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Abstract

Wireless communication systems are nowadays widely used in many automotive applications. With the
release of the Ultra Wide-Band in 2002, a low-power channel has been made available, which ensures
a robust communication and ranging capabilities which are key features of such systems. However,
the design of appropriate antennas has become a key challenge in the system design.

This thesis aims at designing antennas for the stationary (on-car) part of an automotive communi-
cation system between the car and a hand-held device (key). To support a simple and miniaturized
linearly polarized hand-held antenna system, the stationary broadband (3-5 GHz) antennas are
circularly polarized.

The first part of the thesis analyzes existing antenna designs which offer a circularly polarized
transmitted wave over a broad frequency range. The second part describes the adaptation of two
promising antenna designs with different radiation characteristics and feeding techniques to the given
requirements.

Kurzfassung

Drahtlose Kommunikation spielt heutzutage in automobilen Kommunikationssystemen eine immer
groflerwerdende Rolle. Mit der Ultra-Breitband-Technologie, der im Jahr 2002 ein Frequenzbereich zur
Nutzung mit kleinen Sendeleistungen zugewiesen wurde, kann ein robuster Kanal fiir breitbandige Pulse
konzipiert werden. Die Konstruktion von Ultra-Breitband-Antennen wird daher zu einem Schwerpunkt
der Systementwicklung.

Das Ziel der Diplomarbeit ist der Entwurf von Antennen fiir den stationiren Teil des Kommu-
nikationssystems zwischen dem Auto und dem mobilen Empfinger (Schliissel). Um eine einfache
Antennenstruktur im Empfanger zu ermoglichen, werden die stationdren Antennen fiir eine zirkular
polarisierte Abstrahlung entworfen.

Im ersten Teil der Diplomarbeit werden bereits veroffentlichte Antennen analysiert. Im zweiten Teil,
werden zwei zirkular polarisierte Antennen konstruiert und ihre Charakteristiken im Hinblick auf die
vorgegebenen Anforderungen ausgewertet.
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1 Introduction

The scope of this thesis is to develop some antenna designs for the on-car part of a ultra wide-band
(UWB) key-less entry communication system according to the requirements given in Section
The final designs will be prototyped and measured in an anechoic chamber.

In this chapter the motivation of the project, as well as its requirements and the structure of
the whole thesis are described.

1.1 Motivation

Wireless communication systems are nowadays widely used in many automotive applications.
With the release of the Ultra-Wide Band in 2002 [I], a low-power communication channel with a
frequency range from 3 GHz to 9 GHz has been made available for the commercial usage.

The possibility of using a broad frequency range and therefore broadband pulses for communi-
cating between the stationary (on-car) and the mobile (key) component, allows the possibility of
accurate and reliable locating the key around a specific entry area around the car.

1.2 Requirements

Frequency Range 3-5GHz

Center Frequency 4 GHz

Minimum Bandwidth | 500 MHz

Geometry Planar

Polarization circular

Antenna Pattern wide main beam width

Table 1.1: Basic requirements for the antennas

A minimum bandwidth of 500 MHz at a center frequency of 4 GHz is required. For an easy
installation on the car, a planar and small-sized geometry is necessary. Since the position of the
receiving antenna cannot be predicted, a circular polarization with an axial ratio close to 1 is
needed. To cover the entrance area of the car, a wide main beam aperture is required.

1.3 Structure of the Thesis

The first part of the thesis defines and describes various antenna parameters which are used to
evaluate the performance of the antenna designs later on. The second part analyzes existing
antenna designs which offer a circularly or dual polarized transmitted wave over a broad frequency
range. The third part describes the adaptation of two promising antenna designs, with different
radiation characteristics and feeding techniques to the given requirements. In the forth part,
prototypes of the final antenna designs are built and their characteristics are experimentally
evaluated. The last part sums up the outcomes of the thesis and gives and outlook on the
upcoming work on the project.



2 Antenna Fundamentals

In this chapter, antenna parameters, which will be used later on, and their definitions are explained.

2.1 Radiation Intensity

The radiation density is the propagating power density associated with electromagnetic field in the
far-field region of an antenna.

The average power density itself can be described by the average Poynting vector W, (curly
symbols are instantaneous fields and quantities) [2]:

W=ExH (2.1)

Wiaw = [W(z, g, 2 1)]aw = %ER[E « H”| (2.2)

W = instantaneous Poynting vector [%]

£ = instantaneous electric-field intensity []
# = instantaneous magnetic-field intensity [2]

For a given direction, the radiation intensity is defined as “the power radiated from an antenna
per unit solid angle” [3]. The radiation intensity is a far-field parameter and can be obtained by
multiplying the radiation density with the square of the distance. Also, the radiation density is related
to the far-zone electrical field [2]:

U=71*Wyaq (2.3)
2

U6, ) = %|E<r,e,¢>\2 (2.4)

U = radiation intensity [ mfiqamgm)
Wraq = radiation denisty [-7]
E(r,0,¢) = far-zone electric-field intensity of the antenna
n = intrinsic impedance of the medium (no = |/£% = 276.8Q2)
The total radiated power P,,q4 can be obtained by integrating the radiation intensity over a closed
surface () around the antenna (Equation [2.5]) [2].

2

Pra = 74 U dQ = / / Usin(0) 0 do (2.5)
Q 0 0

For an isotropic source with of which the radiation intensity Uy is constant with the angles 6 and ¢,
the radiated power can be computed in Equation [2.6

PradO = j{ Uo dQ = Uo%dQ = 47T' Uo (26)
Q Q
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2.2 Input Impedance

The input impedance is defined as “the impedance presented by an antenna at its terminals”. [3]
This impedance can be obtained by the ratio of the voltage to current at the antenna terminals

(Figure [2.13)). [2]
Za=Ra+jXa;Ra=R, +Rp (2.7)

Z 4 antenna impedance at terminals a-b [Q]
R, antenna resistance at terminals a-b [Q]
R, radiation resistance of an antenna [{]
Ry, loss resistance of an antenna [

X4 antenna reactance terminals a-b [Q]

2.3 Directivity

The directivity of an antenna is “the ratio of the radiation intensity in a given direction from the
antenna to the radiation intensity averaged over all directions. The average radiation intensity is equal
to the total power radiated by the antenna divided by (the maximum steradiant angle) 4x. If the
direction is not specified, the direction of maximum radiation intensity is implied” [3]. The general
definition of the directivity is presented in Equation [2.8] while the maximum directivity is given in

Equation [2.9]

AnU(6,¢) U
D,¢) = ————= = — 2.8
(6, 9) P Uo (2.8)
U|max Unmaa AmUnas
Dipaw = Do = = = 2.9
T U, Uo Prad (2:9)

Uy reference radiation intensity of an isotropic radiator

Looking again at an isotropic source, Uy, 4, and Uy are equal to each other, which leads to a constant
directivity of D = Dy = 1.

For sources with orthogonal polarization components (Eg and Ey) the directivity can be separated
into two partial directivities Dy and Dy, [2]

Doy =Dy + Dy (2.10)
47TU9
Dy = 2.11
o (Prad)o + (Prad)e (2.11)
4
Dy = s (2.12)

(Prad)e + (Prad)¢

2.4 Efficiency

Every antenna is characterized by some efficiency factors, which can be defined in terms of different
phenomena such as the input reflection coefficient (I') and dielectric and conductive loss currents (iq

and i.) in Figure [2].

Master Thesis — Philipp Franz Freidl



Chapter 2. Antenna Fundamentals 4

71, reflection efficiency describes the losses at the input terminals due to mismatch
between the antenna and the transmission line (Equation [2.13]);

R,
S L 2.1
wi= (g ) (213)

nea radiation efficiency describes the conductive and dielectric losses (I?R) within the
antenna structure (Equation [2.14]).

Zy— 7Z;
Mr = (1 - |F|2) = (Z(]+Z> (2.14)
g m

1o is the total efficiency of an antenna and varies between 0 and 1.

