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Abstract
Aperture Coupled Microstrip Antenna Design and Analysis
Michael Paul Civerolo

A linearly-polarized aperture coupled patch antenna design isctéydzad and
optimized using HFSS antenna simulation software [1]. This thesissés on the
aperture coupled patch antenna due to the lack of fabrication and tuningeddation
for the design of this antenna and its usefulness in arrays and an#lggpolarized
communications. The goal of this thesis is to explore dimension ®ftactaperture
coupled antenna performance, to develop a design and tuning procedure, andlde desc
performance effects through electromagnetic principles.

Antenna parameters examined in this study include the dimensidriscations
of the substrates, feed line, ground plane coupling slot, and patchopédrating
frequency, input VSWR, percent bandwidth, polarization ratio, and broagaideare
determined for each antenna configuration.

The substrate material is changed from RT Duroid (matgriaominal HFSS
design [1]) to FR4 due to lower cost and availability. The operftaggency is changed
from 2.3GHz (specified in nominal HFSS design) to 2.4GHz for essecommunication
applications. Required dimensional adjustments when changing sulsttzieals and
operating frequencies for this antenna are non-trivial and e¢laedesign procedure is
used to tune the antenna.

The antenna is fabricated using 59mil thick double and singld &Rd boards
joined together with double sided 45mil thick acrylic tape. Titerma is characterized

in an anechoic chamber and experimental results are compalesbtetical predictions.



The results show that the new design procedure can be succeapfillgd to aperture

coupled antenna design.
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Chapter |. TheAperture Coupled Antenna

In 1985, a new feed technique involving a microstrip line electromaghgti
coupled to a patch conductor through an electrically small groume @perture was
proposed (see Figure 1-1) [1]. At that time, patch antenna febdideies included

microstrip transmission lines and coaxial probes.

Figure 1-1: Aperturecoupled microstrip patch antenna transparent structure

A microstrip feed uses a transmission line to connect thetirsglipatch to
receive or transmit circuitry (see Figure 1-2). Electrgnadic field lines are focused
between the microstrip line and ground plane to excite only guidedswas opposed to
radiated or surface waves. Guided waves dominate in electriball dielectrics with
relatively large permittivities [2]. For the patch antenrediated waves at the patch
edges are maximized using electrically thick dielectubssrates with relatively low
permittivities. Hence, it is difficult to meet substrate he@d permittivity requirements
for both the microstrip transmission line and patch antenna. Dieleabstrates selected

to satisfy the two conflicting criteria increase surfag@s, reduce radiation efficiency



due to increased guided waves below the patch, and increase sidaldbesoss-

polarization levels from spurious feed line radiation [2].

T

Microstrip Feed Line Ground Plane

Figure 1-2: Microstrip transmission line fed patch antenna

A probe fed antenna consists of a microstrip patch fed by titerasonductor of
a coaxial line (see Figure 1-3). The outer coax conductoedsrigllly connected to the
ground plane. Due to the absence of a microstrip feed line, theadak$ickness and
permittivity can be designed to maximize antenna radiation. Howtheprobe center
conductor underneath the patch causes undesired distortion in thie éielct between
the patch and ground plane and produces undesired reactive loadingatffieetantenna
input port [2], [3]. The undesired reactance can be compensated Isyiragljihe probe

location on the patch.



Ground Plane

Figure 1-3: Probefed patch antenna

An aperture coupled antenna eliminates direct electrical coongdietween the
feed conductor and radiating patch, and the ground plane electisabyes the two
structures. The two dielectric substrates can be selectegeimdiently to optimize both
microstrip guided waves and patch radiating waves. Aperture exbugrhitennas are
advantageous in arrays because they electrically isolateedte &hd phase shifting
circuitry from the patch antennas. The disadvantage is the requirdéithyeulstructure

which increases fabrication complexity and cost [2].



Chapter 1. Antenna Operation

Figure 2-1 shows the aperture coupled microstrip antenna in blaplaaigorm.
The feed line creates an electric field in the aperture (grplaree slot), which induces
surface currents on the patch. The patch edges perpendiculae feed line create

fringing fields that radiate into free space.

One Port Patch

1 [

Two Port Aperture

Lf Lstub

Input Port Three Port Open Feed Line

Figure 2-1: Aperture coupled microstrip antenna block diagram [2]

Figure 2-2 shows the aperture coupled antenna layers, which inchase (f
bottom to top) the feed microstrip, feed substrate, slotted ground platleana substrate,
and radiating patch (Figure 2-2A - 2-2C). The antenna substrateureF2e2A is made

transparent to show the feed line.

A) B) 0)

Figure 2-2: Antenna Layers
A) Conductive microstrip feed (1% layer) under neath feed substrate (2™ layer)
B) Slotted ground plane (3" layer) C) Radiating patch (5" layer) on antenna substrate(4™ layer)

4



The nominal HFSS antenna design defined in [1] is fed by an ogment-c
terminated microstrip line 0.739n length (see Figure 2-3). The wavelength in dielectric
is calculated with ADS2006A linecalc at 2.3GHz. A slot in the groplade is located
above the feed line 0.2A1(microstrip wavelength in dielectric) from the open

termination.

Feed

‘ 0.2113 |
| >

[
L

3

0.739 %

Figure 2-3: Microstrip feed line and nominal dimensions

The ground plane slot acts as an impedance transformer anelpaCalktircuit
(Lap and Gy in Figure 2-4) in series with the microstrip feed line [2]. T circuit
represents the ground plane slot resonant behavior. The N:1 impedarsferinar
represents the patch antenna's impedance effects being coupled theoggbund plane
slot. The patch is modeled as two transmission lines terminayegharallel RC

components (R4 and Ging) due to patch edge fringing fields [2].

Rrad % Cmng Cfﬂng Rrad

stub

Input Port 0 gy[ Open

o1 —o

Figure 2-4: Aperture coupled patch antenna equivalent cir cuit [2]
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The ground plane slot and patch center are positioned above the mpidiost
0.211n from the open termination (see Figures 2-3 and 2-5). On micrdisggpabove a
solid ground plane, a voltage null and current maximum o&déirfrom an open
termination. Due to ground slot and patch loading effects, the maxicom®nt occurs

0.211. away from the open termination.

Z
Feed Point

Ground Plane Slot

Figure 2-5: Aperture coupled patch antenna HFSS model coordinate system

The x-polarized (assuming first order TEM mode) feed line ntiineluces an x-
polarized electric field in the ground slot. The nominal HFSS nteeel substrate height
and ground slot length are 0.0268nd 0.0164 (see Figure 2-6) [1]. The x-polarized feed
line current radiates an electric field into the region whewseground plane exists
(Ground Plane Slot in Figure 2-5). The ground plane slot eldafat is x-polarized
because the slot is electrically narrow in the x-direction badime surface current is x-

directed [4], [5].



Figure 2-6. Bottom three layers: feed substrate and slot dimensions (drawn to scale)

The slot length and width (y, x) dimensions are nominally 0.4 0.01& [1].
The equivalence principle is used to represent the x-polarleettie field and ground
plane slot as a PEC boundary with y-polarized magnetic curoenesither side (see
Figure 2-7) [4]. To satisfy the continuous tangential eledteld boundary condition
(1.1), the y-directed magnetic currents are in opposing directionsodtlee tsurface

normal on either side of the ground plane.

M;,=-AXE (1.1)

My

Figure 2-7: Ground plane slot cutout
A) x-polarized electric field B) Equivalent PEC boundary with y-polarized magnetic currents



The ground plane slot electric field induces x-polarized patchmatsurface
currents due to patch centering over the ground plane slot width an¢ptharized slot
electric field. The patch length (x-dimension) is nominally 0M4@2211. on either side
of the ground plane slot, microstrip wavelength in dielectris) pfeviously mentioned,
aperture loading effects cause a ORfdicrostrip line to behave asi# line. The patch
emulates a&/2 length microstrip line centered over the ground plane slot.

The open circuited patch edges exhibit electric field magismand current nulls.
This induces electric field extension from patch edges intostheounding air and
substrate and termination at the ground plane. Figure 2-8A showshés& fringing
fields contain x and z components. The z-components at opposite patshaeslgeit of
phase. The x-components at opposite patch edges are in phase afafeinter

constructively in the far field normal to the patch (see Figure 2-8B).

Z Y

Y£—X Fringingf Field zl>—x

t

Smface Cmrents

A

1111117’

Figure 2-8. Patch electric fields
A) Sideview (at y=0) B) Top view [2]

Due to the x-polarized ground plane slot electric field and antenmansiry
about the x-axis, the radiating electric fields are x-poldramed exhibit minimum co-pol
to cross-pol ratios of 25dB. The E-plane (xz) co-pol directighfe 6 [J [0°, 90°) and

¢ = 0°, 180°, see Figure 2-8B.



Chapter 111. Nominal Antenna

Performance
The linearly-polarized aperture coupled patch antenna design defifiddsmmodeled in
HFSS. Simulation results are used as the baseline antenoar@arte for comparison
against all parametric adjustments. The center frequency, inpedance, VSWR,
bandwidth, polarization ratio, and radiation patterns are determinedswantharized
below.

The nominal 2.3GHz antenna design is modeled on 63mil thick RT Duroid 5880
substrate [1]. Figure 3-1 shows the five antenna layers and nodimmahsions in mils.
The conductive elements (Figure 3-1 A, C, and E) are defined agliekness PEC

surfaces. The antenna is composed of layers A through E from bottom to top.

Dimensions in mils

= 3.543 = < 3.543 >

Figure 3-1: Nominal antenna layer dimensions
A) Feed strip (1% layer) B) RT duroid substrate (2" layer) C) Slotted ground plane (3" layer)
D) RT duroid substrate (4™ layer) E) Radiating patch (5" layer)



The nominal HFSS antenna model is shown in Figure 2-5. The z aasigl to
the antenna surface, the feed strip axis is aligned witlx tieection, and the larger
ground slot dimension is oriented in the y direction. The angle vel&ti the z axis is
defined a®). The angle relative to the positive x axis in the xy plane is defined as

The frequency where the minimumijSvalue occurs defines the operating
frequency. Figure 3-2 shows that the center frequency occAr278GHz. The antenna

is designed for 2.3GHz [1].

0.00.

JEstieiEEn s
\{/

-10.00.

dB(St(p1,p1)) [db]

X1= 2.28GHz
Y1=-10.22

-12.50.
1.00 1.50 2.00 250 3.00 3.50

Freq [GHz]

Figure 3-2: |S11] vs. frequency, f, = 2.279GHz

Figure 3-3 shows the input impedance real and imaginary components vs
frequency. Maximum power transfer to the antenna occurs wWIBNRY, approaches
unity, equivalent to |S| approaching zero, when,Zequals 50+jQ (Z,). Minimum
VSWR;, occurs at 2.279GHz wherg, & 72.5 - j30.82, yielding |Q1| equal to -10.45dB

and VSWR, equal to 1.858.
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Antenna Input Impedance vs. Frequency

90 Al
o [\

-E 50 \

T \\

_eE 10 ...-"/ ‘ﬁ N _.——"'""'-—.— Re{Z}
S =

g 10 \ —Im{z}
E \~

2.15 2.20 2.25 2.30 2.35 2.40 2.45

Frequency (GHz)

Figure 3-3: Antenna input impedance vs. frequency, Z;, = Re (blue) +j*Im (red) at each frequency

The aperture coupled antenna bandwidth is defined as the freqaemyey over
which VSWR, is less than 2. Figure 3-4 shows VSWRs. frequency. The antenna
bandwidth is 20MHz (0.88% relative tg).f This narrow bandwidth is characteristic of
microstrip patch antennas [6].

