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Abstract

The use of the millimeter-wave and terahertz (THz) systems are becoming very important in
various scientific and military applications. In many applications i.e. radio-astronomy, THz imaging,
remote sensing, secure communication links, THz radars, plasma diagnostics etc. the use millimeterwave and THz technologies are increasing rapidly and in these applications, integreted lens antennas
are porividing attractive solutions. But perfect modeling and simulation of the lens antenna and beam
pattern calculation is still a challenge for the antenna engineers.

In this thesis project thorough investigation has been done to optimize the simulation
technique in the EM simulator CST MWS to get reliable and accurate simulation results which may
replace the time consuming, complex and expensive measurements in sub-millimeter/THz frequency
range. Different experiments are done by retriving from the publications related to this project for the
result comparison.

Later on with this optimized simulation process an extended hemispherical lens antenna
integrated with log-spiral feed is designed for THz frequency range. Most of the desired goals are
achieved during the design process as the design goal is to produce a constant radiation beam and
polarization over the a broad bandwidth (500GHz-750GHz)
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1 Introduction
The THz region of the spectrum lies between the upper region of microwave and lower region
of the infrared shown in Figure-1.1. This frequency range can be characterized between the free space
wavelength 30 µm and 3 mm [1]. The antenna theory is very well developed in radio and microwave
range but in sub-millimeter wave (>300GHz) and THz (>1THz) range there are still problems need to
be taken care off. In the sub-millimeter and THz range applications, most of the time the antenna
comes with the mirrors and (or) lens to enhance the directivity and antenna efficiency. So, the antenna
problems have to be solved with the help of the associated optical components or materials. Proper
and precise knowledge of the material parameters used with the antenna becomes very important in
this case because of the higher RF loss in the conductor and dielectric material. There are few types of
elementary antenna used in these frequencies such as horn antennas, dipoles, log-periodic, slot
antennas etc. depending upon various demands and applications.

Figure-1.1: THz region in terms of wavelength and frequency

The integrated lens antenna (also known as hybrid antenna) solutions are required in many
applications i.e. THz spectroscopy, THz imaging with multi-frequency signals, radio astronomical
systems etc. In these applications, THz detectors (Bolometers, SIS detectors, Schottky detectors) are
used with the antenna feed to couple the sent/received energy [2]. In figure-1.2 wes see the detector is
placed in the center of the antenna to couple the radiation. Different application demands different

Figure-1.2: Log-Spiral Antenna with a Detector
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solutions for the lens antenna. Figure-1.3 shows the application of the THz wave for a 600GHz radar
imager to identify a concealed handgun under cloths [3].

Figure-1.3: (a) A Concealed handgun under the cloths, (b) front and (c) back surface of the scanned and reconstructed
figure.

1.1

Background
The elementary antenna coupled with dielectric substrates always suffers losses due to the

substrate modes and its illustrated in figure-1.4. Radiated rays which cross the critical angle, get
trapped in the dielectric side of the antenna due to internal reflection. As the substrate gets thicker,
more radiated ray gets trapped inside and as a result the gain of the antenna (i.e. slots, dipoles) drops
very quickly. Figure-1.5 shows that some cases 90% of the radiated power gets trapped in the
dielectric side [4]. To design the antenna with good efficiency, it becomes desirable to keep the
substrate thickness as reasonable (or thin) as possible. But as the frequency goes high the substrate
thickness also becomes very small and in sub-millimeter frequency range the desirable substrate
thickness becomes impractically thin to manufacture, especially for the dipole antennas. Table-1.1
shows the minimum substrate thickness for elementary antenna in terms of the wavelengths (λ0) with a
3dB drop in antenna gain.
These reasons make the antenna design very difficult in these frequency ranges with finite
length dielectric substrate. If the substrate thickness can be made infinite, the loss in the substrate
mode can be eliminated (or minimized). This can be done by placing the antenna on a semi-infinite
dielectric substrate lens (which can be efficiently made by shaping the front side of the substrate as a
hemisphere) with the same dielectric constant of the planar antenna wafer. Though there are other few
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(a)

(b)

Figure-1.4: (a) Antenna with the dielectric substrate (εr = 4) and (b) corresponding substrate modes

(a)

(b)

Figure-1.5: Normalized power distribution for (a)slot and (b) dipole for different substrate (εr = 4)
thickness

Table-1.1
Relative Dielectric Constant (εr)

Substrate Thickness
Dipole

Slot

12

0.03 λ0

0.08 λ0

4

0.08 λ0

0.16 λ0

ways of eliminating the substrate mode loss problem (i.e. using thin dielectric membrane), using
substrate lens as the dielectric material is the most attractive method among them. In this process, the
antenna tends to radiate most of its power in to the dielectric side. The power ratio between the
dielectric and air side is

2/3
r

for elementary dipole and

r

for slot type antenna [2,5]. Figure-1.6

illustrates the position of an elementary feed antenna on an extended hemisphere lens, which exibits
the characteristics of a semi-infinite dielectric substrate and an application of this in time domain
imaging system (THz transmitter and detector); more detailed discussion on antenna geometry is done
in the following chapters.
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(a)

(b)

Figure-1.6: (a) Feed antenna on a dielectric lens[2] and (b) Schematic of a transmission mode raster scan time domain
imaging system

In various military and scientific applications the millimeter-wave and sub-millimeter or THz
systems are becoming very important. Applications such as Remote sensing, plasma diagnostic, radar,
radio astronomy and communication systems demand the antenna integrated low-noise amplifier
(LNA) from 30GHz to over 1 THz. Monolithic Receiver consisting integrated planar antenna mixer
(with matching network) is providing a very attractive solution in the 30GHz-300GHz frequency
range applications and also can be considered the only practical solution in the sub-millimeter wave
(300GHz-3THz) range [4].
The use of the horn antenna is feasible up to 2.5 THz but as the frequency goes beyond 1.5
THz the manufacturing of the feedhorns become very difficult mechanically due to the smallness of
the structure, metal tolerances and misalignments [6, 7]. The recent developments on the
photolithography and micromachining techniques give the freedom to design various kinds of planar
antennas in wide range of frequencies (30GHz-3THz). There is also some advancement in novel
waveguide antennas i.e. leaky wave, dielectric rod and mm-wave micro strip antennas but their
applications are limited up to 100GHz in most of the cases [8].
The integrated substrate lens with planar antenna approach has become very popular because
of its robustness and easy to manufacture compared with the other machined antennas in millimeter
and sub-millimeter range. Recent existing planar technologies allow the accurate production of the
components in a very large number and yet in much lower cost. In fact, the implementation of planar
feed antenna (i.e. log-spirals, double slot, double dipoles, log-periodic etc.) integrated with the
dielectric substrate lenses have eliminated almost all problems associated with the machined antennas
(i.e. feedhorns) in the sub-millimeter wave and THz range applications. So, acquiring precise
knowledge about the geometry and the used materials in the lenses has become very important issue
for the perfect modeling, designing and implementing the antenna.
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In the year 1993 & 1997 Daniel F. Filipovic’s work on double slot antenna integrated with
dielectric lens [2, 6] and in 1988 & 1993 work of Thomas H. Buttgenbach on logarithmic spiral (logspiral) integrated with dielectric lens [9-10], a wide ranges of measurements are carried out for the
beam pattern (up to 600 GHz). C Dietlein et al. [11] used Nb micro-bolometer in the center of a logspiral antenna integrated with 4mm diameter silicon lens to measure beam pattern up to 650 GHz. In
2005 William Jellema et al. have done amplitude, phase and THz beam measurements at 1.1, 1.2 and
1.6THz [12]. They used HEB (hot electron bolometer) double slot lens antenna mixers for the
Heterodyne Instrument for Far-Infrared (HIFI). Recently Alexei D. Semenov et al [13] have measured
input impedance and axial ratios up to 6 THz and beam patterns at 1.87, 2.5 and 4.3 THz using
different feed (spiral, log-periodic and double-slot) with HEB integrated lens antennas.
The improvements in the field of computer simulation technologies have given us the freedom
to model (or estimate) the real environments in the computer and simulate the modeled devices in that
environment to investigate the desired parameters. The electromagnetic (EM) simulation software i.e.
High Frequency Structure Simulator (HFSS), Method of Momentum (MOM) in Advanced Design
System (ADS), Computer Simulation Technology (CST), FEKO, IE3D are now available in the
market for both business and education (research) purpose. All of these mentioned softwares are full
3-D (3-dimentional) EM simulator and each has their own features for consideration. With help of
these softwares, the simulation procedure can be made so accurate that it can remove all the hazards to
calculate (measure) THz beam for the instruments.
Now, under these circumstances proper optimization of the simulation methods becomes very
important. Better understanding of the techniques for the EM simulator solvers is also very sensitive in
this issue. Different simulator use different solving methods, for example FEM (Finite element
method) in HFSS, FDTD (Finite difference time domain) method in CST. So, to handle the simulation
properly, deep knowledge about how the solver works is necessary and different precautions have to
be made when dealing with different methods. It is always desirable to have a well optimized, faster
and less resource demanding simulation method which gives an accurate and reliable result. However,
to optimize the simulation method in a proper way it has to be verified against the other methods
(published) and/or measurements and the errors have to be analyzed also. In chapter-3, a very
thorough investigation has been made about the optimization of the simulation method in CST where
the simulation results are verified against the published results and measurements and the errors have
been analyzed properly.