N0 = NedMr (2.15)

— |
] /:
) ==
e, .

: <, |
| |
1 !
| |
! i

XA Input Ou!‘pul

terminals terminals

(a) Thevenin equivalent circuit (b) reference terminals and losses of an antenna

Figure 2.1: Thevenin equivalent circuit and reference terminals and losses of an antenna [2]

2.5 Gain

The gain G(6, ¢) of an antenna is a useful measure to determine its performance. It is closely related
to the directivity D(f, ¢), which is only describing the directional properties of the antenna but does
not include the efficiency.

The normal gain G(6, ¢) takes only conductive and dielectric losses into account, while the realized

3

gain (or absolute gain) G,.(0, ¢) considers the whole system losses [2].

G, (97 d)) = 77r77cdD(9» ¢) = 770D(<97 (b) (217)

2.6 Beamwidth

The main beam aperture (or half-power beamwidth, HPBW) is the angle between the two directions
where the radiation dropped to the half compared to the maximum radiation (Figure 2].

Besides the half-power beamwidth, a first-null beamwidth (FNBW) which measures the separation
angle between the first nulls of the pattern, can be defined [2]

Master Thesis — Philipp Franz Freidl
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Radiation
4 intensity
Main lobe
i Side lobe
Minor lobes HPBW.
FNBW: Back lobe
) | | LYTNTS >
< i i I >
L 0 L S

Figure 2.2: Main beam aperture and radiation lobes of an antenna pattern [2]

2.7 Radiation Lobes

The radiation pattern of an antenna (Figure can be divided in several lobes (areas with a local
maxima bounded by regions of relative weak intensity). These lobes can be sub-classified into [2]:

main lobe “the lobe containing the direction maximum radiation (also referred as major lobe)”,
minor lobe “any radiation lobe except a main lobe”,
side lobe “a radiation lobe in any direction other than that of the major lobe”,

back lobe “a radiation lobe whose axis makes an angle of approximately 180 degrees with respect to
the beam axis of an antenna” [3].

2.8 Polarization

The polarization of a radiated wave is defined as “that property of an electromagnetic wave describing
the time-varying direction and relative magnitude of the electric-field vector; specifically, the Figure
traced as a function of time by the extremity of the vector at a fixed location in space, and the sense
in which it is traced, as observed along the direction of propagation.” Therefore, polarization can
be represented by the curve which is traced by the end point of the arrow which is representing the
instantaneous electric field (Figure [2.3a]). [2]

For different Ey(r;t) and E4(r;t) 3 different main types of polarization can be defined:

2.8.1 Linear Polarization

The tip of the field vector of a linear polarized wave is oriented on the same straight line for every
instant of time (Figure [2.3c|). This is accomplished by having either only one component, or two
orthogonal components which are in phase or have a phase-shift of a multiple of 180° [2].

Ap =g — pp =nm,n=0,1,2,3,... (2.18)

Master Thesis — Philipp Franz Freidl
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2.8.2 Circular Polarization

The tip of the field vector of a circularly polarized wave travels along a circle (Figure [2.3d)). To achieve
this, the two orthogonal components of the electric field must have the same magnitude, and a phase
shift of an odd multiple of 90 °.

|Zo| = |Es| = Eop0 = Ep,0 (2.19)
1
A(b:(bg—(b¢=:|:(§+n)7r7n20,1,2,37... (2.20)

According to [2]: “The sense of the rotation of the instantaneous electric-field vector is determined
by rotating the phase-leading component toward the phase-lagging component and observing the field
rotation as the wave is viewed as it travels away from the observer. If the rotation is clockwise, the
wave is right-hand (or clockwise) circularly polarized (RHCP); if the rotation is counterclockwise, the
wave is left-hand (or counterclockwise) circularly polarized (LHCP). The rotation of the phase-leading
component toward the phase lagging component should be done along the angular separation between
the two components that is less than 180°. Phases equal to or greater than 0° and less than 180°
should be considered as leading whereas those equal to or greater than 180 ° and less than 360 ° should
be considered lagging.”

2.8.3 Elliptical Polarization

The tip of the field vector of an elliptically polarized wave traces an elliptical curve (Figure .
As this is the most general case of polarization, the elliptical polarization can be achieved by two
orthogonal field components with different magnitude and a phase shift different to 0° (which would
lead to a linear polarization) or a multiple of 180°, or the same magnitude and a phase shift different
to an odd multiple of 90° [2].

The sense of polarization for elliptical polarization is determined in the same way as it is done for
circular polarization (Section

2.9 Axial Ratio

In any elliptical polarized wave, two orthogonal components of the electrical field exist (Figure .
The axial ratio defines the ratio between the major component and the minor component (Equation
2.21)). For a circularly polarized (CP) wave, those two components have an equal amplitude, and
therefore an axial ration of 1. B

AR = —majord (2.21)

Eminor,O

2.10 Bandwidth

The bandwidth of an antenna is defined as “the range of frequencies within which the performance of
the antenna, with respect to some characteristics, conforms to a specified standard [3].”

The bandwidth can be considered as the range of frequencies around a center frequency, where
the variation of the respected characteristics (such as input impedance, patterns, beamwidth, beam
direction, gain...) is within an acceptable range (Figure .

Since the respected antenna characteristics do not necessarily vary in the same manner. Therefore
there is no unique bandwidth. The set of characteristics which is used for the characterization of the

Master Thesis — Philipp Franz Freidl
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E‘P \ Ego t{‘q’
r
Minor axis
Major axis
(b) polarization ellipse [2]
o
A
Eego
W4 |
E‘(pO =£ip '{;¢
(c) linear polarization [2] (d) circular polarization [2]

Figure 2.3: Rotation of an electromagnetic wave and its polarization ellipse

bandwidth is chosen in each case to meet the needs of the application. Usually there is a distinction
between pattern and input impedance variations (pattern bandwidth and impedance bandwidth) [2).

S11 over frequency

0 \ \ \

—10dB bandwidth

-30 I I I I I I I I
3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8

frequency [GHz]

Figure 2.4: Input impedance bandwidth of a tapered slot antenna
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2.11 UWB Parameters

Different to common narrow-band antennas, ultrawide band antennas require additional properties
and representations do validate their suitability for different applications. Using linear system theory,
the characteristics of an antenna can be completely described in the time-domain impulse response
h(t,0r,, ¢7,) or the frequency-domain transfer function H(f, 1., drs)

Using the Hilbert transform #, the analytical impulse response h™(¢) can be calculated:

hE(t) = (h(t) + jo{h(t)}) (2.22)
The envelope |hT(¢)| of the analytical impulse response gives an overview of the distribution of the

transmitted energy over the time in a given direction [5].

Impulse Response and Envelope Function

- T T T L
S p(6.0) —— impulse response

0,75 Y --- I

) s envelope

0,5 \ |

v Trwhm

— 0,25 e T _
£ o1 /\]\“~‘ Pl | N .
E 03 W V\N\)me
= 01 ]
< -0,25 1

—0,5 |
-0,751 U U .
| | | | | | |

2 3 4 5 6 7 8 9 10
time [ns]

Figure 2.5: Impulse response and its envelope of a tapered slot antenna

2.11.1 Peak Value of the Envelope

The peak value of the envelope p(6, ¢) indicates the maximal value of the envelope of the analytical
impulse response (Figure . High values are preferred as the signal carries higher energy [5].

p(0,6) = max|h (1,0, ) (2.23)

2.11.2 Width of the Envelope

The width of the envelope describes the broadening of the radiated impulse and is defined as the
width of the magnitude of the analytic envelope at half maximum (FWHM). A small envelope width

is desirable (Figure [5].

TEWHM = 01|t ey mpya ™ P2lesct n )12 (2.24)

2.11.3 Ringing

The ringing of an antenna is the duration of the oscillations after the main peak, which is defined
as the time until the envelope has fallen from the peak value p(0, ¢) below a lower bound ap(d, ¢)
(Figure [2.5)). Desirable is a small ringing [5].

