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ABSTRACT

MINIATURIZATION OF MICROSTRIP PATCH ANTENNAS FORGP S
APPLICATIONS

MAY 2008

STEVEN S. HOLLAND, B.S.E.E., MILWAUKEE SCHOOL OF EBINEERING

M.S.E.C.E., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Daniel H. Schaubert

The desire to incorporate multiple frequency bawfdsperation into personal
communication devices has led to much researcledurcing the size of antennas while
maintaining adequate performance. GPS is oneapglication, where dual frequency
operation, bandwidth and circular polarization posgor challenges when using
traditional miniaturization techniques. Variouading methods have been studied to
reduce the resonant frequency of the antenna —&ghittivity dielectric loading, slot
loading and cavity loading — while examining thefiiects on bandwidth and gain. The
objective of this thesis is to provide guidelingsvehat is achievable using these

miniaturization methods and insight into how to lempent them effectively.
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CHAPTER 1

INTRODUCTION

1.1 Background of Microstrip Antennas

The microstrip patch antenna first took form ie #arly 1970’s [1], and interest
was renewed in the first microstrip antenna progdseDeschamps in 1953 [2]. Some
of the benefits of microstrip patch antennas inel[#] small profile, low weight and
inexpensive fabrication. Additionally, by changitig shape of the structure, versatility
in resonant frequency, polarization, pattern, anpedance can be achieved. Many
feeding mechanisms are possible for feeding theasiigp patch structure, such as probe
feeds, aperture feeds, microstrip line feeds aongipnty feeds, where each method has
advantages depending on the application. Dedmtetadvantages, microstrip antennas
present major challenges to the designer due tohemently narrow bandwidth, poor
polarization purity and tolerance problems [3]. dluesearch has been done to
overcome these limitations, notably in increastmg bhandwidth.

The compact size of the microstrip patch antesrslvantageous for the
reception of GPS (Global Positioning System) sigigl personal communication
devices since it is planar, and does not extenticady from its mounting surface. The
radiation pattern of the microstrip antenna hastbrmoverage in the E-plane with a
maximum at broadside [4], which allows good coverafysignals from broadside down
to near the horizon. When two orthogonal mode®acged on the antenna to produce
circular polarization (required for GPS), the bréaglane patterns are also orthogonally

orientated in space, providing broad coverage th bmajor planes. This creates an



approximately hemispherical pattern, which is idealuse in GPS, where multiple

satellites are required to accurately determination [5].

1.2 Motivation for this Study

The motivation for this study evolved from the ide$o design a GPS antenna
with VSWR 2:1 bandwidth greater than 5MHz at LI5{EGHz) and L2 (1.227GHz)
when matched to a source impedangefAQX2. The gain bandwidth is defined with
respect to gain flatness, here required as havimgamum ripple of £1dB across a
bandwidth of at least 20MHz for both L1 and L2,wat goal of 30MHz. Since GPS
systems use circular polarization to maximize #eeived signal, reception of circular
polarization is desired with an axial ratio of Iésan 3dB over the specified gain
bandwidth at each band. The size was to be nmdmall as possible with a goal of
31.8x31.8x5mm (1.25%1.25x0.2") as a total volurBeme recent work has been done
investigating miniaturized microstrip GPS antensash as Zhou et al [6] with a
31mmx31mmx12.8mm stacked patch design, Zhou & alifh a 38mmx38mmx20mm
design, and Guo [8] with a 36x80x6mm antenna. Nifrikese designs met all of the

desired specifications.

1.3 GPS Antenna Challenges

While miniaturization of microstrip antennas, engral, is a process of critically
choosing performance trade-offs, GPS presents spewfic challenges. One challenge
is the production of circular polarization with laxial ratio, which limits potential

design choices, since many miniaturization mettodg support a single linear



polarization. A single probe feeding arrangemenaaliagonal axis to generate
orthogonal modes is not suitable, due to its infiyydow axial ratio bandwidth — which
becomes even narrower as the bandwidth of each malereased through
miniaturization. The polarization specificatiohetefore, probably requires a two-axis
symmetric geometry, with two feeds orientated ggthmally in space and fed in
guadrature in order to generate clean circularrfaiion over a wide bandwidth.
Another family of techniques that do not satisfy golarization requirements are
modified patch shapes that excite multiple moddse higher order modes these patch
shapes excite can have drastically varying gaiteps, which in general are different
than that of the fundamental mode of the patch.tWeeorthogonal probes may also lose
isolation when higher order modes are excited. Mfhaltiple resonances are formed
through different path lengths, such as U shapsd,sbr E-shaped patches, the patterns
of these resonances are often out of alignmentttedadiation pattern tends to rotate
and shift with changing frequency, limiting thematoplications that only require a linear
polarization.

Another limitation posed by GPS antennas is threlledth required. While the
actual GPS data occupies a very narrow bandwidéhsignal is encoded using spread
spectrum, resulting in a transmit signal with adwadth of approximately 20MHz. At
L1 and L2, this bandwidth translates to (assumidgvVSWR) a fractional bandwidth of
1.26% and 1.63%, respectively. This is obtainélgla standard patch, but such
bandwidths become extremely difficult to obtain whlee antenna size is limited. As
discussed in Chapter 2, there is a direct reldtipnsetween the bandwidth and the

volume occupied by an antenna. Consequently, rohthe methods used to increase the



bandwidth of a patch antenna rely on more efficies# of the antenna volume, or an
increase in this volume through stacked patchgdanar parasitic resonator patches and
thick substrates.

Finally, for a GPS system it is desired to havie géat least isotropic (0dB).
GPS relies on spread spectrum, and in additiohgavide bandwidth needed, the signal
is at a low power level of -130dBm [9], which idde& the noise power of most systems.
As a result, loading the antenna with lossy materether as dielectric materials with
high loss tangents (t&nor lumped resistors, are not viable bandwidthasiclement

methods for this application.

1.4  Overview of Thesis

In this thesis, studies were conducted to exanhiree miniaturization methods
that have been used to generate potential desigtoss for an L1, L2 band GPS
system. The loading methods explored are high p@rity dielectric materials, slots in
the patch layer, and metallic backing cavities.

Chapter 2 provides a theoretical overview of tagwed limits on the Q factor of
antennas, starting with the Chu analysis and camgais solution to exact solutions
carried out by Collin and McLean. Some of the gaiplications for small antennas are
discussed, and finally a comparison is presentégdas the theoretical limits and the
bandwidths achieved with the successful desigma ftos study.

Chapter 3 presents studies undertaken to chametame of the effects of the
three loading methods, and provides optimized dessiging each loading method to

show what is achievable by using one or more cddheading methods to miniaturize the



patch antenna. Included are both simulation resultt measured results from prototypes

that were built and tested over the course ofgtidy



CHAPTER 2

SMALL ANTENNA CONSIDERATIONS

It is well known that the size of the antenna wilpact its performance,
specifically in terms of bandwidth and gain. Imggal, antennas can be split into two
main types — resonant structures (e.g. microptatph antennas, dipoles, loops) and
travelling wave structures (e.g. horns, helixegasg). Travelling wave antennas range
in size from a wavelength up to many 10’s of wangtas in size, and in general have
wider bandwidths. This increased bandwidth redudis the antennas creating a smooth
transition to couple energy from a guided wave¢e Space radiation as it propagates
through the structure. Their larger size alsovedléor more directive antennas.
Conversely, resonant antennas couple energy tefr@ee via a structure proportionate to
the operating wavelength, and only efficiently olenited frequency ranges. These
antennas typically have dimensions on the ordéfrdand multiples thereof. Since their
size is less thah, they also tend to have lower directivity, duethte smaller aperture
size. At very small sizes, a class of antenna&moe/n as “electrically small”,
commonly defined as one that occupies a volumess than a “radian sphere” (a sphere
of radius a =Ay/2n) [4], equivalent to the definition that ka < 1, evk stored energy
dominates. Since this study involved antennasadipgy at a minimum of 1.227GHz, a
radian sphere has radius equal toly/2r = 3.9cm — much larger than any of the
antennas considered in this study. A discussi@oofe pertinent performance
considerations provides useful benchmarks on vaiamidamentally possible for the

designer.



2.1  Quality Factor Considerations

Bandwidth is often one of the most important desigecifications to consider
when an antenna has a size restriction. A hefgjute of merit is the concept of the
“quality factor”, also referred to as simply “Q’f a circuit — in this case an antenna.
Fundamentally, in antenna design Q is defined asatio of the total time averaged
energy stored in a given volume to the power radiéite. power “loss”) [11], and is

defined as

200N, —

e WW,
Q= 2w\fﬁ (2.1)

T m W, >W,

P

whereV_Ve andVT(n are the time averaged stored electric and mageeéiies,

respectively, andP ; is the power dissipated in radiation. For an amieq® is important

because it helps define inherent limits on the [@aysize of the antenna with respect to
antenna bandwidth and gain. A High Q implies thate is a large amount of energy
stored in the reactive near field [12], which indsi¢arge currents on the antenna

structure — leading to high ohmic losses and nalramdwidth.

The limits of small antenna performance were frstlyzed by Wheeler in 1947
using lumped inductor and capacitor modeling [1Bhen, in 1948, Chu [14] developed a
ladder network model relating the Q of an antemngstphysical size, which has been
widely cited as the theoretical limitation to thenlblwidth obtainable by antennas of a

given size. The model enclosed an imaginaryrgpberadius “a” around the entire



antenna structure, shown in Figure 1, and expatiuetields generated outside of this

sphere in spherical harmonics, essentially the mofléee space.

Figure 1 - Sphere enclosing an antenna structure.

A linear antenna with an omnidirectional patterrs\aasumed inside the sphere,
therefore requiring only the set of Thmodes. Further, the infinite set of discrete
spherical TM modes were modeled as a ladder netefdrtkand C components
terminated in a resistor R (representing power filowadiation), shown in Figure 2. This
model was extracted from the continued fractionegated by the Legendre polynomials
used to expand the fields. This separation intgped components is possible since the
modes outside the sphere are orthogonal, and hamepower coupling between modes
— each mode can be considered individually ancoitgribution superimposed with the

other modes.
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Figure 2 - Circuit Schematic representation of the sphefiddimodes, with (a) the
TMo1 mode, and (b) the set of Tlyimodes.

These circuits show the TM modes to be high-pasaiare, and, since each L and C are

proportional toE (c = speed of light), increasing the size of thelesing sphere is
o

analogous to raising the frequency, resulting imaraverage power coupled to free
space. Since, as Chu states, Q is extremely tedocalculate for the higher order
modes, he instead used a simple second order Rt@tdo model all of the Ti\

antenna modes around a small frequency rangeaslisivown in [14] that as ka decreases



below a mode number index, the Q becomes extrelarglg. This led to the realization
that the lowest order modes, jpland TM,o have the lowest possible Q, since any of the
higher order modes increase the stored energyasulaly when ka < 1. The results of
his analysis show that the minimum Q can be apprated as shown in equation 2.2

[15].

1+2(ka)
(ka)*(1+ (ka)®)
1
(ka)’

Q= (2.2)

for ka<< 1

This shows that the Q factor of the antenna is@pprately proportional to the inverse

of the volume it occupies. This Q is also onlywaate when a single resonance is
considered. However, derivations have been peddrusing more direct methods of
calculating the Q of an antenna, instead of udwegctrcuit approximation employed by
Chu. In 1964, Collin [12] calculated the exact IQhe first three TM modes by
subtracting the energy associated with the power fradiated power) from the total
energy, thereby finding the electric and magndtcesl energies. More recently, in 1996,
McLean [15] found the exact Q of the Tusing a similar subtraction of the propagating
energy from the total energy, except he based lual€ulation solely on the stored
electric energy found. Their calculations arria@n equivalent expression for the Q of
the TMypmode, equation 3 (see Appendix A for derivation).

o=—2+ 4+ 1 (2.3)

k*a® ka

Interestingly, this same expression can be obtddyadsing the circuit approximation for

the TMyp shown in Figure 2a, from Chu. This analysis assimlossless, ideal antenna,
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but can be modified to reflect the reduction inr@1 losses by multiplying the Q by the

antenna efficiency [16]

Q=m( > +ij (2.4)

k’a® ka

wheren is the antenna radiation efficiency. It is im@aortto account for the loss, as an
antenna can readily be loaded via lumped resistoisssy materials to achieve
bandwidths that exceed the limits given for a lesslantenna, and may otherwise
mistakenly appear to invalidate the calculatedn@ts. Figure 3 shows the effect of
efficiency on the Q limits.

