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Abstract

The aperture-coupled microstrip patch antennadsgmted. The operation frequency
range of antenna is 4.8 - 5.2 GHz. This frequeaage is possible due to the use of low
dielectric materials for the patch and microstupsrateg, = 1.03 and &, = 2.6. The antenna
is fed by a microstrip feed line designed fo£5@npedance. Thg,; for the antenna at 5 GHz is
-38.3 dB. The -10dB bandwidth of the antenna eds@®0 MHz which equates to 8%
bandwidth overall. The realized gain for the anteat 5 GHz is 8.33 dB wheéh= 0°and
¢ = 90°. The maximum sidelobes are -3.02 dB and -2.2%HBnd = —55’andfd = 55’,
respectively. The sidelobe level or the differebheéveen the main beam maximum and the
sidelobe, equals to around 10.62 dB. The co-pratan radiation is above -4 dB while the
cross-polarization is below -32 dB. The overalffpenance is sufficient to support WIFI,
WIMAX, and radar applications in mobile devicesyters, electronic devices, and for military
purposes.
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Chapter 1 Introduction

History of Microstrip Patch Antennas

The idea of microstrip radiators was first mentibigy Deschamps in 1953 and later
patented by Gutton and Baissinot in 1955 [1]. @twecept and development of
microstrip patch antennas was later introduceti¢cantenna engineering community in
the early 1970s. Howell and Munson were the @icstumented researchers to fabricate a
microstrip patch antenna. During the early staijets development, the microstrip
patch antenna received skepticism from researches$o its extremely narrow
bandwidth (around 1-2%) which is unsuitable foreAéss communication systems [2].
During this time, two methods were developed towale the input impedance response
and model the microstrip patch antenna: the trasson line model and the cavity
model. Even though these analytical technique® werolutionary, both techniques

were limited in their ability to precisely calcutathe performance of the microstrip patch.

As research and development continued into the 4, 98&sign and analytical
techniques for microstrip patch antennas also pssgd. Phased array microstrip patch
antennas were analyzed in order to explore theiradlsize limitations [1]. Circular
polarization and other polarization methods fornwstrip patch antennas were also
examined during this period. Many of the majora@@ms regarding the practicality of

microstrip patch were either resolved or under stigation by the end of the 1980s.

By the start of the 1990s, microstrip patch antenmare being implemented into
commercial applications such as mobile communioagehnology [2]. More advanced
computation tools such as finite difference timenda (FDTD) and finite element

1



method (FEM) were capable of evaluating externgirenments and microstrip patch
issues faster than previous computational toolse © these more sophisticated
computational methods, impedance bandwidth enhasesnup to an octave (67%) were
produced. Other advancements include multibandosticp patches, efficient printed
antennas, high-gain printed patch antennas, aedaiziction techniques for patch

conductors.

History of Aperture-Coupled Microstrip Patch Antenna

Aperture coupled microstrip patch antennas haverbea viable option for wireless
and telecommunication systems over traditional ositip patch antennas. Research and
development in the 1980s contributed to the disgowgéthe aperture-coupled microstrip
patch antenna [2]. David Pozar is credited asgheire the main pioneers in the

development of the aperture coupled microstriptpatdenna.

The fundamental structural difference between treeastrip patch and aperture
coupled microstrip patch antenna is the feed metised to excite the patch. While the
microstrip patch antenna uses direct feed in adwlexcite the patch, the aperture coupled
microstrip patch antenna uses non-contact feed litech is accurately described as the
magnetic equivalent of the edge-fed procedure]in The non-contact feed is also
capacitive in nature which counteracts with theuradthigh inductance of the excitation.
Having indirect feed contact allowed for the apestcoupled microstrip patch antenna to
achieve low current discontinuity which is fundarafior achieving good impedance

and radiation performance.



Since its introduction, aperture coupled microsémpennas have continually been
used in numerous applications requiring a wideldeggliency range. This includes, but
is not limited to, global positioning satellitegllalar phones, personal communications
systems, GSM, wireless local area networks, celiitieo, direct broadcast satellites,

automatic toll collections, collision avoidance aadand wide area computer networks

3].



Chapter 2 Microstrip Patch Antennas

Design Specifications

A traditional microstrip patch antenna consists aficrostrip line fed directly to a
patch resting on a single layer dielectric substra ground substrate is also added to
the lower dielectric substrate which serves astla foa return currents. The microstrip
patch is considered a resonant type radiator mgdhat its feed length is approximately
half of the guided wavelength [4]. Figure 1 shdkes basic schematic diagram of an

edge-fed microstrip antenna.

Microstrip feedline, w;

"\

Grounded substrate

Figure 1. Schematic diagram of a microstrip patch antenna.

The microstrip transmission line is designed tadrait electromagnetic energy to the
radiating patch. Figure 2 shows the schematicrdragf a traditional microstrip

transmission line.



Figure 2. Schematic diagram of a microstrip transmission line.

When designing the microstrip transmission linedorantenna, three design rules
must be considered. First, the length of the nsiciip transmission line must be half
the guided wavelength of the desired resonant &equ (Eq. 1) A half guided
wavelength is recommended for the length becauwsettirent will be excited on the
patch and vertical electric fields will be genedabetween the patch and the ground
plane [2]. This effect will cause the radiateddgeto add constructively creating an
efficient, resonant radiator [2]. Second, theet&ic constant, should be as low as
possible. The reason is because the permittivitiedielectric substrate affects the
intensity of fringe fields which directly relates the radiation of the antenna [1]. Typical
permittivity values(e,, < 10) for microstrip patch antennas vary dependinghen t
substrate’s availability, application, and costewdver, the permittivity should be as low
as possiblé€e, < 2.5) in order to increase the strength of fringe field$ird, a thicker
substrate should be used. Even though a thickestisueh is recommended, the
designer should make sure to keep it below a acaif a wavelength. The substrate

thicknessh along with the transmission line widthdetermines the characteristic



impedance,. Equations 1-3 show the mathematical calculatisesl for microstrip

transmission line design [5].
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The patch element is crucial in the overall perfance of the microstrip antenna.
The patch’s length controls the resonant frequemd/the width of the patch affects the
resonance impedance level and bandwidth [2]. Tleeselitions are only plausible as
long as the dielectric substrate thickness remagigw 0.03,. Equations 4-8 show the

mathematical equations used to calculate the patgthL and widthW [6].

Zo= e (4)
Al = 0412k (;nf L ;‘;;) (V(VM/,’/ISL)ZZ‘* 5)
f = m (6)
W= (=) ™
(L+2Al)=%"=2\/1‘;7 (8)



Advantages

Since its discovery, microstrip patch antennas Heaen continually researched and
developed in order to improve its reliability arflceency. Major advantages of the
microstrip patch antenna are its low profile, confal nature, low production cost,
compatibility with microwave integrated circuitapability to be easily formed into
arrays, and efficiency [1-2, 4]. The remaindetia$ section will further discuss each

advantage previously mentioned.