Tr=a = 1t 1) (map — 241 <t 1t (1) (= (2.25)

Master Thesis — Philipp Franz Freidl
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2.11.4 Group Delay

The group delay 7, of an antenna describes the frequency dependent time delay (Figure . The
parameter of interest is the relative group delay 7, ¢, which is the deviation of the group delay
from the mean group delay 7,. The latter characterizes a trend variation of the group delay over the
frequency [5].

Tg(w) = —dﬁf) (2.26)
Ty = ﬁ /Tg(w)dw (2.27)
Tgrel = Tg(w) — 74 (2.28)

Group Delay Time in ns

group delay time [ns]
o o
o <]

I
IS

group delay

o
N
T

= = =~ mean group delay
I I I I I I I I I j

3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5
Frequency [GHZz]

w

Figure 2.6: Impulse response and its envelope of a tapered slot antenna

Master Thesis — Philipp Franz Freidl



3 Evaluation of Dual- and Circular-Polarized
Broadband Antenna Solutions

In this chapter, the outcomes of a literature research which has been made according to the requirements
in Section [.2] are documented and discussed.

In the precedent literature research, several designs of circularly-polarized broad-band and ultra-wide
band antennas have been gathered using common resources such as the IEEE archives.

To provide a common base for the evaluation of the proposed antennas, the presented designs have
been modeled and simulated in CST Microwave Studio (further referred as CST, [6]). CST provides a
variety of three dimensional electromagnetic field solvers in time and frequency domain and integrates
a CAD module as well as a toolbox for processing the simulation output.

3.1 Coordinate System

All simulated models have been aligned in a way that their main beam points in the direction of the
z-axis of the Cartesian coordinate system. This means that broad-side antennas such as the patch
antenna (Section are placed in the x-y plane and end-fire antennas such as the antipodal tapered
slot antenna (Section are aligned on the z-axis (Figure .

z’ 2

(a) broad-side antenna (b) end-fire antenna
Figure 3.1: Alignment of simulated models and their far-field (in CST)

10
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3.2 Coplanar Waveguide-Fed Square Slot Antenna

This antenna design (further referred as slot antenna) was proposed in [7]. In this paper, the antenna
has been dimensioned for a center frequency f. between 1965 MHz and 2000 MHz and a 3 dB axial
ratio bandwidth in the broadside direction between 18 % and 19 %.

Since not all necessary diagrams have been presented, the antenna was simulated in CST Microwave
Studio in order to give a more detailed overview of its performance.

3.2.1 Geometry

The proposed geometry is based on a square slot with the length L = 40 mm. The slot is fed by a
microstrip which is connected to a 50 CPW. To force an orthogonal distribution of the E-Field
within the slot (and therefore a circular polarization) and to increase the bandwidth of the antenna, a
T-shaped metallic strip is protruded from the left edge of the slot.

The dimensions of this antenna are 70 x 70 mm?

L,
1
L

<« ground plane

E

g Sl e

/SO-Q coplanar waveguide

Lhi & |

Figure 3.2: Geometry of the slot antenna as proposed in [7]

Master Thesis — Philipp Franz Freidl
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3.2.2 Antenna Characteristics

All graphs have been created based on a simulation of the second antenna model presented in [7]. The
metallic parts have been assumed to be perfect electrical conductors and the dielectric substrate has
been assumed to be loss free.

As mentioned in Section 3.1} the antenna has been placed in the xy-plane. Therefore, the xz-plane
and the yz-plane represent a sweep of 6 for ¢ = 0° and ¢ = 90 °, respectively. Phi and Theta are the
two orthogonal components of the electric field in the given point.

f=1.74GHz
5 T
0 = =
ST ";‘,‘:“"‘Hw“‘-w“” i, Tt T T
5_107 \\\\\ ///,/ \\\ \\ 7 7
c ‘& ’7 o ’
£ -15- W o R r, N
2 N i Ny
8 207 W Wt |
T —25- \, " A l,l
g v N —— Phi (x2)
—-30- \\ f “.I" = = —Theta (xz) []
a5 i i v Phi (yz)
! -~ Theta (yz)
—40 i i i i i i :
-150 -100 =50 0 50 100 150
6 [degree]
(a) 1.74 GHz
f=2.15GHz

o
=X
£
©
(=]
=
()
N 1
©
© _30- Yy v — Phi (xz)
L v - = - Theta (xz)
_a0k 0 cPhi(yz) |
‘ ‘ ! ‘ ‘ ‘ ‘ -~ Theta (yz)
-150 -100 -50 0 50 100 150
6 [degree]
(b) 2.15 GHz
f=2.56GHz

Figure 3.3: Realized gain of the slot antenna.
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S
f=
[
(=]
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I
g -30- < ‘ vt — Phi (xz)
N ‘ [
\ )/ - - -~ Theta (x2)
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i ‘\,’ i i i ‘ ~ '~ Theta (yz)
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At the center frequency (f. = 2.15 GHz, middle), the main beam (at 8 = 5°, 86.7° wide) shows
a good axial ratio (Figure [3.17). For both frequency limits (f; = 1.74 GHz, top and f» = 2.56 GHz,
bottom), the secondary component of the electric field is 1-2 dB smaller than the main component.

The asymmetric radiation pattern is caused by the T-shaped ground strip (Figure |3.3)).

S11

Frequency [GHZz]

Figure 3.4: Sq; of the slot antenna over the frequency

As shown in Figure [3.16] there are two resonant frequencies from the two resonating modes which
are necessary to obtain the circular polarization (fg1 = 1.85GHz and fre = 2.225GHz). The
limit frequencies at S1; = —10dB are f; = 1.74 GHz and f; = 2.56 GHz. The center frequency is
fe =2.15GHz.

Axial Ratio
10 T

Axial Ratio

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Frequency [GHZ]

Figure 3.5: Axial ratio of the slot antenna over the frequency
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3.3 L-shaped Probe and L-shaped Wide-Slot Antenna
This antenna design (further referred as probe antenna) was proposed in [8]. During the verification of

the results which have been presented in the paper, a modification of the impedance matching circuit
has been made.

3.3.1 Geometry

In order to excite the two needed components of the electric field (Ey and Ey), an L-shaped probe is
used. The wide slot on the backside of the antenna is used to increase the bandwidth. To improve

I z Dielectric substrate: 4
: ; / \\ L7z
Er “] ‘ -
e L
Sht b y GL-' £ L
AN e -
€ e Fi
_‘?L..__,. =X ¥ I
L_s'wf/ -/2 ‘ufi bi 3 s TRl . Y
Ll Wf‘ - Lﬂ . Lz
——— ‘Fﬁedpnrt =

L
Figure 3.6: Geometry of the probe antenna as proposed in [§]

the axial ratio, an L-shaped slot was chosen, to cover the area of y < 0 and z < 0 where the electric

field rotates in the counter direction of the circular polarization. The dimensions of this antenna are
50 x 50 mm?
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3.3.2 Antenna Characteristics

All graphs have been created based on a model of the second antenna model as defined in [8]. The
matching structure has been modified in order to match the antenna input impedance to 50 2.

f=3.73GHz
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— Phi (xz)
— = ~Theta (xz)
© Phi (yz)
~ '~ Theta (yz)

0
0 [degree]

(c) 4.87 GHz

Figure 3.7: Realized gain of the probe antenna.

The pattern shows a non-optimal axial ratio (Figure in the main beam (0 = —10°, 71.2° wide).
Due to the asymmetric form of the L-shaped slot, the radiation pattern shows a variation of its shape
over the frequency range. (Figure [3.7))
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Figure 3.8: Sq; of the probe antenna over the frequency.

The resonant frequency fr = 4.2 GHz. The difference of the -10dB-bandwidth between the results
in [8] and the presented simulation comes mainly from a mismatching of the feeding circuit (Figure

3-8).

