beam. Here, the ellipsoidal
mirrors are modelled as being thin lenses with radii 2.5 times the local beam ra-
dius. This is equivalent to an edge taper of —-54.3 dB. The other mirrors and the
cryostat windows are modelled using the dimensions given in section 3.2.1. It is im-
portant to measure the effect of truncation, and keep it to a minimum. If the beam
is significantly truncated, unforeseen diffraction effects will occur, which affect its

subsequent behaviour [45].

As outlined in chapter 2, the electric field is described by a combination of Gaussian
beam modes

E=) A¥n, (3.5)

where W represents the complex independent propagating modes. Truncation is
introduced by considering the output electric field E, to be zero where the off axis

distance r is larger than the aperture radius a, such that

E,(r)=E;(r) r<a
(3.6)

E,(r)=0 r=a,
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where E; is the input electric field [46]. The incident and output fields may both be
written in terms of Gauss-Laguerre modes

Ei=) ,An¥a(r), 5

E, = ZmBm\Pm(r),
where the input mode coefficients A, are different from the output mode coeffi-

cients B,,. The output coefficients are given by the overlap integral
a
By, :[ WV, (NEy(r)2ardr. (3.8)
0

Within the aperture is the special case where the output field and the input field are

equivalent, so

Bm:f V.. (NE;(r)2nrdr
0 . (3.9)
:ZnAnf W ()Y, (r)2nrdr,
0

which defines

a
Sm,Z:f ¥ (NY,(r)2nrdr, (3.10)
0

where S;,,, is a scattering matrix which relates the output coefficients to the input
coefficients

Bn=Y . SmnAn. (3.11)

In the trivial case where truncation effects are not considered, the scattering ma-
trix simplifies to the identity matrix. The scattering matrix is described in terms of

Gauss-Laguerre modes by
(e[ 2 2r2\  (2r? 2r?
Smn —\[0 WLm ? Ln ? exp _ﬁ 2nrdr. (3.12)

The beams are presented in the following graphs at the important planes of the sys-

tem for three frequencies across the band (67 GHz, 76.5 GHz, 86 GHz). The result
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of the truncated beam is presented in the graphs below in red, and the untruncated

beam in blue. These graphs illustrate the effect truncation has on the beam.
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Figure 3.14: Beam at aperture
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The truncated power levels and power lost are presented in table 3.8. These power
levels were calculated at 67 GHz as this frequency has the largest wavelength. The
larger wavelength results in a larger beam width, which means that more power will
be lost due to truncation effects. The results are cumulative, so that the input power
at each element accounts for power lost at previous elements.Note that the initial
power at the horn aperture is not exactly equal to unity due to the finite number

(20) of modes used in the calculation.

Plane Truncated Power level | Normalized Power Lost
Horn Aperture 0.999813 0
CM_02 0.997302 0.002511
CM_01 0.997028 0.000274
CW_03 0.996043 0.000985
CW_02 0.995761 0.000282
CWw_o01 0.995617 0.000144
FM_02 0.995594 0.000023
FM_01 0.993781 0.001813

Table 3.8: Power loss due to truncation at important planes at 67 GHz.

Table 3.8 indicates the optical design ensures insignificant levels of truncation along

the optical train in the proposed 4 mm design.

3.5 Optical Efficiency

The optical efficiency is the coupling of the predicted beam from the detector horn
propagated to the secondary mirror with the beam from the sky at the secondary
mirror. To achieve this, the predicted beam at the secondary mirror is coupled with
a truncated planar field, also known as a top-hat field because of its shape. This

represents a plane wave arriving at the telescope from a point source at infinity,
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assuming the field from the sky is a plane wave. The hole in the centre of the top-
hat field is due to the design of the Cassegrain telescope (figure 3.4), which shadows
some of the incoming radiation due to the shadow of the secondary mirror on the
primary mirror. The amplitude patterns are shown in figure 3.23. The top-hat field
has the same radius as the secondary mirror, and the coupling is carried out in the
same plane. The optical efficiency calculations are performed using equation 2.84.
This model also assumes ideal performance of the telescope. This does not account
for aberrations caused by the receiver optics, as the mirrors are modelled as thin
lenses. These aberrations are accounted for by propagating the beam using physical

optics in chapter 4.
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(a) Top-hat field (b) Predicted field

Figure 3.23: Amplitude patterns of the truncated plane wave (top-hat field) and the
predicted field at the secondary mirror for the calculation of aperture efficiency. x
and y dimensions are in mm.

The initial optical efficiency calculations were based solely on the two elliptical mir-
rors, with further analysis including the full optics with and without the cryostat
windows. The initial beam to represent the horn is based on the Bessel function

(section 2.4.2). The results are shown in table 3.9.
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Frequency 67 GHz 76.5GHz | 86 GHz | 67GHz | 76.5 GHz | 86 GHz
Efficiency | Untruncated Truncated

Just mirrors 86.0% 86.0% 86.0% 84.6% 84.6% 84.6%

No window 85.2% 85.2% 85.2% 83.9% 84.4% 84.4%
windows 85.2% 85.2% 85.2% 83.9% 84.4% 84.4%

Table 3.9: Comparison of beam efficiency for both the untruncated and truncated
beams for different cases. The maximum achievable for an untruncated beam
would be 86%.

As expected, the best efficiency of 86% is calculated for the untruncated beam, which
is good coupling with the sky. This is only slightly reduced when truncation is intro-
duced. The inclusion of the full optics reduces the efficiency further, although not
by a significant amount. The cryostat windows appear to have a negligible effect on
the beam efficiency, which would indicate that the vast majority of the beam passes

through them unhindered as expected from table 3.8.

3.6 Conclusion

In this chapter, Onsala Space Observatory was introduced, specifically the 20 m
telescope optics associated with the 4 mm receiver. The background to the 4 mm
receiver was outlined, including design requirements and the horn design. The ini-
tial optical analysis of the system was presented, making use of ray transfer matrix
analysis. Truncation analysis and optical efficiency calculations were performed,

demonstrating that the proposed design meets requirements.
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The previous chapter described the initial design and analysis 4 mm receiver using
Gaussian beam mode analysis and the ABCD matrix technique. Here, an outline of

the analysis of the design is presented, after it was implemented in GRASP.

4.1 GRASP Analysis

The system was implemented in GRASP, using the methods described in chapter 2.
A plot of the final GRASP design is illustrated in figure 4.1. Calculations were per-
formed on the system using the sources outlined in that chapter: i.e., the Gaussian
source, which is a simplified model of the horn aperture field; the more accurate

hybrid mode conical horn, which is an a source built into GRASP; and the external
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grid files, which were generated using Scatter, as outlined in the previous chapter.
In addition to this, there were two variations of the external grid files used. The first
variation was just of the horn, and the second included the transition from a rect-

angular waveguide to the conical horn, in order to have a more realistic simulation.

-~

Figure 4.1: Final design of the 4 mm system in GRASP.

4.1.1 Gaussian beam

Using a Gaussian beam source (section 2.5.3) as a simplified representative beam
for the large horn, figure 4.2 gives the Gaussian beam cuts at the focal planes for
various frequencies across the band. The focal planes here refer to the positions at
which the beam waists form following the second mirror after the horn (CM_01).
The focal plane position varies with frequency. As mentioned in the previous chap-
ter, the focal plane positions, in terms of distance from the CM_01, are 308.67 mm,
312.99 mm, and 315.94 mm for 67 GHz, 76.5 GHz, and 86 GHz respectively. The
beam representing the horn has w = 0.6435a = 9.6525 mm and R = 100 mm at the
aperture position, 120 mm from the CM_02. The x and y cuts are graphed against
the expected Gaussian beam which is based on the waist radius calculated previ-
ously using the ABCD matrices. The beams correspond well with the approximate

beam, with a reasonable symmetry. There is greater divergence from the Gaussian
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beam in the x cut because this is the plane in which the mirror reflection occurs,

causing off-axis aberration.
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Figure 4.2: Cuts of the Gaussian beam at the focal planes.

The Gaussian beams cuts at the secondary mirror (8751.8 mm from CM_01) are
shown in figure 4.4. Again, there is less distortion in the y cut because the beam is
only transformed in the xz plane. Here, the beams for the three frequencies are plot-
ted on the same graph to show that the beam size is wavelength independent. There

is good agreement with the approximate Gaussian with a beam radius of 765.7 mm.
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Figure 4.3: Cuts of the Gaussian beam at the Secondary Mirror, w = 765.7 mm

From this, it can be concluded that the system images the horn aperture on to
the secondary mirror of the telescope in a wavelength independent manner, as de-

signed. This means there is wavelength independent coupling over the band.

4.1.2 GRASP Hybrid Horn

For a more accurate model, the GRASP hybrid horn (section 2.5.3) was then used
as a source. This is a scalar approximation to a corrugated horn operating in the
balanced hybrid mode condition, which does not include cross-polar components,
but gives a better indication of the sidelobes associated with the horn fields. The
horn aperture has a diameter of 15 mm, and the slant length is 100 mm. The cuts are
graphed against a truncated Bessel field, representing the beams calculated using
the ABCD matrices (section 2.4.2), which is a better match to the expected aperture

field than the Gaussian field distribution.
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The fields in the aperture of the horn using the hybrid mode model of the horn and
an equivalent Gaussian field as a first approximation are illustrated in figure 4.4.
This shows that the fields have different profiles, which leads to the different fields

in the telescope focal plane.

