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Abstract

This thesis deals with the design and simulation of a circularly polarized antenna array
optimized for operation in the 24 GHz ISM frequency band. A circularly polarized
microstrip antenna element [1] designed for operation at the frequency 45 GHz, which
was used in the antenna array design, was first verified for proper functionality in
CST Microwave Studio, and its parameters were compared with a conventional patch
antenna excited by a cross aperture. The microstrip antenna element was then
redesigned to operate in the 24 GHz ISM frequency band for use in the antenna array
design.

Keywords

Planar antenna array, circularly polarized antenna element, wideband antenna, CST
Microwave Studio, cross-aperture coupled patch antenna.

Abstrakt

Tato bakalarska prace se zabyva navrhem a simulaci kruhové polarizované anténni
fady pro ISM pasmo 24 GHz. Kruhové polarizovana mikropaskova anténa [1]
navrzena pro praci na kmitoctu 45 GHz byla pouzita v navrhu anténni fady. Funkce
pouzité antény byla ovétena v programu CST Microwave Studio a jeji parametry byly
porovnany s konvenc¢ni flickovou anténou buzenou kfizovou aperturou. Nasledné
byla anténa modifikovana tak, aby pracovala v ISM pasmu 24 GHz.

Klicova slova

Planarni anténni fada, kruhové polarizovany anténni element, Sirokopasmova
anténa, CST Microwave Studio, flickova anténa buzena kfizovou aperturou.



Rozsifeny abstrakt

Cilem predlozené bakalarské prace bylo seznamit se skonceptem kruhove
polarizovaného anténniho pole, optimalizovaného pro pracovni kmitocet 45 GHz.
Prostrednictvim pocitacové simulace méla byt ovéfena funkcnost daného anténniho
pole, a jeho struktura méla byt nasledné piepoctena na pracovni kmitocet 24 GHz.

K ovéreni funkCnosti kruhové polarizované mikropaskové antény [1] navrzené pro
praci na kmito¢tu 45 GHz byl vyuzit program CST Microwave Studio a jeho fesiC pro
analyzu elektromagnetickych struktur v ¢asové oblasti. VSechny vysledky, které byly
ziskany jako vystupy simulaci, byly v souladu s vysledky publikovanymi. Jedinou
vyjimkou byla Sitka pasma osového poméru; vysledek 14,3% byl 0 3% nizsi, nez bylo
uvedeno v [1]. Zhlediska impedancniho pfizpisobeni anténa vykazovala
Sirokopasmové chovani; Sitka pasma byla 25,1%.

Anténa publikovana v [ 1] je konstrukéné relativné komplikovana. Proto jsem se snazil
ovéfit, zda jeji komplikovana geometrie pfinasi vyhody v porovnani s konvencni
flickovou anténou, ktera je buzena kiizovou aperturou a je navrzena na stejnych
substratech. Rozméry konvencéniho flicku byly ve stejném kmitoctovém pasmu
srovnatelné s [1], av§ak jeho parametry byly pfiblizné tfikrat mensi. Pro piepocet do
ISM pasma 24 GHz byla tedy vybrana publikovana anténa.

Pfi navrhu antény urCené pro pasmo 24 GHz jsem vySel z parametrické analyzy
antény. Ze ziskanych vysledkt vyplynulo, Ze anténa vyzatuje kruhové polarizovanou
vinu hlavné diky dvéma poruchovym segmentiim a pahylim ve tvaru pismene L. Obé
tyto struktury maji vliv nejen na osovy pomér antény ale i na jeji rezonan¢ni kmitocet
a impedanc¢ni Sitku pasma. Se zvySovanim hloubky poruchovych segmenti se
zlepSoval osovy pomér, poklesl rezonan¢ni kmitocet a zmensila se impedancni §itka
pasma. ZvySeni délky pahyla mélo stejny vliv na osovy pomeér, ale zlepsil se Cinitel
odrazu a Sitka pasma zlstala témért konstantni. Uvedené elementy byly proto vyuzity
k ladéni osového poméru antény.

Krome uvedenych elementi (poruchovych elementt a pahyl) obsahuje anténa také
dveé Stérbiny, které anténni flicek déli na 4 segmenty, a dale prokovy kruhového
prufezu, které propojuji segmenty flicku se zemni deskou. Podle analyzy se pfi
zvySovani velikosti §térbin v omezeném rozsahu (0,04 mm az 0,30 mm) zlepSuje
impedancni §itka pasma a zhorSuje osovy pomér. Prokovy by mély mit maly polomér
(v tomto pripade v rozsahu 0,3 mm az 0,4 mm), a také vzdalenost mezi prokovy by
meéla byt mala. S uvazenim popsanych zavislosti byla anténa optimalizovana pro
pracovni kmitoCet 24 GHz. Jeji impedancni Sitka pasma byla 14,2 %, Sitka pasma
osového poméru 1,4 % a maximalni zisk na pracovnim kmitoctu 8,8 dB.

Anténni prvek vyse uvedenych parametrti byl nasledné vyuzit k sestaveni anténniho
pole sestavajiciho ze 2X2 anténnich prvkd na ptivodnich substratech Rogers 5880
(horni substrat, & = 2,20, h= 0,787 mm) a Rogers 4003 (dolni substrat, & = 3,55, h =
0,203 mm). Impedancni Sitka pasma tohoto anténniho pole byla 24,6%, a maximalni
zisk dosahoval 13,9 dB. Anténni fada vSak doséhla hodnoty osového poméru 3 dB
pouze na pracovnim kmitoctu 24 GHz.