Axial Ratio
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5 | | |

Figure 3.9: Axial ratio of the probe antenna over the frequency
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3.4 Slot/Strip Loop Antenna

This antenna design (further referred as loop antenna) was proposed in [9]. The structure is formed
by a planar geometry with a metallic back cavity to improve the bandwidth.

3.4.1 Geometry

The antenna design is a combination of a slot and a strip loop. Both are radiating a circularly polarized
wave on two different center frequencies. The feeding structure is a 50 Q2 microstrip line with a coupling
stub and an open stub to match the impedance. The dimensions of this antenna are 62 x 36 mm?

We

Coexial fins | Fetding line Subsieets | |y

g Cavity
X

Figure 3.10: Geometry of -th-e-slotystr_ip loop antenna as proposed in [9]

3.4.2 Antenna Characteristics

All graphs have been created based on a of the slot/strip loop antenna, proposed in [9]. The metallic
parts have been assumed to be perfect electrical conductors and the dielectric substrate has been
assumed to be loss free. To comply with the requirements of the thesis in terms of planarity and thin
structure, the cavity has been neglected during the simulations.

The radiation pattern (Figure shows a relatively narrow main beam width (37.4° at § = —7.7°)
and a relatively high gain (6dB in the main beam direction).
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Figure 3.11: Realized gain of the loop antenna; top: 5.7 GHz,

7.03 GHz
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S11

S11 [dB]

6
Frequency [GHZz]

Figure 3.12: S;; of the loop antenna over the frequency

The two resonant frequencies (fr; = 6GHz and fro = 6.64GHz) are caused by the two loops of the
antenna design. The two -10dB-limit frequencies are at f; = 5.7GHz and fy = 7.03GHz (Figure [3.12]).
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Figure 3.13: Axial ratio of the loop antenna over the frequency.

The axial ratio (Figure [3.13)) shows a quite stable behavior over the usable frequency range
(5.5-6.5GHz).
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3.5 Circularly Fed Patch Antenna

The original antenna (further referred as patch antenna) was proposed in [I0]. To ease up the
simulations, the bottom foam layer was neglected. The feeding via coaxial probes were also replaced by
microstrip feeds. This leads to a reduction of the bandwidth, as well as a reduction of the maximum
gain, because of the narrowband feeding method.

3.5.1 Geometry

Top patch Down patch

Substrate

gr |

Capacitance-compensated patch

Figure 3.14: Geometry of the patch antenna as proposed in [10]

The antenna consists of two patches separated by a foam layer. The bottom patch is fed by 4
micro-strip lines which have a geometrical and an electrical phase-shift of 90 degrees. This feeding
technique ensures a stable phase center and a low axial ratio. Due to the change of the feeding
technique, the bottom foam layer has been neglected. The dimensions of this antenna are 50 x 50 mm?
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3.5.2 Antenna Characteristics

Realized Gain (f=3.43GHz)
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Figure 3.15: Realized gain of the patch antenna.

The radiation pattern shows a main beam at § = 0° with a width of 79.5° (Figure [3.15]). Due to
the feeding technique, the bandwidth of the simulated model is very small. Still, the two resonant

frequencies (fr1 = 3.5 GHz and fra = 3.95 GHz) are visible. These resonant frequencies are related to
the different sizes of the two patches (Figure |3.16]).
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Figure 3.16: Sq; of the patch antenna over the frequency
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Figure 3.17: Axial ratio of the patch antenna at different frequencies

The patch antenna shows a very stable behavior of its axial ratio over the frequency range (Figure

B1).
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3.6 Antipodal Tapered Slot Antenna

In contrast to the previous presented antennas, this antenna (further referred as tapered slot antenna)
which has been proposed in [IT], is an end-fire radiator. Also, this antenna design cannot be mounted
directly on a metal surface to avoid shorting the electric field of the radiator.

3.6.1 Geometry

This antenna design uses a linearly tapered slot antenna (TSA) which has a linear-polarized wide-band
end-fire radiation. Instead of the common CPW feed, a substrate integrated waveguide (SITW) is used
to excite the TSA with a T F11-like mode.

CPW to STW
ae =
tt\‘anmnon
Polystyrene Rod Feeding STW _ =3
{12.5mm diameter) waveguide
TSA part &
RCP 2 <
o
o =2

LCP P

Figure 3.18: Geometry of the tapered slot antenna
as proposed in [11]

Using a relatively thick substrate, a circular polarization can be achieved. The protruded polystyrene
rod is used to increase the axial ratio bandwidth of the antenna itself.

3.6.2 Antenna Characteristics

To create the graphs for the antipodal tapered slot antenna, the design presented in [II] has been
reproduced. To simplify the model, the feeding structure has been replaced by a waveguide-port which
excites the substrate integrated waveguide.

The antenna shows good performances in the main beam direction (6 = 0, 73.8° wide at 11.80 GHz)
and a good axial ratio in the lower frequency range. Due to the lack of informationg regarding some
geometrical parameters, a slightly different input reflection coefficient has been obtained with respect
to the results in [II]
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Figure 3.19: Realized gain of the antipodal tapered slot antenna.
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Figure 3.20: S1; of the antipodal tapered slot antenna over the frequency

The reflection coefficient of the tapered slot antenna shows the typical behavior of a tapered slot
antenna (Figure [3.20). The shift of the center frequency with the optimal matching can be explained
by the mismatch between the simulation model and the presented design.
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Figure 3.21: Axial ratio of the antipodal tapered slot antenna
As already mentioned before, the antenna shows a good axial ratio (Figure [3.21]) for a relatively

wide frequency range (9 — 13GHz). Differently to the presented design, there is a shift between the
center frequency of the matching and the center frequency of the axial ratio.

Master Thesis — Philipp Franz Freidl



Chapter 3. Evaluation of Dual- and Circular-Polarized Broadband Antenna Solutions 26

3.7 Comparison and Summary of the analyzed Antennas

Table compares the proposed antenna designs which have been described in the previous sections.
Besides geometrical parameters such a the overall dimension and the number of feeds, the input
impedance bandwidth and far-field pattern parameters have been used as criteria for this comparison.

Characteristic Slot Probe Loop Patch Tapered Slot
Number of 1 1 1 4 1
ports

Dimensions T0x70x 1.7 | 41 x41 x0.9 | 62x36x0.3 | 70 x 70 x 12.7 | 8 x 47 x 12.5
[mm?]

Center 1.96 5.5 6.35 3.35 10
frequency

[GHz]

Bandwidth 865 2500 1270 1700 2900
[MHz]

Relative 44.1 45.5 20.0 50.7 29.0
bandwidth [%]

Main beam broad-side broad-side broad-side broad-side end-fire
direction

Main beam 5 10 0 0 0
direction tilt

[6/Degree]

Main beam 86.7 71.2 37.4 79.5 60
width [Degree]

Main lobe 3.3 4.2 7.7 5.0 9.1

magnitude [dB]
Table 3.1: Comparison of circular and dual polarized broadband antennas

According to Table two antenna designs, the patch antenna and the tapered slot antenna, have
been selected to be implemented.

Patch antenna This antenna is the only proposed design which has more than one excitation port.
Due to this feeding technique, the antenna provides a very stable behavior of the axial ratio in
the frequency domain, as well as in the radiation characteristics.

Tapered Slot antenna This design is the only end-fire antenna which has been evaluated. Besides
that, the design provides a wide bandwidth for the reflection coefficient as well as for the axial
ratio.
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Table[3.2]lists advantages and disadvantages of the recommended antennas, including the perspectives
manufacturing and operation, which have not been discussed so far, but have influenced the final

decision.
Characteristic Patch Tapered Slot
Grounded yes no
backplane
Beam direction | broadside end-fire
Feeding complex simple
Feeding Ports 4 1
Axial Ratio very good good
Manufacturing easy complex

Table 3.2: Advantages and disadvantages of the recommended antenna designs
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4 Implementation of the Dual-Polarized
Patch Antenna

The requirement of a low profile antenna suggests the usage of a microstrip structure. These antennas
do not only provide a compact design, but they are also easy and cost-efficient to manufacture.
However, they usually have a very narrow impedance bandwidth. To overcome this issue, different
broadband feeding techniques have been introduced in the past [12] [13] 14, [T5].
Differently from the circular-polarized patch antenna presented in Section [3.5 an aperture-coupled
dual-fed antenna design has been chosen [I6]. This decision was made because this design allows an
easier manufacturing process compared to other designs.