Normalized Hybrid Horn/Gaussian aperture Intensities
——Hybrid Horn Aperture

Equivalent Input Gaussian

Intensity

Figure 4.4: Comparison of the aperture fields of the hybrid mode model and equiv-
alent Gaussian.

Figure 4.5 shows the cuts at the beam waist locations when the GRASP hybrid horn
is used as a source. As in the previous section, the cuts are taken at the focal planes,
where the minimum beam widths occur. The focal plane positions remain the same

as previously.

75



Chapter 4. PO Analysis of the 4 mm Receiver 4.1. GRASP Analysis

0 —X Cut, 67 GHz o —X Cut, 76.5 GHz
—Y Cut, 67 GHz —Y Cut, 76.5 GHz
-10 -10
—Bessel —Bessel
@ -20 @ -20
= =3
> >
£330 £.30
2 2
2 2
E.40 E.40
] °
K] 2
= .50 =50
E E
S 60 2 -60
70 -70
-80 80 T T T T T ]
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
Distance, (mm) Distance, (mm)
(a) 67 GHz (b) 76.5 GHz

—X Cut, 86 GHz
—Y Cut, 86 GHz
—Bessel

AN
o

N
5]

&
S

&
S

&
3

Normalized Intensity, (dB)
I .
S

N
=)

&
]

-60 -40 -20 0 20 40 60
Distance, (mm)

(c) 86 GHz

Figure 4.5: Cuts of the GRASP Hybrid Horn beam at the focal planes, plotted with
equivalent truncated Bessel field.

Figure 4.6 shows the cuts taken at the position of the secondary mirror for the Hy-
brid mode horn. There is good agreement with the expected truncated Bessel field
from the ABCD technique, especially in the y cut. There is an aberration present in
the x cut in the beams propagated through the 4 mm receiver. This is caused by the
transformation of the beams by the ellipsoidal mirrors in the xz plane. This will be

discussed later in section 4.2, where the effect will be accounted for.
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Figure 4.6: Cuts of the Hybrid Mode Horn at the Secondary Mirror
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4.1.3 Horn Aperture Grid Files

Figures 4.7 and 4.9 give the cuts taken at the same beam waist location using the
aperture grid files calculated with modematching code as a tabulated planar source

(section 2.5.3), for both the horn without and with a transition.
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Figure 4.7: Cuts at the focal planes for the real horn grid files (with no transition),
plotted with equivalent Bessel field.
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Figure 4.8: Cuts at the Secondary Mirror for the tabulated data (with no transition),
plotted with equivalent Bessel field.
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It is clear form figure 4.8 that when the tabulated grids from modematching are
analysed with the corrugated horn, the field is not fully wavelength independent
and has some variation with wavelength over the band. This suggests including an
accurate aperture grid to represent the horn is important rather than just using the

approximate hybrid mode representation of the horn.
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Figure 4.9: Cuts at the focal planes for the real horn grid files (with transition)
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Figure 4.10: Cuts at the Secondary Mirror for the tabulated data (with transition),
plotted with equivalent Bessel field.
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The following contour plots in figures 4.11 and 4.12 were generated at the secondary
mirror for the large horn with and without the horn transition to the waveguide
present. The abberations noticed in figures 4.8 and 4.10 are better represented here,

showing that a clear on-axis aberration is present over the band.

¥ [mm} ¥ [mm} ¥ [mm}

(a) 67 GHz (b) 76.5 GHz (c) 86 GHz

Figure 4.11: Contour plots at secondary (no horn transition)

(a) 67 GHz (b) 76.5 GHz (c) 86 GHz

Figure 4.12: Contour plots at secondary (with horn transition)

The same aberrations are present in figures 4.11 and 4.12. This indicates that plot-

ting a 2D grid with or without the horn transition has a negligible effect.

4.2 Propagation of the beam to the Sky

While the beams plotted above in figures 4.11 and 4.12 at the secondary mirror
have asymmetries, the primary interest to astronomers is the symmetry of the beam
on the sky. In order to ensure that the beam is symmetric on the sky, the 20 m

Cassegrain telescope was modelled in GRASP with the 4 mm receiver. This model
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includes both the primary and secondary mirrors, the dimensions of which were
derived from figure 3.4 in the previous chapter. Because this is a large simulation,
the GRASP hybrid horn as a source to reduce simulation time. The beam was prop-
agated through the front end optics and the 20 m telescope, and the farfield pattern
was collected from the primary mirror, i.e., the farfield beam on the sky from the
Onsala 20 m telescope with the 4 mm receiver. This GRASP setup is illustrated in
figure 4.13. The 4 mm system is just visible in the hole at the centre of the primary

reflector.

Figure 4.13: GRASP simulation including the secondary and primary mirrors.

The beam patterns are presented in figure 4.14. Note that the x and y coordinates
are now in terms of angular degrees from the centre of the main beam. It is clear
that the main beam beam is now symmetric, and the asymmetries are now in the

sidelobes, indicating good practical optical performance.

yldeg)
yldea)

(a) 67 GHz (b) 76.5 GHz (c) 86 GHz

Figure 4.14: Farfield pattern of the beams on the sky.
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Although the aberration still appears at the Fourier plane of the sky, it is dissipated
to higher farfield angles, so it has little effect on the quality of the performance. This

validates the proposed design.

4.3 Cross polar levels

The cross-polar levels associated with the feed horn and optics were calculated by
integrating the total power in the cross-polar beam and normalizing it relative to
the co-polar beam for all beams propagated from the feed. The cross-polar calcula-
tions were carried out at both the horn aperture and the secondary mirror to allow
separate analysis of each. The cross polar level in decibels is given by the following

equation:

Exsp

XsP =10log,, 4.1)

cop
where XsP is the cross-polar level (in dB), and &xsp and &c,p are respectively the
power levels of the cross and co polar distributions. The cross polar levels are pre-
sented below in tables 4.1 and 4.2 for the horns with and without the transition.
Cross polar levels at the horn aperture and secondary mirror are given, along with
the difference, A XsP, which is the level associated with the 4 mm optics in each case.

The beam efficiencies are also presented; these were calculated using equation 2.84.

Frequency (GHz) 67 76.5 86

Beam Efficiency (%) 83.12 | 83.75 | 84.27

XsP horn (dB) -38.06 | —41.60 | -38.94

XsP at secondary (dB) | —30.36 | -31.99 | -32.66

A XsP (dB) -7.70 | -9.61 | -6.28

Table 4.1: Beam efficiency and cross-polarization for the grid files
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Frequency (GHz) 67 76.5 86

Beam Efficiency (%) | 83.11 | 83.75 | 84.72

XsP horn (dB) -33.90 | -36.64 | -35.03

XsP at secondary (dB) | -29.84 | -31.67 | -32.59

A XsP (dB) -4.06 | —4.97 | -2.44

Table 4.2: Beam efficiency and cross-polarization for the grid files with square to
circular horn transition

The horn with the transition has higher cross-polar levels, as expected. The beam
efficiency increases with frequency, also as expected, as the higher frequencies pro-
duce narrower beams. The beam efficiencies are slightly lower than those pro-
duced using the ABCD code in chapter 3. Table 4.3 presents the beam efficiency
and cross polar levels for the beam produced using the Hybrid Mode conical horn
within GRASP. Similar cross-polar levels at the secondary mirror are found with this
method, although the beam efficiency is slightly reduced. Cross-polar levels at the

horn are not included in this method.

Frequency (GHz) 67 76.5 86

Beam Efficiency (%) 82.71 83.33 | 83.64

XsP at secondary (dB) | -30.52 | -31.59 | -32.57

Table 4.3: Beam efficiency and cross-polarization for the grid files produced using
hybrid mode conical horn

4.4 Comparison with the 3mm system

As the 4 mm system was based on the design of an existing system operating at
wavelengths around 3 mm, it was important to compare the operation of the 4 mm
system with that of the existing 3 mm design. The 3mm design was constructed
using a 100 mm horn-cryostat separation and with a horn having a 12 mm aperture

and a 97.73 mm slant length. It was designed to operate between 85 and 116 GHz.
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—_ —85 GHz

0 / . —85GHz
\ —101 GHz 5 —101 GHz
116 GHz 116 GHz
/ .
" \
8

Normalized Intensity, (dB)
Normalized Intensity, (dB)

-1000 -500 0 500 1000 -1000 -500 0 500 1000
X, (mm) Y, (mm)

Figure 4.15: Cuts of the Hybrid Mode Horn at the Secondary Mirror for the 3 mm
system

Cuts of the field at the secondary mirror, generated using the GRASP Hybrid Mode
horn are shown for the 3mm system in Figure 4.15. Similar aberrations to the new
4mm system can be seen in the x cut. This indicates that the aberration examined
in the 4 mm system also exists for the 3 mm receiver. As the 3 mm receiver operates
well, it is likely that the 4 mm receiver also will do so. The cross polar levels for the
3 mm receiver remain low, below —30 dB, and are not significant as this is a single

polarization receiver

4.5 Experimental Measurements

The system was manufactured in autumn 2015, and initial test measurements were
made at Onsala [47]. A pyramidal test horn (illustrated in figure 4.16) was used dur-
ing the test measurements to collect the beam patterns at the various planes under

investigation.
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Figure 4.16: The test horn used for the measurements.

The dimensions of the test horn are given in figure 4.17. The horn is attached to
a standard WR12 waveguide and as an operating frequency of 60.5-92 GHz, which

includes the band across which the 4 mm receiver is to operate.