1.2

Goals
The main difficulty of the computer simulations of the lens antennas is its electrical size, and

hence the large number of mesh cells. It results in a long computation time. For larger lenses,
significant extension of the computer RAM would be required. Model simplification by increasing the
5
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minimum mesh cell size could lead to computational errors. One goal of the project was to find the
trade-off between the computational complexity and the obtained accuracy. Lens antenna
configurations which have been verified experimentally were retrieved from the literature and used in
this project as the result verification. The other goal of the project was to simulate the spiral antenna
properties on an elliptical (extended hemispherical) lens in a broad frequency range (500-750GHz).

1.3

Thesis Outline
The project report is organized as follows,

Chapter 2: Theory, An introduction/overview of the basic antenna parameter related to this project.
A discussion on the lens antenna geometry and dielectric material properties, definition of the
equiangular spiral (log-spiral) antenna, log-spiral equation, antenna resistance and polarization, selfcomplimentary characteristics of log-spiral and beam pattern.
Chapter 3: Design and Simulation of Lens Antennas, An approach to optimize the simulation
procedure in EM simulator CST. For accurate calculation of the beam pattern and the input resistance,
the mesh cell settings and simulation bandwidth is optimized here. Three different experiments are
done and the results are verified with the published measurements.
The design procedure of a lens antenna with a log-spiral feed is shown. Design parameters are
optimized and the results are analyzed to get a constant far field beam and polarization over WR-1.5
band (500GHz to 750GHz) and the antenna input impedance computed up to 2 THz.
Chapter 5: Conclusions and Future Works, Summarize the overall work carried out during the
project and some possible future works are mentioned.
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2 Theory

To select and design an antenna integrated with dielectric lens (can be called hybrid antenna
model) both feed antenna and the dielectric substrate lens design theories have to be well studied. In
the first section of the chapter some basic (or fundamental) antenna parameters are discussed and later
on, basic design theories of the lens and elementary planar logarithmic-spiral antenna are also
discussed.

2.1

Basic Antenna Theory
To start with the antenna basics, at first we need to know some fundamental properties of the

antenna in general. There are some basic parameters needed to be investigated while designing an
antenna. Different applications demand different parameters to be tuned to achieve desired goals.
There are some common basic parameters has been described in this section.
2.1.1 Radiation Pattern
The radiation pattern of an antenna can be defined as the mathematical or the graphical
representation of the radiation properties of the antenna as a function of the space coordinates. Most of
the time, the radiation pattern is calculated in the far-field region as a function of the coordinate
system. The coordinate system can be rectangular (x, y, z), spherical ( , , ) etc. Figure-2.1 illustrates
a simple spherical coordinate system for antenna analysis. In the figure-2.1 it is seen that the

Figure2.1: Coordinate system for antenna analysis

7

is the

A K M ZAKIR HOSSAIN

PLANAR ANTENNAS FOR TERAHERTZ DETECTORS

azimuth plane and

is the elevation plane. Most of the pattern representations are done as the function

of these two parameters. An antenna can have one of the three types of radiation patterns such as,
isotropic, directional and Omni-directional [14]. An antenna can be called as ‘Isotropic’ if it has the
same radiation pattern in all direction. This type of pattern is called as a hypothetical lossless antenna
model which can be considered as an ideal model but not physically realizable. The term ‘isotropic’ is
usually taken as the reference while expressing the directive properties of any antenna. If an antenna
can send/receive radiation energy more efficiently in one or multiple directions than other directions
than it’s called the directional antenna. The omnidirectional antenna is one kind of directional antenna
which have a constant (or directional) beam in one plane (

or

plane) and non-directional in the

other plane [15].
There is another important term which is called principle pattern. Mainly for the linearly
polarized patterns the performance is described in terms of its principle patterns, the E and the H plane
patterns. The E plane corresponds to the vector which consists of the electric-field and the H plane can
be defined as the plane containing the magnetic-field vector. The E and the H plane and there
corresponding field aperture distributions are illustrated in figure-2.2(a). Figure-2.2(b) shows the
rectangular plot of the radiation pattern and the beam widths and corresponding lobs.

(a) Principle E and H- planes and their field distributions

(b) Rectangular Plot of the beam pattern and beamwidth and lobes

Figure-2.2: (a) The E and th H-Plane patterns of an pyramidal horn and (b) rectangular plot of a power pattern and its
associated beamwidths and lobes
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2.1.2 Antenna Directivity and Gain
The term ‘directivity’ can be defined as the ratio of the radiation intensity in a given direction
from the antenna to the radiation intensity averaged over all directions [16] and if in that given
direction the radiation intensity is maximum than it is called the maximum directivity. So, the ratio can
be written as,

=

=

(1)

Where, Dmax = maximum directivity
Umax = Maximum Radiation Intensity
U0 = Average Radiation Intensity

The average radiation intensity can be found from a surface integral over the radiation sphere of the
radiation intensity divided by thee area of the sphere [16] and can be written as follows,

=

∫

∫

( , )

(2)

Where, U ( , ) is the radiation intensity in θ and φ directions.
So, the equation (1) can be re written as,

= 4

(3)
∫

∫

( , )

If the half power beam width (HPBW) of the E and the H plane are known than the directivity can be
also estimated by the following equation (4),

=

Where,

and

41,253

(4)

are the E and the H plane HPBW (or 3-dB beam width) respectively.

The directivity and the gain of any antenna differ only by the efficiency of antenna. If the
efficiency is known than the product of directivity and the efficiency can be directly called as the
antenna gain and can be expressed as in equation (5),

9
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G( , ) =

( , )

(5)

Where, G( , ) is the gain in θ and φ direction.
is the efficiency of the antenna.