4.1 Design Elements

The basic design of this antenna has been presented together with the dual-fed square ring slot in [16].
It consists of three main parts: the patch (Figure [4.2a]), the slot plane (Figure with the feeding
network (Figure and the reflector. These parts are separated by air layers. They ensure a correct
distance between feed and reflector and increase the impedance bandwidth of the patch antenna itself.

< subst_| >
subst_h i Substrate
s« Patch
air_top | Air top
e <— Sjot plane
subst_h i Substrate
——— Feed line
arbonom[ Air bottom
ref_h ¢
< ground_| >

Figure 4.1: Stack up of the dual-polarized patch antenna.

4.1.1 Patch

Patch antennas consist of a very thin (¢ < g, where )¢ is the free-space wavelength of the resonant
frequency) metallic strip (patch) placed above a ground plane. The strip and the ground plane
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[ 1sqns

>
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e—{ TqIs—>
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stub2_|
(c) feeding layer
Figure 4.2: Geometries of the two layers of the dual-polarized patch antenna.

i tors——>»

are usually separated by a thin dielectric substrate. The length of a rectangular patch is usually
Ao/3 < L < A\g/2 (Figure [4.3)). Due to a properly excited mode beneath the patch, the antenna is
radiating towards the broadside direction (the maximum of the radiating pattern is normal to the

patch) [2].

Using the cavity model, a patch antenna can be described as a dielectric loaded cavity with electric
conductors on top and bottom and perfect magnetic conductors as sidewalls (as open circuit condition)
around the patch (Figure [f.4b). Using this boundary conditions, the field configuration withing the
cavity can be calculated using the vector potential A, (Equation [4.1). Depending on the geometrical
parameters of the patch antenna, the dominant mode can be either: TMg, (Figure[d.5a)) if L > W > h
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A X
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hi Substrate
e

Ground plane
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(a) Stack up (b) Geometry
Figure 4.3: Stack-up and Geometry of a simple rectangular patch antenna [2].

or TMg,, (Figure [I50) if W > L > h [2).

V2A, +K*A, =0 (4.1)
1 1Z0)
res = = 4.2
f ,010 2L\/ﬁ 2L\/a ( )
1 I40)
res = = 4.
fresom = 5577 = i (4.3

where v is the speed of light.

<
<
I
|
|

(a) Rectangular patch (b) Cavity model
Figure 4.4: Rectangular patch antenna and its equivalent cavity model [2].

For W = L, both modes have the same resonant frequency, which allows both modes to be excited
at the same time. However, depending on the position of the feed, only one of them will be excited.
Assuming that the patch is fed from the y direction, the TM{,, mode will be excited.

We assume that )

L= 3 (4.4)

the calculation of the magnetic current densities (M) along the sidewalls of the cavity shows that
the current densities along the walls in z-direction have the same magnitude and phase, while the
current densities along the walls in y-direction cancel each other. These current densities can be seen
as magnetic dipoles which represent the two radiating slots. The constructive interference of the field

radiated by the two slots results in the overall transmitted field in the x-direction.
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Figure 4.5: Field configurations (modes) for a simple patch [2].

4.1.2 Feeding Structure

Together with the microstrip line, the coaxial probe and the proximity coupling, the aperture coupling
is one of the most popular feeding techniques. Due to the non-contacting feeding approach, the
aperture coupling overcomes the inherent asymmetries of the microstrip line and coaxial probe feeding

techniques [2].

A
77 Microstrip 7
/d line %

Figure 4.6: Aperture coupled feed [2].

As shown in Figure this feeding technique consists of two dielectric substrates which are
separated by a ground plane. On the bottom of the lower substrate, a microstrip feed line is coupled to
the patch through a slot in the ground plane. Since the feeding structure and the patch are electrically
isolated, an independent optimization of the feed mechanism and the radiating element is possible.
Additionally, the ground plane eliminates interfering radiations from the feed [I7].

The impedance matching of the aperture coupled feed is mainly achieved by adjusting the size
(length) of the slot, as well as through the width of the microstrip feed and the length of an open stub
which terminates the feeding line after the aperture (see Figure .

To achieve a circular polarization of the dual-polarized patch antenna, the two rectangular feeds
(Figure should be excited with 90 ° phase-shift and same amplitude.

Master Thesis — Philipp Franz Freidl



Chapter 4. Implementation of the Dual-Polarized Patch Antenna 32

4.1.3 Reflector

Idealizing the reflector to a perfectly conducting sheet of infinite extend with a distance of S to
the antenna, the reflector can be replaced by an image of the antenna with a distance of 25 to the
antenna itself (Figure [4.7a). The combination of the antenna and its image leads to an increase of the
maximum gain in the main direction (Figure [18].

1 Gain in )2/ 1 2
field intensity

Oe—s—f—s—@

Image Antenna
9 A/2 antenna

in free space

Antenna Antenna Antenna
Reflector . A ‘ ‘AJ N é_ A
4 8 16
I~ Flat sheet
reflector

(a) Reflector and image (b) Gain
Figure 4.7: Antenna with a flat reflector and gain for different distances [18].

For the dual-polarized patch antenna, only the field radiated by the microstrip feed is reflected by
the metal sheet, as the field of the patch antenna is already reflected by the grounded slot plane of the
feeding structure (Figure .

4.2 Parametric analysis of the design elements

In this Section, the effects of the variation of the design parameters of the dual polarized patch antenna
(Figure and [4.2)), on the input reflection (S11) and on the radiation pattern (in terms of realized
gain on the xz-plane) are examined.

4.2.1 Patch Parametrization

The variation of the length of the radiating patch (patch_1) in figure shows a movement of the
higher resonating frequency. This frequency corresponds with the resonant frequency of the radiating

patch (Equation .
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S11 over the length of the patch
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Figure 4.8: S11 with respect to the variation of the patch length (patch-1).

In Figure the variation of the height of the patch antenna (air_top) shows a change of the
resonant frequency of the patch. For high alues of the air thickness (air_top > 10mm), the coupling
between the feeding structure and the patch tears down and only one resonant frequency of the feeding
slot is left. The the change of the resonant frequency can be explained as a change in the fringing
effect which causes a variation of the effective dielectric constant €.y over the frequency [2].

S11 for different air_top

S11 [dB]

air_top=6.4mm
8 . = = —air_top=7.6mm
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Figure 4.9: S11 with respect to the variation of the patch height (air_top).

Master Thesis — Philipp Franz Freidl



Chapter 4. Implementation of the Dual-Polarized Patch Antenna 34

4.2.2 Feeding Structure Parametrization

As shown in Figure the variation of the length of the squared slot causes a shift of its resonant
frequency. The closer the slot resonance moves to the resonating frequency of the patch, the more the

absolute matching improves and the bandwidth decreases.

S11 over the length of the square slot

S11 [dB]

slot_| = 14.5mm

-35- E ;“\ ) - = =slot_| = 14.7mm T{
—40- M " slot_I =15.0mm ||
~ =~ slot_I =15.5mm
—45 I I I I I I I )
3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5

Frequency [GHZz]

Figure 4.10: S11 with respect to the variation of slot_1.

Figure shows that the variation of the width of the microstrip-line causes a change of the input
impedance and therefore a change of the absolute matching of the antenna.

