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Low Pro�le In tegrated GPS and Cellular An tenna

Nathan P. Cummings

(ABSTRA CT)

In recent years,the rapid decreasein sizeof personalcommunication deviceshas lead
to the needfor morecompactantennas. At the sametime, expansionof wirelesssystemshas
increasedthe applications for multi-functional antennas that operate over broad frequency
bands or multiple independent bands. The civilian GPS system is quickly becoming the
standard for personaland commercialnavigation and position location. The di�cult y with
GPSis that there is no return link. That is, a GPSterminal determinesits position, but that
position is known only to the terminal user. A return link enablespositional information
derived from GPS to be communicated to a remote location. This is especially desirable
for unmanned terminals. The next wide scaletechnology area for GPS is the integration
of a GPS receiver with sometype of wirelessserviceto provide communication of the GPS
- derived position as well as messaging. One of the most popular usesfor this service is
tracking of mobile cargo.

This paper presents a designfor a compact, low-pro�le antenna that operatesat both
the conventional cellular telephonebandof 824to 894MHz and the civilian GPSL1 frequency
of 1575MHz. The combined antenna unit has a lateral diameter of lessthan 4 inches(10
cm) and its height is lessthan 2 inches(5 cm). The integrated unit is a hybrid designof two
collocatedantennasthat operateat the two di�eren t bands. The planar inverted F antenna,
PIFA, meetsthe speci�cations which are required in a reducedsizeenvironment. The PIFA
is capableof achieving a bandwidth of 8% in the cellular band. The GPS portion of the
hybrid unit consistsof a dielectrically loadedpatch located in a \piggyback" con�guration
on top of the top PIFA element.

Computer simulation and designwere performedusing a combination of IE3D, a 2.5
dimensional commercial moment method code, and Fidelity, a commercial full 3D �nite
di�erence time domain code. Results will be presented from thesecalculations along with
measurements on prototype antennas using both the Virginia Tech outdoor antenna range
and the Virginia Tech near-�eld antenna range.
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Chapter 1

In tro duction

1.1 Design Problem

In the past decade,cellular basedcommunicationshavebecomea ubiquitous part of everyday

life. Mobile communications are becomingincreasingly integrated into both terrestrial and

satellite basedradio systemswith the impetus being personalvoice conversations[1]. The

cellular infrastructure has developed and matured into a reliable system that is utilized

by many di�eren t typesof communication systems. As is the case,considerablee�ort has

alreadybeeninvestedin developingthe respective end-userdevicesthat work on the cellular

system.

Paralleling the swell in the cellular radio systemdevelopment and demandhasbeena

rapid increasein the civilian useof terrestrial position-location systems.The civilian Global

Positioning System, GPS, is quickly becoming the standard for personal and commercial

navigation and position location. Applications that wereoncedeemedusefulonly to profes-

sional navigators and surveyors are permeating the most routine aspects of consumerlife.
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Applications such asautomobile route mapping, recreationalhiking and orienteering aswell

as commercialcargotracking are all receivingbene�ts from GPS.

The di�cult y with existing consumerGPS applications is that there is no convenient

method to transmit the GPS determined position and velocity information to a remote

location. The GPS systemis receive only and an obvious extensionis to include transmit

capabilitiesover a wirelessband to relay the data to a remote location. Many systemscould

be envisionedthat can and are bene�ting considerablyfrom real-time tracking information.

Couriering companiescouldeasilyprovide customerswith automatic delivery statusupdates.

Public transportation, such asurban bus services,could post scheduling delays at the actual

pickup locations.

Many di�eren t technologicaladvanceshave beennecessaryto facilitate this increased

appearanceof personalcommunication devices: faster and more highly integrated circuits,

compacthigh-resolutiondisplay screensand lightweight powerful batteries. All of thesecom-

ponents have experienceda similar reduction in size. This expansionof wirelessapplications

has also lead to a needfor reducedsizemulti-functional antennas that operate over broad

bandsor multiple independent bands.

The focusof this thesisis a designfor a compact, low-pro�le antenna that operatesat

both the conventional cellular telephoneband of 824 to 894 MHz and the civilian GPS L1

frequencyof 1575MHz. Many di�eren t antenna designscurrently exist for use with both

the cellular systemand GPS, but no integrated antenna exists. The designpresented hereis

basedon a hybridization of two well known antennasthat havebeenextensively studied. The

planar inverted-F antenna, PIFA, providesthe basisfor the cellular coverage.A conventional

dielectrically loadedmicrostrip patch antenna is utilized for the GPS segment.
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1.2 Thesis Overview

Chapter 2 of this thesis discussesthe background of both the GPS systemand the cellular

system. It details the electricalcharacteristicsof both systemsand presents the requirements

that needto be met for the designof the integrated GPS-cellular antenna. Chapter 2 also

gives a brief history of both systems,including both the technical and social aspects that

make them the most suitablealternative for this combinedGPS/Cellular project. Chapters3

and 4 deal with the individual cellular and GPS antennas,respectively. The designconsid-

erations, intermediate designsand recommendationsare examined for each antenna half.

Down-selectionof the intermediate designsare examinedin Chapter 5. The down-selection

is basedon computer simulation of the individual components as well as prototype mea-

surements. Chapter 6 presents the �nal designand measurements of a prototype antenna.

Recommendationsfor future work and conclusionsare presented in Chapter 7.
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Chapter 2

Background and Problem De�nition

This chapter presents the detailed electrical and mechanical speci�cations for an integrated

GPS/cellular antenna. The technical speci�cations consistof the combined electrical speci�-

cations for each band (GPS and Cellular) together with the mechanical speci�cations of the

�nal unit. Section2.1 presents an overview of the GPS systemand a description of the elec-

trical and mechanical requirements. Section2.2 presents the cellular systemand describes

the required electrical and mechanical speci�cations. Section2.3 introducesthe conceptof

using the two systemstogether to enhancethe capabilities of both systems.

2.1 The GPS Unit

The Global Positioning Satellite (GPS) systemis a constellationof low earth orbiting satel-

lites that transmit signalscontinuously to earth basedreceivers. The systemprovidescoded

information to GPS receivers which allows the receivers to make accurate calculations of

current time, position and velocity. GPS servicefor position location is becomingthe next

technological innovation that will eventually be as popular as the telephone.

5
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2.1.1 GPS History

GPS grewout of the Navy Navigation Satellite System(TRANSIT) which wasusedprimar-

ily for determining the preciselocation of aircraft and vessels.The TRANSIT navigation

systemconsistedof six low earth orbit (560 nautical miles) satellites in a polar \bird cage"

constellation [1]. The TRANSIT systemprovided navigation information with global cov-

erageby observingDoppler shift of the transmitted signal as the satellite moved acrossthe

sky. The Early TRANSIT system su�ered from several severe limitations and problems.

The small number of orbiting satellites causedintermittent coveragegaps. Additionally , a

signi�cant portion of the satellites track in the sky had to be observed in order to obtain

enoughDoppler shift information to make an accurate assessment of position. Periods of

up to 15 minutes weresometimesnecessaryto make the measurements and the receiver had

to remain relatively stationary during these measurements [1]. The present GPS service

consistsof 24 Navstar GPS satellites. As a result, it is possibleto determine, quickly and

accurately, position and velocity anywhereon earth.

There are two distinct GPS operational categories: civilian and military . Civilian

GPS operates at a frequencyof 1,575.42MHz (L1) and military GPS includes a second,

L2, frequency of 1,227.60MHz [2]. Stand-aloneGPS receivers have been used in many

situations for a number of years. Surveying with the aid of GPS hasbecomecommonplace

and through techniquessuch asdi�eren tial GPS, centimeter accuracycan be achieved. Low

costhand-heldGPSreceiversareon track to replacethe compassasthe land navigation tool

of choice for hikers and campers. Coupled with mapping software packages,motorists are

using GPS to plot trips and avoid detours.
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Figure 2.1 GPS satellite orbital constellation [3]

2.1.2 The GPS Space, User and Con trol Segments

The GPSsystemcanbebrokeninto threedistinct segments that operatetogetherto provide a

functional positioning service:the spacesegment, the usersegment and the control segment.

The spacesegment consistsof 21 active NAVSTAR GPS satelliteswith three in-orbit spares.

The satellitesare in six orbital planesat an altitude of 22,200km (10,898miles). The orbital

planesare equally spaced60o apart and inclined at 55o with respect to the equatorial plane.

Each satellite completesa siderealorbit nominally in 12 hours. Figure 2.1 illustrates the

GPS constellation. This satellite constellation provides continuousvisibilit y of at least four

satellites anywhere on or near the surfaceof the earth. Typically, however, �v e to eight

satellites are visible to the receiver at any given time. The function of the spacesegment

is to provide accurate timing pulsesas well as satellite ephemerisconstants to terrestrial

and possibly spacebasedend users [1]. The ephemerisdata are a set of constants that

are broadcast by the satellites that tell the user where the satellite was located when it

transmitted the timing pulses.

The usersegment processesthe time and ephemerisdata from the satellitesto generate
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accurateposition, velocity and timing estimates.Four satellitesare required to computethe

four dimensionsof position (x, y, z) and time. The user segment is typically broken into

three components: the antenna, the processorand the display. The antenna is tasked with

receiving the signal from the satellites. The processorthen extracts data from the signals

and determinesthe navigation solution. Finally, the display component relays the navigation

solution to the end useror other instrument for further processing.

The control segment consistsof a systemof tracking stations locatedaround the world.

The purposeof the control segment is to track the GPSsatellitesand furnish periodic updates

of their position drift and clock skew. These updates then allow the individual satellites

to adjust the ephemerisdata that is provided to the user segment. The satellite update

information is actually provided to the control segment by each of the individual satellites

sincethe satellites are constantly monitoring their own position. The control segment then

inverts the data sent from each satellite and computesthe navigation solution to construct

the new satellite positioning information.

