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Abstract

This paper describes the formulation of a design procedure for the rectangular, probe-fed and rectan-
gular, electromagnetically coupled patch antennas. The design procedure is presented in the form of
design curves. The design curve data was generated by solving a bandwidth optimization problem
subject to a specified minimum gain constraint. Given a particular performance requirement, an ap-
propriate antenna geometry can be found using the design curves. An unavoidable tradeoff between
the gain and impedance bandwidth performance parameters is evident from the design curves. The
bandwidth and minimum gain configurations for design of the probe-fed patch range from 6.2%
and 9.9dBi to 13.2% and 6.1dBi respectively. The bandwidth and minimum gain configurations for
design of the electromagentically coupled patch range from 9.5% and 9.7dBi to 44% and 6.0dBi
respectively.
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Foreword

This dissertation is presented to the University of the Witwatersrand, Johannesburg, South Africa for
the degree of Master of Science in Engineering.

The title of the dissertation is “Patch Antenna Design”. This research focuses on the generation of
design curves for two basic patch antenna configurations: the rectangular probe-fed patch and the
rectangular electromagentically coupled patch. Simulation of these antennas is investigated and cor-
relation between the antenna’s geometrical and electrical parameters is quantified. Design curve data
for these antennas is generated by solving an impedance bandwidth optimization problem subject to
a particular minimum gain constraint over the frequency band of operation.

This document complies with the university’s so-called “paper model” format, and although the
actual paper contains the essence of the research, the appendices present aspects of the work that are
not covered in great detail in the main document.

Appendix Aprovides descriptions of commonly used terms associated with patch antennas. These
terms are used regularly throughout the paper and other appendices.

Appendix Byives an introduction to the concept of patch antennas in general and describes the basic
operation of these antennas via transmission line theory.

Appendix Cexplores simulation of the probe-fed patch and electromagentically coupled patch.
The limitations of simulation and the errors encountered for the specific patches investigated are
presented.

Appendix Dpresents a parameter study of the probe-fed patch and electromagentically coupled
patch. This study uses the calculation of correlation between the various antenna parameters in
order to establish which geometrical parameters are most significant when designing a particular
patch.

Appendix Eshows the design curves generated from solving an impedance bandwidth optimization
problem subject to a constraint on the antennas minimum gain. The error associated with interpola-
tion of design between the given design curve data points is quantified.

Appendix Fprovides a brief description of the contents of the CD associated with this dissertation.
All code, data and documentation is provided on this CD.



Table of Contents

Abstract

Acknowledgements

Foreword

Table of Contents

List of Figures

List of Tables

Paper: Patch Antenna Design
I Introduction

Il Patch Antenna Simulation
I-A Rectangular Probe-fed Patch Results . . .

Vi

Vi

viii

I1-B Rectangular Electromagnetically Coupled PatchResults . . . . . .. ... ..
I-C Conclusions of Simulation and Measurement Comparison . . . . . ... ...

Il Patch Antenna Parameter Study

llI-A  Rectangular Probe-fed Patch Parameter Study . . . . . ... ... ... ...
IlI-B Rectangular Electromagnetically-fed Patch Parameter Study . . . . . . . . ..

IV Patch Antenna Design
IV-A Rectangular Probe-fed Patch design . . . .

IV-B Rectangular Electromagnetically-fed Patchdesign . . . . .. ... ... ...

V Conclusion
References

Appendix A: Definition of Terms
A-A Resonant Frequency (FO) . . .. ... ..
A-B Resonant Resistance (R0O) . . . .. .. ..
A-C Frequency of Maximum Resistance (Fmax)

A-D Maximum Resistance (Rmax) . . . . .. ..
A-E Operating Frequency (Fop) . . .. ... ..
A-F Impedance Bandwidth (BW) . . ... ...
A-G Minimum Gain (MinG) . . . ... ... ...

A-H Gain Variation (GV) . . . . ... ... ...
A-l PatchLength (L) . . . ... ... ......
A-J PatchWidth(W) . . ... ... ... ....
A-K Patch Height(h) . . ... ... ... . ...

A-L Dielectric Constantd,.) . . .. ... ... ..

Appendix B: Patch Antenna Design Background



Vi

B-A Introduction . . . . ... 12
B-B Patch Antenna Applications . . . . . . . . ... ... .. ... ... ..., 12
B-C Patch Antenna Analysis . . . . . . . . .. . . . . ... .. 13
B-D Patch Antenna Design Selection . . . . . . . . ... ... ... ... .. ... 13
B-E Patch Antenna Operation . . . . . . . . . . . .. .. 15
Appendix C: Patch Antenna Simulation Investigation 18
C-A Investigation Overview . . . . . . . . . . e 18
C-B Factors Influencing Correlation of Simulation and Measurement Results . . . 19
C-B.1 Construction Tolerances: . . . . .. .. . ... ... ... ..., 20
C-B.2 Measurement Limitations: . . . . . . .. ... ... ... ... .. 20
C-B.3 The Effect of Segmentation Frequency: . . . . . .. .. ... ... 21
Cc-C Probe-fed RectangularPatch . . . . . ... .. ... ... ... ........ 22
C-D Electromagnetically-coupled Rectangular Patch . . . . .. ... ... .... 26
C-E Conclusion . . . . . .. e 29
Appendix D: Patch Antenna Parameter Study 33
D-A Parameter Study Objective . . . . . . . . . . ... ... ... 33
D-B Parameter Study Approach . . . . . . . ... .o o 33
D-C Probe-fed Rectangular Patch Antenna Parameter Study . . . . . . ... .. .. 34
D-D Electromagnetically Coupled Rectangular Patch Antenna . . . . . .. .. .. 41
D-E Conclusion . . . . . . ... 44
Appendix E: Patch Antenna Design 48
E-A Introduction to Patch AntennaDesign . . . . .. . ... ... ... ...... 48
E-B Design Curve Data Generation . . . . . . ... ... ... ... ....... 49
E-C Probe-fed Rectangular Patch Design Curves . . . . . . ... ... ... ... 52
E-D Electromagnetically Coupled Patch Design Curves . . . . . . ... ... ... 54
E-E Using Design Curves . . . . . . . . . i e 56
E-F Conclusion . . . . . . 59
Appendix F: Patch Antenna Design CD Contents 63
F-A CDContents . . . . . . . . e 63



viii

List of Figures

O©CO~NOOOUTA,WNPEP

[
= o

12
13
14
15
16
17
18
19
20
21
22

23

24
25
26

27
28
29
30

31

32

33
34
35
36
37
38

Geometry of probe-fedpatch. . . . . . . . ... L L 1
Geometry of electromagentically coupled patch. . . . . .. ... ... ... ...... 1
SuPERNEC model structure of investigated patch antennas. . . . . . ... .... .. 1
Measured and simulated impedance characteristics for probe-fed patch . . . . . . . .. 2
Measured and simulated gain characteristics for probe-fed patch . . . . . . .. ... .. 2
Measured and simulated impedance characteristics for electromagnetically coupled patch. 2
Measured and simulated gain characteristics for electromagnetically coupled patch. . . 2
Correlation coefficients of probe-fedpatch. . . . . . .. ... .. ... ... ...... 4
Correlation coefficients of EM-fed patch. . . . . . .. ... .. ... .. ........ 4
Probe-fed patch designcurves. . . . . . . . . . . .. . . ... e 6
Electromagnetically coupled patch design curves (gain, length, width and height char-
acteristiCs). . . . . . . . e e e 6
Electromagnetically coupled patch design curves (feed characteristics). . . . . . .. .. 7
Rectangular probe-fed patch antennageometry. . . . . . . .. ... ... ... ..... 14
Rectangular electromagnetically-fed patch antennageometry. . . . . . . ... ... .. 14
Rectangular, probe-fed patchantenna. . . . . . . . ... ... ... .. ... ...... 15
Equivalent transmission-line model of a rectangilar patch antenna. . . . . . . ... .. 16
TMio mode E-field distribution. . . . . . .. .. ... ... ... .. ... .. .. .. 16
Voltage and current variation on the patchantenna. . . . . . . . ... ... ... .... 17
Effect of construction tolerances on impedance characteristics for EM-fed patch. . . . . 20

Effect of measurement repeatability on impedance characteristics for EM-fed patch 4. . 21
Effect of measurement repeatability on impedance characteristics for EM-fed patch 5. . 22
Effect of segmentation frequency on electromagnetically coupled patch impedance

characteristics. . . . . . . . . . e 23
Photograph of probe-fed patch "B1” which used air spacing between the patch and
ground plane. . . . . . .. e e 24
Comparison of measured and simulated impedance characteristics for probe-fed patch. . 25
Comparison of measured and simulated antenna characteristics. . . . . ... ... ... 26
Comparison of measured and simulated gain and VSWR characteristics for probe-fed

patch. Top: Simulated results. Middle: Patch Al. Bottom: PatchB1. . .. ... .. .. 27
Photograph of electromagentically coupled patch. . . . ... ... .. ... ...... 28
Comparison of measured and simulated impedance characteristics for EM-fed patch. . . 29
Comparison of measured and simulated antenna characteristics for EM-fed patch. . . . 29

Comparison of measured and simulated gain and VSWR characteristics for
electromagnetically-fed patch Top: Simulated results. Middle: Patch 4. Bottom: Patch 5. 30
Geometrical data for each observation in the probe-fed patch parameter study. Nominal

datapointsarecircled. . . . . . . . .. 36
Electrical data for each observation in the probe-fed patch parameter study. Nominal
datapointsarecircled. . . . . . . . . ... 37
Correlation coefficient matrix for entire probe-fed patch parameter study data-set. . . . 38
Effect of patch length on the probe-fed patch impedance characteristics. . . . . . . .. 38
Effect of patch length on the probe-fed patch gain and VSWR characteristics. . . . . . 39
Effect of patch width on the probe-fed patch gain and VSWR characteristics. . . . . . . 39
Effect of patch height on the probe-fed patch gain and VSWR characteristics. . . . . . 40

Overlay of gain and VSWR data for gain variation investigation. . . . . ... ... .. 40



39

40

41
42

43

44
45

46
47

48
49

50
51

52
53
54

55
56

Geometrical data for each observation used in the EM-fed patch parameter study. Nom-

inal data pointsarecircled. . .. .. .. ... ... ... .. .. 42
Electrical data for each observation in the EM-fed patch parameter study. Nominal data
pointsarecircled. . . . . . . .. 43
Correlation coefficient matrix for entire EM-fed patch parameter study data-set. . . . . 44
Effect of patch length on the electromagentically coupled patch impedance character-
ISHICS. . . . 45
Effect of patch length on the electromagentically coupled patch gain and VSWR char-
acteristiCs. . . . . . . e e 46
Comparison of gain and VSWR characteristics for case 7andcase 14. . . . . . . . .. 47
Current distribution and radiation pattern characteristics for patch antenna operation in
theTMigmode.. . . . . . . . . e e e 50
Probe-fed patch designcurves. . . . . . . . .. . . . ... . . ... .. 53

Probe-fed patch Design curve cases for a length of 30mm. The designs increase in
bandwidth and decrease in minimum gain from left to right, top to bottom (case 1 —

case 14). . . . .. e 54
Interpolation error for the probe-fed patch designcurves. . . . . . .. ... ... ... 55
Electromagnetically coupled patch design curves (gain, length, width and height char-
acteristiCs). . . . . . . . e e 56
Electromagnetically coupled patch design curves (feed characteristics). . . . . . . . .. 57

Electromagnetically coupled patch design curve cases for a length of 30mm. The de-
signs increase in bandwidth and decrease in minimum gain from left to right, top to

bottom (case 1 —case 24). . . . . . . . . e 58
Interpolation error for the electromagnetically coupled patch design curves. . . . . . . . 59
Example 1: Using probe-fed patch designcurves. . . . . . .. ... ... ... .... 60
Example 2: Using electromagnetically coupled patch design curves (gain, length, width

and height characteristics). . . . . . . . . . . . . 61

Example 2: Using electromagnetically coupled patch design curves (feed characteristics). 62
Directory structure of Patch Antenna Design dissertationCD. . . . .. ... ... ... 63



List of Tables

I

I

Il
v
\%
\
Vi
Viii

IX
X
Xl
Xl
Xl
XV

XV

Maximum and minimum parameter values for probe-fed patch study . . . . . . . . 3
Maximum and minimum parameter values for EM-fed patch study . . . . . . . .. 4
Patch antenna applications . . . . . . .. .. .. ... ... .. ... ... ... 13
Patch configurations used in simulation investigation . . . . . .. ... ... ... 18
Geometrical characteristics of the investigated rectangular probe-fed patch . . . . 22
Results of rectangular probe-fed patch investigation . . . . . . .. ... ... ... 24
Error results for rectangular probe-fed patch investigation . . . ... ... .. .. 25
Geometrical characteristics of the investigated rectangular electromagentically
coupledpatch . . . . . . . . 26
Results of rectangular electromagnetically-fed patch investigation . . . . . . . .. 28
Error results for rectangular electromagnetically-fed patch investigation . . . . . . 30
Comparison of measured and simulatedresults . . . . ... ... ......... 31
Performance parameters of nominal probe-fed patch antenna cases studied . ... 35
Nominal geometries of probe-fed patch antenna cases studies . . ... ... ... 35

Performance parameters of nominal electromagentically coupled patch antenna

casesstudied . . . . . ... e e 41

Nominal geometries of electromagentically coupled patch antenna cases studied . 41



Patch Antenna Design

Gareth Louis Shaw

Abstract— This paper describes the formulation of a design Top View:
procedure for the rectangular, probe-fed and rectangular, elec-
tromagnetically coupled patch antennas. The design procedure " patch
is presented in the form of design curves. The design curve data :
was generated by solving a bandwidth optimization problem Inset
subject to a specified minimum gain constraint. Given a particu- Feed Offset § <—>¥ ________ patch Widh
lar performance requirement, an appropriate antenna geometry :
can be found using the design curves. An unavoidable trade- Feed
off between the gain and impedance bandwidth performance
parameters is evident from the design curves. The bandwidth
and minimum gain configurations for design of the probe-fed
patch range from 6.2% and 9.9dBi to 13.2% and 6.1dBi respec- Food ! patch
tively. The bandwidth and minimum gain configurations for de- Inset ::|F”°be Feed IHeiqht
sign of the electromagentically coupled patch range from 9.5% Ground Plane
and 9.7dBi to 44% and 6.0dBi respectively.

Patch Length

Side View:

Fig. 1. Geometry of probe-fed patch.

Top View: Patch Length
I. INTRODUCTION " patch
Feed Length E '
A patch antenna typically consists of a radiating plate sus- Feed T T Patch v
pended above a ground plane. Patch or microstrip antennas RS et PR
exhibit characteristics such as light weight and a low profile, iFeed
which makes these antennas desirable for many applications, o
[1], [2], [10], [20]. Various approaches to patch antenna de-

sign exist, but these approaches may require a large degree Side View: pateh

of mathematical ability and knowledge of the technology’s .

physics in order to produce an initial design for a particular Feed “Feed Tine : o
eight '

patch configuration. Alternatively, design by simulation may
require expensive simulation software and finding an appro-
priate design is a time-consuming, iterative procedure. é'f:
a result, all these approaches may require significant tim
and effort to produce an initial design. In contrast, an an-
tenna configuration suitable for a particular application can Il. PATCH ANTENNA SIMULATION

be found rapidly using design curves. Patch antenna simulation is necessary for generating patch
This paper presents design curves for the rectangulgftenna design curve data. TBePERNEC [29] simula-
probe-fed [3], [13] and electromagnetically coupled patch aggn package, which uses a MoM solver, was selected for
tennas [14] — [17]. Although the behaviour of the probe-feghis purpose. SUPERNEC offers the flexibility to simu-
patch and the effect of it's geometrical parameters on it's elegye arbitrary antenna geometries and provides connectivity
trical parameters is widely known, a formal, quantified aRgith MATLAB [30], which allowed automation of simula-
proach to this antenna’s design does not seem to have bgghs and easy analysis of simulation results. Figure 3 shows

presented in the literature. For this reason it seems appropis SUPERNEC segmentation structure of the investigated
ate to develop design curves for this, the most fundamenigjiennas.

patch antenna. The electromagentically coupled patch is also
a logical design choice, given the improved bandwidth pro-
vided by this antenna’s feed mechanism. The geometry of tt .
probe-fed patch and electromagentically coupled patch caNui,;;f“‘
be seen in Figures 1 and 2. L
Simulation is necessary for generating design curve dat :
The selected patch antenna simulation method is verified g , o

Ground Plane

. 2. Geometry of electromagentically coupled patch.