Since most wireless and telecommunications appigcatrequire compact
components, low profile designs are becoming taedstrd in the antenna community.
Typical substrate layer thickness for a single lagerostrip patch antenna is no more
than five-hundredths of a wavelength while the sals thickness for a multilayer
microstrip patch antennas is no more than a teindhwavelength [2]. Having minimal
substrate thickness allows for easy integration watrious applications such as airplanes,

consumer electronics, military weaponry, etc.

Being conformal, or flexible, is an advantage & thicrostrip patch antenna. Several
military applications such as missile guidanceeyst and aircraft communications
require rugged antennas. Soft laminates are usdtid dielectric substrate of the

microstrip patch allowing it to be easily moldedhe body of the missiles or aircrafts

[2].

Since standard printed circuit etching techniguesuged to create microstrip patch
antennas, production costs are relatively low [2%ing printed circuit methods allows

for the entire antenna including the patch and tedak built in one process which also



significantly reduces manufacturing time and cdBtsutilizing printed circuit
techniques, microwave integrated circuits are gasiégrated with microstrip patch
antennas. Standard printed circuit board matesiate as FR4 can be used for

applications requiring an operation frequency teas 1 GHz [2].

Since microstrip patch antennas are low-gain amgless than 8dBi), antenna
arrays are necessary in applications requiringga Aamount of gain [2]. The
manufacturing process for microstrip patch array®iatively simple since it is possible
to fabricate the entire array network on a singjeet. Also, the production cost of
multiple antenna elements does not increase signifiy, allowing for use in numerous

commercial applications.

Essentially, a microstrip patch antenna is an iefficradiator [2]. Due to its resonant
nature, the efficiency of a microstrip patch angemngreater than its wideband variants.
Three loss mechanisms contribute to decreasedeegitiz. conductor loss, dielectric loss,
and surface wave loss [2]. In order to minimizesland maximize efficiency, it is
recommended to use direct contact feed technigibsrrthan non-contact methods.
Using a thin, low permittivity substrate will alsoprove the overall efficiency of the
antenna. Figure 3 shows efficiency versus thetsatiesthickness based on the substrate

permittivity [4].
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Figure 3. Efficiency ver sus substrate thicknessfor microstrip patch antenna.

Disadvantages

Even though the microstrip patch has a wide arfaadeantages, many disadvantages
hinder its use in numerous applications. Someddeatages of microstrip patch
antennas include narrow impedance bandwidth, spsifieed radiation, and poor
polarization purity [4, 7]. The remainder of tlsisction will further discuss each

disadvantage previously mentioned.

The narrow impedance bandwidth issues are dueetbighly inductive nature of the
method used to excite the microstrip patch ant¢®haAs the feed line is excited, the
frequency response is dominated by a high levelaictance at frequencies below
resonance. The microstrip patch antenna is a aetatyled antenna meaning the
reactance of the impedance must equal zero. Tdrerghe capacitance and inductance

must cancel for optimum performance. The excedsdtance reduces the substrate



thickness which reduces the overall impedance batdwFigure 4 shows a plot the

bandwidth versus substrate thickness based omubistrate permittivity [4].

Bandwidth, %
N
=
\

\
0.025 0.050

Substrate thickness, d/4,

0.0

Figure 4. Bandwidth versus substrate thickness for microstrip patch antenna.

Poor polarization is the product of high levelsafss-polarization and mutual
coupling within the microstrip patch antenna [Qross-polarization radiation is the
radiation field that is produced from the anterméhie opposite direction of the desired
radiation field. For example, if the desired fieddneant to radiate horizontally, then the
cross-polarization field will radiate verticallyrhe increased cross-polarization levels

can be attributed to surface waves diffractinglodf antenna’s finite ground plane [2].

Design Adaptations

Numerous adaptations of the traditional microsampenna have occurred over the
past several decades. Several design innovatearessuccessfully addressed and

resolved some key issues mentioned in the prewecton. In [8], a wideband multislot

10



antenna for broad band wireless applications isgumied. Since a microstrip patch
antenna is naturally narrowband, the proposed aatases three different narrow slots
along with a patch-like tuning stub to enhance kadth and maintain modest
polarization. The antenna was capable of achieamgnpedance bandwidth of around
88% from 5.1 to 13.GHz. Figure 5 shows the geoymddtthe wideband multislot patch

antenna.

l +—HWp——

Top Viewd ]
Side l";L"'—L .{T l
[ Substmatefh

T

Figure 5. Geometry of the wideband multislot patch antenna.

In [9], a novel, compact printed patch antenna/fdMAX applications was
presented. The unique innovation about this dasigime designer’s ability to reduce the
size of the antenna by adjusting the complimendgaty ring resonators (CSRR) etched
into the ground plane. The reported frequency laamtigain are 5.405-5.595GHz and

6.4dBi, respectively. Figure 6 shows the geomethe compact printed patch antenna.

11



(b)

Figure 6. Geometry of the compact printed patch antenna (a) top view and (b)

bottom view.
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Chapter 3 Aperture Coupled Microstrip Patch Antenna

Design Specifications

Figure 7 shows the schematic diagram of an apectwpled microstrip patch
antenna. The dielectric substrates are separgtadyiound plane. The aperture in the
ground plane allows for electromagnetic coupling¢our between the feed structure and
the patch. Equation 9 shows the mathematical exme for the coupling amplitude
between the feed structure and patch, whgrtis the offset of the aperture from the patch
edge, M is the magnetic current density, H is tlegmetic field, and L is the length of the

microstrip feed [1].

Antenna
Substrate

Patch

Feed

Microstrip Substrate

Feed Line

Figure 7. Schematic diagram of an aperture coupliedostrip patch antenna

13



Coupling = [[f, M * Hdv = sin (”Z") 9)
Based on circuit theory, the microstrip is seearaspen circuited stub which makes
the feed naturally capacitive. The circuit equivdlfor an aperture coupled patch

antenna is shown in Figure 8.

|
%

Figure 8. Circuit model for an aperture coupledrostrip patch antenna.

Unlike microstrip patch antennas, aperture coupiéatostrip patch antennas have
numerous design parameters which allows more degfdeeedom for antenna
designers [2]. Design parameters include the aatenbstrate, patch dimensions, open
circuit stub termination, and slot length. Eachhafse parameters assists in controlling
the outcome of the antenna’s input impedance amddimt-to-back ratio, which is the
ratio of the radiated far-fields in the forward avatkwards direction. The remainder of

this section will further discuss each design pat@mpreviously mentioned.

The patch substrate is responsible for controliregbandwidth, radiation efficiency,
and coupling level of the antenna [3]. A thickwlpermittivity substrate is ideal because

it will increase the impedance bandwidth while redg the surface wave excitation.

14



The main disadvantage of using a thick, low peiwiiyt substrate is the decrease in
coupling for a given aperture size. The matherahtialculations for the patch substrate

are shown in Equations 4-8.