2.1.3 The GPS Coded Data

The GPS code consistsof three binary codesthat shift the L1 and/or L2 carrier phase.The

C/A code (CoarseAcquisition) modulates the L1 carrier phaseand is a repeating 1 MHz

PseudoRandom Noise (PRN) Code. This noise-like code modulates the L1 carrier signal,

\spreading" the spectrum over a 1 MHz bandwidth. The C/A code repeats every 1023

bits (one millisecond). There is a di�eren t C/A code PRN for each active satellite. GPS

satellitesare identi�ed by their PRN number which is the unique identi�er for each pseudo-

random-noisecode. The userterminal receiver then employs code-divisionmultiple accessto

distinguish betweenthe di�eren t satellites. The C/A code that modulates the L1 carrier is

the basisfor civilian location and navigation [2]. The P-Code (Precise)modulates both the



9

L1 and L2 carrier phases.The P-Code is a very long 10 MHz PRN code that repeatsevery

seven days. In the Anti-Spoo�ng (AS) mode of operation, the P-Code is encrypted into

the what is called the Y-Code. The encrypted Y-Code requiresa classi�ed AS Module for

each receiver channel and is for useonly by authorized userswith cryptographic keys. The

P (Y)-Code is the basisfor the military precisepositioning service(PPS). The Navigation

Messagealsomodulates the L1-C/A code signal. The Navigation Messageis a 50 Hz signal

consisting of data bits that describe the GPS satellite orbits, clock corrections, and other

systemparameters[2].

2.1.4 The GPS Signal

The signal transmitted from the GPS spacecraftis right-hand circular polarized. Circular

polarization is usedto avoid Faraday rotation problemsassociated with L-band propagation

through the earth's ionosphere. Circular polarization has the additional bene�t of not re-

quiring rotational alignment of a circularly polarizedantenna at the user terminal. In order

to receive the maximum available power of right-hand circular polarized signals from the

satellites, the user terminal antenna must also be RHCP. A user terminal that is linearly

polarized will su�er a 3 dB lossin received power.

One common measurement for the quality of circular polarization is axial ratio. A

general elliptically polarized wave can be quanti�ed by the magnitudes of its major and

minor axesof rotation. Axial ratio, AR, is simply the ratio of the major axis to the minor

axis and is typically stated in dB. AR provides a convenient measurefor the deviation of a

generalelliptically polarizedwavefrom purecircular polarization. A purecircularly polarized

wave hasand axial ratio of 0 dB. The axial ratio for acceptablecircular polarization is often

speci�ed to be at least 2 dB [4].
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Table 2.1 GPS user terminal antenna electrical characteristics

Parameter Speci�cation

Frequency L1 1575.42� 2 MHz minimum, � 10 MHz desired
Gain 4 dBic
Polarization right hand circular polarization
Axial Ratio 3 dB or better nominal
Input Impedance 50 


The L1 band center frequencyfor civilian GPS applications is 1,575.42MHz with the

C/A code requiring � 2 MHz of bandwidth. Additionally , impending government dereg-

ulation of the GPS system by 2006 are poised to make civilian use even more accurate.

Therefore,it is desirableto operate the L1 band with a bandwidth of � 10 MHz to take ad-

vantage of the encrypted P code and also to operate at the L2 band (1227.60MHz). Thus,

antenna frequencycoveragemust either becontinuousfor L1 and L2 or dual bandedcovering

each band. Table 2.1 lists the GPS systemselectrical characteristics.

The power density of the GPS signal arriving at the user terminal is at an extremely

low level. Typical power densitiesof lessthan -160dBW are received. Therefore,reasonably

e�cien t user terminal antennasare necessaryto take full advantage of the available power.

2.2 Cellular Radio

Conventional trunked radio comprisesthe systemswhere only one or a small number of

channelsis available for use. Historically, radio communication wereaccomplishedby placing

one large basestation with a high power transmitter in or near the center of the desired

coveragearea. This facilitates a very simple implementation but it meansthat the available

number of userscommunicating at one time is extremely limited. The cellular topology
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breaksa large coveragemarket into a large number of small adjacent coverage\cells". The

cellsusesmallerlow power transmitters to serveonly a portion of the mobilephonecustomers

at any given time. This type of systempermits frequencyreusewithin the total coverage

area but not necessarilyamongadjacent cells. The channelsare only reusedwhen there is

enoughdistance betweencells operating on the samefrequencyto ensurethere will be no

interference.The result of this frequencyreuseis a considerableincreasein the total number

of usersthe systemcan handle.

2.2.1 History of Cellular Telephone

The �rst publicly available mobile telephonesystemwas introduced by AT&T and South-

westernBell to Saint Louis, Missouri in 1946. The original systemeventually spreadto 25

citieswith a singletransmitter for each market. The half-duplexsystemoperatedat 150MHz

with a 120 kHz RF channel bandwidth and could cover distancesin excessof 30 miles [5].

The early systemoriginally operatedon six channelsbut considerablecross-channel interfer-

enceforced a reduction to three channels[6]. In the the 1950s,the channel bandwidth was

reducedto 60 kHz and then �nally reducedto 30 kHz. Additionally , automatic trunking and

full-duplex transmissionwereintroducedand the systemwascalled IMTS, Improved Mobile

TelephoneService.The servicelimitations of IMTS werequickly realizedand by 1976there

wereonly 12 channelsavailable to serve 543paying customersin New York City which had

a market of around 10 million people[5].

The conceptof the cellular phonesystemwasintroducedto the FCC in 1968by AT&T.

The precursorsto the current North Americananalogcellular phonesystemweredevelopedin

the late 1970sto early 1980s.In July, 1978AdvancedMobile PhoneServiceor AMPS started

operating in North America. Analog basedcellular telephoneservicewas �rst deployed at

AT&T labs in Newark, New Jersey, and in trials around Chicago,Illinois Bell. The Chicago
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systemwas comprisedof ten cells covering 21,000squaremiles [7]. AMPS was eventually

approved by the FCC in 1983 and was the �rst standardized cellular serviceand is still

the most popular. The FCC originally allocated 666 channelsusing 40 MHz of bandwidth.

AMPS operatesin the 824-894MHz band with a 30 kHz channel bandwidth. In 1989the

FCC allocated an additional 166 channelsto the AMPS systemto bring it to its spectrum

to the current speci�cation of 70 MHz. Multiple customeraccessis accomplishedthrough

FDMA (frequency division multiple access)and was designedin particular for urbanized

areas[8]. The 70 MHz band is broken into two halvesof 1023channelseach. The forward

channel is 869-894MHz and the reversechannel is 824-849MHz. One channel from each

half of a full duplex communication link between the basestation and the user terminal.

To overcomethe low calling capacity of AMPS, Narrowband Analog Mobile PhoneService

(NAMPS) was developed. NAMPS usesa 30 kHz AMPS channel with frequencydivision

to obtain three 10 kHz sub-channels. Table 2.2 lists the major mobile radio standards for

North America.

Table 2.2 U.S. Cellular Radio StandardsOperating at 824-894MHz

Standard Year Introduced Multiple Access Modulation ChannelBandwidth

AMPS 1983 FDMA FM 30 kHz
NAMPS 1992 FDMA FM 10 kHz
USDC 1991 TDMA � =4-DQPSK 30 kHz
CDPD 1993 FH/P acket GMSK 30 kHz
IS-95 1993 CDMA QPSK 1.25MHz

2.2.2 The Cellular Signal

The cellular telephonebasestation typically transmits and receivesa vertical linearly polar-

izedsignalwith a nominally omni-directional pattern in the horizontal plane. In somecases,
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Figure 2.2 Cellular nominal radiation pattern for user terminal

basestations usedual � 45� linear polarization for polarization diversity. Consequently, the

user terminal will also require vertical linear polarization to receive the maximum available

power. The 824-894MHz cellular band is centered at 859MHz with a bandwidth of 70 MHz

(8.2%). Input impedanceof cellular antennasare universally speci�ed to be 50 
. Table 2.3

lists the cellular systemelectrical characteristics.

Table 2.3 Cellular user terminal antenna electrical characteristics

Parameter Speci�cation

Transmit and receive 824-894MHz
Gain 3 dBi
Polarization Vertical linear
Input Impedance 50 


2.3 The Return Link{A Case for a Com bined GPS and

Cellular Terminal

The di�cult y with GPS is that there is no return link. That is, a GPS terminal determines

its position, but that position is known only to the terminal user. The next wide scale

technology area for GPS is the integration of GPS with sometype of wirelessservice to

provide communication of the GPS - derived position aswell asmessaging.One of the most
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popular usesfor this serviceis tracking of mobile cargo. For example,a railroad car with a

perishablecargocould report its position and status on a regular basis. If the refrigeration

unit fails, it can send a distress messagealong with its position. Additionally , in 1994

the FCC adopted its Enhanced911 standards that might require the integrating of GPS

capabilities into cell phones[10].

There are four possiblewirelessservicesthat can be integrated with GPS: Cellemetry,

cellular digital packet data or CDPD, two-way paging, and PCS. Cellemetry is a two-way

data communication platform that utilizes the non-voiceor \control" channelsof the AMPS

cellular system. Cellemetry usesthe 42 AMPS control channelsto transmit telemetric mes-

sages[11]. CDPD is a servicethat usesa full 30 kHz AMPS channel to transmit mobile

packet data. CDPD directly overlays on an existing cellular network and utilizes unused

bandwidth. A variety of di�eren t two-way paging systemscurrently exist. In the US, the

forward channel is 930-931MHz and the reversechannel is 901-902MHz. The data rate in

two-way paging is considerablylower than typical cellular basedoptions [12]. In the US,

two typesof PCS servicebands exist: narrowband and broadband. PCS narrowband uses

900 MHz frequenciesfor many advanced paging services. Broadband PCS uses1.9 GHz

frequenciesfor voice,data, and video services.

A GPS/Cellular antenna hasbeenselectedas a point designfor a number of reasons.

The generalcellular systemo�ers nearly total wirelesscoveragewithin the US. Cellemetry

and CDPD are both within the standard cellular band. Selectingcellular leaves both of

thoseoptions open. Similar designconceptscan be applied to other servicessuch asPCS as

well. The antenna designwill be limited to non-handheldportable Cellular operation. This

restriction ensuresthat the antenna will maintain correct orientation during operation. This

alsoallows the Cellular antenna to transmit at the maximum FCC limit of 3 Watts.
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Chapter 3

The Cellular An tenna

This chapter presents the designprocessfor the cellular portion of the combinedGPS/cellular

antenna. Section3.1 describes the points critical to the selectionof a suitable antenna for

the cellular portion of the combined unit. Section3.2 looks at several alternative antennas

that were investigatedaspossiblecandidateantennas. Section3.3 investigatesthe e�ects of

operating with a �nite sizeground plane. Finally, Section3.4 presents the recommendations

for �nal antenna designs.