Antenna Input VSWR vs. Frequency
2.5
2.3 \ /
NN /

= 7
E 1.3 \"‘“1-..___,...-/ VSWRin
17 —SWR =2
1.5
2.26 2.27 2.28 2.29 2.30
Frequency [GHz)

Figure 3-4: Antenna VSWR;, to deter mine bandwidth (blue line shows VSWR;,=2 threshold)

Aperture coupled microstrip patch antennas can have polarizatios i®dB

greater than other microstrip patch antenna configurations [@lrd-i3-5 shows that
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normal to the patch antenna surface, the co4pglo(arized radiation & = 0°, ¢ = 0°)
gain is 6.01dB and the cross-polfolarized radiation & = 0°,¢ = 0°) gain is -37.28dB
(see Figure 2-5 for coordinate system anand6 directions). This yields a polarization
ratio of 43.29 dB normal to the antenna's surface. The back radiatiors|dbe to -z

direction microstrip feed line and ground plane slot radiation [7].

Ansoft Corporation
Radiation Pattern 1
HFSSDesign1

co-pol radiation

1
cross pol radiation h(" e, 30
<X a
\ \ F%
/«:/\ / N ! \ '\\
&0 / / N W80
£/ 1908 LN
([ 7 x o TN
Fo RN Vo
[ l \ / ) X | \
NN
90 | | AT b ‘\ | 90
f
w\ \\ T / /
N / \ o, /
Y . / -. - J
\ O/ N e
\{\./ \\"&,‘?) /’/ e - \;‘fy
120 N /120
\ S //
e pvel
150 " 150
4-_{_7‘¥4_ e

I y
7.0 70

Figure 3-5: Radiation pattern of co-pol and cross-pol components

Table 3-1 summarizes simulation results for the nominal antersigndd hese

results are used as a baseline for parametric adjustments.

fo 2.279GHz
Z, at f, 72.5 -j30.5
Minimum VSWR,, 1.857
Percent Bandwidth 0.88%
Broadside polarization ratio af f 43.29dB
Broadside gain atf 6.006dB

12

Table 3-1: Nominal aperture coupled microstrip patch antenna characteristics




Equivalent Circuit Model
Nominal antenna circuit model parameters (Figure 2-4) arendetd from
equations (3.1) through (3.8) [8], [9]. Figure 3-6 shows dimensions requilculate

radiation capacitance and resistance, and microstrip line impedance.

Figure 3-6: Line Impedance Variables

o+l -1 100\ 05
eeff :€2 +£T(1+7) (31)
Eeff+0.300 E+0.262
A= 0.412H( ) i (3.2)
Eeff—0.258 10813
2mH\2
_ W (K)
oms(1-151) o
A(w
B = 001668 (7) Eof (3.4)
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Ryqa = C (3.5)

Crringe = onf (3.6)

1207

Zy = Jers (3.7)

w w
2 +1.393+0.667 ln(ﬁ“"*‘”)

LapCap ~ (ﬁ)2 (3.8)

Table 3-2 contains the nominal antenna variable values and descriftions
equations (3.1) through (3.7)adand Gy are initially selected to satisfy equality in (3.8).
The impedance transformer turns ratio N is initially seleetethe nominal patch width
to slot length ratio (3cm/1.4cm).a4. Cop, and N are adjusted in the ADS equivalent
circuit model to match VSWR vs. frequency results. Through ADS2009 parametric
adjustments, the impedance transformer turns ratio (N) is inyemeportional to

bandwidth and operating frequency and directly proportional to minimum VSWR

14



ant

Nt

Variable Value Description

fo 2.3GHz Operating frequency

Ao 0.1304m Free space wavelength

No 376.7%) Free space impedance

& 2.20 Substrate dielectric constant

Eeff p 2.08 Patch effective relative dielectric const:
Eeff f 1.89 Feed effective relative dielectric consta
W, 0.0300m Patch width

Hp 0.0016m Patch substrate height

W; 0.0050m Feed width

Hs 0.0016m Feed substrate height

A 0.0008m Effective patch edge field extension
G 0.0019S Parallel plate radiator conductance
B 0.0042S Fringing field capacitive susceptanc
Zoy 11.802 Patch microstrip line impedance
Zot 49.92 Feed microstrip line impedance
Lo 0.211 Half of patch length

Ls 0.528. Feed slot length to ground slot

L stut 0.211 Stub length beyond ground slot
Car 19.6pF Effective aperture capacitance
La 186pH Effective aperture inductance
Riac 5220 Fringing field resistance

Ching 0.29pF Fringing field capacitance

N 1.48 Impedance transformer turns ratio

Table 3-2: Nominal antenna equivalent circuit values

The nominal antenna equivalent circuit model is created in Afsie 3-7). The

line lengths (E) are in degrees—-{ 360°).
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a T LI LI T R
R1 c2 J_ c3 R2
R=522 Ohm = C=0.29 ph ™ C=0.29 pF R=522 Ohm
TLIN ls, | TLINA
L6 1 TF2 TL3 T
L z=11.790hm N=148 z=11.79 OFm -
= =75 E=76 =
F=2.3 GHz F=2.3 GHz
PLC
PLCY = ke fTLOC
Cmr0s o 7-50.0 0h
C=19.6 pF =50.0 Ohm
P [ hRe-
[ |- { |—r| F=2.3 GHz
Term L | F=2.
Term1  TLIN4 TLINA
Num=1 L1 TL2
Z=50 Ohm Z=50.0 Ohm 2=50.0 Ohm
= £=190 E=76
F=2 3 GH~ F=2 3 GH~

Figure 3-7: Nominal antenna equivalent circuit model

Figure 3-8 shows VSWRvs. frequency for the nominal antenna in HFSS (see

Figure 3-4) and equivalent circuit model in ADS20009. VSW& 1.858 at 2.279GHz

and 1.879 at 2.280GHz for the nominal HFSS antenna model and equivalent circuit

model. The bandwidth is 20MHz (0.88% of operating frequency) and 19MHz (0.83%)

for the nominal HFSS antenna model and equivalent circuit model.

2.5
2.4
2.3
2.2
2.1

VSWRin

2.0
1.9
1.8

Antenna lnput VSWR vs. Frequency

7[

/

J

Vi

/

N\

/

\"'T"/

2.26

2.27

2.28

2.29 2.30

Frequency (GHz)

—WVSWR hfss
VSWR

Figure 3-8: HFSS antenna model (red) and equivalent circuit model (green): VSWRIn vs. frequency
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Chapter |V. Parametric Study

The aperture coupled patch antenna microstrip feed line, subsratesd plane
slot, and patch dimensions are varied in HFSS to determine seftectantenna
performance. The operating frequency, VSWR, percent bandwidth, polariztmrand
broadside gain are observed for each configuration. The operatipgefiey is the
location of minimum VSWR over the test bandwidth. The percent bandwidth is the ratio
of frequency range over which VSWRs less than 2 to the operating frequency. The
polarization ratio is the co-pob (polarized radiation & = 0°, ¢ = 0°) to cross-pol¢
polarized radiation & = 0°,¢ = 0°) ratio in the far field. The total broadside gain from

all polarizations is determined at the antenna operating freguéil dimensions given

in wavelengths are determined with ADS2009 Linecalc at 2.3GHz imibgick RT

Duroid (g, = 2.2, loss tangent = 0.0009).

The nominal antenna design from [1] is used as a baseline fqracson. For
each adjustment, only one variable is varied while all other diovengemain at nominal
values. The parametric study results are used to develop a desaauyre which is
demonstrated in the design, optimization, fabrication, and chaeatien of four
aperture coupled antennas.

This chapter summarizes the parametric study and defirsBnships between
physical antenna dimensions and performance parameters which iedieate how
fabrication errors can degrade aperture coupled microstrip antenfognpance or are
used to design the four antennas described in the next section. Appecaintains the

entire parametric study.
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Antenna Design Relationships

Figure 4-1 shows an expanded view of the ground plane (orange) and ground
plane slot (yellow). Slot Width Offset and Slot Length Offset thie distances from the
center of the slot to a point directly below the center of thatiadi patch (z-axis). Slot
Width Offset and Slot Length Offset are nominally 0. The nomilwdldmensions are
0.148. by 0.016 (Slot Length by Slot Width) equivalent to 551.2mils by 61.0mils

(wavelength in dielectric found with ADS2006A linecalc at 2.3GHz).

—

Figure 4-1: Slot Dimensions and Variables

Figure 4-2 contains input reactance and resistance datibastfot Length values
between 393.7 and 669.3mils. This figure indicates that increasingesigth increases
input resistance and decreases input reactance. These grapateititht there exists a
Slot Length value approximately 25mils less than nominal (551.pthi& yields an

input impedance near 50£)0
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Re {Zin} vs. Slot Length Im{Zin} vs. Slot Length

-
.
=1

y —

10 *
120 r/ 0 \
Z 100 / T 10 \\
s 80 s -20
E 80 N = 30
=} / =—#—Resistance ] 40 =—#—Reactance
& 40 ~fl—Nominal £ =0 \\ == Nominal
20 — -60 ~
0 70 e
350 450 550 650 350 450 550 650
Slot Length (mils) Slot Length (mils)

Figure 4-2: Impedancevs. Slot Length

Slot Width is nominally 61.0mils and is varied between 11.8 and 196.9mils.
Figure 4-3 shows minimum VSWRvs. Slot Width. £ is nhominally 75.5-j29.Q at the
operating frequency. Slot Width values between 11.8 and 49.2mils neseldtances
less than -j29.Q at operating frequency (except for Slot Width equal to 78.7mils) and,
therefore, larger VSWRvalues. This indicates that impedance tuning may require slot

dimension adjustments.

VSWRminvs. Slot Width

4.0

35 g

yd

3.0

25

. A ——min{VSWR)
' fw —8—Nominal
15 qv} aming

0 30 100 150 200

YSWR

1.0

slot Width (mils)

Figure 4-3: VSWRIin vs. Slot Width

Patch dimensions and location are varied in HFSS. Figure 4-4sstm@nfour

patch variables: Patch Width, Patch Length, Patch Width Offset,Pabch Length
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Offset. The offsets are measured from the coordinate origgnFigire 2-5) to the center

of the patch.

Figure 4-4: Patch variables

Patch Length is nominally 1.575 inches equal to Q.4@favelength in 50
microstrip line found using ADS2006A's Linecalc at 2.3GHz). Figuke shows that
increasing Patch Length decreases operating frequency. Resdraniency
approximates a constant slope function of Patch Length between 0.78 andchés) i

The average slope in this range is -1.295 kHz/inch. Adjusting Patobth tunes the

operating frequency.