Parametry pole by bylo mozné zlepsSit zmensSenim vzdalenosti mezi jednotlivymi
prvky pole. Tuto redukci ale neumoziovala geometrie napajeciho mikropaskového
vedeni. Proto byl dolni substrat Rogers 4003 (& = 3,55, A = 0,203 mm) nahrazen
substratem ARLON CuClad217 s permitivitou & = 2,17 a vySkou 2= 0,254 mm. Jako
horni substrat byl vyuzit ARLON CuClad217 se stejnou permitivitou a vySkou s =
1,54 mm. Anténni fada pak dosahla vétsi impedancni Sitky pasma 33,5%, vétsi Sitky
pasma osového poméru 9,2% a maximalniho =zisku 13,5 dB. Vyzarovaci
charakteristika se vSak zhorsila.

Nasledné bylo navrzeno anténni pole sestavajici ze 4x4 elementd. K realizaci pole
byly pouzity opét dostupné substraty ARLON CuClad. Navrzené anténni pole
vykazovalo impedan¢ni Sitku pasma 31,6% (pasmo kmitocta 19,17 GHz az 26,75
GHz) a sitku osového poméru 14,2% (pasmo kmitocta 22,96 GHz — 26,37 GHz). Zisk
anténniho pole byl vyssi nez 16,5 dB v celém pasmu 19 GHz az 30 GHz; maximalni
hodnota zisku dosahovala Girovné 19,0 dB. Urovei postrannich lalokd byla pomé&mé
vysoka.
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1. INTRODUCTION

At millimetre wave frequencies, signals become more prone to faster, harder and
longer degradation due to atmospheric conditions. These atmospheric conditions can
also cause a change in phase or rotation of the signal and attenuate it. Linear
polarization is greatly affected by these conditions compared to circular polarization.
For this reason, among others such as less sensitivity to orientation of both
transmitting and receiving antennas and the advantage of multipath effects, circularly
polarized antennas are given preference for use in wireless communication systems
such as GPS, radar, satellite systems and in fifth-generation (5G) communications
systems [1], [3], [4], [7].

In this thesis, a novel circularly polarized microstrip antenna element published
in [1] designed to operate in the 45 GHz frequency band is redesigned and simulated
and its results are verified with the published results. Its performance is then
compared with that of a cross-aperture coupled patch antenna that was designed with
the same substrates to operate in the same frequency band. The antenna element is
then redesigned to operate in the 24 GHz ISM frequency band and used in the
construction of a 2x2 planar antenna array using substrates from [1]. Using
recommended available substrates, the antenna element is redesigned and used in the
construction of a 2x2 and lastly a 4x4 circularly polarized antenna array optimized
for operation in the 24 GHz frequency band.

13



2. APERTURE COUPLED ANTENNAS

2.1 Conventional aperture coupled antenna

An aperture coupled antenna has two substrates of different material and
dielectric constants that are separated by a ground plane with an aperture usually
etched at its center. In between the ground plane and the bottom substrate, there is an
air gap.

The top substrate is thick with a low dielectric constant whereas the bottom
substrate is thin with a high dielectric constant. A radiating element is placed on top
of the first dielectric while the feed line is located at the bottom of the second
substrate and its energy is coupled to the patch through the slot. This configuration
minimizes the interference of spurious radiation for pattern formation and attains
polarization purity because of the ground separating the feed and the radiating
element [2]. Figure 2.1 below shows the arrangement of an aperture coupled antenna.

z Radiating
4 Patch
Patch
L i’ 7 Substrate
“w I ;
ha ®| Coupling

g Aperture
Ground i Feed
Plane v P Substrate
w! -
Microstrip
ha ¢| Feed line

Figure 2.1 Aperture coupled antenna [9]

2.2 Design procedure for an aperture coupled antenna

Assuming the heights and dielectric constants of the substrates and the desired
value of the resonant frequency or frequency band of the antenna are known, the
following designing procedure is undertaken [2], [5].

1. We calculate the wavelength in the dielectric as follows:

Vo

A= s D

where v 1s the speed of light in vacuum, & is the permittivity of the dielectric
substrate and f: is the resonance frequency of the antenna.

2. The width of the patch is calculated as:

A v 2
W. =24 = o
p 2 2fr 4l (e4+1)

(2.2)

3. The effective permittivity of the substrate is calculated as

14



&rt+1 &r—1 1
Eof = - (2.3)
2 2 ’1+12£
w

where W is the width of the patch and h is the height of the substrate.