3.1 Design Considerations

Designconsiderationsstart with the cellular antenna for a number of reasons.The operating

frequency of the cellular band is the lower of the two antennas and thus determinesthe

overall size of the unit. The direction of interest for the cellular signals is predominantly

in the horizontal plane and the direction of interest for the GPS signals is in the vertical

direction (eg. skyward). It follows naturally that the GPS antenna should be positioned

above the cellular antenna to prevent the cellular antenna from obstructing the �eld of view

17
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Table 3.1 Cellular User Terminal Antenna DesignPerformanceGoals

Parameter Speci�cation

Transmit and receive 824-894MHz
Gain 3 dBi
Polarization Vertical linear
Input Impedance 50 

Physical Size Diameter < 4 inches(10 cm)

Height < 2 inches(5 cm)

of the GPS antenna. After a cellular antenna designis determined,the GPS antenna will be

designedand integrated with it. However, the search for the cellular antenna is conducted

with awarenessthat it must accommodate a GPS antenna.

Table 3.1 lists the desireddesignspeci�cations. The initial factor that determinesthe

sizeof the antenna is the desiredfrequencyof operation. The cellular band is 824{894MHz,

giving a center frequency of 859 MHz and 8.1% bandwidth. The frequency of 859 MHz

corresponds to a wavelength of 35 cm. As a referenceantenna, the half-wave dipole at this

frequencyis 18 cm (7 inches) in linear extent. The desiredsizespeci�ed for the combined

unit is lessthan 4 inches(10 cm) in diameter and lessthan 2 inches(5 cm) tall. Thus, the

designchallengeis �nd a cellular antenna that is considerablysmaller than a conventional

dipole. The gain of the half-wave dipole is 2.15dB[1]. It would be desirableto have at least

asmuch gain asa dipole. Therefore,the nominal gain is speci�ed to be 3 dB. Linear vertical

polarization is necessarybecausethe basestation antennasare linear vertically polarized.
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3.2 Candidate An tennas

The 4-inch diameter restriction presents a designchallengebecausethis size is 0.29 wave-

length at 859 MHz since4 inches is 10.19cm and the wavelength is 34.9 cm. This is not

extremely small electrically; however, to also achieve the 8% bandwidth eliminates many

conventional approaches. Historically, the quarter-wave whip monopole has beenthe most

predominant antenna for handheld communication. It was determined that inductive load-

ing could be usedto decreasethe sizeof the �= 4 whip to 4{15% of a wavelength [2]. The

normal mode helix is the commonform for a �= 4 whip with distributiv e inductive loading.

The �= 4 whip and inductively loaded monopolesare not consideredas candidatesfor this

application becausethe majorit y of their physical extent lies in the vertical direction. The

desiredradiation for the cellular band is in the horizontal planeand this typeof antennamust

be oriented with the radiating element in the vertical direction for that mode of operation.

This orientation doesnot lend itself to attaching a GPS antenna.

Microstrip patches are popular antennas becauseof their low pro�le. Various types

of low-pro�le elements have recently beendeveloped and they are fairly e�cien t radiators

that can be easily manufactured at low cost. The conventional microstrip patch is not a

candidatefor the cellular portion becauseit producesa beamin the vertical direction rather

than horizontal. Therefore, more unusual approaches must be examined for reducedsize

operation.

Techniquesfor sizereduction include dielectric loading to reducethe electricalsize,top

hat loading, and use of shorting pins or plates. Dielectric loading usually is accompanied

by bandwidth reduction and increasedcost, so it is not a likely approach. Thus, we will

investigateantennas with top hat loading and shorting pins or plates, either separatelyor

in combination.
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Table 3.2 Cellular user terminal candidateantennas

Candidate SizeEnvelope (wavelengths) Bandwidth (%)

Inverted-L �= 4 < 1
Inverted-F �= 4 2
Dual inverted-F �= 4 5-7
Planar inverted-F < �= 4 > 8
MeanderingPIFA < �= 4 2-8

3.2.1 The In verted-F An tenna

The inverted-F (IFA) family of antennaspresent a popular alternative for low pro�le omni-

directional applications. Wire forms of the IFA were extensively studied with computer

simulation and measurements at Virginia Tech [3]. The inverted-F antennasare variations

on the simple inverted-L antenna.

The inverted-L antenna is an end-fedshort monopole with a horizontal wire element

placed on top that acts as a capacitive load. Figure 3.1 shows the physical layout of the

inverted-L antenna. The inverted-L antenna is an attractiv e alternative becauseof its simple

layout. The designis uncomplicatedand canbeeasilymanufacturedwith low costmaterials.

Additionally , many of the electrical characteristicsof the inverted-L are similar to those of

the well understood short monopole.

The radiation pattern of the inverted-L is nearly identical to that of the short monopole.

A z-directedshort monopoleproducesa pattern that is omnidirectional and maximum in the

azimuth (x� y) planeand hasnulls at � = 0o; 180o (alongthe z-axis). The inverted-L oriented

with its radiating element in the z direction will alsohave a pattern that is omnidirectional

in the azimuth plane. The inverted-L however has an additional E � component due to the

horizontal arm [3]. The non-zerocurrents along the horizontal arm causesthe radiation

pattern in the azimuth plane to deviateslightly from omnidirectional. The input impedance
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Figure 3.1 Inverted-L antenna geometry

of the inverted-L is similar to that of the short monopole: low resistanceand high reactance.

Low order approximations for the input resistanceand reactanceof the inverted-L are [4]:
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whereL is the length of the horizontal loadingsection,h is the height of the radiating section,

a is the radius of the antenna, k is the wave number (2� =� ), L a = L + a and T = 1 � a=h.

Completeclosedform derivations for both the input resistanceand reactancecan be found

in [4]. Equations (3.1) and (3.2) are plotted in Figure 3.2. As can be seenfrom Figure 3.2,

the relatively low resistanceand high reactancefor useful antenna dimensionsmake the

inverted-L di�cult to impedancematch to typical feedlines[3].

The inverted-F is a variation on the inverted-L that modi�es the input impedanceto be

nearly resistive and thus provides reducedmismatch loss. The inverted-F antenna is known

as a \shunt-driv en inverted-L antenna-transmissionline with an open end" as described by

King [5]. Figure 3.3 shows the layout of the the inverted-F antenna. The inverted-F adds
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Figure 3.2 Inverted-L antenna input resistanceand reactancefrom (3.1) and (3.2).
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Figure 3.4 Inverted-F calculated input voltage standing wave ratio.

a secondinverted-L section to the end of an inverted-L antenna. This additional inverted-

L segment adds a convenient tuning option to the original inverted-L antenna and greatly

increasesthe antenna usability. The location of the feedpoint, S, along the length of the

upper element provides the impedancetuning mechanism. The input impedancebehavior

of the inverted-F antenna is similar to that of a transmissionline antenna of length (H + L)

with its feed located at the tap point S [3]. Figure 3.4 shows the voltage standing wave

ratio for a typical inverted-F antenna operating at the cellular band. The antenna has the

dimensionsH = 2.28 cm, L = 7.2 cm, S = 0.68 cm and was calculated with NEC2 using

a wire radius of 0.15 cm. The impedancematch is improved considerablycomparedto the

standard inverted-L antenna. As can be seenfrom Figure 3.4, a VSWR of 2:1 is realizable

at the midpoint of the cellular band. The impedancebandwidth of this antenna is 1.5%.

Despite its relatively simple design,the designof an optimal IFA is not unique. Vari-

ations in the height of the radiator, the length of the horizontal element as well as the tap

point all impact the electrical performancecharacteristicsof the IFA. Consequently, the de-
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sign presented is not necessarilyoptimal; however, it doespresent the important aspects of

the inverted-F antenna performance.Further improvements to the input impedancematch-

ing are possibleby additional modi�cation of the antenna geometry.

One critical problem that both the inverted-F and L antennas sharewith the short

monopole is very low impedancebandwidth. A typical wire inverted-F hasabout 2% band-

width [3]. Several modi�cations to the inverted-F have been examined that increasethe

bandwidth of the antenna. One such variation is shown in Figure 3.5, the dual inverted-F

(DIFA). The dual inverted-F usesa parasitic inverted-L antenna placednext to the inverted-

Parasitic Element


Driven Element


Figure 3.5 Dual inverted-F antenna geometry.

F. The parasitic element has a length that is equal or nearly equal to L on the inverted-F.

Impedancebandwidths of nearly 4% have beenachieved with the dual inverted-F [6].

The bandwidths of the inverted-L and F as well as the dual inverted-F are too small

for the cellular application. Additionally , the antenna horizontal extent of about 0.25� o (3.4

inches) is rather large for a low-pro�le application. Thus, we dismissthe wire variations of

the inverted-F family.

3.2.2 The Planar In verted-F An tenna

The planar versionof the inverted-F antenna, the planar inverted-F antenna (PIFA), meets

the speci�cations which are required in a reducedsizeenvironment. The PIFA can be con-
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Figure 3.6 Basic layout of the planar inverted-F antenna.

sidereda direct extensionof the inverted-F antenna that has the horizontal wire radiating

element replacedby a plate to increaseits usablebandwidth. Figure 3.6 shows the general

structure of the planar inverted-F antenna. The compactsizeof the PIFA makesit a suitable

candidate. This unobtrusive designmakes it ideally suited for mobile and handheld situa-

tions and complieswith our low pro�le designgoal. Accidental damageto the antenna via

unintentional contact with other objects is avoided. A 
ush mounted PIFA extendsin height

approximately 1/20 of a wavelengthasopposedto a conventional 1/4 wavelengthmonopole.

Additionally , the PIFA o�ers very high radiation e�ciency and su�cien t bandwidth in a

compactantenna. A bandwidth of 10%can be realizedwith the PIFA.

The increasedcomplexity of the PIFA structure over the ILA, IFA and DIFA brings

an associated increasein complexity of the PIFA designand analysis. The sizeand aspect

ratio of the top radiating plate, the height of the plate above the ground plane, the sizeand

position of the ground strap and the feedpoint location all have considerableimpact on the

electrical performanceof the antenna.

The sizeof the PIFA radiating top plate can be calculatedapproximately using [7]:

� center = 4(L + W) (3.3)
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whereL and W are respectively the length and width of the plate. The resonant frequency

is also in
uenced by the aspect ratio of the top plate (W=L). The width of the grounding

strap, S, in relation to the width of the radiating top plate is alsoparticularly important in

determining the radiating behavior of the PIFA. Figure 3.7 [8] showshow the current 
o w on

the surfaceof the top plate varieswith di�eren t top plate and groundingstrap con�gurations.

In general,a greater top plate aspect ratio will result in a lower the resonant frequencyfor a

given grounding strap width. For an aspect ratio of W=L > 1, there is an in
ection point in

the resonant frequencywhenW � S = L and the resonant frequencybeginsto increasewith

increasingaspect ratio. As seenin Figure 3.7, the current on the planar element generally


o ws to the open-circuit edgeon the long side of the top plate when W � S < L. When

W � S > L, the current 
o ws to the opencircuit edgealongthe short sideof the top plate [8].