Q wersus ka for various efficiencies

3
10 FFIEw - ——— Fo———— Fo———= Fo————= Fo———= Fo———= o= T ——— T————
i - ----F-----rK-----r-----r-----r---oo-or B o |
::# e e st el e bt eff = 100% |1
| | | | | |
T X\ T T T T T T T T et ] eff:80% b
777“7 I T - - - Q- - - - T - T - = | ™ m
Lo I [ Lo [ [ " eff = 60% ||
5 v\ D l l l l || mem————— eff = 40%
10 | I— ulncul A ::::L:::::L:::::L:::::L:::::L |
i Wi FMN---[-----f-----p---ccp----cp —E—eff = 20% |
777777 { I - _ - - - - -
N NN —emme-eff=5% |
N
,,,,,, L [ A
|
,,,,,, - R L A A IR
1 | S e, Y
o 10 e e e 2 e e e
,,,,,, E oo oh--oo-h-----b----o
I I
,,,,,, LI SN B ___L~ T, . L ___]
|
|
1
0 |
10 EEEEEEEEEEEE,EEEEE,EEEE: e e e e el it
777777 I T N T [
****** Fr-FF-"—-"-"—-"—""F—-—-—-—-—-F - - - - = - =k -==-=-= — — |
777777 | e - — — I e |
b= [ A [ [ e [ e o
|
ffffff e s SRR B
777777 e
| | | | | | | Y |
.o
10'1 1 1 1 1 1 1 1 1 B-<n

o
o
=
o
N
o
w
o
N
o
a1
o
(o))
o
~l
o
oo
o
©

Figure 3— The minimum Q for various levels of efficiency.
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Up to this point, it has been assumed that a linatgnna occupied the volume
enclosed by the sphere, but as noted by Chu [1Agalér [13], Collin [12] and McLean
[15], the antenna Q for dual polarizations excifirtand TM modes is approximately
half that of a single polarization (at very small&<1, 35*™ ~1/2(ka}). McLean [15]
has an especially lucid treatment of this phenomgesleowing that the contribution to
stored electric energy increases a slight amouenvidoth the Tiyand TM modes are
excited, whereas the radiated power doubles. ddnigation (see Appendix A) results in

equation 2.5.

11,2
Q= 2(k3’a3 * kaj (2:5)

This applies more appropriately for antennas wisingle feed, and antennas with high

cross-pol, as an equation in [17] provides the ngergeral Q relationship as

()L,
Q=1 (l+ y}[k3a3 * kaj (2.6)

wherey is the ratio of power in the two polarizationsor Ehis study, where circular

polarization is achieved using two orthogonal feeith quadrature phasing, the Q of
each port is only affected by a single linear pa&ron, thus power is radiated in only
one polarization and stored in only one polarizaper port, and the VSWR bandwidth
seen at the input of each port does not increAssomparison of the approximate Chu

solution and the exact solutions are shown in eigur
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Theoretical Q Limits vs. ka
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Figure 4 - Comparison of the approximate (Chu) and exactL@da, Collin) Q limits.

The approximate Chu limit and the exact solutioregiby McLean and Collin have very
good agreement when ka << 1, but begin to divesgeaaears 1. Interestingly, the M
mode should have the lowest Q out of all of the espads Chu found, but the
approximation that takes into account higher ordedes gives a lower Q than the exact
— stressing the limitations of the approximatioediby Chu in his derivation.

One method of estimating an antenna’s qualityofaistto use the input
impedance at the terminals of a tuned antennavasiés with frequency. In [18],
Yaghjian and Best developed an approximate relsiignbetween the impedance

Z(w) = R(w) + jX (w) Of an antenna and the Q of an antenna defined as

13
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Q@)= ZR(%)J R e e

where R'(w,) and X'(w,) are the frequency derivatives of the resistive raadtive

components. For single band antennas (and for Q) >the Q is often used to

approximate the fractional 3dB bandwidth [4] asvehan equation 2.8.

f —f
fractional bandwidth= ez o A&7 _ 1 (2.8)
fO fO Q

The 3dB bandwidth is equivalent to a VSWR bandwitb.828:1, but for evaluating

the Q with bandwidths defined by different VSWRés; equation 2.9 can be used [16]

2./ s-1
w)=—————  Wwhere =——=<1 2.9
Q@) = o VB="T (2.9)
where FBW is the desired bandwidth at s:1 VSWR.

The bandwidth of the antenna is therefore fundaatigrttound by theoretically derived

limits, with the linear polarization cases showrrigure 5.
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Figure 5— The theoretical limits on the 3dB and 2:1 VSWaétftional bandwidths versus
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2.2  Gain Considerations

Fundamental to antenna theory is the relationseiwéen the radiating aperture
size and gain — specifically, that a large apenitiegenerate higher directivity (and
therefore, assuming equal loss, higher gain) themaller aperture. The effective
aperture of an antenna relates how large of anaweawhich an antenna efficiently
accepts an incoming signal, and is related toitteeaf an antenna. Itis related to

directivity (and therefore gain), and is defined B3

D:j—’f&ﬁ (2.10)

While for small antennas the effective aperture $zin general, larger than the physical
aperture size, as operating frequency decreasesfifced antenna size, the effective
aperture size will also decrease. For miniaturiennas, the directivity will be lower
than that of a regular antenna, and will have edtivity pattern that broadens, and looks
more like an omnidirectional antenna as size ith&rreduced. However, this is not the
only factor working against the gain of small am@s The currents of the antenna are
confined to a smaller area on the antenna sur€acdtibuting to conductive losses, and
stronger fields near the antenna contribute tstbeed energy. This increases the Q of
the antenna [19], reducing the bandwidth.

An additional reduction in gain is caused by therdasing radiation resistance as
the size of the antenna is reduced, making ohns&el® even more important as they
become a sizable fraction of the overall inputstsice of an antenna. The radiation

efficiency can be expressed as [10]

n =2 (2.11)




where R represents the radiation resistance andeRresents the losses in the antenna.
The losses are typically a result of the conducami dielectric materials, which are
minimized using dielectric materials with as lowgsoas possible and high-quality
conductors. An example of a small antenna with fadiation efficiency is that of an

infinitesimal dipole, which has a radiation resita given by [4]
I 2
R =807 (;J (2.12)

Thus, for a range of dipole lengths betw&&000 and/20 (0.001 < i < 0.05), the
radiation resistance is a maximum 6%,2and a minimum of 0.00@8 shown in Figure 6.
This small radiation resistance is also importanémwthe loss of the antenna structure is
taken into account. Staying with the exampleroirdinitesimal dipole, the same
antenna length variation is considered, but thieieffcy is calculated using four different

equivalent loss impedances in the antenna modsh@asn in Figure 7.
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This efficiency problem will impact the gain, ariwill also contribute to the
noise temperature of the antenna. The gain wilaaly be limited by the size of the
antenna and the reduced radiation resistancey suéaessful miniaturization of an
antenna, losses in the antenna should be minimi@&sdin can be traded for bandwidth
fairly easily by loading an antenna with lossy mialeor a lumped resistor, which lowers
the Q and increases the bandwidth, but reducegdine As a result, methods of
miniaturization often seek solutions that optimisdwidth by making the most efficient

use of the volume enclosed by the antenna, idealyimizing both gain and bandwidth.

2.3 Recent Research on Electrically Small Antennas

There has been much interest in reducing the $iaatennas. Hum et al [20]
studied the effects of resistively loading a miéripspatch antenna, with the objective to
find loading locations that provided the best tftibetween reduction in gain and
increase in bandwidth. Karmaker [21] develope@sigh for a cavity backed circular
microstrip patch antenna that incorporated anarlgetween the substrate and ground
plane, an LC matching network, a loading capadcitat a ferrite loading bead to reduce
the size of the antenna and retain fairly good hadith performance. Wang and Tsai
[22] investigated the use of meander-line loadihthe patch antenna which effectively
increases the length of the current paths, but doewer a small area. The use of
meander lines parallels the phenomenon behindagding, which is discussed in
section 3.2. Zhou et al has produced a numbsmail GPS antenna designs, with a

33mmx14mm (diameter x height) circular stacked patmnfiguration in [23], and a
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31x31x12.4 stacked patch design [6], both of wisimber L1, L2 and L5 by reducing
constraints on the VSWR bandwidth. It is noted thlaile much of the research
presented in this section has led to successfigrnkesnone accomplished a match of 2:1
over the bands of interest, which was one of trségtemotivations for this study.

As a comparison, some of the more successfujdegproaches in this study are
plotted, showing their proximity to the bandwidimmits in Figure 8 and Figure 9.
Included are two antennas of Zhou, shown for compar None of the designs approach
the line, but this is mainly due to the patch gewyenly filling a fraction of the sphere
enclosing the antenna- all of these antennas arapl

Figure 8shows that Zhou’s antenna, [23], has the largeBtt&hdwidth of all of
the antennas considered, 95MHz. Figure 9 showwddh¢éhe same antenna, neither band
has a 2:1 VSWR match, and emphasizes the diffeflesiveeen the antennas presented in
this thesis and those in the literature. Therensary designs in the literature that achieve
the wide gain bandwidths required for GPS, notéidytwo designs of Zhou, et al, shown
for comparison, but they achieve their large baxithg via a poor match at the bands of
interest. The Bode-Fano criteria indicates that3tiB bandwidth can be broadened at
the expense of a good impedance match. In anesign it is normally desired to have
a match of at least 2:1 VSWR, especially in a G§&$esn where noise considerations
require a proper match. All of the optimized dasigresented in this thesis obtain 2:1

VSWR matches at both L1 and L2 bands.
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% 3dB bandwidth

McLean/Collin

Optimized Slot Loaded L2 (section 3.2.2)
Optimized Slot Loaded L1 (section 3.2.2)
Optimized High Permittivity L-probe L2 (section 3.1.3)
Optimized High Permittivity L-probe L1 (section 3.1.3)
36X36X10mm L probe Design (App. B, antenna 1), L2
36X36X10mm L probe Design (App. B, antenna 1), L1
31X31X10mm L probe Design (App. B, antenna 2), L2
31X31X10mm L probe Design (App. B, antenna 2), L1
Optimized Cavity-Backed Antenna L2 (section 3.3.2)
Optimized Cavity-Backed Antenna L1 (section 3.3.2)
L2 Linearly Polarized Prototype (section 3.1.2)
L1 Linearly Polarized Prototype (section 3.1.2)
Zhou 31X31X12.8mm L2
Zhou 31X31X12.8mm L1
Zhou 33X14mm L2
<« Zhou 33x14mm L1
Figure 8— Comparison of designs developed throughout thidysand the theoretical
3dB bandwidth limits. The antennas are denotethéysymbols in the legend.
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2:1 VSWR % Bandwidth

McLean/Collin

Optimized Slot Loaded L2 (section 3.2.2)

Optimized Slot Loaded L1 (section 3.2.2)

Optimized High Permittivity L-probe L2 (section 3.1.3)
Optimized High Permittivity L-probe L1 (section 3.1.3)
36X36X10mm L probe Design (App. B, antenna 1), L2
36X36X10mm L probe Design (App. B, antenna 1), L1
31X31X10mm L probe Design (App. B, antenna 2), L2
31X31X10mm L probe Design (App. B, antenna 2), L1
Optimized Cavity-Backed Antenna L2 (section 3.3.2)
Optimized Cavity-Backed Antenna L1 (section 3.3.2)
L2 Linearly Polarized Prototype (section 3.1.2)

L1 Linearly Polarized Prototype (section 3.1.2)

Zhou 31X31X12.8mm L2

Zhou 31X31X12.8mm L1

Zhou 33X14mm L2

Zhou 33X14mm L1

AvBO +oxOe#+PqQO=*VA

Figure 9 - Comparison of designs developed throughout thidysamd the theoretical 2:1
VSWR bandwidth limits. The antennas are denotethbysymbols in the legend.
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CHAPTER 3

LOADING METHODS

3.1 High Permittivity Dielectric Loading

One of the most direct means of reducing the gizemicrostrip antenna is to
increase the relative permittivity,) of the dielectric used for the substrate materidie
lowering of resonant frequency results from thatiehship between the speed of light
and the dielectric permittivity, shown in equati®n.

c=— Lt - G (3.1)

Jeu  en

Thus, as the relative permittivity is increase@, speed of light decreases. For a resonant

structure, this slower speed means an object loattbddielectric materials of; > 1 will
have a lower resonant frequency than an unloadadiahl size structure. Therefore,
these loaded structures are said to be “electyitaiger”’ than their unloaded counterparts
of the same physical size.

The performance of a microstrip patch antennabeaapproximated using a
transmission line model, where the patch radiangth is modeled as a length L of
transmission line, and the radiating edges are taddes slots with an admittance Y + G
+ B, Figure 10 [24]. The conductance, &ccounts for the radiation from the slot,
whereas the susceptance, jB, accounts for the itapee formed between the edge of the

patch and the ground plane.
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Figure 10- Transmission line model of microstrip patch an@grshowing the equivalent
representation of the slot susceptance as an éxtetosthe length of the transmission
line.

The resonant frequency of the antenna can be esédclifrom this model using equations

3.2-3.5[4], [25]. Equation 3.2 represents anaife relative permittivityees, which is a
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modified relative permittivity value that accouffds the fields fringing in the air above
the substrate material.

_&e+l £ -1 1
£reff - 2 + 2 h
\/1+ 12—
W

(3.2)

This modified relative permittivity value is thesad to find the length extensiah that

accounts for the fringing fields at the each ofriddiating edges.