Fo vs. Patch Length Fo vs. Patch Length

55 « 55 Py
2 50 2 50
8.5\ 8.5\
E 40 \ E 40 \
g .. Y N
o - \ E- ..
'g 3.0 ~ e FO < 30 \ e FO
£ 25 M g 2s -
% 20 ha VN —8— Nominal % 20 1 —8— Nominal
£ s N— £is . SN

10 10

01 03 s 07 s 10 15 20 25 3.0
Patch Length (wavelengths) Patch Length (inches)

Figure 4-5: Operating frequency vs. Patch Length
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A Matlab program is created to show that the antenna operaéggefncy is
inversely proportional to patch length. The nominal patch design hagla Bength of
0.422. (wavelength in dielectric at 2.3GHz). The feed line ternomakength is 0.214L
This indicates that a 0.24 Inicrostrip line with aperture loading effects approximates a
M4 line over a dielectric with a solid ground plane. To test tigsrty, a Matlab program
wass created (code in Appendix B). The speed of light in tfumeis 2.16 x 1&m/s
from nominal wavelength and operating frequency values. The progomputes
theoretical operating frequency at each Patch Length value byndtateg the ratio of the
speed of light in the medium to the theoretical wavelength l{Ragngth (mils) divided
by 0.422) as shown in equation (4.1). The results are shown in Figureleli&tea via
Matlab code in Appendix B. The theoretical operating frequency vsh Ratayth curve
(blue curve in Figure 4-6) has the same shape as the expalirki®S results (red
curve). The two curves are nearly identical for operating frecjes between 1.5GHz

and 2.5GHz.

£=0= 2.16x108
© " 1 Patch Length/0.422

<

(4.1)
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Operating Frequency versus Patch Len
Theoretical (blue), HFSS (e

05 10 15 2.0 25 3.0
Patch Length (inches)

Figure 4-6: Operating frequency vs. Patch Length
Theoretical (red), HFSS (blue)

Patch Width is nominally 1,181.1mils equal to 0B8{Wavelength in microstrip
line from ADS2006A's Linecalc at 2.3GHz). Figure 4-7 shows thetinmppedance at
resonance vs. Patch Width. Increasing Patch Width increasesnoeactad decreases
resistance. The nominal antenna design has an input impedance of 754.-R&c¢h
Width equal to 0.475results in an input impedance of 51.8 + j@93J his indicates that
Patch Width can be used to improve input matching if input impedandeotias real
component greater than @Gand negative reactance component or both a real component

less than 5Q and positive reactance component.

Re{Zin}vs. Patch Width Im{Zin} vs. Patch Width

200 30

180 *\ 10 - *
— 180 = -l0
£ w0 \\ E L M
S 120 XC s 2=
ﬁ 122 hY —#—Re{Zin} LEL 70 / —4—Im{Zin}
& 50 | == Nominal E 90 /’ == Nominal

T 110
40 — ‘
20 : -130
0.1 03 0.5 07 0.1 03 05 0.7
Patch Width (wavelengths) Patch Width (wavelengths)

Figure 4-7: Zin vs. Patch Width
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Fabrication Error Relationships

The aperture coupled patch antenna microstrip feed is vari¢dF85. The
antenna model is shown below in Figure 4-8. The feed strip is the bottmshlayer
(thin, long rectangle in Figure 4-8). It is excited via ageedonnected SMA at the end
labeled "FEED POINT," includes an open termination at the endethB®OPEN

TERMINATION," and is electrically isolated from all other conductiagers.

Figure 4-8: Feed linevariables

Figure 4-9 shows that feed width offset errors of approxima@iyils (0.00%)

can decrease broadside gain by 4dB.
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Gain vs. Feed Width Offset
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Figure 4-9: Gain vs. feed width offset

Feed line width is nominally 194.9mils. The feed strip is modele@fiiS2006A
as a 194.9mil wide microstrip line over a ground plane and 63mil heighktrate with a
dielectric constant of 2.2. The line impedance is Q@& a feed line width of 194.9mils.
Figure 4-10 shows that adjusting feed line width by £20mils (xQ.)06&n decrease gain

by 4dB.

Gain vs. Feed Line Width

7
6 \ﬂ
) f \
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p [\
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1
0

=] 140 190 240 290
width (mils)

Figure 4-10: Gain vs. feed line width

Substrate heights and material are varied in HFSS. Figuresdelils the antenna

side view. The layers from bottom to top are feed line, feed stéysggeound plane,
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antenna substrate, and patch. The terms "feed substrate" andnsastedstrate” are

adopted from [7]. The nominal substrates are 63mil height RT Duroid 5880 [1].

Antenna Substrate Height
Antenna Substrate % — \L
Feed Substrate ﬁ T —1‘
Feed Substrate Height

Figure 4-11: Aperture coupled antenna substrates

Nominal substrate height is 63mil, equivalent to OA0{wWavelength in 5Q
microstrip line, ADS2006A Linecalc, at 2.3GHz). Figures 4-12 and 4H®vsthat
substrate height changes of approximately +QLQ@Bmils) from nominal can decrease

polarization ratio by 3 to 10dB.

Polarization Ratio vs. Feed Substrate Height

- A 7
45 f \-
46 I \

\ [
S \ [
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40 \J / \ " \ == MNominal
- I ——

0010 0012 0014 0016 0018 0020 0022 0024

Co to Cross pol ratio {dB)

Substrate Height [wavelengths)

Figure 4-12:; Polarization ratio vs. feed substrate height
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Polarization Ratio vs. Antenna Substrate Height
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Figure 4-13: Polarization ratio vs. antenna substrate height

Figure 4-14 shows that Slot Width errors (see Figure 4-lappiroximately

0.002. (5mils) can decrease polarization ratio by 10dB or more.

Polarization Ratiovs. Slot Width

o0 h
55
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Lo Fs P —
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:JE 35 u [ \ == Marninal
8 30

25 \!

Q 50 100 150 200

Slot Width (mils)

Figure 4-14: Polarization ratio vs. Slot Width

Figure 4-15 shows that Slot Width errors (see Figure 4-appfoximately Smils

(0.00) can cause VSWRto be greater than 2.
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VSWRminvs. Slot Width
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Figure 4-15: VSWRin vs. Slot Width

Figure 4-16 shows that Slot Length Offset errors of apprataly 25mils

(0.00\) can decrease polarization ratio by 10dB or more.

Polarization Ratio vs. Slot Length Offset
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Figure 4-16: Polarization ratio vs. Slot L ength Offset
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Chapter V. Design and Tuning
Design
Four 2.4GHz aperture coupled antenna designs were created $1 AR3I5MHz
design was attempted, but gains greater than 2.0dB are notdedBerber files are
created in ADS for each conductive layer of the 2.4GHz designstesi@-5, 4-1, 4-4,
and 4-8 show the coordinate system and the variables adjusted to tune the antgnna desi
The nominal HFSS antenna design found in [1] (2.3GHz, 63mil Duroid 5880
substrate) is modified to operate at 2.4GHz with an FR4 subs#ateoperating
frequency of 2.4GHz is selected for wireless computer and ISM pregui
communications. The substrates are changed to 59mil FR4 to cointidavailable
materials. The antenna substrate is suspended 45mils above the gemendy# to the
adhesive at the ground plane edges (see Figure 5-1). Tabldebraks microstrip

properties for the three frequency and substrate combinations.

Nominal [1] FR4 Suspended FR4
Operating Frequency 2.3GHz 2.4GHz 2.4GHz
Dielectric Constant 2.2 4.4 4.4 (FR4 only)
Effective Dielectric Constant 1.891 3.381 1.882
Loss Tangent 0.0009 0.02 0.02 (FR4 only)
Wavelength in Dielectric 3,731.2mils 2,677.7mils 3,584.2mils
Substrate Height 63.0mils 59.0mils 59mils (+45mil air gap)
50Q Line Width 194.0mils 112.7mils 385.8mils |

Table5-1: Microstrip parameter comparison

The antenna is composed of a double sided 59mil FR4 board attachsidgtea
sided 59mil FR4 board. The boards are adhered with 3M VHB (very high bond) 4950

acrylic tape as suggested in [2]. The tape is available inl 4Bick, 750mil wide strips
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with a dielectric constant of 2.0 [10]. The strips are cut to 37®&mdths to conserve

materials and adhered to the ground plane edges as shown in Figure 5-1.

Figure5-1: Double sided FR4 board with ground slot and adhesive (drawn to scale)

The HFSS substrate models are set to 59mil FR4 with a wlieleanstant of 4.4.
The substrate material, height, and dielectric constant aredjudted because they
correspond to the available PCB. A 45mil thick air layer betwibe antenna substrate
and ground slot exists due to the adhesive at the ground plane edyeded in HFSS
design).

The feed width is set to 112.7mils for a feed line impedance@f Bbe feed line
width is held constant because of th&5tharacteristic impedance specification and feed
line width adjustments do not affect antenna performance signtifiq@ee Figures A-17
through A-21). The nominal feed length and termination lengthratially scaled by
0.7177, ratio of FR4 and RT Duroid dielectric wavelength (see Table 5-
AerdAburoid = 2677.7mils/3731.2mils). The nominal slot dimensions and patch dimensions
are initially scaled by 0.9606, ratio of suspended FR4 and RT Duheiectric

wavelength (see Table 5Asys FréMDuUrid = 3,584.2mils/3731.2mils).
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The last constant parameter is the ground plane size. The amliouble sided
boards available at Cal Poly are 9" by 12". Ground plane siz&shyf 9", 4" by 9", and
4.5" by 6" are considered. Input matching and polarization ratidifgraund plane sizes
are similar, but the 4.5" by 6" ground plane design yields the lagesbroadside gain.
The substrates and ground plane are set to 4.5" and 6" in HFSSalihgssmentioned
above results in an operating frequency of 2.445GHz (target opefeggency was
2.4GHz) with a 4.5" by 6" ground plane.

Patch, feed, and slot dimensions are adjusted to tune the opéraguency. It is
found that VSWR is minimized and gain is maximized when only the patch and slot
dimensions are used to tune the operating frequency. The opdratjngncy is adjusted
by inversely scaling patch and slot dimensions (i.e. multiplgilagand patch dimensions
by 0.5 doubles the operating frequency). Table 5-2 shows dimensionsilgiramd
dielectric wavelengths) for an aperture coupled patch antemeal to 2.4GHz, but not

optimized for input matching or gain. This antenna is referred to as Design 1.

Feed Length 1,412.6mils| 0.528
Termination Length | 565.0mils 0.211
Slot Width 59.8mils 0.022

Slot Length 542.1mils 0.202
Patch Length 1,548.8mils| 0.5v8
Patch Width 1,161.4mils| 0.434

Table 5-2: Design 1 dimensions

Figure 5-2 shows theoretical (HFSS) co-pol and cross-polti@dipatterns for
Design 1. The total broadside gain is 5.291dB. The co-pol to crossipwis 41.69dB

normal to the antenna.
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Ansoft Corporation
CoCross
HFS$SDesign1

Figure5-2: Design 1 theoretical (HFSS) radiation patterns (dB): co-pol (blue) and cross-pol (red)

Figure 5-3 shows theoretical (HFSS) VSWENd |%i| for Design 1. Minimum
values are VSWR equal to 1.340 and {$ equal to -16.8dB at 2.398GHz. The VSWR
vs. frequency plot shows that the bandwidth (VSWé&ss than two) is 62MHz or 2.59%
of the operating frequency.