The in
ection point in the resonant frequencyis attributed to this changein current 
o w.

The in
ection point can be seenclearly in the caseof W = L and where S << W, the

current 
o ws almost equally along the both the W and L dimensions.

Like the resonant frequencyof the PIFA, the relative impedancebandwidth is a�ected

by the designof the structure. The height of the radiating top plate, H , and the width of

the grounding strap have the greatest in
uence on the bandwidth of the PIFA. In general,

the bandwidth increaseswith increasing top plate height. However, as the height of the

top plate approachesthe magnitude of L = W, the height beginsto in
uence the resonant

frequency. When the grounding strap width is very small, S << W, the resonant frequency

is given by:

� center = 4(L + W + H ) (3.4)

The width of the grounding strap similarly a�ects the bandwidth. The limiting case,where

the grounding strap is the same width as the top plate, the bandwidth of the PIFA is

greatest. This casecorresponds to the operation of a short circuited microstrip antenna.
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Figure 3.7 Surfacecurrent on PIFA top plate for varioustop plate aspect ratios and ground-

ing strap widths.

This PIFA with a W=L = 2:0 and H=� 0 = 0:053 has a relative bandwidth of 10% [8]. As

the width of the grounding strap decreases,the relative bandwidth of the PIFA decreases.

The bandwidth of a PIFA with the grounding strap width much lessthan the width of the

top plate (S=W � 0:1) can be reducedto below 1%.

There are several proceduresavailable for designingPIFAs and many di�eren t PIFA

layouts may satisfy the samedesigncriteria. An excellent overview of how the designvari-

ablesa�ect the electrical operation of the PIFA is given in [8]. One particular designof a

cellular PIFA is given by [9] and is re-analyzedherefor clarity. The designof Figure 3.8 has

a radiating top plate that is 6.40cm long and 2.29cm wide. The height of the top plate is

1.78cm and the shorting strap is equal in width to the top plate. The metal strips usedin

the simulation are 60 mils thick and the probe feedis model as a singlestrip 1.6 mm wide.

The antenna is simulated over and in�nite ground plane with a moment method code.



28

6.40 cm


1.78 cm


2.59 cm
2.29 cm


1.78 cm


Figure 3.8 Typical PIFA designedfor operation near cellular band.

The PIFA of Figure 3.8 shows and excellent impedancematch to 50 
 at 1 GHz.

Although slightly higher than 900MHz, the center frequencycan be easilyadjustedand the

antenna retuned to operate closer to the cellular band with only minor geometry scaling.

The 2 : 1 VSWR bandwidth in Figure 3.9 shows that this PIFA geometrycan easily cover

the 8% bandwidth requirement for the cellular signal.

Several further modi�cations to the conventional PIFA havebeenstudiedand shown to

operate favorably in the cellular band. One particular modi�cation is a PIFA with a partial

shorting plate. This shortedPIFA wasdesignedfor operation on a handsetwasdemonstrated

to have 8 to 12% bandwidth [10]. This antenna, however, has an appreciableamount of

radiation in the broadsidedirection as well as the horizontal plane. Considering the fact

that the GPSantenna is to be placedabove the cellular antenna, the designshouldminimize

the cellular radiation in the broadside(vertical) direction. Thereforethis modi�cation of the
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conventional PIFA is not consideredas a candidateantenna.

3.2.3 The Meander Planar In verted-F An tenna

One other variation of the PIFA presented in [11], hasa further reduction in sizewhile still

maintaining adequatebandwidth. The meanderPIFA is capableof 10% bandwidth and is

only an eighth of a wavelength long. Figure 3.11shows the meanderPIFA asa modi�cation

of the conventional PIFA designthat is slightly reducedin sizefrom the conventional PIFA.

It usesseveral slits cut laterally in the PIFA radiating element. Theseslits e�ectiv ely act to

increasethe electrical length of the antenna and allow for reducedoverall antenna volume.

As wasshown in Subsection3.2.2,the height of the radiating element greatly in
uences the

impedancebandwidth of the antenna. The meanderPIFA of [11] achievesa reducedheight

by incorporating a chip resistor in placeof the conventional groundingstrap or shorting pin.
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Figure 3.11 Meanderingplanar inverted-F antenna layout

The geometrystudied by Wong is shown in Figure 3.11with the following dimensions:

L = 40 mm, W = 25 mm, l = 20 mm, h = 3:2 mm and S = 2 mm. The feedis locatedwith
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Table 3.3 MeanderPIFA of [11] with various loading resistances

Resistance,
 f 0, MHz d=AB BW, %

0 872 0.06 0.6
2.2 871 0.25 3.4
3.3 861 0.35 4.7
4.7 860 0.5 6.8
5.6 857 0.6 8.6
6.8 857 0.7 11.2

Simple PIFA 1298 0.06 0.9

length d along the line AB . This modi�ed PIFA designproducesan antenna with a length

< � o=8 and a height of 0:01� o. Table 3.3 [11] shows the impedancebandwidth and center

frequencyachieved by the meanderPIFA for various loading resistances. A conventional

PIFA is included in the table for comparison. It can be seenthat for increasing loading

resistance,the corresponding impedancebandwidth is increased.A maximum bandwidth of

11.9%is achieved when a 6.8 
 resistor is used.

The increasein impedancebandwidth due to the loading resistorcomesat the expense

of radiation e�ciency . Considerableohmic lossesareexperiencedwhenthe loading resistoris

in placeand consequently a reduction in antenna gain is observed. Reference[11] estimates

that there is a 6 dB reduction in antennagain whenthe 5.6
 resistoris used. The diminished

gain severely limits our abilit y to implement this designinto our antenna into our �nal design

due to the fact that antenna gain is a key performancecharacteristic.

3.3 Ground Plane E�ects

The candidateantennasdiscussedsofar assumethat a largegroundplaneis used. A detailed

study on the e�ects of operating the PIFA in a reducedgroundplaneenvironment is presented
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in [12]. The sizeof the ground plane plays an important role in the behavior of the PIFA.

The resonant frequency, input impedance,bandwidth and gain are all impacted when the

PIFA is operated over a �nite sizeground plane.

The resonant frequency for a PIFA with a �xed top element and grounding strap

sizetends to remain fairly constant for large ground plane sizes. As the ground plane size

is reduced, the value of the resonant frequencyoscillatesaround the value for the in�nite

ground plane caseuntil the ground plane sizereachesabout 0:2� in length. At that point,

the resonant frequencyis highly dependent on the sizeof the ground plane and it increases

linearly with decreasingground plane size.

The relative bandwidth of the PIFA increaseswith increasingground planesize. As in

the center frequencycase,the relative bandwidth oscillatesaround the value of the in�nite

ground plane case. However, the PIFA relative bandwidth exhibits a stronger dependence

on ground plane sizethan the center frequencydoesfor larger ground planes. It is reported

in [12] that a groundplanesizeof at least0:8� is requiredto achievethe desired8%impedance

bandwidth of the Cellular band.

The gain of the PIFA is in
uenced by the sizeof the ground plane as well. The gain

of the PIFA increaseswith increasingground plane size. It then reachesa local maximum

around 0:9� and begins to oscillate to the in�nite ground plane caseof nearly 5 dB. To

achieve the desired3 dB in gain for the Cellular band, a ground plane of at least 0:5� is

required[12].
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3.4 Recommendations

The initial investigation of the several di�eren t cellular antenna designshas lead to the

recommendationof one particular design. Based on the considerationsand the critical

parametersnecessaryto the operation of the cellular portion of the antenna, the conventional

PIFA hasbeenselectedasthe most suitableantenna for the cellular portion of the integrated

antenna. The designselectedwill be presented and analyzedin Chapter 5.
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Chapter 4

The GPS An tenna

This chapter presents the designprocessfor the GPS portion of the combined GPS/cellular

antenna. Section4.1 describes the points critical to the selectionof a suitable antenna for

the GPS portion of the combined unit. Section 4.2 examinesseveral alternative antennas

that were investigated as possiblecandidate antennas. Finally, Section 4.3 presents the

recommendationsfor �nal antenna designs.

4.1 Design Considerations

The basic designfor the cellular portion of the integrated antenna was discussedin Chap-

ter 3. Here we considerthe GPS portion of the integrated unit. The GPS antenna design

must considerthe geometryof the cellular antenna. The reducedsizeof the cellular PIFA

determinesthe starting point for the sizeof the GPS antenna. The GPS designmust take

into account the sizeof both the PIFA top radiating element and the PIFA ground plane as

well as the height of the radiating element above the ground plane. Thesetwo restrictions

are critical to the design of the GPS element for several reasons. The GPS antenna will

36
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Figure 4.1 GPS nominal radiation pattern

be located on top of the cellular antenna and, thus, the cellular antenna will be e�ectiv ely

acting asthe ground planefor the GPS. Thereforethe GPS antenna must be able to operate

over a ground plane that is comparatively small and possibly in proximit y to a much larger

ground plane.

GPSsignalsare relatively weakcomparedto broadcastsignalsfrom terrestrial stations

and therefore antenna gain is an important factor. While it is common to include an on-

board LNA, typically with a gain of 26 dB, an antenna gain of at least 4 dBic is desirablein

order to dealwith the low-power signals.The ideal radiation pattern of a terminal userGPS

antenna is shown in Figure 4.1. The pattern is a broadsideunidirectional beam. Constant

coverageshould be maintained in azimuth. To reducethe receptionof multipath signals,it

is necessarythat the antenna pattern have deepnulls alongthe horizontal [1]. Therefore,the

elevation pattern should be nearly constant down to an angle of 10 � 15� from horizontal.

Realistically though, the radiation pattern cannot achieve the discontinuity and the coverage

will gradually roll o� with angle. The gain at the horizon should be reducedby at least 25

dB to ensureproper signal rejection. The nulls along the horizontal will serve an additional
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function in respect to the integrated unit. The majorit y of the cellular signal is directed

alongthe horizontal and the nulls in the GPS pattern will aid in rejecting the cellular signal;

this can be important for controlling intermodulation e�ects.

Circular polarization is used on the GPS signal to avoid Faraday rotation problems

associatedwith L-band propagationthrough the earth's ionosphere.It alsohasthe additional

bene�t of not requiring rotational alignment of the antenna at the userterminal. The signal

transmitted from the satellites is right-hand circular polarized and, therefore, the terminal

antenna must also useRHCP in order to have the maximum received signal strength. The

purit y of the circular polarization has a direct impact on the receive gain of the antenna.

