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Sensitivity Analysis of Terahertz Horn Antennas
Effect of E-plane split-block misalignment
Andre George Koj
Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract
Horn antennas are commonly integrated with waveguide components for terahertz
applications. Typically, the antenna structure is milled with the waveguide feed in
two metal halves, split along the E-plane, and clamped to form the horn antenna.
However, misalignment between two split-blocks due to machining tolerances will
degrade the coupling to a free-space fundamental Gaussian mode (Gaussicity). Es-
pecially at supra-terahertz frequencies (>3 THz), the tolerances can be a few per
cent relative to the wavelength and radically degrade the optical coupling. This
master thesis theoretically investigates the split-block misalignment’s effect on a di-
agonal horn antenna, validated using a scaled experiment at 360 GHz. Moreover,
the effect of misalignment is investigated for diagonal-spline and pyramidal horns to
find a more robust alternative.

The analytical investigation found that an E-plane misalignment leads to a phase
and amplitude shift between the TE10 and TE01 modes at the aperture of a di-
agonal horn, decreasing the Gaussicity. To verify the theoretical investigation, a
diagonal horn is machined in split blocks with three different alignment cases and
characterised using a WM-570 near-field measurement system. Finally, full-wave
electromagnetic simulations of a diagonal, diagonal-spline and pyramidal horn at
360, 415 and 470 GHz are performed and compared for different alignment cases.

The measured radiation pattern of a diagonal horn agrees with the analytical and
simulated results. A 2-dB decrease in Gaussicity is observed for a misalignment of
6% relative to the wavelength. Furthermore, based on simulated results, a diagonal-
spline horn has a Gaussicity of 96% and deteriorates less with misalignment than a
diagonal horn. In addition, a simple pyramidal horn, with a Gaussicity of 88%, is
the least sensitive to misalignment due to the single-mode operation.
A diagonal horn is susceptible to alignment errors and, therefore, is concluded to be
less suitable as an E-plane split horn for wavelengths where the alignment tolerance
is significant. In contrast, the pyramidal or diagonal-spline horns are more robust
against E-plane misalignment errors.

Keywords: Far-infrared, Gaussicity, horn antennas, near-field measurements, split-
block, sub-millimetre wave components, terahertz technology
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AUT Antenna under test
CNC Computer numerical control
EM Electromagnetic
FEM Finite element method
HPBW Half-power beam width
HFSS High-frequency structure simulator
NF/FF Near-field to far-field
RF Radio Frequency
PC Personal computer
PEC Perfect electric conductor
QCL Quantum cascade laser
QO Quasi-optical
TE Transverse electric
TEM Transverse electromagnetic
TM Transverse magnetic
VNA Vector network analyser
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices

m,n Indices for Hermite-Gaussian modes
i,j Indices for rectangular waveguide modes

Parameters

w Beam radius
w0 Beam waist
ηcoupling Coupling coefficient
D Directivity/Largest aperture dimension
Eap Electric aperture field
ϵG Gaussicity
R Phase radius of the curvature
Φ0 Phase shift
ϵG polarisation factor

Variables

ϕ Angle from the positive x-axis to the projection of the vector to the
xy-plane

θ Angle from the positive z-axis to the projection of the vector to the
zy-plane

∆y Split-block misalignment
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1
Introduction

The interest in developing technology for terahertz (THz) applications has been
increasing over the last decades [1]. The THz region (300 GHz < f < 10 THz)
provides wide bandwidth, noninvasive sampling and covers the rotational lines of
certain molecules [2, 3]. These properties have made the region desirable for com-
munication [4], biological sciences [5] and radio astronomy [6]. However, due to the
high attenuation of THz signals in conventional waveguides, the signals are often
propagated through free space as optical beams. Optimally, the optical power in
the beams is contained in one mode, commonly the fundamental Gaussian mode [7].
Therefore, a Quasi-Optical (QO) system requires antennas with a high coupling to
a fundamental Gaussian mode to reduce signal loss between free space and compo-
nents.
The planar lens antenna is a common radiation coupling device for supra-THz (>3
THz) components, which provides high directivity and Gaussicity [8]. Using a thick
silicon substrate on a hyper-hemispherical lens makes the mounting process simple.
The drawback of such an antenna is the difficulty in matching the Gaussian beam
parameters to external optical components [9]. It is, therefore, important to have
feedhorns that can couple the Gaussian beam from the power source, maximise the
coupling to detectors and have low cross-polarisation at supra-THz frequencies. A
corrugated horn fulfils such requirements since it radiates an almost perfect Gaus-
sian beam (98% Gaussicity) [10], but is impractical to produce above frequencies
around 1.5 THz due to tolerance limits [11]. Other widely used alternatives like
the Picket-Potter [12] and standard conical horn [13] require a circular to rectan-
gular waveguide transition. Therefore, antennas with simpler designs and a direct
rectangular transition, like diagonal horn antennas, are preferred. Another advan-
tage is their convenience to the split-block technique, commonly used for metallic
waveguide-led mixers at sub-millimetre wavelengths [14]. By machining a block in
two pieces and milling the waveguide cross-section channel in both halves, this tech-
nique avoids losses in the TE10 mode since the split does not affect the surface cur-
rents of the mode [14]. While there are alternatives to Computer Numerical Control
(CNC) milling, such as silicon micromachining, the chip-chip alignment has to be
done post-fabrication, which leads to a misalignment similar to CNC milling [15, 16].
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1. Introduction

Table 1.1: Table of the Gaussicity of various feed antennas [7].

Feed type w/a Gaussicity (%)

Corrugated horn 0.64 98
Pyramidal horn 0.7 88

Conical horn 0.88 89
Diagonal horn 0.43 84

Lens + planar antenna - 89

Horn antennas produced with the split-block technique have to be joined with the
other half after machining, which is usually done with the help of alignment pins.
However, The alignment tolerance of the two blocks can be as high as a few mi-
crometres, which can be considered a non-factor for gigahertz frequencies. However,
this misalignment can lead to disruptions in the propagation of the signals at supra-
THz frequencies where waveguide dimensions are also in the micrometres. Dunning
et al. [17] have noted the misalignment effect in orthomode transducers and how
it increases unwanted properties. In 2016 [18] and 2018 [19], Hammar et al. ob-
served that a lateral split-block misalignment leads to additional cross-polarisation.
Jayasankar et al. [20] have noted this effect in mixer design and concluded that
block fabrication immunity on the RF side could improve the performance of the
harmonic mixer. However, it is difficult to ensure a misalignment below 2 µm due
to errors in the fabrication and alignment processes. Hence, it is desirable to study
the split-block misalignment in diagonal horns; and possibly provide an alternative
horn used in future supra-THz designs.

This thesis studies the effect of split-block misalignment on three types of horn an-
tennas to demonstrate their robustness as E-plane split horns at supra-THz frequen-
cies. A theoretical and experimental evaluation of the misalignment on the diagonal
horn at the WM-570 band (325-500 GHz) is presented, and a 3D-electromagnetic
(EM) model was implemented using a Finite Element Method (FEM) solver (An-
sys HFSS) to simulate the misalignment’s effect on the three horns’ performance.
This thesis begins with an overview of antenna properties, horn antennas, Gaussian-
Hermite analysis and antenna measurement theory. It is followed by Chapter 3 on
the horn antennas and the misalignment study using theory and full wave-EM simu-
lations. Chapter 3 also includes the setup procedure of the measurement system, its
restrictions and advantages. It is followed by Chapter 4, which presents the results
obtained from the simulations and the measurements. Finally, Chapter 5 concludes
the thesis by showing the misalignment’s effect on the horns’ performance and which
horn antenna is preferred at supra-THz frequencies.
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2
Theory

This chapter starts with basic antenna concepts. Following that, Gaussian beam
approximation theory is outlined. Moreover, The chapter lists the three types of
horn antennas studied in this thesis and provides the theoretically expected Gaussian
performance for the standard diagonal horn. Finally, the chapter concludes with the
measurement theory used to obtain the far-field radiation pattern.