VSWR s11
HF55Design1 HFS$SDesign1

VSWR(p1)

dB(St(p1,p1)} [db]
2
2

16,00
\_l_;
0,00 -20.00
2.20 230 240 250 260 270 2.00 2.20 2.40 260 2,
Freq [GHz] Freq [GHz]

Figure5-3: Design 1 theoretical (HFSS) VSWR;, and |Sy|
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Table 5-3 shows that Design 1 has 1.71% greater percent bandivigiis
smaller polarization ratio, and 0.514 smaller VSWé&bmpared to the nominal HFSS
Duroid design. Design 1 has 0.874dB smaller broadside gain than theahal@sign.
The loss of gain is likely due to the higher FR4 dielectric emtsand loss tangent. A
higher dielectric constant results in more guided waves (dHiating fringing fields)

between the patch and ground plane.

Operating Frequency 2.398GHz

Bandwidth 62.0MHz
Percent Bandwidth 2.59%
VSWR,, at f; 1.340

Input Impedance atf | 40.1+ j8.742
Broadside Pol Ratio 41.7dB
Broadside Gain 5.291dB

Table 5-3: Design 1 theoretical (HFSS) performance summary

The antenna is tuned to minimize VSWHR he feed and termination lengths are
adjusted independently in 0203teps to improve input matching. This increases the feed
line current maximum to ground slot separation and therefore adesdroadside gain
and coupling. It was determined that input impedance does not congisteantige with
feed or termination length adjustments, hence, should not be used to tumpuhe
impedance or operating frequency. The feed and termination lengtfsegrat nominal
values of 0.52¥ and 0.211, 1,412.6mils and 565.0mils.

Figure 4-7 shows that Patch Width can be used to improve input maicimpgt
impedance has both a real component greater th&h &@d negative reactance
component or both a real component less tham &0d positive reactance component.

Patch Width is decreased until VS\WEs less than 1.1 and Slot Width, Slot Length,
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Patch Length, and Patch Width are decreased to retune the rupdratjuency to
2.4GHz. This method is not used to decrease VRWHRw 1.1 because the polarization
ratio decreases by nearly 9.09dB and the gain decreases by OaRdB534 contains the

resulting antenna dimensions, Design 2.

mils A
Feed Length 1,412.6 0.528
Termination Length 565.0 0.211]
Slot Width 59.6 0.022
Slot Length 539.8 0.206
Patch Length 1,542.5 0.576
Patch Width 939.4 0.351

Table 5-4: Design 2 dimensions

Figure 5-4 shows theoretical (HFSS) co-pol and cross-paitradipatterns for
Design 2. The total broadside gain is 4.970dB. The co-pol to crossimwis 51.63dB

normal to the antenna.
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Figure5-4: Design 2 theoretical (HFSS) radiation patterns (dB): co-pol (blue) and cross-pol (red)
Figure 5-5 shows theoretical (HFSS) VSWRnNd |%| for Design 2. The

minimum values are VSWRequal to 1.069 and {$ equal to -29.6dB at 2.398GHz. The
VSWR;, vs. frequency plot indicates a bandwidth of 67MHz or 2.79% of the operating

frequency.
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Figure5-5: Design 2 theoretical (HFSS) VSWR;, and |Sy|

Table 5-5 shows that Design 2 has 0.20% greater percent bandwidth, 8.34dB
greater polarization ratio, 0.271 lower VSWRind 1.195dB less gain relative to Design
1. Thus, decreasing Patch Width to improve input matching improves thgzptibn

ratio and decreases gain.

Operating Frequency 2.398GHz
Bandwidth 67MHz
Percent Bandwidth 2.79%
VSWR, at f 1.069

Input Impedance atf | 48.4 +j2.812
Broadside Pol Ratio 51.63dB
Broadside Gain 4.970dB

Table 5-5: Design 2 theoretical (HFSS) performance summary
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Since Patch Width scaling in Design 2 improves input matching, loueakes
gain, the antenna is reset to Design 1 dimensions and anothernpadance tuning
technique is attempted. Patch Width and Slot Length are scdlgel nvaintaining an
aspect ratio of 2.021 to 1 (Patch Width to Slot Length). AdjustingL®iogth and Patch
Width together results in greater gain, but does not allow VSAIRes below 1.180.
Design 3 has the same Patch Length and Slot Width dimensions as Design 1.iBgtch W
and Slot Length are set to dimensions that yield minimum VgVitR all tested

combinations. Table 5-6 contains Design 3 dimensions.

Feed Length 1,412.6mils| 0.528
Termination Length | 565.0mils 0.211
Slot Width 59.8mils 0.022

Slot Length 555.1mils 0.2Q7
Patch Length 1,548.8mils| 0.578
Patch Width 1,122.0mils| 0.419

Table 5-6: Design 3 dimensions

Figure 5-6 displays the theoretical (HFSS) co-pol and crossagi@tion patterns
for Design 3. The total broadside gain is 5.247dB. The polarizatiam isa42.95dB

normal to the antenna.
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Figure 5-6: Design 3 theoretical (HFSS) radiation patterns: co-pol (blue) and cross-pol (red)

Figure 5-7 shows theoretical (HFSS) VSWEBNd |%i| for Design 3. Minimum

values are VSWR and |%| equal to 1.181 and -21.6dB at 2.396GHz. The VEWR

frequency plot indicates a bandwidth of 65MHz, 2.71% of the operating frequency.
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Figure5-7: Design 3 theoretical (HFSS) VSWR;, and |Sy|



Table 5-7 contains the Design 3 performance summary. Thedanpe tuning
that includes scaling Slot Length and Patch Width by the $aater results in 0.08%
less percent bandwidth, a VSWR decrease of 0.112, a polarizationimetease of

9.87dB, and a gain increase of 0.269dB compared to Design 2. This showspthat i

matching should be tuned by scaling Patch Width and Slot Length by the same factor

Operating Frequency 2.396GHz
Bandwidth 65MHz
Percent Bandwidth 2.71%
VSWR, at f; 1.181

Input Impedance atf | 45.1 +j6.16)
Broadside Pol Ratio 50.08dB
Broadside Gain 5.427dB

Table 5-7: Design 3 theoretical (HFSS) performance summary

The dimensions are again set to the Design 1 values. The impetiamncg
process that yields Design 3 decreases the resonance frequeR@96GHz; hence,
Patch Length, Slot Length, Patch Width, and Slot Width are agedeuntil the resonant
frequency is greater than 2.4GHz. The tuning process of adjusthgesigth and Patch
Width to tune the input impedance is performed again. Patch Widthlandefgth are
scaled down until the input impedance no longer improves. The resultngnsions are

referred to as Design 4 and are displayed in Table 5-8.

Feed Length 1,412.6mils| 0.528
Termination Length | 565.0mils 0.211
Slot Width 59.6mils 0.022

Slot Length 552.8mils 0.206
Patch Length 1,542.5mils| 0.57V6
Patch Width 1,023.6mils| 0.382

Table 5-8: Design 4 dimensions
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Figure 5-8 displays the theoretical (HFSS) co-pol and crossagi@tion patterns
for Design 4. The total broadside gain is 5.061dB. The polarizatiom isat48.52dB

normal to the antenna.

CoCross

&6 &6 B0

Figure 5-8: Design 4 theoretical (HFSS) radiation patterns: co-pol (blue) and cross-pol (red)

Figure 5-9 shows theoretical (HFSS) VSWRNnd $; for Design 4. Minimum
values are VSWR and || equal to 1.045 and -33.2dB at 2.403GHz. The VWR

frequency plot shows a bandwidth of 67MHz, 2.79% of the operating frequency.
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Table 5-9 shows that Design 4 results in 0.08% greater mebeadwidth, a

VSWR decrease of 0.136, a polarization ratio decrease of 7.61dB, anddegrease of

0.179dB compared to Design 3. This shows that small adjustments ineBigthLand

Patch Width may significantly change the polarization ratio and gain.

Operating Frequency 2.403GHz
Bandwidth 67MHz
Percent Bandwidth 2.79%
VSWR, at f, 1.045

Input Impedance atf | 48.8 +j1.79)
Broadside Pol Ratio 42.47dB
Broadside Gain 5.248dB

Table 5-9: Design 4 theoretical (HFSS) performance summary

A 915MHz aperture coupled patch antenna is designed in HFSS. The ground
plane size is increased to 9" by 12" because of the increaseu $ize. The substrates
and adhesive layers are the same as those for the 2.4GHz desgnlLéngth, Patch
Width, Slot Width, and Slot Length are scaled until the operdteguency is 915MHz.

The tuning procedures used to create Designs 1 through 4 and addiemchakidth

variations are used to tune the 915MHz antenna, but the largesegkned is 1.583dB.
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The gain for the 915MHz aperture coupled antenna is relativelyl draehuse the
substrate is 0.025((45mils + 59mils)/7059mils) thick and has a dielectric constant
4.4. Antennas radiate well with electrically thick substratesratadively low dielectric
constants [2]. This design has an electrically thin substragk,dielectric constant, and
high loss tangent compared to the nominal design. The 915MHz antenmat is
constructed due to unacceptable gain results.

Three Gerber files for each of the four designs ardentéa ADS2006's Layout
tool: ground plane slot to be milled on the double sided FR4 board, heei Ibe milled
on the other side of the double sided FR4 board, and the patch to dx enilthe single
sided FR4 board. The two boards are attached with 3M adhesive.

Antenna designs 1 through 4 are milled, assembled, and tested. Thengperat
frequency, input VSWR, and E-plane (xz in Figure 2-5) and H-plgneén(Figure 2-5)

co-pol and cross-pol radiation patterns are measured in the Cal Poly anechinercha

Fabrication

LPKF software translates the Gerber files into board mgilinstructions. The
ground plane slot is milled on double sided FR4 board. Figure 5-10 shows bogaresoutl
(4" by 6") and ground plane slots for Designs 1 and 2. Two holes Heel @i the board
outline corners and used to align the feed line cutout dimensiorteedroaird's reverse
side. Figure 5-11 shows a@0MA connector soldered onto the feedline of the double-

sided FR4 board.
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Figure 5-10: LPKF Milling Machine: Design 1 and 2 Ground Planes

Figure 5-11: SMA Connector Soldered on Double Sided FR4 Board

The patches are milled on single-sided FR4 board located 4aimige the
ground plane due to adhesive tape at the board edges. Figure 5-12 lshitotne SMA
ground plane prongs are 73mils thick requiring two milled tabs (11B876ymils) in the

patch substrate as shown in Figure 5-13 [11].
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73 mils

Figure5-12: SMA Connector Ground Plane Prong Dimensions[11]

Figure 5-13: Patch and SMA Tab Cutouts

Figure 5-14 shows 3M VHB double sided adhesive (375mil width, 45miht)eig

on the outer edges of the ground plane [10].
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Figure 5-14: Adhesive on Ground Plane

The patch board corners are aligned with the doubled-sided grounccptaees
and feed board. The boards are pressed together and remain stdbor¥&yhours as

suggested in [10]. Figure 5-15 shows the final structures.