. Due to fringing effects, the patch of the microstrip antenna is electrically
longer than its physical dimensions. This means that the length is extended on
both sides by a distance AL. This extension is calculated as follows:

w
AL = 0412 (sr+0.3)(h+0.264)

(£,+0.2580) (+08) (2:3)
The actual length of the patch is given by
—_ Y
L, = TN 2AL (2.4)

If the patch is fed by a microstrip feed line, we usually design its width in such
a way that it will have a characteristic impedance of 50 Q [5]. To help us in
our calculation, we first consider and calculate two parameters a and b as
follows:

g=2 [ty et 023 + 2] (2.6)
604 2 e+l &

60 72
b= i (2.7
where Z, is the characteristic impedance of the feed line.
We then calculate the width of the feed line as follows:
Yo 8@ g5 152 (2.8)

h~ expa)-2’

2

Eyoq 0.61
=2b-1-m@p-1) +E[ln(b— 1)+ 039 —

Er

==

]},a <152 (2.9)

The nominal value of the length of the aperture is usually taken as half of the
wavelength and its width is approximately ten times smaller than the length.

L =2 (2.5)

2.3 Circular polarization in microstrip antennas

The aperture coupled microstrip antenna described so far is primarily linearly

polarized and has to be modified to make it circularly polarized. This can be done
using certain feeding techniques as shown in Figure 2.2. Circular polarization can be
achieved by either using a double or a single feed or by sequential rotation. The aim
is to excite two modes that have a phase difference of 90° [2].

15



Power Square Square
divider paich 90° hybrid — pach

114

/\ Nearly c
square patch \(/f W=L
Square

Figure 2.2 Configurations for achieving circular polarization [2]

2.4 Cross-aperture coupled patch antenna

The cross-aperture coupled patch antenna (see Figure 2.3) has three major
changes in comparison to the conventional aperture coupled antenna described in
section 2.1. Its aperture, coupling the feed and the patch, is in form of a cross to excite
two orthogonal modes. The patch, which is separated from the ground plane by an
air substrate, is mounted on the bottom layer of the top dielectric. Thirdly, its feed
line is with reference to the plane of the patch diagonally positioned. It requires a
careful selection of the length and the width of the antenna in order to achieve a phase
difference of 90° between the two modes that is necessary for circular polarization

[6].

:;_wr"_ )
m—L‘ —»i
L;IJ\ L ;f__
Ws
Ny “
Wr‘ =
(a) (b) (©)

Figure 2.3 Cross-aperture coupled patch antenna with air substrate [6]
(a) configuration (b) dimensions (c) side view
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2.5 Novel circularly polarized antenna element

The novel microstrip antenna element discussed in [1] is shown in Figure 2.4.
The element is circularly polarized and designed to operate in the millimeter-wave
communication system with reduced polarization mismatch. The element comprises
of four metallic patches which are mounted on the top substrate and four metallic
posts which ensure that the patches are connected to the ground. Two patches have
L-shaped branches and the other two have truncated edges. These adjustments ensure
that the conditions necessary for circular polarization to be attained are met [1].

Middle
layer(ground
with slot)
L1
-] T2 et
ol
- 1 PL T
v 2 B
o —— G2
st (L)
L
3T Pl Z
A
Gl i tet}
i X
i P2 lg
(b) (©)

Figure 2.4 Configuration of the circularly polarized antenna element [1]:
(a) Geometrical layers, (b) Top view, (c) Bottom view
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3. DESIGN AND SIMULATION OF
ANTENNA ELEMENTS

3.1 Design and simulation of the antennas at 45 GHz

Using the design procedure discussed in chapter 2.2, the dimensions of the
conventional aperture coupled and the cross-aperture coupled patch antennas were
calculated. Their nominal values are shown in Table 3.1(a) below. Table 3.1(b)
shows the dimensions of the circularly polarized antenna element from [1]. Using
CST Microwave Studio, all three antennas were designed to work at a resonance
frequency of 45 GHz. The substrates used are Rogers 5880 (the top substrate) and
Rogers 4003 (the bottom substrate) with permittivities of 2.20 and 3.55, respectively.

Parameter Value Parameter Value
Ly 1.7 Li 1.4
W, 26 L> 1.5
Ly 2.6 Si 1.1
Wy 0.2 S> 1.1
hi 0.8 Gy 0.3
h 0.2 G 0.3
hs' 0.3 P 0.4
Lstub 0.5 PZ 0.9
Ly 4.0 Ps 0.3
Wy 0.5 7 0.9
Ad1 53 1 0.9
Ad2 44 Ls 2.6
W 0.2
! The height hs is the height of the air substrate and VV} 0.5
only applies to the crossfaperture Ogc:}:pled patch /\dl 53
antenna. It was calculated using h < P [8]
Ad2 4.4
(a) (b)

Table 3.1 Nominal values of the antennas:
(a) Conventional aperture coupled antenna and the cross-aperture coupled
patch antenna (b) Circularly polarized antenna element

3.1.1 Conventional aperture coupled antenna

Figure 3.3, 3.2 and 3.3 show the results of the simulation of the conventional
aperture coupled antenna for the nominal values. The resonance frequency was
43.825 GHz, the impedance bandwidth was 5% for a return loss lower than -10 dB
(frequencies from 42.625 GHz to 45.025 GHz) and maximum gain and directivity
of 8.55 dB and 7.09 dB, respectively.
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Reflection coefficient against Frequency
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-12

Frequency|[GHz]

Figure 3.1 Frequency characteristics of reflection coefficient for nominal
values of conventional aperture coupled antenna

Gain against Frequency
7.25
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Figure 3.2 Frequency characteristics of gain for nominal values
of conventional aperture coupled antenna
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Farfield Drectvity Abs (Ph=90)

farfield (f=45) [1]