Overall Length (A) 38.4 mm

Aperture Width (B) 15.00 mm
Aperture Height (C) 11.00 mm
Waveguide Width (D) 3.099 mm

Waveguide Height (E) 1.549 mm

Flare Length (F) 32.00 mm

Figure 4.17: Dimensions of the test horn used, from the data sheet.

The beam pattern of the test horn has an effect on the measurements as it is con-
volved with the incoming test beam. For this reason, using a waveguide as a probe
would be more convenient. However, as a pyramidal horn was used in this case,

it was necessary to convolve the horn beam pattern with that of the GRASP simu-
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lation in order to more accurately compare the experimental data more accurately
with the simulations. Using the convolution theorem, the convolved beam is found

from the Fourier transforms of the two component beams [48]:

[f +gl=F ' [Z1f1.Fg]], 4.2)
where * represents convolution and % is the Fourier transform.
The aperture field for the pyramidal horn was represented by [49]

k
_l_
2

+=1| (4.3)
2 2
Ry R

E,=E cosnxe
= —eX
Y 0 A P

x2 y2 )

where R; and R, for the test horn are 40.33 mm and 37.24 mm respectively, which

were calculated from the dimensions given in figure 4.17.

There was also some misalignment between the aperture centre of the test horn and
that of the 4 mm receiver window. Measurements found the offset of the receiver
with respect to the test horn to be x = —5.5 mm and y = 2.25 mm. There was also an
angular misalignment which resulted in the test horn pointing approximately 0.382°

in the positive x direction. This is illustrated in figure 4.18.
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Figure 4.18: Measured misalignment between the test horn plane and the receiver
plane. The angle is exaggerated for illustration purposes.

The misalignment was accounted for in GRASP by modifying the coordinates of the
output grid. The test setup is illustrated in figure 4.19. The test horn is shown at-
tached to the front of a hexapod, which controls the horizontal and vertical position
of the test horn. Part of the cryostat unit is shown at the right of the photograph; the
cryostat window is clearly visible, and is surrounded by absorber which reduces the

effect of reflections from the front of the cryostat unit.
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Figure 4.19: Beam test setup

Experimental measurements, taken a distance of 246 mm from the receiver front
(which is 480.41 mm in optical distance) are shown in figures 4.20 and 4.21. These
are plotted with the GRASP simulated beam (using the modematching tabular grids
as source files), and the convolution of the GRASP beam with the aperture field of
the test horn. The graphs show how the convolution provides a better fit with the

experimental results.
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Figure 4.20: Experimental results compared with GRASP; X cuts
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Figure 4.21: Experimental results compared with GRASP; Y cuts

4.6 Conclusion

In this chapter, further design and analysis of the 4 mm receiver system was pre-
sented, making extensive use of GRASP. The design of the receiver was verified with
low cross-polar levels. In addition, a model beam was propagated through the tele-
scope to the sky in GRASP, demonstrating that the aberrations have little effect on
the practical optical performance of the system. The design was also compared with
the existing 3 mm system, demonstrating similar performance.Finally, the GRASP
simulation was compared with experimental results, and the experimental beam

pattern was similar to the expected results from the simulation.
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Chapter 5. W Band Lens Antenna Design and Analysis 5.1. Introduction

5.1 Introduction

In this chapter, the development of lens antennae with good beam characteristics
are explored as an alternative to horn antennae for the W band (75-110 GHz). A lens
antenna is defined as a planar antenna coupled with a dielectric lens, often referred
to as a lenslet, to add directionality to the associated beam. A number of designs
are outlined and analysed, and at the time of writing, preliminary measurements of
initial patch antenna designs are being made with the vector network analyser at

Maynooth.

5.2 Planar Antenna theory

Patch antennae, also known as printed antennae, are commonly used in a variety of
classical microwave applications. Examples include radars, telecommunications,
satellites, GPS, and mobile communications. Patch antennae can be quite cheaply
produced using printed circuit technology, and have become smaller over time with
the general trend of the miniaturization of electronic devices. In addition to ease
of manufacturing, they have several other advantages, including light weight and
small dimensions, easy integration with electronic components, and the possibility
of being easily made into arrays. At Maynooth, the patch antennae were etched on

Rogers dielectric using the traditional circuit board manufacturing techniques.

For these reasons, they are being investigated as an alternative to the traditional
horn antenna at submillimetre wavelengths. However, there are some drawbacks
to the use of a patch antenna, including a relatively narrow bandwidth, except for
complicated geometries, and several effects such as dielectric losses and surface

waves, which may lead to a low efficiency. In addition, for a patch antenna to oper-
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ate at the higher frequencies associated with submillimetre wavelengths, its physi-
cal dimensions must be much smaller than one operating at traditional microwave

frequencies. This represents an additional manufacturing complication.

The simplest type of patch antenna is a metallic patch printed on one side of a di-
electric, with the other side of the dielectric being a completely metallized ground
plane. The patch may be manufactured in a variety of different shapes; for exam-
ple, circular, rectangular, triangular, etc. The patch is excited, or fed, by a transmis-
sion line between the ground plane and the patch. There is a variety of methods
of achieving this, including coaxial, microstrip, or coplanar feeds. A coaxial feed
consists of a central conductor going through the dielectric and being electrically
connected to the patch, and an outer conductor connected to the ground plane.
The central wire is isolated from the ground by dielectric material. This is the feed

method that is used throughout the analysis presented in this chapter.

5.2.1 Analysis of Patch Antennae

The method of analysis presented here is known as the cavity method, and is a sim-
ple approximation, which helps with the understanding of the physical operation of
the antenna [49]. The cavity in this model refers to the volume between the patch
and the ground plane. The approximation consists of assuming that the patch is a
perfectly conducting metallic surface S with a closed boundary C. The patch is on
a dielectric substrate, which has a relative permittivity ¢,, and thickness /. This is
illustrated in figure 5.1. This method also assumes that the electric field is is local-
ized in the volume between the patch and the ground plane, and that the radiation

is the result of leakage from the cavity through the side walls.
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Diclectric

Ground plane

Figure 5.1: The patch antenna is considered as an electromagnetic cavity.

Assuming h is small when compared with the wavelength A, it can also be assumed
that the electric and magnetic fields E and H are independent of z, where z is the
position along the axis perpendicular to the plane of the patch antenna. It can also
be assumed that the electric field E in the cavity is parallel to u;, where u; is in
the direction of propagation [49]. Under these approximations, Maxwell’s equations

reduce the electric field to a single component E;(x, y) within the cavity, so that
E=E,u,, (5.1)

which gives
H=-—u, xVE,, (5.2)
wh
where w is the angular frequency 27 f and p is the magnetic permeability. The sur-

face current density J; on the dielectric side of the patch is given by

Joxu, = ———VE,. (5.3)
wu

In order to calculate E;, the boundary conditions at the walls of the cavity are im-
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posed, along with the Helmholtz equation
V2E, + w’euE, = 0. (5.4)

The surface density J; must be tangent to the boundary, and the magnetic field,
from H = u; x J5, must then be normal to the lateral walls of the cavity. Therefore,

the component E; must also satisfy
n-VE;=0 (5.5)

on the contour C, which surrounds the patch, where n is a vector perpendicular to
C and the lateral walls. From these conditions, the farfield approximation E(r) of the
radiated electric field, at a point M defined by r in the direction u may be expressed
as

ﬂ exp(—

—zkr)f E, (") exp(ikr') cosydc, (5.6)
A r C

E(r) = -
where r defines the position of the point of observation, ' defines a point M’ on

C, E,(r) is the field at the point M’ on the lateral wall of the cavity, and dc is the

element of the contour C at this point.

Rectangular Patch

For a rectangular patch with dimensions a and b on a substrate characterized by
its dielectric properties € and u with thickness h, the component E, satisfies the

Helmholtz equation 5.4 with the following boundary conditions:

OE

OZ:O forx=0, x=a;

aEy (5.7)
Z

— =0 f =0, y=b.

ox ory y

E, may then be calculated by separation of variables, such that

X cos %, (5.8)

E, =Egcos
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where E is an integration constant, and the integers m and n are related to the

angular frequency w by

(ﬂ)z + (ﬂ) = w’epl. (5.9

Circular Patch

For a circular patch with radius a on a substrate characterized by its dielectric prop-
erties € and u with thickness h, the Helmholtz equation satisfied by the electric field

E, may be written in polar coordinates (p,¢) as

0’E, 10E, 1 0°E,
+— +—
0p?  p 0p  p* 0?

+w’euE, = 0. (5.10)

The boundary condition is
OE,

ap =0 atp = a. (5.11)

The solution for the electric field may be written as

Jm (@v/2ip)

E;=Ey—————=cosmd¢, (5.12)

"I (0 ETI)

where Ey is an integration constant, as before, and /,;,(x) is the Bessel function of

order m.

5.2.2 S-Parameter

The scattering parameter represents power transferred from one port to another in

a system.

The S;; parameter represents the power reflected back compared with the incident
power. If absorption is low, this is equivalent to 1—- S5, the power radiated by the an-
tenna, as all the incident power is either radiated or reflected back, as they are two

port systems. A low Sj; parameter (and corresponding high S»; parameter) indi-
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cates that the antenna is resonant at this frequency, and that most of the delivered
power is radiated. In the remainder of this thesis, "S parameter" refers to the Sy;
parameter. These are given in dB — an S parameter close to zero indicates most
of the beam is reflected back, demonstrating transmission in the case of the patch

antenna

For the lens antennae, the S parameter shows if the antenna is resonant, and its
bandwidth of operation. As the antennae are to be resonant in the W band, a low
S parameter in the range 75-110 GHz is of utmost importance. In the designs out-
lined, the resonant transmission is desired to be closer to 75 GHz, as the wavelength
is longer, so the antenna is easier to manufacture when compared with the higher

110 GHZ end of the W band range.

5.2.3 Directivity

Directivity is a measure of the maximum power density radiated by an antenna in
the direction of its strongest emission, with reference to that of an isotropic radiator.
It is usually given is decibels. In this chapter, directivity is an important parameter
used to characterize the antenna designs, as directional antennae are desirable for
optical receivers. The aim is to increase directivity by modifying the design of the
antenna, and with the addition of a lens in front of the antenna, as patch antennae

alone have a low directivity.