Figure 5-15: Final Antenna Structures

43



Characterization

The antennas are characterized in an anechoic chamber. The anterategp

frequency is determined using an HP8720C vector network analyzpme§ 5-16

through 5-19 contain {g and VSWR vs. frequency for Designs 1 through 4. Table 5-10

contains the antenna operating frequency determined by minimWvRY $ninimum

VSWR, and bandwidth for Designs 1 through 4.

Design 1 Design 2 Design 3 Design 4
Minimum VSWR 1.080 1.137 1.137 1.274
Operating Frequency 2.442GHz 2.460GHgz 2.423GHz 2.420GHz
Bandwidth 0.059GHz 0.063GHz 0.063GHz 0.061GHz
Percent Bandwidth 2.42% 2.56% 2.60% 2.52%

Table 5-10: Designs 1 - 4 experimental VSWRIn, fo, and bandwidth

Design 1 VSWR vs. Frequency
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Figure5-16: Design 1 input matching

Design 2 VSWR vs. Frequency
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Design 3 VSWR vs. Frequency Design 3 |S11]| vs. Frequency
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Figure 5-18: Design 3 input matching
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Figure 5-19: Design 4 input matching

Antenna gain is calculated using the Friis transmission formudguation (5.1).
Figure 5-20 defines and G as the receive and transmit antenna gains (dEBndPR as
the receive and transmit power (dBm); Bnd L, as cable losses (dB), R as the distance
between the antenna phase centers (m), Jaras the free space wavelength (m).

P, - P-Lc1 - Le2 equals the vector network analyzes|8ieasurement.

Gy = Gy + P — [Pe = (Ley + Lea)] + 20l0gso (55)  (dB)  (5.1)
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Figure 5-20: Friistransmission formula variables

Cable losses are measured over the range 2.40GHz to 2.46GHZirfgpenage
for Designs 1 through 4) using network analyzei| [easurements. Figure 5-21 shows

combined cable lossesd L+ Lcy) vs. frequency.

Combined Cable Loss vs. Frequency
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Figure5-21: Cable L ossvs. Frequency

Gain is calculated for the standard gain horn (1.6 to 2.7GHz) ughd aansmit
antenna. Because @nd G are identical for the two horns, the Friis transmission formula
reduces to equation (5.2). R is the distance between the standahbmaphase centers.

The E and H-plane phase center locations are determined througbatheatic phase
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distribution constantss&nd $ calculated using [8]. Sand S are related to the slant radii

Re and R (see Figure 5-22) through equations (5.3) and (5.4) below \khieréhe free
space wavelength. Rs calculated in equation (5.5) using horn geometry and similar
triangles. Figure 5-23 shows that equation (5.5) also calciRatesplace R a, h, and H

with Ry, b, w, and W. The standard gain horn (part number SAS-581) has dimensions
H = 0.2128m, h=0.0587m, a = 0.5144m, W = 0.2953m, w = 0.1127m, and b = 0.5207m

resulting in R=0.7103m and = 0.8421m.

4R
Pr_[Pt_(Lcl+LC2)]+2010910(%)

G, = (dB) (5.2)

HZ
Se = wn. (5.3)
WZ
h = gy (5.4)
Re— R, Yields
2 2 H

a7



H72

Figure 5-22: Gain horn E-plane geometry
A) Full view B) E-plane cross section

Figure 5-23: Gain horn H-plane geometry

S and § are calculated for frequencies between 2.40 and 2.46GHz (operating
frequency range). J. and Ly, are distances from the aperture plane to the E and H-plane

phase centers (see Figure 5-24).dnd L,y values are listed in Table 7-3 in [8].

Lpe and Lph vs. Frequency
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Figure 5-24: L ¢ vs. frequency
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The distance between the E-plane and H-plane phase careash frequency is
Rap + 2LpdA) and Ry + 2Lpn(A), where R is the distance between the horn aperture
planes. Figure 5-25 shows horn gain vs. frequency calculated quittien (5.6), where
Rap is measured to be 3.407m. Figure 5-26 shows that the expected gaifi2jois

approximately 15.5dB at 2.4GHz (circled in red).

an(Rgp+2L
[S21] + Leg + Lea + 2010910(@)
G, = _ (5.6)

Standard Horn Gain vs. Frequency
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Figure 5-25: Standard gain horn gain vs. frequency
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Standard Gain Horne
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Figure 5-26: Standard gain horn gain vs. frequency [12] (1.7 - 2.6GHz horn datacircled in red)

Figure 5-27 shows the antenna configuration for an H-plane co-pol Bcan
equation (5.7) is Reas(measured distance between AUT and transmit gain horn aperture
plane) + lon (H-plane phase center distance) due to scan rotation inghédastl horn
H-plane. The gain horn is rotated 90° (E and H aperture directioriatarehanged in
Figure 5-27) for the H-plane cross-pol scan. R g8+ Lpe (E-plane phase center

distance) in this case due to scan rotation in the standard gain horn E-plane.
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Figure 5-27: H-plane co-pol radiation pattern scan

Figure 5-28 shows the antenna configuration for an E-plane crossguul R in
equation (5.7) is Reas(measured distance between AUT and transmit gain horn aperture
plane) + lsn (H-plane phase center distance) due to scan rotation in the rstayaia
horn H-plane. The gain horn is rotated 90° (E and H aperture directioimteaohanged
in Figure 5-28) for the E-plane co-pol scan. R igR+ Lye (E-plane phase center

distance) in this case due to scan rotation in the standard gain horn E-plane.

Pl

Figure 5-28: E-plane cross-pol radiation pattern scan

Eight pattern scans are measured for each aperture couglmoha E and
H-plane co-pol and cross-pol patterns at the theoretical and megmeal operating

frequencies. Patch antenna gain is calculated using equationT{te7gistance between
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the antennas is Rast+ (Lpe OF Lyn) depending on scan plane and horn configurati@ris
the standard horn gain in dB andi|$s (P - P -L¢1 -Lc2 in dB) measured by the vector

network analyzer. ReasiS determined to be 4.128m.

(5.7)

4T Rmeast(Lpe OT L
Gr = Gt + |521| + LCl + ch + 2010g10< T[( (/11) or ph)))

Figure 5-29 displays the eight pattern scans for Design 1e Wable 5-11 shows

a comparison between the experimental antenna performance and thgmedictions.

Design 1 E-plane Co (black), Cross (blue) Design 1 E-plane Co (black), Cross (blue)
(Gain(dB) vs. Theta, 2.400GHz ) (Gain(dB) vs. Theta, 2.442GHz)

Design 1 H-plane Co (black), Cross (blue) Design 1 H-plane Co (black), Cross (blue)
(Gain(dB) vs. Theta, 2.400GHz) (Gain(dB) vs. Theta, 2.442GHz)

o

Figure 5-29: Design 1 radiation patterns
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Theoretical (HFSS) Experimental Error
Operating Frequency (GHz) 2.398 2.442 1.83%
Percent Bandwidth (%) 2.59 2.42 -0AP%B
VSWR at {, 1.340 1.080 -0.260VSWR
Broadside Pol Ratio a} f 41.7dB 28.0dB -13.7dB
Broadside Gain atf 5.291dB 6.009dB 0.718dB

Table 5-11: Design 1 theoretical and experimental performance

Figure 5-30 displays the eight pattern scans for Design 2¢ whlble 5-12 shows

a comparison between the experimental antenna performance and theoeslictéibps.

Design 2 E-plane Co (black), Cross (blue) Design 2 E-plane Co (black), Cross (blue)
(Gain(dB) vs. Theta, 2.400GHz ) (Gain(dB) vs. Theta, 2.460GHz)

Design 2 H-plane Co (black), Cross (blue) Design 2 H-plane Co (black), Cross (blue)
(Gain(dB) vs. Theta, 2.400GHz) (Gain(dB) vs. Theta, 2.460GHz)

0
3g M

30

Figure 5-30: Design 2 radiation patterns
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Theoretical (HFSS Experimentg Error
Operating Frequency (GHz) 2.398 2.460 2.59%
Percent Bandwidth (%) 2.79 2.56 -0A28
VSWR at {, 1.069 1.137 0.068VSWR
Broadside Pol Ratio a§ f 51.6dB 27.8dB -23.8dB
Broadside Gain atf 4.970dB 5.836dB 0.866dB

Table 5-12: Design 2 theor etical and experimental performance

Figure 5-31 displays the eight pattern scans for Design 3¢ Wwhlble 5-13 shows

a comparison between the experimental antenna performance and theoeslicéibps.

Design 3 E-plane Co (black), Cross (blue)

(Gain(dB) vs. Theta, 2.400GHz )

0
_3.;]__..1 ST

Design 3 H-plane Co (black), Cross (blue)

(Gain(dB) vs. Theta, 2.400GHz)

Design 3 E-plane Co (black), Cross (blue)
(Gain(dB) vs. Theta, 2.423GHz)

(1

604
a0 I_-"

-120%

Figure5-31: Design 3radiation patterns
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Theoretical (HFSS) Experimental Error
Operating Frequency (GHz) 2.396 2.423 1.13%
Percent Bandwidth (%) 2.71 2.60 -0APA
VSWR at § 1.181 1.137 -0.044VSWR
Broadside Pol Ratio a§ f 50.1dB 28.9dB -21.2dB
Broadside Gain atf 5.427dB 5.585dB 0.158dB

Table 5-13: Design 3 theoretical and experimental performance

Figure 5-32 displays the eight pattern scans for Design 4, while Tablehoig s

a comparison between the experimental antenna performance and theoedicéibps.

Design 4 E-plane Co (black), Cross (blue) Design 4 E-plane Co (black), Cross (blue)
(Gain(dB) vs. Theta, 2.400GHz ) (Gain(dB) vs. Theta, 2.420GHz)

Design 4 H-plane Co (black), Cross (blue) Design 4 H-plane Co (black), Cross (blue)
(Gain(dB) vs. Theta, 2.400GHz) (Gain(dB) vs. Theta, 2.420GHz)

Figure 5-32: Design 4 radiation patterns
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Theoretical (HFSS) Experimental Error
Operating Frequency (GHz) 2.403 2.420 0.71%
Percent Bandwidth (%) 2.79 2.52 -0A2%B
VSWR at {, 1.045 1.274 0.229VSWR
Broadside Pol Ratio a§ f 42.5dB 28.9dB -13.6dB
Broadside Gain atf 5.428dB 5.647dB 0.219dB

Table 5-14: Design 4 theor etical and experimental performance

The antennas have polarization ratios that are at least 13.6dBdestheoretical.
Figures 4-13, 4-14, and 4-16 show that this could be due to fabricatioatenaherrors
resulting in larger than anticipated antenna substrate or adhapwéeight, larger or
smaller than expected Slot Width size, or a Slot Length Offset.

All four antennas have Slot Length Offsets due to fabricaticorseimn aligning
the milling holes on the double sided board. Designs 1 through 4 SlahL@ffgets are

measured to be 13mils, 23mils, 17mils, and 14 mils, respectively.