2.1.3 Polarization
In figure-2.3, we see the antenna polarization depends upon the polarization of the radiated
electromagnetic wave and the polarization of the electromagnetic wave can be defined as the
orientation of the electric filed vector along the direction of the propagation. The electric field vector
can have different magnitude and directions while propagating. In figure-2.3(a), we see different
components of electric field in x and y directions along direction of the travel. The polarization of an
electromagnetic wave can be classified in linear (i.e. double slots, horns) and circular or elliptical (i.e.
log-spiral) polarization (CP). The linear polarization can be divided into vertical (Eφ) and horizontal
(Eθ) polarization. The circular (or elliptical) polarization consists of both vertical and horizontal
polarization components (illustrated in figure-2.3b). This type of polarization is classified for their
rotation along the axis of propagation and can be divided into right-hand circular polarization (RHCP)
and left-hand circular polarization (LHCP) [17].

(a) Orientation of E-field vector

(b) Horizontal, vertical and circular polarization

Figure-2.3: (a) Orientation of the E-field vector along the direction of the propagation and (b) horizontal (with the x axis),
vertical (with the y axis) and circular (in between) polarization

10
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In short definition, the linear polarization occurs when the field vector has only one
component or two orthogonal components which are 1800 out of phase and the CP can be obtain if the
two orthogonal components have the same magnitude and the delay between them is

(n = odd

numbers) [14]. The elliptical polarization occurs when the orthogonal components don’t have the same
magnitude. It’s called RHCP if the direction of the rotation is anticlockwise and when it has clockwise
rotation can be called LHCP. The information about the polarization properties of an antenna is very
impotent in point wireless communications.
Table-2.2
Theoretical Power Ratio
Antenna Polarization
(Transmitter End)

Antenna Polarization
(Receiver End)
dB

Linear

Vertical

Vertical

0

1

Vertical

Horizontal

-∞

0

Vertical

Slant (450 or 1350)

-3

1/2

Vertical

RHCP or LHCP

-3

1/2

Horizontal

Horizontal

0

1

Horizontal

Slant (450 or 1350)

-3

1/2

Horizontal

RHCP or LHCP

-3

1/2

RHCP

RHCP

0

1

RHCP

LHCP

-∞

0

RHCP or LHCP

Slant (450 or 1350)

-3

1/2

For both transmitting and receiving antenna, it is desirable to have the same polarization for a
good transmission or reception of signal. Table-2.2 shows the theoretical ratio between transmitted
and received power for different polarization. If an antenna is designed for the horizontal polarization
than this polarization will be call as co-polarization and the other (vertical) polarization will be called
as cross-polarization and vice versa. The same rule will be applicable while dealing with the RHCP
and/or LHCP.
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There is another term called ‘axial ratio’ arises while discussing the circular polarization. The
ratio between the maximum electric field (E max) along the major axis and minimum electric field (E min )
along the minor axis is called the axial ratio (equation 6). It can be either expressed in dB or linear.
The axial ratio value 1 represents the exact circular polarization. Any value greater than 1 can be
considered as elliptically polarized. Exact circular polarization is only theoretically achievable. For the
linear polarization (vertical or horizontal) the axial ratio is infinite.

=

2.2

(

)

(

)

(6)

Substrate Lens Fundamentals
As discussed in the previous chapter that when dielectric lens is integrated with the elementary

antenna by replacing the dielectric substrate, most of the radiation occurs in the dielectric substrate
lens side , shown in figure-2.4. Since the radiation occurs at the opposite of the board-side, this type of
antenna also called invers board-side radiating antenna. With help of this criterion, it can be stated that
the lens geometry and the used dielectric materials have a great impact on the radiated beam regardless
of the elementary feed geometry. While designing a quasi-optical device it’s mandatory to have a very
good knowledge about different lens geometries to achieve the desired beam pattern.

Figure-2.4: Resonant Dipole Pattern on semi-infinite plane with

=

and

=

However, there is also another type of lens that is often used with the substrate lenses in a
same system. This type of lens is called objective lens. They are to help collimating the radiated rays
towards a desired direction. Figure-2.5 shows the application of two different kind of lens together
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Figure-2.5: An imaging system including a hyper-hemisphere lens combining with an objective lens

in a setup to form an imaging system. In this section of current chapter further discussions on substrate
lens are done, no discussion on objective lens is included.
The substrate lens can be hemispherical, extended hemisphere, hyper hemispherical and
elliptical [4]. Figure-2.6 illustrates different geometries for the substrate lenses. In figure-2.6(a) we see
that the rays are getting trapped while the angle of refraction (θ) crossing the critical angle (θcrit ) as

(a)

(b)

(c)

(d)

Figure-2.6: Antenna with (a) no substrate lens, (b) hemispherical lens, (c) hyper hemisphere lens and (f) Cartesian oval
(elliptical lens)
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previously mentioned in chapter-1. If a dielectric hemisphere is attached on the back of the substrate
with the same dielectric constant than at the interface between them, there will be no refraction or
reflection. All radiated rays will directly strike the circular surface of the hemisphere without any
disturbance and there will be only loss due to the reflection loss [18]. This type of lens is called
hemispherical lens, shown in figure-2.6(b). By introducing a matching layer of quarter wavelength this
loss can be minimized (or eliminated), the layer also called anti-reflection (AR) coating.
If the hemisphere lens is extended by adding cylindrical plate(s) with the same diameter and
attached with the antenna than it’s called the extended hemispherical lens. The extended portion is
called the extension length of the lens. By extending this length into a certain value two different types
of lens geometry can be obtained. These two geometries are called hyper-hemisphere shown in figure2.6(c) and elliptical is shown in figure-2.6(d). These all geometries are aplanatic in nature i.e. by using
these geometries the coma and the spherical aberration can be vanished.
The hyper-hemispherical lens can be designed by the equation (7). Where, L is the length of
the extension, R is the radius of the hemisphere and n is the refractive index of the lens which is equal
to √

. By changing the extension length (L) to a certain value an elliptical lens can be synthesized.

The value of the extension length can be determined by the equation (8). Where, D is the diameter of
the hemisphere, ‘2a’ and ‘2b’ is the length of the minor and major axis of the ellipse respectively.
From the derivation done by the D. Filipovic in [2], we see the best fit for the silicon
= /

=

lens having an eccentricity e =2.9 = 1/√

(7)

+

−

− 1 . /2

(8)

is, a = 1.03 and b = 1.0791. In the figure-2.7 we see,

different extension lengths to synthesize ellipsoidal lens for different dielectric material. For the higher

Figure-2.7: Synthesis of elliptical lens form extended hemispherical lens for different dielectric materials
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value of the dielectric material, the optimum extension lengths to obtain synthesized ellipse decreases
and the approximation is good for the high dielectric constant (

= 11.7).

Though, with the material dielectric constant 11.7, there is the best fit for the elliptical lens
but in practice due to high contrast of the dielectric constant between silicon and air at the lens/air
interface there might be always a possibility for multiple internal reflections. Again, some rays also
get totally reflected internally due to the Brewster condition. An AR coating can be a very good
solution to reduce this effect. An AR coating is a layer on the substrate lens which has a thickness (d)
of 1/4 times of the λair (quarter wavelength) and the refractive index of the coating material is
following the equation (9).

=

(9)

Where, n1, n2 and n0 are the refractive indexes of AR coating, silicon and the air respectively. The
figure-2.8 illustrates the use of AR coating with thickness of d1 to prevent the reflection at the lens/air
interface.

Figure-2.8: Use of AR coating to reduce the reflection in the lens/air interface

In the next section the elementary log-spiral feed antenna design fundamentals will be
discussed.