Fraquency = 45 GHz

Man lobe magntude = 7.09 dBs
Main obe drecion = 0.0 deg.
Angular width (3 dB) = 87.7 deg.
Theta / Degree vs. dBi Sie bbe level = -19.7 dB

-8
T
e
-
~shd

4
1546
-53
“1z4

Figure 3.3 Farfield directivity at 45 GHz. Top: polar coordinates,
Bottom: 3-dimensional characteristics

A parametric analysis was done to find out the effect of the parameters on the
overall performance of the antenna. Figure 3.4 and Figure 3.5 show the results of
the parametric analysis and the final optimized results, respectively.
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(©)
Figure 3.4 Parametric analysis of length of the patch(a), width of the patch ,
length of the stub of the microstrip line(c)

The results of the analysis show that increasing the length of the stub improves
impedance matching, increases the bandwidth, and reduces the resonance frequency.
Reducing the length of the patch increases resonance frequency and the increase of
its width increases bandwidth with the effect of moving the frequency upwards.
Putting these into consideration, the resonance frequency was finally tuned to 45.03
GHz. Figure 3.5 shows the frequency characteristic of S11 and gain and the radiation
pattern of the optimized antenna while Table 3.2 summarizes its optimal parameters.
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Gain against Frequency
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Figure 3.5 Final performance of the antenna: (a) S11 (b) Gain
(c) Far-field directivity at 45 GHz

The results of the simulation are in conformity with the theoretical assumption
of performance. This antenna is linearly polarized and its simulation therefore served
as a verification of the functionality of a conventional aperture coupled antenna and
as a basis for designing circularly polarized antennas. The following sections will
focus on the simulation of the circularly polarized antennas.
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Parameter | Value Parameter Value
[mm] Bandwidth 12.96 %
Lp 1.4 Maximum Gain | 8.05 dB
Wy 2.6 Directivity 5.76 dBi
Ly 2.6
W 0.2
hi 0.8 ()
ho 0.2
Lstub 1.0
Ly 4.0
Wy 0.5
(a)

Table 3.2 (a) Final antenna dimensions,
(b) performance parameters

3.1.2 Cross-aperture coupled patch antenna

The results of the simulation of the antenna at its nominal parameters were not
good. The antenna impedance was not matched, and its circular polarization was not
acceptable. To improve its performance, parameters of the antenna were adjusted.
The air substrate had an effect of reducing backward radiation but increasing the
height of the air gap reduced the impedance matching. The height of the air substrate

. 1 . .
was adjusted to around % A4y after a parametric analysis.

Increasing the length of the aperture while reducing its width tended to improve
coupling and impedance matching while reducing circular polarization of the
antenna, and vice versa. Increasing the length of the stub had a similar effect.

Figure 3.6 and Figure 3.7 show the final optimized results of the antenna
performance.

o o AN O
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-20
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Frequency[GHz]

(a)
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Figure 3.6 Cross-aperture coupled patch antenna performance:
(a) Reflection coefficient, (b) Axial ratio, (¢) Gain
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Theta / Degree vs. dBi

(a)
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Figure 3.7 Radiation pattern of cross-aperture coupled antenna at 45 GHz:
(a) absolute value, (b) Theta component, (c) Phi component
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Resonance frequency of 45.09 GHz was achieved. The antenna had an
impedance bandwidth of 6.4% for a frequency range from 43.6 GHz to 46.6 GHz and
a 3 dB AR bandwidth of 5.3% for frequencies from 46 GHz to 48. 4 GHz. The 45
GHz frequency was not covered in the 3dB AR bandwidth but lies in the 6dB AR
bandwidth. This antenna also shows quite strong backward radiation. Table 3.1(b)
summarises its performance.

Table 3.3 Final parameters of the cross-aperture coupled patch antenna:
(a) Dimensions, (b) Performance parameters

Parameter | Value
[mm]

Ly 2.0
Wy 2.6
L 4.5
W 0.03
hi 0.8

ha 0.2

hs 0.3
Lszub 1.3
Ly 5.0
Wy 0.5

4 7.5

L 7.5
Adi 53
Ad2 4.4

(a)

Parameter Value

Bandwidth 6.4%

AR Bandwidth | 5.3%

Maximum Gain | 9.01dB

Directivity 8.02 dBi
(b)
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3.1.3 Novel circularly polarized antenna element

The magnitude of the radius of the metallic posts was not given in [1]. It was
observed that it has an impact on the overall radiation performance of the antenna,
particularly on reflection coefficient, bandwidth and resonance frequency as shown
in Figure 3.8. The impedance matching of the antenna improves as the radius of posts
reduces within the range of 0.40 mm to 0.30 mm. On the contrary, the bandwidth and
resonance frequency are reduced. Above the radius value 0.44 mm, reflection
coefficient was above -10 dB for the whole examined frequency band from 39 GHz
to 55 GHz. The radius of 0.3 mm was used in final simulated results.