The patch dimensions are responsible for dictahegesonant frequency, resonant
resistance, and polarization levels [3]. Incregsive patch length will decrease the
resonant frequency [1]. The patch width contrbisresonant resistance. If a lower
resonant resistance is desired, a wider patclyigned. If the antenna is critically
coupled, minimizing the patch width will resultawver-coupling which decreases the
front-to-back ratio. This reduction in the frowtHback ratio occurs because the slot
becomes larger as the patch size decreases rgdultime slot radiating equally on both

sides of the ground plane [1].

The open circuit stub termination is used to mabehinput impedance response [2].

Adjusting the stub helps tune the excess reactarachiced from the slot [3]. Typically,
the stub lengtli, is less thaﬁlf in length. When the stub is shortened, the impegla

locus on the Smith Chart will move in the capaeitdirection; when the stub is

lengthened, the impedance locus will move in tldiative direction.

The slot length controls the size of the impeddacas on the Smith Chart [3].
Increasing the slot length will cause the diamefehe locus to increase consequently
making the impedance bandwidth increase. For aptirmatching, the locus needs to be
large enough to pass through the center of thehS@tiaart. To prevent over coupling, the

designer must only make the slot length no largen required.

15



Advantages

The aperture coupled microstrip patch antennaéaeral advantages comparable to
the edge-fed microstrip patch antenna. Advantagése aperture couple microstrip
patch antenna include wide impedance bandwidth clast, compact profile, and very
pure radiation [2,3]. The remainder of this sectall further discuss each advantage

previously mentioned.

Wide impedance bandwidth is the primary benefthefaperture coupled microstrip
patch antenna design. The wideband characteratica product of coupled resonances
referred to as mutual resonance [2]. Whenevercougiling occurs to the microstrip
feed structure with a low-Q resonance of the paohimpedance loci is produced on the
Smith Chart [2]. In order to optimize the wide bDamdth capabilities, a large impedance

locus is desired meaning multiple resonances nauprdaduced.

Pure radiation allows for minimal cross-polarizatievels [2]. Since the aperture
coupled patch is excited using a thin slot, crogssiized current are reduced. The major
issue that occurs with a thin slot is the increassmirrence of diffracted fields

interacting with the finite sized ground plane [2].

Compact profile and low cost advantages of thetapercoupled microstrip patch
antenna are similar to the microstrip patch antenitee only major cost and profile
difference is a result of the additional substtayer between the aperture ground plane
and the patch. Current printed circuit technolsg@iee capable of fabricating the feed line
on one layer and the radiating patch on a laydrimitlose proximity to it without

increasing manufacturing cost [2].
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Disadvantages

One disadvantage of aperture coupled microstripranas is the multilayer
fabrication process. Issues such as patch alighreeall gaps between dielectric layers,
and material bonding can significantly alter thef@enance of the antenna [4]. Small
gaps between dielectric layers would change thenaiaf's input impedance and

bandwidth.

Another disadvantage is the possibility of a pagonf to back ratio. This issue is a
consequence of using a large aperture in orderctease impedance bandwidth. Since
the fields from the ground aperture radiates towneé upper (patch) and lower (feed)
half, a chance of high backward radiation can oftlrHigh backward radiation can
lead to lower power availability in the power butlgdich is important for
communication systems. In order to resolve thedsthe addition of a cavity-backed
substrate and/or reflector has been used to decteasmount of backward radiation

from the large aperture.

Scalping of the radiation pattern is another comednen using a large aperture
design. Whenever a large aperture is combinedaviimall ground plane, the radiated
power, specifically the electric field, can eadily diffracted off of the ground plane
resulting in an altered radiation pattern [4].ohder to avoid this issue, the ground plane
should be at least a couple wavelengths largesipere to the center of the patch and slot.
The use of absorbing material around the edgdseofjitound plane also will reduce

radiation scalping.

17



Design Adaptations

Since its introduction into the antenna commursgyeral adaptations of the aperture
coupled microstrip antenna have been implementedder to increase gain, directivity,
and bandwidth. The remainder of this section didcuss various design adaptations

with their results.

In [1], the aperture coupled stacked patch micipstntenna is presented. Figure 9
shows the schematic diagram of the aperture cogtéeked patch microstrip antenna.
In this configuration, impedance bandwidths up@8&oc/have been achieved which is
relatively high for a microstrip antenna [2]. Timereased impedance bandwidth is due
to the additional patch which excites additionalmances by increasing electromagnetic

coupling.

;\L\' Eﬂ d3 tan ﬁa:l
@

&‘\\\\\\ \ Top Patch (PL,, PW,)

\\\&\\\ \\;\%\ Substrate (€,5,ds, tan 5,)
m‘\\'\\\\\ *x\\‘%\\*\% Bottom Patch (PLy, PW)
&\\\\\\\\\\\\\\\\\\\\

\\x\\\\\\\\\\\\\ﬁj“\\‘\\ Substrate (€,4,d;, tan &)

{
\\\\\b\ \\\\t\\ Slot (SL, SW)

AN \\
Ground Plane
e T Feeding Substrate (£ ;dy, tan &y
"\ Microstrp Line (Wd o L)

Figure 9. Schematic diagram of the aperture coupled stacked patch microstrip

antenna.
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In [10], the author improved the bandwidth of tmemna by adding a cavity-backed
substrate and a lower ground plane as shown iné&itfl. These design alterations
allowed for an increase in coupling between thetape and patch resulting in a 40%

10dB bandwidth and lower back radiation.

. Z
Subl s /,-'
”’:. l::ﬂ ) ~
t 7
Sub2 o ' ) Patch
(2, £¢2) P 77 el
Above ground 2 Kiidiiiiie
plane — Lk :
(WS, LS,)
Sub3
(M3, &r1) ///
Sub4 i F ) Down ground
—.{ l- .
(hs, Er4) | _— plane
Feed-line X
(Ls)

Figure 10. Schematic diagram of the cavity-backed aperture coupled microstrip
patch antenna.

In [11], the backed substrate integrated cavitytape coupled microstrip antenna is
introduced. This antenna is an innovative desigabse it uses metallic vias along with
the shape of the backed substrate integrated davityder to improve coupling between
the patch and aperture. A reported 48% bandwidih pvoduced along with size
reductions. Figure 11 shows the schematic desaghdul substrate integrated cavity

patch with the cross shaped metallic via geometry.
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Figure 11. Schematic diagram of the (a) backed substrate integrated cavity aperture

coupled microstrip antenna and (b) geometry of the cross shape metallic via

configuration.
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Chapter 4 Feed Techniques

Microstrip feed lines are not the only type of féeds used with aperture coupled
patch antennas. Proximity coupled, stripline, enplanar waveguide feed substrates
have been used in numerous designs in order texaehnproved impedance bandwidth,
directivity, and gain. The remainder of this sectwill discuss in detail the feed

technigues mentioned above.
Proximity Coupled Feed

Proximity coupled feed is another non-contacteggdftechnique similar to the
aperture coupled microstrip method. It consistsvaf substrate layers where the
microstrip feed is on the bottom layer and the Ip&t@n the upper layer [1]. The
microstrip feed is an open end transmission lin&ingait naturally capacitive. In order
to increase bandwidth and reduce the spurioustradiaffect from the open end
microstrip feed, the substrate characteristicheftivo layers must be chosen carefully.
Typically, the lower substrate layer is relativétyn in order to manage coupling. Since
the patch is placed between two substrate layeed)andwidth increases dramatically.
The downside of this antenna configuration is #i&itation process since accurate
alignment of the patch and feed line is cruciajufé 12 shows the schematic diagram

and circuit equivalent model for the proximity céegbfed patch antenna [1, 2].
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” microstrip feed line, w,
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Figure 12. Proximity coupled fed patch antenna (a) schematic diagram and (b)

circuit equivalent model.