2.3

Log-spiral Antenna Design Fundamentals
The planar two arm logarithmic-spiral antenna has come from the family of the antennas

which may be called “frequency independent antennas”. This type of antenna is the first among this
family. Due to the self-complementary structure this type of antenna has a very wide impedance
bandwidth and can exhibit more than 20:1 ratio between upper and lower frequency. The main
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characteristic feature of this type of antenna is that it has the capability of radiating circular or
elliptical polarized energy with a good efficiency over a very large bandwidth [19].
2.3.1 Spiral Equation and Parameters
In the year 1954, Rumsey has pointed out that if the shape of any antenna can be defined
entirely by the angles than the performance of that antenna will be independent of the frequency (for
log-spiral)[20]. The log-spiral consists of a plane curve which is shown in figure-2.9(a) and can be
defined with the equation (10). Where, (r, ) is the polar coordinates for the curve, ‘a’ is a
dimensionless
=

=

(10)
(

)

(11)

constant related with the growth of the spiral with respect to the radial axis from the center of the
spiral and can be defined, a = cot(α) . Figure-2.9(c) shows the outline diagram of a two arm simple
log-spiral antenna.

(a) Equiangular-Spiral Curve

(b) Outline diagram of a single arm log-spiral antenna

(c) Outline diagram of a two arm log-spiral antenna

Figure-2.9: Different curve properties of the log-spiral antenna
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A single arm spiral antenna consists of two identical plane curves rotated by the fixed angle,

with

respect to each other and can be seen in figure-2.9(b). By equation (10) and (11) one complete arm of
the log-spiral antenna can be specified. It’s also seen from the figure-2.9(c) that the other arm of the
log-spiral antenna is exactly in 1800 phase difference. So, the two curves of the other arm can be
defined by the equation (12) and (13). To define a two arm spiral antenna completely, equation (10),
(11), (12) and (13) are needed.
=−

=−

(12)
(

)

(13)

With these four equations the theoretical antenna arm would have infinite length. In real
practice the antenna arm length have to be truncated with a finite length. The length (radius) of the
truncation is called outer diameter (D) and the opening diameter of the spiral arms are called inner
radius (d) of the antenna (fig-2.10). Though different design purpose introduces different criteria to
approximate the upper and lower cutoff frequency of the antenna, the outer diameter and inner
diameter are often used to approximate the bandwidth of the antenna. In [13], the lower and higher
cutoff wavelength is approximated as λmin ~ 20d and λmax ~ 6D which is also followed in this project.

Figure-2.10: Structure of a spiral antenna indicating curves of the two different arms and outer and inner diameter

2.3.2 Radiation pattern

The radiation pattern of a finite length log-spiral antenna is bi-directional in nature. The bidirectional beam is equal in magnitude in the front and the back side of the antenna and it’s
perpendicular to the antenna plane for specific range of parameters. When the each antenna arm
crosses 2

angular path it completes one single turn. The antenna exhibits a very good radiation

pattern for 1.25 to 1.5 turns [19]. The polarization of the radiated beam is circular (or elliptical) in the
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usable bandwidths. When the arm is very short compared to the frequency, the radiation is linearly
polarized but when the arm length is increased (or the frequency increased) the polarization starts to
become elliptical and eventually becomes circular as further increase in frequency or arm length. As
there is no significant change in the radiation pattern, the polarization properties of the log-spiral
antenna can also be selected as a criteria of approximating the upper and lower cutoff frequency.
Figure-2.11 shows the on axis axial ratio of a typical antenna as a function of frequency as it’s
converges close to unity (unity represents exact circular polarization).

Figure-2.11: On axis axial ratios Vs frequency

2.3.3 Input Impedance
The two arm equiangular spiral antenna has two identical arms, only differing by 1800 degree
phase difference. The spiral can be made self-complementary by choosing the parameters very
carefully. If by rotating the structure on the vertical axis by 900 the same structure can be produce
exactly as previous than the structure can be called as self-complementary structure [21]. This type of
structures have a very attractive outcome. They can exhibit constant impedance independent of
frequency over a large bandwidth. The estimation can be done by the equation (16).

Z Z =

1
Z
=
4γ
2

(16)

Where, Z1 is the impedance of the structure.
Z2 is the impedance of the complementary structure.
Z0 is the characteristic impedance.
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For the complementary structure the Z1 should be equal to Z2. If we consider that Z1= Z2 = Z.
Than the equation (16) can be re-written as equation (17),

Z =

Z
1
=
2
2 jωμ⁄(jωε + σ)

(17)

And in the free space the impedance becomes Z = 60π = 188 Ω. The impedance always changes with
the change in the dielectric materials used as the substrate for the antenna. The real part of the antenna
impedance can be also expressed by the equation (18) [22]. With the equation (18), for silicon
(

= 11.7) and quartz (ε = 4.2) the real part of the input impedance can be approximated as 75 Ω

and 117 Ω respectively.

Z =

60π
(18)

(1 + ε )⁄2
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3 Design and Simulation of Lens Antennas
The log-spiral antenna is one of the members of the frequency independent antennas. This
type of antenna radiates elliptical (or circular) polarized beam over a very large bandwidth with a good
efficiency. In this chapter, at first, optimization of the simulation technique is performed and then one
planar log-spiral antenna on an extended hemisphere silicon lens is modeled and optimized to get a
constant beam pattern and polarization. The design software is CST Microwave Studio and the design
goal bandwidth is WR-1.5 (500GHz-750GHz).
3.1

Optimization of Simulation
A careful modeling and reliable simulation procedure of the circuit is the prerequisite to any

good design process. This is very helpful to make any complex design process to function properly so
that one designer can take proper decisions to meet the requirements. For any EM simulator (CST,
HFSS, MoM etc) Mesh Cell Size (or setting) is very important to achieve desired results. One
elementary antenna with a dielectric substrate doesn’t give much trouble in the simulator because it
doesn’t require high number of mesh cell. When the substrate is replaced with the dielectric lens a lot
of mesh cells are needed to achieve accurate results.
Generation of high mesh cells asks for high computer resources. So, a proper optimization is
required in this matter. Later on in this chapter the mesh cell and the simulation bandwidth settings are
optimized for beam pattern, input impedance accuracy and computational time for two different
double slot antennas and one log-spiral on silicon extended hemisphere lens in three different
experiments. No detailed discussion is done on the designs in this section as the focus is more on the
simulation method optimization and verification.
3.1.1 Transient Simulation Optimization
The goal of the optimization is to select a method which would give faster and accurate
simulation result with limited resources (Computing machine strength). There are few factors that the
simulation duration depends on [23]:
1. ‘Input (excitation) signal’ duration, determined by Simulation bandwidth.
2. ‘Output signal’ duration, which can be determined by the complexity of the
geometry and the resonances of the model under study.
3. The ‘Time step width’ used for the numerical solution, which is determined by the
used mesh for the model.
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Selection of the proper simulation frequency range (bandwidth) is very sensitive in CST. In
figure-3.1 we see, the excitation (input) signal is the IDFT (Invers Discrete Fourier Transform) of the
bandwidth. It means the wider the simulation frequency bandwidth, the smaller the

Fig-3.1: Relation between Simulation bandwidth and excitation signal

duration of the excitation signal and the outcome is a faster simulation process. But the bandwidth
cannot be increased indefinitely. This may cause an inclusion of multiple resonances inside the band
which can increase the duration of the output signal. As a result it leads to a longer computational
duration by slowing down the energy decay in the simulator. In that case, dividing the simulation
bandwidth in several intervals where each interval includes only one resonance would be a good idea.
It will reduce the transient activity (output signal duration) and lead to a faster runtime.
The ‘Time step width’ is also has a great impact on the simulation duration. Smaller time step
width will produce long simulation process. The time width is directly influenced by the smallest
distance between two mesh lines (or mesh line ratio limit). The smaller the smallest distance, the
smaller the time step and the longer it takes to simulate the model under study. In the automatic mesh
generation, the default value 10 is a very good compromise to get a start [24]. There are a few points
which can be tuned to obtain efficient simulation duration:

I.

Choosing a proper frequency range for the simulation (which will decrease the
excitation signal length).

