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Numerical Modeling of On-Glass
Conformal Automobile Antennas

Ramzi Abou-Jaoudéaylember, IEEE,and Eric K. Walton,Fellow, IEEE

Abstract—This paper presents the development of computer can calculate the input impedance as well as the gain pattern of
tm0de|s ;C;]f the anf_:lly?is 0(; Clm-g'azs COTLOmeﬂt r?UJOTT;Ob”e ant' the antenna for both azimuth and elevation cuts. ESP4 allows
ennas. € numerical models used are the metnod ol moments H H H
(MoM) and the uniform geometric theory of diffraction (UTD). the body to be_ Construct_ed elthe_r as _a thin-wire structure,
Models were developed to analyze antennas for low-frequency & perfect electric conducting or dielectric plate structure, or
applications (AM), antennas on a resonant vehicle structure @ combination of thin wires and plates. The wire and plate
(FM), and high-frequency applications (cellular, global position- current modes are modeled using piecewise-sinusoidal wire
ing system (GPS), radar). Calculation results were verified using gpd surface-patch dipoles, respectively. Wires are attached to
measurements. plates using a special attachment mode.

_Index Terms—Antenna, automobile, geometrical theory of  Although ESP4 allows the model to be represented as
diffraction, modeling, conformal, moment methods, on-glass. a wire-grid, numerical problems (that cause asymmetric re-

sults) can arise in the computations as the wire segments

|. INTRODUCTION become short in terms of wavelength. In [2], this asymmetry

HIS paper discusses the development of electromagn |§Iﬁattributed to _the computat_ion qf nonphys?cal as_ymmetric
jlﬁeds for electrically short wires in the original Richmond

computer models that can be used to analyze automo ; o :
antennas and more specifically on-glass vehicle antenn%%de [3] (which ESP4 uses for thin-wire calculations). A

Three different models based on the method of momer?t@.a”_ modification to the pasic Rich_mond code s suggested
(MoM) and the uniform geometric theory of diffraction (UTD)(a bndge-current formulation) .and IS shown to sqlve these
were developed (using three different computer codes) rwmencal errors. In [4]’ Balma_un and Tilston descrlbg a new
allow the analysis to extend over a wide range of frequencié€neral purpose multiradius wire MoM program that includes
The results from the models were compared to experimentd$ apove modification. This program (MBCPF164) allows
measurement results for verification of the models. On@&IY wires to be used in the models. We used the MBCPF164
confidence is established in the accuracy of the model, néRde to model the vehicle as a wire grid. ESP4 was used to
concept antennas can be developed using the model. model the vehicle quy using plates. We usgd MoM to model
In Section II, we discuss the different computer codes us@ftennas on full-vehicle bodies for frequencies below 1 GHz.
in our study. In Section Ill, we discuss the modeling of FOr the high-frequency UTD analysis we used a general-
the vehicle at low frequencies [to analyze antennas for loRUrPOSe code, the numerical electromagnetic code—basic scat-
frequency applications (AM band)]. The results of modelinff"ing code (NEC-BSC) Marhefka [5]. An antenna in NEC-
the vehicle in the resonant region [resonant vehicle structt&C is modeled as a basic-source element (uniform electric
(FM) radio frequency bands] are given in Section IV. Igurrent distribution, annular magnetic ring current distribution,
Section V, we discuss modeling the vehicle antennas at higlgé¢.) with a given excitation current. For vehicle antennas,
frequency bands (cellular telephone, global positioning systék¢ use MoM to find the excitation current on the model
(GPS), and vehicular radar bands). The conclusions are givtenna and then use that in the NEC-BSC antenna-plus-
in Section VI. vehicle model. To find the excitation current using MoM one
would use only the antenna and its surrounding geometry (a
few wavelengths around the antenna) since at high frequencies
the antenna current distribution is determined mainly by the
The two numerical techniques that we used for our modelingca| surrounding geometry. In some cases, it may not be
are the MoM and the UTD. The MoM is considered a lowpossible to model an antenna current distribution accurately
frequency technique while UTD is a high-frequency techniqugsing UTD, especially if the details of the antenna geometry
We used two different general purpose MoM programs fjfre important. In that case, the antenna-without-vehicle pattern
our modeling. T_he first one was _the electromagnetic SurfaF@otained using MoM) could be synthesized in NEC-BSC
patch code version IV (ESP4) written by Newman [1]. ESPdsing the basic-source elements. The calculated UTD pattern
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technique, allows individual rays to be turned on and off (for

example rays that bounce off the hood or trunk could be turned
off). This feature allows the user to more easily find a location

for the antenna that meets certain design criteria.