(e +o.3)(vr\]’ + 0.2649

AL =h0.412 W (3.3)
4 —0.258| —+ 0.8
(s -0:259 ) + 08
The effective length g can be calculated using the results of equatidn 3.
L, =L+2AL (3.4)

This allows the resonant frequency to be calcdlaseng the new effective length, as

shown in equation 3.5.

f=— % (3.5)

Equation 3.5 denotes the resonant frequency addh@nant TMo, typically the excited

mode for patch antennas. The resonant frequerttyh@npermittivity are inversely

related, such that increasing the permittivity éases the resonant frequency of the patch

antenna. This allows an antenna to be miniaturszgaificantly, without adding

complexity to the metal patch, since a simple megtar patch can be etched onto high
permittivity substrate to realize a smaller sizeda@iven operating frequency, requiring
no modification to its shape. This can be benafficir manufacturing and for mechanical

robustness.
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As the size of the antenna decreases, by incigeasiostrate permittivity or by the
other loading methods discussed below, bandwiddhgam will be adversely affected.
Chapter 2 provided a theoretical basis for thisnstc relationship and this chapter
contains examples of loading methods that shovb#f@nce between size and
performance. As the size of the antenna decretmesffective aperture size is reduced,
lowering directivity. There have been some efftotsise high permittivity superstrate
loading (in the range @ = 80) of microstrip antennas to recover some efghin lost by
the reduction in size [26]. While the results presd do in fact show an increase in gain,
they involve miniaturizing the patch radiator itdalit not the actual substrate around the
patch. The result is that the higher permittigtyperstrate increases the aperture size by
utilizing the large substrate around the patchrarde For true miniaturization, the
substrate size must also be reduced.

Another set of drawbacks for high permittivity maals involve their mechanical
properties and material tolerances. Often higimgévity dielectric materials are
ceramic, which are brittle, fragile materials. Jkieakens the robustness of the antenna,
which traditionally is one of the advantages imgsa microstrip antenna. The ceramic
materials can be difficult to work with comparedtore common substrate materials
such as Duroid, or FR4, adding complexity to thenafacturing process. Also, loss in
the dielectric material tends to be higher fordkeamic dielectrics. For example, Rogers
TMM10 (g,= 9.2) has a loss tangent &a0.0022 (at 10GHz), whereas Rogers 5880
(PTFE) has a loss tangent of a0.0009 (at 10GHz). The tolerances on the relative
permittivity become more significant as the perivitly is increased. For Rogers 5880,

the relative permittivity is specified as= 2.2 +/- 0.02, which is a tolerance of 0.9%.
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Conversely, TMM10 has a relative permittivity sped ase, = 9.2 +/- 0.230, which is a
tolerance of 2.5%. This is a large variation, aad generate significant differences
between predicted and measured performance. TMda0ly a modest increase in
permittivity, whereas dielectric materials®f= 30, 40, 50, and higher will have larger

tolerances of the actual permittivity.

3.1.1 High Permittivity Performance Trends

To show the relationships between permittivity, daidth, and resonant
frequency, a study considered relative permittibégweere, = 1 ande, = 25. The
antennas are identical in size, with a 100x100x3ubstrate and a 27x27mm square
patch, with and without a 100x100x3mm superstrat@dicated, Figure 11. The results

were generated through HFSS simulations, in Fig@rand Figure 13.

100mm
-4 -
27imm-
€o
€: i 3mm
(a)
100mm
- -
2imm-
—p er 3mm

-

3mm

€

()

Figure 11- Geometry of the 27x27mm square patch antennalniséd for the
permittivity variation, (a) without a superstraséad (b) with a superstrate. Substrate and
superstrate are 100x100x3mm.
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— With Superstrate
----- Without Superstrate

,,,,,,,, Equation 3.5 :

Resonant Frequency [GHz]

Relative Permittivity €

Figure 12 -Change in resonant frequency with relative permiijti Antennas are
27x27mm on 31x31x3mm substrates and, as indicaseg, 31x31x3mm superstrates.
Predicted Frequency from equation 3.5 is showrtdonparison.
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Figure 13- Change in 2:1 VSWR bandwidth with relative petivity. Antennas are
27x27mm on 31x31x3mm substrates and, as indicase®, 31x31x3mm superstrates.

As the permittivity is increased in Figure 12, theonant frequency decreases at a rate
proportional td/\/g. The resonant frequency was calculated usingtiegqud.5 and is

plotted for comparison, showing good agreement thighsimulations. The frequencies
calculated with equation 3.5 are consistently lothen those of the HFFS simulations,
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since an infinite extent substrate is assumeddretjuation. Truncated substrates are used
in the HESS simulations, which results in a lowéeaive e,. Further, the simulations
performed with superstrates show less reductiaifectivee, compared to the
simulations without superstrates, since the pament has the same permittivity
dielectric both above and below. Figure 13 shdvas$ the bandwidth decreases at a rate
proportional toe, 2, which can be explained by equation 2.2, whictestthat the Q (and
therefore bandwidth) is proportional to the invep$éhe volume of the antenna, or B~
(ka)’. With increasing permittivity for an antenna béefd size, the bandwidth decreases
at a faster rate than the resonant frequency.

High & materials have been used as a substrate and istsafeeto take advantage
of this miniaturization, where both configurationgke the patch electrically smaller. A

few designs successfully employed this method,advehich is shown in Figure 14.

Figure 14-Stacked patch design using dielectrics wjth 50. Dimensions: top patch =
11.5x11.5mm, bottom patch = 15x15mm, dielectric8<4Bmm with 5mm total
thickness of all three layers.

The antenna was miniaturized to a very small si®x{9x5mm total volume) with the

use of such a high relative dielectric constant,dxinibited extremely narrow bandwidth,

as seen in Figure 15.
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Figure 15- Return loss for antenna ep= 50. Dimensions: top patch = 11.5x11.5mm,
bottom patch = 15x15mm, dielectrics =19x19mm wittmb total thickness of all three
layers.
Many designs were attempted using very high peintyttdielectrics €, =50 in this
example) and were found to be too narrowband fisrapplication. However, many

examples using lower relative permittivitiesepf 9.2-30 have shown some promise, and

have been explored for use in two prototypes.

3.1.2  Optimized Linearly Polarized Prototype Design

Initially, high permittivity dielectric materials ih er = 40-50 were investigated as
potential means of miniaturization. After manyidesattempts realized 2-3MHz 2:1
VSWR bandwidths in the best cases, more modedivelaermittivities were considered.
From this study a linearly polarized prototype wlasigned and built, where resonances
at the L1 and L2 bands were obtained by tuningadribe bands on each of the

orthogonal TM1pand TM oo modes of a rectangular patch, shown in Figure 16.
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Figure 16- Linearly polarized GPS antenna on high permtitgimaterials ok, = 25 and
g = 38.

The substrate is = 25 dielectric, and the superstrateis 38 dielectric. The
substrate dielectric was chosen to provide minization while not decreasing the
bandwidth as severely as the higher permittivityarals. Thes, =38 dielectric layer
was then added as a loading superstrate to fulld@ease the resonant frequency, and
also to provide a better match between the patdhtenfree space impedance. The
substrate was truncated to be the same width aigthi@s the patch itself in order to
minimize the potential for surface wave excitatere to the high permittivity dielectric
and thick substrate. With the patch tuned in ¢isfiguration, the substrate thickness
was then increased incrementally to 8mm until adladth of at least 5SMHz 2:1 VSWR
was obtained at both the L1 and L2 bands. Finallgapacitive feed element, a disc
coplanar with the patch, was added to tune ouinttectance caused by the long feed
probe in the thick substrate, and was optimizesize to provide a good impedance
match to 502 over the widest bandwidth. The dimensioned antémshown in Figure

17.
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Figure 17 - Design layout of the high permittivity, lineagplarized GPS antenna
prototype. All dimensions are in millimeters.

The antenna was simulated using Ansoft HFSS udH(@ metallic surfaces (see
Appendix C), and on an infinite ground plane. &néenna is shown to have a 2:1
VSWR bandwidth of 8MHz at L2, and 15MHz at L1. Cadvantage of a single feed
design is the freedom of tuning without the potrfor coupling to another feed port,
especially when using capacitive discs, where gbwegimity of the clearance holes can

lead to coupling between adjacent probes.
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Return Loss of High Permittivity Linear Prototype
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Figure 18- Return loss performance of the linearly polari2821x12mm GPS antenna
on high permittivity dielectric materials.
The broadside realized gain is shown in Figureat®6th the x-polarization and y-
polarization (see Figure 16 for coordinate axigmtation), which takes into account
mismatch losses. Figure 19 shows that at L2 thefgness bandwidth of +/-1dB is
19MHz, and at L1 the gain flatness bandwidth is 8&both above 3.2dB over each
band. The maximum gain is 5dB at each band, amdrbss-pol is shown to be below
-16dB over both bands. Since each band utiliztiferent orthogonal mode on the
patch, the polarizations of the gain are also amdwhogonal axes. An additional GPS
link budget consideration for this antenna is tiB 8eduction in signal when the linearly
polarized antenna is used to receive a CP sigrathas not taken into account on this

gain calculation.
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Figure 19- Simulation results for the broadside gain actads L2 and L1 bands.

In addition to the simulations used in designing skructure, prototype antennas were
fabricated and tested at Tyco Electronic Systenvssidn. Multiple prototypes were
fabricated, some using the AF-126 bonding epexy @.5) to adhere the dielectric layers
together, and some without the bonding epoxy layexl together instead with tape.

Figure 20 shows the location of the bonding layethe prototype antennas.
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Figure 20- Diagram of the location and thickness of the A% bonding epoxy layers
used in fabrication of the linear prototype antenna

A comparison between the measured and simulated ¥ 8Nthe prototype with epoxy

bonding layers and without the epoxy layers isgmé=d in Figure 21.
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Figure 21- Comparison between the measured and simulatedR/&\the linear
prototype antenna on high permittivity dielectric.
The resonant frequencies for the prototype buithaut the epoxy layer match up closely
with the HFSS simulation, but the impedance matghiinthe prototype antenna differs
drastically from the simulation. At L2 the meagiiresult shows the VSWR dips just

below 2:1, but is not nearly the same bandwidtthasimulation predicted. At L1 the
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match is very poor, with the measured VSWR resuly ceaching 3:1 over a small
bandwidth, clearly not covering the same bandwadthhe simulation. For the prototype
with the bonding layers, the resonant frequendyngd slightly higher than that of the
simulation at both L1 and L2 bands, and the maaiso much different than that of the
simulations. These prototypes showed that the ibgridyers shift the resonant
frequency upward, and the simulation does not fadlgount for their effects. The
impedance match of both prototypes is not whasiimeilations predicted, and this may
be a result of two factors: the dielectric materiaere only modeled with the relative
permittivity value (as was done with the epoxyhagng the dielectric losses, and there
may be further uncertainty in the actual relatieenpittivity of the material used; and the
prototypes may have some mechanical tolerancesias=sw with them, such as uneven
bonding of the dielectric layers, or air pocketsha epoxy layers that are not accounted
for in the simulation. All of these are unknowhattwould require further adjustment in
subsequent prototype versions when working with tiigh permittivity material, such as
tuning the resonant frequency of the simulatedrarae to be slightly lower than desired,
to compensate for the increase in frequency fragrefboxy layers.

The gain patterns were measured, and are pldtthe aesonant frequencies
indicated in Figure 21, and compared to the HF&tlgited patterns, the results of which
are shown in Figure 22 and Figure 23. Note thatHRSS simulations were performed
on an infinite ground plane, so there is no congoarifor the back-lobe radiation. The
prototypes without epoxy bonding layers were alsly measured over

-90° <0 < 90°.
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Figure 22- Measured and simulated gain patterns at L2 bantinear prototype
antenna.
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Figure 23- Measured and simulated gain patterns at L1 bantinear prototype
antenna.

The patterns shown are typical of the E-plane patté microstrip antennas, with a broad

beamwidth and a hemispherical pattern. At L2d@hempproximately 3dB maximum
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gain at broadside, and at L1 approximately 5dB maxn gain at broadsize, with
significant back-lobe radiation for the measuresis. The measured and simulated
gains have good agreement at broadside. Evenhhibegnatch is not the same over
each band for measured and simulated results, ¥R match is an insertion loss of
only 1.3dB, which explains why the maximum gaistd fairly close to the simulation at
both L1 and L2 bands. Normally, circular polariaatis desired for a GPS antenna, but
on some portable handsets, such as cell phonablet PCs, linear polarization can be
tolerated when propagation effects such as muktipeg the dominant form of signal

reception due to a lack of line-of-sight, suchraa city with large buildings on all sides.

3.1.3  Optimized L-probe, CP Stacked Patch Prototyp

The next design took advantage of the more stableepties of the Rogers
TMM10 material, which was also used for many of dhiger antennas in this study. This
design began in a form similar to that of the lmng@atotype, where a second patch was
added to the linear prototype of section 3.1.2iteetthe L1 frequency and L2 frequency,
as shown in Figure 24. The stacked patch antenmetgre was made into a square such
that a probe along each of the principle axis ctndised to tune both L1 and L2 on each
probe, providing the opportunity for CP operatiomen the proper phasing is applied to
the feeds. Then the substrate thickness was rddac&&5mm to approach the 5mm
thickness goal, and the length and width of themm was increased to tune L1 and L2,

since a lower permittivity material is used for gwbstrate.
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Figure 24- A step in the transformation from the linear ami@ prototype to the CP
version, showing the addition of an orthogonal faad thinner, but longer substrates.
The set of size iterations further optimized theing and resonant frequencies, and
resulted in an antenna occupying a volume of 41155¢6.50mm, and is shown in Figure

25.