2.1 Antenna characteristics
Antennas, in general, are designed for a certain application, which is commonly
quantified using their radiation pattern. The radiation pattern of an antenna repre-
sents the radiated energy’s spatial distribution as a function of the receiver position.
However, it is vital to highlight that, due to reciprocity, whether an antenna is
transmitting or receiving, the radiation pattern characteristics are equal for both
cases and so is the power flow. Reciprocity for antenna patterns is provided if the
materials used for the antennas and the wave propagation media are linear and non-
magnetic [21]. Therefore, in the following chapters, the models of the horn antennas
are set as transmitters to simplify calculations.

Figure 2.1: Illustration of the radiation pattern of a typical horn antenna.

The radiation pattern consists of the main lobes and a number of minor side lobes,
which can be defined as portions of the radiation pattern that do not coincide with
the main lobe. Typically, the main lobe is the direction of maximum radiation, while
the side lobes lead to radiation in unwanted directions. It is, therefore, desirable to
minimise the side lobes as much as possible.
Another important aspect of the radiation pattern is the Half-Power Beam Width
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2. Theory

(HPBW), which is the angular separation between two points where the maximum
power of the beam is halved. The HPBW is a decent indication of the resolution
capability of an antenna to distinguish between two sources. If the two sources have
an angular separation less than the HPBW, they would not be distinguished. The
antenna designer has to optimise these properties to the desired application since
there is a trade-off between beam width and side lobe levels, as the side lobe levels
increase when the beam width decreases.

Directivity is another important characteristic of an antenna in a system. It is the
ratio of radiation intensity at a certain direction compared to an isotropic antenna.
If the radiation intensity U (power per unit angle) is known, the directivity D is
given by:

D = U(θ, Φ)
Ptot

= 4πU(θ, Φ)∫∫
Ω U dΩ . (2.1.1)

The directivity is implied to be in the direction of maximum radiation unless a
specific direction is given.
The radiation pattern is commonly expressed for a two-dimensional plane and the
two most used planes are the E-plane (parallel with the electric field vector and
propagation direction) and the H -plane (normal to the electric field vector and
parallel to the propagation direction). Having the radiation pattern of an antenna
in these two planes expresses many of the antenna’s characteristics, making them
a popular way to present an antenna’s performance. There is also the lesser-used
D-plane, which is an intermediate plane between the E-plane and the H -plane at a
45◦ angle, which can be of interest to study the symmetry of radiation patterns.

Figure 2.2: Illustration demonstrating the E and H -planes on a pyramidal horn.
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2. Theory

2.2 Gaussian beam modes
Gaussian beams play a significant role in understanding quasi-optical systems [7].
In this section, relevant Gaussian beam formulas are derived from the paraxial wave
equation. Higher-order modes are also covered in this section, which can be used
to demonstrate the power coupling to different modes and, most significantly, to a
fundamental Gaussian mode.

2.2.1 The paraxial wave equation
The case which is considered here is of a beam radiation that is largely collimated
[22], which entails that it has a well-defined propagation direction but has a non-zero
transverse variation (unlike a plane wave). It differs from a source in geometrical
optics since it originates from a region of finite extent, rather than a point source.
A single component Ψ, of an electromagnetic wave propagating in a uniform medium,
satisfies the Helmholtz equation to

∇2Ψ + k2Ψ = 0, (2.2.2)

where k = 2π
λ

. In Cartesian coordinates the Helmholtz equation for the electric field
can be written as:

∂2E

∂x2 + ∂2E

∂y2 + ∂2E

∂z2 + k2E = 0. (2.2.3)

For a beam propagating in the positive z-direction, any component of the E-field
can be written as:

E(x, y, z) = u(x, y, z)e−jkz, (2.2.4)
where u(x, y, z) is a slowly changing function which represents the non-planar part
of the beam. If this is substituted in equation 2.2.3, it would result in the following:

∂2u

∂x2 + ∂2u

∂y2 + ∂2u

∂z2 − 2jk
∂u

∂z
= 0. (2.2.5)

The third term ∂2u
∂z2 can be neglected since the change of the amplitude in the z-

direction is assumed to be significantly smaller than the variation in the perpendic-
ular directions. This demonstrates the low loss of the propagating beam, which is
desirable at THz frequencies. Removing the third term results in what is called the
paraxial wave equation,

∂2u

∂x2 + ∂2u

∂y2 − 2jk
∂u

∂z
= 0. (2.2.6)

The paraxial wave equation can be solved in Cartesian and cylindrical coordinate
systems. A special case solution where the beam waist in x and y-axes is equal at
the same value of z. In this case, the solution for a certain mn mode is:

Emn =
√

1
πw22m+n−1m!n!Hm

(√
2x

w

)
Hn

(√
2y

w

)

· exp
[
−(x2 + y2)

w2 − jkz − jπ(x2 + y2)
λR

+ j(m + n + 1)Φ0

]
,

(2.2.7)
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2. Theory

where R is the phase radius of the curvature, w is the beam radius and Φ0 =
tan−1

(
λz

πw2
0

)
is the phase shift. The beam radius is defined by the axial (orthogonal

to propagating direction) distance where the amplitude of the field has dropped by
a factor of 1

e
. The beam waist is the minimum value of the beam radius and occurs

at a certain distance z depending on where the reference point is located. The beam
waist is set by the dimensions of the aperture the beam is launched from, as seen in
Figure 2.3. If the beam waist is known then the beam radius w at a certain distance
z from the waist can be determined by:

w2(z) = w2
0

1 +
(

zλ

πw2
0

)2
 . (2.2.8)

The phase radius of curvature R describes the distance from a surface of the beam
with equal phase to an assumed source that is generating spherical waves. At the
beam waist, R can be seen as being infinite since the beam hasn’t diverged and
appears like a plane wave. Additionally, R will converge towards the distance z at
large distances (>> πw0

λ
), which can be observed in the function,

R(z) = z

1 +
(

πw2
0

λz

)2
 . (2.2.9)

The phase shift term Φ describes the phase difference between a Gaussian mode and
a plane wave. It is dependent on the propagation distance and the Hermite-Gaussian
mode number. The Hermite-Gaussian phase term is given by:

Φmn = (m + n + 1) tan−1
(

πw2

λR

)
= (m + n + 1) tan−1

(
λz

πw2
0

)
. (2.2.10)

The beam can be described by an infinite set of free-space modes for any value of
w and R.