Stripline Feed

A typical stripline-fed aperture coupled patch ant consists of a stripline feed
placed in between two dielectric substrates witincaind plane placed on the lower
dielectric substrate. Figure 13 shows an exasghematic diagram of a stripline-fed

aperture coupled patch antenna [12].
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Figure 13. Schematic diagram of stripline-fed aperture coupled patch antenna.

Parallel plate modes are excited primarily by thepting slot making the stripline
feed negligible when considering a symmetric streecf13]. In order to obtain optimum
efficiency, the spacing between the coupling shat ground plane must be half a
wavelength. This specific spacing is below thentogder modes cut-off frequency.
Since size constraints are a factor for practipalieations, a substrate thickness of

around a quarter wavelengths is expected and pesdymod results.

In regards to design importance, the patch dimesdiave a more dominant effect
on the overall performance of the antenna tharslthtedimensions [13]. Since the
distance between the slot and patch control thelocay this spacing determines the
maximum efficiency. The patch length primarily tafs the center frequency
resonance. Along with dictating the center freqyethe patch element heavily
influences the impedance bandwidth, input impedamceradiation properties of the

antenna.

In [13], a stripline-fed aperture coupled doubléchaantenna was presented. The
bandwidth and efficiency of double patch antenrgréster than a single patch design.

Similar to the aperture coupled stacked patch retopantenna, the upper patch acts as
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the radiating element while the lower patch is usedicrease coupling. Figure 14 shows

the schematic diagram of the stripline-fed apertangpled double patch antenna.

Figure 14. Schematic diagram of stripline-fed aperture coupled double patch

antenna.

Coplanar Waveguide Feed

Coplanar waveguide (CPW) feed substrates are ameetf method used to integrate
the antenna with monolithic microwave integratadwis (MMIC). [2] Two methods of
excitations have been investigated using a CPW. f@ée first method involves the
CPW's center conductor splitting the coupling shdd two. The second method changes
the CPW into a slot which makes the coupling betwtbe patch and CPW inductive.

The primary advantage of a CPW feed is the feeeligigible radiation due to the odd
mode excitation of the coupled slot line [2]. Figd5 shows a schematic diagram of a

CPW-fed aperture coupled patch antenna [2].
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Figure 15. Schematic diagram of a CPW-fed aperture coupled patch antenna.

In [14], a unique broadband coplanar waveguideafegtture coupled patch antenna
using a metamaterial based superstrate is presemmeiis design, high directivity and
bandwidth is achieved using an array of frequembgctive superstrate (FSS) structures
to construct the patch. The CPW feed is usedaease wideband performance of the
antenna. Figure 16 shows the cross sectional efdhe proposed antenna along with
the FSS patch array and CPW feed. In this cordium, the antenna achieved an

impedance bandwidth in excess of 50% and diregtofiabout 13.6 dBi.
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Figure 16. Schematic diagrams of broadband coplanar waveguide fed aperture
coupled patch antenna (a) cross-sectional view (b) FSS patch array and (c) CPW

feed.
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Chapter 5 Aperture Coupled Microstrip Patch Antenna

Applications

WiMAX

WIMAX was created in order to increase broadbandroanication over a wide
network area. In recent years, WiMAX has developethe standard for present digital
networks with a greater range of services [15hc8iits introduction by the industry
group WiMAX forum in June 2001, WiMAX has grown froa communication theory to
a reliable source for wireless broadband accesgonlest [16]. Formally, WiMAX is a
wireless Ethernet alternative to wire technologies cable modems, DSL, etc.) which
provides broadband access to desired customerSlAWwas originally developed in
order to provide a low-cost alternative for fixaelanobile services (i.e. Voice Over
Internet Protocol [VolP], Information Technologyda¥ideo). Unlike WiFi which only
offers wireless connectivity for a small coverageaa WiMAX is capable of providing
coverage to a large area (around 50km) while supgplyandwidth speeds up to 72 Mbps
to users. Two different versions of WiMAX wereasished in order to optimize the
overall performance of WIMAX network. The firstrggon is IEEE 802.16-2004 which
provides fixed and nhomadic access to WiMAX network&e second version is IEEE
802.16e which provides network support for portatrld mobile communication
electronics. The initial frequency profiles thatvle been developed for mobile
applications for WiMAX are 2.3, 2.5, 3.5, and 5.8-%Hz [17]. Each WIMAX version

will be discussed in further detail in the remaindgthis section.
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|EEE 802.16-2004 and | EEE 802.16e Sandards

The IEEE802.16 standard is used to supply covervagelarge wireless
metropolitan area networks (WMAN) [16]. It includthe Physical (PHY) and Medium
Access Control (MAC) layers. It uses both Pointv/olti-Point (PMP) and Mesh modes
in order to communicate between subscriber statodsthe base station. The difference
between PMP and Mesh modes is that in PMP modestvscriber stations can only
correspond with each other through the base staiibite in Mesh mode, two subscriber
stations are allowed to communicate directly welsteother. Both PHY and MAC
layers implement the PMP and mesh mode when trétisgninformation to one another.

The main modulation techniques used in transmittifigrmation to end-users are
orthogonal frequency division multiplexing (OFDM)daorthogonal frequency division
multiplexing access (OFDMA). Based on the amodimasse and the transmission
distance, both of these methods provide adaptivdutation to available subscribers. By
using these methods effectively, WiMAX is capalisupporting fast-speed mobile
communications at a higher spectral efficiency ehdducing the amount of external
interference.

The IEEE 802.16e-2005 standard was completed iruBep2005 in order to
supply high-speed mobile support for subscribdicsta [16]. Two major issues
occurred when attempting to add mobile accesddhegd many changes to PHY and
MAC layer in order to establish mobility supporThe first issue was the handover,
which manages base station switching and handdtiods for inter-cell and inter-sector
handover between multiple sized cells. The setssuk was power management which

consisted of taking advantage of two modes of djfmeran order to reduce mobile power
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consumption: idle and sleep mode. Once these grabivere resolved, IEEE 802.16e-

2205 was ready to be employed in current gener&icmology.