5.2.4 CST Microwave Studio

CST (Computer Simulation Technology) Microwave Studio is a commercially avail-
able software package for electromagnetic design and analysis in the high frequency
range. The program uses finite integration techniques to carry out electromag-
netic simulations. These techniques solve the integral form of Maxwell’s equations

[32][50].
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A model is initially constructed within CST using the inbuilt computer aided design
tools. In order to solve the problem numerically, a finite calculation is defined before
a simulation engine is started. This is achieved by a mesh system which divides the
model into many grid cells. While the primary mesh can be visualized in CST, a

second mesh is set up internally that is orthogonal to the first one. This is illustrated

in figure 5.2.
Calculation
Domain e Grid
1
e; . electric voltage h; : magnetic voltage
L, : magnetic flux d;: electric flux

Figure 5.2: The CST Mesh system

This can be illustrated by considering the integral form of Faraday’s law [50]:

0
‘[E-dS——affB-dA. (5.13)

The closed integral [ E - dS for a mesh cell can be rewritten as the sum of four grid
voltages (e; + e; — e — e;), as shown in figure 5.2. The magnetic flux on the enclosed

face b, equals [ [ B-dA. From these,

0
e,-+ej—ek—el:—abn. (5.14)
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Repeating this for all cells results in a matrix formulation as follows:

e
ej 0
11 -1 -1 :_0_ b, (5.15)
t
(93
€]

The software has a variety of simulation techniques; the time domain and frequency
domain solvers are considered here. The choice of solver is important in producing
accurate and efficient simulations, and is also determined by the type of system

being considered.

The time domain solver allows the entire broadband frequency behaviour of a de-
vice to be simulated in a single calculation. This method is efficient for most high
frequency applications such as connectors, transmission lines, and antennae. It is
also suitable for non-linear and time-varying problems. It uses a hexagonal mesh,
and is based on the discretized set of Maxwell’s grid equation, with the central differ-
ences being substituted for time derivatives. This is the solver that is most suitable

for the problems considered in this chapter.

The time domain solver is not as efficient for resonant problems, or for structures
that have dimensions less than that of the wavelengths of interest, such as the de-
tector cavities considered in chapter 6. In such cases, the frequency domain solver

is more suitable.

5.3 Circular Patch

A circular patch antenna was initially considered. This design is a scaled S band (2—
4 GHz) model [51], with the dimensions reduced so that it would be approximately

resonant at 100 GHz in the W band. The design of this antenna is shown in figure
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5.3. The metal patch itself has a radius of 0.464 mm, the substrate is modelled as a
square, with dimensions of 1.2 mm, and a thickness of 0.014 mm, which is attached
to the ground plane of thickness 0.042 mm. The patch is fed with a wire of radius
0.02 mm and an offset of 0.184 in the y direction from the centre of the patch. The
wire is separated from the ground plane by a cylinder of substrate of radius 0.08 mm.
The substrate (green in the figures) is defined to have a relative permittivity of 2.33.

\

e

I

Figure 5.3: Initial circular patch considered in CST

The S-parameter of this design is shown in figure 5.4, showing that it is resonant at
approximately 101 GHz. There is a very narrow bandwidth over which the design is

resonant.

S-Parameter [Magniude in dB]

s1,1

14

75 80 85 90 95 100 105 110 115 120
Frequency / GHz

Figure 5.4: S-parameter of the initial circular patch

In order to realize a directional beam reduce the cross talk or mutual coupling be-
tween such pixels, the antenna must produce a more directional beam pattern. For

this reason, the farfield directivity was the primary parameter of interest in this
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project. Also of note is the angular width, which is the angle at which the direc-
tivity falls by 3 dB, or is reduced to half the peak directivity. The farfield directivity
for the circular patch is shown in figure 5.5. This graph shows that the peak direc-
tivity is only 5.84 dB, and the angular width is 85.4 degrees, which means that the
antenna is picking up radiation from all directions frontal, and is radiating from all

effective angles in front of the antenna.

Farfield Directivity Abs (Phi=90)

farfield (f=100) [1]

dBi

Frequency = 100

H i : : Main lobe magnitude =  5.84 dBi
0 lb iD 3‘0 4‘0 Sb éo 7‘0 8‘0 ) Main lobe direction = 0.0 deg.
Theta / Degree Angular width (3 dB) = 85.4 deg.

Figure 5.5: Farfield directivity of the initial circular patch

5.3.1 Addition of HDPE lenses

Both spherical and hemispherical lenses were then considered in order to produce
a more directional beam when coupled with the patch antenna described above.
These are shown in figure 5.6 for lenses with a radius of 1 mm. The lenses are made
of high density polyethylene, which is defined in CST as having a relative permittiv-
ity of 2.4. With a radius of 1 mm, this lens is larger than the described patch antenna,

but will need to be much larger than the wavelength to be of practical use.
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(a) Patch with spherical HDPE lens (b) Patch with hemispherical HDPE lens

Figure 5.6: Patch antenna and lens

Figure 5.7 shows the results for farfield directivity in these cases, where the lenses
have radii of 1 mm. Immediately, the beam has become more directional, with
slightly better results in the case of the hemispherical lens. The hemispherical lens
type was chosen for further analysis as it is a better design to implement when com-
pared with a spherical lens; the hemisphere and cylinder can be simply attached to
the front of the antenna, whereas for the spherical lens a more complicated mount-

ing system would have to be used.
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(a) Farfield directivity of circular antenna with 1 mm spherical lens

Farfield Directivity Abs (Phi=90)
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(b) Farfield directivity of circular antenna with 1 mm hemispherical lens

Figure 5.7: Patch antenna and 1 mm lens

Figure 5.8 shows the results for farfield directivity when the lenses have a radius of 10
mm, which is a much more realistic dimension. In this case, the directivity is much
higher, with a slightly better result for the spherical lens than for the hemispherical
lens. However, for ease of implementation, manufacture, and experimental align-
ment, it was decided to continue analysis with the hemispherical lens. With the 1
mm radius hemispherical lens, all the radiation from the patch is probably not cou-
pled into the lens as its volume is too small to catch the off-axis radiation from the
patch. In order to investigate this effect, the size of the lens is increased to a 10 mm

radius.
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Farfield Directivity Abs (Phi=90)
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farfield (f=100) [1]
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Frequency = 100
Main lobe magnitude =  25.5 dBi
Main lobe direction = 1.0 deg.
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Theta / Degree Side lobe level = -11.3 dB
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(a) Farfield directivity of circular antenna with 10 mm spherical lens

Farfield Directivity Abs (Phi=90)

farfield (f=100) [1]

dBi

Frequency = 100
Main lobe magnitude = 23.8 dBi
Main lobe direction = 1.0 deg.

] 10 20 30 40 50 60 70 80 gp  Angular width (3 dB) = 4.8 deg.
Theta / Degree Side lobe level = -11.0 dB

(b) Farfield directivity of circular antenna with 10 mm hemispherical lens

Figure 5.8: Patch antenna and 10 mm lens

The farfield with combination of the circular patch and the hemispherical lens demon-
strates that good directionality has been achieved, and the -3 dB level is only at

about 5 degrees, which indicates good directional beam qualities.

5.3.2 Wrap around lens

Optical fibres work by wrapping a central medium (core) with one of a slightly lower
refractive index (cladding) in order to produce total internal reflection. A similar
principle is attempted here by wrapping the lens in front of the antenna with mate-
rial of a slightly lower refractive index. Total internal reflection occurs when a prop-

agating wave strikes the medium boundary at an angle of incidence larger than the
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critical angle. This critical angle can be found from Snell’s law [52]:

nisinf; = nysinfy, (5.16)

where n; and n; are the refractive indices of the core and the cladding respectively,

and 0; and 6, are the incident and transmitted angles, as illustrated in figure 5.9.

X A

Figure 5.9: [llustration of Snell’s Law [53].

The critical angle 0. is defined as the value of 8; when 0, reaches 90°, given by

n
sinf, = = sinf;. (5.17)
nm

The lens surrounded by a wrap is shown in figure 5.10. The wrap material has a
relative permittivity of 1.5, which is less than that of the lens material. As the relative
permittivity of the central lens is 2.4, from equation 5.17, the critical angle is 38.7°,

so lower sidelobes are expected beyond this angle.
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Figure 5.10: Lens antenna with surrounding wrap

Figure 5.11 shows the results for farfield directivity in this case. The lens radius has
been kept at 10 mm, and the wrap extends 2 mm beyond this. From the graph, the
directivity is only slightly improved in this case, with a directivity of 24 dB, compared
to 23.8 dB is the case without the wrap (figure 5.8b). However, the sidelobe level has
dropped from -11 dB to -20.8 dB, which indicates that the addition of the wrap-
ping material has an effect, as expected. Further investigation using the wrap could
include the variation of its thickness, and the refractive index, as these parameters

probably have an effect on the operation of the device.