2.2.2 Gaussicity
The term Gaussicity was coined by Johansson [23] in 1995. It expresses the maxi-
mum achievable power coupling of the aperture field of a feed to a linearly polarised
Gaussian beam. This parameter is relevant in a quasi-optical system where feeds
are commonly coupled to a fundamental Gaussian mode. The Gaussicity can be
expressed with the electric field E on the aperture surface A,

ϵG =

∣∣∣⟨E|g⟩
∣∣∣2

⟨E|E⟩ ⟨g|g⟩
, (2.2.11)

where the coupling integral is defined as:

⟨f|g⟩ =
∫∫

A
f · g∗dA. (2.2.12)

The Gaussian beam function is given by:

g(r, ρ) = e−( r
w

)2
âcopolar, (2.2.13)

where âcopolar is the co-polarisation unit vector.
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2. Theory

Figure 2.3: Illustration of a Gaussian beam contour.

2.3 Horn antennas

Waveguide technology at millimetre and sub-millimetre wavelengths is commonly
implemented with metal blocks. The standard technique to form the blocks is the
split-block technique. The block is machined in two halves and the waveguide is
formed by milling a square cross-section channel in each half. The split is made along
the centre of the broad walls of the waveguide in the a direction, which minimises
the losses from the surface current discontinuity. The split-block structure requires
high-quality fabrication by CNC milling and a precise assembly approach to obtain
sufficiently satisfactory electrical and physical contact between the parts. When
approaching THz frequencies, the assembly process becomes more crucial since the
block misalignment, which is a non-factor for lower frequencies, starts to affect the
performance.

2.3.1 Diagonal horn antenna

The diagonal horn antenna was introduced in 1962 by Love [24]. In 1992, Johansson
presented a theoretical investigation of the horn as a sub-millimetre wave antenna
[14]. The main reason why the diagonal horn is preferred at supra-THz frequencies
is due to the geometrical form of the horn, which is relatively simple to mill using
CNC milling. The diagonal horn has the following electric field distribution at the
aperture:

7



2. Theory

Figure 2.4: Aperture geometry of the diagonal horn with the TE10 and TE01 modes
illustrated.

Eap = E0

[
x̂ cos

(
πy

2a

)
+ ŷ cos

(
πx

2a

)]
ejkδ

|x| < a, |y| < a

kδ = 2π

λ

[
2a2 − x2 − y2

2L

]
.

(2.3.14)

The aperture field can be seen as a superposition of the TE10 and the TE01 modes,
with equal power distributed between them. Love used a circular waveguide transi-
tion from TE10, but the direct transition from a rectangular waveguide as shown by
Johansson works well enough for most applications. This is due to the geometry of
the diagonal horn, which can be seen in Figure 2.4. The diagonal horn has a flar-
ing square waveguide rotated by 45o, making the two modes an equal angle apart
from the TE10 electric field orientation. The co-polarisation (copolar) and cross-
polarisation (crosspolar) components of the field can be expressed by introducing a
coordinate system rotated by 45o, as the system in Figure 2.4. The corresponding
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field components in the new coordinate system are written as:

Eη = η̂ · Eap = E0√
2

[
cos

(
π(η − ξ)

2
√

2a

)
+ cos

(
π(η + ξ)

2
√

2a

)]
ejkδ

=
√

2E0cos

(
πξ

2
√

2a

)
cos

(
πη

2
√

2a

)
ejkδ

= E0√
2

[
cos

(
πy

2a

)
+ cos

(
πx

2a

)]
ejkδ,

(2.3.15)

Eξ = ξ̂ · Eap = E0√
2

[
cos

(
π(η − ξ)

2
√

2a

)
− cos

(
π(η + ξ)

2
√

2a

)]
ejkδ

=
√

2E0sin

(
πξ

2
√

2a

)
sin

(
πη

2
√

2a

)
ejkδ

= E0√
2

[
cos

(
πy

2a

)
− cos

(
πx

2a

)]
ejkδ.

(2.3.16)

Observing the aperture field distribution in the ηξ coordinate system, it is clear that
the copolar field (η-directed) is symmetric with respect to said coordinate system.
The crosspolar aperture field (ξ-directed) is anti-symmetric and has a null at the
boresight [25].
As mentioned in section 2.2, a Gaussian mode model is useful to study the radiation
pattern of an aperture antenna. If the aperture field EA is assumed to be able to
contain the phase variation in a spherical phase factor, as in:

EA(x, y) = E(x, y, zA) = g(x, y) exp
[

−jk[x2 + y2]
2RA

]
, (2.3.17)

then equation 2.2.7 is reduced to a more convenient form. The coefficients Amn can
be found using the orthogonality properties of Hermite polynomials in addition to
algebraic adjustments,

Amn = 2
πw2

A

∫∫ ∞

−∞
g(x, y)Hm

[√
2x

wA

]
Hn

[√
2y

wA

]
dx dy. (2.3.18)

If the g(x, y) function is real-valued, numerical complications due to phase variations
can be avoided. The diagonal horn, which has no phase variation over the aperture
except the spherical wave term is a good fit for the Gauss-Hermite analysis. Using
the copolar and crosspolar parts given by equations 2.3.15 and 2.3.16, the g(x, y)
function is obtained for the diagonal horn. The mode fractional power content is
given by:

Pmn

Ptot

= πw2
A

2
|Amn|2∫∫∞

−∞ |g(x, y)|2 dx dy
, (2.3.19)

which for a standard diagonal horn, will be the following:
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P co
mn

Ptot

=

64
π

a2

w2
A

∣∣∣∣∣∫ 1
0
∫ 1−u

0 cos(πu
2 )cos(πv

2 )Hm

[√
2x

wA

]
Hn

[√
2y

wA

]
dv du

∣∣∣∣∣
2

∫ 0
−1
∫ 1+u

−1−u |cos(πu
2 )cos(πv

2 )|2 dv du +
∫ 1

0
∫ 1−u

−1+u |cos(πu
2 )cos(πv

2 )|2 dv du

even m, n

(2.3.20)

P xp
mn

Ptot

=

64
π

a2

w2
A

∣∣∣∣∣∫ 1
0
∫ 1−u

0 sin(πu
2 )sin(πv

2 )Hm

[√
2x

wA

]
Hn

[√
2y

wA

]
dv du

∣∣∣∣∣
2

∫ 0
−1
∫ 1+u

−1−u |sin(πu
2 )sin(πv

2 )|2 dv du +
∫ 1

0
∫ 1−u

−1+u |sin(πu
2 )sin(πv

2 )|2 dv du

odd m, n.
(2.3.21)

The choice of the wA

a
ratio is arbitrary, but maximum coupling to the fundamental

mode is usually desired. This choice will give the highest achievable Gaussicity for
the horn,

∂ηcoupling

∂ wA

a

= 0, ηcoupling = P co
00

Ptot

. (2.3.22)

The optimum ratio of wA

a
= 0.8632 gives the maximum coupling ηcoupling = 0.932

to the fundamental mode. Another important factor to consider is the polarisation
efficiency ϵpol, which is calculated using the electric field distribution at the aperture,

ϵpol =
∫∫

|Ev|2 dv du∫∫
|Ev|2 + |Eu|2 dv du

= 0.905. (2.3.23)

The overall coupling to a Gaussian beam is equivalent to the Gaussicity [7],

ϵG = ηcoupling · ϵpol = 0.932 · 0.905 = 0.843 = 84.3 %. (2.3.24)

Therefore, the highest achievable Gaussicity of the diagonal horn is 84%, which is
sufficient for coupling to an optical source.