Figure 25- Circularly polarized GPS prototype antenna on TMMlielectric material.
The top patch is 29.6mmx29.6mm in size, and thesiqwatch is 40x40mm.
The antenna uses an “L” shaped feeding probe hiedigh a hole in the lower patch,
with the horizontal section situated between the patches. This configuration allows
for an extra degree of freedom in the tuning ofghtenna, providing the opportunity to
match both bands over a large of bandwidth. Figérehows a detailed dimensioned

drawing of the stacked patch antenna.
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29.60

41.50

Figure 26- Drawing of the circularly polarized, stacked gaprototype GPS antenna.
Horizontal “L” probes are Immx5.5mm. All dimensicar® in millimeters.
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Ansoft HFSS was used to analyze the performantieecdintenna, with PEC metallic
surfaces. A 2:1 VSWR bandwidth of 8MHz was achieaelL2, and a bandwidth of
16MHz was achieved at L1, as shown in Figure 27.

Return Loss of the Circularly polarized prototype antenna

77777777 8MHz o T

[dB]

-50

Frequency [GHZz]

Figure 27 - Simulated return loss for the 41.5x41.5x6.5mmutarly polarized Antenna.

In addition to adequate bandwidth over both batidsisolation between the probes is
better than 18dB over both bands. This indicatesgdower loss through coupling
between the orthogonal feeds, and this also céeseta good cross-pol performance, as
the two modes are well isolated and orthogonal. drtiogonal feed structures, coupling
of fields between the probes can indicate highszpad, since, in order to couple between
the probes, currents (and fields) must have comptsne both principle axis directions
on the patch. The gain is shown in Figure 28 @a&h band, where two probes were fed

in quadrature, resulting in right hand circulargy@ation (RHCP).
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Figure 28- Simulated broadside gain performance for the 1%x6.5mm circularly
polarized, stacked patch antenna.
The results indicate a gain flathess bandwidth/efLétB of 19MHz over L2, and 33MHz
over L1. These gain bandwidths are large enouglatisfy the requirements of the GPS
system. Also, over each gain bandwidth the LHGR gamponent is below

-20dB, which indicates very low cross polarizateord, therefore, very low axial ratio.

The axial ratio is shown in Figure 29.
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Figure 29- Axial ratio for the circularly polarized, stackedtch prototype antenna for

both L2 and L1 bands.

Over both bands, the antenna has better than 3@dBraio, which is desirable
polarization purity for GPS operation. This ant@mneets all of the electrical
specifications of the design criteria that werelihsis for this investigation, but is larger
than the desired size of 31x31x5mm. Given theoperdnce of 3dB of gain over the
gain flatness bandwidth, a 2:1 VSWR of better tB&Hz over each band and axial ratio
below 3dB, literature searches at this time haiteddo find an antenna of comparable
size that exceeds this performance.

In addition to the simulations performed in theida of this antenna, a prototype
was built and tested by Tyco Electronic Systemsadiow, and the results are shown
compared to the HFSS simulations. The antennaré&tas measurements in Figure 30
show the resonant frequency at the L1 band to ifiledlapproximately 100MHz above
the design frequency range of 1.575GHz, while &@s®nant frequency at the L2 band was
close to the simulated design data and is propertyered around 1.227GHz. The
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addition of epoxy layers does not impact the turahthe L2 band, namely because the
dielectric substrate beneath the L2 patch is homeges, and there is only an epoxy layer
on top of the patch. L1 was strongly affectedg¢siit has two epoxy layers holding
together the substrate below it creating an inha@negus substrate. The large shift in
resonant frequency for the simulated and measuadtgpes with and without epoxy

layers are compared in Figure 30. A 2:1 VSWR badtwof 18MHz was measured at

L2, and 64MHz bandwidth at L1, exceeding the impegabandwidth requirement of

5MHz at each band.
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Figure 30- Comparison of the measured and simulated reass performance of the
circularly-polarized, stacked patch prototype antenThe antennas shown are the
measured prototype, the HFSS design simulatiomsaarHFSS simulated antenna
modeling the epoxy boding layers, and an HFSS sitimul modeling the whole top

epoxy layer as an air layer.

In order to account for the shift in frequency, thve AF-126 €, = 4.5) epoxy layers that

were used to fabricate the antenna were modelBidF8S, shown in Figure 31, and the

results are shown in Figure 30 along with the mestkdata.
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Figure 31- HFSS model of the circularly polarized, stackatch prototype antenna
including the two 2mil thick AF-126 epoxy layersedsto fabricate the antenna, one at the
lower patch and one at the layer with the horiziosgation of the L probes.

Even with the epoxy layers in the model, the ardesimulations did not tune to
as high a resonant frequency as the measuremeénésnext step was to run simulations
assuming an air bubble was present at the top egicky layer, shown in Figure 30,
where the top epoxy layer was assumed to be arolime €, = 1). This approaches the
resonant frequency measured, and it is likely tieeem air bubble in this epoxy layer, or
perhaps a larger thickness epoxy layer than thé&stimated, that is tuning the
frequency of the L1 band up by 100MHz.

The gain response was measured with the antenoiasted on a 4ft ground
plane. Spin-linear pattern plots were taken ireotd measure the axial ratio of the
circular polarization over all elevation anglesraavith the gain. Figure 32 shows that
the axial ratio measured is on the order of 6dBraadside, increasing to approximately
10dB att=60°, and 20dB at the horizon. This is much highan the simulated axial
ratio, and it was noted by Tyco Electronic Systé&mnasion that the measurements taken
had a poorly tuned 90° hybrid that may explaingber axial ratio. Further
measurements were not available to confirm thecsoof the poor axial ratio
performance. The antenna is shown to have a lprattern, typical of a patch antenna,

and the ripples on the pattern are a result ofitiite sized ground plane used to measure
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the gain. The back lobe radiation is low, belo@d®, and multiple lobes are present for
theta angles greater than 90° due to scatterinthefédges of the ground plane.
Otherwise, the measured gain envelope is fairlgecto the simulated gain pattern,

showing good agreement.

L2 Band L1 Band

Measured
Simulated

Figure 32- Spin-linear E-plane gain patterns for the L-préduh stacked patch GPS
prototype at both L1 and L2 bands, for both measarel simulated antennas. The
patterns were taken at the center frequency of gaithbandwidth.
These patterns show that with the axial ratio impth the antenna would have a wide
field of view, since it has such a broad beamwidfhe maximum gain was measured at

broadside for the L1 and L2 bands to show the gairoff with frequency. Figure 33

shows that the L2 band gain peaked at 5dBi, anddireat L1 peaked at 3.5dBi.
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Figure 33- Broadside RHCP gain vs. Frequency over both thand L2 bands for the
L-feed, stacked patch GPS antenna prototype.

At L2 the +/-1dB gain flatness bandwidth is 22Mldnd at L2 the gain flatness
bandwidth is 47MHz, once again exceeding the mimn2®MHz gain flatness
bandwidth. Both the VSWR and gain bandwidths weeasured to be larger than the
simulations predicted, and the axial ratio and édonant frequency were also different
than the simulations. This indicates that develgulesigns on TMM10 with the epoxy
layers may require the simulation model to incogp@better models of the epoxy layers
in the design stage to account for their effedhasdesign progresses.

Overall this antenna was one of the best candidigsigned throughout this
study, surpassing the electrical specificationga¢h that motivated this study, while
approaching the physical size specifications. Aliserature searches have failed to find
similar sized antennas meeting the same VSWR,fgdimess, axial ratio and dual band

operation in an antenna of this size, and variatmmthis design appear in section 3.2.2,
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as well as section 2.4, where the area occupigbéogintenna was reduced to produce

even smaller versions of this design at somewhatedsed performance.

3.2  Slot Loading
The TMgo mode that develops on the patch has a resonapiginey dependant

on the length of the patch. While a high permitiyigubstrate will make the metal patch

look electrically larger by changing the wave prggizon speed, another method used in

tuning a microstrip antenna is loading the patcthsiots.
There are two helpful models that can be used pta@xchange in resonant
frequency. For a visual, intuitive explanatiorg #lots can be viewed as obstructions to

the path of the current, forcing a longer physdiatance for the current to travel. Figure

34a shows the current distribution on a patch serfaith no slots, exciting the Tigh

mode where the antenna is operating at a frequainty 30GHz.
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Figure 34- Current distributions on the patch layer whenThM oo mode is excited (a)
without slots and (b) with slots.
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The patch without slots allows a straight path ssithe patch, whereas the slots force
currents to take a longer path, as in Figure 3@tis longer path corresponds to a longer
resonant length, thereby tuning the patch to 1.464@G reduction in the resonant
frequency of 280MHz. Here the slots are placati@midpoint of the patch, but they
can be located anywhere along the patch if thegpgdahe current paths. One important
consideration in placement of the slots is the jd#ion desired, as asymmetric slot
placement can potentially cause cross-polarizdéeels to rise. For asymmetric slots,
resonant current paths can develop off the mais akéhe patch, such as along a
diagonal axis, producing radiation components alooity of the main axes instead of
only one axis. Increased cross-polarization veiiult in poor axial ratio for circular
polarization, and coupling between the two orthadeeds will increase.

Another representation of the slots is that afraped circuit inductor, placed in
series with the transmission line model for thecpantenna, as done in [27]-[29], shown

in Figure 35.
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Figure 35- Transmission line model of the slots, where #r@es inductance
approximates the slot field behavior.

The reasoning behind the inductive model is thatslbts cause a concentration of the
magnetic field interior to the slots, due to therents forced to flow along the edge of
each slot (see Appendix D). From this lumped maaleinductor stores magnetic energy
and resists phase changes in the current flongdntting a phase delay between the
voltage and current, similar to the physical masleére the currents are delayed by
taking a longer path around the slot. Unfortunatae$ [28] shows, a single lumped
inductor is only a very coarse approximation, sitieeinductance changes over the
length of the slot. To make this approximationdetmany inductances have to be

placed in the circuit, and solved using a multipwtwork model as done in [29] and
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shown in Figure 36. This yielded good agreemetwéen experiment and simulation in
[29], but does not simplify to an analytic soluti@md must be solved numerically.
Despite the shortcomings of the lumped inductancdahshown in Figure 35, it does
provide insight into the tuning achieved with tha&s from a circuit perspective. Both of
these lumped inductance models assume a verylttjraad do not account for the

capacitance from the displacement current in tbe sl

L

i

Ln—1

L
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Figure 36- N-port lumped inductor approximation for the stok patch.
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3.2.1  Slot Loading Performance Trends

A study was undertaken to observe the effects odwalth, resonant frequency
and gain of a patch antenna when loaded with sli8t&7x27mm patch with a
31x31x3.175mm TMM10g = 9.2) substrate, Figure 37, was simulated in HAES
four slots of varying lengtlh and a fixed widtlf = 1mm. Prototype antennas were also
fabricated (Appendix E) to validate the simulatdata. The results are shown in Figure

38.

v

L1 1)

3.1?5mm)‘\.
N

Figure 37- 27x27mm patch antenna on a 31x31x3.175mm TMMllfistsate, with four
slots cut into the patch surface, with lengnd width{ = 1mm.
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Figure 38— Change in (a.) the resonant frequency, (b.) batdwand (c.) gain with
variation of slot length. Patch is 27x27mm square with a 31x31x3.175 mrstsatie of

TMM10 (g = 9.2). The slot widths are dlE 1mm.
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For slot lengths greater than 4.5mm the resonaquéncy drops off
approximately linearly, Figure 38a, with the longglet length oft = 11mm decreasing
the resonant frequency by 500MHz compared to tihehpaithout a slot. The reduction in
resonant frequency with increasing slot length egjreith both the lumped inductor
model and the resonant path length model. Theoappate bandwidth also drops off
linearly, Figure 38b, (the stair-stepping is a testiusing whole number MHz
frequencies for the bandwidth). The bandwidth eases similar to the resonant
frequency because the antenna volume is fixedtladntenna looks electrically smaller
as the resonant frequency decreases, increasirfgy) tidhe measured data show good
agreement with the simulation results. Broadsaiae gerformance, Figure 38c, behaves
very similar to the resonant frequency as thelslogth is increased. The aperture is fixed
in size, so as resonant frequency decreases, ¢hisplooks electrically smaller.

Next, for the antenna in Figure 37, the slot widilase varied, with a fixed slot
length oft = 9mm. The resonant frequency decreases witlkeasang slot widtli, shown
in Figure 39a, with the maximum slot width{pf 6mm decreasing the resonant
frequency by 200MHz compared to the 1mm antenna. As in the slot length study, the
bandwidth, Figure 39b, and broadside gain, Fig@ 8ecrease similar to the resonant
frequency for increasing slot widtlis The measured data also shows good agreement.

While the reduction in frequency with increasingtstidth agrees with the model
that the slots force the resonant path of the atiteelengthen, it is unclear from the
lumped inductor model what impact of slot widthvaidve, since the model assumes
very narrow slots. In [27], a rule of thumb is ypided such that the impedance of the

series gap capacitance is negligible, in compariatth the impedance of the slot
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inductance when the width of the slot is less tinsubstrate thickness, which was true

in the study on slot lengths (1mm wide slot vs. 3thiok substrate).
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Figure 39— Change in (a) the resonant frequency, (b) barttiwahd (c) gain with

variation of slot width. Patch is 27x27mm square with a 31x31x3.175 mrateate of

TMM10 (g = 9.2). The slot lengths are alE 9mm.
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Appendix F shows a modified transmission lirreui for the slot loaded patch
when the slot is wide compared to the substratkmigiss, using approximations given in
[30]. As the slot width is increased, shunt cajzaue on either side of the slot increases
between the patch and ground, and a series capeeitdnnecting the two sides of the
slot decreases. The ratio between the slot widthtlae substrate thickness determines
when these capacitances are significant, namelywheeslot width is on the order of the
substrate thickness or larger.