Farfield Directivity Abs (Phi=90)
30

farfield (f=100) [1]

dBi

Fregquency = 100
Main lobe magnitude = 24 dBi
Main lobe direction = 0.0 deg.

0 10 20 30 40 50 60 70 80 gp  Angular width (3 dB) = 4.3 deg.
Theta / Degree Side lobe level = -20.8 dB

-30

Figure 5.11: Directivity of circular patch antenna with wrapped hemispherical lens
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5.4 Alternative patch designs

5.4.1 Square patch

Following from this, some different antenna structures were considered in an at-
tempt to provide a greater directivity before the inclusion of a lens structure. A
square antenna, based on the previous circular antenna, is shown in figure 5.12. The
patch has dimensions of 1 mm x 1 mm. The other parameters (dielectric thickness,

etc.) were kept the same as for the previous case.

—

<

-

Figure 5.12: Square patch considered in CST

The S parameter of this patch design is shown in figure 5.13. This design clearly is

much more resonant over the band than the circular design considered previously.

S-Parameter [Magnitude in dB]

Frequency / GHz

Figure 5.13: S parameter of the square patch.

Figure 5.14 shows the farfield directivity of the square patch, which is much better
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than that of the initial circular patch that was considered, with a peak directivity of

7.58 dB, and an angular width of 44.3 degrees.

Farfield Directivity Abs (Phi=90)

farfield (F=100) [1]

dBi

Frequency = 100
Main lobe magntude =  7.58 dBi

0 1‘0 2‘0 3‘0 4‘0 Sb 55 ;,"0 5‘0 90 Main lobe direction = 0.0 deg.
Theta / Degree Angular width (3 dB) = 44.3 deg.

Figure 5.14: Farfield directivity of the square patch.

5.4.2 H-antenna dipole

In an attempt to improve the directionality of the antenna, the following dipole H-
shaped antenna was developed, as shown in figure 5.15. This is another planar an-
tenna design that is potentially easy to manufacture and has high gain farfield pat-
terns equivalent to a patch antenna. The bars have a width of 0.025 mm, and the
central bar is at a position 0.184 mm from the centre, which is the position of the

input feed. The other parameters were kept the same.

‘—\-—_

<

=

Figure 5.15: H-shaped patch antenna considered in CST.
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Chapter 5.

Farfield Directivity Abs (Phi=90)
farfield (f=100) [1]

dBi

Frequency = 100

; : : Main lobe magnitude =  8.05 dBi

60 70 80 gg  Main lobe direction = 0.0 deg.
Angular width (3 dB) = 45.3 deg.

Theta / Degree

Figure 5.16: Farfield directivity of the H-shaped patch.

This design has a slightly improved directivity when compared with the square patch

antenna, although would be much more difficult to manufacture, and this difficulty

would outweigh the potential benefits of the design.

Farfield Directivity Abs (Phi=90)
farfield (f=100) [1]

dBi

Frequency = 100

Main lobe magnitude =  23.8 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 3.4 deg.
Side lobe level = -22.7 dB

-20 . ; ;
30 40 50
Theta / Degree

Figure 5.17: Farfield directivity of the H-shaped patch with an hemispherical lens

5.4.3 Ellipsoidal lens

Following this, the effect of using an ellipsoidal lens, with the antenna at one of the
focal lengths were considered [54]. An example of this modelled in CST is shown in

figure 5.18. The lens has a major axis of 12 mm and a minor axis of 10 mm, which

provides the best result for directivity without the lens getting too large.
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Figure 5.18: Ellipsoidal lens in CST.

In this case, the directivity is slightly reduced when compared with the hemispher-
ical lens, as shown in figure 5.19. The hemispherical lens would also be easier to

manufacture.

Farfield Directivity Abs (Phi=90)
30

farfield (F=100) [1]

dBi

Frequency = 100

Main lobe magnitude = 21.4 dBi

: H H H H : ; ; Main lobe drrection = 0.0 deg.

0 10 20 30 40 50 60 70 80 gp  Angular width (3 dB) = 4.7 deg.
Theta / Degree Side lobe level = -16.7 dB

Figure 5.19: Farfield directivity of the H-shaped patch with an ellipsoidal lens.

5.4.4 Rectangular patch antenna

The following rectangular patch design was developed with reference to the previ-
ous designs, but additionally allowing an increase in the thickness of the dielectric
substrate. This design is shown in figure 5.21. The substrate material has a permit-
tivity of 3.3, as before. The substrate thickness has been increased to 0.25 mm to
produce a design resonant around 100 GHz, as shown in figure 5.20. The size of the

patch has also been altered slightly for this purpose to be 0.7 mm x 1.0 mm. The
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position of the input feed has been increased to 0.48 mm, with the result that the

feed is just at the top of the patch, as this made the beam more directional.

Figure 5.20 shows the S-parameter for this

S-Parameter [Magnitude in dB]

75 80 85 a0 95 100 105 110
Frequency / GHz

Figure 5.20: S-parameter rectangular patch

A

Figure 5.21: Rectangular patch design

The farfield directivity for this patch design is shown in figure 5.22. While this result
of 6.83 dB is less than that of the earlier square patch design (figure 5.14), the direc-
tivity drops off significantly more quickly, to around -6 dB, and the angular width is

only 35.3 degrees, which is better than all the other patch designs considered so far.
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Farfield Directivity Abs (Phi=90)

farfield (f=100) [1]

dBi

Frequency = 100
Main lobe magnitude =  6.83 dBi

0 1I[) i{) 3-0 4In 5b ﬁlﬂ 7.0 E;D 90 Main lobe direction = 2.0 deg.
Theta / Degree Angular width (3 dB) = 35.3 deg.

Figure 5.22: Farfield directivity rectangular patch

Figure 5.23a shows the farfield directivity of the rectangular patch with an ellipsoidal
lens. The major and minor axes were 12 mm and 10 mm respectively, which gave

the best results without having the lens too large.

Farfield Directivity Abs (Phi=90)

30

farfield (F=100) [1]

dBi

Frequency = 100
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Main lobe direction = 1.0 deg.
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Theta / Degree Side lobe level = -12.9 dB
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(a) Farfield directivity of rectangular patch with ellipsoidal lens

Farfield Directivity Abs (Phi=90)

farfield (f=100) [1]

dBi

Frequency = 100
Main lobe magnitude =  18.5 dBi
Main lobe direction = 0.0 deg.

0 10 20 30 40 50 60 70 80 go  Angular width (3 dB) = 7.5 deg
Theta / Degree Side lobe level = -9.8 dB
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(b) Farfield directivity of rectangular patch with ellipsoidal lens with wrap

Figure 5.24a shows the farfield directivity of the rectangular patch with a hemispher-
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ical lens that approximates the previous ellipsoidal lens. This approximation was
achieved by setting the radius to be equal to the minor axis, and the total length of
the cylinder and the hemisphere to be equal to twice the major axis minus the focal

length.

Farfield Directivity Abs (Phi=90)

30

farfield (f=100) [1]

dBi

Frequency = 100

H : H Main lobe magnitude =  19.5 dBi
20 ; : : : : : : : Main lobe direction = 1.0 deg.
0 10 20 30 40 50 60 70 80 ) Angular width (3 dB) = 4.3 deg.
Theta / Degree Side lobe level = -11.5 dB

(a) Farfield directivity of rectangular patch with hemispherical lens

Farfield Directivity Abs (Phi=90)

30 )
farfield (F=100) [1]

dBi

Frequency = 100

Main lobe magnitude = 21.4 dBi

; H ; H H : ; ; Main lobe direction = 1.0 deg.

0 10 20 30 40 50 60 70 80 9o  Angular width (3 dB) = 3.8 deg.
Theta / Degree Side lobe level = -15.4 dB

-30

(b) Farfield directivity of rectangular patch with hemispherical lens with wrap

The ellipsoidal lens provides a better result than the hemispherical approximation,

but the hemispherical version could be used if it was less difficult to manufacture.

5.5 Further Design Considerations

Many different patch or planar antennae can be used in the W band , but for man-
ufacture on the particular circuit board available, only certain designs will be res-

onant in the W band. This commercially available board is 0.8 mm thick with a
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measured dielectric constant of 3.3 and an estimated loss tangent of 0.01.

The following design is based on these actual measurements of the thickness of a
dielectric available to manufacture the antenna. The patch was optimized for 75
GHz, as this frequency provides the highest wavelength in the band, which is more
convenient for manufacturing. The patch has a length of 1.0 mm, and a width of
0.9 mm, and is shifted in the x direction by 0.3 mm, relative to the coaxial feed. The
substrate thickness is 0.1 mm, and the ground is 0.8 mm thick. The inner conductor
has a radius of 0.14 mm. The inner conductor also protrudes from the back by 0.2

mm to assist with coupling. This patch design is shown in figure 5.25.

Figure 5.25: Design of patch to be manufactured.

The S parameter is shown in figure 5.26, demonstrating that this patch design is

highly resonant in the W band.

S-Parameter [Magntude in dB]

-51.45

51,1

-51.5

-51.55

-51.6

-51.65

-51.7 4

-51.75 t t t + t t
75 80 85 90 95 100 105 110
Frequency / GHz

Figure 5.26: S-parameter for the patch to be manufactured.
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The farfield directivity is shown in figure 5.27. The peak directivity is 3.2 dB, and the
angular width is quite large at 92.3°, indicating the beam is radiating in all forward
directions.