2.3.2 Pyramidal horn antenna
The pyramidal horn, also known as the rectangular horn, is one of the most widely
used horns. It is characterised by being flared in both directions, unlike E and H -
plane sectoral horns. Its radiation characteristics are, in principle, a combination of
the two sectoral horns. While harder than the diagonal horn, the pyramidal horn is
also relatively simple to drill using CNC milling, making it an attractive option for
supra-THz frequencies. The pyramidal horn being essentially a flared rectangular
waveguide leads to it having the following electric field at the aperture:

Eap = ŷ E0 cos
(

πx

2a

)
e−j[k(x2/ρ2+y/ρ1)]. (2.3.25)
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Figure 2.5: Aperture geometry of a pyramidal horn antenna.

Inserting the aperture field into equation 2.3.19 gives the following expression:

Pmn

Ptot

= 2
π

a2

w2
A

∣∣∣∣∣∫ 1
−1
∫ b/a

−b/a cos(πu
2 ) Hm

[
2au
wA

]
Hn

[
2au
wA

]
dv du

∣∣∣∣∣
2

∫ 1
−1
∫ b/a

−b/a

∣∣∣∣∣cos(πu
2 )
∣∣∣∣∣
2

dv du

. (2.3.26)

Just like for the diagonal horn, the wA

a
ratio is arbitrary. The additional variable

here is the b
a

fraction which is an antenna design choice that can affect the antenna
properties. Since the polarisation factor of the pyramidal horn is ϵpol = 1, the
coupling factor is, therefore, equal to the Gausscity in this case. The maximum
fundamental mode coupling, ϵG = 0.88, is achieved for b

a
= 0.7 and wA

a
= 0.7, as

seen in Figure 2.6.

Fundamental mode coupling of pyramidal horn
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Figure 2.6: Gaussicity of the pyramidal horn in respect to the b
a

and wA

a
ratios.
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2.3.3 Diagonal-spline horn antenna
The smooth-walled spline-profiled horn was introduced in 2002 by Granet et al. [26].
The horn was demonstrated in the W-band and had a Gaussicity competitive with
the corrugated horn. While the machining of the smooth-walled spline horn is easier
than its corrugated counterpart, it is still non-trivial due to the steps needed to form
the cubic spline shape of the horn. Hence, in 2018 Gibson et al. [11] combined the
spline horn with the easily fabricated diagonal horn to make a new horn, easier to
fabricate for THz applications. A more simplified version of it was demonstrated by
Monotfre in 2019 [27], which is referred to in this work as the diagonal-spline horn.
Unlike other smooth-wall profiles, the diagonal-spline consists of 9 nodes connected
by straight lines to form the smooth-wall variable profile. The diagonal-spline was
demonstrated to have a crosspolar level below -20 dB and a Gaussicity above 96%.
However, the feasibility of accurately machining the diagonal-spline horn for supra-
THz applications is yet to be explored.

2.4 Antenna measurements
The antenna radiates electromagnetic fields that change distribution depending on
the distance travelled [21]. The different fields are categorised into three regions:
Reactive near-region, radiating near-field and far-field as demonstrated in Figure
2.7. The three regions can be described in the following manner:

Reactive near-field region: The region surrounding the aperture of the antenna,
which is dominated by the reactive fields. The electric and magnetic fields are
not guaranteed to be in phase with each other, and the field distribution is highly
dependent on the distance to the antenna. The region spans from the aperture to
the distance 0.62

√
D3

λ
, where D is the largest dimension of the antenna.

Radiating near-field region: The region is also known as the Fresnel region. The radi-
ation fields dominate over the reactive ones in this region, the electric and magnetic
fields are in phase, but the field distribution is still dependent on the distance from
the antenna. The Fresnel region spans from the distance 0.62

√
D3

λ
to the distance

2D2

λ
.

Far-field region: Here, the field distribution is independent of the distance, and the
field can be approximated as spherical wave-fronts. Due to the large distance from
the antenna, it is effectively a point source, and its size and shape can be neglected.

2.4.1 Near-field measurement
The far-field characteristics can be attained by making measurements in the near-
field and then using analytical methods to transform the measured near-field data.
This method is known as Near-Field to Far-Field (NF/FF) transformation. The
measurement can be performed by scanning a probe over a surface, such as a plane,
a cylinder, or a sphere. The planar scan option makes the measurements more
compact and reduces requirements on motorised stages. Generally, NF/FF trans-
formation techniques are based on measurements of the magnitude and phase of the
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Figure 2.7: Illustration of the different regions for an antenna under test.

tangential electric field components radiated by the Antenna Under Test (AUT) at
regular intervals of ∆x = ∆y = λ

2 , over a defined plane in the near-field orthogo-
nal to the direction of propagation. Planar NF/FF techniques are well suited for
measuring antennas with low back lobes, including directional antennas such as the
horn antennas used in this thesis.

2.4.1.1 Modal expansion method for planar systems

The planar NF/FF is mathematically based on the plane wave expansion using
Fourier transform techniques [28]. Any arbitrary monochromatic wave can be re-
garded as a superposition of plane waves of the same frequency travelling in different
directions, with different amplitudes. The modal expansion method aims to find the
plane waves’ unknown amplitudes and directions of propagation. The relationship
between the near-field E-field measurements and the far-field for planar systems can
be represented by:

E(x, y, z) = 1
4π2

∫ ∞

−∞

∫ ∞

−∞
f(kx, ky)e−jk·r dkxdky, (2.4.27)

where

f(kx, ky) = âxfx(kx, ky) + âyfy(kx, ky) + âzfz(kx, ky) (2.4.28)
k = âxkx + âyky + âzkz (2.4.29)
r = âxx + âyy + âzz. (2.4.30)
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The plane wave spectrum of the field f(kx, ky) are given by:

fx(kx, ky) =
∫ b/2

−b/2

∫ a/2

−a/2
Ex0(x′, y′, z′ = 0)ej(kxx′+kyy′) dx′ dy′ (2.4.31)

fy(kx, ky) =
∫ b/2

−b/2

∫ a/2

−a/2
Ey0(x′, y′, z′ = 0)ej(kxx′+kyy′) dx′ dy′. (2.4.32)

The plane wave spectrum function f can be used to obtain the far-field pattern of
the antenna,

E(r, θ, Φ) ≈ j
ke−jkr

2πr
[f(kx, ky) cos(θ)]. (2.4.33)
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This chapter starts with an overview of the Ansys HFSS simulation software. The
second section presents the different horn models and discusses their differences.
The chapter also includes the machining of the diagonal horn and concludes with
the set-up procedure of the measurement system.