Section Il by comparing real and simulated patch antenr " o .

characteristics. Section Ill shows the results of a simulated

patch antenna parameter study. The parameter study results  (5) probe-fed patch. (b) Electromagnetically-fed
allowed simplification of the design process presented in Sec- patch.

tion 1V, as only the most relevant antenna parameters were
actively used in the design. Fig. 3. SUPERNEC model structure of investigated patch antennas.



This section investigates simulation of the rectangul&®. Rectangular Electromagnetically Coupled Patch Results
probe-fed and electromagnetically-fed patch antennas in a]_h wrical ch teristi fthe i iigated el
qualitative manner. Sections II-A and II-B present the results € geometrical characteristics of the Investigated etec-

for the probe-fed and electromagnetically-fed patches respgg_magentically coupled patch are: length 40mm ()33

tively. The conclusions from these results are presented hdth 50mm (0.42), patch height 11.2mm (0.093 feed

Section II-C. Further details of this study can be found i ngth 23mm (0.18), feed overlap -14.5mm (0.3, feed
I N ! 1S Sty " Ig?eighwmm (0.058), feed diameter 2mm (0.017, feed off-

[21]. Definitions of the patch antenna terms used in this pas :
per can be found in [20] and [18]. set Omm. Two physical antennas were constructed for com-

parison with the simulation. A comparison of the measured
and simulated impedance results is shown in Figure 6. A

A. Rectangular Probe-fed Patch Results X . . .
. - . . comparison of the measured and simulated gain results is
The geometrical characteristics of the investigated probgs . in Figure 7

fed patch are: length 60mm (048 width 20mm (0.16),
height 9mm (0.072), feed inset 3.5mm (0.028, feed off-
set Omm, feed radius 0.4mm (0.092 Two physical anten-

Real and imaginary impedance characteristics

nas were constructed for comparison with the simulation. A 2 7/ ~ Messured 2

comparison of the measured and simulated impedance results & | AN
is shown in Figure 4. A comparison of the measured and sim- g 30}, - V \ ]
ulated gain results is shown in Figure 5. g 20 / TN
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Fig. 6. Measured and simulated impedance characteristics for electromag-
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Fig. 7. Measured and simulated gain characteristics for electromagnetically
coupled patch.

4 ‘ ‘ The measured results for impedance vary from values
1 20 requency (MHz) 3000 greater to values smaller than those predicted by the sim-
ulation. This implies that construction tolerances and error
Fig. 5. Measured and simulated gain characteristics for probe-fed patchintroduced by the measurement technique may be partly re-
sponsible for the discrepancy between measured and simu-
The measured impedance showed good agreement wéted results [21]. The antenna was enclosed in a protective
simulation, as seen in Figure 4. The measured gain, hoplastic container which also effects the measured results [31].
ever, was found to be approximately 1dBi greater than tfidne measured gain is seen to be approximately 1dBi less than
simulated gain over the operating frequency band (2.3GHzhe simulated gain (2.25 GHz — 2.75 GHz) over the operating
2.5GHz). The measured gain decreases rapidly outside fregquency band (different network analyzers were used for
operating frequency band due to bad impedance matchihg probe-fed and electromagnetically coupled patch mesure-
with the network analyser used. ments).




C. Conclusions of Simulation and Measurement Comparisgoency (Fop), impedance bandwidth (BW), gain variation
Patches 1 and 2 from Sections II-A and II-B are codGV), centre gain (CG) and minimum gain (MinG) [2].
structed with the same geometrical specifications. Discrep-

ancies between the measured results for the similar physigal Rectangular Probe-fed Patch Parameter Study

antennas, as well as between the simulated and measured rg?_—h be-fed patch has the si rical ters:
sults, immediately emphasizes the importance of constryc- € probe-led pailch has the SIX geometrical parameters.

: tch length (L), patch width (W), patch height (h), feed
tion tolerances and the need for good measurement eql} : P .
ment when producing an antenna. In particular, the discrdfSet (Fdinset), feed offset (FdOffset) and feed radius (FdRa-

ancy in measured and simulated gain results may have b étvel Tabrllg rll tsr:]ows thetmaTlmL:jm arf1d minimum valu?s
introduced by the somewhat unreliable measurement equip- een which the geometrical and performance parameters

ry, for the fifteen cases considered. All nominal cases have

ment used during the two-antenna gain measurement pro
dure [21]. The simulation error, although not insignificanfﬁength of 0.03m and a feed ofiset of Om. The study data

is inline with that reported in the literature [12]. The effect®t generated from the fifteen nominal cases consisted of 975

of construction tolerances and measurement techniques,
well as other factors influencing simulation and measurement

opservationsi( + 15 x 29).

agreement, are discussed in [21] and have been cOMMeN{Ed .y anp miNIMUM PARAMETER VALUES FOR PROBE-FED PATCH

on by [11].

Even though theSUPERNEC patch antenna simulations
were not in total agreement with the measured results, the
simulation error is comparable to that of other simulation and
analysis techniques. It can be concluded that the simulation
accuracy ofSUPERNEC is sufficient for producing a first
iteration of a practical antenna.

IlIl. PATCH ANTENNA PARAMETER STUDY

TABLE |
STUDY

Parameter Maximum | Minimum
Width 0.047m 0.007m
Height 0.007.5m | 0.0037m
Feed Inset 0.0041m 0.00075m
Feed Radius 0.00053m | 0.00056m
Bandwidth 13.2% 6.2%
Minimum Gain | 9.9dBi 6.1dBi

Patch antennas typically have many geometrical parame-The correlation coefficient matrix calculated from the data
ters. The parameter study presented in this section attempt€§bcan be seen in Figure 8. The results for each performance
identify the most significant geometrical parameters belongarameter are analyzed below:

ing to the antennas of interest. This is achieved by varying®
a particular patch antenna’s geometrical parameters to val-
ues 10% greater and smaller than their nominal values, and
noting the effect this has on the antenna’s performance pa+
rameters. The knowledge gained from this study allows sim-
plification of the design procedure, as only the most impor-
tant geometrical parameters are actively used in the design
process presented in Section IV. The time taken to gener-
ate design curve data is also substantially decreased by this
simplification.

The parameter study data set was generated by varying the
geometrical characteristics of a number of preliminary de-
sign curve geometries, usitByPERNEC simulation. These
geometries exhibited significant performance characteristics
which are relevant to the design objective [22]. Data was
recorded for the variation of every parameter when the an-¢
tenna’s other parameters were varied simultaneously. This
required the generation of data ¥ variations of each nom-
inal geometry case, where N is the number of geometrical
characteristics belonging to the antenna. The correlation be-
tween each parameter was calculated and an image of the cor-
relation matrix for each of the antennas of interest can be seen
in Figures 8 and 9. Strong positive or negative correlation is
represented white elements in the image matrix.

The resonant frequency (F0), resonant resistance (R0), fre-
guency of maximum resistance (Fmax) and maximum resis-
tance (Rmax) parameters exhibit correlation characteristics®
consistent with that reported in other literature [18]. These
parameters are presented in Figures 8 and 9 but not com-
mented on in detail in the following parameter study, as the
performance parameters are of primary interest for design
purposes. The performance parameters are operating fre-

Frequency of operationThe operating frequency shows

a strong correlation with the patch length of -0.82. This
result is consistent with that expected in p30 [1].
Bandwidth: The bandwidth shows strongest correla-
tion with the patch width (-0.64) and the patch height
(+0.48). These results are also consistent with p42—-44
[1]. The feed position is known to have a significant ef-
fect on the input impedance of the antenna, as shown
by the fairly strong correlation between the feed inset
and the maximum (+0.8) and resonant resistance (+0.8).
Hence the feed position is important for feed matching
purposes pl13 [2]. This means that even though there
was no strong positive or negative correlation between
the feed inset and bandwidth, this value must still be
chosen such that the maximum bandwidth is realised.
Center gain and minimum gainBoth the center and
minimum gain showed strong correlation with the patch
width (+0.97). These results are expected from [1] p42—
44. A strong negative correlation (-0.91) exists be-
tween the gain and the patch height. This indicates that
increasing the patch height should decrease the gain.
However, it is expected from the literature that increas-
ing the patch height should result in more radiated power
[10] p265. This contradictory result occurs due to the
nature of the limited amount of patch configurations
studied.

Gain variation: The gain variation (defined in [19])
shows strongest correlation with the aspect ratio (-0.98).
As the aspect ratio is a ratio of the length to the width
this implies that increasing the width increases the gain
variation percentage and indeed there is a strong corre-
lation of +0.86 between the width and the gain variation.



Correlation Coefficient Image for Probe—fed Patch Parameters.
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Fig. 8. Correlation coefficients of probe-fed patch.

The geometrical parameters which show the most signif-
icant correlation with the electrical parameters are length,
width, height and feed inset. These parameters will be
actively used for the generation of probe-fed patch design

curves.
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Correlation Coefficient Image for EM Coupled Patch Parameters
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Fig. 9. Correlation coefficients of EM-fed patch.

correlation occurred with the patch height (+0.41), feed
length (-0.44) and feed height (+0.46). This correlation
is expected in [1] pp134-136.

« Center gain:The center gain showed strong correlation
with the aspect ratio (-0.64) which is reflected in the
width (+0.62). The patch height (-0.84) and the feed

B. Rectangular Electromagnetically-fed Patch Parameter height (-0.77) also showed significant correlation. The

Study

The electromagentically coupled patch has eight geomet-
rical parameters: length (L), width (W), height (h), feed over- *®

explanation of the height correlation is analogous with
that of the probe-fed patch, as given in Section IlI-A.
Minimum gain: The minimum gain showed strong cor-

lap (FdOverlap), feed length (FdLength), feed height (Fd- relation with the patch height (-0.84), the feed length
Height), feed offset (FdOffset) and feed diameter (FdDiam-  (+0-67) and the feed height (-0.77). In contrast to the

eter). Table Il shows the maximum and minimum values
between which the geometrical and performance parameters
vary, for the fourteen cases considered. All nominal cases
have a length of 0.03m and a feed offset of Om. The study
data set generated from these fourteen nominal cases con-

sisted of 3598 observations4(+ 14 x 28).

TABLE Il
MAXIMUM AND MINIMUM PARAMETER VALUES FOR EM-FED PATCH
STUDY

Parameter Maximum | Minimum
Width 0.0498m 0.0239m
Height 0.0116m 0.0061m
Feed Overlap | 0.0007m -0.0067m
Feed Length 0.0191m 0.0109m
Feed Height 0.0085m 0.0033m
Feed Diameter| 0.0012m 0.001m
Bandwidth 43% 7.35%
Minimum Gain | 9.62dBi 6.45dBi

results for the center gain, the minimum gain showed
little correlation with the patch width (+0.36). This in-
dicates a distinct difference between the behaviour of
the electromagnetically-fed and probe-fed patch, which
showed strong correlation between the minimum gain
and the patch width. This result implies that different
design curve data generation procedures will apply to
each configuration when a minimum gain constraint is
required for the antenna design.

« Gain variation: The gain variation showed little corre-
lation with any particular geometrical parameter. This is
expected when viewing the nominal gain variation data
in Figure 40 of [22], which shows the gain variation to
be fairly constant for the nominal configurations inves-
tigated. The gain variation did, however, appear to vary
more for the cases that exhibited smaller gain character-
istics and increased bandwidth [22].

The geometrical parameters which show the most signif-

icant correlation with the electrical parameters are length,
width, height, feed overlap, feed length and feed height.

The correlation coefficient matrix calculated from therhese parameters will be actively used for the generation of
study data set can be seen in Figure 9. The results for eagéctromagnetically coupled patch design curves.
performance parameter are analyzed below:

« Frequency of operationThe operating frequency shows
a fairly strong correlation (-0.76) with the patch length.
This result is consistent with that expected in [1] p30.

IV. PATCH ANTENNA DESIGN
The design process presented in this section involves the

« Bandwidth: The bandwidth did not show strong correselection of patch antenna geometrical characteristics such
lation with any particular geometrical parameter. Thithat a trade-off between the minimum gain over the antenna’s
implies that the bandwidth may be dependant on a corftequency band of operation and impedance bandwidth ex-
bination of geometrical parameters. However, strongdsts. This trade-off is inherent to patch antenna design due to



the nature of the antenna geometry. Increasing the antenrfaisd overlap, feed length and feed height. The use of these
minimum gain implies a reduction in impedance bandwidtimany design variables provides more design flexibility and
and vice versa. The performance parameters for which dmmplexity when compared to the design procedure of [4].
sign curves are generated are impedance bandwidth, mihiie feed offset was set to 0 and the feed diameter is depen-
mum gain and operating frequency. The resulting centre (agant on the frequency of operation, approximately calculated
erating) frequency gain is also reported in the design curves 0.1 /2.47, [23]. The gain constraint for the generation
but the minimum gain was viewed as the constraining gaéf this antenna’s design curves was defined explicitly in the
parameter and hence centre gain did not form an active parbptimization problem, as the parameter study of Section 111-B
the design curve data generation process. The design culinelicated that the antenna gain was dependant on multiple pa-
are generated with the assumption that the antenna will be fadneters. The resulting design curves can be seen in Figures
by a50(2 line as used in [15], [16], [24] — [28]. 11and 12.

In general the design curve data was generated by solvingrhe erratic nature of the width and feed overlap param-
a bandwidth optimization problem subject to a specified mieters in the design curves may imply that the performance
imum gain constraint. The optimization problem was setyparameters are less sensitive to these geometrical parame-
in MATLAB which usedSUPERNEC for simulating the an- ters relative to the other geometrical parameters, although it
tenna configuration’s characteristics. The results of the dssuld be loosely said that a larger width allows a larger min-
sign curve generation for the probe-fed and electromagnétium gain. The length also appears to be erratic but varies
cally coupled patches can be seen in Sections IV-A and IV@®er a relatively small range from36 to 0.38), indicating
respectively. All geometrical parameters are given in terntisat the length value is actually quite constant. The height,
of wavelength k), allowing the appropriate physical antenndeed length and feed height are shown to be relatively smooth
dimensions to be found for any desired operating frequenapd monotonic over relatively significant ranges, implying a
and gain/bandwidth configuration. strong dependance of the performance parameters on these

Given an impedance bandwidth and/or minimum gaigeometrical parameters.
specification, the design curves allow the dimensions of theAnother possible explanation for the erratic behaviour of
most appropriate patch antenna to be found in terms of watke electromagnetically coupled patches design curves is that,
length. These values can be converted to meters given thee to the antennas many parameters, multiple patch config-

required antenna operating frequency [23]. urations can give satisfactory solutions for a particular opti-
mization problem. The given data may consist of a variety of
A. Rectangular Probe-fed Patch design these configurations.