Impact of WIMAX Technology

The overall impact of WiMAX into the consumer markas been substantial.
Based on [18], WIMAX has become a more advantagetiarnative to current 3G
systems due to the fact that its frequency speciswheaper, it is 100 percent IP based,
has a higher quality of service (QoS) and datg rat@n open system, and it is acceptable
to the large developing country markets. The rieedlViMAX broadband service has
increased from around 430 million customers in 2@08early 800 million consumers in
2010 worldwide, which is nearly double the mark®terage for mobile users.

This exponential growth for reliable broadband smw has contributed to a rise
in portable internet-accessible devices such daspapmobile phones, and tablet
computers. Even though laptops are still the majedium for access to the internet,
mobile phones and tablet computers have gainediaagyuamong end-users. Most
present-day technology giants have begun includiigAX into their mobile chipsets.
For example, Intel introduced the Intel WIMAX Coretien 2300 chipset in December
2006 which includes mobile WIMAX and Wi-Fi [18]. ndther example is the Samsung
SWD-M1000 Mondi, which was the tech giant’s firstlbile WiMAX enabled handheld
device [19]. These two devices are prime exampid¢ise ever-expanding market for

WiMAX-enabled devices and WiMAX’s relevance in faeeumobile innovations.
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WIFI

WIFI (or IEEE 802.11) was first released in 199Thwthe capability to transmit
raw data at speeds of 1 and 2 megabits per sebdintly) using the Industrial Scientific
Medical (ISM) frequency band at 2.4GHz [20]. Sintseoriginal release, the IEEE
802.11 standard has been amended several timedanto increase availability and
overall performance. The first amendment was duoed in 1999 as the IEEE 802.11b.
IEEE 802.11b increased the raw data rate to 11/Mbging the 2.4 GHz frequency band
[20]. Depending on user’s desired signal quathy, 11 Mb/s data rate was scaled down
to 5.5 Mb/s, 2 Mb/s, and/or 1 Mb/s. The secondradmeent was the 802.11a standard
which was the first standard to operate in the Z@elquency band. Since the 2.4 GHz
frequency band has a limited number of non-oveitegpphannels and is heavily used,
the 5 GHz frequency range allows for less interfeesfrom other wireless devices such
as Bluetooth, computers, and other electronics [2hle major tradeoff for using the 5
GHz is the reduced network range available meagpiogagation though solid obstacles

(such as walls, trees, etc.) are decreased signific

Radar

Interests in radar applications at the 5 GHz rdrageincreased over the past
decade. In 2003, the International Telecommuroaatinion Radiocommunication
Sector (ITU-R) created the sharing criteria for Bi&Hz range [22]. One notable radar
application in the 5 GHz range is weather rad@rse to their short pulse type and

scanning patterns, weather radars are hard totdetdts frequency range.
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Chapter 6 High Frequency Structure Simulator M ethods

High Frequency Structure Simulator or HFSS is ansoe program with the
ability to calculate the electromagnetic behavioa structure [23]. It can solve basic
open boundary problems, generalized S-parametaiigenmodes (resonances) of
a structure by using a finite element method (FEbyer. HFSS designs include,
but are not limited to, antennas such as heligagmidal horn, and coax fed patch;
signal integrity structures such as vias, coax beartsient, and connectors;
RF/microwave structures such as bandpass filtenpater, and tee; and integrated
circuits such as package models and spiral indsictor
Absor bing Boundary Conditions

Radiation boundaries, also known as absorbing eynmbnditions (ABC), are
used to simulate radiating electromagnetic wavesimfinite space [23]. In order to
replicate infinite space, HFSS absorbs any radjatiaves and infinitely expands the
boundary area. This simulation method is usefantenna design where the near-
field and/or far-field patterns assist in determgthe performance of an antenna
design.

Typically, an ABC effectively absorbs incident egyethat is normal to the
surface of the radiating element. ABCs are usyafiged at least quarter wavelength
away from strongly radiating structures for pre@saulation results [23]. The
distance between the radiating structure is craciatcurate simulation results.

Perfectly Matched L ayer

A perfectly matched layer (PML) boundary is desedilas a fictitious lossy

anisotropic material that fully absorbs electrometgnfields from radiating elements
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[24]. Compared to absorbing boundary conditioddl& absorb a wider range of
frequency and directional waves at the cost of nnoraputing RAM. This method
allows for boundary conditions to be closer to aidg elements resulting in smaller
3-D models [23]. Unlike ABC where the distancewsn the boundary and the

radiating structure is crucial, the boundary distafor PMLs is more flexible.
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Chapter 7 Aperture Coupled Microstrip Patch Antenna

Design Specifications

An aperture coupled microstrip patch antenna weated and simulated in HFSS.
Figure 17 shows the 3-D schematic of the propopedare coupled microstrip patch
antenna. Table 1 shows the design parameterdaste: aperture coupled

microstrip patch antenna.

Slot (WS,,LS,)

Microstrip feed

Microstrip substrate
(wfeedl Lfeed} (£r11 hl)

Figure 17. 3-D schematic diagram of aperture coupled microstrip antenna.
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Design Parameters Value (in mm)
Microstrip Substrate Thickness n 1.016
(Arlon AD260A) L
Patch Substrate Thickness h 6.35
(Eccostock PP-2) 2
Patch Length L, 25.5087
Patch Width W 29.7775
X
Slot Length LS, 23.7
Slot Width ws, 2.1
Stub Length Leub 15
Microstrip Feed Length Lyeed 37.2725
Microstrip Feed Width Wieed 3

Table 1: Design parametersfor aperture coupled microstrip patch antenna.

The patch element rests on Emerson & Cuming Ecchf®-2 polyethylene
foam ,, = 1.03 and loss tangent = 0.0001). As mentioned in pres/gections, an
ideal substrate for the patch element is one thstaHow permittivity and thick
substrate for increased bandwidth which Eccostd&iR heets both specifications.
Additional benefits of this material include lighewght, durability (weather resistant),

and ability to return to its normal thickness afteing compressed.

The microstrip feed line is placed on Arlon AD260#; = 2.6 and loss tangent
=0.0017). As mentioned in previous sectionsningostrip substrate should have a
low permittivity with a relatively thin substrate order to increase fringing fields
which Arlon AD60A meets both specifications. Adalital benefits of this material

include low insertion loss and high antenna efficie

The patch length and width dimensions were detexchirsing Equations 4-8. In

order to expedite the calculation process, a MAT Ljggch dimension calculator
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created by Anurag Ghosh was used. [Appendix 1]pdieh dimensions were
determined using the known patch substrate thickrmegmittivity, and desired
resonant frequency. Table 2 shows the calculatddsenulated patch dimensions for
the antenna. As shown in Table 2, the patch lewgthlengthened in order to

achieve an optimum resonance at 5 GHz.