0

-5

-10

——— r=0.3

— -15 r=0.31
= 0 r=0.32
= r=0.33
L s —r=0.34
r=0.4

-30

-35

-40

38 39 40 41 42 43 44 45 46 47 48 49 50
Frequency[GHz]

Figure 3.8 The effect of the radius of the metallic posts on reflection coefficient at
the input of novel circularly polarized antenna

The final results of the simulation of the reflection coefficient were in agreement
with the results published in [1] .The simulated impedance bandwidth was 25.1%
while that from [1] was 24.9%. The axial ratio however showed a difference .The
simulated 3 dB AR bandwidth was 14.3% while that from [1] was 17.3%.

Figure 3.9 and Figure 3.10 show the simulated results and the published results
respectively. The antenna shows wide bandwidths with good circular polarization
and also shows good radiation pattern with small backward radiation.
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Figure 3.9 Simulated frequency response of reflection coefficient (grey),
axial ratio (blue) and gain (orange) of novel circularly polarized antenna
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Figure 3.10 Frequency response of reflection coefficient (orange),
axial ratio (black) and gain (blue) of the novel antenna from [1]
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Figure 3.11 Simulated radiation pattern of the novel antenna at 45 GHz:
(a) absolute value, (b) Theta component, (c) Phi component

3.1.4 Comparison of performance between the circularly
polarized antennas

The results show that the novel CP antenna element has better performance
compared to the cross-aperture coupled patch antenna. The novel element has an
impedance bandwidth of 25.1 % (over a frequency range from 39 GHz to 50 GHz)
that is wider compared to the 6.4% impedance bandwidth of the cross-aperture
coupled patch antenna.

The new element also shows a better radiation efficiency and a lower backward
radiation. However, its peak gain is lower.

Table 3.4 shows a full comparison of all the simulated antennas. Owing to its
better performance, the novel CP microstrip antenna element is more suitable for use
in the design of an antenna array operating in the 24 GHz ISM frequency band.
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Cross-aperture Novel CP
Parameter coupled antenna element
Value Value
Impedance bandwidth 6.4% 25.1%
(IS11|<-10dB)
AR bandwidth (3dB) 5.3% 14.3%
Peak Gain 9.01dB 8.0dB
Directivity 9.04 dB 8.02 dB
Minor lobe level -9.2 dB -18.0dB

Table 3.4 Comparison of performance of the circularly polarized antennas

3.2 Design and simulation of the novel CP element at 24
GHz

Since the antenna array is supposed to operate in the 24 GHz frequency band,
the parameters of the CP microstrip antenna element are recalculated so that it can
resonate at that frequency. Firstly, its length and width are increased by a factor of 2,
the dimensions of the feed line are recalculated using equations 2.6 to 2.9 and the slot
length is recalculated using equation 2.10. The remaining parameters are similar to
the those of the antenna operating at 45 GHz. A parametric analysis is then done to
find out the effect of the truncated corners (77 and 72), the spacing on the patch (G/
and (G2) and the L-shaped branches (P/ and P2). Only one parameter at a time is
changed while keeping the rest constant.

3.2.1 Truncated corners (71, T2)
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Figure 3.12 Effect of truncated corners on parameters of the novel element:
(a) reflection coefficient, (b) axial ratio

Increasing the amount of truncation, i.e. increasing 7'/ and 72, the axial ratio is
reduced, and vice versa (see Figure 3.12). The amount of improvement on the axial
ratio was however limited by geometrical factors, i.e. 7/ and 72 could not be
increased such that they would be greater than the length and the width of the patch.
Increasing the level of truncation also slightly reduced the resonance frequency and
slightly increased the reflection coefficient.

3.2.2 Space between the patches (G, G2) and the distance between
metallic posts (S, S2)

To find out the effect of the space between the patches, the effect of the position
of the four metallic posts had to be determined first because increasing the amount
of space requires the metallic posts to be moved as well. Increasing the distance
between the posts showed an improvement in the axial ratio but at the expense of the
reflection coefficient as it greatly increased (Figure 3.13). Atavalueof S/=82=1.5
mm, S11 was already above -10 dB for the whole examined frequency band (from
19 GHz to 30 GHz). This shows that it is good to have a small distance between the
posts.

Setting a reasonable distance between the posts, the effect of the space between
the patches could be examined in the range of 0.04 mm < G/ = G2 <0.3 mm.
Increasing the space increased the impedance bandwidth, the resonance frequency
and the axial ratio, and vice versa. Out of this range, the axial was very high and the
reflection coefficient was above -10 dB.
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Figure 3.13 Effect of S1 and S2 on parameters of the novel element:
(a) axial ratio, (b) reflection coefficient
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Figure 3.14 Effect of GI and G2 on parameters of the novel element:

(a) axial ratio, (b) reflection coefficient
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3.2.3 L-shaped branches (P1, P2)
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Figure 3.15 Effect of PI on parameters of the novel element:
(a) axial ratio, (b) reflection coefficient
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Figure 3.16 Effect of P2 on parameters of the novel element:
(a) axial ratio, (b) reflection coefficient

The effect of the L-shaped branches can be seen from Figure 3.15 and Figure
3.16 .Increasing the length of P/ in the range of 0.6 mm to 1.6 mm reduces the
resonance frequency and improves the axial ratio. Although the magnitude of the
reflection coefficient reduces (i.e. improves at the resonance frequency), the
impedance bandwidth remains relatively the same.