. Inaccuracy in the performance characteristics may be in-
Bduced when interpolating a design between the given data
oints. In order to quantify this inaccuracy 50 linearly spaced
ta points were interpolated over the bandwidth range pre-
&nted in Figures 11 and 12. The difference between interpo-
ated and actual bandwidth, minimum gain and operating fre-
uency characteristics was calculated. Over the 50 interpo-

accurate as Section _III shows that little correlation is sho ted data points the bandwidth, minimum gain and operating
between the feed radius and the performance parameters. Suency error did not exceed 12%, 4% and 1% respectively.

strpng correlatilor) between the'patch \.N'dth and the amen.”’f‘l%s implies that reasonable designs can be interpolated be-
gain characteristics, as shown in Section Ill, prompted an Irg&een the given data points. An example of the design curves

The design variables for the probe-fed patch, selected
Section IlI-A, are length, width, height and feed inset. Th
feed offset was set to 0 and the feed radius is depend
on the frequency of operation, approximately calculated a
0.1A/2 x 2.177. An approximation, which is the result of a
curve fitted to the feed radius trend, was felt to be sufficient

plicit implementation of the gain constraint for the probe-feg .. lied t : | 12
patch by optimizing the impedance bandwidth for fixed va 2€ing app led to a given problem can be seen in [23].

ues of patch width. The resulting design curves can be seen
in Figure 10. V. CONCLUSION

Th i fairl h i I
e design curves are fairly smooth and predommanty_l_he probe-fed and electromagnetically coupled patch an-

monotonic, implying that interpolation between the given . .
pying b 9 nnas were selected for design purposes, due to their popu-

data points should yield reasonable results. This was invefgé.t in the literat Phvsical | f th ¢
gated by interpolating 50 linearly spaced data points over t ity In the fiterature. hysical examples of these antennas
ere constructed for measurement purposes, allowing verifi-

bandwidth range presented in Figure 10. The difference tion that th ‘ be simulated ol :
tween interpolated and actual bandwidth, minimum gain a gion that these antennas can be simuiated accurately using
SUPERNEC software. A comparison of measured and

operating frequency characteristics was calculated. Over lated its vielded satisfact ts. A i
50 interpolated data points the bandwidth, minimum gain agnuiated results yielded satistactory results. parameter
dy of the antennas was performed, via simulation, in or-

operating frequency error did not exceed 2%, 1.5% and O. ; tablish which trical ters h th t
respectively. This small error implies that good designs ¢ rto establish which geometrica param,e ers have the mos
ect on, or correlation with, the antenna’s performance pa-

be interpolated between the given data points. An exam X S
P g b Iﬁ eters. This parameter study allowed simplification of the

of the design curves being applied to a given problem can . -
seenin [23% gapp g P éag;gn process, as only the most significant parameters need

be taken into account. The design process presented a trade-
] ) off between the gain and impedance bandwidth characteris-
B. Rectangular Electromagnetically-fed Patch design tics of the antennas.

The design variables for the electromagnetically coupled The design curves presented in this paper achieve the ob-
patch, selected in Section IlI-B, are length, width, heighjective of allowing an initial patch design to be quickly se-



Design curves for rectangular probe—fed patch antenna.
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Design curves for rectangular electromagnetically coupled patch antenna.
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Fig. 11. Electromagnetically coupled patch design curves (gain, length, width and height characteristics).

lected, subject to certain performance requirements. Howificant for design. A study of the magnitude effect of the
ever, the formulation of the design procedure is subject tgeometrical parameters on the electrical parameters, in con-
certain limitations. The parameter study is limited to patglnction with the correlation study, would provide more com-
configurations with design characteristics deemed significgarehensive conclusions. The design curves are only valid for
for this research, so parameter study results for other patomair substrate, due to limitations of the simulation software.
configurations may hint at different conclusions. The pararithe shape of the antenna’s radiation pattern was not investi-
eter study uses the correlation between geometrical and elgated in detail, as operation in th&/;, mode with a known
trical parameters for determining which parameters are siginimum and centre gain was assumed sufficient for the pur-



Design curves for rectangular electromagnetically coupled patch antenna.
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poses of this paper. The design curves also assume an infinite  Transactions on Antennas and Propagationl. AP-37, pp1345—
ground plane.

Patch antenna size is often of interest, specifically the re-

(71

duction of the antennas size for the purposes of installation in
limited available space. Thus the design of a patch antenna®l
could have a secondary objective of minimizing the antenna
size. Future investigation of patch antenna design could im-[9]
plement this objective, the use of substrates other than air
and perhaps focus on more specialised antenna configurﬁm
tions which have become popular for various applications.
The use of various bandwidth enhancement techniques coulél]

also be added to the design procedure [5], [6], [7]. Patch ann,

tennas for dual and circular polarization could also benefit
from the generation of design curves [9].

It would also take relatively little effort to combine the de- ;3
sign curves presented in this paper into a computer program.
This aid would benefit the designer by allowing initial design
to be found rapidly with no human calculation error. This
type of design interface is recommended in [8].

(1]
(2]

(3]

(4]

(5]

(6]
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APPENDIXA:
DEFINITION OF TERMS

This appendix presents the definitions of terms commonly associated with patch antennas. These
terms are used throughout this dissertation and formally defined in this appendix for easy reference.
Related terms have been grouped together, rather than presenting the terms in alphabetical order.

A. Resonant Frequency (FO)

For the purposes of the paper and appendices of this dissertation the resonant frequency will be
defined as the frequency, in th&/1,, mode of operation, where the imaginary part of the impedance

is equal to 0. Resonance usually occurs shortly after a resistive peak, with the imaginary part of the
input impedance passing through 0 with a negative slope [18]. This definition is used consistently

throughout this dissertation, although resonance can occur at different modes of operation and at
multiple frequencies within the same mode.

B. Resonant Resistance (R0)

The resonant resistance is the real part of the impedance at the frequency where resonance, as defined
in Section A-A, occurs.

C. Frequency of Maximum Resistance (Fmax)

The literature generally uses the values of resistance and frequency at resonance in order to char-
acterize the occurrence of tA&VI;, mode of a patch antenna. A problem with this definition is

that resonance does not always occur for a given patch geometry. It is necessary to characterize the
occurrence of th8'M ;o mode in a different manner so that different patches can be compared. It is
proposed in [18] that the frequency of the maximum resistance, as defined in Section A-D, be used
to characterize the occurrence of thél; mode. This value was referred to as the 'resonant fre-
guency re-defined’ in [18], but for clarity in this text, this value will be referred to as the frequency

of maximum resistance.

D. Maximum Resistance (Rmax)

The maximum resistance is defined as the peak resistance occurring in the frequency band for which
the antenna operates in thi&1;, mode.

E. Operating Frequency (Fop)

The patch antenna operating frequency could also be described as the design or centre frequency of
the patch antenna. It is logical to define the operating frequency as:

_ fr2 +frl

F,
P 2

(1)

wheref,, andf,; are the maximum and minimum frequencies at which the antenna’s VSWR char-
acteristic is less than 2.
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F. Impedance Bandwidth (BW)

Impedance bandwidth is usually defined as a percentage [18]:

Bandwidth = % x 100 )

whereF, is the resonant frequency afid, f,, are the frequencies between which the magnitude of
the reflection coefficient of the antenna is less than or equal toVI33V[R <= 2). As resonance

does not always occur, a different method for calculating bandwidth will be used. The reason for
this re-definition is to allow consistent comparisons of bandwidth between both resonating and non-
resonating patches. The bandwidth definition of [1] is used:

Bandwidth = % x 100 (3)

op

whereF, is the operating frequency, as defined in Section A-E.

G. Minimum Gain (MinG)

The minimum gain is the antenna’s lowest gain value over the frequency band of operation (where
VSWR <= 2). All gain values are given relative to an isotropic source.

H. Gain Variation (GV)

The gain variation defines the extent to which the gain varies from the maximum gain over the
2:1 VSWR frequency band. The average gain over the 2:1 VSWR bandwidth is compared with
the maximum gain of the antenna for the recorded frequency range. This value is expressed as a
percentage, where a value 100% would indicate that the maximum gain is maintained over the entire
VSWR bandwidth. This quantity is calculated as follows:

v 2 Gy

Mazx

GV = x 100 (4)

Where GN is the recorded gain values within the 2:1 VSWR bandwidth, N is the number of gain
points recorded over the operating band &hg., is the maximum gain value.

I. Patch Length (L)

The length of a patch antenna denotes the length of the non-radiating sides of the rectangular antenna.
The value of the length can be both greater and less than the orthogonal width dimension.

J. Patch Width (W)

The width of a patch antenna denotes the length of the radiating sides of the rectangular antenna.
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K. Patch Height (h)

The height of the patch antenna denotes the distance between the top of the ground plane surface
and the bottom of the radiating patch element. This value is otherwise known as the thickness of the
patch antenna substrate or dielectric medium.

L. Dielectric Constantd.)

The dielectric constant refers to the relative permittivity of the dielectric medium between the patch
and the ground-plane.
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APPENDIXB:
PATCH ANTENNA DESIGN BACKGROUND

Abstract

This appendix provides a basic introduction to patch antennas in general and the rectangular, probe-
fed and electromagnetically-fed patch antennas in particular. A brief history of the patch antenna

is presented and the applications, benefits and disadvantages of patch antennas are discussed. The
antennas which will be designed in Appendix E are described and their selection justified. Analysis
of the rectangular patch is given, which provides insight into the operation of patch antennas and
how the design of a patch antenna will be effected by the antennas parameters.

A. Introduction

A patch antenna typically consists of a radiating plate suspended above a ground plane. Patch or mi-
crostrip antennas exhibit characteristics such as light weight and a low profile, which makes these an-
tennas desirable for a variety of applications. Patch antennas have gained popularity in the aerospace
industry and mobile communication systems [10]. Microstrip or patch antennas were conceptualised
by Deschamps (USA) and by Gutton & Baissinot (France) in 1953. However, further studies were
not reported in the literature until the early 1970’s, when Munson and Howell developed practical
patch antennas [1], [2]. The early work by Munson on the development of microstrip antennas for
use as low-profile flush-mounted antennas on rockets and missiles showed the patch antenna con-
cept to be practical for use in many antenna system problems, thereby giving birth to a new antenna
industry [2].

B. Patch Antenna Applications

Patch antennas have become extremely popular radiators in a variety of applications as this class of
antenna benefits from the following characteristics [1]:

« Lightweight, small volume and low-profile planar configuration.

« Patches can be made conformal to a host surface (eg. the cylindrical surface of a missile).

« Ease of mass production and decreased costs of fabrication using printed-circuit technology.
« Circular and linear polarization can be achieved.

« Dual and triple frequency operation can be realised.

However, patch antennas suffer from limitations when compared to conventional microwave anten-
nas [1]:

« Narrow bandwidth
o Lower gain
« Low power-handling capacity.

Despite these shortcomings patch antennas have been used in a wide variety of applications [1].
Table 11l shows how the use of patch antennas has permeated many different industries, emphasizing
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TABLE I
PATCH ANTENNA APPLICATIONS

System Application
Aircraft and ship antennas | Communication and navigation, altimeters, blind
landing systems.
Missiles and satellite com- Domestic direct broadcast TV, vehicle-based an-

munications tennas, communication

Mobile radio Pagers and telephones, man-pack systems, mobile
vehicles

Remote sensing Large lightweight apertures

Biomedical Applicators in microwave hyperthermia

Others Intruder alarms, personal communication - GSM,

GPS applications

the desirability of the advantages offered by this class of antenna. It is therefore not surprising that
there has been extensive investigation into methods for alleviating the patch’s disadvantages. In
particular, many techniques for improving the bandwidth characteristics have been explored [1], [5],

(6], [71-

C. Patch Antenna Analysis

The commercial application of patch antennas spurned the development of a number of mathematical
patch analysis techniques to aid patch design. The methods of analysis cater for a wide variety of
patch shapes, on which there have many variations and improvements over time. The most popular
analytical techniques are [1]:

o The transmission line model
o The cavity model
o The multi-port network method

Other methods based on the electric current distribution on the patch conductor and ground plane
include [1]:

o The method of moments

« The finite-element method

« The spectral domain method

« The finite-difference time domain method

Mathematical analysis of patch antennas is necessary for producing a first-stage antenna design in a
more timely and less costly manner than using a design-by-experimentation approach, in which an-
tenna prototypes would have to be built and their characteristics measureBUFBENEC electro-
magnetic simulation software produced by Poynting Software will be used for the purposes of patch
antenna design curve data generation in Appendix E. This software allows the flexibility to simulate
various user-defined antenna configurations and offers connectivity with MATLAB for the purposes

of analysis, visualization, optimization and repetitive computation. The accuracy with which this
software can model patch antennas is explored in Appendix C.

D. Patch Antenna Design Selection

This section presents the patch antennas for which design curves will be developed in Appendix E.
Two of the most popular patch antennas found in the literature are:
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« The rectangular probe-fed patch, [1] pp30-49, [10] pp16-19, [12], [2], [3], [13].
« The rectangular electromagnetically-fed patch, [1] pp131-138, [10] p28, [14] — [17].

The rectangular probe-fed patch is possibly the simplest and most widely known form of patch
antenna. It is often used for explaining patch antenna operation and for research into basic patch
antenna characteristics. Although the behaviour of the probe-fed patch and the effect of it's geo-
metrical parameters on it's electrical parameters is widely known, a formal, quantified approach to
this antenna’s design does not seem to have been presented in the literature. For this reason it seems
appropriate to develop design curves for this, the most fundamental patch antenna.

The rectangular electromagnetically-fed patch differs from the probe-fed patch only by the feed
mechanism. This antenna is fed electromagnetically by an L-shaped feed line which extends below
the patch element. This method of feeding the patch allows a significant improvement in impedance
bandwidth, whilst still lending itself to practical construction techniques. This antenna offers a
logical design progression from the probe-fed patch due to it's improved bandwidth performance
and hence will also be designed in Appendix E.
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Fig. 13. Rectangular probe-fed patch antenna geometry.
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Fig. 14. Rectangular electromagnetically-fed patch antenna geometry.
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Figures 13 and 14 show the geometrical characteristics belonging to the two patch antennas of in-
terest. It should be noted that the dimension of the patch element labelled "Length” denotes the
dimension along which the antenna surface current distribution varies sinusoidally rMbge

mode of operation (see Section B-E for more on patch antenna operation). Another geometrical
factor, not presented in Figures 13 and 14, is the feed radius. This is simply the radius of the feed
probe or feed line used.

E. Patch Antenna Operation

A basic understanding of how the antennas presented in Section B-D operate is helpful when
analysing simulated and measured results. This section gives a brief outline of a rectangular patch
antenna’s operational characteristics.

The rectangular patch antenna geometry is extremely popular due to its constructional simplicity
and ease of analysis, [1] p30. The probe-fed rectangular patch, as shown in Figure 13, is used in this
section as an example for describing a patch antenna’s fundamental mode of operation. The concepts
presented in this section, regarding patch operation inlthie, mode, can also be applied to the
rectangular electromagnetically-fed patch antenna (Figure 14) as only the feed mechanism differs
between the two patches.

Feed Position

Dielectric Medium

Ground Plane

Fig. 15. Rectangular, probe-fed patch antenna.

Figure 15 provides an alternative view of the probe-fed patch geometry presented in Figure 13.
The basic terminology and conventions used when describing the geometry of a patch antenna are
defined in Appendix A. Analysis of this antenna, via transmission-line theory, will be presented in
this section.