II.

By splitting the simulation band into intervals, possible multiple resonances can
be avoided.

III.

For high resonating structure, the feature online AR (Auto Regressive)-filter
can be used.

IV.

Keeping the mesh line limit ratio as low as possible the time step width can be
increased.

V.

Use of the sub-gridding can be helpful if applicable.
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Now, the accuracy of the simulation mainly depends upon the feature called, ‘Lines per
Wavelength’ in the mesh control window of CST. The accuracy and the duration of the simulation
highly dependent upon the density (or number) of the mesh cells and the number of mesh cell in very
closely related with the number of lines per wavelength. This parameter has a direct relation with the
upper value of the chosen simulation bandwidth. High number of line per wavelength generates high
mesh density and can produce quality results but compromises with the computational speed of the
simulation. In figure-3.2 it can be seen that the higher number of lines per wavelength produces denser
mesh cells.
Again, many structures have symmetry planes i.e. double slots antenna, horn antenna, double
dipole antenna, bow-tie antenna etc. By defining the symmetry planes in the boundary condition
window, the mesh cell number can be reduced up to a factor of 4 in many cases. And as we know less
mesh cell requires less computational resources (i.e. memory and simulation duration). In the

(a) 4 lines per wavelength

(b) 8 lines per wavelength

(c) 12 lines per wavelength

(d) 14 lines per wavelength

Figure-3.2: Mesh Density for different number of lines per wavelength.

next section of this chapter above mention techniques are implemented by performing three different
experiments and the effects are verified.
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3.1.2 Double Slot Antenna on Extended Hemispherical Lens at 246 GHz
In this experiment one double slot antenna on silicon extended hemispherical lens is modeled
for 246 GHz as in [2]. The geometry and the dimensions of the modeled antenna and the schematic of
the model in the CST MW studio are shown in figure-7. The wavelength into to the air (λair) is 1.22
mm for 246 GHz and considered as the design parameter for the double slot feed. In figure-3.3 it is
seen that the antenna dimensions are approximated as, the slot length of 2l = 341µm (~0.28λair), the
spacing of d = 195 µm (~0.16λair), the slot width of, W = 24 µm (~0.02λair) and the width of the each
slot of, W/2 = 12 µm. The material used for the lens is silicon (εr = 11.7) and the diameter and the
extension length is 13.7 mm and 1600 µm respectively. The front view of the modeled antenna in CST
MW studio is shown in figure-3.3(c). In figure-3.3(c) the blue colored area is the double slot antenna
with the ground plane which is modeled as a perfect electric conductor (PEC) and the faded blue
colored area is the dielectric lens. Figure-3.3(d) illustrates the side view of the model where the green
colored shape is the silicon extended hemispherical lens.

(a)

(b)

(c)

(d)

Figure-3.3: Dimensions of the double slot antenna (a) & extended hemispherical silicon lens (b) and top view (c) & side
view (d) of the model under study in CST MW Studio at 246 GHz
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After the modeling is done, it has been simulated with different mesh cell densities. The mesh
cell density is controlled by changing the number of lines per wavelength from 4 to 14 with a step of
2. The model is simulated in a machine (computer) which has a 4 core Intel (R) i5 CPU with 16 GB of
physical memory (RAM) (computer 1) and the operating system (OS) is Windows 7 (64-bit). As
previously mentioned, to solve this problem the transient solver is used. The far-field beam pattern
results at 246 GHz are presented in figure-3.4 to see the effect of the mesh cell density (number) over
the beam pattern and how the results converge towards the published result as the mesh density
increases.
The results keep improving as the mesh cell number increases from 1.7 million to 24.3
million. In figure-3.4(d) it’s seen that the result is fairly close to the published result shown in figure3.4(f) but further increase in the mesh density does not give any reasonable impact in the main beam,
only adds accuracy in the side lobe level of the beam. To get more accurate outcome we should

(a) 1.7 million mesh cells

(b) 12.5 million mesh cells

(c) 24.3 million mesh cells

(d) 41.4 million mesh cells

(e) 65.3 million mesh cells

(f) Beam Pattern from Publication

Figure-3.4: The E(red) and the H(green) Plane normalized power pattern for different number of mesh cell at 246 GHz
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take a look into the table-3.2. From this table it is seen that the simulation results for 12 lines per
wavelength setting for mesh cell is very close to [2] comparing to other mesh cell setting. 14 lines also
produce nearly similar results but the computation duration is very high (15 hour and 45 minutes). So,
in this case 12 lines per wave length is a good trade off between the accuracy and runtime. The
publication results are done by analog method and simulation done here is in digital method and the
environment is not CPW so that a little deviation in result is expected.
The table-3.2 also summarizes the different number of mesh cells produced by the different
number of lines per wavelength and their corresponding computational duration in the simulator for a
specific simulation bandwidth. Since the inclusion of multiple resonance in the simulation band width
takes longer time (energy decays slowly), the upper frequency is limited to 0.33 THz (expected
resonance at 0.246 THz) to avoid possibility of any multiple resonance and the lower frequency is
0.1THz to make the excitation signal as short as possible to achieve less computational time.
Table-3.2

Simulated 10 dB Beam Width

10 dB Beam Width from

(Degree)

Publication[1] (Approx)

Mesh Cell
Size

(Degree)

Simulation

Simulation

Duration

bandwidth

(hr.min)

(THz)

4

0.31

0.1-0.33

8

1.42

0.1-0.33

10

3.15

0.1-0.33

Lines per
wavelength

(Millions)
E Plane

H Plane

1.7

n/a

n/a

E Plane

H Plane

12.5

21.4

15.8

24.3

30.8

34.4

41.4

38.4

39

12

9.11

0.1-0.33

65.3

38.5

39.1

14

15.45

0.1-0.33

40

40

To check how much impact the computer resources have upon the computational time, the
same simulations (keeping the same setting) are done in another computer which has two Intel Xeon
E5640 CPU clock of speed 2.66 GHz and 96 GB of RAM (computer 2). A reduction of 60-65% in
computational duration is noticed in this process. Table-3.3 discloses the experimental comparison of
the runtime between two different computers.
Table-3.3
Simulation Duration in
Mesh Cell Size

Lines per

Intel i5(3.33GHz)

(Millions)

wavelength

CPUwith16GB RAM
(hr.min)

Simulation Duration in 2x
Intel Xeno E5640 (2.66
GHz) CPU with96GB
RAM
(hr.min)

1.7

4

0.31

0.13

12.5

8

1.42

0.39

24.3

10

3.15

1.10

41.4

12

9.11

3.40

65.3

14

15.45

5.31
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Few further results are computed for different extension lengths of 2000 µm, 2200 µm, 2600
µm and 3000 µm keeping lines per wavelengths value as 12. The diameter of the lens is kept the same
in this process. Only by changing the extension lengths four different lens antennas are modeled. Very
close agreements have been found with the published results and the simulate results for those
extension lengths.
Table- 3.4
Extension

Simulated Beam Width

Beam Width from

Mesh cell Size

Simulation

Length (µm)

(Degree)

Publication[2] (Approx)

(Millions)

time with

time with

computer 1

computer 2

(hr.min)

(hr.min)

(Degree)

-10 dB

Simulation

-10dB

E Plane

H Plane

E Plane

H Plane

2000

22

22

20

20

68

15.12

5.23

2200

9.2

10.1

10

10

70

15.17

5.30

2600

9

9

8

8

72

15.27

5.44

3000

18

18.2

16

16

75

15.45

5.56

The table-3.4 shows the -10dB beam width comparison (computed and published), mesh cell
density for each lens with their number of lines per wavelength, and different simulation durations for
different computing machine. It can be easily observed that simulated beam widths are very close to
the publication results. The reduction of around 60 – 65 % in simulation duration is also observed
while using a comparatively faster machine.
3.1.3 Double Slot Antenna on Extended Hemispherical Lens at 500 GHz
Another experiment has been performed here to verify the previous experiment settings. The
double slot antenna and the substrate lens have been modeled as in [26]. Figure-3.6 will show us the
dimentions of the modeled double slot antenna and the dielectric Si lens. The results are computed

(a)

(b)

Figure-3.6: Dimensions of the double slot antenna (a) & extended hemispherical silicon lens (b) of the model under study
for 500GHz
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and measured in [7] at 497 GHz so, the far field beam pattern simulation results are done also at this
frequency. The generated mesh cell numbers are 13.8 million and the computational duration in
computer 2 is about 1 hour and 39 minutes.