While a previous study varied the width of the slota fixed thickness substrate,
varying the substrate thickness with a fixed wisltht is also of interest, since it also
affects the capacitances. A 27x27mm patch withvatttbut four 9mm long, 1mm wide
slots was analyzed on a 100x100mm square TMM199(2) substrate, ranging in
thickness from t = 0.5-5mm, with a 100x100x3mm TMM4; =9.2) superstrate. The
large substrate size was chosen to approximatefiaiteé substrate, to avoid the effects

of substrate truncation.

Four 9mm Long, 1mm Wide Slots No Slots
Y¥aiam N
& 5 1.65
> 14 >
2 2 156
g 1.39 g '
3 g
L 138 L 155
g 137 s
) c 15
8 1.36 3
14 14
1.35 1.45
(a) Substrate thickness t [mm] (b.) Substrate Thickness t [mm]

Figure 40- Change in resonant frequency for a 27x27mm patcBubstrates( =9.2)
thickness t, (a.) with slots, and (b.) without slot the patch surface.

55



For the thinnest substrate in Figure 40a, the stapécitance is relatively large since the
separation between the ground and patch is sniblk leads to a low resonant

frequency. As the substrate thickness increaBesstunt capacitance decreases and the

. t.. . . . .
resonant frequency increases urti: 2. After this point the slot is narrow with respect
w

to the substrate thickness, and the shunt andsseapacitances no longer dominant. The
frequency then decreases with increasing substraeness, as in the traditional
microstrip antenna, Figure 40b.

Another study involves moving the slots along #gith of the patch to observe
the effect of slot placement. The antenna conefs&s27mm square patch, on a
31x31x3mm square substrate of TMMZP= 9.2), with no superstrate. Two slots,
arranged symmetrically on the patch, are moved f#b8mm to +13mm along the

resonant length of the patch.

-13mm Omm  13mm

Figure 41- Diagram of patch surface with slot positions gdralong the resonant length
of the antenna.
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Sweep of Slot Placement Along Resonant Length of Patch
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Figure 42— Resonant frequency vs. slot position showingctienge in resonant
frequency for three different slot lengths of 3n@mm, and 9mm. The patch is
27x27mm on a 31x31x3mm substrate<9.2).

This study confirms that placing the slot at thetee of the patch, where the
largest currents are, has the most impact on pedoce. From a circuit theory
perspective, the inductance will have the mostcafféhen there is high current involved.
As the slots are moved away from the center op#iteh, in either direction, the resonant
frequency rises symmetrically (independent of widalection the slots are moved). In
fact, the resonant frequency tuning curve mapghmitosine current distribution that
develops on the patch with respect to length, ex@g@an inverted cosine, since the
lowest frequency tuning is at the current maximang the highest frequency tunings are
where the lowest levels of current are. There beagituations where placing the slots
off of the midpoint of the patch has an advantageh as less conflict between placement

of the feeding probe and the slot. Additionallyltiple slots can be utilized, although
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with the knowledge that the slots will have lede@fas they move away from the central
axis.

Slot shapes are another aspect of slot loadingnthatstudied. Previous studies
all involved a rectangular slot shape, but theewade range of conceivable shapes for
use in the same manner. Slots were modified te hawnd, smooth terminations,
triangular slots, circular slots, slots with castiat the end, and multiple slots in the patch

surface as shown in Figure 43.

Figure 43- Various slot shapes studied to determine theopmdince compared to a
rectangular slot.

Three cases are compared — circular slots, as shothie bottom left of Figure 43; slot
with circular cavities, shown in top left of Figu48; and triangular slots, shown in the

top right of Figure 43. The dimensioned antenmashown in Figure 44.
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Figure 44 - Dimensioned drawings of the three slot shapespened to observe effect of
slot shape on bandwidth.

Slot Shape £ [GHZ] Zél[l\\/ASHVZ\gR
Circular Slots 1.601 8
Slots with Circle Terminatign 1.598 8
Triangular Slots 1.606 8

Table 1- Comparison of the 2:1 VSWR bandwidth for threféedent slot shapes.

Comparison of Slot Shapes

S11 [dB]

i :E Circular Slots
25 m S T — Slot + Circle
i i Triangle Slot
_30 L L I
1.5 1.55 1.6 1.65 1.7

Frequency [GHz]

Figure 45- Return loss of the simulated antennas with diffiéislot shapes for
comparison of bandwidth performance.

All three of the antennas were tuned to approxitpdt®&GHz, and Table 1 shows
that the 2:1 VSWR bandwidth is the same for eat¢brara. No shape was found to

provide an improved impedance bandwidth comparesintgple rectangular slots.
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However, some slot shapes provide advantagesqadrey tuning. For example,
multiple slots can be cut into a patch surfacehsagin Figure 43, which allows the patch
antenna to be tuned to a lower resonant frequédraywhat is possible with a single slot.
Also, Figure 44 shows that for the same resonaqjuiency, the edge of the triangular slot
is closer to the center than the edge of the statinated in the circular cavity.

Therefore, the slot with the circular cavity teriaiion is less likely to interfere with the
feed probe placement than the triangle-shaped Sloine shapes may allow easier
placement of the feed probe than others. Alsothemaise of multiple slots is to place
two slots off-center from the central axis, showrigure 46, which allows the centerline
to be completely unobstructed for maximum flexiyiin feed probe placement,
removing an impedance tuning obstacle while retgitihe frequency tuning

performance.

Figure 46- Patch antenna using two slots to achieve theatesesonant frequency,
while leaving the centerline of the patch freetfor feed probe.
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The slot study results can be summarized as follows

» The slots decrease the resonant frequency of ticl patenna by diverting the
current to a longer path, resulting in an effe@lagous to that of an inductor
placed in series between two halves of the patch.

* The slots have the most impact on performance whaaed in areas of high
current on the patch surface, which for the domiffidn; oo mode is along the
center of the patch length.

» For narrow rectangular slots, the resonant frequeecreases approximately
linearly in direct relation to the length of thetsl

* Increasing the width of the rectangular slots ferttlecreases resonant frequency,
although in a nonlinear manner.

» For substrate thicknesses less than the slot wigéhfrequency is decreased
further by capacitance developed between the granddhe patch.

» The shapes of the slots cut into the patch layaraldhave any bandwidth
performance benefits with respect to one anotBeme shapes might allow for
easier feed probe placement.

» Multiple slots can be cut into a patch to obtairttfar frequency reduction,
although at no benefit in bandwidth or gain. Mulkislots can also be used to
free the patch area along the center axis, allowioge convenient feed probe
placement.

» Slot loading can be used to allow the use of lomgvity substrates while
obtaining the same frequency tuning of much higleemittivity materials. This
allows the high loss and high permittivity tolerasdo be avoided.
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3.2.2  Optimized Slotted, Stacked Patch Design

The slot study data provides insight and trendeam the various slot parameters
affect the antenna performance. To illustrateuge of slot loading in reducing the size
of an antenna, a design that uses slots is prest#rdewas optimized according to the
design specifications that motivated this studiisTesign consists of two stacked
patches, the top patch is 30x30mm square with¥8orm long slots 1mm wide along
each of the main axes of the patch, and the bgtatich is 27.5x27.5mm square, Figure
47 and Figure 48. The bottom patch is placed 8&x86x3.5mm TMM10 substrate, and
between the bottom and top patch is a 36x36x3mm TIPIBubstrate. The structure is
fed via an L-shaped probe placed through a clearhate in the bottom patch with the
4mm long horizontal section placed between thepgatohes with 0.75mm separation

between the top patch and the probe.

Figure 47 - Isometric view of the optimized slotted, stackedch antenna.
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Figure 48— Dimensioned drawing for the optimized slottedcked patch antenna. All
dimensions are in millimeters.

The structure was simulated in Ansoft HFSS using P&tch material and TMM10
dielectric material. The antenna is impedance heat@t each band, with a 2:1 VSWR
bandwidth of 6MHz at the L2 band, and 10MHz atlthéband, Figure 49, satisfying the
matching requirements of the design that motivétesistudy. The isolation is better
than 20dB across both bands, indicating good gorosand low loss due to coupling.
Figure 50 shows the impedance loci and the impedaraich obtained on the Smith

chart.

63



Scattering Parameters for the Slotted L-probe Antenna

[dB]

=
o ---
a1
[
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Frequency [GHz]

Figure 49— Simulated return loss for the optimized slottetlked patch design on

Ansoft Corporation

-100 80

Figure 50- Smith chart for the slotted stacked patch despowing the matching of the
impedance loci.

The gain performance was analyzed with the antptated on an infinite ground plane.
The simulation results are expressed in “realiz@d”gwhich is the HFSS gain parameter
that takes into account the impedance mismatch;wdiiffers from the traditional IEEE
definition of antenna gain. The excitations athepart were in quadrature phasing,
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allowing circular polarization to be generated.e®ntenna was found to have a +/-1dB
gain flatness bandwidth of 28MHz at L1 and 15MHtz2twith a gain above 3dB over
each band, although both bands have usable gasideudf this bandwidth if gain

flatness is not a priority, Figure 51.

L2 Band L1 Band
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Figure 51— Simulated maximum gain at broadside versus frecyuat L1 and L2 for the
slotted, stacked patch antenna.

The low LHCP levels indicate good cross-pol overhelaand, and the axial ratio was
calculated at broadside over the bands where gdimess was obtained, Figure 52. At
L1, the axial ratio was below 0.4dB throughout Itla&d, which is well below the typical
3dB axial ratio specification. For L2, the axiatio was between 1 and 2dB except
towards the very lower end of the band, out ofghm flatness bandwidth, where the
axial ratio increases above the 3dB level. Théoperance met the desired 3dB axial

ratio specification over both bands L1 and L2.

65



L2 Band L1 Band

S CoT T T o
| | | | |
| | | | |
2.5,,,J ,,,,, L | - — - — — |
l l l l l
| | | | |
o m o) S R Lo [ I_ - _ [
o] ol | | | | |
Q o 1 1 l l |
"('G‘ "“'5' 1.5,,,J ,,,,, L | - — - — — |
@ Y | | | | |
3 B | | | | |
X > 1F--4—-—-—-—— L L - - — — — _ I [
< < I I | | |
| | | | |
o [ A L -
-“l-\:—i_——i—'-/‘/
| ) |
0 1 1 1 1 1
. 1.55 1.56 1.57 1.58 1.59
Frequency [GHz] Frequency [GHz]

Figure 52— Simulated Axial Ratio at L2 and L1 for the Slottetacked Patch Antenna.

This antenna performs satisfactorily, meeting tIi8®W¥R bandwidth requirements
and approaches the gain bandwidth requirementse wbcupying a small volume of
36%x36x6.5mm (1.42x1.42x0.26"). The length of #mgenna is on the order 6.7,
and has a thickness of oili87. The miniaturization achieved was due to the of
moderately high permittivity substrate (TMM1€= 9.20) and the slots that were used to
reduce the size of the L2 patch without havingesort to either a larger size antenna or a
higher permittivity substrate. Further, this desigas the thinnest antenna designed
during this study that met the impedance bandwsggtifications, resulting in a design
that is closest to meeting the electrical spedifices and the ultimate goal of

31x31x5mm total volume for the antenna.

3.3  Cavity Loading
Cavity loading offers some distinct advantages wihesigning a microstrip

antenna. A cavity backing provides a metallic bary around the antenna that can be
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used to isolate the antenna from its surroundifigss allows close integration of an
antenna onto circuit boards, or surfaces wheraibenna must be placed near surfaces
that might absorb or scatter energy. Also, a nsicio antenna is planar and can conform
to the surface it is mounted on, providing comant unobtrusive antenna placement on
the exterior of automobiles, airplanes and othéiasas. When a cavity is placed around
a microstrip antenna, this allows the antenna teebessed into the mounting surface (the
ground plane), flush with the surface.

The cavity also provides some electrical benefiise walls of the cavity, if close
to the patch antenna, load the edges of the patalasto that of a lumped parallel plate
capacitor, which lowers the overall resonant freqyeof the patch. Often miniaturized
patch antenna designs use thick, high permittsitystrates to reduce the resonant
frequency while maximizing bandwidth for a giverear The side-effect of this method
is the excitation of surface waves, which resulta loss of power out along the grounded
substrate — lowering the efficiency of the anteand/or distorting the radiation pattern.
By placing a cavity behind the patch, surface waressuppressed by the metallic walls,
which essentially “short out” the TE/TM surface wawnodes [31].

The cavity backing can also provide extra feediptioms compared to a regular
microstrip antenna. Since the cavity is essegttakk ground plane for the antenna folded
to form a cavity, a feed probe can be placed iWl@ wall to feed the antenna just as
easily as on the bottom plane of the cavity. Tais allow shorter paths to the antenna
than from the bottom of the cavity, reducing théuatance introduced by feed probes in

thick substrates.
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One way of assessing the loading of the cavityg isok at the transmission line
model for a microstrip patch antenna, shown ini8e@&.1.1 The cavity walls are part of
the ground system of the antenna, so the metadlits\woad the antenna similar to a
capacitor in shunt from the edge of the patch ¢éogitound, in parallel with the slot

admittance, shown in Figure 53.
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Figure 53 -Modified transmission line model for the microptgatch antenna when a
cavity is placed behind it. xepresents the effective capacitance of the céatking.