Transmission-line theory provides the most simple analytical description of a rectangular patch an-
tenna. This theory describes the antenna as two parallel radiating slots [2], which are modelled by
their equivalent capacitance and radiation resistance, [1] p31, as shown in Figure 16:

Analysis of the equivalent circuit of the patch antenna leads to the following approximate equation
for the resonant frequency of the rectangular patch antenna, [1] p36:

c

Jo= TN ()
Where:
fo is the resonant frequency,
c is the speed of light,
L. is the effective patch length:
Le=L+2 n (6)
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Fig. 16. Equivalent transmission-line model of a rectangilar patch antenna.

€. is the effective permittivity:

75T+1+5T—1[1+£h]7
2 2 w

D=

(7)

€e

The patch antenna radiates from the fringing fields between the periphery of the patch and the ground
plane. The fringing E-field distribution is shown in Figure 17:

L

A

Fig. 17. TM;jo mode E-field distribution.

Patch antennas exhibit resonant behaviour and are governed by modes of operation at which the
current distribution on the patch surface dictates the radiation pattern and polarity of the radiated
wave. For the fundamental Transverse Magnetic mbblg in which a broadside radiation pattern
occurs, the length. should be slightly less than the wavelength in the dielectric medium at that
frequency of operation\). X is dependant on the effective dielectric constan}: (

A= Xo/vee (8)

Where)\ is the free-space wavelength.

€. is usually less than the relative permittivity of the substrai® (This is due to the effect of the
fringing fields around the periphery of the patch, which are not confined in the dielectric substrate
but are also spread in the air [1] p30. This effect is shown in Figure 17 and results in the length
appearing electrically longer, giving an effective patch length.of Operation in the fundamental
TM;9 mode implies that the field varies one half-cycle along the length and no variation along the
width.

The variation of the voltage and current along the length of the patch is shown in Figure 18. The
voltage is maximum and the current minimum along the width of the patch. This is due to the open
circuited ends. The resonant resistaritg) (of a rectangular patch is greatest when the feed is placed
near or on the width edge: = 0) as the current at the edge is at a minimum &yd= V/I. The
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Fig. 18. \oltage and current variation on the patch antenna.

value of the resonant resistance varieRasos?(px/L) from the edge of the patch, whetds the
feed position inset distance from the edge of the patch. This relationship is important for matching
the patch input impedance to the feeding transmission line and maximizing impedance bandwidth.

Maximum gain results in the broadside direction due to the current distribution on the patch element
surface for this mode of operation. The shape of the radiation pattern can vary for higher order
modes of operation, due to the change in the current distribution on the patch element. For example,
the second order di'Msg mode results in a conical radiation pattern and the third order mode
yields a broadside pattern [1] pp52-55. As the radiation pattern varies with the mode of operation,
this characteristic can be useful for beam shaping. Care must be taken when considering the use
of higher order modes of operation due to the differing radiation properties between modes. For
instance, the polarization of some of the higher order modes is different from the dominant mode [3]

- and this could result in the antenna being unsuitable for its intended application.

The information presented in this section was found to be extremely valuable when sanity-checking
parameter and simulation study results (Appendix C and Appendix D). Operation in the fundamental
mode is also desired for design purposes in this dissertation. An understanding of the electrical
characteristics exhibited by a patch antenna irilitvg  mode was vital in automating design curve
data generation, as outlined in Appendix E, Section E-B.



18

APPENDIXC:
PATCH ANTENNA SIMULATION INVESTIGATION

Abstract

The error associated witlBUPERNEC patch antenna simulations was quantified and compared
with the error resulting from other simulation/analysis techniques. This comparison showed that,
although the simulation error was not insignificalJPERNEC is suitable for generating air-
dielectric patch antenna design curve data.

A. Investigation Overview

The objective of this investigation is to determine whether Sai@ERNEC antenna simulation
software package is suitable for generating design curve data for the rectangular, probe-fed and
electromagnetically coupled, patch antennas. This can be achieved by comparing measured antenna
data with correspondin@UPERNEC patch simulation results. This comparison will allow the
simulation error percentage to be calculated. This error can be compared with the error calculated
for other simulation methods. If tfBUPERNEC simulation error is comparable to, or less than, the

error encountered with the other simulation/analysis methods, and this error is practically acceptable,
then it can be concluded th&uPERNEC provides sufficient accuracy for generating patch antenna
design curve data. The two patch antenna configurations chosen for investigation encompass the
most popular designs encountered in the literature (as presented in Appendix B):

« The rectangular probe-fed patch
« The rectangular electromagnetically-fed patch

The feed type is the distinctive characteristic that differentiates these antennas, as both exhibit a
rectangular shape. Table IV provides a summary of the investigated patch configurations with their
associated frequency band of interest in whicHEh&,; mode of operation occurs. The EM coupled
patch antenna geometry was provided by Poynting Innovations [11] for study. The probe-fed patch
geometry was constrained by the size of the available construction materials. It was nevertheless
designed with a similar operating frequency to that of the EM coupled patch, which was well within
the range of the network analysers used for measurements.

TABLE IV
PATCH CONFIGURATIONS USED IN SIMULATION INVESTIGATION
Patch Configuration Length Width Frequency Range
Probe-fed patch 60mm 20mm 1.5GHz - 3GHz
(0.48Y) (0.16Y)
Electromagnetically  coupled 40mm 50mm 1.5GHz - 3.5GHz
patch (0.33)) (0.41))

In order to establish the accuracy with which a patch antenna can be simulated it is necessary to
calculate the error between the measured and simulated antenna results. This error calculation is
shown below:
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M dValue — Simulated Val
Error Percentage: easured Value — SimulatedValue < 100 )
MeasuredValue

It is required that the following antenna characteristics for the real and simulated antennas be
recorded. A comprehensive investigation of the antenna simulation accuracy can be performed by
comparing these measured and simulated characteristics for the antennas of interest (Appendix A
provides definitions for these terms):

« Resonant resistance

« Frequency of maximum resistance
o Maximum resistance

« Impedance bandwidth

« Center frequency

« Center frequency gain

Important factors that are popularly used in the literature to characterize a patch antennas behaviour
are the frequency at which resonance occurred and the input resistance at this frequency. However,
resonance does not always occur for a given patch antenna configuration. In order for patch antennas
to be consistently characterized, the maximum resistance ifi'ltigy mode and the frequency of
maximum resistance can be recorded [18]. Antenna performance characteristics are important for
antenna design purposes and thus the antenna bandwidth, operating frequency and gain are included
in this investigation.

The simulation investigation is structured as follows: Section C-B presents a discussion of the rea-
sons that may cause discrepancies between measured and simulated results. Section C-C presents the
results of the rectangular probe-fed patch investigation. Section C-D presents the results of the rect-
angular electromagnetically-fed patch investigation. The simulation error values obtained from these
investigations are compared with the errors resulting from other simulation/ analysis techniques in
Section C-E and a verdict duPERNECs sulitability for patch antenna simulation is presented.

B. Factors Influencing Correlation of Simulation and Measurement Results

Inevitably there are differences when comparing measured and simulated antenna results. There
could be a wide variety of reasons for the discrepancies between measured and simulated patch
antenna results, including:

« Error in simulated results due to the solving method and numerical inaccuracies [8].

« Error in the quoted value for the relative permittivity [2].

« Variations in measured results due to constructional tolerances. This topic is discussed further
in Section C-B.1.

« Variations in measured results due to an in-homogenous dielectric [2]. This can be a factor
even for air-dielectric patches (such as those investigated in Sections C-C and C-D) as the patch
element must still be suspended above the ground-plane by double sided tape, polystyrene or
another spacing element. Although the spacing material is chosen for a dielectric constant close
to that of air, there will still be an effect on the measured results.

« Measurement data can be unreliable due to the measurement technique and the quality of the
hardware used [11]. This topic is discussed further in Section C-B.2.

« Segmentation frequency is an item specificoPERNEC simulations. The frequency at
which aSUPERNEC antenna assembly is segmented can also affect the nature of the simulated
results. This issue is discussed further in Section C-B.3.

« Covering an antenna with a dielectric layer can affect the resonant frequency of the antenna .
An example of such a cover can be seen in Figure 27 [29]. It is currently not possible to take
the effect of a dielectric into account when modelling a patch antennaSuitERNEC.
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These limitations imply that perfect correlation between simulated and measured results is unlikely.
Therefore the objective of using a simulation package should be defined as a mechanism for gaining
a good first iteration of the antenna design parameters. By having a reasonably accurate first sim-
ulated iteration of the antenna, the number of experimental iterations necessary for optimizing the
antennas performance characteristics is significantly decreased - thus saving time and money spent
on construction during the experimental process.

1) Construction Tolerancedhis section investigates the effect that construction tolerances can have

on the agreement between simulated and measured antenna characteristics. Measured impedance
data for five nominally identical electromagnetically coupled rectangular patch antennas is presented
as an example in Figure 1.

Real and imaginary impedance characteristics
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Fig. 19. Effect of construction tolerances on impedance characteristics for EM-fed patch.

It can be seen from Figure 19 that measured results for antennas made to the same geometrical spec-
ifications can vary considerably from antenna to antenna. Therefore, the agreement between the
simulated and measured results also varies from antenna to antenna. This observation implies that
simulated results may not be absolutely accurate due to the geometrical inaccuracies introduced by
the limitations inherent in the physical construction of the antenna. The simulated results should
therefore be interpreted as only a rough estimation of the antenna characteristics. This in turn affects
the accuracy that one one can expect from design curves which have been generated from simula-
tion, [10] pp299-302. The error associated with the above simulation/measurement comparison is
formally quantified in Section C-D.

2) Measurement Limitationsvieasurement results can also vary for the same antenna over time.
This can be attributed to the measurement technique used as well as the physical properties of an
antenna changing due to wear and age. Figures 20 and 21 present measured data for electromagnet-
ically coupled patches taken at different times.

It can be seen from Figures 20 and 21 that although both sets of measurements follow similar trends,
there is still a distinct difference between the two sets of measurements for each antenna. If patch
antenna results vary from measurement to measurement then this implies that tolerable differences
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Real and imaginary impedance characteristics
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Fig. 20. Effect of measurement repeatability on impedance characteristics for EM-fed patch 4.

between simulated and measured results should be expected.

The quality of the cables, adaptors and network analyser used for the measurements will also effect
the accuracy of the measured results. An example of this can be seen for the gain measurement of
the electromagnetically-fed patch, as discussed in Section C-D.

3) The Effect of Segmentation Frequenltyis important to recognize that the segmentation fre-
guency has an effect on tH®UPERNEC simulation results. The frequency at whichSa-
PERNEC antenna assembly is segmented must be chosen such that the antenna structure is valid
for all the simulation frequencies. However, there is not a unique frequency value that fulfils this re-
guirement as over-segmentation (segmenting the structure at a frequency higher than the maximum
simulation frequency) of the antenna structure can still result in, and is often required for, a valid
antenna simulation structure. The effect of the segmentation frequency on the probe-fed rectangular
patch antenna impedance data can be seen in Figure 22.

As the maximum simulation frequency for the probe-fed rectangular patch antenna is 2000MHz the
model frequencies of 2500MHz, 3000Mhz and 3500MHz are all valid. Increasing the segmentation
frequency from 3000MHz to 3500MHz results in the resonant input impedance characteristic shift-
ing to a higher frequency (by approximately 10MHz). The input resistance increases fractionally
and the imaginary part of the input impedance increases (becomes more capacitive).

Decreasing the segmentation frequency from 3000MHz to 2500MHz has the opposite effect. The
resonant input impedance behaviour occurs at a lower frequency, the input resistance decreases and
the imaginary part of the input impedance decreases thereby becoming more inductive. Similar
behaviour can be seen for the electromagnetically coupled patch antenna in Figure 22.

In conclusion, itis generally preferable to use the lowest segmentation frequency that still results in a
valid structure. The reason for this is that by using a lower segmentation frequency the simulated an-
tenna structure will contain less MoM segments and this means that simulation time will be reduced.
However, it is often necessary to over-segment an antenna structure so that a valid antenna assembly
is obtained. As the results from two valid structures, segmented at different frequencies, will differ
slightly, it is not obvious which is more correct (until comparison with measurements). For this
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Real and imaginary impedance characteristics
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Fig. 21. Effect of measurement repeatability on impedance characteristics for EM-fed patch 5.

reason, the simulated results should be taken as a guide to range in which the antenna characteristics
can be expected and 100% accuracy should not be expected.

C. Probe-fed Rectangular Patch

The objective of this section is to determine the accuracy with which a probe-fed rectangular patch
can be simulated. This is achieved by quantifying the difference between simulated and measured
results as an error percentage which can be compared with the error associated with other simulation/
analysis techniques.

TABLE V
GEOMETRICAL CHARACTERISTICS OF THE INVESTIGATED RECTANGULAR PROB#ED PATCH

Parameter Value

Length 60mm (0.48)

Width 20mm (0.16)

Height 9mm (0.072)

Feed Inset 3.5mm (0.028)

Feed Radius 0.4mm (0.032)

Feed Offset Omm

The probe-fed rectangular patch investigated in this section has the geometrical characteristics shown
in Table V. This geometry was simulated in SuperNEC using a model frequency of 4378MHz.
The simulated patch characteristics were compared with four, real antennas which were constructed
with the same geometry. These antennas used different construction technigues allowing the factors
outlines in Section C-B.1 to be practically investigated simultaneously.

Two of these antennas (labelled A1 and A2) used a polystyrene spacing element between the patch

and the ground plane. The second pair of patches (labelled B1 and B2) used double-sided tape

attached to each corner of the patch as the spacing element. A photograph of Patch B1 can be seen
in Figure 23. The polystyrene spacing element, used for A1 and A2, allowed a consistent patch
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Real and imaginary impedance characteristics
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Fig. 22. Effect of segmentation frequency on electromagnetically coupled patch impedance characteristics.

height above the ground plane to be maintained. It can be expected that the polystyrene spacing
element, and the glue used for attaching the ground plane and patch to the polystyrene, will effect

the effective dielectric constant of the area between the patch and ground plane. As polystyrene has
a relative permittivity similar to that of air, it was not expected that this would effect the comparison

of measured and simulated results significantly.

The construction method employed for B1 and B2 allowed the majority of the area between the
patch and ground plane to be air, which was expected to allow better agreement between measured
and simulated results. However, this construction method resulted in an inconsistent patch height
due to the lack of support over the entire surface of the patch.

A comparison of the impedance measurements for patches Al, A2, B1, B2 and the simulated an-
tenna be seen in Figure 24. This figure shows that the construction method utilizing a polystyrene
spacing element (patches Al and A2) resulted in an impedance characteristic fairly close to that of
the simulation. These results are re-iterated by the VSWR characteristics shown in Figure 25(a).
Patches B1 and B2 resulted in an impedance characteristic that is noticeably different to the simu-
lated impedance - this is attributed to the irregular height of the physical antenna.

A comparison of the measured and simulates gain characteristics is shown in Figure 25(b). The mea-
sured gain varies considerably from the measured gain over the displayed frequency band, although
both the measured and simulated peak gains are approximately 9 dBi. The difference between mea-
sured and simulated gain may be attributed to error introduced by the measurement process, as
discussed in Section C-B.2. An alternative comparison of the antennas performance characteristics
can be seen in Figure 26 which allow the relationship between the gain and impedance bandwidth to

be viewed.

It is immediately obvious from Figure 26 that the measured impedance bandwidth is smaller than

that predicted from the simulation. The measured gain characteristic over the operating frequency
band (where VSWR is less than 2) is approximately 1dBi greater the simulated gain. A quantitative

comparison of the measured and simulated results can be seen in Table VI.
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Fig. 23. Photograph of probe-fed patch "B1” which used air spacing between the patch and ground plane.