(a) Simulated E-plane pattern

(b) Published E-plane pattern

(c) Simulated H-plane pattern

(d) Published H-plane pattern

(e) Simulated D-plane co and cross polar pattern

(f) Published D-plane co and cross polar pattern

Figure-3.7: Simulated and published normalized beam pattern comparisons at 497 GHz

The normalized E-plane copolar, the H-plane copolar and the D-plane co & cross polar beam
patterns (both simulated and published) are presented in figure-3.7 for comparison. In the figure-3.7 it
is seen that the published and the simulated beam patterns are very close to each other. The dotted
lines in the publication results are the measured pattern from the original experiment which is not
presented with the simulation section. However we see little deviations between simulated and
published results. This may be due to the absence of the material stycast 1264 in the AR coating and
the environment is not CPW. In the next section of this chapter, investigations are made to see the
impact of different simulation bandwidths on the input impedance and far-field beam patterns.
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3.1.4 Log-Spiral Antenna on Extended Hemispherical Lens
One logarithmic spiral (log-spiral) dipole antenna is chosen from [24] on an extended
hemispherical lens to calculate the input impedance. The log-spiral antennas are chosen for this
particular experiment because they have a self-complimentary structure and are from the family on
frequency independent antenna which has a very broad band impedance characteristic independent of
the frequency (as mentioned in the previous chapter-2). The antenna dimensions are defined same as
[14] having outer diameter (D) of 300 µm and inner diameter (d) of 13 which should cover
approximately from 0.2THz to 1.4THz. The antenna schematic of the model is shown in figure-3.8(a).
Since the beam pattern is mainly controlled by the lens, for the input impedance calculations there is

(a) Log spiral Antenna

(b) Side view of the model

(c) exploded view of the antenna center (feed)
Figure-3.8: (a) modeled log-spiral antenna, (b) side view of the structure and (c) view of the feed

no need of big lens. So, a 1mm diameter extended hemisphere silicon lens with 150 µm of extension
length is used for this experiment to avoid large simulation duration shown in figure-3.8(b). In figure3.8(c) the exploded view of the feed point is shown for the simulation. A lumped port is used here to
simulate the antenna in CST MWS and in the next chapter the same method of excitation is used later
on.
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The above modeled antenna is simulated over different simulation bandwidths 1THz, 2THz
and 3 THz as the upper limit, the lower limit is DC for the impedance characteristics. The antenna
dielectric material has a dielectric constant value of 11.7. So, the real part impedance can be
approximated as 75 Ω from the criteria in [24] and the imaginary part will be negligible. The results
are presented in figure-3.9(a).

(a) Different input Impedance response in CST MW for different bandwidths
XY Plot 1

HFSSDesign1

150.00

ANSOF T

Curve Info
re(Z(LumpPort1,LumpPort1))
Setup1 : Sweep
re(A ctiveZ(LumpPort1:1))
Imported

125.00

Real Impedance

100.00

75.00

50.00

25.00

0.00

0.00

0.25

0.50

0.75

1.00
Freq [thz]

1.25

1.50

1.75

2.00

(b) Different input Impedance response in HFSS for 1THz (black)and 2Hz (red)

Figure-3.9: Simulations for input impedance calculation in different simulator (a)in CST MW and
(b) in HFSS

Form the figure-3.9 it’s seen that there is a lot of variations in the input impedance with the
change in the simulation bandwidth. So, the result is not reliable for the input impedance in CST. But
in HFSS there is no variation in the results for different bandwidth, seen from figure-3.9(b). The
FDTD method is used in CST to solve problems. For this reason, this EM simulator becomes very
frequency sensitive. When the simulation frequency changes, the mesh and the excitation signal also
changes so, the result also changes especially for the impedance calculations. In HFSS the FEM (finite
element method) is used to solve problems and the calculation accuracy depends upon the frequency
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step width (Δf), not on the simulation band width. Also instead of using lens a silicon block is used and
then the boundary conditions are defined in HFSS to calculate the input impedance. Figure-3.10 shows
the structure for the simulation in HFSS where the pink colored area is the defined silicon block. In

Figure-3.10: Antenna layout in the HFSS simulator for input impedance calculation

figure-3.9(b) we see, there is no major variation of the impedance response for different simulation
bandwidth. And comparing with figure-3.9(a) we see, 2 THz response is the closest and acceptable
input impedance response in CST. At 1 THz far-field beam patterns are calculated for different
bandwidth see the effect of different simulation bandwidth on the far-field beam pattern in CST. In
figure-3.11 no variation is observed due to the change in the bandwidth for both E and H-plane.

(a) Phi=0 Plane pattern

(b) Phi=90 Plane pattern

Figure-3.11: The Phi=0 and the Phi=90 -plane far-field patterns for different simulation bandwidths

Another two investigations are done to see the impacts of different mesh cell settings (lines
per wavelength) and different lens structure (size) on the input impedance. The results are shown in
the figure-3.12. The results in figure-3.12 show no significant impacts on the input impedance both for
different lens size and mesh settings. Results for figure-3.12(a) are taken from the previously done
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experiment one (section 3.1.2). Results in figure-3.12(b) are taken from the current experiment by
changing the lines per wavelength from 8 to 12 with a step of 2, keeping the same bandwidth of 1THz.
In the next section this optimization in implemented to design an integrated lens antenna.

(a) Input Impedance for different lens extensions

(b) Input Impedance for different mesh setting

Figure-3.12: Input impedance responses for different (a) lens extensions and (b) mesh setting

3.2

Design Process
The next figure-3.13 will show the steps of the design process of the integrated lens antenna as

follows. The steps are well described in the following subsections.

Figure-3.13: Steps of the design process
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3.2.1 Modeling of the Lens
As we know from the discussions in the previous chapters, the use of substrate lens plays a
very important part while designing antennas for sub-millimeter frequency ranges. The design
frequency in this case is 500GHz to 750GHz. So, the center frequency becomes 625GHz as the
usable center wavelength (λc) is 0.48 mm. Preliminarily the lens is chosen 5 mm in diameter which is
greater than 10 times of the λc. For the higher frequencies smaller lens is recommended. The substrate
lens material is chosen as lossy silicon (

= 11.7) for its high dielectric constant. To reduce the

effect of the internal reflection a quarter wavelengths AR coating layer is introduced on top of the
lens. Following the formula (9), the dielectric constant of coating material is calculated as 3.42 and
defined in CST MW Studio. The thickness of the coating is calculated as 120 µm which is ¼ times of
the center wavelength (λc).
In the simulator at first, a sphere is chosen with diameter 5 mm and in the material properties,
silicon is chosen (see figure-3.14a). Then a cylinder is defined with the same diameter and material
(shadowed color in figure-3.14b) and subtracted from the sphere to create a half hemisphere lens (see
figure-3.14c). The plane surface of the lens is on xy plane in the coordinate system and it’s exactly
the chosen extension length (L) away from the origin in the direction of –z axis. The extension length
will be varied in this case to achieve the desired goal which is explained in later part of the chapter.
Now, again a cylinder is defined with 5 mm diameter with the same material. The height is defined as
the chosen extension length from the origin to the –z direction (shadowed area in figure-3.14d).
Both the half-hemisphere shape and the cylinder having the length ‘L’ are merged together in
the simulator to create the extended hemispherical lens (shown in figure-3.14e). The center of the
extension length cylinder is exactly on coordinate (0, 0, 0) and the center of lens curvature is on (0, 0,
-L). After finishing the lens construction one AR coating layer is added with 120 µm in thickness.
The material is defined in the simulator material properties having,