The higher the axial ratio of the antenna, the lesse�cien t the antenna will be at receiving

the circularly polarizedsignal. The axial ratio of the antenna is speci�ed to be at most 2 dB

over the entire bandwidth of the transmitted signal.

Circular polarization typically has the drawback of being slightly more di�cult to

create than simple linear polarization in an antenna. A simple yet didactic example of

how circular polarization works and how to create it is the crosseddipole antenna. The

crosseddipole consistsof two orthogonally crosseddipoles fed in phasequadrature. The

spatial rotation of the two antennaswith the combination of the two feedsignals90� out of

phaseproducesthe desiredcircular polarization. The di�cult y with this and many similar

con�gurations is the needfor two feedstructures and complicatedpower combiners. Many

popular CP antennasusethis two-feedmethod but for the designpresented hereit is desirable

to useonly a singlefeedcon�guration.
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Table 4.1 GPS user terminal antenna designperformancegoals

Parameter Speci�cation

Frequency(L1) 1575.42� 2 MHz
Gain 4 dBic
Polarization right hand circular polarization
Axial Ratio 3 dB or better nominal
Input Impedance 50 

Physical Size Diameter < cellular PIFA top plate

Height < 0.5 inch (1.25 cm)

4.2 Candidates An tennas

Historically, several di�eren t types of antennas have been used in GPS receiving systems.

These antennas include monopole and dipole con�gurations, quadri�lar helices and mi-

crostrips. The type of antenna selectedmust conform to the reducesizerequirements while

meeting the electrical performancecharacteristics. The reducedsize requirement immedi-

ately eliminates the monopole and dipole con�guration. A �= 4 monopole at the L1 band is

nearly 2 incheslong{well larger than the 0.5 inch requirement.

4.2.1 The Qudri�lar Helix

There is considerableinterest in helix antenna variations for usein GPS applications. The

quadri�lar helix is one of the most popular designsbecauseof its relatively compact size

and its excellent circular polarization properties [2]. Quadri�lars with axial ratios of less

than 3 dB are common. One of the di�culties with the quadri�lar is its vertical extent.

An optimized designfor a GPS quadri�lar is presented in [2] and it shows fractional turn

quadri�lars with axial lengths from 0:2� to 0:35� . This corresponds to antenna heights of

1.5 to 2.6 inches,which are considerablylarger than our height requirement of lessthan 0.5
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inch.

An additional problem typically associated with the quadri�lar helix is phasecenter

variation over the pattern. The radiating elements of the quadri�lar helix areon the perime-

ter of the antenna volume and the e�ectiv e phasecenter of the antenna changeswith the

view angle. It is desirableto have the antenna phasecenter remain constant over the entire

viewable region of the antenna in order to maintain measurement accuracy. This is di�-

cult to achieve with an antenna that is spatially distributed such as the quadri�lar helix.

The limitations presented hereshow that the quadri�lar helix shouldnot be consideredasa

designfor the integrated antenna.

4.2.2 The Rectangular Microstrip Patch

The elimination of the alternate antenna con�gurations leaves the microstrip variations as

the most suitable for the low pro�le application. Typical patch antennascan have gainsas

high as 5 to 6 dB and 3-dB beamwidths of 70� to 90� [3]. The genericmicrostrip patch

antenna consistsof a planar dielectric substrate material with of a radiating patch on one

sideand a ground plane on the other. The radiating patch can be shaped in any number of

geometriesdepending on the desiredelectrical and radiation characteristicsof the antenna.

The patch is fed against the ground at the appropriate point on or near the radiating patch

for desiredoperation. Common feed methods are the microstrip line, coaxial probe, and

proximit y coupled feeds. The simplest microstrip patch antenna consistsof a square or

rectangular radiator.

The rectangular microstrip patch antenna is the simplest geometry of the microstrip

patch antenna family. Figure 4.2 shows the genericlayout of a rectangular microstrip an-

tenna. The radiating element haslength L and width W. A chargedistribution is developed
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Figure 4.2 Basic rectangular microstrip patch antenna geometry

on the undersideof the patch metalization and the groundplanewhenthe patch is excitedby

the feed. This particular patch antenna is shown with an edgefed microstrip feed. In order

to maintain real-valuedinput impedances,the microstrip patch antenna is normally operated

near resonance[4]. The substrate thicknessh is typically much lessthan a wavelength.

The electrical behavior can be visualized as two magnetic surface currents 
o wing

along the radiating edgesas seenin Figure 4.3. Thesemagnetic currents are the result of

the fringing �elds along the radiating edges.The additional length,� l , added to the patch

due to the fringing �elds is approximately the thicknessof the substrate,h. An approximate

value for the length of a resonant half-wave patch is [4]

L � 0:49
�

p
� r

(4.1)

where � is the free-spacewavelength and � r is the relative dielectric dielectric constant of

the media.

Equation (4.1) givesa basic �rst order approximate model for the resonant frequancy

of the rectangularmicrostrip patch antenna. Several other morecomplicated,moreaccurate

models have been studied and provide considerablymore insight into the behavior of the

rectangular microstrip patch antenna. The cavit y model is one of the frequently employed

methods for studying well de�ned structures such as the rectangular and other canonical

patch antenna geometries.
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Figure 4.3 Basic rectangular microstrip patch antenna

4.2.2.1 Cavit y Mo del

The cavit y model is an analytic approach which provides a reasonablyaccurate model of

the patch antenna becausemicrostrip patch antennas narrow-band resonant nature. The

microstrip patch antenna can be thought of as a leaky or lossycavit y resonator. The patch

element is approximated as a closedcavit y with magnetic side wall boundariesand electric

boundarieson the top and bottom. It ignores the open nature of the radiating antenna

structure but provides a model which can be solved analytically. The cavit y model can be

usedto determinethe current distribution and radiation pattern of several di�eren t canonical

patch geometries.

The �eld distribution of the patch antenna can be divided into two distinct regions.

The interior �elds are the �elds inside the cavit y and are usedto determine the impedance

properties of the patch as well as the current distributions on the patch. The exterior �elds

are outside the cavit y and determine the radiation properties of the patch. The cavit y

model makesthe assumptionthat the dielectric layer is electrically thin, h << � . From this
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assumption several important observations can be made regarding the electrical behavior

of the patch. First, the �elds in the interior region are not dependent on z, @=@z � 0.

Correspondingly then, the �eld distribution in this region is described by TM z modeswith

@=@z � 0. This leaves only three �eld components to solve for in the cavit y: the normal

electric �eld Ez and the transversemagnetic �elds H x and Hy.

Beginning with Maxwell's equationsfor the interior region of the patch we have

r � ~E = � j ! � 0
~H (4.2)

r � ~H = j ! � ~E + ~J (4.3)

r � ~E = �=� (4.4)

r � ~H = 0 (4.5)

The z-directed current from the sourceis assumedto be independent of z and thus r � ~J =

0 = � j ! � , which then reducesEquation (4.4) to

r � ~E = 0 (4.6)

Equations (4.2), (4.3) and (4.6) can then be combined to give the familiar wave equation

r � r � ~E � k2 ~E = � j ! � 0
~J (4.7)

where k2 = ! 2� 0� 0� r is the wavenumber in the dielectric. Since the feed sourcehas been

speci�ed to be z-directed only, we can rewrite Equation (4.7) as

�
r 2 + k2

�
Ez = j ! � 0Jz (4.8)

The left-hand sideof Equation (4.8) canbe broken into its components and canbe rewritten

as

@2Ez

@x2
+

@2Ez

@y2
+ k2Ez = j ! � 0Jz (4.9)
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Equations (4.8) and (4.9) show that the cavit y model assumptionsare consistent. The

electric boundary on the top of the patch is satis�ed becausethe E-�eld is only a function

of z, ~E = Ezẑ. The magneticwall boundary is satis�ed because@Ez=@z = 0.

The electric �eld for the patch antenna can be determinedby solving Equation (4.8).

Let  mn be the eigenfunctionof the homogeneouswave equation (r 2 + k2) Ez = 0, and let

kmn be the eigenvaluesof k. The eigenfunctionsare assumedto be orthogonal and thus the

solution to Equation (4.8) has the form

Ez(x; y) =
X

m

X

n

Amn  mn (x; y) (4.10)

where Amn are the amplitude coe�cien ts corresponding to the electric �eld mode vectors.

The coe�cien ts, Amn , are determinedby the excitation current. By using the orthonormal

properties of the eigenfunctionsthey are speci�ed as

Amn =
j ! � 0

k2 � k2
mn

ZZ

f eed

 �
mn j zdxdy (4.11)

The resonant frequenciesare then found by setting k2 � k2
mn = 0 and are given by

f mn = kmn c=(2�
p

� r ) (4.12)

with the wave number for the mode m; n being

k2
mn = (m� =L)2 + (n� =W)2 (4.13)

where m; n = 0; 1; 2: : : and x; y are the dimensionsalong the length L and width W,

respectively, of the patch. For the dominant TM 10 mode of operation this then results in a

resonant frequencyof

f =
c

2L
p

� r
(4.14)
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which is similar to our original approximate expressionfor the resonant frequencyshown in

Equation (4.1). The resonant mode electric �eld in the cavit y under the patch rectangular

is then given by [5]

Ez = Eo cos(m� x=L) cos(n� y=W) (4.15)

It can be seenthen from Equation (4.15) that for the dominant TM 10 mode the electric �eld

variessinusoidally along the length L of the patch and is constant along the width.

Equation (4.12) is basedon the assumption that a perfect magnetic wall is present

at the edgeof the radiating element and no fringing �elds are present. The fringing �elds

which are illustrated in Figure 4.4 can be accounted for using the empirical e�ectiv e length

formulas [6]

Le = L + h=2 (4.16)

We = W + h=2 (4.17)

A moreaccurateformula for resonant frequencyis given in [5] which makesuseof an e�ectiv e

dielectric constant

f r 1 = f r 0
� rp

� e(L)� e(W)

1
1 + �

(4.18)

where

� =
h
L

�
0:882+

0:164(� r � 1)
� 2

r
+

� r + 1
� � r

f 0:758+ ln(L=h + 1:88)g
�

(4.19)

and the e�ectiv e dielectric constant is given by

� e(� ) =
� r + 1

2
+

� r � 1
2

�
1 +

10h
�

� � 1=2

(4.20)

with f r 0 being the resonant frequencydeterminedfrom Equation (4.12) and � is either the

length L or the width W. Figure 4.4 illustrates the electric �eld of the dominant TM 10 mode

varying sinusoidally along the patch length and it includes the e�ects of the fringing �elds

at the edgeof the patch.
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Figure 4.4 Rectangularmicrostrip patch antenna chargedensity and �eld distribution with

perimeter fringing �elds

(a) E � for TM 10 patch, � = 0� (b) E � for TM 10 patch, � = 90�

Figure 4.5 Radiation patterns for rectangular microstrip patch antennas calculated using

cavit y model [5].