TABLE VI
RESULTS OF RECTANGULAR PROBEFED PATCH INVESTIGATION

Performance Parameters | Simulated | Patch Al Patch A2 Patch B1 Patch B2

Results
Centre Frequency (MHz) | 2417 2278 2258 2344 2328
Impedance Bandwidth 11.7562 %| 8.6167 %/ 8.811 %] 8.7017 %] 8.4296 %

(284 MHz) | (196 MHz) | (199 MHz) | (204 MHz) | (196 MHz)
Centre Gain (dBi) 7.4 9.0 8.8 9.0 8.9
Gain Variation (%) 86.2 96.2 96.7 96.2 96.8
Resonant Frequency (MHz) 1925 1947 1947 2072 2071
Resonant Resistanc@) 448 408 384 303 300
Frequency of Maximum Ret 1911 1934 1916 2051 2022
sistance (MHz)
Maximum Resistance?) 457 430 417 342 345

Table VIl presents the error in the simulated patch electrical parameters with reference to the mea-

sured results. The results for each electrical parameter are discussed below:

Centre Frequency: The simulated and measured centre frequency values are fairly similar,
with an acceptable error under 10% reported all physical patches.

Impedance Bandwidth: A large error in the bandwidth (greater than 30%) is seen for all the
patches. The physical antennas have a much smaller bandwidth than that predicted by the sim-
ulation. This may be attributed to the sensitivity of electrical characteristics to constructional
tolerances, as described in Section A-B.1, and error introduced by the measurement process
(C-B.2).

Centre Gain: A large error of over 10% for the simulated centre gain was calculated for all
measured antennas.

Gain Variation: The gain variation is fairly similar for all measured patches, with an error of
about 10% being calculated for all antennas.

Resonant Frequency:The resonant frequency of all the measured patch antennas agreed well
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Fig. 24. Comparison of measured and simulated impedance characteristics for probe-fed patch.

TABLE VI
ERROR RESULTS FOR RECTANGULAR PROBEED PATCH INVESTIGATION
Electrical Parameters Patch Al | Patch A2 | Patch B1 | Patch B2
Error % Error % Error % Error %
Centre Frequency 6.11 7.03 3.10 3.80
Impedance Bandwidth 36.43 33.42 35.10 39.46
Centre Gain -17.40 -15.92 -17.3326 | -16.87
Gain Variation -10.43 -10.86 -10.3936 | -10.99
Resonant Frequency -1.13 -1.15 -7.08 -7.05
Resonant Resistance 9.93 16.58 47.98 49.27
Frequency of Maximum Ref -1.17 -0.25 -6.81 -5.47
sistance
Maximum Resistance 6.39 9.47 3351 32.47

with the simulation with the errors for patches B1 and B2 being under 10%, and patches Al
and A2 under 2%.

Resonant ResistanceThe resonant resistances exhibited by patches A1 and A2 agree fairly
well with the simulation, with an error of approximately 10%. Extremely large errors (greater
than 45%) were calculated for patches B1 and B2, this can be attributed to a dip in the height
between the double-sided tape spacing elements (B1 can be seen in Figure 23). Appendix D
shows that there is a positive correlation between the patch height and the resonant resistance.
This correlation is evident here as the decreased height resulted in a decreased resonant resis-
tance.

Frequency of Maximum Resistance:The frequency of maximum resistance for all the mea-
sured patch antennas agrees well with the simulation. The errors for patches B1 and B2 are
under10%, and patches Al and A2 are under 2%.

Maximum Resistance:The maximum resistances exhibited by patches Al and A2 agree fairly
well with the simulation, being under 10%. Larger errors (greater than 30%) were calculated
for patches B1 and B2, this can be attributed to the inconsistent height characteristic exhibited
by these patches.
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Fig. 25. Comparison of measured and simulated antenna characteristics.

D. Electromagnetically-coupled Rectangular Patch

The objective of this section is to determine the accuracy with which an electromagnetically coupled
rectangular patch can be simulated. This is achieved by quantifying the difference between simulated
and measured results as an error percentage. This error can be compared with the error associated
with other simulation/analysis techniques. Two rectangular electromagnetically-fed patch antennas
were provided by Poynting Innovations for measurement in this investigation. These antennas were
presented as patches 4 and 5 in Section C-B.1, this section will use the same reference names.

TABLE VI
GEOMETRICAL CHARACTERISTICS OF THE INVESTIGATED RECTANGULAR ELECTROMAGENTICALLY COUPLED PATCH

Parameter Value

Length 40mm (0.33))
Width 50mm (0.41)
Height 11.2mm (0.093)
Feed Length 23mm (0.19)
Feed Overlap -14.5mm (0.12)
Feed Height 7mm (0.058)
Feed Diameter 2mm (0.0173)
Feed Offset Oomm

The antenna investigated in this section exhibits the geometrical characteristics shown in Table VIII.
A photograph of the electromagentically coupled patch can be seen in Figure 23 [29]. Itis currently
not possible to take the effect of the dielectric cover into account when modelling a patch antenna
with SUPERNEC. Typically the dielectric cover would decrease the resonant frequency [31]. How-
ever, resonance (as defined in Appendix A) was not encountered in the measured and simulated
results, so this behaviour was not verified. This geometry was simulat8dAERNEC using a

model frequency of 3500MHz.

It can be seen from Figure 28 that the real part of the measured antenna impedance varies greatly for
both of the physical antennas. Patch 4 exhibits a larger peak resistance than the simulated patch. In
contrast Patch 5 exhibits a peak resistance smaller than that of the simulated patch. This behaviour
emphasizes the concepts mentioned in Section C-B on factors influencing the agreement of measured
and simulated results.
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Gain & VSWR vs Frequency (Simulated patch)
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Fig. 26. Comparison of measured and simulated gain and VSWR characteristics for probe-fed patch. Top: Simulated results.
Middle: Patch Al. Bottom: Patch B1.

Figure 29(a) shows that the VSWR characteristics of the measured antennas are fairly similar to that
of the simulation, even though the measured impedance characteristics tended to fluctuate around
the simulated results. This implies that the simulation is useful for predicting an antennas VSWR
characteristics even if the measured and simulated impedance values are not totally in agreement. in
agreement.

The gain characteristics of the measured and simulated antennas is presented in Figure 29(b). The
measured gain is seen to be approximately 1dBi less than that of the simulated antenna over the
operating frequency band where the antennas VSWR is less than 2. This may be due to measurement
inaccuracies resulting from the Network Analyzer amplifier not providing a sufficiently powerful
signal for accurate two-antenna gain measurements. The measured gain characteristic

An alternative representation of the measured and simulated antennas’ gain and VSWR characteris-
tics is shown in Figure 30. It can be clearly seen from Figure 30 that the physical antennas exhibit a
similar operating frequency to that of the simulated antenna. The impedance bandwidth of Patch 5
is comparable to that of the simulation, whereas Patch 4 exhibits a an impedance bandwidth greater
than the simulation.

Table VI shows the values of the electrical characteristics for the measured and simulated antennas.
The antenna did not resonate as defined in Appendix B, hence no data is presented for this charac-
teristic. However, the antenna can still be characterised by its peak resistance value. This behaviour
shows the importance of the decision made in Section C-A to record both resonance and maximum

resistance characteristcs for the purpose of characterizing a patch antennas behaviour.

Table X presents the error in the simulated patch electrical parameters with reference to the measured
results. The results for each electrical parameter are discussed below:
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Fig. 27. Photograph of electromagentically coupled patch.

TABLE IX
RESULTS OF RECTANGULAR ELECTROMAGNETICALLYFED PATCH INVESTIGATION

Performance Parameters Simulated Patch 4 Patch 5
Results

Centre Frequency (MHz) 2600 2440 2517

Impedance Bandwidth 19.0% (478.1| 25.7% (656.3| 18.4% (457.0
MHz) MHz) MHz)

Centre Gain (dBi) 8.9 7.4 7.9

Gain Variation (%) 95.9 91.9 92.5

Resonant Frequency (MHz) - - _

Resonant Resistanc@)

Freguency of Maximum Resistan¢e2520 2552 2496

(MHz)
Maximum Resistance?) 53.9 68.2 45.0

Centre Frequency: The simulated and measured centre frequency values are fairly similar,
with an acceptable error under 10% reported for both physical patches.

Impedance Bandwidth: A large error in the bandwidth resulted for Patch 4, with the phys-

ical patch exhibiting a much larger bandwidth than the simulation predicted. In contrast, the
bandwidth of Patch 5 was quite similar to that predicted by the simulation.

Centre Gain: A large error of over 10% for the simulated centre gain was calculated for
both the measured antennas. This discrepancy is attributed to the network analyser used for
measuremnts, as described earlier in this section.

Gain Variation: The gain variation is very similar for both the measured patches, with an error

of less than 5% being calculated for both antennas.

Resonant Frequency and Resistancd&kesonance did not occur as predicted by the simulation.
However, it can be seen from Figure 7 that both measured results did not resonate due to the
inductive characteristic of the impedance whereas the simulated impedance did not resonate
due to a capacitive impedance. Frequency of Maximum Resistance: The predicted frequency
of maximum resistance was extremely accurate, with an error of under 2% calculated for both
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Fig. 28. Comparison of measured and simulated impedance characteristics for EM-fed patch.
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Fig. 29. Comparison of measured and simulated antenna characteristics for EM-fed patch.

antennas measured.

« Maximum Resistance: A large error in the maximum resistance was recorded for both mea-
sured antennas. This result should not be taken as an indication that the simulation was in-
accurate as the measured results varied dramatically from each other. It is more likely that
constructional tolerances, as discussed in Section C-B.1, account for this discrepancy.

E. Conclusion

In order to make a verdict on whether the accuracy of the patch antenna simulations presented in
this appendix are satisfactory, it is necessary to compare the error associated with SuperNEC patch
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Gain & VSWR vs Frequency (Simulated patch)
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Fig. 30. Comparison of measured and simulated gain and VSWR characteristics for electromagnetically-fed patch Top:
Simulated results. Middle: Patch 4. Bottom: Patch 5.

TABLE X
ERROR RESULTS FOR RECTANGULAR ELECTROMAGNETICALLY¥ED PATCH INVESTIGATION

Performance Parameters | Patch 4| Patch 5
Error % Error %

Centre Frequency 6.53 3.27
Impedance Bandwidth -26.05 3.02
Centre Gain 20.98 13.55
Gain Variation 4.39 3.73

Resonant Frequency - -
Resonant Resistance - -

Frequency of Maximum Ret -1.26 0.94
sistance
Maximum Resistance -21.02 19.82

antenna simulations with the error reported for other methods of simulation and analysis. Table

XI shows the simulation errors calculated for various patch antenna configurations investigated in

[12]. It should be noted that the third simulation method makes use of MoM, as does SuperNEC .

Unfortunately the study presented in Table Xl only gives the error in the resonant characteristics of
the antennas. However this information can still be compared to the resonant characteristics error
calculated in this appendix. Table XI presents the data for three different patch antenna cases.

The error in resonant frequency reported in Table Xl is under 10% for all the investigated antennas.
The same is true of the resonant frequency error calculated in Section C-C. The antennas investigated
in Section C-D did not resonate, but the error in these antennas maximum resistance characteristics
can be used as an alternative method of comparison. The error of the maximum resistance frequency
for these antennas is also under 10%.
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COMPARISON OF MEASURED AND SIMULATED RESULTS
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Cavity Cavity Moment

Model 1 Model 2 Method
Case| Frequency| Resistance Frequency| Resistance Frequency| Resistance

% Error % Error % Error % Error % Error % Error
la -2.6 -26 -1.3 31 -0.4 4.4
1b -2.6 -21 -1.3 67 0.9 17.6
lc -2.6 19 -1.3 153 1.3 -10.7
2a -1.8 -41 -0.5 43 1.6 3.2
2b -3.1 -9 -0.9 216 2 41.5
2c -6.5 20 -15 320 1.3 25
3a 0 -44 2.3 18 6.9 15.7
3b 2.7 -43 -0.5 102 2.2 -6.2
3c -2.2 32 0 376 2.7 17.6
4a - - - - - -
4b - - - - - -
4c -7.8 144 0.7 2122 6.4 300
ba -2 -21 -0.3 -11 0 -4.4
5b -2.5 -7.8 -0.8 10 -1.3 13
5c -2.5 32 -0.8 58 -1.3 -11
6a -1.8 -34 0.5 -40 0.5 5.2
6b -3 -22 -0.1 -8 -0.5 31
6¢ -3.1 54 -0.3 82 -0.7 16
7a -2.9 -15.9 -0.5 - -0.5 20
7b -3.4 -11 -0.5 5.7 -0.8 45
7c -2.9 75 0 109 -0.3 31
8a -7.8 15.9 - - 0.39 110
8b - - - -
8c - - - -

The error in resonant resistance reported in Table Xl varies considerably from antenna to antenna,
with a minimum reported error of 3.2% and a maximum error of 300% (ignoring the 2122% outlying
error). In comparison, the error values reported for Section A-C varied from 9.93% to 49.27%,
showing that these results did not achieve the minimum accuracy found in [12] but were also not
as inaccurate for certain cases. The maximum resistance characteristics reported in C-D exhibited
errors of 21.02% and 19.82%. This result is not considered accurate, but is nevertheless still on the
order of the errors shown in Table XI.

A more comprehensive study would require error data for the gain and bandwidth characteristics
of the patches investigated using other simulation and analysis techniques. This error could be
compared with the error in gain and bandwidth presented in this study, and a more definitive verdict
on SUPERNEC's patch antenna simulation accuracy made.

The effect of constructional tolerances (and other factors that can influence the agreement of mea-
sured and simulated results - as outlined in Section C-B) plays a large part in determining the errors
presented. This was emphasized by the discrepancy between measured results for similar antennas,
constructed using the same geometrical specification. It can thus be stated that not all the error
should be attributed to the method of analysis/simulation alone.

Even though th&UPERNEC patch antenna simulations were not in total agreement with the mea-
sured results, the simulation error is comparable to that of other simulation and analysis techniques.
It can be concluded that the simulation accuracgoPERNEC is acceptable for producing a first
iteration of a practical antenna. Design curve data generated 8smgRN E Cwill thus also allow



the antenna designer to get a good initial patch antenna design.
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APPENDIXD:
PATCH ANTENNA PARAMETER STUDY

Abstract

This appendix presents a parameter study of the rectangular probe-fed and electromagnetically cou-
pled patch antennas. The objective of the parameter study is to establish which geometrical param-
eters affect the antennas’ electrical parameters most significantly. A large data set of patch antenna
electrical characteristics was generated for a variety of patch configurations. The configurations
were derived from designs exhibiting optimized impedance bandwidth, for various gain constraints.
Effectively, this is a study of initial design curve data, thus giving results which are significant for the
objective of this dissertation - patch design. From this data set the correlation between the anten-
nas’ geometrical and electrical characteristics was calculated and the most significant geometrical
characteristics were identified. This knowledge allows simplification of the patch antenna design
process for the investigated antennas, as only the most important geometrical characteristics need
to be actively used in the design process.

A. Parameter Study Objective

Probe-fed and electromagnetically coupled patch antennas have many geometrical parameters. Vary-
ing the value of these geometrical parameters effects the electrical characteristics, and hence perfor-
mance characteristics, of the antenna. The objective of the formal parameter study presented in this
section is to ascertain which, if any, geometrical parameters have significant correlation with the
antenna’s performance parameters. The more geometrical parameters which are actively used in a
design, the more complex and time consuming it is to generate design curve data for the design. The
parameter study knowledge will allow a simplified patch antenna design procedure to be formulated
in Appendix E. This simplification is possible by taking only the most significant geometrical pa-
rameters into account when developing the design process. Simplification of the design process is
desirable given the large number of geometrical parameters belonging to a patch antenna.