= 3.42 (see figure-3.14f). In

figure-3.14(f) the light green color represents the AR coating of the lens. Figure-3.14(g) shows the
side view of the modeled extended hemispherical lens with an AR coating.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure-3.14: Steps of the modeling procedure of the substrate lens
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3.2.2 Modeling of the Log-Spiral Antenna
There are two types of logarithmic-spiral (log-spiral) i.e. spiral slot and spiral dipole. Here one
planar log-spiral dipole antenna design procedure is shown. To design a two arm log-spiral antenna we
have to follow the four equations (10), (11), (12) and (13). The first two equations define the one arm
of the antenna and the last two defines the other arm. There are several ways to draw the spiral
antenna. By using AutoCAD drawing software with the help of the equations a 2-D drawing can be
made at first. The design can be exported in format DFX and imported in the CST MWS as the
antenna model. The same can be done in MATLAB by writing a code to generate the two arm 3-D
spiral and import into the CST MWS. But in this project the spiral antenna is modeled with the help of
the macro utility in CST MWS. In the macro utility there is a section named ‘coil’ and in that section
the macro named ‘Logarithmic Planar Spiral’ is used. Figure-3.15 shows the use of this macro window
in CST MWS.

Figure-3.15: Equiangular Log-Spiral Antenna Parameter Control Window

The material of the planar antenna is modeled as perfect electric conductor (PEC) in CST
MWS. In the above window ‘alpha’ corresponds to the parameter ‘a’. The value of ‘a’ is chosen as
0.315 as referred from [23] is the best fit for the self-complementary structure for spiral antenna. This
means that the radial arm of the axis creates an angle 700 with the tangent of the spiral curve at the
point of intersection as showed in the figure-2.9(a). The thickness is kept as low as possible by
choosing as 0.2 µm. The phase shift between two curves of the same arm, delta (δ) is taken as 90
degree which is also best fit for the self-complementary structure. The initial radius is ‘k’ and has been
chosen 5 µm and number of turn has been put 3.
With above mentions value, a one arm spiral will be produced with full 3 turn which is shown
in figure-3.16(a). Then for the other arm all the parameters are kept same, only the initial radius has
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been given ‘-5’µm. Figure-3.16(b) shows the modeled two arm log-spiral with 3 full turns. After this,
the modeled 3 turn antenna has been truncated to 230 µm in outer radius. That produces the final
model of 1.5 turn log-spiral antenna and can be seen in figure-3.16(c). As mentioned earlier in
chapter-2, from the criteria of [13] it can be seen that the lower cutoff wavelength (λmin ) and higher
cutoff wavelength (λmax) can be controlled by the inner/initial diameter (d) and outer diameter (D)
respectively. The criterion [12] approximates the higher cutoff wavelength as λmax ~ 6D and λmin ~
20d. So, with the outer diameter of 230 µm and inner diameter of 10 µm, the λmax and λmin becomes
approximately 1.4 mm and 0.2 mm respectively which makes the lower and upper cutoff frequency of
0.2 THz and 1.5 THz respectively.

(a)

(b)

(c)
Figure-3.16: (a)Single arm spiral with 3 turns , (b) Two arm spiral with 3 turns before truncation and (c) Two arm spiral
with 1.5 turn after truncation

The rotation of the antenna is clockwise seen from the air and anticlockwise seen from the
silicon. So, right hand circular polarization (RHCP) will be considered as co-polar and left hand
circular polarization (LHCP) will be considered as the cross-polarization in this case. Now the next
important parameter to check is the input impedance of the antenna. If the antenna is designed
properly it will have a self-complementary structure. As the used dielectric constant for the substrate
material is 11.7 (silicon) the real part of the antenna input impedance becomes 75 Ω approximately
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(eq-18) and the imaginary part becomes negligible in this case. Through the whole bandwidth it is
desired that the real part of the antenna input impedance stays relatively constant around 75Ω. As we
know from chapter-3 that we don’t need big lens structure to calculate the impedance of the antenna, a
1mm lens is modeled as the dielectric lens with this spiral feed to calculate the impedance up to 2 THz
and the results are shown in figure-3.17.

Figure-3.17: The real and the imaginary impedance of the spiral antenna

From the figure-3.17 it is clearly seen that the real part of the input impedance is staying
relatively constant around 75Ω throughout the whole bandwidth and the imaginary part is also around
zero throughout the whole bandwidth. So, it can be concluded that the antenna has a selfcomplementary structure and also has a nominal bandwidth of 0.2THz-1.5THz.

3.3

Simulation Procedure and Result Analysis
Since the radiation beam is mainly controlled by the size of the lens, to produce a constant

beam pattern, investigation has been made by changing the extension length (L) of the lens by the L/R
ratio while keeping the diameter constant (R = radius of the lens). Table-3.5 shows the different
extension length with respect to the L/R ratio and the figure-3.18, 3.19 and 3.20 are showing the
results of the simulations with different extension lengths for their directivity flatness, half power (3dB) beam width (HPBW) and on axis axial ratios respectively (all the simulations are done without
AR coating at first).
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Table-3.5: Extension Lengths for 5 mm Diameter Lens
Ratio, L/R

Extension Length, L (µm)

0.235

587.5

0.263

657.5

0.292

730 (Hyper hemisphere)

0.321

802.5

0.350

875

0.38

950

0.409

1022.5

0.438

1095

Figure-3.18: Directivities for different extension length at different frequencies
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Figure-3.19: Different HPBW for different extension lengths at different frequencies

Figure-3.20: Different on axis axial ratios for different extension lengths at different frequencies

If figure-3.18, 3.19 and 3.20 are observed carefully, it can be seen that with the results for the
extension lengths 802.5 µm, 875 µm and 950 µm there is a possibility to meet the desired goal and
among three of them 950 µm results are the possible choice of more investigations. So, more results
for the extension length of 950µm are chosen for further thorough analysis. One AR coating of 120
µm is modeled with a dielectric constant of 3.42 as the material and simulated again for 950 µm (L/R
= 0.38). The results are shown in figure-3.21.
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(a) Peak Directivity

(b) On axis axial ratio

phi=0 and phi=90 Plane 3-dB BeamWidth Ratios for 5mm Si Lens

phi=0 and phi=90 Plane 10-dB BeamWidth Ratios for 5mm Si Lens

1.05

1.15

1.1

10-dB BeamWidth Ratios

3-dB BeamWidth Ratios

1

0.95

1.05

1

0.95

0.9

0.9
0.85

0.85
0.5

0.55

0.6
0.65
Frequency/THz

0.7

0.8
0.5

0.75

0.55

0.6
0.65
Frequency/THz

0.7

0.75

(c) 3-dB phi = 0 and phi = 90 plane beam symmetry

(d) 10-dB phi = 0 and phi = 90 plane beam symmetry

(e) Beam pattern (Phi =0)

(f) Beam pattern (Phi =90)