The capacitance in parallel with the slot admitealuwvers the resonant frequency of the

patch antenna, similar to the lumped capacitoritgpghown in Appendix G.
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3.3.1 Cavity Loading Performance Trends

For a miniaturized patch antenna, increasing thstsate thickness will increase
the bandwidth, helping to compensate for the natsandwidths of the small antenna.
On substrates that extend well beyond the edgtdseqgiatch element, increasing the
thickness t of the substrate linearly decreasesetbenant frequency, as predicted by
equations 3.2-3.5 (and shown in Appendix H). Hasvesmall patch antennas often
have substrates not much larger than the patdh gsean additional side effect of the
increased substrate thickness is an increaseonaas frequency with increasing
substrate thickness due to the fringing fields ediieg out the sides of the substrate.
With the fringe fields extending into air both aleahe substrate and on the sides of the
truncated substrate, the effective permittivitytod substrate dielectric decreases, which
equation 3.5 shows results in an increase in regdrequency.

A 31.5x31.5mm square patch on a TMM0<9.2) substrate of thickness t and
of width and length, Figure 54, is used to illustrate this effect.e Hubstrate sizeis
varied between 31.5mm, where the substrate isateddo the same size as the patch,
and 100mm, which is large enough to approach tHenpeance of the antenna on an

infinite substrate for various thicknesses t. $imeulated results are shown in Figure 55.
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Figure 54- 31.5x31.5mm square patch antenna on a TMM10 saibsif thickness t and

length and widthi. Antenna is mounted on an infinite ground plane.
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Figure 55- Change in resonant frequency for 31.5x31.5mmhpaicsubstrates of

thickness t and lengi, width a.
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Fora = 31.5, the antennas with thick substrates turgeresonant higher frequency than
the thin substrates, since all of the fringingdgekextend outside of the substrate into the
air, which lowers the effective permittivity of tilsebstrate. This effect is more
pronounced for thick substrates since more fieldsrel laterally from the thick
substrates than for the thin substrates. For aatewitho = 100m, the substrate is large
compared to the 31.5mm patch, and the antennagiidth substrates tune to a lower
resonant frequency than the thin substrates, astipeedicts.

Figure 55 also shows that the resonant frequeackedses with increasing
substrate size until the substrate is large enough to contairfriihge fields for a
particular thickness, after which the resonantiestpy becomes approximately invariant
with substrate size and the tuning curve approaahesizontal line. The substrate size
o = 0, at which this occurs varies depending on substhat&ness, where the thinnest
substrate has the smallest and the thickest substrate has the larggsthis causes the

tuning curves to crossover in the range of 34mm38mm, Figure 56.
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Figure 56 -Change in resonant frequency for 31.5x31.5mm paickubstrates of
thickness t and length and width 31.5mm < 40mm.
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For a particular resonant frequency, increasingsthestrate thickness for a patch antenna
with a small substrate sizewill require increasing the area occupied by thiana,
which is counter-productive to the miniaturizatigfifort.

Conversely, loading the patch with a backing cagétg alleviate this increase in
resonant frequency. The antenna shown in Figusgadmodified by cladding the

substrate in metal on the vertical sides of théedtdc, as shown in Figure 57.

Figure 57 - Cavity backed 31.5x31.5mm square patch antenrsaTiviM10 substrate of
thickness t and length and widih The gray represents the metallization on alf fufu
the vertical walls of the substrate to form theitgavThe cavity is recessed in an infinite
ground plane.
The thickness for the cavity backed antenna isamas t = 7mm, and the resonant
frequency of the antenna is shown simulated fossate sizes over the range 32mm <

a < 100mm, and is compared to the performance ofdinee size antenna of Figure 54,

which does not have a cavity.
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Figure 58- Change in resonant frequency for 31.5x31.5mmhpantennas with carrying

substrate size. Antennas have TMM10 substrates of thicknes3itnm, and the results
are shown for antennas with and without a cavitkbay.

For the substrate size= 32mm, the cavity loading reduces the resonant
frequency by 500MHz from 1.7GHz to 1.2GHz, whiclaiso 200MHz below the
resonant frequency of the same antenna on an apmtety infinite substrate. As the
sizea increases, the cavity walls move further away ftbmpatch and the capacitive
loading is decreased, causing the resonant freguenacrease. This change in
capacitance is analogous to a parallel plate cagaweihere increasing the separation
between the plates decreases the capacitancere3dreant frequency of the cavity
backed antenna continues to change with increasungil the walls of the cavity are far
enough away from the edges of the patch that tbdgmger have a loading effect. For
the cavity backed antenna with substrate thickhesemm, this occurs at approximately

a = 55mm, beyond which the cavity backed antennaduo the same resonant frequency

as the antenna without a cavity backing. Theegfthe cavity backing can be used to
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lower the resonant frequency of the antenna whewcality is close in size to the patch,

even when the thickness of the substrate is inettas

The second study involves observing the effeatesonant frequency, gain, and
bandwidth for a reduced size, cavity-backed pattbrana. Modifying the antenna in
Figure 57, the patch size is reduced to 27x27muoh tla@ frequency reduction is
accomplished by placing four 7mm long, 1mm widéssio the patch surface. The new
antenna is shown in Figure 59. The cavity is fatrhg placing a metallic wall on each of
the vertical walls of the TMM1Q( = 9.2) substrate, of length and widthand thickness
t. Since this study deals only with a cavity batketenna, the substrate thickness t will
be referred to as cavity depthRour values ofi were chosen - two values that place the
cavity walls close to the patch € 27.5mm, 28.5mm) and two values that place the

cavity walls a few millimeters beyond the patchesl¢ = 30mm, 31mm).

T N
\H ‘ \ q,/,/
\ //”
Figure 59- 27x27mm patch antenna with four 7mm long, Immevgtbts. The TMM10
(er = 9.2) substrate has a thickness t and leagthd widtha, and is clad with metal on

all four of the vertical walls of the substrateféom the cavity, represented in gray. The
cavity is recessed in an infinite ground planel dihensions are in millimeters.
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The resonant frequency is affected by changeavitycdepth t, as well as cavity
size,a. With increasing cavity depth, the resonant festy is decreased, Figure 60, as
the taller cavity walls introduce a larger capauwto the patch edges. This further
validates the parallel plate analogy, since indrgphe area of a parallel plate capacitor
increase the capacitance, similar to increasingtba of the cavity walls increases the
capacitance. Increasing the cavity sizesults in an increase in resonant frequency,
since the walls are moving further away from thicpadges, and the capacitance they
introduce decreases. These two trends providéivgwguidelines on how the cavity can

be used to tune the resonant frequency of a pateimaa for a particular depth t or size
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Figure 60— Change in resonant frequency with variation witgadepth t of a cavity
backed, slotted microstrip patch antenna. Caviyss. are shown in the legend.
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The cavity dimensions also affect the bandwidtthefpatch antenna. Figure 61
shows that increasing the cavity depth t leadsléger fractional bandwidth, since the
volume of the antenna is increasing, which is diyaelated to the Q of the antenna. As
the cavity size is increased, the fractional bandwidth also ineesadue to an increase in
antenna volume. Therefore, antenna bandwidth eandseased by increasing either
depth t or size, but increasing raises the resonant frequency, whereas increésing

decreases the resonant frequency.

Fractional Bandwidth Vs. Cavity Depth
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Figure 61 —Change in fractional 2:1 VSWR bandwidth with vaoatin cavity depth t of
a cavity backed, slotted microstrip patch anten@avity sizesx are shown in the legend.
The stair step nature is due to bandwidth valu@sarements of 1MHz.
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Broadside Gain Vs. Cavity Depth

Broadside Gain [dB]

Figure 62 —Change in broadside gain with variation in cavigpth t of a cavity backed,
slotted microstrip patch antenna. Cavity sizese shown in the legend.

Finally, the gain is shown to also vary with theesof the cavity. For small, the
gain is reduced due to the small aperture sizeethtenna, and agand aperture size)
is increased, the gain also increases, Figure @2srall cavity depth t, the volume of the
antenna is small, leading to low gain, and incraaghe cavity depth t increases the
volume of the antenna, resulting in increased g&igure 62 does not account for the
change in resonant frequency which is differentf@articular cavity depth t and siaze
Since the resonant frequency is also changing eatlity depth t and cavity sizg the
gain was normalized to the operating frequencyhttmsmore clearly the effects of

aperture size and volume on gain, in Figure 63.
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Normalized Broadside Gain Vs. Cavity Depth
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Cavity Depth t [mm]

Figure 63 -Change in broadside gain normalized to resonaquéecy with variation in
cavity depth t of a cavity backed, slotted micripsfratch antenna. Cavity sizesre
shown in the legend.
For a particular resonant frequency, increasingcéwity depth t will result in higher gain.
Increasing the cavity sizewill result in higher gain, but note that the diénce in gain
betweer=27.5mm andw = 28.5mm is much greater than the difference in hatween

a=30mm andx = 31mm, which indicates that cavity sizavill impact the gain more

significantly when the cavity is close to the pasrttenna.

Some design guidelines for the cavity backed arteam be summarized as:
» Cavity backing allows thick substrates to be utiizvithout the loss in efficiency
due to surface wave excitation, and without thegase in frequency resulting

from a truncated substrate.
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* The cavity backing allows the antenna to be isdlalectrically from its
surroundings, making it possible to mount the améein closer proximity to other
components or surfaces.

* The cavity allows the antenna to be recess moufitesh with a surface. This
provides a low profile, unobtrusive microstrip gasntenna design.

* The cavity walls act like parallel plate capacitoosinected in shunt with the
radiating edges of the patch — increasing the deftthe cavity increases the
effective capacitive loading (by increasing are#hefwalls), and increasing the
separation between the patch edges and the caaily decreases the capacitive
loading.

* Probe feeding can be accomplished via a side imatiad of the bottom of the
cavity, potentially reducing the inductance incdrlg the use of a long feed
probe by shortening the distance the probe trawaisach the antenna.

» The size of the cavity and the depth of the cavity t can be used to thee
resonant frequency of the antenna, and can be iaetinio provide the best

compromise between bandwidth and gain.

This section has explored the effect of loading&lp antenna with a cavity to
create the capacitive loading of the patch anterather form of capacitive loading is
illustrated by the stacked patch antenna showrpipefrdix I. Vertical walls extend from
the edges of the patch toward the ground planatiogea capacitor loading very similar
to the cavity. The resonant frequencies of this@na are adjusted with the height of the

walls on the edge of the patch, and the separbgbmeen the patch and the ground
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plane. Additional tuning options are availabledwanging the width of the wall, or

changing the shapes of the walls.

3.3.2  Optimized Cavity Backed, Stacked Patch Design

A stacked patch design is presented that operatesiual polarization (CP
capability) and dual frequency performance to cdwath L1 and L2 bands, and utilizes
L-shaped probes to proximity couple to the antenflae antenna was designed with a
depth of 7mm (close to original design goals of thikkness), and the cavity length was
chosen to be 34mm to achieve the desired bandwidiMHz at 2:1 VSWR at the L2
band. The cavity length was initially chosen am# (due to original design specs of
1.25” length) but was increased in length until desired minimum bandwidth of 5MHz
at 2:1 VSWR was achieved at L2. The design isr@tian on the stacked patch design
with the feed extending through a circular openmthe lower patch, and the horizontal

section of the L probe situated between the patches

Figure 64- Optimized design of the cavity backed stackedip&PS antenna on
TMM10 (g = 9.2) dielectric substrate.
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FigurﬁeI 65- Dime-nsioned a'rawing for the optimized cavity bedklual band, CP,
stacked-patch GPS antenna. Horizontal “L” prolre2203x1mm. All dimensions are in
millimeters.

The top patch is 28.5x28.5mm with four 11mm longyi wide slots to provide
additional loading to tune it down to the L2 bar@nce again, placing the L2 band patch
on top increased the bandwidth at L2 by increaiiegsize of the substrate below the
patch. The bottom patch is 25mmx25mm with two Sdiameter holes to allow the
vertical sections of the L probes to pass throufjhe total antenna volume is
34x34x7mm, contained fully inside the metallic ¢aviThe antenna was modeled using
PEC surfaces, and the antenna was modeled wiihfihige ground plane flush with the
top of the cavity, giving this antenna a recessedmting platform.

The results of the simulations, Figure 66, showt the antenna exhibits a 5MHz
2:1 VSWR bandwidth at L2, and an 8MHz 2:1 VSWR baidlth at L1. This is adequate
bandwidth to meet the performance specificationduafl band GPS systems on both L1

and L2, and was obtained by use of the L-shapatigesbe, which allowed both bands to

be matched through the extra degrees of freedorh nebe permits. The isolation
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between the probes is also better than 20dB atlmotds of interest, indicating good

cross-pol and very low power lost through couplegween the ports. The simulated

gain at L2 and L1 is shown in Figure 67.
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Figure 66- Return Loss for the optimized cavity backed Qigldrequency antenna.
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Figure 67— Simulated realized gain at L1 and L2 for optindizavity backed CP, dual

frequency antenna.
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The gain at L2 has a +/-1dB gain flatness bandwodthl MHz, which is
approximately half of the desired bandwidth. Tdesén flatness bandwidth could be
increased with a larger cavity size (depth or Iehgtr can be used when gain flatness is
not critical. At L1, however, the +/-1dB gain fi@ss bandwidth is 23MHz, and for gain
above isotropic the gain bandwidth is 34MHz — baitwvhich are wide enough for proper
GPS signal reception. Figure 67 shows that owetthband the LHCP component of
radiation below -15dB, indicating good cross-pold @t L1 shows the LHCP component

also below -15dB. The axial ratio is shown ovethbdmands in Figure 68.