Calculated Simulated

(mm) (mm)
Patch Length 20.6622 25.5087
Patch Width 29.7775 29.7775

Table 2. Calculated and simulated patch dimensions.

The slot length and width dimensions were deterthimeng the parametric

sweep function in HFSS. According to [3], theadf slot width to length is around

1

o= 0.1. Based on my design, the ratio of slot lengttvidth is% = 0.09 which is

close to the initial ratio.

The microstrip feed length was determined usingrimftion found in [25]. The
total feed length for an open-circuit microstripdiis 0.73%. [25] The stub length is
included with the total feed length which is a léngf 0.212 from the center of the
slot. Therefore, the feed length from the edgghéocenter of the slot is 0.528
Figure 18 shows a schematic diagram of the nonHR&S feed and stub length

dimensions.
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A

Figure 18. Nominal HFSS feed and stub length dimensions.

Using these nominal HFSS values, the feed andishgths were calculated and
implemented in the initial design. After condugtia parametric sweep in HFSS, the
optimum feed and stub length were determined. elaldhows the nominal and
simulated feed and stub length at a frequency®Hz. Based on Table 2, the nominal

and simulated total feed lengths have a percefardiice of 14.35%.

Nominal Simulated
(mm) (mm)
Feed Length 31.68 37.2725
Stub Length 12.66 15
Total Feed
Length 44.34 38.7725
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Table 3. Nominal and simulated feed, stub, and total length at 5 GHz.

The microstrip feed width was determined using Egua2. In order to expedite

the calculation process, the online microstrip @alor on Microwaves101.com was used




in order to obtain accurate, consistent valuesseBan the known substrate thickness
and permittivity, the microstrip feed width wasaahted to be 3 mm for a substrate

thickness of 1.016mm whegg, = 2.6.

As mentioned in Chapter 6, the amount of separdteween the antenna
structure and the absorbing boundary is cruciadtmurate simulation results. Figure 19
shows the side view of the aperture coupled patténaa with the ABC. When using an
absorbing boundary condition (ABC), the distanocesvieen both the microstrip feed and
radiating element from the ABC is approximatelyuager wavelength as shown in
Equation 10 where c is the speed of lights the desired frequency, and . The calculated

distance is equal to 14.78mm.

g 1 ¢ _1 3x108M/

4 ayEf 4vi03+(5GHZ) 14.786mm (10)
ABC ~L T
A
g
/4
Patch substrate
[ A
Microstrip substrate
A
7/
d 4
ABC -

Figure 19. Sideview of aperture coupled patch antenna with ABC.
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Simulation Results

Figure 20 shows the simulatgg, of the aperture coupled microstrip antenna.
The -10 dB bandwidth is approximately 400 MHz frdr8-5.2 GHz. The percent
bandwidth achieved from this antenna is around 8%et on Equation 11 whefg is
the highest frequency at -10 dB gfyds the lowest frequency at -10 dB. One major

resonance occurs at the frequency of 5 GHz.

%BW = Z%x 100 (11)

_40 . I 1 :
4 4.5 5 53 6

Frequency (GHz)
Figure20. Smulated S, of the aperture coupled microstrip antenna.

Figure 21 shows the Smith Chart impedance locuth®aperture coupled
microstrip patch antenna. When the locus passeagh the center of the Smith chart,

the optimum matching condition has been achie\gaked on the figure, optimum
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matching occurs when the frequency is 5 GHz whalidates the resonance in Figure

20.

Figure 21. Smith chart for aperture coupled microstrip patch antenna.

The realized gain represents the gain that incldlde reflection losses at the input
of the antenna. The realized gain is calculatethking the ratio of the power radiated to
the power into the antenna. Figure 22 shows tBepBats of the realized gain at 5 GHz.
Figure 23 shows the rectangle plot of the realg&id at 5 GHz. As shown in the
figures, the maximum realized gain is 8.33 dB &tz whend = 0 and ¢ = 90,
respectively. The maximum sidelobes are -3.02 niB-2.29 dB whe® = —55"and
6 = 55°, respectively. Therefore, the sidelobe leveher difference between the main

beam maximum and the sidelobe, equals to aroure® HB. Having low sidelobes is
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often imperative in antenna design since excessdedobe radiation wastes energy and

may cause interference to other equipment.

dB(RealizedGain

8, 3381e+860
5. 8505e+080
3. 3714e+000
8. 9203e-081

-1.5873e+000
-4, BEETe+080
-6, 5461e+080
-9.8254e+800
-1.1585¢+891
1. 3984e+801
-1. 6463e+801
-1. 8943e+001
-2, 1422e+801
-2, 398Ze+001
-2, 6381e+001
-Z. B86@e+001
-3, 134@e+001
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=20 1
—— GainPhi when Phi=90
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-30} , . . ]
-200 -100 0 100 200
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Figure 23. Rectangular plot of realized gain for aperture coupled microstrip patch

at 5GHz.
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Figure 24 shows the co-polarization and cross¢alion E-field and H-field

patterns at 5 GHz. As described in previous sestithe cross-polarization pattern is

desired to be as low as possible in order for thpalarization pattern to be dominant.

As shown in Figure 24, the cross-polarization Iswvemain below -32 dB while the co-

polarization levels remain above -4 dB.

& 3

O

-ZI T46 oo

-80

"“—-&_J_I_u_h—""')

/1/20

420 \ A
\4\(\. \\J /
450 e, 150
-180
(a)

12(&
%

=1 SM

-20 00
-40.00
’—'BB.{}[]

a0

P

\\h/‘)///,ﬁzn

150
-180

(®)

Co-polarization
Cross-polarization

Figure 24. Co and cross polarization for (a) E-planeat 5 GHz (b) H-planeat 5 GHz.
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Chapter 8 Conclusion and Future Work

An aperture coupled microstrip patch antenna leas Ipresented. The antenna is
capable of operating in the 4.8 — 5.2 GHz rangee ST; for the antenna at5 GHz is -
38.3 dB. The -10dB bandwidth exceeds 400 MHz whighates to 8% bandwidth
overall. The total realized gain at 5 GHz is 8&dBwhend = 0°and¢ = 90°. The
maximum sidelobes are -3.02 dB and -2.29 dB when—55"andd = 55, respectively.
The sidelobe level equals to around 10.62 dB bét@xmain beam maximum. The co-
polarization radiation is above -4 dB while thessgolarization is below -32 dB which
is desired. The designed antenna is capable piostipg WIFI, WIMAX, and radar

applications at 5 GHz.

Several modifications could be made in order toimée the overall
performance of the antenna. The bandwidth, redlggen, and size could be greatly
improved if various enhancements were applied. réhsinder of this section will cover

methods that could be implemented in future work.