The length of P2 was examined in the range 0.4 mm to 1.8 mm. Just like the
length P1, P2 reduces the resonance frequency, improves the axial ratio, and has a
very small effect on the impedance bandwidth as its length increases. Out of this
range, it caused the antenna to resonate at two different frequencies in the frequency
band 19 GHz to 30 GHz.
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The lengths P/ and P2 can therefore be used to tune the antenna but only in a
limited range of values.

3.2.4 Optimal results

The novel antenna element was optimized, and the following results were
obtained as shown in Figure 3.17 to Figure 3.19.
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Figure 3.17 Frequency response of reflection coefficient
of the novel optimized antenna element
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Figure 3.18 Frequency response of axial ratio
of the novel optimized antenna element
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Figure 3.19 Frequency response of gain
of the novel optimized antenna element
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Figure 3.20 Radiation pattern of the novel optimized antenna element at 24 GHz:
(a) Absolute gain (b) Theta component (c) Phi component
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The antenna has the impedance bandwidth 14.3% for a frequency range from 22.4
GHz to 25.8 GHz and the 3 dB AR bandwidth 1.4% for a frequency range from 23.8
GHz to 24.14 GHz. The gain is above 7.4 dB for the frequency range from 19 GHz
to 30 GHz. The antenna also shows low backward radiation.

Parameter | Value [mm] Parameter Value
L, 3.0 Bandwidth(s11|<10dB) | 14.2%
L 3.2
S 1.1 3dB AR Bandwidth 1.4%
52 1.1 Maximum Gain 8.8dB
G 0.3
G, 0.3
P; 1.0 (b)
P, 0.9
P; 0.3
T 0.9
T 0.9
Ls 3.4
Ws 0.2
Wy 0.5
Le 1.3
Ly 9.0
r 0.3
(a)

Table 3.5 The novel optimized antenna element:
(a) Dimensions, (b) Performance parameters

Lf

(a) (b)

Figure 3.21 Numerical model of the simulated antenna element
in CST Microwave Studio: (a) Top view, (b) bottom view
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4. NOVEL 2x2 CPANTENNA ARRAY AT 24
GHz

4.1 Original substrates

The 2x2 antenna array was initially designed with the elements separated by
the distances equal to the size of the wavelength in the top substrate. Its design in
CST Microwave Studio is shown in Figure 4.1.

Figure 4.1 Numerical model of the 2x2 antenna array
in CST Microwave Studio: (a) top view, (b) bottom view

The simulation of the antenna array on original substrates from [1] was done in
CST Microwave studio 2018 using the time domain solver with a hexahedral mesh,
steady state accuracy limit -40 dB and used time step width 1.535¢™ ns. The rest of
the mesh property settings are shown in the figure below. The settings were done
with the aim of maintaining a balance between accuracy and speed of the simulation

[10], [11].

Mesh Propetties - Hexahedral [ x|
~ Maimurn cell oK
Near tomodel:  Far from model: ;I

Cells per wavelength: I 15 j I 15 j Cancel
W Use same setting as near to madel Apply

Cells per max model box edge | |20 =1 =
P d J I =l I =l Update
I~ Use same setting as near to madel
Specials. .
— Minimurm cell simmlify Model
implify Madel...
IFractiUn of maximum cell near to model j I 20| =

=l
¥ | Use ame settingin althree directions Help
[ Statistics

Smallest cell: N

[0.045 [228

Largest cell: My

|0.611821 | 237

Nurmber of cells: Nz

| 1,392,872 |27

Figure 4.2 Mesh properties for the 2x2 antenna array on original substrates
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It was observed during simulations that the parameters a/ (inter-element spacing
in the x-axis) and a2 (inter-element spacing in the y-axis) affect the axial ratio,
reflection coefficient and gain of the antenna array. The parameter L was mainly
used for impedance matching (improving the impedance bandwidth). Reducing the
length a/ while keeping a2 constant and vice versa, improved the radiation pattern
by reducing the side lobe level but reduced the axial ratio bandwidth and gain of the
antenna.

An optimization sweep (Trust Region Framework algorithm) was therefore done
for parameters a/, a2 and Lt. After optimization, the distances a/ (in the x-axis) and
a2 (in the y-axis) between the elements are set to 9.1 mm.

The optimal results of the simulation of frequency characteristics of the
reflection coefficient, axial ratio and gain of the antenna array are shown in Figure
4.3 to Figure 4.5.
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Figure 4.3 Reflection coefficient of the 2x2 antenna array
on original substrates
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Figure 4.4 Axial ratio of the 2x2 antenna array on original substrates
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Figure 4.5 Gain of the2x2 antenna array on original substrate
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Figure 4.6 Radiation pattern of the 2X2 antenna array on new substrates:
(a) Absolute radiation, (b) Theta component, (c) Phi component



Parameter Value
Bandwidth (|S11|<-10 dB) 24.6 %
6 dB AR Bandwidth 3.84 %
Maximum Gain 13.9dB
Table 4.1 Results of simulation of the 2x2 antenna array on original
substrates
Parameter Value [mm]
L; 3.0
L 32
S 1.1
S2 1.1
G 0.3
G 0.3
P 1.0
P> 0.9
Ps3 0.3
17 0.9
13 0.9
Ls 3.4
Wy 0.2
Wy 0.5
2.7
L 35
w 35
L 1.5
Table 4.2 Dimensions of the optimized 2x2 antenna array on original
substrates

The results of the antenna array show a wide impedance bandwidth (24.6%) and
relatively high gain (13.9 dB). Although the axial ratio of 3.0 dB was achieved at the
operating frequency, the rest of the examined frequency range had an axial ratio
higher than 3 dB. The 6 dB axial ratio bandwidth was therefore considered. Its value
was 3.84 % as shown in Table 4.1. By reducing the separation distance between the
elements, the results can be improved. However, the inter-element distance cannot
be reduced because of the limited attainable compactness of the microstrip feeding
network.