Design Procedure Summary
Four antennas have been designed and tuned using the dimensionak analys

results. All four antennas exhibit greater than 2.42% percent bandw&ibkghan 1.274
VSWR;,, minimum 27.8dB broadside polarization ratio, minimum 5.585dB broadside
gain, and are within 2.59% of the desired operating frequency. This shaimhe new
design procedure can be used to design and tune aperture coupledrimiardennas.
This new design procedure is summarized below.

e Select a low loss, electrically thin feed substrate withtiretly high dielectric

constant to maximize guided waves between the feed line and ground plane [2].
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Select a low loss, electrically thick antenna substrate witively low dielectric
constant to maximize radiated waves at the patch edges [2].

Set the feed line length to 0.73@vavelength in feed dielectric) from feed point
to open termination (see Figure 4-8). Select the feed line waitha 502
characteristic impedance. The ground slot and patch center atedaabove a
point on the feed line 0.211(wavelength in feed dielectric) from the open
termination (see Figure 2-3).

Set the ground plane slot length and width to 0.1 0.0164 (wavelength in
antenna dielectric, see Figures 2-6 and 4-1).

Set the patch length and width to 0.422thd 0.316bk (wavelength in antenna
dielectric, see Figures 4-4) .

Although operating frequency is dependent on patch length (see Bi§yrecale
the slot width and length, and patch width and length by the sanoe tadune
the operating frequency.

Scale slot length and patch width while maintaining an aspéotaf 2.021 to 1

(patch width to slot length) to tune the input impedance (see Figure 4-2 and 4-7).
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Future Project Recommendations

The following list contains possible future student projects thatdvextend the

research and testing performed in this thesis.

e Design and build aperture coupled patch antennas operating at various frequencies
with different substrate materials to verify the suggested design precedur

e Use electromagnetic theory and other analytical methods to iexpaults
observed in the parametric study.

e Develop a computer program or series of graphs to show electit fie
propagation and development in the aperture coupled patch antenna.

e Develop equations to calculate N, L, and C in the equivalent circuit model.

e Perform a thorough study that compares the performance of simmitaostrip

fed, probe fed, and aperture coupled patch antennas.
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Appendix A: Complete Parametric Study

The aperture coupled patch antenna microstrip feed line, substratasd glane
slot, and patch dimensions are varied in HFSS to determine efbectantenna
performance. The operating frequency, VSWR, percent bandwidth, polarizaiogmna
broadside gain are observed for each configuration. The operating freqigetice
location of minimum VSWR over the test bandwidth. The percent bandwidth is the ratio
of frequency range over which VSWRs less than 2 to the operating frequency. The
polarization ratio is the co-pob (polarized radiation & = 0°, ¢ = 0°) to cross-pol§(
polarized radiation & = 0°,¢ = 90°) ratio in the far field. The total broadside gain from
all polarizations is determined at the antenna operating frequency.

The nominal antenna design from [1] is used as a baseline fgracson. For
each adjustment, only one variable is varied while all other dioengemain at nominal

values. Dimensions in wavelengths are determined with ADS2009 lénatca.3GHz in

RT Duroid &, = 2.2, loss tangent = 0.0009 (@nicrostrip line).

Feed Line

The aperture coupled patch antenna microstrip feed is vari¢tF8S. The
antenna model is shown below in Figure A-1. The feed strip iboktem most layer
(thin, long rectangle in Figure A-1). It is excited at thel éabeled "FEED POINT,"
includes an open termination at the end labeled "OPEN TERMINATIQINd is
electrically isolated from all other conductive layers.

There are four feed variables: the distance from the feed poantfixed position
under the ground plane slot (feed length), the distance from the apenaion to a
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fixed position under the ground plane slot (termination length), fedthwaffset, and

width.

Figure A-1: Feed linevariables

Feed length is nominally 0.52%aried with the feed point ranging from directly
under the ground slotXpto the nominal board edge (0.728Figure A-2 shows antenna
operating frequencies between 2.27GHz and 2.29GHz for all but twodegths, less

than 0.3 and when the feed point is below the ground slot.
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Figure A-2: Operating frequency vs. feed length

Figure A-3 indicates that feed length may be varied fromA\Ot@8®.55. without

adversely affecting VSWR (ideal VSWR, value is 1). Feed length equal to 0.42

produces the smallest VSWRL.701).
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Figure A-3: VSWRin vs. feed length

——min(VSWR)

== Mominal

Figure A-4 shows percent bandwidth for various feed lengths. Zexenie

bandwidth indicates that VWSRIs greater than 2 for all frequencies. The percent

bandwidth is less than 1.09% for all tested feed lengths. The tigrgeent bandwidths

occur for feed lengths between GL3hd 0.42.
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Percent Bandwidth vs. Feed Length
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Figure A-4: Percent bandwidth vs. feed length

Figure A-5 shows polarization ratio as a function of feed keri@plarization ratio
decreases if the feed length is varied by t0.d5less. Figures A-3 and A-4 indicate that
feed lengths resulting in polarization ratios greater than nomirldlpggcent bandwidths
less than 0.44%. This indicates that feed length cannot be adjustegrawe percent

bandwidth and polarization ratio.
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Figure A-5: Polarization ratio vs. feed length
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Figure A-6 shows feed length vs. total broadside gain. Gain snvt0.20dB of

nominal for feed lengths between QLldhd 0.7Q .
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Figure A-6: Gain vs. feed length

Termination length is varied from 0X0Qopen termination directly below ground

slot) to 0.52 (open termination at end of board) in increments of X0.G%gure A-7

indicates that the operating frequency varies by less than 0.@&6rmohal for termination

lengths within a factor of 2 of nominal.
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Figure A-7: Operating frequency vs. termination length
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Figure A-8 shows termination lengths between\Cahd 0.4 yield minimum
VWSR;, values less than or equal to nominal (1.858). This is the samaagionilength
range that produces operating frequencies within 1% of nominarmirtation length of

0.101 produces the smallest tested VSWR.03).
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Figure A-8: VSWRIin vs. feed length

Figure A-9 shows that percent bandwidth is greater than 0.8%erimination

lengths between GAland 0.4.
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Figure A-9: Percent bandwidth vs. termination length

65



Figure A-10 shows that polarization ratio is greater than 4@iBefrmination
lengths between QLland 0.4. This is the same termination length range that yields the

optimum §, smallest VSWR values, and widest bandwidths.
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Figure A-10: Polarization ratio vs. termination length

Figure A-11 shows that total broadside gain is greater thann@tiBermination
lengths between (h2and 0.4. The termination length may be increased to twice its

nominal length and maintain a minimum 6dB gain.
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Figure A-11: Gain vs. termination length
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Feed width offset is varied from 0.00(hominal) to 0.08% (the feed strip is no
longer under the ground plane slot). Figure A-12 indicates that adjusting feedfiseth

will change operating frequency by less than 10% of nominal.

Fo vs. Feed Width Offset
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Figure A-12: Operating frequency vs. feed width offset

Figure A-13 shows that for feed width offset values less than 0.0%8 not
equal to 0.015 VSWR, is less than 2. The antenna is most closely matched
(VSWR;, = 1.043) when the feed width offset is 0.R4Plowever, this offset causes

broadside gain to decrease by approximately 3dB (Figure A-16).
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Figure A-13: VSWRIn vs. feed width offset
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Figure A-14 shows that feed width offsets between 0.G21d 0.042 yield the

largest percent bandwidths. However, broadside gain is less thamm 4diB range (see

Figure A-16).
Percent Bandwidth vs. Feed Width Offset
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Figure A-14: Bandwidth vs. feed width offset

Figure A-15 shows that polarization ratio is greater than 40dén feed width

offset is less than 0.050but not equal to 0.016
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Figure A-15: Polarization ratio vs. feed width offset

Figure A-16 shows that broadside gain decreases by at leasodtdd width
offsets less than 0.Q1
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Gain vs. Feed Width Offset

12

10

. A /T\
4 \ ] \ ’/ \ =#=total Gain
5 | 5 ! ‘! ’_"’ \\ == Nominal

0.00 ooz 0.04 0.06 0.08

Gain (dB)

feed width offset (wavelengths)

Figure A-16: Gain vs. feed width offset

Feed line width is nominally 194.9mils for a 4Q.8ne. The feed strip is modeled
in ADS2006A as a 194.9mil wide microstrip line on a 63mil height sulsivdah a 2.2
dielectric constant and ground plane. The feed line width is dsdae £100mils of
nominal in increments of 20milsQ.05cm or 0.005).

Figure A-17 indicates that the line width changes the opegr&tquency by less

than +1.0%.
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Figure A-17: Operating frequency vs. line width
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Figure A-18 indicates that varying line width by £100mils wilbt increase

VSWR, by more than 2% and may even improve input matching.
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Figure A-18: VSWRIin vs. linewidth

Figure A-19 shows that percent bandwidth changes by less than 0.288 for

tested line widths.

Percent Bandwidth vs. Feed Line Width

14
1.2

L0 "-—-'/ \ H-‘._"._.-_/'

08 —

06 #=—Bandwidth

04 == Nominal
0.2

BW (%)

00
20 140 140 240 280

width (mils)

Figure A-19: Bandwidth vs. line width
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Figure A-20 shows that polarization ratio is between 43dB and 50dalflane

widths between 160 and 290mils.

49
47
45
13
41
39
37
3s

Co to Cross pol ratio (dB)

Polarization ratio vs. Feed Line Width

A
1\

=

/

"

—

:ﬁj

= Pol ratio

== Mominal

Q0 140

Figure A-20: Polarization ratio vs. line width
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Figure A-21 indicates that changing line width from its nomuzdlie decreases

broadside gain by at least 4dB. This indicates that the feedidtie should not be used

to tune the antenna.
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Figure A-21: Gain vs. linewidth
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Substrates

Substrate heights and material are varied in HFSS. Figuresheéfs an antenna
side view. The layers from bottom to top are feed line, feed stéysggeound plane,
antenna substrate, and patch. The terms "feed substrate” and dastdrstrate” are
adopted from [7]. The nominal substrates are 63mil height RT Duroid 5880 [1].

The substrates are varied in four test sets: feed sublkaiget from 0.01D to
0.024\, antenna substrate height from 0.016 0.024. (37.3 to 90mils), both substrates

simultaneously over the same range. and the substrate material (from &d DU¥R4).

Antenna Substrate Height
Antenna Substrate ﬁ e \L
e
Feed Substrate ﬁ T —T
Feed Substrate Height

Figure A-22: Aperture coupled antenna substrates

Nominal feed substrate height is 63mil, equivalent to O.0lwavelength in
microstrip line found using ADS2006A's Linecalc at 2.3GHz). Figuiz3Andicates that
substrate height variations within £0.003f nominal changes the operating frequency by

less than 0.48%.
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Figure A-23: Operating frequency vs. feed substrate height

Figure A-24 shows that for feed substrate heights between201010.024.,

VSWR;, decreases by an average of -0.649 per Q.0idyease in feed substrate height.