First, the antenna’s bandwidth could be increak#wislot aperture was altered.
The H-shaped slot has shown to increase the caplgtuel between the slot and patch
which could excite more resonances. Another methatcould be used is to increasing
the number of slots in the aperture to produceipialtesonant frequencies. Adding a
substrate integrated cavity with metallic vias aEs® proven to improve the coupling
level. The major tradeoff of each of these methedkat the antenna design becomes

more intricate and complex causing an increas@ih tabrication time and costs.
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Second, an array could be used to increase thalbgam of the antenna. Even
though the patch antenna has a realized gain ahdr8.33 dB, a higher gain may be
required for most long-range wireless applicatiolbe main tradeoff of using an array
is increased design complexity especially for ingrex® matching and electromagnetic
interference issues. Another method that wouldeimse the gain would be to add a
reflector element to the antenna. The reflectemeint would reduce the amount of back
radiation caused by the large aperture slot anefbee would decrease the front to back

ratio.

Third, decreasing the size would allow for the anteto be implemented in more
wireless mobile applications where board spacenisdd. These applications include,
but are not limited to, cellular phones, WiFi/WiMAXuters, gaming consoles, weather

radars, WiFi-enabled televisions, etc.

43



REFERENCES

[1] R. Garg, Microstrip Antenna Design Handbookte&h House Inc., 2001.

[2] R.B. Waterhouse, Microstrip Patch Antennas: ésigner’'s Guide, Kluwer
Academic Publishers, 2003.

[3] D. M. Pozar. “A Review of Aperture Coupled Mastrip Antennas: History,
Operation, Development, and Applicatons,” Universit Massachusetts at
Amherst, 1996.

[4] Lal Chand Godara, Handbook of Antennas in W¥se Communications, Chapter
6 Microstrip Patch Antennas, CRC Press LLC, 2002.

[5] S. M. Wentworth, Applied Electromagnetics: Baflransmission Lines
Approach, John Wiley & Sons, 2007.

[6] H. Miranda, “Patch Antenna Design,” Stanfordiusrsity, Spring 2007,
https://ccnet.stanford.edu/cgi-
bin/course.cgi?cc=eel44&action=handout_download&bah id=ID117973779
05639

[7] D. M. Pozar, “Microstrip Antennas,” IEEE Vol0O8no. 1, pp 79-91, January
1992.

[8] Y. Liu, J. Yang, W. Lu, H. Zhu, “Bandwidth enh@ment of multislot antenna
fed by microstrip line,” Microwave, Antenna, Propéign and EMC
Technologies for Wireless Communication (MAPE), 20BEE 5" International
Symposium, pp 300-303, October 2013.

[9] W. Jingfang, L. Jiusheng, “Compact patch angefor WiMAX application,”
Microwave, Antenna, Propagation and EMC Technok@pe Wireless
Communication (MAPE), 2013 IEEE"Snternational Symposium, pp 443-445,
October 2013.

[10] D. Sun, W. Dou, L. You, “A Wideband Apertures@led Microstrip Patch
Antenna with Backed Cavity of Dielectric,” IEEE, @@6-228, 2010.

[11] D. Sun, W. Dou, X. Yan, “A Method to ImproveoGpling of Aperture-Coupled
Microstrip Antenna with Backed Substrate Integra@edity,” Microwave,
Antenna, Propagation and EMC Technologies for WaggICommunications
(MAPE), IEEE 5th International Symposium, pp. 322230ctober 2013.

44



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

J. C. Cheng, L. P. Katehi, “Analysis of a stoupled and stripline fed patch
antenna,” 1993.

R. Marg, A. F. Jacob, “Efficiency Consideratsin the Design of Aperture-
Coupled Patch Antennas with Stripline Feed,” AnriR@port, 1995.

K. Kanjanasit, C. Wang, “A High Directivity Badband Aperture Coupled Patch
Antenna Using a Metamaterial Based Superstrate,2 2@ughborough Antennas
& Propagation Conference, IEEE, November 2012.

Sedani, Bhavin S., Kotak, Nirali A., BorisagKomal R. and Kulkarni, G.R.
Implementation and Performance Analysis of Effitifireless Channels in
WiIMAX using Image and Speech Transmissi®012 International Conference
on Communication Systems and Network Technologie$2.

Dalal, Upena D. and Kosta, Y P. WIMAX New B#opments, Chapter 1
WiMax: Appropriate Technology to Provide Last Mikecess to ICTs
Infrastructure and Service in Rural Aredatech. 2009.

WIMAX Forum, http://www.wimaxforum.org/FAQRetrieve.aspx?1D=62699

OECD, "The Implications of WiMAX for Competdn and Regulation "
Organisation for Economic Co-operation and DeveleptmParis 2006.

D. Quick, “Samsung launches first WiMAX-enathlsobile internet device.”
Gizmag. 2 April 2009http://www.gizmag.com/samsung-mondi/11389/

“Wireless LAN 802.11 Wi-Fi,” IEEE Global Histg Network.
http://www.ieeeghn.org/wiki/index.php/Wireless LA8D2.11 Wi-Fi

“Differentiating the 5GHz and 2.4 GHz frequgrizands,” Article ID 17415,
Linksys, 2014.

J. Kruys, “RLANs and weather radars in the 53#4nd,” rev3, Cisco, December
2006.

HFSS Online Help Guide, Version 14.

ANSYS, HFSS for Antenna/RF Training Guide, F¥-Release 12.1"4dition,
January 2010.

M.P. Civerolo, “Aperture Coupled Microstrip ganna Design and Analysis,”
California Polytechnic State University, San Luisi§po, June 2010.

45



o
o
o

Final Year MAjor Project 2008
Author-- Anurag Ghosh

o® o° oP

function varargout = untitled(varargin)

UNTITLED M-file for untitled.fig
UNTITLED, by itself, creates a new UNTITLED or raises the existing
singleton*.

H = UNTITLED returns the handle to a new UNTITLED or the handle to
the existing singleton*.

UNTITLED ('CALLBACK', hObject,eventData,handles,...) calls the local
function named CALLBACK in UNTITLED.M with the given input arguments.

UNTITLED('Property','Value',...) creates a new UNTITLED or raises the
existing singleton*. Starting from the left, property value pairs are
applied to the GUI before untitled OpeningFunction gets called. An
unrecognized property name or invalid value makes property application
stop. All inputs are passed to untitled OpeningFcn via varargin.

*See GUI Options on GUIDE's Tools menu. Choose "GUI allows only one
instance to run (singleton)".