B. Parameter Study Approach

Although parameter studies already exist in the literature, [1] pp39—49, 138-145, it was felt that
these studies were somewhat limited, as the relative effect of the geometrical parameters of the
electrical parameters was not formally quantified and only the geometrical characteristics of a single,
nominal patch were varied in these studies. Rather than focusing on the behaviour of a single,
nominal patch antenna geometry when it's geometrical parameters are varied, this study analyzes
the data generated from a number of nominal antenna configurations which exhibit significantly
different performance characteristics. The nominal configurations were selected from preliminary
design curve data generated by solving an impedance bandwidth optimization problem, subject to a
particular gain constraint. This design curve data was refined further following the parameter study,
as outlined in design process described in Appendix E.

This study entails every geometrical parameter belonging to a nominal patch configuration being
varied from it's nominal value to values 10% greater and 10% smaller than the nominal value. Data
was also recorded for the variation of every parameter when the antenna’s other parameters were
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varied simultaneously. This required the generation of dat2¥ocases of the antenna for each
nominal geometry studied, where N is the number of geometrical characteristics belonging to the
antenna. TheSUPERNEC simulation software was the mechanism by which the study data sets
were generated.

The parameter study data sets are analysed by the calculation of the correlation coefficient between
all the parameters. A large, positive correlation coefficient (value is close to one) between two
variables indicates that the two variables move together; if one increases then so does the other. A
large negative correlation coefficient (value is close to negative one) between two variables indicates
that the two variables move in opposite directions; if one increases then the other decreases. A
correlation coefficient close to zero indicates that there is no significant correlation between two
variables.

This study only discusses the performance parameters; operating frequency, bandwidth and gain
characteristics [2], as they are the parameters most relevant for design. The other electrical parame-
ters have been reported for consistency with the classical analysis of patch antennas which appears
in the literature [18]. The electrical parameters of interest belonging to the studied antennas are:

« Operating frequency

« Impedance bandwidth

o Gain (minimum and centre)

« Gain variation

« Resonant frequency

« Resonant resistance

« Frequency of maximum resistance
o Maximum resistance

The definitions of these parameters can be seen in Appendix A. The efficiency was not reported
as all configurations make use of an air dielectric which has little loss, and hence the efficiency is
consistently 100% for th&M;, mode of operation investigated.

Sections D-C and D-D present the parameter studies for the probe-fed rectangular patch and the
electromagnetically-fed rectangular patch respectively. Section D-E summarizes the major conclu-
sions and recommendations derived from this investigation.

C. Probe-fed Rectangular Patch Antenna Parameter Study

This section presents an analysis of how the variation of the probe-fed rectangular patch antenna’s
geometrical parameters effect this antenna’s electrical characteristics. The parameter study of the
probe-fed rectangular patch antenna involves the variation of fifteen nominal patch cases’ geometri-
cal parameters. The performance characteristics of these nominal cases can be seen in Table Xll and
the geometries are given in Table XIII. As the probe-fed patch has six geometrical parameters, each
case consists & variations of the nominal patch and the nominal patch which results in a total of

65 observations per case. Data forx 2% = 960 variations of the nominal patches was generated,
resulting in a data set &0 + 15 = 975 observations for the study in total. The geometrical values

for each observation in the data set can be seen in Figure 31. The nominal geometry values for each
case are marked by red circles.

The corresponding electrical characteristics for the configuration geometries shown in Figure 31 can
be seen in Figure 32. As expected, the data from the parameter study varies about the nominal values
for each case. It should be noted that resonance did not occur for the first three nominal cases, and
hence certain variations of these antennas also did not resonate. This can be seen in the plots of
resonant resistance and resonant frequency in Figure 32, where non-resonating data is omitted from
the plots.
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TABLE Xl
PERFORMANCE PARAMETERS OF ANTENNAS STUDIED

Nominal Case | Bandwidth (%) | Minimum Gain (dBi)

1 6.2439 9.96

2 6.5801 9.8

3 7.2513 9.68

4 7.915 9.64

5 8.6019 9.41

6 9.1698 9.15

7 9.792 8.9

8 10.325 8.57

9 10.959 8.25

10 11.397 7.83

11 11.961 7.45

12 12.43 6.98

13 12.885 6.63

14 13.184 6.39

15 13.291 6.28

TABLE XIlI
NOMINAL GEOMETRIES OF ANTENNAS STUDIES

Nominal Length Width Height Feed In- | Feed Off- | Feed Ra-
Case (m) (m) (m) set (m) set (m) dius (m)
1 0.03 0.047 3.70e-3 1.75e-3 0 1.15e-3
2 0.03 0.046 3.83e-3 7.54e-4 0 1.15e-3
3 0.03 0.042 4.28e-3 1.50e-3 0 1.15e-3
4 0.03 0.04 4.08e-3 1.76e-3 0 1.14e-3
5 0.03 0.036 4.44e-3 1.72e-3 0 1.13e-3
6 0.03 0.033 4.83e-3 1.74e-3 0 1.13e-3
7 0.03 0.030 5.22e-3 1.91e-3 0 1.12e-3
8 0.03 0.026 5.58e-3 1.75e-3 0 1.11e-3
9 0.03 0.023 6.03e-3 1.71e-3 0 1.10e-3
10 0.03 0.020 6.46e-3 1.79e-3 0 1.08e-3
11 0.03 0.016 7.17e-3 1.76e-3 0 1.06e-3
12 0.03 0.013 7.29e-3 2.31e-3 0 1.03e-3
13 0.03 0.010 7.38e-3 3.57e-3 0 1.01e-3
14 0.03 0.008 7.54e-3 4.0e-3 0 0.988e-3
15 0.03 0.007 7.53e-3 4.13e-3 0 0.968e-3

The correlation between all the electrical and geometrical parameters was calculated, giving the
correlation coefficient matrix displayed in Figure 33. The polarity of each correlation coefficient is
represented by a '+’ or -’ sign on the figure. The correlation between the performance parameters
and the geometrical parameters is discussed below.

« Frequency of operationThe operating frequency shows a strong correlation with the patch
length of -0.82. This correlation is evident in Figure 34, where increasing the patch length of a
particular configuration results in tfE&M;; mode of operation, characterised by the behaviour
of the impedance (the resistive peak), occurring at a lower frequency. Figure 35 shows how the
frequency at which the antenna operates is affected, witW &R < 2 characteristic occur-
ring at lower frequencies as the length increases. This result is consistent with that expected in
the literature [1] p30.

« Bandwidth: The bandwidth shows strongest correlation with the patch width (-0.64) and the
patch height (+0.48). These results are expected from the literature [1] p42—44. Figure 36
shows how increasing the patch width of a particular configuration decreased the bandwidth
from 2.4% to 2.0%. Figure 37 shows how increasing the patch height increased the bandwidth
from 2.3% to 2.7%. The results shown in Figures 36 and 37 reflect the negative correlation
between the bandwidth and patch width and the positive correlation between bandwidth and
patch height. As the feed position has a direct effect on the matching of the antenna, this
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Geometrical parameters per observation in parameter study data set.
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Fig. 31. Geometrical data for each observation in the probe-fed patch parameter study. Nominal data points are circled.

parameter is also important even though significant correlation with the bandwidth was not
reported. Significant correlation was shown between the resonant and maximum resistance
parameters and the feed inset, which implies an effect on the bandwidth.

« Center gain and Minimum gairBoth the center and minimum gain showed strong correlation
with the patch width (0.97) and the patch height (-0.91). These results are expected from the
literature [1] p42—44. Figure 36 shows how increasing the patch width increased the centre
gain from 9.5dBi to 10dBi and the minimum gain from 9.3dBi to 9.8dBi for a particular con-
figuration. Figure 37 shows little variation in the gain characteristics due to changing the patch
height, implying that a study of single nominal patch does not provide a comprehensive study
of an antenna’s behaviour. In contrast Tables XV and XllI, which present the characteristics of
the multiple configurations investigated in this study, show that the minimum gain decreased
from 9.96dBi to 6.28dBi as the patch height increased from 3.7mm to 7.5mm over the nominal
cases considered.

The negative correlation between the gain (both minimum and center) and the patch height is
a function of the nominal patch configurations investigated, as it is expected from the liter-
ature that increasing the patch height should result in more radiated power [10] p265. This
emphasizes the fact that a combination of parameters is responsible for the antenna’s resulting

characteristics.

« Gain variation: The gain variation shows strongest correlation with the aspect ratio (-0.98).
As the aspect ratio is a ratio of the length to the width this implies that increasing the width
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Electrical parameters per observation in parameter study data set.
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Fig. 32. Electrical data for each observation in the probe-fed patch parameter study. Nominal data points are circled.

increases the gain variation percentage and indeed there is a strong correlation of +0.86 between
the width and the gain variation. Figure 38 shows how the gain in Case 1 (width = 0.047m)

varies very little over the frequency band of operation (WHESBVR < 2), depicted by the

dotted lines, with a gain variation of 97%.

percentage which implies a more varying gain over the operating frequency band.

Figure 33 shows that variation of the feed offset and feed radius seem to have little correlation with
the antenna’s electrical characteristics. For this reason these two parameters will not be actively part
of the probe-fed patch design. The length, width, height and feed inset showed significant correlation

with the performance parameters and will be used actively in the patch antenna design.

In contrast Case 15 (width = 0.007m) shows a
large variation of the gain over the frequency band of operation (a gain variation of 82%). The
frequency band of operation is also larger for Case 15, giving the gain a greater frequency
range over which to vary. This characteristic is expected when noting the negative correlation
between gain variation and bandwidth - the larger the bandwidth, the smaller the gain variation
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Fig. 34. Effect of patch length on the probe-fed patch impedance characteristics.
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D. Electromagnetically Coupled Rectangular Patch Antenna

This section presents an analysis of how the variation of the electromagnetically-fed rectangular
patch antenna’s geometrical parameters, to values 10% greater and smaller than the nominal value,
effects this antenna’s electrical characteristics. Fourteen nominal patch cases’ geometrical param-
eters are considered. The performance characteristics of these nominal cases can be seen in Table
XIV and the geometries are given in Table XV. As this patch has eight geometrical parameters, each
case consists & variations of the nominal patch plus the nominal patch which results in a total of

257 observations per case. Data fdrx 28 = 3584 variations of the nominal patches was gener-

ated, resulting in a data set&i¥84 + 14 = 3598 observations for the study in total. The geometrical
values for each observation in the data set can be seen in Figure 39. The nominal geometry values
for each case are marked by red circles.

TABLE XIV
PERFORMANCE PARAMETERS OF NOMINAL ANTENNA CASES STUDIED

Nominal Case | Bandwidth | Minimum Gain

1 7.35 9.622

2 10.02 9.24

3 16.18 9.05

4 18.53 9.03

5 20.39 8.88

6 22.53 8.75

7 26.13 8.48

8 31.43 8.04

9 32.49 7.99

10 36.62 7.46

11 37.37 7.35

12 39.97 7.25

13 42.92 6.6

14 43.43 6.45

TABLE XV
NOMINAL GEOMETRIES OF ANTENNA CASES STUDIED
Nominal Length Width Height Feed Feed Feed Feed Off- | Feed
Case (m) (m) (m) Overlap Length Height set (m) Diameter
(m) (m) (m) (m)

1 0.03 0.0392 0.0061 -0.002 0.0191 0.0036 0 1.042e-3
2 0.03 0.0308 0.0065 6.64E-04 | 0.0191 0.0033 0 1.040e-3
3 0.03 0.0387 0.0062 -0.0036 0.0162 0.0036 0 1.042e-3
4 0.03 0.0392 0.0065 -0.0048 0.0151 0.0045 0 1.004e-3
5 0.03 0.0392 0.0065 -0.0035 0.0152 0.0043 0 1.062e-3
6 0.03 0.0431 0.0062 -0.0036 0.014 0.0043 0 1.062e-3
7 0.03 0.0498 0.0075 -0.004 0.0128 0.005 0 1.110e-3
8 0.03 0.0392 0.0073 -0.0048 0.012 0.0054 0 1.043e-3
9 0.03 0.0392 0.008 -0.0048 0.0115 0.0058 0 1.113e-3
10 0.03 0.0392 0.0091 -0.0049 0.0115 0.007 0 1.147e-3
11 0.03 0.0387 0.0091 -0.0065 0.0115 0.0071 0 1.144e-3
12 0.03 0.0335 0.0091 -0.0067 0.0109 0.0071 0 1.124e-3
13 0.03 0.0281 0.0109 -0.0051 0.0116 0.0084 0 1.144e-3
14 0.03 0.0239 0.0116 -0.004 0.0116 0.0085 0 1.144e-3

The corresponding electrical characteristics for the configuration geometries shown in Figure 39 can
be seen in Figure 40. As expected, the data from the parameter study varies about the nominal values
for each case. It should be noted that resonance did not occur for the first two nominal cases, and
hence certain variations of these antennas also did not resonate. This can be seen in the plots of
resonant resistance and resonant frequency in Figure 40, where non-resonating data is omitted from
the plots.

The correlation between all the electrical and geometrical parameters was calculated, giving the
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Geometrical parameters per observation in parameter study data set.
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Fig. 39. Geometrical data for each observation used in the EM-fed patch parameter study. Nominal data points are circled.

correlation coefficient matrix displayed in Figure 41. The polarity of each correlation coefficient is
represented by a '+’ or ’-’ sign on the figure. The correlation between the performance parameters
and the geometrical parameters is discussed below.

« Frequency of operationThe operating frequency shows a strong correlation with the patch
length of -0.76. This correlation is evident in Figure 42, where increasing the patch length re-
sults in theTM;, mode of operation occurring at a lower frequency. Figure 43 shows how the
frequency at which the antenna operates is affected, witW#& R < 2 characteristic occur-
ring at lower frequencies as the length increases. This result is consistent with that expected in
the literature [1] p30.

« Bandwidth: The bandwidth did not show strong correlation with any particular geometrical
parameter. This implies that the bandwidth may be dependant on a combination of geometrical
parameters. However, strongest correlation occurred with the patch height (+0.41), feed length
(-0.44) and feed height (+0.46). This correlation is expected from the literature as [1] pp134—
136 and can be seen in Figure 44, where the bandwidth and gain characteristics of the two
configurations for cases 7 and 14 can be compared. Figure 44 shows that the height and band-
width both increase from 7.5mm and 26% (case 7) to 11mm and 43% (case 14) respectively.
This behaviour implies that there is a positive correlation between the height and bandwidth, as
expected. The negative correlation between the feed length and bandwidth is shown by the feed
length decreasing from 12mm to 11mm as the bandwidth increases. The feed height shows the
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Fig. 40. Electrical data for each observation in the EM-fed patch parameter study. Nominal data points are circled.

expected positive correlation, increasing from 5mm to 8.5mm as bandwidth increases.

« Center gain: The center gain showed strong correlation with the aspect ratio (-0.64) which
is reflected in the width (+0.62). The patch height (-0.84) and the feed height (-0.77) also
showed significant correlation. These results are exemplified in Figure 44 where the positive
correlation between the width and center gain can be seen, with both the width and center
gain decreasing from 49mm and 9.7dBi (case 7) to 23mm and 8.4dBi (case 14) respectively.
The negative correlation between the patch height and the center gain is shown with these
parameters changing from 7.5mm and 9.7dBi (case 7) to 11mm and 8.4dBi (case 14). Similar
behaviour is seen between the feed height and the center gain with these parameters changing
from 5mm and 9.7dBi (case 7) to 8.5mm and 8.4dBi (case 14).