There exist other numerical electromagnetic techniques.  a.n
Some of those include finite-element methods (FEM), finite-
difference methods (FDM), boundary-element method (BEM),
boundary-integral moments (BIM), and time-domain (TD)
methods. The above techniques are not very efficient at
modeling an antenna on a vehicle with the radiation occurring
in a three-dimensional (3-D) space. It is believed that using
the MoM and UTD techniques is the most efficient method
for modeling vehicle antennas.

I1l. L ow-FREQUENCY BAND ANALYSIS

In this section, we will present the results of modeling
the vehicle at low frequencies. We will specifically discuss , , o
ig. 1. Magnitude current display on a wire-grid model due to a plane wave

analySiS Of the AM radio band _(549_1630 KHZ)' althQUQE_mident from back of vehicle (above ground plane). Result shows right-left
the analysis applies to any application where the vehicle sgmmetric current distribution. Frequeney 5 MHz.

electrically small.

A vehicle in the AM band is on the order af/100. The AM .gié&ilar numerical errors in the MoM calculations. Further

antenna must be a separate metallic structure counterpoi . . . ) .
P P studies are needed in order to find a solution to this problem.

with the remainder of the vehicle body, since both the anten .
element and the vehicle body form the radiating antenr%wever’ for the purpose of this study the results at 5 MHz

structure. may be su_fficient to characterize the pehavior of the antennas
on the vehicle. The antenna behavior is not expected to change
i i significantly between 5 and 1 MHz since the size of the
A. The Wire-Grid Model antenna in both cases is electrically small.

The wire-grid MoM technique was used to model the
vehicle in the AM band. The shape of the gain pattern @‘ Model Results
the AM antenna is not of much interest since it is mostly _ o _
omnidirectional in the plane of the automobile. The efficiency TO test the accuracy of the model in predicting the gain
of the antenna is a more important parameter. The Wire_gféyel of AM antennas we calculated the far-field azimuth
model is not expected to give accurate antenna impeda§&@n pattern of several automobile antennas (at 5 MHz) and
results since the feed-point region is not modeled accuratefpmpared the results to measurements (at 1 MHz) [6]. The
The wire-grid model, however, can be used to study the efféditennas had different locations and sizes_. The comparison
of the location and size of the antenna element on the over@iowed that the calculated results were within 2 dB of the
antenna efficiency, by calculating the far-field gain of theeasured results. Note that the cable and impedance-mismatch

automobile antennas. Losses due to impedance mismatch Iasges of the measured antennas have been calibrated out of the
cable attenuation were not considered in this study. final results. The calculated results do not account for those
1) Model Limitations: A wire-grid model of a vehicle (us- l0sses either.
ing image theory to account for the ground) was generatedThese modeling results indicate that the wire-grid model (at
using ESP4. The average grid size used was about 30 cnPd¥Hz) can be used effectively to study the efficiency of the
2/1000 at 1 MHz. Some wire segments were only about 5-c/hM antenna system.
long. To study the accuracy of the ESP4 wire-grid model, we
checked for symmetry of the MoM calculated current modes
on a symmetric grid. The results showed asymmetry in the
calculation of the currents even as we increased the frequencyn this section, we will present the results of modeling the
from 1 to 50 MHz (due to numerical errors; see Section Il).vehicle at frequencies at which the vehicle body is a resonant
As discussed in Section Il, the authors of MBCPF16dtructure. We will specifically discuss the analysis of FM radio
claim to have corrected the asymmetry problem in ESPdand (88-108 MHz) antennas.
Calculating the current modes using MBCPF164 (on the sameThe vehicle body is an important part of the FM antenna
symmetric geometry used with ESP4) produced symmetsce the vehicle is on the order of a wavelength (it is a reso-
results at frequencies of 50 MHz down to 5 MHz (seaant structure). Unlike the AM antenna, however, the details
Fig. 1). However, asymmetry developed below 5 MHz. Thisf the antenna-element structure affect the performance of the
seems to indicate that even for the MBCPF164 bridge-curranterall antenna. The geometry and position of the antenna-
formulation the vehicle wire segments used in the model agéement influence the parameters of the vehicle antenna such
too small electrically at 1 MHz (the AM band) and causas gain patterns and impedances.