3.1 Full electromagnetic simulation of the horns

Electromagnetic simulation software is used to simulate the effect of split-block mis-
alignment on the horn antennas. The software used in this thesis is Ansys HFSS,
which solves the electrical and magnetic field of the antenna by attempting to solve
Maxwell’s equations in differential form numerically. Multiple mathematical meth-
ods exist as solvers. The most widely used one is FEM, based on Maxwell’s curl
equations and used in the frequency domain. The specifications used for the simula-
tions were the maximum accepted difference in S-parameters between two iterations
δS and the sweep type. To have an accurate simulation, ∆S should be close to zero,
but the closer it is, the more mesh is added to each iteration, making it computa-
tionally intensive.
The horns were all simulated with a maximum ∆S = 0.01 and an interpolating
sweep of 401 points over the WM-570 (WR2.2) band. The interpolating sweep is
used instead of the more accurate discrete sweep since it is less time-consuming
while remaining sufficiently accurate. The material used for the waveguide walls is
brass with an electrical conductivity of σ = 15 × 106 S/m. The horn aperture in the
model is surrounded by a Perfect Electric Conductor (PEC) surface to emulate the
aperture of a split-block configuration. Additionally, a vacuum box is placed around
the models’ horn apertures. The box has its faces set as radiation boundaries to
absorb the radiated field and model the far-field region.
The complete model has to be simulated for the misaligned cases as there is an
asymmetry in the model. Wave ports are used to compute the S-parameters as they
are preferred for enclosed geometries like waveguides. The horns are designed for
centre frequency 415 GHz, due to its proximity to the middle of the band. The
solution frequencies are set to 360, 415 and 470 GHz to highlight the difference in
the antennas’ characteristics over the band. The Gaussicity is calculated from the
simulated electric field at the aperture of the horn. Using the definition of Gaussicity
in equation 2.2.11, the electric field is extracted from Ansys HFSS using a MATLAB
script, see section A.1 in Appendix A.
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3.1.1 Diagonal horn antenna

The diagonal horn antenna model, seen in Figure 3.1a, is made by creating a square
surface at a distance L from a rectangular waveguide. The square is rotated by 45◦

along the Z-axis and extruded towards the waveguide with a negative flare angle.
The flare angle is calculated so the extrusion converges into a point at a distance L.

The far-field pattern of the simulated diagonal horn can be seen in Figure 3.1b. The
symmetrical property of the diagonal horn can be observed since the three radiation
patterns align well at the boresight. Further away at θ = 18 ◦, the D-plane has
side lobes of -16 dB. The crosspolar is significant in the D-plane, where it has a
maximum of -16 dB at θ = 13 ◦.
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Figure 3.1: a) 3D-EM model of the diagonal horn antenna, designed for centre
frequency 415 GHz. b) Normalised far-field pattern of the diagonal horn at 415
GHz in the E, H and D-planes.

3.1.2 Pyramidal horn antenna

The pyramidal horn model, seen in Figure 3.2a, is designed for the optimum Gaus-
sicity as shown in section 2.3.2, with b

a
= 0.7. The size of the aperture is chosen

to get a similar directivity to the other horns, as it would make a more explicit
comparison. The pyramidal model is made by creating a rectangular surface with
dimensions a and b at a distance L from the waveguide and connecting the surface
with the waveguide.

Compared to the diagonal horn, the pyramidal has crosspolar levels below -40 dB
in the E, H, and D planes. However, as seen in Figure 3.2b, the radiation pattern
is not as symmetrical due to the differences in the E and H planes.
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Figure 3.2: a) 3D-EM model of the pyramidal horn antenna, designed for centre
frequency 415 GHz. b) Normalised far-field pattern of the pyramidal horn at 415
GHz in the E, H and D-planes.

3.1.3 Diagonal-spline
The diagonal-spline horn model, seen in Figure 3.3a, is made according to the
method in [27], with nine nodes to define the variable profile. This design has
a larger flare angle at the throat, which decreases the generated phase shift from
the split-block misalignment. Additionally, the rectangular waveguide is flared to a
square form as it transitions to the horn. The flaring of the waveguide is done to
reduce reflection losses as advised by Gibson et al. [11]. The model of the diagonal-
spline is done by creating a polyline with nine nodes, as seen in Table 3.1. Two
additional lines are added to create a surface from the polyline. The surface is
then rotated by 90 degrees around the z-axis. The two surfaces are connected using
straight lines, forming closed rectangles between the nodes.

Table 3.1: Nodes used to create the polyline form of the diagonal-spline.

i zi (mm) yi (mm)
1 1.46 0.61
2 3.22 1.10
3 4.74 1.38
4 5.91 1.49
5 7.26 1.50
6 8.67 1.53
7 11.42 1.72
8 13.64 2.10
9 16.10 2.49

The resulting figure is mirrored until a complete aperture is obtained. Then, the
polynomial figure is joined with the flared rectangular waveguide to form the diagonal-
spline model seen in Figure 3.3a.
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Figure 3.3b shows a more symmetrical radiation pattern compared to the diagonal
and pyramidal horns. The three radiation patterns are aligned up to θ = ±20◦.
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Figure 3.3: a) 3D-EM model of the diagonal-spline horn antenna, designed for
centre frequency 415 GHz. b) Normalised far-field pattern of the diagonal-spline
horn at 415 GHz in the E, H and D-planes.

3.1.4 Comparison of the three horns
The characteristics of the three horns at 415 GHz are presented in Table 3.2. The
phase centre location (PCL) is obtained using HFSS by sweeping the source point of
the far-field radiation to find the minimum phase change in a plane. The optimum
value of w

a
is obtained by finding which value maximises the Gaussicity from the

simulated aperture fields.

Table 3.2: Table of some relevant characteristics of the simulated horn antennas
at 415 GHz. The PCL is calculated in the H and E-planes and the crosspolar is
normalised to the directivity of the respective horn.

Horn antenna Length
(λ)

PCL
[H/E]
(mm)

Directivity
(dBi)

Crosspolar
(dB) w/a Gaussicity

(%)

Diagonal 19 2.35/2.4 23.3 <-15.9 0.86 85
Pyramidal 24.9 2.45/2.2 23.4 <-43.0 0.35 88

Diagonal-spline 22.3 1.7/1.1 23.1 <-25.5 0.73 96

3.2 Split-block misalignment
The split-block misalignment is a significant error source for some horn antennas at
supra-THz. Due to the difficulty of keeping the misalignment below a few microme-
tres, the misalignment is significant enough to affect the horn antenna’s performance.
The misalignment’s effect on the diagonal horn antennas can be seen in Figure 3.4.
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The figure shows how the linear polarisation of the horn degrades once a split-block
misalignment is introduced into the electromagnetic model.

(a) Aligned (b) Misaligned

Figure 3.4: Magnitude of the complex electric field at the aperture for the aligned
and misaligned diagonal horn antenna.

This explains the increase in crosspolar that Hammar et al. noted in their measure-
ments. The misalignment is investigated, and a theoretical model of the misalign-
ment’s effect on the Gaussicity is provided with the simulation results for compari-
son.

3.2.1 Theoretical model

The diagonal horn antenna has the TE10 and the TE01 modes propagating through
it as mentioned in 2.3.1. For the aligned case, these two modes experience the same
side length and have, therefore, the same propagation factor β. The superposi-
tion of the two modes creates the linearly polarised output required from the horn
antenna. However, once the split-block misalignment is introduced, the geometry
inside the horn antennas changes. As one side effectively becomes ∆a narrower, the
other side becomes ∆a wider, as seen in Figure 3.5. This change leads to the two
modes having different propagation factors, creating a phase shift with respect to
the distance travelled. Stenarson et al. [29] have presented a similar analysis where
a slight difference in the waveguide’s width of calibration material can lead to an
inaccurate calibration due to a change in β.

The phase shift for a misaligned rotated square waveguide can be presented using
the phase propagation term e−jβiz, where i is an index for the mode. To calculate
βi, the side length change ∆a for a certain misalignment has to be known. Figure
3.5 shows the trigonometry used to calculate ∆a = ∆y/

√
2.
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Figure 3.5: Illustration of the split-block misalignment on the diagonal horn’s
aperture. The misalignment effectively changes the side lengths with ±∆a.