L2 Band L1 Band

Axial Ratio [dB]
Axial Ratio [dB]

1.2 1.22 1.24 1.26
Frequency [GHz] Frequency [GHz]

Figure 68- Axial ratio over the L1 and L2 band for the opitzed cavity backed antenna.

Both L1 and L2 have better than 3dB axial ratiordheir operating bands, which
is a desirable limit for maximum signal receptiordaejection of reflections of LHCP
signals. These low axial ratios are the resutheflow cross-pol shown in the gain
patterns.

This optimized antenna meets the VSWR and gainwigltld goals at the L1

band, and meets the VSWR bandwidth at L2, but apfyroaches the gain bandwidth
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goal at the L2 band. For most GPS applicatiorcgption of the L1 band information is
of primary importance, whereas the L2 band is séapn As indicated, the gain
bandwidths have been defined by a +/- 1dB flatsessification, but each band has
wider, usable gain bandwidths above isotropiceéfyhariation in amplitude with
frequency can be tolerated. This makes this aaterable for applications where low
profile is the priority specification, and the séce in gain performance is acceptable.
This optimized antenna utilizes a cavity backinbjalk reduces the operating frequency
of the antenna while making it very low profileloaling it to be mounted flush in a
metal surface, in a recess, making this a candidatpplications where it is desired to

have the antenna built into a structure.
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CHAPTER 4
CONCLUSION

This thesis set out to explore appropriate miniaaion methods for reducing the
size of antennas for GPS systems. The motivatiothfs study stems from the desire to
develop a miniature GPS microstrip patch antenaavlould provide 20MHz bandwidth
at both L1 (1.575GHz) and L2 (1.227GHz) bands, &bitcupying a volume of
1.25x1.25x%0.2” (31.8x31.8x5mm). Circular polariaatwas desired with an axial ratio
of less than 3dB over each band, with a minimum g@&0dBi. Due to the requirements
of bandwidth, circular polarization with low axiedtio, and gain, many miniaturization
methods fail to meet the required performance.e&tmain methods were found to be
viable solutions: the use of high permittivity dietric materials, inductive loading of the
patch element via slots cut into the surface, apdcitive loading via a cavity backing.
Each method allows for two-axis rotational symmgeteguired to produce circular
polarization with good axial ratio, and provideduetion in size.

Some of the trade-offs involved when using eacthefloading methods were
explored, providing guidelines on how these loadmaghods can be used in patch
antenna designs. Each loading method was theredpplan optimized design that
approaches the desired specifications. Two obpienized designs were built and
tested: a linear antenna covering both bands eogpging a volume of 29%x20.9x12mm
(1.14%0.82x0.47"), and a CP stacked patch desigihntiet all electrical specifications
and occupied a volume of 41.5x41.5x6.5mm (1.63>x40635"). Additionally, other
designs were presented that achieved similar preoce. A slotted, stacked patch was

designed to meet the VSWR specifications, and ampred the gain flatness
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specifications in a volume of 36x36x6.5mm (1.422%@.26"). This was the smallest
antenna found in this study that approached theredal specifications. Finally, a cavity
backed stacked-patch configuration was used t@desi antenna that once again met the
VSWR specifications but fell short of the gain flass bandwidth goals. This antenna
was 34x34x7mm (1.33x1.33x0.28") in size, and alld¥ar recessed mounting if

desired.

Literature searches failed to find antennas thaews compact in size while
achieving the 2:1 VSWR bandwidths of these anteleségns. Many designs found in
the literature sacrificed the impedance match toeae their operating bandwidth.
Additionally, the use of the “L” probe feed structuwhich was used in most of the
designs presented, provided the ability to tuniectt L1 and L2 in the stacked patch
configurations. The extra degrees of freedom, siscprobe width, length, and proximity
to each patch allowed for a good impedance matéhlofo be achieved on both patches
at once. Additional size reduction was accomplistoe each antenna by feeding the L
probes through clearance holes in the lower paicthe stacked patch configuration,
instead of proximity feeding the patches from tigke sas in traditional proximity

coupling.
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APPENDIX A
DERIVATION OF MINIMUM Q LIMITS
Based on [15]
Single Polarized, Omnidirectional Antenna — TM mode only
First, to compute the fields of the Hivspherical mode, an r-directed magnetic

vector potential is given as a linear electric entrelement
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The radiated electric energy density can be conapase

2
:—15,7—zsin249
2. r

W™ %gﬁ-ﬁ* :%5 Erf*

McLean then used the difference between the ttgatrec energy density and the radiated

electric energy density to find the non-propagattegtric energy density as
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Then, to find the total non-propagating energy,ghergy density is integrated over a

volume between a sphere of radius a and an inlfjridege sphere to get

- J‘Hiw,{smze(k?'lﬁ_le“j+4CO§6(k3iG+kr_l“ﬂr2 sirfrd6d
000
4

Next, the total radiated power can be found bygragng the real part of the Poynting

vector over a spherical surface of an arbitraryusd

2

=]

P2
Re(” S84, J-arrz singdédy

—

Re(ExH")+0,r sinddédg

oty

2r

r

N

I
00
ﬁzqsm 9d¢9d¢——/7
00

The Quality factor can then be calculated as
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Circularly Polarized Omnidirectional Antenna — TE; and TMo; modes excited
Much of the derivation is the same, so detailsoanéted for operations that are
the same. For the TE case, an electric vectongiateind its fields are given as the dual

of the TM case as:

. ] 1)
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In order to get CP, an amplitude adjustmenta§japplied to F and the TE fields and

TM fields are combined. The field components thenome, wherd = w\/ﬁ,n = \/g
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The total electric energy density of this fieldtdisution can be found as

e

l ==_1 2
W, =~ E-E :—2£(|E9|2+|Er|2+‘E¢‘ )

The same method is applied as in the linear p@tor case, and it is found that

W':4_r”7|: 1 +_2j|
¢ 3wl k¥d® ka

It is found that the radiating power is twice tbathe linear case, since here power is

exciting both modes equally, and is then

The quality factor Q is then computed as

_20N, _1( 1 2
Q= “Sla=ts
P, 2\k’a’ ka

The Q is approximately half that of the linear case
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APPENDIX B
ADDITIONAL ANTENNA DESIGNS
Antenna B1: Modified from the antenna found in 3.1.3, the k&atpatch L-probe GPS
antenna, this design was reduced in size to 36X36r1, and achieved similar

bandwidths of 8MHz at L2 and 16MHz at L1 with a #ieraarea, but a larger thickness.

J
.

— e

[dB]

Frequency [GHz]

Figure 69— Dimensioned drawing and return loss for the 3648nm antenna. All
dimensions are in millimeters.
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Antenna B2: Modified from the antenna found in 3.1.3, the k&atpatch L-probe GPS
antenna, this design was reduced in size to 31X®1hr1, with slots in both the top and
the bottom patches. The antenna achieves snbaltetwidths of 7MHz at L2 and at L1
a match that gives approximately 50MHz 3dB bandwidiith no match at 2:1 VSWR,
and a larger thickness. This antenna would reduitler tuning to get L2 tuned down to

the proper range, and L1 needs better impedanashingt

location of slots in both the top and bottom pdégters.
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APPENDIX C
HFSS CONDUCTIVITY CONSIDERATIONS

Finite Conductivity Study

Over the course of this research project, attemypte made to take advantage of the
finite conductivity simulation options in Ansoft IS (High Frequency Structure
Simulator) to better estimate performance of r@alentennas. The HFSS software
offers multiple options to handle the surface bargaonditions for a conductive patch:

» Finite Conductivity Impedance - models the surface as an impedance boundary

condition where the tangential E field is relatgd b

AXE =Z (fixAxH)
where:

ZO: 1+_J
oo

5=skin depth=_ |2
wop

A patch simulation, using this method, is definedaa infinitely thin sheet with
this boundary condition assigned. Also allows guialent thickness to be
assigned to the surface that attempts to modedfteets of a finite thickness
conductor.

* PEC Boundary Condition — models surface as having zero loss, and no
tangential electric field. Patch antennas arellysmeodeled with a sheet layer

assigned with a Perfect Electric Conductor boundangdition.
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e Copper Volume - defines a copper volume as copper material @atiductivity
of 6 = 5.8x10S/m. Provides the option to solve on the surfadg or to include
the interior of the volume in the solution.

In addition, there are meshing options:
* Max Element Size- restricts the element size on a given surfagen@ximum
size, allowing the meshing to be set as desired.
e Skin Depth Mesh— Allows a mesh to be developed to one skin ddptkmess,
while choosing the number of meshing layers usedesh the skin depth.
To compare these different options, two of the gggte antennas were simulated using
various settings for conductivity in HFSS. Thessults are compared to simulations
using CST, and measured results.

The first comparison involves the antenna builRmgers 5880¢( = 2.2) for use

as the transmit antenna in Appendix E, shown imfe@i@9.

Figure 72 -Patch antenna built for use as transmit antenferifield range. Patch is
66x85mm on a 120x120x3.175mm Rogers 5880 substrate.
The simulations were carried out using:
1. a copper volume

2. a copper volume with a 1Imm maximum element size
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6.

7.

a copper volume with a skin depth mesh using 3fageémesh

a finite conductivity surface of copper with zequeralent thickness
a finite conductivity surface of copper with 1radquivalent thickness
a PEC sheet

CST copper surface

Figure 73 shows the return loss results for alesawethods, including the measured

results. For an antenna of this size, all of ti®SH simulations matched up well, with

very little variation among them, despite the dif® methods employed. The CST

simulation also showed good agreement, with a jidgdwer resonant frequency and

approximately the same bandwidth. The measuredtseshow a resonant frequency

very close to the simulation, although at a reduzattwidth. It is possible that the

impedance match is affected by the 12x12” grouadékhis antenna is mounted on,

compared to the infinite ground plane used in theikations.
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Figure 73 —Comparison of the return loss results for all 8hnods.
The results of the simulations and measurementsuemenarized in Table 2. The HFSS
simulations have little variation in bandwidth aedonant frequency, but vary

considerably both in memory usage and simulatio fi

Solution Method |B [MHz]|fo [GHz]  Memory | # Tetrahedra Soluthn Time
hr:min:sec

W veswes | 25 | 100 [

Copper 36 1.453 712MB 21,826 0:13:26
Copper 1Imm

mesh 35 1.454 2.14GB 115,076 1:26:21
§ Copper Skin Depth 35 1.454 1.52GB 43375 0:37:10
* FC infinite thin 38 1.452 315MB 17,631 0:08:51
FC 1mil thickness 38 1.452 314MB 17,631 0:09:36
PEC 36 1.454 365MB 22,321 0:09:08

0 | 1000 [

Table 2— Summarized results of the measured and simutiteed All simulations run
on 64 bit WinXP, 2.4GHz Intel Core 2 Duo systemdt&ctive cores) with 4GB of RAM.



It is seen that there is little benefit gained Bing the finite conductivity surfaces,
compared to the PEC modeling, since the computaticost rose considerably while
generating almost identical results.

Another example is the simulation of the patcteana with four 9mm long, 1mm

wide slots, on TMM10 dielectric material, Figure. 74

31mm3/ ‘
e

_/

v
™~

3.1?5mm)‘\
£

Figure 74— 27x27mm patch on 31x31x3.175mm TMM10 substraitid, four 9mm
long, 1mm wide slots.

The simulations were carried out using:
1. a copper volume
2. a copper volume with a 2mm maximum element size
3. a copper volume with a 0.5mm maximum element size
4. a copper volume with a skin depth mesh using Srageémesh

5. afinite conductivity surface of copper with zeuersalent thickness
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6. a finite conductivity surface of copper with lraguivalent thickness

7. a PEC sheet

8. CST copper surface
The various conductivity methods are compared t® &% measured data, in Figure 75,
and summarized in Table 3. The gain of the antesmaulated using HFSS are shown in

Figure 76 and summarized in Table 3.

S11 [dB]

Measured i i i
o5l ==——- HFSS Copper 2mm max element size |- _ .- ____ SR I
HFSS Copper 0.5mm max element size i i i
———— HFSS Copper 5 Layer Skin Depth | | |
s HFSS FC 1mil thickness
== == = HESS FC infinitely thin

HFSS PEC
== s mm CST Copper

[

-4 I I I I T ;
145 1455 146 1465 147 1475 1.48 1485 149 1495 15
Frequency [GHZz]

Figure 75— Comparison of simulation and measured data foattienna with 9mm
long, 1Imm wide slots in the patch surface.
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Broadside Gain [dBi]
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,/.4:,,,ir,,,, HFSS Copper 0.5mm max element size
& ! —————— HFSS Copper 5 Layer Skin Depth
5 4,:“' ! mmmm— HFSS FC 1mil thickness
} "’;}"T 777777 ("” == == = HESS FC infinitely thin
, ‘;‘/ i i | HF§S PEC | | |
147  1.475 148  1.485 1.49 1.495 1.5 1.505 1.51

Frequency [GHz]

Figure 76 -Comparison of HFSS simulation gains for the antemita 9mm long, 1mm
wide slots in the patch surface.