The performed simulation verified the functionality of the antenna array
proposed in [1]. The antenna was then redesigned using available recommended
substrates (see chapter 4.2).
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4.2 Available substrates

As was alluded to in the preceding sub-chapter, the antenna was redesigned using
recommended available substrates. The substrate Cuclad217 (& = 2.17,
tan 0 = 0.0009) was used for both the top layer and the bottom layer with heights 4;
=1.54 mm and A, = 0.254 mm, respectively. By using a thinner height for the bottom
substrate, the width of the feed was minimized, implementing a more compact feed
network for the antenna array.

Similar to the preceding sub-chapter, the transient solver with a hexahedral
mesh, steady state accuracy limit -40 dB, and used time step width 1.279e™ ns is used
for the simulation of the 2x2 antenna array on available substrates in CST
Microwave studio 2018.The mesh settings are shown below.

Mesh Properties - Hexahedral X
Maximum cell
Near to model:  Far from model:
Cells per wavelength: 15 = |15 = Cancel

-

[]use same setting as near to model

Cells per max model box edge | 20 : | 1 :

["]use same setting as near to model
Specials...

Minimum cell

Simplify Model...
Fraction of maximum cell near to model ~ | | 20 :

Use same setting in all three directions Help

Statistics

Smallest cell: M
[0.036 | [207 \
Largest cell: Ny:
[0.511821 | [230 ‘
Humber of cells: Nz:
| 1,462,304 | [32 \

Figure 4.7 Mesh properties for the 2x2 antenna array on new substrates

Using the information from the previous sub-chapter, the essential parameters
al, a2 and Lt were used in tuning the antenna reflection coefficient, axial ratio, and
gain. The dimensions a/ and a2 were set to 7.8 mm and 8.6 mm respectively after
optimization. The antenna design in CST Microwave studio is shown in the Figure
4.38.
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Figure 4.8 Numerical model of the 2x2 antenna array
in CST Microwave Studio: (a) top view, (b) bottom view
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Figure 4.9 Frequency response of reflection coefficient of the 2x2 antenna array
on new substrates
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Figure 4.10 Frequency response of axial ratio of the 2x2 antenna array on new
substrates
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Figure 4.11 Frequency response of gain of the 2x2 antenna array on new
substrates
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Figure 4.12 Radiation pattern of the 2x2 antenna array on new substrates: (a)
Absolute radiation, (b) Theta component, (c) Phi component

ARLON CuClad217 RogersS880 &

Parameter Rogers4003
Value Value

Impedance bandwidth (|]S11|< 33.5% 24.6%
-10 dB)
AR bandwidth (3 dB) 9.2% Less than 1.0 %
Peak Gain 13.5dB 13.9dB
Minor lobe level -10.2 dB -16.5dB

Table 4.3 Comparison of performance of the 2x2 antenna array design on
ARLON CuClad217 substrate (available) and substrates from [1] (original
substrates)
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Parameter Value [mm]
L 1.9
L2 2.8
S 1.1
SH 1.1
G 0.3
G» 0.3
P 1.2
P> 1.2
Ps 0.3
1 1.6
17 1.6
Ls 55
W 0.2
Wy 08
S 14
L 35
w 35
Le 1.8

Table 4.4 Dimensions of the optimized 2X2 antenna array on available
substrates

As can be seen from the frequency characteristics of reflection coefficient, axial
ratio and gain in Figure 4.9 to Figure 4.11 respectively, the impedance bandwidth of
the antenna is 33.5%, the 3 dB axial ratio bandwidth is 9.2 % and the gain is above

11 dB for frequencies from 19 GHz to 30 GHz with a peak gain of 13.5 dB.

The use of a thicker top substrate led to smaller values of the length and width
of the cp antenna elements, making it possible to reduce the inter-element distances
in both the x and y axes. This helped to significantly improve the antenna impedance
and axial ratio bandwidths as can be seen in Table 4.4.The gain was slightly lower
however, and the backward radiation was worsened.
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5. NOVEL 4xX4 CP ANTENNA ARRAY AT 24
GHz

A 4x4 antenna array was designed with a compact microstrip feed network as
shown in Figure 5.1. The antenna elements are separated by the distance
al = 7.8 mm in the x-axis and the distance a2 = 8.6 mm in the y-axis. A 2.40 mm
Jack female end launch connector by Southwest Microwave was used in the model
of the antenna as shown in the figure below.