Farfield Directivity Abs (Phi=90)

3.5

farfield (f=75) [1]

: H : i i Frequency = 75
0 . ‘ ‘ ‘ . ‘ . . Main lobe magnitude = 3.2
0 10 20 30 40 50 60 70 80 ) Main lobe direction = 0.0 deg.
Theta / Degree Angular width (3 dB) = 92.3 deg.

Figure 5.27: Cut of the farfield for the patch to be manufactured.

The addition of a hemispherical lens, using the same dimensions as before, has a
large improvement in the directivity than for the bare antenna. Figure 5.28 shows
that the directivity has increased to over 34 dB, with an angular width reduced to
15.9°.

Farfield Directivity Abs (Phi=90)

farfield (F=75) [1]

Frequency = 75
Main lobe magnitude =  34.1
0 : + - : : d } : Main lobe direction = 0.0 deg.
0 10 20 30 40 50 60 70 80 gp  Angular width (3 dB) = 15.9 deg.
Theta / Degree Side lobe level = -13.0 dB

Figure 5.28: Cut of the farfield for the patch to be manufactured with hemispherical
lens

The farfield directivity was found for an ellipsoidal lens at 75 GHz with a major axis
of 14 mm and a minor axis of 10 mm; this is shown in figure 5.29. This result is better
than the hemispherical lens, with a directivity of over 46 dB, and angular width at

the 3 dB level is 9.3°.
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Farfield Directivity Abs (Phi=90)

50

farfield (f=75) [1]

Frequency = 75

Main lobe magntude = 46.1

H Main lobe direction = 0.0 deg.
4ID Sb I I ‘ Angular width (3 dB) = 9.3 deg.
Theta / Degree Side lobe level = -12.7 dB

Figure 5.29: Farfield directivity for the patch to be manufactured with ellipsoidal
lens

It must be noted that as a patch antenna has a narrow band of optimized perfor-
mance, outside this band the performance is significantly decreased. This can be
seen when the farfield directivity is measured at other frequencies, as shown in fig-
ure 5.30. The peak directivity at 85 GHz is reduced to 29.8 dB, and at 95 GHz, it is
17.5 dB. This clearly illustrates a drawback of the patch antenna, when compared

with alternatives such as the horn antenna.
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Farfield Directivity Abs (Phi=90)
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(a) 85 GHz

Farfield Directivity Abs (Phi=90)
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Figure 5.30: Farfield directivity for the patch to be manufactured with ellipsoidal
lens at higher frequencies.

5.6 Conclusion

Various designs of planar antennae were considered. From these, the best results
in terms of the angular width of the resulting beam were found for a rectangu-
lar patch antenna with dimensions of 1.0 mmx 0.9 mm. The addition of various
shaped lenses was found to greatly enhance the directionality of the beam, with the
ellipsoidal lens providing a better result than a hemispherical lens for this particu-
lar patch design. However, there is a drawback in using a planar antenna, as there
is only a narrow band across which performance can be optimized. Future plans

include the manufacture and testing of this design at Maynooth.
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6.1 Background

This chapter examines the behaviour of rectangular waveguide detector cavities.
These are sealed hollow waveguide structures, in which an absorbing layer associ-

ated with a detector (bolometer) can be placed to detect incident radiation. The
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motivation behind this model type of waveguide-bounded detector is the trapping
of all incident radiation in the cavity, so that energy not initially absorbed will be
reflected back and forth, and may be absorbed subsequently. This method maxi-
mizes absorption [32], and will achieve higher optical coupling with this enclosing
cavity than if the detector was just housed in free space. As a result, this method can

increase the sensitivity for weak terahertz astronomical signals

Three different cavity sizes are presented in this chapter, along with the effect of
varying the thickness of the dielectric layer, which is used to support the thin tan-
talum layer which acts as the resistive abortive layer in the cavity and the position
of the input waveguide relative to the on-axis position. Some parameters are left
unchanged, so the results presented here may not be optimal for a particular geom-
etry. However, this analysis may form the basis of future work on the optimization of
such detector cavities, highlighting the interdependence of all the parameters defin-
ing the cavity structure. The analysis is presented in terms of the three cavities, and
various modifications made to each cavity to investigate the subsequent effects of

varying cavity dimensions.

This work is motivated by the detector cavities planned for the SAFARI instrument
of the SPICA mission. SAFARI is an imaging grating spectrometer covering 30-210
pm, to allow for broadband photometry imaging and variable resolution imaging

spectrometry.

6.2 Modelling of Detector Cavities within CST

CST (the background of which is described in chapter 5) was used to optimize mod-
els of detector cavities, using the frequency domain solver. The tantalum absorbing
layers associated with TES bolometers within the cavities are modelled using ohmic
sheets. The ohmic sheet is a infinitely thin surface with a surface impedance of 377

Q/sq to match free space impedence.
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In order to investigate methods of increasing the absorbed power, the effect of hav-
ing two ohmic sheets with and without a silicon dielectric between them was also
considered. Offset input waveguide positions were also investigated. Offsetting the
entrance waveguide could have the effect of breaking the symmetry and potentially

increasing the optical efficiency.

Three cavities were considered. Cavity 1 has a square structure, with dimensions
of 5mm x 5 mm x 2.75 mm. The dimensions of cavity 2 are 5.08 mm x 2.54 mm x
6 mm. The waveguide is a standard WR-10, with dimensions of 2.54 mm x 1.27 mm,
which is half the length and width dimensions of cavity 2. Cavity three has dimen-
sions of 10.16 mm x 5.08 mm x 6 mm, which is twice the length and width dimen-

sions of cavity 2.

The default absorber position is 0.75 mm from the back in all simulations, which
is % at 100 GHz. However, this could additionally be modified for cavities 2 and 3,
which would affect the simulation results, so the designs presented here may not
be the optimal design. The absorbers fully fill the cavities as the height and width

dimensions are kept the same for all cavities.

The cavities were modelled with walls of thickness 0.05 mm. All simulations were

taken in the W band, that is 75-110 GHz.

6.3 Cavity1l

The initial model of cavity 1 is shown in figure 6.1a. This “build up” model is made
by merging smaller shapes using Boolean addition in the CST CAD environment.
This model is physically more realistic, but due to the complicated shape requires
a significant amount of computing time in order to implement the mesh, especially
at the corners. The second model, shown in figure 6.1b, has the cavity cut away
from a block. This means the cavity is realized by cutting the shape from a larger

block of metal in the CST CAD environment. The additional material has no effect
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on the simulation results as all the radiation is directed into the cavity. However,
it was found that building the mechanical structure differently resulted in different

computational times.

The use of symmetry planes would be an additional way to reduce simulation time
as only a quarter of the cavity would need to be analysed. This was not necessary
in the case of these two small cavities, but would be useful when the cavity under
investigation is larger. However, this method cannot be used when offset waveguide
positions are being investigated. The simulation is single-moded, as a single-moded
WR-10 waveguide is being used to excite the multi-moded cavity. As the entrance
waveguide is single-moded, the fundamental mode (TE11) is the only mode that
can couple radiation into and out of the cavity, which makes the analysis straight

forward.

6.3.1 Optimization of Simulation Efficiency

The initial simulation was made using Cavity 1, which has height 5 mm, width 5
mm, and depth 2.75 mm. The absorbing layer consists of an infinitely thin ohmic
sheet, and is located 0.75 mm from the back of the cavity. Two models were used
initially, the first where the full structure is built up in CST, and the second which
consisted of starting with a block, and cutting out the cavity. Because the "build
up" model is a more complicated shape, more mesh cells are required to model it,
with a resulting increase in simulation time when compared with the "cut away"
model. The two models, which are designed with equivalent internal cavity volume

and materials, are shown in figure 6.1b.
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(a) Cavity 1: “Build up” model.

(b) Cavity 1: “Cut away” model.

Figure 6.1: Two methods of modelling Cavity 1 within CST. Both give equivalent
results.

0 | T T T T
Build up
=== Cut away hlock —

'
()
I

S-FParameter [dB)

BT L L L L 1 L
75 80 85 30 95 100 105 110

Frequency [GHZ]

Figure 6.2: Comparison of S-Parameter results for the “build up" and “cut away"
models of Cavity 1 in CST.
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When the “build up” model and the “cut away” model are used in CST, the results
are found to be equivalent as shown in figure 6.2. This is expected, as the additional
material in the "cut away" model has no effect on the incoming beam. As a result,

the more efficient "cut away" model was used for the remainder of the simulations.

The S parameter shown represents the power reflected out of the cavity. When the
S parameter is 0 dB, this indicates that all the power is reflected back. Conversely, a
low S parameter indicates good absorption. Figure 6.2, indicates very good absorp-
tion between 90 and 95 GHz, as an S parameter of —17 dB translates into over 98% of
the incoming power absorbed, so the cavity is resonant at these frequencies. There
is a peak around 107 GHz where none of the power is absorbed, probably due to

modal cutoff frequencies, i.e. the TEz3 mode.

6.3.2 Using Two Ohmic Sheets

S-Parameter [dB)

Separation = 0mm
Separation = 0.05 mm -
Separation =010 mm
-48 H Separation = 0.15 mm -
— Separation =020 mm

40 Y

-50 | | | 1 |
74 a0 4] 90 94 100 105 110

Frequency [GHz]

Figure 6.3: Cavity 1 with two ohmic sheets and an air gap.

Figure 6.3 shows the result when two ohmic sheets are introduced instead of a single
one, with an air gap between them. Increased absorption is found for all results
here, when compared to the case with one ohmic sheet, as can be seen in table 6.1.