Having the waveguide dimensions for a certain misalignment makes it possible to
calculate the propagation factor,

βij =
√

k2 − kci,j
, (3.2.1)

where kci,j
is the wavenumber corresponding to the mode i, j and is given by:

kci,j
=
[(

iπ

a

)2
+
(

jπ

a

)2] 1
2

. (3.2.2)

A rectangular waveguide is assumed to excite a non-flared diagonal waveguide to
study the phase shift between the two modes. The two modes will have the following
phase shift after propagating a distance z:

∆θ(∆y) =
∣∣∣∣∣z · (β10 − β01)

∣∣∣∣∣ (3.2.3)

=
∣∣∣∣∣z ·

(√
k2 − π

a + ∆a
−
√

k2 − π

a − ∆a

)∣∣∣∣∣ (3.2.4)

=
∣∣∣∣∣z ·

√k2 − π

a + ∆y
2

−
√

k2 − π

a − ∆y
2

∣∣∣∣∣. (3.2.5)

However, the diagonal horn is flared, which means the side length a is not constant.
Therefore, the diagonal horn is divided into small waveguide sections of length dz
and side length a(z′) = a0 +θ ·z′, where θ is the flare angle of the horn. By summing
the phase shifts over the small waveguide sections, a total phase shift by the aperture
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can be calculated in the following manner:

∆θ(∆y) =
∑
m

∣∣∣∣∣dz · (β10(m) − β01(m))
∣∣∣∣∣ (3.2.6)

=
∑
m

∣∣∣∣∣dz ·
(√

k2 − π

a(m) + ∆a
−
√

k2 − π

a(m) − ∆a

)∣∣∣∣∣ (3.2.7)

=
∑
m

∣∣∣∣∣dz ·

√k2 − π

a(m) + ∆y
2

−
√

k2 − π

a(m) − ∆y
2

∣∣∣∣∣, (3.2.8)

where the side length is a(m) = a0 +θ ·m ·dz. As a(m) increases, β10(m) and β01(m)
will be converging to the same value, meaning the phase shift is mostly generated
near the throat. The flare angle determines how quickly the propagation factors
converge and is an important parameter to consider when designing the diagonal
horn.

The phase shift is not the only consequence of the misalignment; the mode power
distribution is also affected. According to simulations, the two modes receive a dif-
ferent amount of power from the rectangular waveguide. In an aligned case, the two
modes receive an equal (or close to equal) power amount. This has been charac-
terised by Withington and Murphy using the power balance factor Ω =

(
Ey

Ex

)2
[30].

The power balance factor’s dependency on the misalignment was extracted by hav-
ing a second port at the diagonal horn’s aperture with two modes set to align with
the TE10 and TE01 modes. The difference in power received by the two modes was
plotted against the swept misalignment, and a linear relation Ω(∆y) was extracted
based on the data, as seen in Figure 3.6.
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Figure 3.6: Simulated power balance factor respective to the misalignment.

The electric field distribution seen in equation 2.3.14 is adjusted to match the mis-
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alignment.

Eη(∆y) = η̂ · Eap

= E0√
2

[
cos

(
π(η − ξ)

2
√

2a

)
+
√

Ω(∆y) cos

(
π(η + ξ)

2
√

2a
+ ∆θ(∆y)

)]
ejkδ

(3.2.9)

The copolar electric field at the aperture Eη is dependent on the phase shift and
the power balance factor, which are affected by the misalignment ∆y. Therefore,
the total Gaussian coupling factor ϵG, which is expressed in terms of Eη in equation
2.3.24, can be calculated with respect to misalignment ∆y. The diagonal horn’s
decrease in Gaussicity is, therefore, given by:

ϵG(∆y) = ϵcoupling

(
Eη

(
∆θ(∆y), Ω(∆y)

))
· ϵpol

(
Eη

(
∆θ(∆y), Ω(∆y)

))
. (3.2.10)

3.2.2 Misalignment in electromagnetic models
The horn antenna models in HFSS are misaligned along with the rectangular waveg-
uide to emulate the split-block misalignment, as seen in Figure 3.7. The misalign-
ment is done by splitting the model along the zy-plane and vertically (y-axis) shifting
the two halves by ∆y

2 and −∆y
2 , respectively.

Figure 3.7: Misaligned 3D-EM model of the diagonal horn antenna.

3.3 High-precision machining
To experimentally verify the misalignment’s effect on the diagonal horn, the split-
block diagonal is realised using CNC milling. Therefore, a split-block with different
alignment cases is desired to reduce the required machining. A mechanical model of
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the diagonal horn is designed using the solid computer-aided design (CAD) software
SOLIDWORKS. The block is designed with a UG-387 flange to enable integration
with the WM-570 extenders used for the measurements. The dimensions of the horn
are equal to the ones used in the 3D-EM simulations for an accurate comparison
between the measurements and the simulations. The different alignment cases were
introduced by having three pairs of dowel holes for alignment. In the bottom block,
the alignment holes are laterally shifted with 11 µm. In the top block, the holes are
laterally shifted with the same amount in the opposite direction. By inserting dowel
pins in one of the dowel hole pairs, the alignment of the split-blocks can be set to
either: aligned, 22 µm

λ0
= 3% misaligned, or 44 µm

λ0
= 6% misaligned, see Figure A.2 in

Appendix A for a sketch of the design. Two screw hole pairs are available for each
alignment case, ensuring good contact between the block.

Figure 3.8: Illustration of two split-blocks in a top-down perspective. Placing the
alignment pins in one of the three pairs sets the E-plane alignment of the block.

Based on the mechanical design, a brass piece of metal is machined into the split-
blocks using a KERN Micro HD machine. The complete block can be seen in its
aligned state in Figure 3.9. The horn aperture is chamfered with 20 degrees to
reduce possible standing wave effects. However, the surface is kept flat at 0.3 mm
around the aperture.

The alignment of the split-blocks is observed using a Nikon LV150 microscope with
an attached camera. The alignment agrees well with the expected values according
to the mechanical design.

3.4 Measurement setup
Characterising the horn antenna is achieved by measuring it in the near-field or the
far-field. The far-field measurements require rotational stages to obtain the radia-
tion pattern. Moreover, the cable flexing caused by rotating an extender is more
significant than xy-planar movement. A planar scan using two linear motorised
stages is sufficient for the near-field measurement. The near-field radiation pattern
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Figure 3.9: Picture of the complete brass diagonal horn block.

is measured and Fourier transformed into the far-field radiation pattern using the
modal expansion method presented in section 2.4.1.1.

The setup consists mainly of two motorised linear stages, a motor controller, two
WM-570 extenders, a Vector Network Analyser (VNA), absorbers, a Personal Com-
puter (PC), a vibration-free optical bench and components. The motor stages and
an optical support rod are mounted on the optical bench, ensuring they are in paral-
lel planes. The extenders are mounted on custom-made platforms (machined using
CNC milling) that connect the extender to a breadboard mounting. A 90 degrees
breadboard mounting is used to mount the extender platforms to the motor stages
and the optical support rod. A spirit level ensures that the platforms’ surfaces are
horizontal. The extenders are mounted on the platforms, enabling the motor con-
troller to adjust port one on the positioning system into the same xy-position as the
stationary port two, see Figure 3.10. Once a through connection is made between
the ports, optical bench components are mounted to restrict the movement of the
optical support rod in the x-direction, only allowing movement in the z-direction.
The Keysight PNA is connected to the extenders and calibrated using SOLT. An
open-ended waveguide aperture antenna by Dahlbäck et al. [31] is used as an an-
tenna probe for near-field measurements. The probe is mounted with an absorber
on the linear stages, while the diagonal horn is connected to the stationary port. A
distance of 15 mm is kept between the antennas since the radiating near-field region
is 8-29 mm.