A feed substrate height of 0.02&sults in minimum VSWR(1.617).
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Figure A-24: VSWRIn vs. feed substrate height

Figure A-25 shows that percent bandwidth is less than 1.18% for all analyzed feed

substrate heights.
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Percent Bandwidth vs. Feed Substrate Height
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Figure A-25: Bandwidth vs. feed substrate height

Figure A-26 shows that if the feed substrate height is véagretD.002. from its
nominal value, the polarization ratio decreases by 3.0dB or more.iridicaites that
manufacturing errors in feed substrate height will causellamgan expected

polarization ratios.
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Figure A-26: Polarization ratio vs. feed substrate height

Figure A-27 shows that broadside gain is between 6.00dB and 6.25dB for feed

substrate heights between 0.0Hhd 0.022.
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Figure A-27: Gain vs. feed substrate height
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Nominal antenna substrate height is 63mil, equivalent to B.04avelength in

microstrip line found using ADS2006A's Linecalc at 2.3GHz). The subshwight is

varied from 0.01B to 0.032 (37.3 to 120mils).

Figure A-28 indicates that antenna substrate height may leasgsc up to 0.014

above its nominal value with +0.31% maximum operating frequency variation.
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Figure A-28: Operating frequency vs. antenna substrate height
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Figure A-29 shows that increasing antenna substrate height @028\
decreases VSWR Antenna substrate height of 0.02fsults in the smallest VSWR

(1.048).
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Figure A-29: VSWRIn vs. antenna substr ate height

Figure A-30 shows that increasing antenna substrate height up ta atiiive its
nominal value increases percent bandwidth to 2.01%. This occurs benaressing

antenna substrate thickness decreases the quality factor, which inbeeahelth [13].
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Figure A-30: Bandwidth vs. antenna substrate height
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Figure A-31 shows that errors in the nominal antenna substragfat Ineay cause

less than expected polarization ratios.
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Figure A-31: Polarization ratio vs. antenna substrate height

Figure A-32 shows that broadside gain is between 6.16dB and 6.32dBdéona

substrate heights between 0.DH&d 0.031.
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Figure A-32: Gain vs. antenna substrate height

Figure A-33 shows input reactance at the operating frequendged substrate

height. Equivalent radiation capacitance decreases as subsigiie inereases {from

1



equations (3.4) and (3.6)}. This results in a less capacitive inputiempe. Figure A-33

and [13] confirm that increasing antenna substrate height increases igpancea
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Figure A-33: Im{Z;,} vs. antenna substrate height

Ground Plane Slot

The ground plane slot dimensions and location are varied in HFSBe Ag34
shows an expanded view of the ground plane in orange and ground plane slmwn y
Slot Width Offset and Slot Length Offset are the distan®s the center of the slot to a
point directly below the center of the radiating patch (z-asikt Width Offset and Slot
Length Offset are nominally 0. The nominal slot dimensions are Di¢®.016. (Slot
Length by Slot Width) equivalent to 551.2mils by 61.0mils (wavelengtHietectric

found with ADS2006A linecalc at 2.3GHz for@dine).
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Figure A-34: Sot Dimensions and Variables

The ground slot is varied in five ways: Slot Length only, Slot tWiohly, Slot
Length and Slot Width by the same factor, Slot Width @ffsely, and Slot Length
Offset only.

Slot Length is nominally 551.2mils and is varied between 61.0 and 787.4mils
Figure A-35 shows that the operating frequency is between 2.328GHz HiwGHz for
Slot Lengths between 315.0 and 787.4mils. The abscissa axis isdgninstéad of
wavelengths due to the wide operating frequency range. Deggedtot Length to
196.9mils or less results in operating frequencies greater thez.6he ground plane
slot acts as an aperture which excites the patch. The incrieagadncy is likely due to

the smaller aperture supporting a higher order mode.
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Fo vs. Slot Length
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Figure A-35: Operating frequency vs. Slot Length

Figure A-36 indicates that increasing Slot Length increagagt iresistance and

decreases input reactance.
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Figure A-36: Impedance vs. Slot Length

Figure A-37 shows that decreasing Slot Length by 40milklg/ia less than
nominal VSWR,. This result agrees with Figure A-36: decreasing Slot lrengt

approximately 25mils below nominal (551.2mils) results;jnequal to 50+j.
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Figure A-37: VSWRIin vs. Slot Length

Figure A-38 shows that decreasing nominal Slot Length by 40mdreases
percent bandwidth to 1.4%. The bandwidth increase is due to the improved input
matching (see Figures A-34 and A-35) yielding a wider frequeaogea over which

VSWR,, is less than 2.
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Figure A-38: Percent bandwidth vs. Slot Length

Figures A-39 and A-40 show that Slot Length values resultingolarization

ratios greater than 35dB have gain fluctuations less than +0.600dB.tldy range of
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Slot Length values, the cross-pol gain fluctuates as much as +6.00@dBea co-pol

gain (which is nearly equal to total gain) changes bytless 0.374dB. It is known that
increasing Slot Length increases feed line and patch couplindipiyever, cross-pol
coupling is affected approximately +5.0dB more than co-pol coupling. tO increased
cross-pol gain (see Figure A-41), decreasing Slot Lengtasw than half its nhominal

value results in polarization ratios less than 15dB.
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Figure A-39: Polarization ratio vs. Slot Length

Figure A-40 show that total broadside gains greater than 7.0dBaaszd by
cross-pol broadside gains of 3.0dB or more (see Figure A-41, nomasahgol gain is
-37.28dB). Total gain differs by less than £0.6dB for Slot Length vadeéseen 315.0

and 787.4mils.
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Figure A-40: Total and Co-pol gain vs. Slot Length
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Figure A-41: Cross-pol gain vs. Slot Length

Slot Width is nominally 61.0mils and is varied between 11.8 and 196.9mils.
Figure A-42 shows that Slot Width values between 11.8 and 160.0milsiresp#rating
frequencies between 2.10GHz and 2.32GHz. Increasing Slot Widtesaditigher order

mode.
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Figure A-42: Operating frequency vs. Slot Width

Figure A-43 shows minimum VSWRvs. Slot Width. & is nominally

75.5 - j29.@ at the operating frequency. Slot Width values between 11.8 and 49.2mils

result in reactances less than -j29.at the operating frequency (except for Slot Width

equal to 78.7mils) and, therefore, larger VSMWRilues. This indicates that impedance

tuning may require slot dimension adjustments.
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Figure A-43; VSWRIin vs. Slot Width
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Figure A-44 that Slot Widths between 23.6 and 49.2mils result in percent

bandwidths greater than 1.0%. Figures A-43 and A-44 indicate that Sidith W

fabrication errors of £6.0mils can cause VS)YWR be greater than 2 over all frequencies.
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Figure A-44: Percent bandwidth vs. Slot Width

Figure A-45 shows that polarization ratio varies between 31.68d5&89@dB

for Slot Widths between 11.8 and 157.5mils. Figure A-46 shows that Sloh Waties

in this range yield total broadside gains between 5.76dB and 6.34dBo [Pakarization

ratios greater than 25.00dB, total gain is approximately equakpologain. This shows

that varying Slot Width causes cross-pol gain variations up to £17.0Bdf8ires A-39,

A-40, A-41, A-45, and A-46 show that changing slot dimensions affecss-@ol

coupling more than co-pol coupling through the ground plane slot aperture.
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Polarization Ratio vs. Slot Width
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Figure A-45: Polarization ratio vs. Slot Width

Figure A-46 shows that total broadside gain is between 5.76dB and 6if34dB
operating frequency is less than 2.50GHz (see Figure A-42)| Gata increases to
8.94dB when the operating frequency increases to 5.76GHz because #ipotrgain
increases to -18.61dB (nominal value -37.28dB). Figure A-46 indicateSlitalLength

can be varied from 0.0@30 0.042 and affect total gain by less than +0.34dB.
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Figure A-46: Total gain and co-pol gain vs. Slot Length

Slot Width and Slot Length are simultaneously varied from 80%0% of their
nominal values of 61.0 and 551.2mils, respectively. Figure A-47 shows theasimy

slot dimensions up to 170% of their nominal sizes changes the operatjgricy by
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less than 17.0% of nominal value. Scaling down the slot dimensionssehgtesr order

modes and increases the operating frequency up to 297.0% of nominal value.
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Figure A-47: Operating frequency vs. slot scaling

Figure A-48 indicates that scaling the slot dimensionsif)#aof nominal values
decreases VSWR The minimum VSWR (1.044) is obtained by scaling the slot
dimensions to 70% of their nominal values; however, the operating freguearly

triples (see Figure A-47).
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Figure A-48: VSWRIn vs. dot scaling
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Figure A-49 shows that increasing nominal slot dimensions by 10%%ases
percent bandwidth by 14.2%. Scaling slot dimensions to 70% of nominal vatueases

percent bandwidth to 63.9%.

Percent Bandwidth vs. Slot Scaling

100
a0
&0

70
50 A
50 /

/
40

\
1 andwi
. ! ‘i =4=HBandwidth
|

BW (36)

20 I

10

' == Nominal
,—{ \

0.3 0.8 1.3

L 3
L 3

Slot to nominal slot ratio

Figure A-49: Bandwidth vs. dot scaling

Figure A-50 shows that decreasing slot dimensions by 20% o rasults in
polarization ratios less than 14.0dB. Increasing slot dimensions by cHif%es a

polarization ratio increase to 56.8dB.
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Figure A-50: Polarization ratio vs. dot scaling
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Figure A-51 shows that the three largest broadside gain valaesgond to the

three smallest slot sizes due to increased cross-pol gain (see/Ai50)e
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Figure A-51: Total gain and co-pol gain vs. dot scaling

Slot Length Offset is varied from 0.00@ 0.074 (wavelength in dielectric at

2.3GHz) equivalent to 0.0 to 275.6mils (275.6mils is half the nominal SlgthprSlot

Length Offset is varied in one direction (i.e. 0 to 0XQ7dot +0.074) because the

antenna is symmetric about the x-axis. Slot Length Offset is nominally 0.

Figure A-52 shows that the operating frequency changestHass+7.68% of

nominal §, for all Slot Length Offsets.
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Figure A-52: Operating frequency vs. Slot L ength Offset
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Figure A-53 indicates that VSWR variation is inversely proportional to
operating frequency. All Slot Length Offsets exhibiting desedaoperating frequency
result in increased VSWR Slot Length Offsets equal to 0.022nd 0.03@ results in

VSWR,;, equal to 1.335 and 1.413.
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Figure A-53: VSWRIn vs. Slot Length Offset

Figure A-54 shows that Slot Length Offset equal to GWG2&1 0.03@ results in

percent bandwidths greater than 1.4%.
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Figure A-54: Bandwidth vs. Slot Length Offset
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Figure A-55 shows that polarization ratio decreases by 10.89dBdbtL&hgth
Offset equal to 0.007 (27.6mils). This indicates that fabrication errors causing an
off-center ground plane slot over the feed line and under the patokade polarization
ratio. However, increasing Slot Length Offset to 0X0itkcreases polarization ratio to
50.22dB. Figure A-53 shows that VSWHRs 2.922 for a Slot Length Offset equal to

0.015.
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Figure A-55: Polarization ratio vs. Slot Length Offset

Figures A-52 and A-56 demonstrate that varying Slot Length Ofise similar
effects on gain and operating frequency. All Slot Length Gffsesulting in operating
frequencies less than 2.26GHz also yield gains less than 5.9dBloAlLength Offsets
resulting in operating frequencies greater than 2.26GHz al$ gaéns greater than
5.9dB. Figures A-53 and A-56 indicate Slot Length Offsets thatyseodocal gain

maxima (with respect to Slot Length Offset) also produce local VSWiRima.
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Gain vs. Slot Length Offset
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Figure A-56: Gain vs. Slot Length Offset

Slot Width Offset is nominally 0 and varied between +653.0milguréi A-57
shows that for ten of twelve values, the operating frequencyaiseseas the Slot Width
Offset magnitude increases. The center of the ground plane slomimally displaced
787.4mils (0.211 in dielectric at 2.3GHz, see Chapter 1) away from the radigtatch
edges in the x direction. Figure A-57 shows that shifting the grqlade slot by
approximately £394mils (0.10%5n dielectric at 2.3GHz) in the x direction doubles the
operating frequency. This occurs because the distance fromatinedgplane slot center
to one radiating edge at twice the nominal frequency is the sdeatrical size as the
patch length at the nominal frequency for Slot Width Offset equ@l Also, when Slot
Width Offset is approximately £700mils, the operating frequemearly doubles again

for the same reason.
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Fo vs. Slot Width Offset
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Figure A-57: Operating frequency vs. Slot Width Offset

Figure A-58 indicates that for all but two Slot Width Offsetues, VSWR is
less than the nominal VSWRSIot Width Offset equal to -93.3mils yields VSWRqual
to 4.676. This implies that moving the ground plane slot away from thetepemated

end of the feed line causes a mismatch at the feed.
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Figure A-58: VSWRIn vs. Slot Width Offset

Figure A-59 shows that for ten of the twelve non-zero Slot Wadffket values,

the percent bandwidth increases relative to the nominal value.