S11 over the width of the microstripline

o'
S
—
—
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\ ’
-35+ “ ) —— feed_w = 2.0mm [j
—40- M -~ —feed_w=2.5mm ||
' feed_w = 3.0mm
—45 I I I I I I I | T
3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5

Frequency [GHz]

Figure 4.11: S11 with respect to the variation of feed_w.

Varying the length of the terminating open stub (Figure [4.12)) causes a change of the imaginary part
of the antenna input impedance. This brings a change of the overall matching towards the reference

impedance (50 ).
The variation of the size of the grounded slot plane in Figure [£.13] shows less directivity for smaller
sizes, while, for higher values, the maximum gain in the main beam direction increases and the

back-lobe level decreases.
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S11 over the length of the open stub
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Figure 4.12: S11 with respect to the variation of

S11 for different subst_|

4.6 4.8 5

stub2_1.

S11 [dB]

subst_[=25 mm

- = —subst_|=50 mm
' subst_I=75 mm

~ '~ subst_I=100 mm
I I

25 3 4.5

4
Frequency [GHZz]

(a)

Realized Gain for different subst_|

5 55 6

10

realized gain [dB]

T
— subst_I=25 mm
- = - subst_|=50 mm
"'subst_I=75 mm ||
~ ~ subst_|=100 mm

|
-100

-50 0 50
Frequency [GHZz]

(b)

|
100

Figure 4.13: Parameter S11 (a) and the antenna pattern (b) with respect to the variation

of the slot plane length (subst_1).
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4.2.3 Reflector Parametrization

With an increase of the distance between the reflector and the antenna itself, the maximum gain in
the main direction decreases slightly while the beam-width increases. For high values, the size of
the reflector sheet is not sufficient and the side lobes are growing. As explained in Section [£.1.3] the
reflector mainly influences the electric field radiated from the feeding structure. Therefore, a variation
of the distance between the antenna and the reflector mainly influences the lower resonant frequency.

S11 for different air_bottom

-25r . Jmsiae .
\ - s B
—30- . 7 air_bottom=4.688 mm
v - = - air_bottom=9.375 mm
—35 Yo " air_bottom=18.75 mm
—40 I I I I I I I ~ ~air_bottom=37.5mm
3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5
Frequency [GHz]

(a)

Realized Gain for different air_bottom

10 : : :
,,,,,, air_bottom=4.69 mm
r N - - —air_bottom=9.38 mm
or " air_bottom=18.75 mm ||
~ '~ air_bottom=37.50 mm

realized gain [dB]
i
o

i i i i i i i
-150 -100 -50 0 50 100 150
Frequency [GHz]

(b)
Figure 4.14: Parameter S11 (a) and the antenna pattern (b) in respect to the variation of
air_bottom.

The variation of the reflector sheet size causes a variation of the side-lobe levels (Figure [4.15)). These
effects can be explained with the non-ideal size reflector which causes diffracted field at its edges [18].
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Realized Gain for different ground_|
10 T T T L

— ground_|=50 mm
= = -ground_|=100 mm
'"ground_|=150 mm

realized gain [dB]

-150 -100 -50 0 50 100 150
0 [degree]

Figure 4.15: Antenna pattern in respect to the variation of ground_1.

4.3 Implementation

The final design was made using the parameter values of Table and a RO4350B laminate produced
by Rogers [19] with a relative dielectric constant of 3.66. According to the requirements (Section ,
the antenna has been designed for a center frequency of 4 GHz and an operating bandwidth (for the
input impedance as well as for the pattern parameters) of a minimum of 500 MHz.

Parameter name | Parameter value
air_bottom 9.60 mm
air_top 8.80 mm
feed w 2.50 mm
ground_1 100.00 mm
patch_1 20.00 mm
slot_1 14.70 mm
slot_w 0.50 mm
stubl_1 19.25 mm
stub2_1 4.80 mm
subst_h 1.524 mm
subst_1 50.00 mm

Table 4.1: Geometrical parameters of the final design.
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4.3.1 Input Characteristics

The return-loss and the isolation between the two feeding ports (Figure show a good performance
over the frequency range. The two -10 dB corner frequencies are at 3.6 GHz and 4.6 GHz. This leads
to an input bandwidth of 1 GHz around a center frequency of 4.1 GHz. The port isolation (Sa1) is
beyond the -15 dB level for the whole frequency range. The return-loss and isolation of the second
port have the same characteristics as those from the first port which are shown in Figure [£.16]

S-Parameters
T

________ bandwidth

S—Parameter [dB]

—S11||
-~ ~-821

Frequency [GHz]

Figure 4.16: S-Parameters of the final design.

4.3.2 Radiation Patterns

The realized antenna gain (Figure [4.17) shows an absolute maximum of 8.7 dB in the main beam
direction at § = —10° and ¢ = 0°. The highest side-lobe is more than 20 dB smaller than the
main-lobe. The 3 dB-beamwidth at 4.0 GHz is 65.8° in the xz-plane and 71.9° in yz-plane.
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Figure 4.17: Absolute realized gain of the final design.
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The two field components of the radiated wave show a maximum difference of 2 dB in the main
direction (Figure [4.18)). This difference varies slightly over the frequency and shows a minimum at the

center frequency.
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Figure 4.18: Realized gain for both field components of the final design.
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In the main beam direction, the variation of the realized gain is roughly 1 dB over the operating
frequency range. Also for other directions, the variation shows a stable behavior (Figure [4.19)).
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)
=
c
g
o
o
(5]
N
K
9] .
A —6=0 b
P - - -8=40° 4
g = —age
4 1 1 1 1 1 1 1 1 1
3 32 34 36 38 42 44 4.6 4.8 5

4
Frequency [GHz]

Figure 4.19: Absolute realized gain over the frequency of the final design.

In the xz-plane, the axial ratio has a 6dB-beamwidth of 120° at 4 GHz. In the yz-plane, the
6dB-beamwidth is 95°. For lower frequencies, the behavior of the axial ratio remains roughly the

same, while for higher frequencies, the beamwidth increases.
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Figure 4.20: Axial ratio of the final design.
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4.3.3 UWB Characteristics

To simulate the UWB characteristics, two models of the patch antenna have been placed facing each
other in a distance of 40 cm. One port of the transmitting antenna was excited with an impulse. The
group delay for the copolarization and the impulse response where measured between the excited port
and the complementary port (with the same polarization), while the group delay for the copolarization
was measured using the second port of the receiving antenna.

The envelope of the impulse response (Figure shows a width (7pw gar) of 0.67 ns and a 10%
ringing of 2.01 ns.
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Figure 4.21: Impulse response of the final design.
The variation of the group delay around the mean value (1.61 ns) of the operating frequency band

(Figure 4.22)) is 0.15 ns for the copolarization. The variation of the crosspolarization is naturally much
higher (0.6 ns).
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Figure 4.22: Group delay of the final design.

Master Thesis — Philipp Franz Freidl



5 Implementation of the Antipodal Tapered-
Slot Antenna

Additionally to the broad-side radiating patch antenna which has been presented in Chapter [4 an
end-fire radiating antipodal tapered slot antenna already presented in [I1] has been chosen to be
implemented (Section [3.7)).

5.1 Design Elements

The antenna design consists of five parts: a coplanar waveguide feed with a characteristic impedance
of 50, a transition between the coplanar waveguide and the substrate integrated waveguide (SIW),
the substrate integrated waveguide itself, an antipodal linearly tapered slot antenna, and a dielectric

rod (Figure [5.1)).

Figure 5.1: 3D model of the antipodal tapered slot antenna.

rod_free taper_| wg_| trans_| feed_|
S
o
£
o
o
Nl
@
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- 5 = 3 |3
< 7] " I
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" R ‘_, s
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total_| |
Figure 5.2: Geometry of the antipodal tapered slot antenna.
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5.1.1 Coplanar Waveguide

Coplanar waveguides (CPW) consist of a metallic strip placed on a dielectric substrate with two
adjacent and parallel ground electrodes placed on the same surface (Figure and have been first
published in [20].