4.2.2.2 Radiation Characteristics

The rectangular microstrip patch antenna can be operated in several di�eren t modes. How-

ever, the most commonmodesof operation for the antennaarethe TM 10 and TM 01 modes[6]

becausethey produce principal plane radiation patterns with maxima in the broadsidedi-

rection. Higher order modes tend to produce maxima o� broadside. Figure 4.5 shows the

computedprincipal plane radiation patterns for the TM 10 mode of two antennascalculated

with a cavit y model [5]. The two antennas have dimensionsW = 1:5 � L and dielectric

constants of � r = 2:32 and 9:8. The radiation patterns presented give broad beamswith
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maximums directed normal to the plane of the radiating element. The desirednulls along

the horizontal are achieved in the E � principal plane cut. Simple expressionsexist which

approximate the radiation patterns for the rectangular patch antenna and are given by [4]

E � = E0 cos�f (� ; � ) (4.21)

E � = � E0 cos� sin�f (� ; � ) (4.22)

with

f (� ; � ) =
sin

� � W
2 sin� sin�

�

� W
2 sin� sin�

cos
�

� L
2

sin� cos�
�

(4.23)

where� is the free-spacepropagationconstant. Theseexpressionsagain depend on the thin

substrateassumptionand they neglectsubstrateand fringing e�ects. Further simpli�cations

can be madefor the principal plane patterns as [4]

FE (� ) = cos
�

� L
2

sin�
�

(4.24)

FH (� ) = cos�
sin

� � W
2 sin�

�

� W
2 sin�

(4.25)

4.2.2.3 Input Imp edance

The input impedanceof a rectangular microstrip patch antenna can be determined by re-

turning to the cavit y-model approximation for the �elds in the patch. The input impedance

is given as

Z in =
Vin

I 0
(4.26)

with Vin being the input voltage at the feedpoint and is computedas [3]

Vin = � j ! � 0hI 0

1X

m

1X

n=0

 2
mn (x f ; yf )
k2 � k2

mn
Gmn (4.27)
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which leavesthe expressionfor the input impedanceas [3]

Z in = � j ! � 0h
1X

m

1X

n=0

 2
mn (x f ; yf )
k2 � k2

mn
Gmn (4.28)

where

Gmn = sinc(n� Dx=(2L)) sinc(m� Dy=(2W)) (4.29)

whereDx �Dy is the equivalent cross-sectionalareaof the feedpoint centered at (x f ; yf ). The

lossesin the dielectric constant can be accounted for by including an e�ectiv e losstangent

� ef f factor in Equation (4.28). The expressionfor k2 can be modi�ed as [3]

k2 = k2
0� r (1 � j � ef f ) (4.30)

Equation (4.28) can then be evaluated for the dominant TM 10 mode at k2
10 = k2

0� r which

leavesthe input resistanceas [3]

R10 =
! � 0h

k2
0� r � ef f

2
LW

cos2 (� x f =L) (4.31)

A slightly lesscomplicatedexpressionfor impedancecan be found in [4] and is given by

Rin = 90
� 2

r

� r � 1

�
L
W

� 2

(4.32)

Equation (4.32) neglectsthe thicknessof the substrate and is only appropriate for patches

fed from the edge. Equation (4.32) is the reduction of an expressionpresented in [7]. The

model is an approximation of the cavit y model and considersdielectric e�ects aswell asfeed

location along the centerline.

Rin = 90
er

pc1
� r � r

�
L
W

�
sin2

� � x f

L

�
(4.33)

wherethe p factor is the ratio of the power radiated by the patch to that of a Hertzian dipole

and is given approximately by

p = 1 +
a2

20
(kW)2 + a4(3=560)(kW)4 + b2(1=10)(kL)2 (4.34)
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with the polynomial coe�cien ts of p being a2 = � 0:16605,a4 = 0:00761and b2 = � 0:09142.

Additionally , the factor c1 is given by

c1 = 1 �
1
n2

+
2=5
n4

(4.35)

wheren is the index of refraction for the medium,n =
p

� r � r . Also requiredin the calculation

is the radiation e�ciency of a Hertzian dipole which is given by

er =
Ph

r

Ph
r + Ph

SW

(4.36)

with the radiated (space-wave) power being approximately

Ph
r =

1
� 2

0
(kh)2

�
80� 2� 2

r c1
�

(4.37)

and the surface-wave power being approximately

Ph
SW =

1
� 2

0
(kh)3

"

60� 3� 3
r

�
1 �

1
n2

� 3
#

(4.38)

All of the expressionsfor input impedancerequire the dielectric substrate thicknessbe thin.

The value of the dielectric constant alsoplays a role in how well theseapproximations hold.

Typically, higher dielectric constants give lessaccurateapproximations. Equation (4.33) is

accurate(within 2%) with � r = 2:2 for thicknessh < 0:06� 0. However when � r is increased

to 10 the approximation only holds for thicknesses< 0:02� 0 [7].

4.2.2.4 Circularly Polarized Microstrip An tennas

Circular polarization can be producedby microstrip patch antennasin a variety of manners.

Typically, the methodsfor producingCP in a patch antennaareclassi�ed by the feedmethod

which excites CP radiation. Two broad categoriesare dual-feed methods and single-feed

methods. Dual-feedpatchesare fed at two points on the antenna and 90� out of phase.The

feedsare typically then combined either by a external 3dB power divider or a quarter-wave
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Figure 4.6 Singlefeedmethod microstrip patchesfor circular polarization [8],[5].

o�set feed[5]. Dual feedmethods have the advantage of being conceptuallyeasierto design

even though they require external components.

The single feed method is slightly more complicated to analyzeand designthan the

dual feedmethod. The antenna must excite two orthogonal modeswith a single feed. This

is accomplishedby carefully choosing the radiating patch geometry such that degenerate

modes are properly excited on the patch. These degeneratemodes have equal or nearly

equalamplitudes and radiate in orthogonal directions to each other.

Figure 4.6 shows three di�eren t methods of creating circular polarization in a square

or nearly squarepatch with only onefeed. The antenna in Figure 4.6(a) is a patch that has

oneedgelength slightly greater than the other, a > b. If c is small comparedto b, c=b<< 1

then the resonant mode numbers for the x-directed and the y-directed modeswill be close

enough to assumethat the e�ectiv e loss tangent for each mode is identical [8]. Feeding

the antenna at either point 1 or 3 will excite the mode normal to that particular edgeand

the antenna will behave as a linearly polarized microstrip patch antenna. However, if the

antenna is fed from either point 2 or 4 or along either patch bisectingdiagonal,both of the
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degeneratemodeswill be excited and circular polarization will be created. The position of

the feedalong the diagonal has an impact on both the input impedanceseenby the patch

and to a small extent the resonant frequencyof operation.

The antenna in Figure 4.6(b) is a cornertruncated squarepatch. Two opposingcorners

are trimmed a small amount, � s. This antenna createscircular polarization in much the

sameway as the antenna in Figure 4.6(a) does by creating two orthogonally degenerate

modes from the slight perturbation in antenna geometry due to the truncated corners[3].

In this casehowever, the antenna must be fed from point 1 or 3 or from somepoint along

either of the antenna center lines. Both right and left hand sensecircular polarization may

be establishedwith this geometrydepending on which feedpoint is chosen. If the antenna

is fed along the diagonals,only linear polarization will be produced.

The antenna in Figure 4.6(c) again producescircular polarization by creating a small

perturbation in the antenna's geometric symmetry. This antenna has a slot cut in the

radiating patch that is angledat 45� . Like the �rst two examples,this antenna must be fed

along either of the lines that are diagonal to the patch geometryperturbation to createtwo

orthogonal degeneratemodesnecessaryfor producing circular polarization. In this casethe

antenna must be fed from either points 1 or 3 or from along the x or y-axis.

4.2.3 The Slotted Microstrip Patch

A variation of the conventional rectangularmicrostrip patch antennahasbeenreported in [9].

The slotted patch antenna usesfour unequal length slots cut in the patch radiating element

normal to the edge.The geometryof the slotted patch is shown in Figure 4.7. The radiating

element is squareand the feed is a coaxial probe feed from the undersideof the antenna.

The feedis located at either point C or D, a distancedp away from the patch corner along
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Figure 4.7 GPS slotted patch antenna

the diagonal of the patch. Opposingslots are cut to the samelength but adjacent slots are

unequal in length. the slots along the x-axis are length lx=2 and the slots along the y-axis

are ly=2. All four slots have equalwidth w.

The purposeof the slots is twofold. First, the slots lengthen the e�ectiv e radiating

current path of the patch. Thus, the e�ectiv e sizeof the patch may be reducedrelative to

a given frequencyof operation. It has beenreported that a reduction in patch sizeof 36%

can be achieved cutting the slots in a conventional squarepatch [9]. The secondresult of

the unequal length slots is of considerableinterest for the GPS application. The unequal

lengthsof the slotsand the feedlocation alongthe diagonalcausestwo orthogonaldegenerate

modes to be excited along the surfaceof the patch similar to the operation of the square

patch antennasfrom Figure 4.6. The unequallength slits createa slight perturbation in the
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antenna geometry. This perturbation causestwo modesthat are nearly equal in amplitude

and are 90� out of phase. Theseconditions create circular polarization operation. A third

bene�t of the slots is a slight lowering of the Q-factor of the antenna and thus an increase

in antenna impedancebandwidth.

The nature of the circular polarization in the slotted patch can be either right-hand or

left-hand circular polarization. Positioning the feedon point C along AB when l x=2 > ly=2

results in RHCP and positioning at point D results in LHCP whenlx=2 > ly=2. The circular

polarization bandwidth is determined from the 3dB axial ratio. [9] has reported that the

slot patch can achieve a CP bandwidth of 1.6%. Conventional squarepatch designswith

similar dimensionstypically can achieve lessthan 1% CP bandwidth.

One problem associated with the slotted patch is diminished antenna gain. The gain

reduction is causedby the overall reduction in antenna size. A designmodi�cation proposed

in [10] signi�cantly improves the gain of the slotted patch. A superstrate layer of high

dielectric permittivit y is placed above the radiating patch to increasethe antenna gain.