93



Percent Bandwidth vs. Slot Width Offset
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Figure A-59: Bandwidth vs. Slot Width Offset

Figure A-60 shows that ,although there are ten Slot WidtheOffalues that
improve VSWR, and percent bandwidth, only a 279.9mil Slot Width Offset also

improves polarization ratio.
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Figure A-60: Polarization ratio vs. Slot Width Offset

Figure A-61 shows that Slot Width Offsets that yield bradelgjain values
greater than 7.0dB result in polarization ratios less than 30.0dB. ifidisates that

varying Slot Width Offset does not increase both gain and polarization ratiocagtiifi
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Gain vs. Slot Width Offset Co-pol Gain vs. Slot Width Offset
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Figure A-61: Gain vs. Slot Width Offset

Patch
The patch dimensions and location are varied in HFSS. Figure A-6% she
four patch variables: Patch Width, Patch Length, Patch WidtreQfsd Patch Length

Offset. The offsets are measured from the coordinate system oggififure 2-5) to the

patch center.

Figure A-62: Patch variables
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Patch Width is nominally 1,181.1mils equal to 0B8Iwavelength in microstrip

line found using ADS2006A's Linecalc at 2.3GHz fo£blne). Figure A-63 shows that

resonant frequency is independent of Patch Width.
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Figure A-63: Operating frequency vs. Patch Width

Figure A-64 shows the input impedance at resonance vs. Patch Wicitading

Patch Width increases reactance and decreases resistaaagorfiimal antenna design

has an input impedance of 75.5 -j2Q.(Patch Width equal to 0.4Xx%esults in an input

impedance of 51.8 + j0.98 This indicates that Patch Width can be used to improve

input matching if the input impedance has both a real component giteateb5@ and

negative reactance component or both a

reactance component.
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Figure A-64:; Zin vs. Patch Width
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Figure A-65 shows that increasing Patch Width results in imprompdt
impedance matching, see Figure A-64. Patch Width equal to’0y&l8ls the smallest

VSWR;, (1.041).
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Figure A-65: VSWRIin vs. Patch Width

Figure A-66 shows that Patch Width values that decrease VSR increase
percent bandwidth, due to improved input matching (see Figure A-64.yidlds a
wider frequency range over which VSWRs less than 2. Adjusting Patch Width to

improve input matching will also improve bandwidth.
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Figure A-66: Percent Bandwidth vs. Patch Width
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Figure A-67 shows that only five Patch Width values that impbavelwidth also
improve polarization ratio. A Patch Width equal to 062&sults in a polarization ratio
18.53dB greater than nominal, the second largest bandwidth, and the secoedtsmall

VSWR, (see Figures A-65 and A-66).
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Figure A-67: Polarization ratio vs. Patch Width

Figure A-68 shows that increasing Patch Width increases lgai may decrease
polarization ratio. A Patch Width of 0.52Thcreases gain by 0.606dB and results in an

optimum combination of input matching, bandwidth, and polarization ratio.
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Figure A-68: Gain vs. Patch Width
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Patch Length is nominally 1,574.8mils equal to OM@&#avelength in microstrip
line found using ADS2006A's Linecalc at 2.3GHz). Figure A-69 showsinhetasing
Patch Length decreases operating frequency. Resonant fregappcygximates a
constant slope function of Patch Length between 780 and 2,500mils. The average slope i

this range is -1.295 kHz/inch. Adjusting Patch Length tunes the operating frequency.
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Figure A-69: Operating frequency vs. Patch Length

Figure A-70 shows that only 4 of 13 Patch Length adjustments ieSUEWR,
less than nominal. This indicates that varying Patch Length tanobita desired
operating frequency may cause a mismatch at the input. Howkgenput impedance

can be adjusted by varying Slot Length and/or Patch Width.
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Figure A-70: VSWRIn vs. Patch Length
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Figure A-71 shows an approximately inverse response of Figui@ Because
bandwidth is defined in terms of VSWRAIl Patch Length values that decrease VSWR

also increase percent bandwidth.
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Figure A-71: Percent Bandwidth vs. Patch Length

Figure A-72 shows that only one Patch Length value yields aizaiian ratio at
least 1.0dB greater than nominal. Adjusting Patch Length to turep#érating frequency

will likely decrease the polarization ratio.
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Figure A-72; Polarization ratio vs. Patch Length
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For most adjustments, increasing Patch Length decreasedugato the decrease
in resonant frequency (See Figure A-69). As the resonant fregidecceases, the upper
substrate becomes electrically thin (antenna substrate hgi§Btils), which produces
less radiation from fringing fields. Guided waves between thehpatd ground plane

dominate over radiating fields in electrically thin substrates [2].
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Figure A-73: Gain vs. Patch Length

Patch Width Offset varies between 0 (nominal) and Q.1B&If of nominal Patch
Width). Figure A-74 shows that adjusting Patch Width Offset gbhanthe resonant
frequency by less than £7.3%.
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Figure A-74: Operating frequency vs. Patch Width Offset
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Figure A-75 shows that Patch Width Offset values less than)X0di8%eater than

0.130. results in VSWR less than 2.
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Figure A-75: VSWRIn vs. Patch Width Offset

Figure A-76 is approximately an inverse response of Figure Ad&ause

bandwidth is defined in terms of VSWR
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Figure A-76: Percent Bandwidth vs. Patch Width Offset

Figure A-77 indicates that fabrication errors resultingatcR Width Offset less

than 0.01@ (equivalent to 37.3mils) will increase polarization ratio. Figé&8
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indicates that small fabrication errors in this range will mgniiBcantly affect broadside

gain.
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Figure A-77: Polarization ratio vs. Patch Width Offset

Figure A-78 shows that broadside gain is within £0.547dB of nominallfor a

Patch Width Offsets.
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Figure A-78; Gain vs. Patch Width Offset

Patch Length Offset is varied between 0 (hominal) and 590.6milgreFiy-79
shows that changing Patch Length Offset by more than £390.0nsite®Xigher order

modes. Nominally, the patch extends 787.4mils (024l 2.3GHz) away from the
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ground slot in the £x-directions (see Figures 2-5 and 3-1). A higjider mode is excited
for a Patch Length Offset values of approximately 450.0mils (or -4%8)0because the
patch extends 0.21laway from the ground slot in positive x-direction (or negative
x-direction) at approximately double the nominal frequency. The opgriiequency is
determined by the smallest VSWRThe operating frequency peak at Patch Length

Offset equal to -118.1mils is due to VSWHRreater than 2.8 at all frequencies (see

Figure A-80).
Fovs. Patch Length Offset Fovs. Patch Length Offset

_ 60 e _ 60 4
£ 55 £ 55
¢ 5 / ¢ 5 /
§ 45 1/ § 45 /
g 40 g 40
fn 3.5 \ n / =—4=Fo "E,, a5 \ n I —p— Fg
:‘E 30 \ / \ / =l Nominal ‘E 30 \ (I \ / == Nominal
BTN\ / BTN S\ /
© 20 “_/ ——_J © 2o r_* A——_f

0.16 -0.06 0.04 014 600 -400  -200 0 200 400 600

Patch Length Offset (wavelengths) Patch Length Offset (mils)

Figure A-79: Operating frequency vs. Patch Length Offset

Figures A-80 shows that a positive Patch Length Offset dexsedSWR. The
frequency peak in Figure A-79 corresponds with the VSWR peak gard-iA-80
indicating that VSWR is greater than 2.8 over all frequencies for a Patch LeDfjet

value of -118.1mils.
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VSWRminvs. Patch Length Offset
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Figure A-80: VSWRIn vs. Patch Length Offset

Figure A-81 is approximately an inverse image of Figure A-&gabse

bandwidth is defined in terms of VSWR
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Figure A-81: Percent Bandwidth vs. Patch Length Offset

Figure A-82 shows that polarization ratio is maximum for &liPaength Offset

value of 39.4mils. This offset also improves input matching.
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Polarization Ratio vs. Patch Length Offset
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Figure A-82: Polarization ratio vs. Patch Length Offset

Figure A-83 shows that a Patch Length Offset value of -118. timdseases gain
by 4.452dB due to a VSWRvalue less than 2.8 (see Figure A-80). All other Patch

Length Offsets between +400.0mils vary gain by less than +0.160dB.
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Figure A-83: Gain vs. Patch Length Offset
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Appendix B: Matlab Code

The following Matlab code plots operating frequency vs. patch length curve found

in Figure 4-6.

%Operating frequency vs. Patch Length
clear

%exp values are obtained from HFSS
f_exp1=[5.177,3.605,3.09,2.709,2.615,2.428,2.321,2.279,2.055,2.131,1.701];
f_exp=[f_exp1,1.565,1.472,1.377]*10"9;
px_exp1=[0.158,0.211,0.264,0.316,0.348,0.390,0.411,0.422,0.433,0.454,0.527];
px_exp=[px_exp1,0.580,0.633,0.686];

%speed of light in material = lambda (m) * freq (Hz)

v =((3732/393.7)/100)*2.279*10"9

px=linspace(0.2,0.7,100); %Patch Length in wavelengths

mils=px*3732; %converts Patch Length to mils
lambda=(1/(100*393.7))*mils/0.422; %(assuming 0.211 acts as lambda/4)

%convert wavelengths at 2.3GHz to inches for graph x-axis
px=px*3.732;
PX_exp=px_exp*3.732;

f=v./lambda;

hold off

plot(px,f)

hold on

plot(px_exp,f_exp, red'

m=Operating Frequency versus Patch Length’
ml=Theoretical (blue), HFSS (red)' ;

mtitle=[m,10,m1]; %10 is ascii for newline
title(mtitle)

ylabel( 'Frequency (Hz)' )

xlabel(  'Patch Length (inches)' )
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