(a) (b)

Figure 5.1 Numerical model of the 4x4 antenna array in CST
Microwave Studio: (a) top view, (b) bottom view

The optimized and simulated results of the antenna array are shown in Figure
5.2 - Figure 5.4. The impedance bandwidth is 31.6 % (from 19.17 GHz to 26.75 GHz)
while the axial ratio bandwidth is 14.2 % (from 22.96 GHz to 26.37 GHz).
Simulations showed that an improvement of the axial ratio bandwidth slightly
worsened the impedance bandwidth, and vice-versa. A compromise was therefore
made during the optimization, which led to the impedance bandwidth of the antenna
array being slightly narrower than that of the 2X2 antenna array. The simulated gain
was above 16.5 dB from 16.6 GHz to 30.0 GHz with a peak value of 19,0 dB.
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Figure 5.2 Frequency characteristic of reflection coefficient of the 4x4 antenna
array on available substrates
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Figure 5.3 Frequency characteristic of axial ratio of the 4x4 antenna array on
available substrates
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Figure 5.4 Frequency characteristic of gain of the 4x4 antenna array on
available substrates

The normalized radiation pattern of the 4x4 antenna array is depicted in Figure
5.5. The side lobe level is equal to -10.5 dB and its low level (see Figure 5.5) is given
with reference to the back lobe (at theta 180°) which is contributed by spurious
radiation of the microstrip feed network.
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Figure 5.5 Normalized radiation pattern of the 4x4 antenna array on available
substrates at 24 GHz
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Parameter Value
Bandwidth(|]S11|<-10dB) 31.6%
3dB AR Bandwidth 14.2%
Maximum Gain 19.0 dB
Side lobe level -10.5dB
Table 5.1 Parameters of the optimized 4x4 antenna array on available
substrates
Parameter Value [mm]
L 1.9
L 2.8
S 1.1
S> 1.1
G 0.3
G2 0.3
P; 12
P> 12
P3 03
T 1.6
1> 1.6
Ls 55
Ws 0.2
Wr 0.8
S 14
L 70
w 70
Lt 1.8
Table 5.2 Dimensions of the optimized 4x4 antenna array on available
substrates
L oo
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Figure 5.6 Configuration of the 4x4 antenna array on available substrates
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6. CONCLUSION

A new circularly polarized antenna element that was published in the
recommended literature was simulated and analyzed. The results of the analysis
revealed that the antenna exhibits circular polarization mainly because of the L-
shaped branches and the truncated corners. These features, however, do not only have
an impact on the axial ratio but also on resonance frequency and impedance
bandwidth. An increase in the level of truncations improved the axial ratio and had a
very small impact on bandwidth and resonance frequency while the L-shaped
branches improved axial ratio only within a small range above and below which the
results worsened. Just like the L-branches, the spacing between the patches had the
tendency of improving results in a small range (in this case between 0.04 and 0.30
mm). Within this range, the axial ratio increased while the reflection coefficient and
impedance bandwidth improved. The results also revealed that the radius of the
metallic posts connecting the patches and the ground should be small in comparison
to the size of the patch and the wavelength in the dielectric and the distance between
them should be kept small as well.

The results of the simulated antenna in the 45 GHz band were in absolute
conformity with the results published in the recommended literature with an
exception of the axial ratio which was less by 3%. Nonetheless, the overall
performance of the antenna was good as it exhibited wide bandwidths for -10 dB
impedance bandwidth and 3 dB AR bandwidth of 24.5% and 14.3% respectively.
Comparing its performance with that of a conventional cross-aperture coupled patch
antenna designed with the same substrates, its impedance and axial ratio bandwidths
were about 4 and 3 times wider respectively. Due to its better performance, the novel
microstrip antenna was used in the construction of the antenna array at 24 GHz.

The antenna element was used to assemble a 2 x 2 antenna array on the original
substrates Rogers 5880 (upper substrate, & =2.20, h = 0.787 mm) and Rogers 4003
(lower substrate, &r=3.55, h=0.203 mm). The impedance bandwidth of this antenna
array was 24.6%, and the maximum gain was 13.9 dB. However, the antenna array
achieved an axial ratio of 3 dB only at the operating frequency of 24 GHz.

The parameters could be improved by reducing the distance between the
individual elements of the array. However, this reduction was not possible due to
geometrical limitations of the microstrip feeding network. Therefore, the lower
substrate Rogers 4003 (g; = 3.55, h = 0.203 mm) was replaced by the substrate
ARLON CuClad217 with permittivity & = 2.17 and height h = 0.254 mm. ARLON
CuClad217 with the same permittivity and height h = 1.54 mm was used as the upper
substrate. The antenna array then achieved a larger impedance bandwidth of 33.5%,
a larger axial ratio bandwidth of 9.2% and a maximum gain of 13.5 dB. However,
the radiation pattern was deteriorated.

A 4x4 antenna array on the same available substrates was then constructed. It
had a wide bandwidth of 31.6 % for |[S11| < -10 dB in the frequency range of 19.17
GHz to 26.75 GHz and gain above 16.5 dB for a frequency range of 19 GHz to 30
GHz with a peak value of 19.0 dB. The 3 dB axial ratio bandwidth was 14.2 % for
the frequency range of 22.96 GHz to 26.37 GHz and therefore sufficiently covers
the whole 24 GHz ISM band (24 GHz to 24.25 GHz).The side lobe level was high
however (-10.5 dB) due to spurious radiation of the microstrip feed network. The
antenna design is ready for fabrication and experimental verification.
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