The negative correlation between the gain (both minimum and center) and the patch height is
a function of the nominal patch configurations investigated, as it is expected from the liter-
ature that increasing the patch height should result in more radiated power [10] p265. This
emphasizes the fact that a combination of parameters is responsible for the antenna’s resulting
characteristics.

« Minimum gain: The center gain showed strong correlation with the patch height (-0.84), the
feed length (+0.67) and the feed height (-0.77). In contrast to the results for the center gain, the
minimum gain showed little correlation with the patch width (0.36). This indicates a distinct
difference between the behaviour of the electromagnetically-fed and probe-fed patches, which
showed strong correlation between the minimum gain and the patch width. This result implies
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Fig. 41. Correlation coefficient matrix for entire EM-fed patch parameter study data-set.

that different design procedures will apply to each configuration if a certain minimum gain is
required. A comparison of cases 1 and 14 in Figure 44 shows that as the patch height and
feed height increase from 7.5mm and 5mm to 11mm and 8.5mm respectively, the minimum
gain decreases from 8.4dBi (case 7) to 6.45dBi (case 14). An expected negative correlation
between the patch height, feed height and the minimum gain is thus evident. A positive corre-
lation between the feed length and minimum gain is also noted in Figure 44 as the feed length
and minimum decrease from from 12mm and 8.4dBi (case 7) to 11mm and 6.45dBi (case 14)
respectively.

« Gain variation: The gain variation showed little correlation with any particular geometrical
parameter. This is expected when viewing the nominal gain variation data in Figure 40 which
shows the gain variation to be fairly constant for the nominal configurations investigated. The
gain variation did, however, appear to vary more for the cases that exhibited smaller gain charac-
teristics and increased bandwidth (after observation 2000). As with the bandwidth, this implies
a dependency on multiple geometrical parameters.

Figure 41 shows that variation of the feed offset and feed radius seem to the geometrical parameters
with the least correlation with the antenna’s electrical characteristics. For this reason these two
parameters will not be actively part of the electromagnetically coupled patch design. The length,
width, height and feed overlap, feed length and feed height showed significant correlation with the
performance parameters and will be used actively in the patch antenna design.

E. Conclusion

This appendix presented parameter studies for the probe-fed and electromagnetically coupled rect-
angular patch antennas. The correlation between geometrical and electrical the parameters was cal-
culated, providing insight into which geometrical parameters are most significant for patch design
purposes. For the probe-fed patch the following geometrical parameters were selected for design:

« Patch length - strong correlation with operating frequency.
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Real and imaginary impedance characteristics
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Fig. 42. Effect of patch length on the electromagentically coupled patch impedance characteristics.

« Patch width - correlation with bandwidth and gain.

« Patch height - correlation with bandwidth and gain.

« Feed inset - correlation with gain and necessary for achieving matching due to it's effect on the
input impedance.

For the electromagnetically coupled patch the following geometrical parameters were selected for
design:

« Patch length - strong correlation with operating frequency.

« Patch width - no strong correlation with any particular electrical parameter, but there was small,
but not insignificant, correlation with gain.

« Patch height - correlation with bandwidth and gain.

« Feed overlap, length and height - the combination of feed characteristics allows impedance
matching to occur. These particular characteristics showed small correlation with all the elec-
trical parameters other than operating frequency.

The results and conclusions derived from any parameter study are obviously dependant on the data
set analysed. The nominal cases used in the parameter study were generated by the use of bandwidth
optimization routines given a particular minimum gain constraint, thus this data can be seen as
preliminary design curve data. The data chosen for the studies presented in this Appendix is thus
highly relevant to patch design, as outlined in Appendix E. It is impractical to study a complete
range patch data where infinite configurations can occur, so limiting the data set to data relevant
to the design process was seen as an acceptable compromise, although the conclusions may not
be generally applicable to all patch configurations. The parameter study presented in this section
focuses on the correlation between geometrical and electrical parameters. Analysis of the results
showed good agreement with the literature for the probe-fed patch. The magnitude of the effect
of the geometrical parameters on the electrical parameters has not been investigated. It is felt that
establishing the correlation between parameters is sufficient for the purposes of this study, as the
process of generating the design data by optimization should implicitly take the magnitude of the
geometrical parameters effect into account.
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Gain & VSWR vs Frequency (Length = 7.2 cm)
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Fig. 43. Effect of patch length on the electromagentically coupled patch gain and VSWR characteristics.

The implication of this parameter study on the design of the probe-fed patch and electromagentically
coupled patch is the ability to simplify the design curves. Simplification is desirable for generating
design curve data rapidly, as well as allowing a user of the design process to find an appropriate an-
tenna configuration with minimum effort. This simplification is achieved by justifying the reduction

of the number of variables which are actively used in the design process, as concluded in Sections
D-C and D-D.
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APPENDIXE:
PATCH ANTENNA DESIGN

Abstract

This appendix describes the generation of design curves for the rectangular, probe-fed and rectan-
gular, electromagnetically coupled patch antennas. The design procedure involves the selection of
the patch antenna geometrical characteristics such that an acceptable tradeoff between the gain and
impedance bandwidth offered by the antenna exists. The design curves given in this appendix allow
a practical first iteration of the desired patch antenna design, with a given performance requirement,
to be rapidly found. The bandwidth and minimum gain configurations for design of the probe-fed
patch range from 6.2% and 9.9dBi to 13.2% and 6.1dBi. The bandwidth and minimum gain config-
urations for design of the electromagentically coupled patch patch range from 9.5% and 9.7dBi to
44% and 6.0dBi.

A. Introduction to Patch Antenna Design

Few patch antenna design procedures have been presented in the literature [2], [4], implying that
practical patch antenna design is still limited to the design-by-simulation approach or the iteration
of a physical prototype. These approaches require the designer to have a broad knowledge of patch
antenna operation in order to produce a successful design. In practice, tolerances in construction
and material characteristics play a significant role in determining the performance of an antenna.
For this reason any theoretical design should be viewed as the first, ideal iteration in the antenna
development process. This reality should be noted by the designer, who should accept that a software
design package is an aid and not a substitute for experience and understanding the fundamentals [3].
However, a formal design procedure, as presented in this Appendix, can aid the designer in gaining
a good first iteration of the patch antenna with minimum time and effort required.

A design strategy proposed in [3] is to use design curves for obtaining a starting point in the design
process and then iterate the design using a CAD model, followed by experimental iteration. The
objective of this Appendix is to present the formulation of the first design stage involving the gener-
ation of design curves. The benefit of having design curves for an antenna of interest would be the
rapid progression to finding a suitable initial design. There could possibly be another constraint on
the design, not taken into account by the design curves (for example beam width or antenna size).
Specialization of this initial design could then take place via further parameter tuning, or other ge-
ometrical alteration, in a simulation environment before the design enters the experimental stage.
The design process presented in this Appendix involves the selection of patch antenna geometrical
characteristics subject to a trade-off between the antenna’s minimum gain (over the impedance band-
width) and the size of the impedance bandwidth. Increasing the antenna’s minimum gain implies a
reduction in impedance bandwidth and vice versa.

In general the design curve data was generated by solving a bandwidth optimization problem sub-
ject to a specified gain constraint. The optimization problem was setup in MATLAB which used
SUPERNEC for simulating the antenna configuration’s characteristics. This process is outlined in
Section E-B. The results of the design curve generation for the probe-fed and electromagnetically
coupled patches can be seen in Sections E-C and E-D respectively. All geometrical parameters are
given in terms of wavelength\j, as calculated in Equation 10, allowing the appropriate physical
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antenna dimensions to be found for any desired operating frequency and gain/bandwidth configura-
tion.

C
A=< (10)

Where c is the speed of light and F would be the desired frequency of operation of the antenna.
Actual usage of the design curves is described in Section E-E.

The electrical parameters which define the basic performance of the antenna are:

« Operating frequency
« Impedance bandwidth
o Minimum gain

The performance requirements of the antenna to be designed are specified by defining these param-
eters.

B. Design Curve Data Generation

This section describes the process of generating data for use in design curves. As optimal impedance
bandwidth is desired for most patch antennas [5] — [7], the design curve data was generated by
solving a number of impedance bandwidth optimization problems. Each impedance bandwidth op-
timization problem was subject to a particular minimum gain constraint. These gain constraints
ranged from approximately 9dBi to unconstrained optimization routines which generally resulted in
a minimum gain of 6dBi being realised. Design curves can be constructed from these patch con-
figurations which offer optimal impedance bandwidth for a variety of minimum gain values. This
implies that an aspect of the design curves will be the relationship between gain and impedance
bandwidth for a variety of patch configurations, and indeed this can be seen in the resulting design
curves shown in Figures 46, 49 and 50. The process of generating this data required the solution of
a number of sub-problems to be coded in MATLAB [30]. These sub-problems, which are outlined
below, allow the automation of the extremely time-intensive procedure required for generating de-
sign curve data. Knowledge of the expected operation of the patch antenna in the @agiets

vital for implementing an automated optimization program (see Appendix B for more information
the TM;, mode of operation).

When a patch antenna optimization routine is executed, it is necessary for the optimization routine to
iteratively evaluate a variety of different patch antenna models automatically. The optimization rou-
tine uses the results of evaluating the different patch models in order to determine how the antenna’s
geometrical characteristics should be modified, such that a more optimal design is achieved in the
next optimization routine iteration. The ability to automate the simulation of any patch antenna
configuration inSUPERNEC is required for an optimization problem to be solved programmati-
cally. Although aSUPERNEC simulation can be initiated via a command in MATLAB, there are
simulation parameters, such as BegPERNEC model frequency and the range and resolution of

the simulation frequencies, that still need to be setup automaticallysiméesim  function was

coded in order to implement this functionality (See Appendix F for more information on the code
structure). The automated simulation process is described below.

1) The patch antenna geometrical characteristics are the inputs to the simulation program.

2) The frequency range over which the antenna is to be simulated must be calculated automati-
cally while the optimization program is running. An initial guess of the antenna’s operating
frequency in théI'M;, mode was calculated using the transmission line theory for a patch
antenna’s resonant frequency as shown in Equation 5 of Appendix B, Section B-E.
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3) The antenna was then simulated over a frequency range from 30% greater to 30% smaller than
the predicated resonant frequency, with 30 frequency steps in this rang8uPEENEC an-
tenna model was segmented at 1.6 times the highest frequency of simulation, as this was found
to result in a valid model structure. The results of this initial simulation are used for defining
a more appropriate frequency range of simulation.

4) A more refined frequency range over which the patch will be simulated can now be found
by analysing the radiation pattern data from the initial simulation. As the current distribution
on the antenna surface in tH&;, mode takes the form of half a period of a sine wave, an
example of which can be seen in Figure 45(a), it is expected that the radiation pattern will
follow a similar shape, as shown in Figure 45(b). The gain characteristics for each of the 30
frequency steps simulated previously are analysed and the frequencies at which the antenna’s
broadside gain is greater than any other gain value in the plane parallel to the antenna’s length
is recorded. The frequency at which the largest broadside gain occurred in this set is used as
the centre frequency for the next simulation. This code can be seen in lines 82 — 93 of the
singlesim  function and predicted a satisfactory simulation frequency range for both the
probe-fed and electromagnetically coupled patches.

Variation of current desnity on patch antenna surface

Radiation Pattern (Elevation)
0 10dBi

I =
o © o N

Magnitude of Current Density

IS

Patch Width (wavelength) -0.2 Patch Length (wavelength)

(a) Patch antenna current distributioriiM ;o mode. (b) Patch antenna radiation pattern in
TMjo mode.

Fig. 45. Current distribution and radiation pattern characteristics for patch antenna operatioirM thenode..

5) Afinal simulation is then run over the frequency range from 45% less than the new simulation
centre frequency to 45% greater than the new simulation frequency. There are 65 frequency
steps in this range. Once again, BePERNEC antenna model was segmented at 1.6 times
the highest frequency of simulation. The gain and impedance data over all the simulation
frequencies is returned from this patch simulation program for analysis in the optimization
program .

A genetic algorithm based optimization approach was ultimately chosen for the purposes of optimiz-
ing an antenna’s performance characteristics. Although some initial success was achieved using a
gradient-based, Gauss-Newton algorithm approach to the optimization, it was found that the nature
of the objective function lent itself to a genetic algorithm solution.

The following description of the genetic algorithm is quoted from The MathWork's Genetic Algo-
rithm and Direct Search Toolbox accompanying documentation [30fe"genetic algorithm is a
method for solving optimization problems that is based on natural selection, the process that drives
biological evolution. The genetic algorithm repeatedly modifies a population of individual solutions.
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At each step, the genetic algorithm selects individuals at random from the current population to be
parents and uses them produce the children for the next generation. Over successive generations,
the population "evolves” toward an optimal solution. You can apply the genetic algorithm to solve

a variety of optimization problems that are not well suited for standard optimization algorithms,
including problems in which the objective function is discontinuous, non-differentiable, stochastic,
or highly nonlinear.

The programs which implement the optimization for the probe-fed patch and electromagnetically
coupled patches are callpthgabwoptimization andemgabwoptimization respectively.

The desired gain constraint for the optimization is setup in these functions and the bandwidth and
minimum gain is calculated from the information returned bygimglesim  program. This gain
constraint was implemented implicitly for the probe-fed patch, by fixing the width value with which
the optimization was performed. This implicit implementation of the gain constraint is justified by
noting the strong correlation between the gain and impedance bandwidth exhibited in the probe-fed
patch parameter study (D, Section D-C). The gain constraint for the electromagnetically coupled
patch was implemented explicitly, as no clear correlation between the gain and a particular geomet-
rical parameter was noted in the parameter study. The implicit gain constraint was implemented by
penalizing an optimization iteration’s score if the resultant minimum gain was under the minimum
gain constraint. The severity of the penalty depended on the square of the difference between the
actual and required minimum gain values, if the actual gain was less than the required gain. Other-
wise the score was not penalized. This means that it was possible to find a patch configuration for
which the bandwidth was optimized and the minimum gain actually exceeded the constraint. The
constraint can therefor be seen as a lower bound for the minimum gain.

When the optimization terminates these programs return the impedance, gain and geometrical char-
acteristics of the best patch configuration which can be saved to disc for later incorporation into
design curves. More information on these programs can be found in Appendix F.

The feed radius for both the probe-fed and electromagnetically coupled patches is dependant on the
antennas operating frequency. In order to produce a &lRERNEC structure, each segment in
the SUPERNEC model must have a radius calculated by:

SegmentLength X Ageq
2xm

Segment Radius = (12)

Where:

SegmentLength is the length of the segment, in terms of wavelength, and equal to 0.1 for these
models.
Aseq IS the wavelength of the frequency at which the model is segmented.

The radius of the feed is calculated in the same manner (the electromagnetically coupled patch

arbitrarily uses the diameter of the feed instead of the feed radius as a parameter). This means that
Equation 11 can be expressed in terms of the wavelength of the operating frequency for each patch,
as shown in Equations 12 and 14.

Equation for the feed radius of the probe-fed patch:

0.1 X Agp

FeedRadius = m

(12)

Where:
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Aop IS the wavelength of the antenna’s operating frequency.

FS is the factor by which the operating frequency must be scaled in order to equ&uthe
PERNEC model's segmentation frequency. The frequency of segmentation varied between 2.45
and 1.73 times the patch antenna operating frequency for the probe-fed patch, depending on the
bandwidth configuration chosen. The mean value for this factor is 2.17 but a more accurate value
can be found via the polynomial shown in Equation 13, which was fitted to the frequency scaling
factors over the entire bandwidth range.