There are two main types of coplanar waveguides: the classical structure with central strip and
coplanar grounds (CPW) and the cavity-backed or grounded coplanar waveguide (GCPW). The
difference between CPW and GCPW lies in the mode that can be excited: the normal CPW line
can support the dominant even mode (CPW-mode or even mode) or the slotline mode (odd mode),
which is normally undesired. The odd mode is defined by electric force lines between the two coplanar
grounds and can be shorted by means of air bridges; GCPWs can also support a microstrip mode, due
to the presence of the back metal plane. Dimensions, frequencies and materials define the condition of
existence for the undesired modes.

ground planes 9. .
P>
: center strip - -
<« dielectric substrate
(a) Geometry (b) Dimensions

Figure 5.3: Geometry and dimensions of a CPW.

The characteristic impedance of a CPW can be calculated using Equation [5.1] and the parameters
of Figure [5.30] [21].

__n K'(k)
= e KW &)
where
w
k = - 02
— (2
B er — 1 K'(k) K(ky)
€e =1+ > Kk K'(kr)’ (5.3)
sinh (72%)
sinh (7+2)
with

w = width of the central strip [mm]

g = width of the gap between the central strip and the coplanar grounds [mm]
K (k) = complete elliptical integral of first kind
K'(k) = K(K)

K= (1-k2)V/2
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5.1.2 Substrate Integrated Waveguide

The concept of substrate integrated circuits is to synthesize a non-planar structures with a
dielectric substrate and make it in a planar form. The synthesis can be achieved by using air
holes to modify the profile of the dielectric constant and metalized via holes to replace continuous
metallic walls [22].

SO W W P R e
=y <
T W27
< W > w
(a) equivalent SIW (b) rectangular waveguide

Figure 5.4: SIW and its equivalent rectangular waveguide [22].

In order to synthesize a rectangular waveguide (Figure [5.4b)) two parallel rows of metalized
via holes are fabricated into the substrate (Figure . To ensure negligible leakage losses, two
design rules should be considered:

b<2D (5.5)
A
D<? (5.6)

If properly designed, the losses can be neglected and the SIW can be modeled as a conventional
rectangular waveguide on its dominant mode T Eg [22]. Due to the small height h compared to
the width weysr, SIWs support only T'E,,o modes. Furthermore, the presence of gaps on the side
walls inhibtes the formation of any TM mode.

5.1.3 Transition

To excite the SIW with the desired waveguide mode (T'E}), a transition between the CPW and the
SIW as presented in [23] is used. In this transition (Figure a quasi-microstrip line is connected
to the SIW while its bottom ground plane is gradually removed. The quasi-microstripline is
linearly tapered to the width of the feeding points (SIW and CPW).

(a) top view (b) bottom view
Figure 5.5: CPW to SIW transition.
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5.1.4 Tapered Slot

Tapered Slot Antennas (TSA) are planar structures consisting of a gradual a transition from a printed
line or a waveguide to the free space, that can be shaped very different profiles and offer a wide-band
(up to 170%), linearly polarized (in the plane of the antenna), end-fire radiation with a directivity up
to 10 dB at its maximum [24]. Contrary to conventional TSA, where the tapered slot is printed on
one side of the dielectric substrate, antipodal TSA (ATSA) is printed on both faces of the substrate.
For this design, an antipodal linear transition is used (Figure [5.6).

bottom layer  top layer
A

Figure 5.6: Geometry of an antipodal linearly tapered slot antenna.

For the design of an ALTSA two parameters are of interest: the length (L) of the tapered slot and
the flare angle (2«v). For ATSA which are fed by a SIW, an overlap between the two metallic covers of
the tapered slot can be used to match the input impedance to the characteristic impedance of the

SIW [25].
5.1.5 Dielectric Rod

The dielectric rod can be seen as an imperfect guide for electromagnetic waves. In this design, the rod
is fed by the antipodal linearly tapered slot. Together with the SIW, the ALTSA excites a T E1;-like
mode in the dielectric rod. The mode excited in the circular dielectric waveguide is the responsible
for a circularly polarized radiation from the rod aperture. To allow the radiation mechanism to take
place, the diameter of the dielectric rod must be properly chosen to set the guided wavelength Ag
(Equation , associated to the desired mode T E71, bigger then all wavelengths in the intended
operating range.

Ao ~ 0,58 (5.7)

V(er)
The directivity of the dielectric rod antenna as well as the HPBW are depended on the length of
the rod in free-space wavelengths (Ly):
D ~ 8Ly (5.8)
60°

V(Ly)

HPBW =~

(5.9)
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5.2 Parametric Analysis of the Design Elements

In this Section, the effects of the variation of the design parameters of the antipodal tapered-slot
antenna (Figure [5.1] and on the input reflection (S11) and on the radiation pattern (in terms
of realized gain on the xz-plane) are examined.

5.2.1 Coplanar Waveguide Parameterizations

The variation of the width of the middle strip of the CPW (cpw_w) causes a change of the
characteristic impedance. However, since the return-loss of the antenna is always calculated with
respect to the input impedance of the CPW, it does not change significantly for different widths
of the middle strip of the CPW (Figure [5.7).

S11 for different cpw_w

—cpw_w=1.0 mm||

== -cpw_w=1.3mm

_35 I I I I I I i il S cpw_w=1.6 mm
3

3.2 34 3.6 3.8 4 4.2 4.4 4.6 4.8 5
Frequency [GHz]

Figure 5.7: Input reflection coefficient with respect to the variation of cpw_w.

5.2.2 Substrate Integrated Waveguide Parameterizations

An increase of the effective width of the SIW (wg_w) allows an excitation of the desired T'F1y
mode at lower frequencies. Since the variation of wg_w also influences the geometry of the tapered
slot, the main effect on the return-loss (Figure is a shift to the left of the antennas pass-band
for increasing values of wg_w.

S11 for different wg_w

Vo ——wg_w=5.8 mm
—-25— A H
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“““ wg_w=8.8 mm
_3 I I I I I I I I ;
3 3.2 34 3.6 3.8 4 4.2 4.4 4.6 4.8 5
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Figure 5.8: Input reflection coefficient with respect to the variation of wg_w.
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5.2.3 Transition Parameterizations

The variation of the length of the CPW-to-SIW transition (trans_1) causes a change of the abso-
lute matching (Figure [5.9). For higher values (trans_1 > 14.7mm), the 10dB-bandwidth remains
unchanged.

S11 for different trans_|

S11 [dB]

-35- trans_|=12.0 mm |
—40- - = ~trans_I=14.7 mm ||
" trans_|=17.4 mm
—45 I I I I I I I =
3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5

Frequency [GHZz]

Figure 5.9: Input reflection coefficient with respect to the variation of trans_1.
Similar to the variation of trans_1, the alteration of the quasi-microstrip (trans_iw) has an

impact on the absolute matching (Figure [5.10). Differently to the afore mentioned variation, the
10dB-bandwidth is not changing.

S11 for different trans_iw
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Figure 5.10: Input reflection coefficient with respect to the variation of trans_iw.

Master Thesis — Philipp Franz Freidl



Chapter 5. Implementation of the Antipodal Tapered- Slot Antenna

48

5.2.4 Tapered Slot Parameterizations

The length of the tapered slot (taper_1) influences mainly the cutoff frequency of the operating
frequency range (Figure [5.11)). Since the variation of taper_1 also influences the flare angle of the

tapered slot, a change of the behavior of the axial ratio can be noticed.
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Figure 5.11: Parameter S11 (a), realized gain (b) and axial ratio (c),
variation of taper_1.
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Similar to the alteration of trans_1, the bottom width of the tapered slot influences the flare
angle. For steep angles (taper_1 = 12.5 mm), the behavior of the axial ratio significantly impairs

(Figure [5.12]).