B Max Gain Solution
Solution Method fo [GHz] Memory |# Tetrahedra Time
[MHz] [dB] .
hr:min:sec
W veasued [ 7 [ 145 ﬁ
Copper* 7 1.494 1.98GB 31,940 0:47:08
Copper** 7 1.494 4.1 3.58GB 40,852 1:52:36
Copper -Slaver| | 1495 | 41 |3156B | 34,736 1:45:23
Q| skin depth
(NS
T | FCinfinite thin* 9 1.487 3 2.5GB 36,031 1:02:19
FC 1mil 9 | 1.488 3 3.55GB | 54,704 2:55:01
thickness*
PEC 6 1.488 1.52GB 23,210 0:26:52
IS 11| 1.494 _

Table 3— Summary of comparison between simulated and medslata using different

HFSS conductivity settings. * indicates 2mm maximelement size, **indicates 0.5mm

maximum element size. All simulations run on 64WinXP, 2.4GHz Intel Core 2 Duo
system (two active cores) with 4GB of RAM.
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All of the simulated resonant frequencies are wiBhMHz, which is good agreement
amongst the different methods. All of the simulatmethods show a resonant frequency
on the order of 40MHz higher than that measuredghvis within 3%. This offset in
resonant frequency is also shown for many slottles)gn section 3.2.1. One explanation
might be tolerances in the milling process that used to fabricate the antennas.

The simulated bandwidths are all within a few Méfzhe measured antenna.

The CST bandwidth is greater than the HFSS sinariafimainly due to the time domain
solver used and the difficulties that arise whenutating high Q resonant structures.
The infinitely thin finite conductivity layer showéhe highest bandwidth out of the
HFSS simulations, while the PEC simulation hadloineest. Regardless, these
bandwidth values are all very close, and once ap@rcomputational costs for the
various conductivity methods do not produce a bef@fthese antenna structures.

The maximum gain values vary between 4dBi forRE€ and copper cases and
3dBi for the finite conductivity cases, shown imgiie 76. The difference in efficiency is
also reflected in the bandwidths, where the findaductivity cases show an increased
bandwidth compared to the PEC and copper cases fidite conductivity boundary
condition results in too much loss on the patchrertban what is expected with a copper
surface.

Considering the results of the large microstrifcpantenna on low permittivity
material, and the small slotted patch antenna oMIM for this study it was determined

that modeling using PEC surfaces suffices in ptedjahe performance of the antennas
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while using less computer resources. Throughasittesis, all simulation results use

PEC patch surfaces.

Size of Radiating Air Volume

Finally, concern was raised over size of the itamhiaair box volume used in the
HFSS simulations and the impact on antenna perfecma The antenna in Figure 74
was simulated for an air box of volume 2ax2axahesvn in Figure 77. Ansoft HFSS

recommends a radiating box that extends at l&as4 from the structure when using the

radiation boundary condition.

L ]

£ L eSS

/
el
i

=

Figure 77— 27x27mm patch antenna with four 9mm long, 1muhevglots on TMM10
substrate of size 31x31x3.175mm, with an air bogind 2ax2axa.

The results of the simulations are shown in Figl8e For a small air box where a =

30mm, which places the radiating boundary at agprately A, /8 from the antenna

structure, the impedance match of the antennaoisrsto suffer, although the -10dB
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bandwidth is nearly the same as the other casegheair box size a is increased, the

impedance match is approximately the same for sechlation.

Return Loss of Antenna for Various Radiation Box Sizes
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Figure 78— Simulated return loss for air box volumes o€saz30mm to a=140mm.

For all simulations in this study, an air box ofedst 160x160x80mm was used to ensure

a large enough distance between the antenna amddia¢ion boundary.
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APPENDIX D
SLOT MAGNETIC FIELD VECTOR PLOTS
The Ansoft HFSS simulations allow for visualizatiohthe fields on the antenna, which
were used to observe the effect of the slots offi¢tas. Specifically, the magnetic field
(H) was of interest in the slot, as well as theents on the patch surface supporting this

magnetic field. These fields are shown in Fig@eFigure 80 and Figure 81.

H Field[a/m] (

9. 3277 +0E1 4
. &, T4ESe+BE1
| &. 1653e+A@1
7,584 1e+BE1
7. A0Z29e +hE1
B 4217e+0@1
5, BuEte+BEL
5. 259Z2e+0@1
4, 6780 +BE1
4, 8968 +8E1
3, 5156e+BE1
2, 9344 +BE1
2, 3591+BB1
1, 7719+8E1
1.1967e+0E1
£ B950: +BEE
2. B286e-AA1

Figure 79- Plot of the magnitude of the H field at x=0 plasfehe patch in Figure 34b,
showing the concentration of field in the slots.
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Figure 80- Vector field plot of the magnetic field in the &plane of the patch in Figure
etrating the patch thiothg slot.

Figure 81- Vector plot showing the currents (YELLOW) on thetch surface around the
slots, and the magnetic field (RED) inside the.slbhis shows the concentration of
currents at the end of the slot producing the gggshmagnetic field.
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APPENDIX E
MEASURED SLOTTED PROTOTYPE ANTENNAS
Six antennas were fabricated at UMASS Amherst @epto validate the studies
performed on the slot loading of the patch antenfidse antennas were milled on
31x31x3.175mm TMM10 substrates, with 20z coppetingdeon both sides of the
substrate material. The antennas were probe f@ad SMA connectors, and all of the
antennas were mounted on 12x12” metallic groundgddor impedance measurements,

and a pattern measurement was taken for the patehrea with 9mm long, 1 mm wide

slots.
0 W
10 -
- 15 6mm long I
a .
3 1mm wide -y
P 201 v .
9mm long
251 f 1mm wide \
no slots
9mm long
3mm wide
-30+ \ .
9mm long 3mm long
1.5mm wide 1mm wide
-35 | | | | ]
1.3 14 15 1.6 1.7 1.8

Frequency [GHz]

Figure 82- Measured return loss for the 6 prototype slo&ettnnas. The dimension on
the first line of each label denotes the slot langhd the second line denotes the slot
width. All antennas were mounted on a 12x12" gcopiane.
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Figure 83- Built 27x27mm Patch Antenna on 31x31x3.175mm T\NLbstrate, with
no slots.

Figure 84- Built 27x27mm Patch Antenna on 31x31x3.175mm TNON8Libstrate, with
3mm long, 1mm wide slots.
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Figure 85- Built 27x27mm Patch Antenna on 31x31x3.175mm TNOMLbstrate, with
6mm long, 1mm wide slots.

Figure 86 -Built 27x27mm Patch Antenna on 31x31x3.175mm TMMaBstrate, with
9mm long, 1mm wide slots.
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Figure 87- Built 27x27mm Patch Antenna on 31x31x3.175mm TNOMLbstrate, with
9mm long, 1.5mm wide slots.

Figure 88- Built 27x27mm Patch Antenna on 31x31x3.175mm TNOMLbstrate, with
9mm long, 3mm wide slots.
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Also, radiation patterns were measured for therar@eshown in Figure 86. The
far-field range at UMASS Amherst is not equippedwgtandard gain horns at 1.5GHz,
S0 a 66x85mm (LxW) patch was fabricated on 125mikt Rogers 5880 substrate

material to be used as the transmit antenna, asttbiwn in Figure 89 and Figure 90.

Figure 89 -Patch antenna built for use as transmit antenferifield range. Patch is
66x85mm on a 120x120x3.175mm Rogers 5880 substrate.

Figure 90- Built transmit antenna for ue in the far-fiekthge.
The antenna used for transmit was designed to th@veame resonant frequency
as the slotted patch with four 9mm long, 1mm wildéss and was mounted on a 12x12”
ground plane. The patterns for the antenna foattienna with 9mm, 1mm wide slots

are shown in Figure 91 and Figure 92, the pringitdee pattern cuts.
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Figure 91- E-plane pattern for the slotted patch antennh f@tr 9mm long, 1mm wide
slots.
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Figure 92 -H-plane pattern for the slotted patch antenna feitin 9mm long, 1mm wide
slots.
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Figure 93— Patch with four 9mm long, 1mm wide slots mourdaadAUT positioner in
the far field range. The ground plane is 12x12”.

Figure 94- Transmit antenna mounted on tapered end of thigefd range.
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APPENDIX F
EQUIVALENT CIRCUIT FOR WIDE SLOTS
As the slot width increases, the circuit modelhamged to take into account the
capacitance loading both between the patch angrthend and across the slot itself,

Figure 95.

Figure 95- Transmission line model for slot cut in a pataiface when the width of the
slot is much greater than the substrate thickn&be. patch shown is on a 3mm thick
substrate with 5mm wide slots.
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APPENDIX G
CAPACITOR LOADED PATCH ANTENNA
The transmission line model is useful for predigtihe resonant frequency

performance of a microstrip antenna, and a modffeach from section 3.1 is presented.

L

A
\J

A
\J

Leff

A
\J

Gr— Alc Al Zin Al Al — G,

Figure 96 - Transmission line model modified with the additiof a 2 lumped capacitors
on the radiating slots of the microstrip patch ante
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The modified model in Figure 96 allows for calcidatof the resonant frequency of the
antenna when the radiating edges are loaded withéd capacitors, connected between
the patch and ground. The analysis makes useuattiegs 3.2 and 3.3, as well as the
equations included specifically for capacitive lmagdon the radiating edges of the patch
[2].

The equivalent length added by the shunt capa@tean be found using equation G.1
[32].

G2, (G.1)

Where % is defined as [9]

Z = 377 (G.2)

NED {vtv +1.393+ 0.667|VEVtV+ 1.44}}

and the new effective length is found using eque@ao3.

Ly = L+2AL, + 2AL, (G.3)

Note thatALs is the sam@L calculated in equation 3.4. Finally, the resdrfeequency

is found using equation 3.5, included again as G.4.

= (G.4)

For a square patch with L=W=27mm on an infinitetdde of TMM10 ¢, = 9.2) of
thickness t = 3mm, the resonant frequency can peoapnated using the analytic

equations, with shunt capacitances ranging frordgF1
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Shunt Capacitance [pF]

Figure 97— Resonant frequency behavior for varying the valutae lumped loading

capacitor, calculated using the modified transroiséine model shown in Figure 96.
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APPENDIX H
EFFECT OF SUBSTRATE THICKNESS ON RESONANT FREQUENCY
Using equations 3.2-3.5, the resonant frequeney2@x27mm square patch
(Figure 98) on an infinite substrate of TMM& € 9.2) is calculated for various

thicknesses t, shown in Figure 99.

27/ mm

Figure 98- Square 27x27mm patch antenna on an infinite satiesthickness t, of
TMM10 dielectric material.

Resonant Frequency [GHz]

Substrate Thickness [mm]

Figure 99- Change in resonant frequency with substrate tiask for 27x27mm patch
on an infinite substrate of TMM10 dielectric magéri
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APPENDIX |
VERTICAL WALL LOADED ANTENNA
An additional example of capacitive loading is &haantenna loaded with bent
sections in the patch surface. This antenna wpl®eed and shows another application
of the capacitive loading without using lumped etetncapacitors. The antenna is
formed by bending down the edges of a patch toddkaeresonant frequency for one of

the fundamental (TWo TM100), modes on each of the patches.

-

- Flat plate along patch’s radiating
edges makes the patch look longer by
adding a capacitor, allowing patch to

resonate at a lower frequency

Figure 100- Capacitively loaded antenna utilizing bent cafpaeisections of the patch to
generate a lower resonant frequency.

L1 and L2 were then split between the two stackadhes, as shown in Figure 101. The
combination of resonant mode directions allowedcforular polarization to be obtained

when the ports were fed in quadrature.
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. L1

By feeding the antenna with 0

Lo Top Patch degree phase shift on port 1 and
® 90 degree phase shift on port 2,
@ feed2 LHCP circular polarization is
X feed 1 achieved:

(L2x + jL1y) + (L1x + jL2y) = L1x + jL1y + L2x +jL2y

/

Bottom Patch L1 LHCP L2 LHCP

L1

feed 2
feed 1

Figure 101- Diagram of the tuning of both bands in both ogivoal directions when

both patches were excited. Shown are the fieldpoomants at L1, L2 bands in the x, y

directions and how when fed with 90° phase diffeeefj)) generate proper CP at both
bands.

Ultimately, many tuning difficulties arose due keetasymmetries in the structure,
which was very sensitive to changes in any of &selfpositions or dimensions. The best
case return loss tuned for the antenna at L2 i&shio Figure 102. This was obtained
only after finely tuning the probe dimensions atetpment, which showed large changes
in tuning with very small changes in the physicatgmeters. The main difficulty was
tuning each polarization of each band to have éimeesRL response (to have equal
amplitude), where the coupling mechanism is dralicifferent between the two

modes. A proper match in return loss for port d part 2 was not obtained for both L1

and L2 at the same time.
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Figure 102- Return loss of the side wall loaded stacked patitenna with L-probe
feeds.
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