The horn antenna’s boresight has to be accurately located to start a measurement.
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Therefore, a phase detection scheme is employed to find the location where the
magnitude of the unwrapped phase is minimised [32]. A PC using LabVIEW code
communicates with the motor controller and the VNA. The LabVIEW code aims
to find the minimum phase in the x-direction, move to that location, and sweep the
y-direction to find the boresight, as seen in Figure 3.11. The boresight is set as the
grid’s origin, and the setup is ready for the near-field measurement.

The measurement process is automated through the LabVIEW code to measure the
magnitude and phase of the S-parameters at each grid point the motor controller
moves to. At the start of the process, a reference measurement is taken at the bore-
sight before moving to a corner of the grid. Samples are taken in the x-direction
(horizontally) for a fixed y-value. Once a row of the grid is measured, the probe
moves back to the boresight to take another reference measurement before continu-
ing. The reference measurements are compared to the first measurement and used to
compensate for the amplitude and phase drifts that occur during the measurement.

Figure 3.10: Picture showing the open waveguide probe in the xy-plane. The
extender for port 1 is mounted on a custom-made platform. In the bottom left
corner, a motorised stage can be seen.

The parameters to consider for the measurement are the step size, grid size, IF
bandwidth and the distance between the antennas. The step size is <λ

2 to avoid
any spectral aliases in the far-field pattern. Therefore, the grid size decides the area
covered by the probe, and since a 40 dB dynamic range is required, it is crucial to
pick an appropriately large grid size. The LabVIEW code delays the S-parameter
measurement until a sweep is completed, and since the IF bandwidth decides the
sweep time, it is a significant factor in the measurement time.
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Figure 3.11: Alignment system used for the probe to find the boresight of the
horn antenna. The unwrapped phase is measured in a horizontal and vertical scan
to find the optimal location.

The measurement of an antenna under test (AUT) consists of two parts: the copolar
and the crosspolar measurement. For the crosspolar, the extender is mounted di-
rectly on the supporting rod, effectively rotating the horn antenna around the z-axis
with approximately 90◦. The rotation is controlled with a spirit level. However, fine
rotational adjustments are not available in the setup.
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This chapter presents the results obtained from the measurements along with the
simulations. The stability of the measurement setup is shown. The near-field pattern
is presented as it was measured, in a planar xy-grid. In contrast, the far-field
radiation pattern is illustrated using the E, H and D-planes and compared with
the respective simulation result. Finally, the deterioration of the copolar directivity,
crosspolar level and Gaussicity with misalignment is presented for the three horn
antennas to evaluate their sensitivity.

4.1 Measurement results
The measurements were done at 360 GHz since the open waveguide probe is designed
for the WM-710 band (260-400 GHz). The majority of the measurement time is
based on the wait time set by the code. As this measurement uses an IF bandwidth
of 500 Hz, the wait time before a sample is taken is set to two seconds. The
reference samples taken to compensate for the phase and magnitude drift can be
seen in Figure 4.1. During the measurement, the magnitude drift is |m| < 0.015 dB,
while the phase drift is |p| < 0.06 dB.
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Figure 4.1: Magnitude and phase drift of S21 with each row.

The return loss of the machined diagonal horn is <-20 dB which is sufficiently good.
A comparison of the return loss for the aligned and misaligned cases can be seen in
Figure 4.2. The misalignment does not have a significant impact on the return loss
that can be observed over the whole band.
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Figure 4.2: Measured return loss of the aligned and 6% misaligned cases.

The probe alignment uses the phase detection scheme with a 50 µm step size. The
sampled plan consists of 61x61 points, which is large enough to get a dynamic range
larger than 35 dB in the near-field radiation pattern, as seen in Figure 4.3. The step
size used is ∆x = 375 µm which is < λ

2 at 360 GHz.

Figure 4.3: Measured magnitude of S21 for the copolar (up) and the crosspolar
(down) at z = 15 mm.
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The measured far-field radiation pattern for the aligned diagonal horn is represented
using the E, H and D-planes in Figure 4.4. The crosspolar plots in the E and H -
planes can’t be seen as they are <-35 dB. The measured crosspolar in the D-plane is
<-12 dB, which is larger than expected from simulations and theory. The disparity
is most likely due to the restrictions in the setup. The open waveguide is not an
ideal probe and likely not in an ideal orthogonal position to the AUT. Therefore,
the probe is susceptible to registering a higher crosspolar signal than expected at
the boresight, where maximum power is radiated.
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Figure 4.4: Measured and simulated radiation pattern of the aligned diagonal horn
at 360 GHz.

The measured and simulated radiation pattern of the 6% misaligned horn can be
seen in Figure 4.5. The crosspolar is >-5 dB in all three planes and has a Gaussian
form. The measurements of the crosspolar are 2-3 dB larger than the simulations.
This is likely due to the angle uncertainty mentioned previously.
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Figure 4.5: Measured and simulated radiation pattern of the 6% misaligned diag-
onal horn at 360 GHz.

The radiation patterns in Figure 4.5 are normalised to the respective maximum
copolar directivity. However, the copolar directivity of the horn antenna is decreased
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when misaligned. Figure 4.6 shows a decrease of 2 dB in copolar directivity when
the diagonal horn is misaligned by 6% of the wavelength.
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Figure 4.6: Measured and simulated copolar directivity of the aligned and 6%
misaligned diagonal horn antenna in the D-plane.

4.2 Simulation comparison of three typical horns

The misalignment introduced to the simulations is based on the expected equivalent
at 4.7 THz, which is ±2 µm due to the errors in the alignment and fabrication
processes. Therefore, the expected misalignment ∆y = 0.031λ is of interest. Ad-
ditionally, the extreme case of 0.062λ is investigated to check the sensitivity of the
different horns and how well the simulation results agree with expected models based
on theory. The comparison is performed at 360, 415 and 570 GHz to investigate a
wide range of the WM-570 band.
The maximum copolar directivity of the diagonal decreases by approximately 2 dB,
while the spline-diagonal and pyramidal are less affected, as seen in Figure 4.7.
Moreover, Figure 4.8 shows that the diagonal horn has a crosspolar close to half
the amplitude of the copolar at ∆y

λ
= 0.062. The diagonal-spline’s crosspolar stays

below -7 dB, while the pyramidal’s is significantly smaller, at values below -20 dB.
The Gaussicity was calculated for each misalignment case, as shown in Figure 4.9.
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Figure 4.7: Comparison of the copolar directivity of the feedhorns at 360, 415 and
470 GHz.
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Figure 4.8: Comparison of the normalised crosspolar of the feedhorns at 360, 415
and 470 GHz.
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Figure 4.9: Gaussicity of the feedhorns at 360, 415 and 470 GHz in respect to
split-block misalignment. The theoretical model of the standard diagonal horn at
415 GHz is included for comparison.

The simulated Gaussicity of the diagonal horn is plotted along with the theoretical
model, presented in equation 3.2.10, at 415 GHz. The Gaussicity of the diagonal-
spline is the highest of the three, starting at 96%. However, it also deteriorates like
the diagonal horn, albeit 40% less with misalignment. The pyramidal horn stays
unaffected by the misalignment due to its TE10 mode nature.