(g) Side lobe level

(h) Total efficiency

Figure-3.21: Results for 950 µm extension length of 5 mm diameter lens
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From the figure-3.21(a) it can be seen that the peak directivity flatness is about 2.3 dBi over
the whole bandwidth (BW). In fig-3.21(b) we see the on axis axial ratio is very close to circular
throughout the band as 1 is called the exact circular polarization. The generated far-field post
processing result data of CST MWS are imported and plotted in MATLAB to get the beam pattern
symmetry between phi=0 and phi=90 plane. Very good 3-dB and 10-dB phi=0 and phi=90 plane beam
symmetry is achieved as the ratio stays between 1.05 to 0.85 for 3-dB and 1.06 to 0.81 for 10-dB beam
widths (see figure-3.21c and figure-3.21d). From figure-3.21(e) and figure-3.21(f) it is clear that the
beams are very similar to each other till 15dB for both phi=0 and phi=90 plane. So, with the designed
log-spiral feed and 5 mm diameter lens, for the ratio L/R = 0.38, nearly constant beam and polarization
is achieved. In this design the maximum directivity is got 30.8 dBi, the polarization is circular, the side
lobe level is in between -16.5dB to -26dB and the total antenna efficiency is between 75% to 65% .
After this 5mm design, some approach has been made to improve the on band directivity
flatness by changing the diameter of the lens while the L/R ratio is kept the same as before (0.38). The
extension lengths for different diameters are shown in the table-3.6. Five different lenses of 4, 5, 6, 8
and 9 mm diameters have been modeled and simulated with the same log-spiral feed by keeping the
same L/R ratio. The results of the peak directivity, on axis axial ratio and beam patterns are presented
in figure-3.22.
Table-3.6: Extension Lengths for Different Diameter Lens with L/R=0.38
Diameter(mm)

Extension Length, L (µm)

4

760

5

950

6

1140

8

1520

9

1710

It is seen from figure-3.22(a) that the directivity increases with the increase in diameter. For
the diameter of 4, 5 and 6 mm, the directivity increases with the increases in frequency from 500 GHz
to 750 GHz but for 8 mm and 9 mm diameter lens, the directivity goes high as the frequency reaches
to 625GHz (center frequency) and then starts to drop as it reaches to the end of the band. From 4 mm
to 8 mm diameter all four results curves are separated from each other but for 9 mm result it’s
observed that due to decrease in directivity the curve intersects with the 8 mm result curve. It’s
assumed that further increase in diameter will decrease the flatness more. In figure-3.22(b) it’s also
proven that the directivity flatness increases till 8 mm diameter and decreases for higher lens size. So,
if the criterion is the directivity flatness, then the choice will be 8 mm diameter lens for this design.
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But if more circularly polarized radiation is needed then higher lens size is a good choice (see figure3.22c).
In Band Directivity Flatness for Different Lens Sizes
2.6
2.4

Directivity Flatness(dBi)

2.2
2
1.8
1.6
1.4
1.2
1
0.8

(a) Directivity vs Frequency

4

4.5

5

5.5

6
6.5
7
Diameter(mm)

7.5

8

8.5

(b) Directivity flatness for different lens sizes

(c) Axial ratio vs Frequency
Figure-3.22: Different results for different lens sizes (a)directivity (b) directivity flatness and (c) axial ratio

Figure-3.23: Final design structure of the 8 mm lens antenna with log-spiral feed
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The figure-3.23 is the final design structure of the antenna. Some more parameters are
calculated in CST MWS to ensure the quality of the design. In figure-3.24, 3-D and rectangular plot of
the radiation pattern at center frequency (625 GHz) are shown. We see that the highest directivity at

(a) 3-D directivity plot

(b) Normalized directivity plot for phi=0 and phi=90 plane

Figure-3.24: 3-D and rectangular directivity plot for 8 mm lens antenna

625GHz is 32.8 dBi and the phi=0 and the phi=90 plane patterns are quite similar till -10dB from the
peak. The 3-dB and 10-dB beam width symmetry is shown in figure-3.25(a) and (b). From both
figure-3.25(a) and (b) it can be seen that good beam symmetry is achieved. Figure-3.26 shows us the

phi=0 and phi=90 Plane 10-dB BeamWidth Ratios for 8mm Si Lens

phi=0 and phi=90 Plane 3-dB BeamWidth Ratios for 8mm Si Lens
1.24

1.15

1.22

1.1

10-dB BeamWidth Ratios

3-dB BeamWidth Ratios

1.2
1.05

1

0.95

0.9

1.18
1.16
1.14
1.12
1.1

0.85

0.8
0.5

1.08

0.55

0.6
0.65
Frequency/THz

0.7

1.06
0.5

0.75

(a) 3-dB beam width ratios

0.55

0.6
0.65
Frequency/THz

0.7

0.75

(b) 10-dB beam width ratios

Figure-3.25: (a) 3-dB and (b)10-dB beam width symmetry for phi=0 and phi=90 plane of 8mm lens

side lobe level and co-polar (RHCP) and cross-polar (LHCP) level of the antenna at phi = 450 plane. In
the fig-3.26(a) we see, inside the band the side lobe levels are most of the time below -23dB which is
suitable for any sub millimeter/THz imaging or astronomical applications. In the phi = 450 plane,
cross-polarization occurs the most and this is the reason to choose this plane for the cross-polarization
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calculation. Less than -22dB cross polarization level is achieved in this case which can be seen in
figure-3.26(b).

(a) Side lobe level

(b) Co- and cross polarization level

Figure-3.26: (a) Side lobe levels and (b) co- and cross-polarization levels of the designed antenna

3.4

Summary
Two different lens antennas have been designed using same log-spiral feed which have a

nominal bandwidth of 0.2 THz – 1.5 THz. The 5mm diameter lens has directivity flatness of 2.3 dBi,
maximum directivity of 30.8 dBi, beam symmetry of 1.05-0.85 for 3-dB and 1.06-0.81for 10-dB
between the phi=0 and the phi=90 plane, the on axis axial ratio is between 1.07 – 1.005 which can be
considered as circular polarization and the side lobe level is below -16.5dB throughout the entire
bandwidth.
The 8 mm lens design has the maximum directivity of 32.8 dBi, the directivity flatness is 0.98
dBi (as expected), the side lobe level is less than -16.5 dBi but most of the time less than -23 dBi in the
band, beam symmetry of 1.05-0.85 for 3-dB and 1.06-1.22 for 10-dB between the phi=0 and the
phi=90 plane, the on axis axial ratio is between 1.08 – 1.02 which can also be considered as circular
polarization and the cross polarization level is less than -22dB. In both designed antenna it is
conclusive that the desired goal of generating constant beam and circular polarization has been meet
over the band WR-1.5 but comparing the both design the 8mm design is the optimum design to pick.
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4 Conclusions and Future Work
This thesis project includes the research on the optimization of the simulation procedure and
design and development of the integrated lens antenna with planar log-spiral feed for THz
applications. In chapter-3, three different simulations has been done to optimize the simulation
procedure in CST MWS. A proper way for the simulation has been found out which gives a reliable
and accurate calculations. Good agreements are found while the experiments results are compared
with the publication results.
The optimized simulation technique is applied to design and develop the integrated lens
antenna with a planar log spiral for constant beam and polarization. In the design all the parameters
have meet their desired goal within the usable bandwidth (WR-1.5). The final antenna (log-spiral
feed) is integrated with 8 mm lens achieving a very high directivity of 32.8 dBi, in band directivity
flatness of less than 1 dB, circularly polarized beam, very good beam pattern symmetry between
dirfferent plane and low cross-polarization and side lobe level.
The manufacturing of the designed antenns and measuring the coupling efficiency and beam
pattern can be considered as one of the future work of this thesis. It can also be suggested that with the
proper alteration of the extension length, the designed antenna can be made more broadband by
reaching the band WR-1 (750GHz-1.1 THz). This investigation also can be considered as another
future work for this thesis project.
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