The antenna demonstratedin [10] usesa substrate of � r = 4:4 and a ceramic superstrate

of � r = 79. The antenna length along the side is W = L = 26:2mm, the thicknessof

the substrate is h1 = 0:016� and the thicknessof the superstrate is h2 = 0:264� . A gain

improvement of 5 dB was demonstratedwith the addition of the ceramicsuperstrate layer

above the radiator.

4.3 Recommendations

Based on the candidate antenna study results presented in this chapter, the microstrip

patch antenna is the obvious choice for the GPS antenna. The patch is be able to operate

in the reducedsizeenvironment on top of the cellular PIFA without critically disturbing the



54

operation of the cellular antenna. The circular polarization requirement canbe realizedwith

the rectangular patch antenna with a single feed. A single feeddesignwill reducepossible

interaction with the cellular signal. The abilit y to properly manufacture the microstrip patch

antenna will be critical to the design.
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Chapter 5

In vestigations And Downselection Of

Design

This chapter presents the analysis of the individual antennas selectedfor the GPS and

Cellular antennas. The analysisis basedon the research and candidateantennaspresented

in Chapters 3 and 4. Section 5.1 presents the designand analysisof the Cellular antenna

while Section5.2 presents the GPS antenna. It then provides the necessarycomponents for

the �nal designpresented in Chapter 6.

5.1 Cellular An tenna

Candidatedesignsfor the Cellular antennawerepresented in Chapter 3. The planar inverted-

F antenna was recommendedbasedon the designgoals. The layout for the Cellular planar

inverted-F antenna is shown in Figure 5.1. The geometry layout is basedon the design

formulas presented in Section3.2.2. The antenna consistsof a rectangular radiating element

that is 6.3 cm long and 2.5 cm wide. The radiating top plate is elevated 1.2 cm o� the
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Figure 5.1 Cellular planar inverted-F antenna

ground plane. The top plate is connectedto the ground plane by a 0.8 cm wide grounding

strap positioned at the edgeof the top plate. The antenna is fed from a coaxial probe that

is 1.2 cm away from the closestedgeof the shorting strap and 3.2 cm away from edgeof the

ground plane. The antenna is located above a �nite ground plane that is 5.3 cm wide and

10.7cm long.

5.1.1 Simulated Results

The Cellular PIFA wassimulated usinga commercial2.5D Method of Moments code(IE3D).

The moment method code was selectedfor a number of reasons. Moment method codes

usean integral equation formulation combined with a matrix method to solve the antenna

characteristics. The surfacenature of the integral equationformulation makesit particularly
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suited to solving wire and surfacegeometries.Moment method codeshave the advantage of

typically being computationally faster than other numerical analysismethods for wire and

surfacepatch structures. The dielectric free designof the PIFA naturally lends itself to the

useof traditional integral equation basedmoment method codes.

Correct feed structure modeling always presents a particular challengein numerical

techniques. The feedmodel usedin thesesimulations is oneof the IE3D prede�ned models.

The \prob e feed to patch" model was used with a four segment probe having radius of

0.635mm. In all antenna models, a positive height of 10% of the feedheight was selected

as the excitation port location.

Figure 5.2 shows the calculatedVSWR for the PIFA. A center frequencyof 856MHz

is recordedfor the antenna. The 2:1 impedancebandwidth is 4.3%while the 3:1 bandwidth

7.9%. The Cellular system requirements specify a center frequencyof 859 MHz covering

8.1%. Figure 5.3 presents the input re
ection coe�cien t of the PIFA. The principal plane

radiation pattern calculations are shown in Figures 5.4 and 5.5. The azimuth E � (� = 90� )

and E � (� = 90� ) pattern cuts are shown in Figure 5.4. The antenna producesa nearly

uniform pattern in azimuth for E � . The PIFA designpresented operateswithin the error of

manufacturing limitations.
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Figure 5.4 Calculated Cellular antenna radiation patterns, azimuth cuts.
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5.2 GPS An tenna

The layout of the selectedGPS antenna is shown in Figure 5.6. The antenna is a truncated

squarepatch similar to the patch in Figure 4.6. The patch consistsof a squareradiator of

width L = 2:1 cm. As presented in Section4.2.2.4,the antenna createscircular polarization

by slightly truncating two diagonalcornersof patch and placing the feedpoint along oneof

the primary axes,obliqueto the line of the truncated corners.This geometricalperturbation

createsthe two degeneratemodes neededfor circular polarization. The truncated corners

are reducedin sizeby a length D = 2:0 cm.

The substrate is madeof a ceramicmaterial with a relatively high dielectric constant

of � r = 20:7. The loss tangent of the ceramic is � = 0:00093. The high dielectric constant

allows for a reduction in patch size. The substrate itself is alsoa squarehaving dimensions

slightly larger than that of the metal patch. The width of the substrate is W = 2:5 cm
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and its height is H = 4 mm. The antenna is fed by a coaxial probe from the undersideof

the antenna. The feed is located at a position (x f ; yf ) = (12:5; 15:5) cm. This o�set feed

position is critical for creating circular polarization.

5.2.1 Simulated Results

Simulations of the GPSpatch antennawereperformedusinga commercial3D �nite di�erence

time domain code, Fidelity. This FDTD code was selectedfor a number of reasons. The

�nite width dielectric of the substrate is critical to proper analysis of the GPS antenna.

Thereforethe simulation code must be capableof handling full 3D dielectrics.

The patch antenna was simulated over several di�eren t ground plane con�gurations.

Initially , the patch antenna was simulated over an in�nite ground plane. Next, simulations

wereperformedwith a ground plane approximately the sizeof the PIFA top plate. Finally,

the antenna was simulated with a ground plane the samesizeas the substrate. The results

presented here are for the casewhere the ground plane size was equal to the size of the

Cellular PIFA top plate. It should be noted however, that the results obtained from the

three di�eren t ground plane con�gurations werevery similar in behavior.

Figures5.7and 5.8show the input characteristicsof the antenna. As seenin Figure 5.7,

the 2:1VSWR bandwidth is 4 MHz and the 3:1VSWR bandwidth is a 9 MHz. The calculated

resonant frequency of 1.495 GHz is 4.7% lower than the design goal of 1.575 GHz. The

calculated principal plane radiation patterns are shown in Figure 5.9. The E and H -plane

patterns are nominally equal for the higher elevation angles. There is somedistortion in

the E � cut due to the asymmetry of the test ground plane. The predicted gain from the

simulations is slightly higher than 4 dB. The antenna gain designgoal was speci�ed to be

4 dB. A 5-10dB reduction in gain is seenalong the horizontal. The designgoal speci�ed a
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Figure 5.7 GPS VSWR calculatedusing Fidelity.

reduction alongthe horizontal of at least25dB. The predictedsignalstrength is considerably

higher alongthe horizontal than the designgoal. Figure 5.10shows the calculatedaxial ratio

versusfrequencyfor the patch. An axial ratio of at most 3 dB over the GPS frequencyband

wasspeci�ed asa designgoal. Again, the center frequencyfor the axial ratio is slightly lower

than the designgoal but it doesprovide the required 3 dB axial ratio bandwidth.
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Figure 5.10 GPS axial ratio versusfrequencycalculatedusing Fidelity

5.3 In tegrated An tenna

The separateCellular and GPS designspresented in this chapter have performancesclose

to the desiredperformance.The Cellular antenna's center frequency, impedancebandwidth,

and radiation characteristics are all within acceptablerange of operation. The radiation

patterns, bandwidth and axial ratio of the GPS antenna are also within the designgoals.

Most notably however, the center frequencyof GPS antenna is slightly lower than expected.

Final tuning of the both antenna will bedeterminedwith the integratedantenna asdiscussed

in Chapter 6.



Chapter 6

Final Design

This chapter presents the �nal design for the combined GPS and Cellular antenna. Sec-

tion 6.1 shows the actual antenna geometry that integrates the two separatedesignsin

Chapter 5. The feednetwork details for the individual bands are described in Section6.2.

The computer simulation setup and results for the integrated antenna are presented along

with the antenna measurement setup and measureddata in Section6.3.

6.1 An tenna Geometry

The �nal antenna designconsistsof an integrated antenna formed from the two individual

elements. The layout and dimensionsof the integratedantenna areshown in Figure 6.1. The

GPSelement is a truncated rectangularpatch identical to the patch presented in Section5.2.

Preliminary impedancemeasurements were madeto determine the impact of operating the

GPSpatch on variousgroundplanesizes.Thesemeasurements con�rmed that the impedance

characteristicsof the GPS patch antenna operate fairly independent of the ground planesize

aspredicted in Section5.2. Thus, it is expectedthat the GPS patch will perform adequately

66



67

W
B
 = 53.0
 L
B
 = 107.0

W = 28.0
 L = 64.0

A = 12.0
 B = 13.0

M
X
 = 25.5
 M
Y
 = 14.5

h = 14


h

�

�

L
B


L


W

W
B


A


B


M

X
S


M
Y


Antenna Dimensions (mm)


Figure 6.1 Integrated GPS patch and cellular PIFA antenna dimensions.

when placedon the Cellular PIFA.

The Cellular element is a slight modi�cation to the designdescribed in Section 5.1.

The modi�cations to the PIFA wereto compensatefor the presenceof the dielectricly loaded

patch. The width of PIFA radiating top plate was increasedto 2.8 cm. Additionally , the

grounding strap width was increasedto 1.2 cm and the height of the top plate wasraisedto

1.4 cm. The Cellular probe feedwas moved 3 mm toward the grounding strap.

The GPSpatch is locatedon top of the Cellular PIFA. It is 1 cm in from the feededgeof

the PIFA top plate. The patch is centered laterally on the top plate. The position of the GPS

patch on the PIFA wasdetermined�rst empirically by making impedancemeasurements for

multiple patch locations. The patch location was then re�ned by simulating operation for

di�eren t locations.

The physical connectionbetween the GPS patch and the PIFA radiating element is
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Figure 6.2 Combined GPS/Cellular antenna showing feeddetails.

madeby a thin double-sidedcellophaneadhesivetape. Thereis no direct electricalconnection

betweenthe thin metal backing of the GPS patch and the PIFA plate. The feedfor the GPS

patch is located 2.55cm away from the grounding strap on the PIFA.

6.2 Feed Details

Figure 6.2 shows the feedsfor both the GPS element and the Cellular element. The feedfor

the Cellular antenna is a simple probe feed. A 2-mm diameter hole is drilled in the ground

plane of the PIFA. A SMA connector is solderedto the underside of the PIFA and the

probe passesthough the hole. A thin wire is then solderedto the SMA probe and continues

vertically until it touches the top plate of the PIFA. The wire feed is then solderedto the

PIFA top plate.