00 0 o0 d° 0° A0 A A A A O o0 O ° ° O O A O o°

See also: GUIDE, GUIDATA, GUIHANDLES

oe

Edit the above text to modify the response to help untitled

o

Last Modified by GUIDE v2.5 06-May-2008 02:35:10

% Begin initialization code - DO NOT EDIT

gui_Singleton = 1;

gui State = struct('gui Name', mfilename,
'gui Singleton', gui Singleton,
'gui OpeningFcn', @untitled OpeningFcn,
'gui OutputFcn', @untitled OutputFcn,
'gui LayoutFcn', 1,
"gui Callback', (1)

if nargin && ischar (varargin{l})

gul State.gui Callback = str2func(varargin{l});
end

if nargout
[varargout{l:nargout}] = gui mainfcn(gui_State, varargin{:});
else
gui mainfcn(gui State, varargin{:});
end
% End initialization code - DO NOT EDIT

Q

% —-—-—- Executes just before untitled is made visible.

function untitled OpeningFcn (hObject, eventdata, handles, varargin)
This function has no output args, see OutputFcn.

hObject handle to figure

o° o



eventdata reserved - to be defined in a future version of MATLAB
handles structure with handles and user data (see GUIDATA)
varargin command line arguments to untitled (see VARARGIN)

o0 oo o°

% Choose default command line output for untitled
handles.output = hObject;

% Update handles structure
guidata (hObject, handles);

UIWAIT makes untitled wait for user response (see UIRESUME)
uiwait (handles.figurel);

o0 o

% ——— Outputs from this function are returned to the command line.
function varargout = untitled OutputFcn (hObject, eventdata, handles)
varargout cell array for returning output args (see VARARGOUT) ;

% hObject handle to figure
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

oe

Get default command line output from handles structure
varargout{l} = handles.output;

o

% —-—-—- Executes during object creation, after setting all properties.
function editl CreateFcn (hObject, eventdata, handles)

hObject handle to editl (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

o0 o° o°

handles empty - handles not created until after all CreateFcns called

Hint: edit controls usually have a white background on Windows.
See ISPC and COMPUTER.

if ispc && isequal (get (hObject, 'BackgroundColor'), get¥

(0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white'");

e o

end

function edit2 Callback (hObject, eventdata, handles)

% hObject handle to edit2 (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

Hints: get (hObject, 'String') returns contents of edit2 as text
str2double (get (hObject, 'String')) returns contents of edit2 as a double

o° o

% —--- Executes during object creation, after setting all properties.
function edit2 CreateFcn (hObject, eventdata, handles)

hObject handle to edit2 (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

A° o° o°

handles empty - handles not created until after all CreateFcns called

oe

Hint: edit controls usually have a white background on Windows.



% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'), get¥
(0, '"defaultUicontrolBackgroundColor"'))
set (hObject, 'BackgroundColor', 'white'");
end

function edit3_ Callback (hObject, eventdata, handles)

hObject handle to edit3 (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB
handles structure with handles and user data (see GUIDATA)

o0 oo o°

Hints: get (hObject, 'String') returns contents of edit3 as text
str2double (get (hObject, 'String')) returns contents of edit3 as a double

o° o

o

% —-—-—- Executes during object creation, after setting all properties.
function edit3 CreateFcn (hObject, eventdata, handles)

hObject handle to edit3 (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

od° o° o°

handles empty - handles not created until after all CreateFcns called

Hint: edit controls usually have a white background on Windows.
See ISPC and COMPUTER.

if ispc && isequal (get (hObject, 'BackgroundColor'), get¥

(0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');

o° o°

end

o

% —--- Executes on button press in pushbuttonl.

function pushbuttonl Callback (hObject, eventdata, handles)

freg=str2double (get (handles.editl, 'String'));

er=str2double (get (handles.edit2, 'String'));

h=str2double (get (handles.edit3, 'String'));

height = h/1000*2.54;

Width=30.0/(2.0*freq) *sqrt (2.0/ (er+1.0))*10;

ereff=(er+1.0)/2.0+(er-1)/(2.0*sqrt (1.0+12.0*height/Width)) ;

d1=0.412*height* ((ereff+0.3) * (Width/height+0.264))/ ((ereff-0.258) * (Width/...
height+0.8)) ;

lamda=30.0/ (freg*sqrt (ereff));

lamda0=30.0/freq;

Leff=lamda/2;

L=Leff-2*dl;

Length = L*10;

k0=2*pi*freq/30;

rhil=0:360;

thetal=0:180;

phi=phil./180.*pi;

theta=thetal./180.*pi;

Rr=120*1amda0/ (1-k0"2*height"2/24) ;
Radiation resistance = Rr;



handles.text4, 'String', Length) ;
handles.text5, 'String',Width) ;

9]
10)
° ¢t ot ot

Radiation patterns
Plotting of radiation patterns on polar and rectangular co-ordinate system

o

% Calculating the normalized field values for polar plot

Etheta=sin (kO*height/2.*cos (theta)) .*cos (k0*L/2.*cos (theta))/k0/height*...
2./cos (theta);

Ethetamax=max (Etheta) ;

Ethetanor=Etheta./Ethetamax;

Ephi=sin (k0*Width/2.*cos (phi)) .*sin (phi) /k0/Width*2./cos (phi) ;
Ephimax=max (Ephi) ;

Ephinor=Ephi./Ephimax;

axes (handles.axesl) ;

cla;

polar (theta,Ethetanor, '-r'")

hold on;

polar (phi,Ephinor, '-b")

title('Radiation plot of E and H plane patterns');

title('E- and H-plane Patterns of Rectangular Microstrip Antenna', ...
'fontsize', [12]);

legend ('E plane','H plane');

o

oe

o

% Space wave, surface wave and gain calculations

kO0d=kO*height;

$Space wave power
Psp = 377*k072*k0d"2/3/pi* (1-1/ereff+2/5/ereff”2);

sSurface wave power

s=sqgrt (ereff-1);

k0ds=k0d*s;

alphaO=s*tan (k0ds) ;

alphal=-[tan (k0ds) +k0ds/ (cos (k0Ods) ) "2];

x0d=ereff”2-alphal”"2;

x0n=-ereff”2+alphal*alphal+ereff*sqrt (ereff"2-2*alphal*alphal+alpha0"2);
x0 = 1+x0n/x0d;

Psur = 377*k0"2/4*ereff* (x0%2-1)/[ereff*[1/sqrt (x072-1)+sqrt (x0"2-1)/ (...
ereff-x072) ]+k0d* [1+ereff""2* (x0"2-1)/ (ereff-x0"2)11];
Efficiency=Psp/ (Psp+Psur) ;

Gain=10*1loglO (Efficiency*2*pi*Leff*Width/lamda0) ;



set (handles.textl4, 'String',Efficiency);
set (handles.textl5, 'String',Gain) ;

o
recessed

x=30*pi/sqrt(er)/50-0.441;

if sqgrt(er)*50 <= 120
WO0=height*x;
else
WO0=height* (0.85-sqrt (0.6-x));
end
% Width of microstrip feed=W0;

if WO/height <= 1
7Z0=60/sqrt (ereff)*log (8*height/W0+W0/4/height) ;
else
7Z0=120*pi/sqrt (ereff) *inv (WO/height+1.393+.667*1og (W0/height+1.444));
end
% characteristic Impedance = Z0
set (handles.textl7, 'String', Z0) ;

% hObject handle to pushbuttonl (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
% —--- Executes during object creation, after setting all properties.
function textl CreateFcn (hObject, eventdata, handles)

hObject handle to textl (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

o° oo o°

handles empty - handles not created until after all CreateFcns called