However, this increase is reduced slightly with an increasing separation between
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the two sheets. The optimum absorption is to be found when their separation is

0.05 mm.

Separation (mm) 0 ]0.05]0.10|0.15 | 0.20

Average Absorbed Power (%) | 88.9 | 95.2 | 95.0 | 94.6 | 94.1

Table 6.1: Average absorbed power for Cavity 1 with two ohmic sheets and an air
gap by separation.

The addition of a second ohmic sheet provides greatly increased absorption —an S
parameter of 5 dB less when an additional ohmic sheet is used indicates that about
three times as much power is absorbed. For example, at 75 GHz, the S parameter is
approximately —15 dB, meaning that almost 97% of the power is absorbed, which is

an excellent result.

6.3.3 Modelling the Ohmic sheet on a Dielectric

The infinitely thin ohmic sheet model for the absorber used in the previous sections
is unrealistic, as a real absorber is made using a thin absorbing layer on a dielectric
substrate. In this section, a more realistic model is considered by including a dielec-
tric (silicon, dielectric constant 11.67). This is modelled with one ohmic sheet in
front of the dielectric, or with two ohmic sheets; one on either side of the dielectric

layer.
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(a) 1 Ohmic Sheet.
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(b) 2 Ohmic Sheets.

Figure 6.4: Cavity 1 with Dielectric.

Figure 6.4 shows the results for a varying thickness of dielectric behind an ohmic
sheet. Results are given for both the case with one ohmic sheet and with two. The
black line (dielectric thickness = 0 mm) is equivalent to the result with one ohmic

sheet and no dielectric.

Separation (mm) 0 0.05 | 0.10 | 0.15 | 0.20

Average Absorbed Power, 1 Ohmic Sheet (%) | 88.9 | 92.5 | 81.1 | 54.6 | 29.4

Average Absorbed Power, 2 Ohmic Sheets (%) | 88.9 | 95.9 | 92.4 | 82.0 | 69.7

Table 6.2: Average absorbed power for Cavity 1 by dielectric thickness.
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The optimum absorption in both cases is for the 0.05 thickness of dielectric. Includ-
ing an additional ohmic sheet also improves the absorption somewhat, as shown in
table 6.2. The dielectric becomes significantly more reflective when it has a larger
thickness; this is especially evident with one ohmic sheet. The thicker ohmic sheet

results in a very poor cavity, as demonstrated by the low levels of absorption.

6.3.4 Offset Position of Waveguide

In this section, the optical performance of the cavity is investigated in relation to the

input position of the waveguide.

Six offset positions were considered for the waveguide position for cavity 1. Due to
symmetry, it was only necessary to consider offsets in one corner of the detector.
Table 6.3 gives the x and y offsets with the position number used in the graphs. Note
that position 6 is the symmetric case, and the same waveguide position as in the
previous section. Following the results in the previous section, a silicon dielectric
with a thickness of 0.05 mm was included for cases with one ohmic sheet and with

two, for comparison.

Figure 6.5 gives the results for the offset positions for the cases with one ohmic sheet

and with two.

Position | X offset (mm) | Y offset (mm)
Position 1 -1.23 -1.865
Position 2 0 -1.865
Position 3 -1.23 -0.9325
Position 4 0 -0.9325
Position 5 -1.23 0
Position 6 0 0

Table 6.3: Offset positions considered for Cavity 1.
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Figure 6.5: Cavity 1 with waveguide position offsets.

The average absorbed powers are given in table 6.4. In the first case, optimum ab-
sorption is found in position 2, although the symmetric case has an advantage if it is
desired to have the cavity resonant between 85 and 95 GHz. In the second case, the

symmetric case is found to have the most absorption, closely followed by position

1.
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Position 1 2 3 4 5 6
Average Absorbed Power, 1 Ohmic Sheet (%) | 91.7 | 94.1 | 77.6 | 81.3 | 86.1 | 92.4
Average Absorbed Power, 2 Ohmic Sheets (%) | 95.4 | 93.8 | 83.0 | 86.6 | 88.0 | 95.9

Table 6.4: Average absorbed power for Cavity 1 by waveguide position.

In conclusion, shifting the input waveguide position by less than half a wavelength

does not significantly increase the levels of absorbed power for the particular geom-

etry of this cavity, which already has good absorption. It is not possible to generalize

these results to different cavity dimensions, as the geometry of a cavity has a signif-

icant influence on its absorption, as shown in the analysis on other cavity designs.

6.3.5 Absorber position

A brief investigation was performed on the effect of absorber position on absorp-

tion. This was carried out on cavity 1 with 2 ohmic sheets, and the waveguide in

the symmetric position, as this was the optimum case. The position of the absorber,

including both ohmic sheets and the dielectric, was varied between 0.25 mm and

1.00 mm from the rear of the cavity; the results are graphed in figure 6.6.
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Absorber position (mm) 0.25 | 0.50 | 0.75 | 1.00

Average Absorbed Power (%) | 65.9 | 94.0 | 95.9 | 93.0

Table 6.5: Average absorbed power for Cavity 1 by waveguide position.

As shown in table 6.5, the absorber position is not critical, as long as it is not too
close to the rear of the cavity, when compared with the wavelength. The absorption
decreases significantly in the 0.25 mm case, and it is relatively consistent for the

other three cases.

6.4 Cavity2

Cavity 2 has dimensions of 5.08 mm x 2.54 mmx 6 mm, as shown in figure 6.7.
While cavity 1 has a square-shaped cross-section, this cavity is rectangular, and the
width and height dimensions are twice those of the WR-10 waveguide. The depth is
somewhat longer, at 6 mm, and the absorber position is kept at 0.75 mm from the

back of the wavelguide.

Figure 6.7: Cavity 2.

6.4.1 Two Ohmic Sheets

Figure 6.8 shows the result with two ohmic sheets and an air gap between them.
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Figure 6.8: Cavity 2 with two ohmic sheets and an air gap.

As shown in table 6.6, there is no improvement over the case with one ohmic sheet,

except for the small bandwidth between 87 and 95 GHz.

Separation (mm) 0 |0.05]0.10 | 0.15 | 0.20

Average Absorbed Power (%) | 83.8 | 73.8 | 74.3 | 75.2 | 76.1

Table 6.6: Average absorbed power for cavity 2 with two ohmic sheets and an air gap
by separation.

Of the cases with two ohmic sheets, the overall absorbed power increases with in-
creasing wavelength. This particular cavity clearly performs worse than the previ-

ous example, as is evident from the lower levels of average absorbed power.

6.4.2 Effect of Dielectric Thickness

As with cavity 1, the effect of the inclusion of a dielectric in addition to the ohmic

sheets was considered for cavity 2 in order to have a more realistic simulation.
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6.4. Cavity 2
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Figure 6.9: Cavity 2 with Dielectric.

Figure 6.9 shows the results for a varying thickness of dielectric with both one and

two ohmic sheets. As with cavity 1, the case with a 0.05 mm dielectric gave the

best absorption, although this absorption is significantly less than the case with no

dielectric, as shown in table 6.7. The addition of a second ohmic sheet has no ad-

vantage in this case.
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Separation (mm) 0 ]0.05]|0.10|0.15 | 0.20

Average Absorbed Power, 1 Ohmic Sheet (%) | 83.8 | 70.0 | 37.5 | 36.8 | 27.4

Average Absorbed Power, 2 Ohmic Sheets (%) | 83.8 | 68.4 | 52.1 | 36.8 | 27.4

Table 6.7: Average absorbed power for cavity 2 by dielectric thickness.

The geometry of cavity 2 is clearly not optimal, as the performance does not match
that of cavity 1. This indicates that geometry is a significant factor which must be

considered in the design of a detector cavity.

6.4.3 Offset Position of Waveguide

The effect of the offset location of the input waveguide is investigated below, to de-

termine if it is possible to improve the performance of cavity 2.

Due to the smaller size of cavity 2 when compared with cavity 1, four offset positions
were considered, taking advantage of symmetry so that only positions in one corner
need to be considered. The positions were chosen so that there would be one in
the corner, and two at the edges of the cavity. The x and y offsets are given in table
6.8 with the position numbers used in the graphs. The silicon once again had a

thickness of 0.05 mm.

Position | X offset (mm) | Y offset (mm)
Position 1 -1.27 -0.635
Position 2 0 -0.635
Position 3 -1.27 0
Position 4 0 0

Table 6.8: Offset positions considered for cavity 2.

Figure 6.10 gives the S parameter graphs for these offsets in both cases.
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Figure 6.10: Cavity 2 with waveguide position offsets.

Unlike the situation with cavity 1, the average absorbed power increases when the

waveguide is offset, as shown in table 6.9. The absorption increases significantly

especially for position 1 (corner) and position 2 (top or botton).

This result is in stark contrast to that of cavity 1, where the offset had effectively no

effect.
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Position 1 2 3 4

Average Absorbed Power, 1 Ohmic Sheet (%) | 88.6 | 89.3 | 81.2 | 70.0

Average Absorbed Power, 2 Ohmic Sheets (%) | 89.8 | 90.8 | 79.6 | 68.4

Table 6.9: Average absorbed power for cavity 2 by waveguide position.

6.5 Cavity3

Cavity 3 has the same ratio of height to width as cavity 2, but these dimensions are
doubled. The depth remains the same, so the overall dimensions are 10.16 mm x
5.08 mm x 6 mm. The absorber still fills the cavity. This increase in cavity size
provides conditions for many more modes to propagate. The fact that more modes

are supported means that absorption can be different.