Axial Ratio for different taper_bottom
7 T T T T T

— taper_bottom=12.5mm
6 - = —taper_bottom=15.8 mm ||
“““ taper_bottom=17.5mm

axial ratio

4
Frequency [GHZ]

Figure 5.12: Axial ratio with respect to the variation of taper_bottom.

5.2.5 Dielectric Rod Parameterizations

The radius of the dielectric rod (rod_r) determines the cutoff frequency for the TE;; in the rod
itself. A variation of this parameter causes a shift of the realized gain and the axial ratio in the

frequency domain (Figure [5.13]).
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Figure 5.13: Parameter realized gain (a) and axial ratio (b) with respect to the variation
of rod_r.
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The alteration of the length of the dielectric rod (rod_free) increases the absolute realized
gain in the main beam direction, as well as the bandwidth of the axial ratio (Figure [5.14).

At 4 GHz, the radiation pattern of the antenna shows and increase of the realized gain in the
main beam direction and a narrowing of the HPBW (Figure .

Realized Gain for different rod_free
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Figure 5.14: Parameter realized gain (a) and axial ratio (b) with respect to the variation
of rod_free.
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Figure 5.15: Antenna pattern with respect to the variation of rod_free.
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5.3 Implementation

The final design was made using a Rogerst RT/duroid 6006 laminate [26] with a relative dielectric
constant of €, = 6.15. The rod was fabricated with a Mullite porcelain with a dielectric constant of
€ = 6. Since the chosen substrate is not available in the needed thickness of 10 mm, 4 layers of 2.5
mm thick substrate have been stacked.

The geometrical parameters for the model in Figure [5.2] which have been used for the final design,

are listed in Table [B.11

Parameter name | Parameter value || Parameter name | Parameter value
Cpw_g 0.30 mm || taper_1 23.20 mm
Cpw_w 1.30 mm || taper_top 1.30 mm
feed 1l 5.40 mm || trans_iw 8.80 mm
rod_free 10.00 mm || trans_1 14.70 mm
rod.r 15.00 mm | viad 1.50 mm
subst_h 10.00 mm || wg-1 23.10 mm
subst_w 40.00 mm || wg-w 30.00 mm
taper_bottom 15.80 mm || total_ 76.40 mm

Table 5.1: Geometrical parameters of the final design.

5.3.1 Input Characteristics

The return-loss of the antipodal tapered slot antenna has a 10dB-bandwidth of 760 MHz at a center
frequency of 4.2 GHz (Figure . The trade-off between the initial requirements and the final results
has been made due to the manufacturing process which has only made available certain values for the
thickness of the substrate. The optimal matching is at a frequency of 4 GHz where the return-loss is

-26.5 dB.

S11
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Figure 5.16: S-Parameters of the final design.
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5.3.2 Radiation Patterns

The absolute realized gain at a frequency of 4 GHz (Figure shows a maximum of 5.7 dB
and a HPBW of 110° in the xz-plane and 90 ° in the yz-plane. The side-lobe level is 8 dB and
the back-lobe is 12 dB smaller than the main lobe. These values are not optimal, but consonant
with the original design which has been presented in

Absolute Realized Gain (f=4.0GHz)
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4 e = = " Abs (y2)

7 beamwidth

realized gain [dB]
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Figure 5.17: Absolute realized gain of the final design.

The orthogonal components of the radiated field (Figure show a difference of 3dB in
the main beam direction, which is acceptable for an axial ratio of less than 6 dB. While the
Phi-component of the xz-plane has a minimum at 4 GHz, the Theta-component has it’s minimum
at 3.85 GHz and shows a more stable behavior for the higher frequencies.

As already indicated in Figure the axial ratio of the antipodal tapered slot antenna
(Figure shows a sufficient behavior in the main beam direction. The beamwidth for an
acceptable axial ratio of less than 6 dB varies over the frequency. In the xz-plane the minimal
beamwidth is 70° at 4 GHz, while in the yz-plane, the minimum is 70° at 3.85 GHz.
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Figure 5.18: Axial ratio pattern of the final design.
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Figure 5.19: Realized gain for both field components of the final design.

Over the frequency, the realized gain in the main beam direction shows a constant behavior starting
from 4 GHz (Figure [5.20). However the drop of the absolute value of the realized gain at 3.8 GHz
is still in the acceptable range of 3 dB. The axial ratio in the main beam direction shows a good
behavior over the frequency and stays beyond the limit of 2 starting from 3.7 GHz.
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Figure 5.20: Realized gain in the main beam direction of the final design.
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Figure 5.21: Axial ratio in the main beam direction of the final design.

5.3.3 UWB Characteristics

The UWB characteristics of the antipodal tapered slot antenna have been simulated. Since this
antenna has only one feeding port, the group delay cross-polarization was not extracted in this case.

The envelope of the impulse response (Figure shows a width of (TFwmar) 0.91 ns and a 10%
ringing of 3.4 ns for an evaluated frequency range of 3-5 GHz.
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Figure 5.22: Impulse response of the final design.
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The variation of the group delay (Figure |5.23) around the mean value (1.01 ns) between the corner
frequencies (3.8 GHz and 4.6 GHz) is 0.15 ns. Such values show a low distortion of the transmitted

and received pulse in the operating frequency range.
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Figure 5.23: Group delay of the final design.
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6 Conclusion and Prospects

In this work, a dual and a circular polarized ultra-wide band antenna design for automotive applications
have been developed and characterized relatively to their UWB performance, in terms of gain, matching
and dispersion, as well as their overall geometrical dimensions. Due to the future application of the
antennas, the time domain characteristics, such as impulse response and group delay, were the main
focus area of the design process. To ease up the development of the mobile counterpart, and to comply
with the European standards, antenna designs able to transmit circular or dual polarized waves have
been chosen.

6.1 Results

The simulated results show a satisfactory UWB performances, as reported in (Table [6.1)).

Characteristic Patch Tapered Slot
Dimensions [mm?] 50 x 50 x 21.5 | 40 x 76.4 x 30
Relative dielectric constant 3.66 6.15
Center frequency [GHz| 4.10 4.20
Operating frequency range [GHz] 3.60—4.60 3.84-4.55
Return-loss bandwidth [MHz] 1600 760
Gain bandwidth [MHz| 1635 > 1500
Axial ratio bandwidth [MHz| n.A. > 1500
HPBW (@4 GHz) [degree] 71.9 91.3
Maximal realized gain (@4 GHz) [dB] 8.7 5.7
Width of the impulse response envelope [ns] 0.67 0.91
Variation of the group delay [ns] 0.15 0.15

Table 6.1: Characteristics of the two antenna designs.

The required minimum bandwidth of 500 MHz is reached by both designs. To increase the return-loss
bandwidth of the tapered slot antenna, a new design with an increased width of the SIW can be taken
into consideration.

Due to the limits of CST Microwave Studio, the axial ratio bandwidth could not be simulated.
During the simulations of the tapered slot antenna, no upper corner frequency for the gain bandwidth
nor for the axial ratio bandwidth could be found.
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Compared to the smallest wavelength, the height of the patch antenna is not negligible. Therefore,
materials with higher relative permittivity can be used in place of the air slabs, in order to reduce
the overall thickness. To minimize the microstrip and slot dimensions, a further material with high
permittivity can be employed. However, this approaches will negatively influence the bandwidth
characteristics as well as the manufacturing costs.

As for the tapered slot antenna, using a material with relative permittivity higher than 6, will
dramatically reduce its radiation efficiency. The material used in this work to implement the TSA was
chosen because it offers a reasonable trade-off between radiation efficiency, bandwidth, and antenna
dimensions.

The verification of these parameters through measurements of the manufactured prototypes are
currently being developed and will be presented in a forthcoming appendix.

6.2 Future Work

The linearly-polarized UWB antennas for the aforementioned mobile counterpart will be designed
in an upcoming thesis. The main task will be to reduce the antenna dimensions and optimize the
structure for receiving a circular polarized wave, independently from the position of the stationary
source of the incoming signal.
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