33



4. Results

34



5
Conclusion and future work

A sensitivity analysis of split-block misalignment on the diagonal, pyramidal and
diagonal-spline horn antennas is presented. The Gaussian coupling of the standard
diagonal horn is sensitive to split-block misalignment due to a phase shift ∆θ and
amplitude imbalance between the two modes at the horn’s aperture. The phase
shift occurs due to a change in propagation factor β between the two modes, as
the diagonal horn is misaligned in the E-plane. The diagonal-spline is less sensitive
to the phase shift due to having a larger flare angle, resulting in a smaller ∆θ. In
contrast, the pyramidal horn is robust as it only has a single mode.

The theoretical analysis is supported by full-wave electromagnetic simulations per-
formed in a finite element method software. Moreover, a scaled experiment at 360
GHz was conducted on the standard diagonal horn to validate the analysis. By
machining a block with multiple alignment options, the alignment is controlled, and
its effect on the antenna is measured. A near-field measurement system was set up
to obtain the far-field characteristics of the horn antenna. The copolar directivity
measurement showed a 2-dB loss for a misalignment of 6% of the wavelength. This
is equivalent to the loss in Gaussicity, which deteriorates from 84% to 52% at 360
GHz for the same misalignment.

Based on the electromagnetic simulations, the pyramidal horn has a coupling ef-
ficiency of 88% and is almost unaffected by the split-block misalignment. The
diagonal-spline has a coupling efficiency of 96%, which deteriorates to 87% for a mis-
alignment of 6%. This work provides insight into some drawbacks of the standard
diagonal horn as a supra-terahertz E-plane split horn and proposes the pyramidal
and the diagonal-spline as alternatives. Other misalignment types and fabrication
errors will be studied for a more comprehensive sensitivity analysis.
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A
Appendix 1

A.1 Extraction of Gaussicity

A.1.1 Electric field extraction
The complex electric field at the aperture is extracted from an HFSS file using the
HFSS-MATLAB API made by Vijay Ramasami. See the GitHub of the API for
more details on the script.

1 function HFSSApertField3 (ProjectName ,fldName1 ,fldName2 ,
fldName3 , ProjectPath , StartVec , StopVec , StepVec ,
close)

2
3 % HFSS Executable Path.
4 hfssExePath = 'C:\ Program Files\ AnsysEM \v231\Win64\

ansysedt .exe ';
5
6 % Script and project files.
7 tmpPrjFile = [pwd , '\ AnyName .aedt '];
8 vbsfile = sprintf ('%s.vbs ',ProjectName );
9 tmpScriptFile = ['C:\... ', vbsfile ];

10
11 % Add paths to the required m-files.
12 addpath ('C:\...\ ');
13 hfssIncludePaths ('C:\...\ ');
14
15 % Create a new temporary HFSS script file.
16 fid = fopen( tmpScriptFile , 'wt+');
17 file= sprintf ('%s%s.aedt ',ProjectPath , ProjectName );
18 hfssOpenProject (fid , file ,true)
19 hfssSetDesign (fid , 'HFSSDesign1 ')
20 hfssCreatePTS ('MyGrid ', StartVec , StopVec , StepVec , 'mm')

;
21 hfssEnterQty (fid , 'E', 'CmplxMag ');
22 hfssExportToFileFC (fid , fldName1 , 'MyGrid.pts ', 'Setup1 ',

360);
23 hfssEnterQty (fid , 'E', 'CmplxMag ');
24 hfssExportToFileFC (fid , fldName2 , 'MyGrid.pts ', 'Setup1 ',
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415);
25 hfssEnterQty (fid , 'E', 'CmplxMag ');
26 hfssExportToFileFC (fid , fldName3 , 'MyGrid.pts ', 'Setup1 ',

470);
27 % hfssSaveProject (fid , tmpPrjFile , true);
28 fclose(fid);
29
30 status= hfssExecuteScript (hfssExePath , tmpScriptFile ,

false , close)
31
32 hfssRemovePaths ('C:\...\ ');

A.1.2 Gaussicity calculation
The Gaussicity of the horn antenna is calculated using the extracted complex electric
field.

1 % Gaussicity calculation of a horn antenna of the type
2 %Copol: 1 (x-copol), 2 (y-copol)
3 %Type: 1 ( Diagonal ), 2 ( Conical Spline), 3 ( Rectangular ),

4 ( Diagonal
4 %spline)
5 % Aperture_width : aperture width (m)
6
7 function Gauss= Gauss_controller (filename ,Path ,Path2 ,x,y,

copol ,type , aperture_width )
8 addpath (Path);
9 addpath (Path2);

10 c=0;
11 if type ==1
12 c=0.86;
13 elseif type ==2
14 c=0.64;
15 elseif type ==3
16 c=0.35;
17 elseif type ==4
18 c=0.73;
19 end
20
21 A= dlmread (filename ,' ', 1,0);
22 Ey=zeros (101 ,101);
23 Ex=zeros (101 ,101);
24 Ez=zeros (101 ,101);
25 for i=1:101
26 Ey(i ,:)=A(101*i -100:101*i ,6);
27 Ex(i ,:)=A(101*i -100:101*i ,5);
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28 Ez(i ,:)=A(101*i -100:101*i ,7);
29 end
30 Ex(isnan(Ex))=0;
31 Ey(isnan(Ey))=0;
32 Ez(isnan(Ez))=0;
33
34 E=zeros (101 ,101 ,3);
35 E(: ,: ,1)=Ex;
36 E(: ,: ,2)=Ey;
37 E(: ,: ,3)=Ez;
38 [X,Y]= meshgrid (x,y);
39 r=sqrt(X.^2+Y.^2);
40 check=abs(X)+abs(Y);
41 omega2=c* aperture_width ;
42 g=exp(-(r/omega2).^2);
43 clc
44 if copol == 1
45 test1=abs( cumtrapz (x, cumtrapz (y,E(: ,: ,1).* conj(g) ,2))

).^2;
46 elseif copol ==2
47 test1=abs( cumtrapz (x, cumtrapz (y,E(: ,: ,2).* conj(g) ,2))

).^2;
48 end
49 gauss1=test1(end)
50 test2= cumtrapz (x, cumtrapz (y,abs(E(: ,: ,2)).^2+ abs(E(: ,: ,1)

).^2 ,2));
51 gauss2=test2(end)
52 test3= cumtrapz (x, cumtrapz (y,g.* conj(g) ,2));
53 gauss3=test3(end)
54 Gauss =100* gauss1 /( gauss2*gauss3);

A.2 Mechanical models

The CAD mechanical model for the diagonal horn is separated into a top and a
bottom block. The bottom block contains threaded holes while the top block has
through holes. In addition, the top block has trenches around the waveguide and
the horn to add pressure around the areas and make better contact between the
split-blocks.
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Figure A.1: CAD model of the diagonal horn’s top block.

The lateral shift of the alignment holes that control the misalignment can be seen
in Figure A.2.

Figure A.2: Sketch of the E-plane split side of the block. The denoted values are
in millimetres.
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Figure A.3: Sketch of the flange side of the block. The denoted values are in
millimetres.

Figure A.4: Sketch of the split-block from the side. The denoted values are in
millimetres.
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