6.5.1 Two Ohmic Sheets

As with the previous cavities, the effect of the inclusion of a second ohmic sheet was

considered for cavity 3. This is shown in figure 6.11.
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Figure 6.11: Cavity 3 with two ohmic sheets and an air gap.
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The average absorbed power is outlined in table 6.10. Unlike in cavity 2, the absorp-
tion increases when there are two ohmic sheets separated by an air gap, which was

the case for cavity 1.

Separation (mm) 0 0.05 | 0.10 | 0.15 | 0.20

Average Absorbed Power (%) | 87.5 | 90.6 | 90.4 | 90.1 | 89.9

Table 6.10: Average absorbed power for cavity 3 with two ohmic sheets and an air
gap by separation.

6.5.2 Effect of Dielectric Thickness
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Figure 6.12: Cavity 3 with Dielectric.
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Figure 6.12 shows the S parameter results for a varying thickness of dielectric with

both one and two ohmic sheets.

Table 6.11 makes it clear that increasing the dielectric thickness reduces the absorp-
tion in both cases. This is similar to the result found for cavity 2, although for cavity
3 this is much less pronounced. A similar effect was observed for cavity 1. Cavity 3
is twice as large as cavity 2, and so supports many more modes due to its larger ax-
ial extent. This leads to great modal scattering and many more modes propagating.
Higher order modes excited in cavity 3 do not exist in cavity 1 and 2 so direct com-
parisons is difficult. It should also be noted that higher order modes have different
impedances and the absorber position of 0.75mm from the backshort will not be

optimal for these modes.

Separation (mm) 0 0.05 | 0.10 | 0.15 | 0.20

Average Absorbed Power, 1 Ohmic Sheet (%) | 89.9 | 87.5 | 82.7 | 61.9 | 42.3

Average Absorbed Power, 2 Ohmic Sheets (%) | 87.5 | 92.4 | 90.3 | 83.3 | 74.6

Table 6.11: Average absorbed power for cavity 3 by dielectric thickness.

6.5.3 Offset Position of Waveguide

Four offset positions were considered for cavity 3. The x and y offsets are given in
table 6.12 with the position numbers used in the graphs and table. The silicon crys-
talline dielectric once again had a thickness of 0.05 mm. The offset positions were
chosen with similar conditions to cavity 2: one position at the corner, and two at the

sides in addition to the central position.
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6.5. Cavity 3

Table 6.12: Offset positions considered for cavity 3.

Position | X offset (mm) | Y offset (mm)
Position 1 -3.81 -1.905
Position 2 0 -1.905
Position 3 -3.81 0
Position 4 0 0

Figure 6.13 shows the S parameter results for these cases.
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Chapter 6. Detector Cavities 6.6. Conclusion

As shown in table 6.13, the average absorbed power is significantly increased for the
offset cases, especially at the corner, with the best result for the case with two ohmic
sheets. This result follows the same pattern as cavity 2, although the larger cavity has
a higher absorption (98%) than that of the smaller one with the same dimensional

ratio (87.5%).

Position 1 2 3 4

Average Absorbed Power, 1 Ohmic Sheet (%) | 97.0 | 96.6 | 88.8 | 89.8

Average Absorbed Power, 2 Ohmic Sheets (%) | 98.1 | 97.2 | 89.7 | 92.3

Table 6.13: Average absorbed power for cavity 3 by waveguide position.

6.6 Conclusion

The conclusion from this analysis of three different cavity geometries is that the ab-
sorption of a detector cavity is highly dependent on the dimensions of the cavity
itself. In all cases, the addition of a thin dielectric of thickness 0.05 mm improved
the absorption somewhat. The symmetric case for the waveguide position gave the
best result for cavity 1, but the best result for cavity 2 was found to be when the
waveguide was positioned in the corner. This suggests that close attention should
be made to the design of cavities for missions such as the SAFARI instrument for
SPICA. Depending on the space available for each detector, a specific cavity geom-
etry should be designed to best match a particular bandwidth of operation. The
position of the absorbing layer and the relative dimensions of the cavity itself could
lead to drastically different optical performance. As this brief analysis suggests, each
cavity dimension is dependent on other dimensions to achieve a certain level of
performance. As such, a specific optical arrangement is required for a particular

detector.
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Conclusions

This thesis has been primarily concerned with the quasi-optical analysis of millime-
tre and submillimetre devices and receivers, including the design, analysis and ver-
ification of the 4 mm receiver channel for the 20 m telescope at Onsala Space Ob-

servatory.

Chapter 1 gives a general overview to the historical background of far-infrared as-
tronomy, and the development of millimetre and submillimetre astronomy in par-
ticular. The astronomical applications of this part of the electromagnetic spectrum
are outlined, as are the unique challenges associated with astronomy at these wave-
lengths. These applications form the primary motivation behind the work in this

thesis. In addition, commercial applications of Terahertz radiation are outlined.

Chapter 2 is a review of the background theory and analysis techniques which form
the basis of the work in this thesis. A comprehensive review of the theoretical foun-
dations of Gaussian beam mode analysis is presented, including the application to
quasi-optical systems using ray transfer matrix analysis. The type of antenna sys-
tem used in this thesis is introduced, along with some background on conical cor-
rugated horn antennae, and beam coupling methods. GRASP, which is the software
package used for the analysis presented in chapter 4, is introduced, with a general
description of the principles of physical optics, on which its operation is based. The

operation of GRASP is outlined, and a comparison of its computational simulations

138



Chapter 7. Conclusions

with experimental measurements made of a pyramidal horn antenna with the vec-

tor network analyser is reported on.

Chapter 3 introduces the Onsala Space Observatory, the 25 m and 20 m telescopes,
and outlines the 20 m telescope optics, as this is relevant for the design of the 4 mm
receiver. The 4 mm receiver is introduced, outlining the design requirements, and
the design of the horn. The design of the 4 mm receiver was realized using Gaus-
sian beam mode analysis and ABCD matrix analysis. Also reported in this chapter
is the initial optical analysis, which presents the evolution of the beam throughout
the system, with parameters given at planes of interest. These were calculated using
the ABCD code, and by representing the horn input using a truncated Bessel func-
tion. Following this, a truncation analysis is presented, which demonstrates that the
power lost in the beam due to truncation at the mirrors and windows is at an accept-
able level. Finally, optical efficiency calculations are presented, which show that the
design results in good coupling with a point source on the sky. These calculations

were all carried out using the ABCD matrix technique.

This analysis is supplemented in chapter 4 by using the commercial software pack-
age GRASP which allows for more accurate physical optics analysis. The analysis
is presented using three input feed models. The first two of these are built-in feed
options in GRASP; the Gaussian beam feed allows for a basic approximation of the
input horn field, and the GRASP hybrid-mode conical horn gives a more accurate
approximation, although it does not account for cross-polar levels. The third input
method allows for external user-defined grid files. These files were generated us-
ing the in-house mode matching software Scatter, which allows for full vector free
space analysis, including co and cross polar fields. Results are given and compared
for these three methods, both at the focal planes, and at the secondary mirror, where
the beam is required to be wavelength-independent. The farfield patterns projected
onto the sky are then presented, which were calculated by modelling the full tele-
scope in GRASP, in addition to the 4 mm system. These patterns show that the main

beam on the sky is symmetric, which validates the proposed design. Beam effi-
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ciencies and cross-polar levels are then reported, which show good performance, as
necessitated by the design requirements. The design is compared with the existing
3 mm system, demonstrating similar aberrations at the secondary mirror, which al-
ready operates well. When presenting the 4mm receiver optical performance an on-
axis aberration was noticed for the beam at the secondary mirror. By projecting this
beam onto the sky and showing that this aberration is spread to far out sidelobes it
is shown that this effect would not affect the performance of the receiver. The same
effect also exists in the operating 3mm system and was not previously noticed. This
helps validate the 4mm design implemented. Finally, the simulation is compared

with experimental results, which were carried out at Onsala Space Observatory.

Chapter 5 concerns the design of a lens antenna with good beam characteristic in
the W band as an potential alternative to horn antennae, but operating over a nar-
rower bandwidth. The background theory of planar antennae is outlined, and the
cavity method of analysis is presented for rectangular and circular patch antennae.
The S parameter and directivity are defined, as these are important parameters for
determining the resonance and beam characteristics of the antennae. An introduc-
tion to the operation of CST Microwave Studio, a commercial software package is
given, as this software forms the basis of the simulations presented in chapters 5
and 6. Several patch designs are considered, varying parameters such as the dimen-
sions of the patch, the thickness of the dielectric, and feed wire dimensions. The
addition of a dielectric lens or "lenslet" is considered, and this is required to consid-
erably increase the performance of the antenna with the desired higher direction-
ality. Further work includes the experimental manufacture and testing of the lens

antenna design.

Chapter 6 examines the behaviour of detector waveguide cavities. Three cavity de-
signs are examined within CST, and the effect of varying the dielectric thickness un-
der the thin tantulum absorbing layer (modelled as an infinitely thin ohmic sheet)
and the input waveguide position is outlined. Cavity 1 was found to have no signif-

icant increase in absorption when the waveguide position was offset, however the
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opposite was found in the cases of cavities 2 and 3. This shows that the absorption
efficiency (how much power could be ideally absorbed in this configuration) of a de-
tector cavity is highly dependent on its dimensions, and many parameters must be
accounted for when seeking an optimal design. Further work could include using

this information in the design of a cavity with optimized absorption properties.
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