FS = —0.01Bandwidth? + 0.096 Bandwidth + 2.218 (13)

Where Bandwidth is the impedance bandwidth, selected from the design curves of Section E-C,
for which the antenna will be designed.

Equation for the feed diameter of the electromagnetically coupled patch:

0.1x A
FeedDiameter = ————2 14
eedDiameter T (14)
Where:
FS = —63 x 10~° Bandwidth? + 0.036 Bandwidth + 2.238 (15)

FS ranges between 2.588 and 2.119 with a mean value of 2.4 for the electromagnetically coupled
patch .

The approximate nature of these equations is justified by the small effect the feed radius/diameter
has on the patch electrical characteristics, as shown in Appendix D. Examples in which Equations
13 and 15 are used can be seen in Section E-E.

C. Probe-fed Rectangular Patch Design Curves

The design variables for the probe-fed patch, selected in Section D-C of Appendix D, are:

« Length

« Width

« Height

o Feed inset

The feed offset was set to 0 and the feed radius is dependant on the frequency of operation, approx-
imately calculated as shown in Equation 12. The strong correlation between the patch width and
the antenna’s gain characteristics, as shown in Section Ill, prompted an implicit implementation of
the gain constraint for the probe-fed patch by optimizing the impedance bandwidth for fixed values
of patch width. Fixing the patch width reduces the number of variables actively varied in the op-
timization problem. Reducing the variables in the optimization problem provides the benefit faster
convergence to an optimal solution. The resulting design curves can be seen in Figure 46.

The x-axis for all the design curve plots represents the percentage impedance bandwidth that a
particular patch antenna design can offer. The minimum gain (and centre gain) corresponding to
a particular bandwidth percentage can be read off the top-most graph. Given the required antenna
impedance bandwidth, the length, width, height and feed inset geometrical antenna characteristics,
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Design curves for rectangular probe—fed patch antenna.
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Fig. 46. Probe-fed patch design curves.

given in wavelength, can similarly be read off the plots following the gain vs. bandwidth plot. These
curves allow a designer to find the geometrical characteristics of an antenna with a particular gain
and bandwidth performance.

Plots of the performance characteristics verses frequency for the configurations used in the design
curves can be seen in Figure 47, where a patch of length 30mm is used to exhibit the cases. The
transition from higher gain, lower bandwidth characteristics to lower gain higher bandwidth charac-
teristics can be seen as the plots move form left to right, top to bottom of the figure.

When viewing the design curve of length vs. bandwidth in Figure 46 it is apparent that a longer patch
length is required for probe-fed patches operating at a specific frequency but requiring larger band-
width. This behaviour is evident in Figure 47 where operating frequency increases from 4159MHZ

to 4917MHz, as the same length value of 30mm is used for all the cases.

The design curves are fairly smooth and monotonic, implying that interpolation between the given
data points should yield reasonable results. This was investigated by interpolating 50 linearly spaced
data points over the bandwidth range presented in Figure 10. The difference between interpolated
and actual bandwidth, minimum gain and operating frequency characteristics were calculated. The
bandwidth, minimum gain and operating frequency error did not exceed 2%, 1.5% and 0.5% respec-
tively over the 50 interpolated data points. This implies that accurate designs can be interpolated
between the given data points.

Use of these design curves is outlined in Section E-E.
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Fig. 47. Probe-fed patch Design curve cases for a length of 30mm. The designs increase in bandwidth and decrease in
minimum gain from left to right, top to bottom (case 1 — case 14).

D. Electromagnetically Coupled Patch Design Curves

The design variables for the electromagnetically coupled patch, selected in Section D-D of Appendix
D, are:

« Length

« Width

« Height

« Feed overlap
o Feed length
« Feed height

The feed offset was set to 0 and the feed diameter is dependant on the frequency of operation, as
shown in Equation 14.

The gain constraint for the generation of this antenna’s design curves was defined explicitly in the
optimization problem, as the parameter study of Appendix D, Section D-D indicated that the antenna
gain was dependant on multiple parameters. The gain constraint was implemented by penalizing
the optimization result with a value dependant on the difference between the actual and required
minimum gain. The resulting design curves can be seen in Figures 49 and 50.

The x-axis for all the design curve plots represents the percentage impedance bandwidth that a par-
ticular patch antenna design can offer. The minimum gain (and centre gain) corresponding to a

particular bandwidth percentage can be read off the top-most graph. Given the required antenna
impedance bandwidth, the length, width, height and feed overlap, feed length and feed height geo-
metrical antenna characteristics, given in wavelength, can similarly be read off the plots following
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Fig. 48. Interpolation error for the probe-fed patch design curves.

the gain vs. bandwidth plot. These curves allow a designer to find the geometrical characteristics of
an antenna with a particular gain and bandwidth performance.

The erratic nature of the width and feed overlap parameters in the design curves may imply that
the performance parameters are less sensitive to these geometrical parameters, relative to the other
geometrical parameters, although it could be loosely said that a larger width allows a larger minimum
gain. The length also appears to be erratic but varies over a relatively small range.3xto

0.38), indicating that the length value is actually quite constant. The height, feed length and feed
height are shown to be relatively smooth and monotonic over relatively significant ranges, implying

a strong dependance of the performance parameters on these geometrical parameters.

Another possible explanation for the erratic behaviour of the electromagnetically coupled patches
design curves is that, due to the antennas many parameters, multiple patch configurations can give
satisfactory solutions for a particular optimization problem. The given data may consist of a variety
of these configurations. The resulting performance characteristics of the configurations used in the
design curves can be seen in Figure 51, which uses a patch of length 30mm to exhibit the cases.
The transition from higher gain, lower bandwidth characteristics to lower gain higher bandwidth
characteristics can be seen as the plots move form left to right, top to bottom.

As expected, the operating frequency remains relatively constant for the cases shown in Figure 51
with a mean value of 3694MHz, a maximum value of 3840MHz and a minimum value of 3576 MHz.

Inaccuracy in the performance characteristics may be introduced when interpolating a design be-
tween the given data points. In order to quantify this inaccuracy 50 linearly spaced data points were
interpolated over the bandwidth range presented in Figure 49. The difference between interpolated
and actual bandwidth, minimum gain and operating frequency characteristics were calculated and
the results can be seen in Figure 52. The bandwidth, minimum gain and operating frequency error
did not exceed 12%, 4% and 1% respectively over the 50 interpolated data points. This implies that
reasonable designs can be interpolated between the given data points.

The 50th data point shown in Figure 52 corresponds to the error between the final data point in the
design curves and the final interpolated data point. The small error between the interpolated data
and the design curve data seen here is thus unexpected. This unexpected error is attributed to the fact
that the simulation frequency range, and hence segmentation frequency, was extended by a small
amount during the design curve data generation process. It was necessary to extend the simulation
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Fig. 49. Electromagnetically coupled patch design curves (gain, length, width and height characteristics).

frequency range in order to realise vaBPERNEC models for certain gain constraint values.

The entire interpolated data set is generated using the extended frequency range. This change of
segmentation frequency has a small effect on the results, as discussed in Appendix C Section C-B.
A change in the simulation frequency range was not required for the probe-fed patch, which shows
perfect agreement between the final design curve data point and interpolated data point in Figure 48.

Use of these design curves is outlined in Section E-E.

E. Using Design Curves

The design curves shown in Sections E-C and E-D are used to select the patch geometrical charac-
teristics given specifications for the operating frequency, minimum gain and impedance bandwidth
requirements for the application. The gain at the centre frequency is also shown in these design
curves and could be used for design purposes if appropriate. This section shows two examples of
how the design curves could be used during the design process. The first examples makes use of the
design curves for the probe-fed patch and the second examples makes use of the design curves for
the electromagnetically coupled patch.

Example 1: A probe-fed patch must be designed for operation at 5GHz and provide a minimum gain
of 9dBi over it's frequency range of operation. The antenna should operate between 4750MHz and
5250MHz.
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Design curves for rectangular electromagnetically coupled patch antenna.
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Fig. 50. Electromagnetically coupled patch design curves (feed characteristics).

The specified frequency range of operation requires the antenna to have a bandwidth of 500MHz or
10%. When viewing Figure 46 it is apparent that a bandwidth of 10% requires the minimum gain to
be limited to 8.6dBi. It is therefore not possible to meet the specification with the basic probe-fed
patch configuration as given in the design curves. In this case a preliminary design could be chosen
from the design curves and enhanced further via specialised simulation iterations. The preliminary
design, which reaches a compromise between the required bandwidth and minimum gain, exhibits a
bandwidth of 9.5% and minimum gain of 8.8dBi. The design for an impedance bandwidth of 9.5%
can be read off Figure 53 by finding the value at which the curves cut the 9.5% impedance bandwidth
line.

The antenna’s geometrical values, which correspond to the desired impedance bandwidth value,
are read off the design curves in terms of wavelength. These geometrical parameters can then be
multiplied by the wavelength corresponding to the desired operating frequency (see Equation 10)
and thus converted into distance. Using Equation 10, the wavelength for this example is found to be
Adop = 300/5000 which results in\,, = 0.06m. The required geometrical parameters, in terms of
wavelength and meters, are shown below:

o Length =0.425),, (0.0255m).

o Width =0.415X,, (0.0249m).

« Height =0.0752),,, (0.0045m).

» Feed inset #.0266\,, (0.0016m).

The feed radius can be calculated using Equations 12 and 13:
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Fig. 51. Electromagnetically coupled patch design curve cases for a length of 30mm. The designs increase in bandwidth
and decrease in minimum gain from left to right, top to bottom (case 1 — case 24).

Using Equation 13:

FS = —0.01(9.5)% + 0.096(9.5) + 2.218
FS =2.2275

Using Equation 12:

. 0.1x0.06
FeedRadius = x5 37T x e

FeedRadius = 4.28 x 10~4m

Example 2: An antenna must be designed for a bandwidth of at least 30% with an operating fre-
guency of 2GHz.

The probe-fed patch is not suitable for an application with the specified bandwidth requirement,

as this patch can offer a maximum of just over 13% bandwidth. An electromagnetically coupled

patch will therefore be designed for this application, as this configuration offers a bandwidth of up

to 44%. In order to eliminate interpolation error, the actual design curve data point which exhibits

a gain of 8dBi and impedance bandwidth of 31% will be used. This design can be read off the

electromagnetically coupled patch design curves, as shown in Figures 54 and 55, by finding the
value at which the curves cut the 31% impedance bandwidth line.
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Fig. 52. Interpolation error for the electromagnetically coupled patch design curves.

Using Equation 10 the wavelength for this example is found taye= 300/2000 which results in
Aop = 0.15m. The required geometrical parameters, in terms of wavelength and meters, are shown
below:

» Length =0.370),, (0.0555m).

o Width =0.484\,, (0.0726m).

« Height =0.0906),, (0.0136m).

» Feed overlap =-0.0589),, (-0.0088m).
» Feed length #.147X,, (0.0220m).

« Feed height 9.0671),, (0.0101m).

The feed radius can be calculated using Equations 14 and 15:
Using Equation 15:

FS = —63 x 1075(31)% + 0.036(31) + 2.238
FS = 2.7486

Using Equation 14:

0.1x(0.15)

FeedDiameter = 55—

FeedDiameter = 0.0017m

F. Conclusion

This appendix presented the formulation of design curves for basic, rectangular probe-fed and
electromagnetically coupled patch antennas. The design curve data was generated by solving an
impedance bandwidth optimization problem, as outlined in Section E-B, in which the minimum
gain over the antenna’s frequency band of operation was constrained. That is, a sequence of opti-
mization routines were performed which maximized the impedance bandwidth subject to a different
minimum gain constraint. The gain constraint varied from 9dBi to an unconstrained optimization,
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Fig. 53. Example 1: Using probe-fed patch design curves.

which resulted in a 6dBi minimum gain.

The gain constraint was implemented implicitly for the probe-fed patch, by fixing the width value
with which the optimization was performed. The gain constraint for the electromagnetically cou-
pled patch was implemented explicitly by penalizing the optimization’s score, the severity of the
penalty depended on the square of the difference between the actual and required minimum gain
values. The results of the design curve generation for the probe-fed and electromagnetically coupled
patches were shown in Sections E-C and E-D respectively. Reasonably small errors resulted from
interpolation between the given data points on the design curves in general, although errors of up
to 12% in bandwidth resulted for the electromagnetically coupled patch due to the erratic nature of
this antenna’s curves. Examples of using the design curves to find an initial design were shown in
Section E-E.

It could be argued that if a patch antenna optimization program is available, then design curves are
unnecessary. The optimization approach alone may be suitable for once-off, specialized antennas
whose performance parameters are not required to vary in future designs. However, the optimization
routine can be time consuming. The more design parameters that need to be varied during the op-
timization, the longer the routine takes. The optimization of a single electromagnetically fed patch,
with 5 actively varied geometrical parameters, would take 3 to 4 days (on a P4 3GHz machine). Once
design curves are available it takes a couple of minutes to find an appropriate design. Obviously the
initial generation of the design curves takes a considerable amount of time and processing power,
but once available allow a substantial reduction in design time.

Limitations of the design curves presented in this appendix are summarized below:

« Due to limitations of the simulation software, the design curves are only valid for an air sub-
strate. However, when the simulation software supports the use of dielectrics with various
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Design curves for rectangular electromagnetically coupled patch antenna.
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Fig. 54. Example 2: Using electromagnetically coupled patch design curves (gain, length, width and height characteristics).

relative permittivities, the optimization code could be re-used for generating design curve data
given a specified substrate. As, practically, the available substrates that are suitable for patch
antennas are limited, a set of design curves for the most popular substrates could be generated.

« The shape of the antenna’s radiation pattern was not investigated in detail, as operation in the
TM;9 mode with a known minimum and centre gain was assumed sufficient for the purposes
of this paper. The radiation pattern could form part of the optimization problem’s objectives or
constraints if this was found necessary for a particular application.

« The parameter study is limited to patch configurations with design characteristics deemed sig-
nificant for this research, so parameter study results for other patch configurations may hint at
different conclusions.

« The design curves assume an infinite ground plane. If a small ground-plane with a length of less
than three times the patch length is used, then the recommended design approach would be to
select the appropriate patch configuration from the design curves and simulate this configuration
with the limited ground-plane. The antennas parameters can then be tuned in the simulation
environment.

Patch antenna size is often of interest, specifically the reduction of the antennas size for the purposes
of installation in limited available space. Thus the design of a patch antenna could have a secondary
objective of minimizing the antenna size. Future investigation of patch antenna design could im-
plement this objective, the use of substrates other than air and perhaps focus on more specialized
antenna configurations which have become popular for various applications.

Although the design curves have been presented graphically in this appendix, the ideal form and use
of the curves would be via a computer program. It would take little effort to create a program which
allows interpolation/selection of designs and implements all the necessary calculations, given the
required operating frequency of the design. This would allow an initial design to be rapidly realized
with little opportunity for human error.
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Fig. 55. Example 2: Using electromagnetically coupled patch design curves (feed characteristics).
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APPENDIXF:
PATCH ANTENNA DESIGNCD CONTENTS

A. CD Contents

The CD provided with this dissertation contains all the code and documentation relevant to this MSc.
A basic outline of the CD directory structure is presented below:

Contents of Patch Antenna Design CD

Y e
Y e
AnalysisAndVisualisation

ﬁ DesignCurveGeneration
D singlesim
ﬁ gacode
D pbgabwopt i m zati on
D engabwopt i mi zation
ﬁ DesignCurveData
ﬁ ParameterStudy
ﬁ Documentation
ﬁ Report
D (LaTex Documentation)
ﬁ Figures
ﬁ Tables

ﬁ Measurements

PatchArticles

Fig. 56. Directory structure of Patch Antenna Design dissertation CD.