The feedfor the GPS patch is located 2.5 mm away from the grounding strap on the

PIFA. A 2-mm semi-rigid coax (type UT85) is used to construct the GPS feed. A SMA

connecteris attached to the coax on the undersideof the PIFA ground plane. A the coax
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passesthrough a 1-mm radius hole in the PIFA ground plane. The hole for the GPS feed

is centered 1-mm away from the inside of the PIFA grounding strap and 1-mm from the

outside edgeof the grounding strap. The is directed vertically up the grounding strap. The

coax makesa 90� bend and continueshorizontally along the bottom of the PIFA radiating

plate. As seenin Figure 6.2, it alsoanglesin toward the center of the PIFA radiating plate

in order to reach the center of the GPS patch. The coax makesan angleof about 30� with

the long edgeof the antenna. The probe feedfrom the GPS patch passesthrough a 1-mm

radius hole in the PIFA top plate and is solderedto the center conductor of the semi-rigid

coaxwherethe two meet underneaththe PIFA top plate. The semi-rigid coax is solderedto

the PIFA metal along the vertical grounding strap aswell as to the bottom of the PIFA top

plate. The connectionbetweenthe coax and the PIFA was solderedfor several reasons.It

provides physical support for the GPS patch and PIFA radiator. It also reducesthe impact

that the coax line might have on the operation of the PIFA by mitigating any stray currents

that may exist betweenthe metal structures.

6.3 Measured and Simulated Data

The measuredperformancecharacteristics of the integrated antenna are presented in this

section. The simulation results for the �nal designare also included here. The model used

in the calculation of the �nal designincludesboth antenna elements and the respective feeds

for each band of operation. The combination of �nite sizeddielectric, unusual shape of the

GPS feedand multiple feedarrangement made simulating the integrated unit signi�cantly

more complexthan either of the individual antennas. Thus, the simulations wereperformed

with the samecommercial3D FDTD (Fidelit y) code as the GPS designanalysis. Results

from the calculationsare presented along with the measureddata.
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6.3.1 Measuremen t Setup

The integratedantennaoperatesin two distinct frequencybandsand radiation characteristics

of the individual antennasare considerablydi�eren t. Thus, it is necessaryto make separate

measurements for the individual modesof operation. Figure 6.3 illustrates the coordinate

systemorientation setup for all measurements made. The radiation pattern measurements

for the Cellular portion of the antenna were made on the Virginia Tech outdoor far-�eld

range. The measurements were taken with an AEL log periodic dipole array as the source

antenna.

The radiation pattern measurements for the GPS portion of the integrated antenna

weremadeon the Virginia Tech indoor near-�eld range. The measurements weretaken with

WR-650 (0.9-1.7GHz) open-endedwaveguideasthe probe antenna. The indoor rangetakes

the radiation measurements in the near�eld and then computer transformsthe near�eld data

into far�eld patterns.
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The impedancemeasurements for both the Cellular portion and the GPS portion were

madeon a HP8720network analyzer. Singleport impedancemeasurements weremadewith

the network analyzer. The antenna port that was not being measuredwas terminated with

a 50� 
 load. The HP 8510network analyzer was usedto measurethe isolation between

the GPS and the Cellular portions of the antenna. The isolation was measuredby doing a

full two port analysisbetweenthe GPS and the Cellular portions. One port of the network

analyzer was connectedto the GPS terminal and the other was connectedto the Cellular

terminal.

6.3.2 Measured and Calculated Data

Figure 6.4 shows measuredand calculatedthe voltage standing wave ratio of the integrated

antenna for the Cellular band. The antenna has a measuredcenter frequencyof 847 MHz.

The calculated center frequency is 855 MHz, slightly higher and closer to the designgoal

of 859 MHz. The measuredimpedancebandwidth is 4% for a 2:1 VSWR and 6% for a

3:1 VSWR. The predicted impedancebandwidth for the antenna is 4.3% for a 2:1 VSWR

and 7.4%for 3:1 VSWR. The measuredimpedancebandwidth is slightly narrower than the

calculatedvalue but still closeto the designgoal of 8%.

Figure 6.5 shows the measuredand calculated VSWR for the GPS portion of the

antenna. The measuredcenter frequencyis 1.575GHz. The calculated center frequencyis

slightly lower than the measuredvalue at 1.49 GHz. The measuredimpedancebandwidth

is 42 MHz (2.7%) for a 2:1 VSWR and 60 MHz for a 3:1 VSWR. The calculatedbandwidth

is considerably lower than the measuredvalue. A calculated bandwidth is 6 MHz for a

3:1 VSWR and 4 MHz for a 2:1 VSWR. Both the calculated and the measuredimpedance

bandwidths meet the designgoal of � 2 MHz bandwidth. The measuredantenna even meets

the more demanding � 10 MHz goal which is neededto received the full encrypted GPS
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Figure 6.4 Measuredand calculatedcellular VSWR in presenceof GPS patch antenna.

coded data. The discrepancyobserved in the center frequencyof the calculated VSWR is

attributed to computer modeling error. In order to maintain a solvable number of unknown

elements in the problem setup, someresolution in gridding sizehad to be sacri�ced around

certain parts of the GPS antenna.

Figures6.6,6.7and 6.8show the measuredand calculatedprincipal planepattern cuts

for the Cellular portion of the antenna. Generally, there is very good agreement betweenthe

measuredand calculatedradiation patterns for the antenna. The calculatedE � azimuth cut

in Figure 6.7showsan omnidirectional pattern which is requiredby the designspeci�cations.

The measuredazimuth pattern shows a slight deviation from omnidirectional but overall the

pattern is acceptable. The E � elevation is also as expected. The main lobes are directed

to horizontal, in the direction of ground basedCellular towers. Both the measuredand

calculatedpatterns show this characteristic. Additionally , the required null in the skyward

direction is observed in both the measuredand calculated patterns. A null of almost -

30 dB is seenin the calculated pattern. The measurednull is lower but still apparent at
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Figure 6.5 GPS measuredand calculatedVSWR plots.

-16 dB. The calculated gain of the Cellular portion of the antenna is 3 dB. Exact gain

measurements for small antennas are di�cult to make, the sizeof the measurement stand

and cable adapters becomeappreciableto the size of the antenna. However, the relative

gain measurements madeon the far-�eld rangecombined with the very closeagreement seen

betweenthe calculatedpatterns and the measuredpatterns con�rm that the actual gain of

the cellular antenna should be closeto the designgoal of 3 dB.

Figures6.9 and 6.10show the measuredand calculatedprincipal plane radiation pat-

terns for the GPS portion of the antenna. Closeagreement is again seenbetweenthe mea-

sured and calculated patterns. The E and H -plane patterns are nominally equal for the

higher elevation angles. There is somedistortion in the E � cut due to the asymmetrical

location of the patch on the PIFA. The measuredpatterns show considerablylarger nulls in

the backward (-z) direction than the calculatedpatterns. There is alsomore ripple observed

in the E � pattern in the the backward direction.
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Figure 6.6 Measuredand calculated radiation patterns for Cellular antenna of Figure 6.1,

azimuth cut E � (� = 90� ).
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Figure 6.7 Measuredand calculated radiation patterns for Cellular antenna of Figure 6.1,

azimuth cut E � (� = 90� ).
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Figure 6.8 Measuredand calculated radiation patterns for Cellular antenna of Figure 6.1,

elevation cut E � (� = 90� ).

As in the Cellular measurments, exact gain valuesare di�cult to measure. However,

the calculatedgain valuesand the closeagreement betweenthe calculatedradiation patterns

and the measeredpatterns leadsto the conclusionthat the actual antenna gain is closeto

the 4 dB designspeci�cation.

Figure 6.11 show the measuredisolation betweenthe two antenna portions. The iso-

lation measurements were preformed on the HP8510network analyzer. The measurement

spannedthe entire frequencyrangecovering both operation frequencies.The measurements

were taken from 0.75GHz to 1.7 GHz. The maximum coupling seenin the Cellular band is

-27dB and for the GPSband it is -18dB. The isolation at the Cellular band is extremely im-

portant becausethe transmitted Cellular signalis much strongerthan the GPSsignal. Signal

rejection that can be accomplishedthrough the designof the antenna is advantageous.It is

lessunwanted signal that must to be �ltered by the receivers.
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Figure 6.9 GPS measuredand calculatedradiation patterns, E � (� = 90� ).
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Figure 6.10 GPS measuredand calculatedradiation patterns, E � (� = 0� ).
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Chapter 7

Conclusions

The purposeof this thesis was to designbuild and test a compact, low pro�le antenna of

operating in both the GPS band and the Cellular band. Chapter 2 provided the background

to the designproblem. It alsodetailed the signi�cance of beingable to have a singleantenna

unit operateon the two di�eren t frequencybandsand what impact it might haveon personal

safety, travel and commercial shipping. Several candidate antennas were examined that

met the speci�c electrical and mechanical requirements for each of the individual bands of

operation. Chapter 3 covered the Cellular antenna. Various wire and planar antennaswere

examined as candidates. The antennas were explored on both the theoretical level with

analytical techniquesand computer simulation and with measureddata. After considerable

designre�nement, a planar inverted-F variant waschosenasthe most suitable candidatefor

Cellular operation.

The development of the GPS antenna element wascoveredin chapter 4. The research

however, was conducted almost in parallel with that of the Cellular antenna. The close

physical proximit y nature of the two antennas required that the designsbe done together

even though the designprocesseswerepresented in a separatemanner. Again, considerable

78
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theoretical and experimental analysiswasconductedin order to �nd an appropriate antenna

element for the GPS portion of the combined antenna.

The �nal designfor the integrated antenna presented in Chapter 6 met nearly all of

the designgoals. The Measuredoperating frequencyand bandwidth for both the Cellular

and GPS portions were a little lower than the designspeci�cations but very acceptableas

starting for a �nal evaluation and design modi�cation. The measuredradiation patterns

in both casesproduced acceptableresults. The combination of computer simulation and

relative gain measurements leadsto the conclusionthat the actual gain of the GPS antenna

was within the acceptablelimits even though exact gain measurements available at the test

facility. The measuredisolation betweenthe two antenna portions alsogavedesirableresults.

Possiblefuture work for this project could include incorporating a singlefeedfor both

the GPS and the Cellular elements. Additionally , the integration of a low noiseampli�er for

the GPS unit is alsoan areato investigateas well as improving the element isolation.
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