IV. RESONANT REGION ANALYSIS
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XS Y L YOIAlS Y ILW Fig. 3. Geometry of an ESP4 model of a plate and wire backlite heater-grid

Fig. 2. Geometry of an ESP4 model of a FM rooftop monopole. antenna.

A. Plate Model versus Wire-Grid Model body using the usual plate—plate junction. If the antenna needs
1) The Wire-Grid Model: The ESP4 MoM code was usedto have a source at the plate—plate junction then that source can
for the FM modeling. At first, a wire-grid model was testedbe inserted at the overlap current mode between the two plates.
The advantage of using a wire grid model is that all thAn example of this type of antenna-feed structure is shown on
connections between the body and antenna elements (which left side of Fig. 3. The plate—plate feed connection does
are usually wires) are wire-to-wire connections. These typast model the current flow at the feed point very accurately,
of connections are simpler to model numerically. The digxcept if the width of both plates is very small in terms
advantage of the wire-grid model is that the grid has to lwé wavelength (about four times the radius of an equivalent
fine enough to approximate a conducting plate. We have algccular thin wire). For on-glass antennas one of the plates is
learned from the AM modeling that numerical problems couldsually wide (as shown in Fig. 3). Therefore, the above feed
arise if the wire segments are made too short. Our analysi®del cannot accurately predict the input impedance of most
showed that the mesh size (or length of the current-mode-glass antennas. However, the gain pattern calculations are
segment) had to be smaller than O\(&specially near the feed not very sensitive to the current flow at the feed point and can
point) in order to obtain accurate results, making the wire-grlie accurately predicted using the above feed model.
model computationally inefficient. If the antenna element must be constructed from wires, then
3) The Plate Model:The vehicle was then modeled usinga wire-plate attachment mode must be used. In ESP4, the wire-
perfectly conducting plates. Fig. 2 shows the geometry aj-plate junction must occur at a point on the plate a distance
a plate model used. The figure also shows a roofigg no closer than 0.1 (about 30 cm @ FM) to the edge of the
monopole antenna modeled as a thin wire attached to the plali@te, in order to ensure accurate modeling of the current flow
roof. This antenna was used as a reference antenna foraalthe junction. It is not always practical to have the wire-
the FM antennas that were modeled using ESP4. The malate junction away from the edge, especially with on-glass
advantage of the plate model is that accurate results candmtennas (such as the model shown on the right side of Fig. 3).
obtained with a current-mode segment size oAQd 0.2\ (an Instead of connecting the wire antenna directly to the plate
order of magnitude larger than the equivalent size for the wiré-is possible to connect it to a connection wire, which, in
grid model). The reduction in the number of modes allowtsirn, extends just above the surface of the plate to the plate
the plate model to be more computationally efficient than thenction point. This plate-junction point is placed Q.away
wire-grid model. from the edge of the plate. The source for the antenna is placed
The antenna elements on the vehicle could be modeled usbejween the antenna feed line and the connection wire. This
either wires or thin plates. If the antenna is constructed fromodeling technique provides accurate gain-pattern results, but
thin plates, the width of the plates has to be approximatelynbt accurate impedance results. To obtain accurate impedance
cm (= A/300) to avoid numerical errors. In this approach, theesults the antenna must be placed a distance of fboln the
antenna element can be connected to a plate on the veheatdge of the plate such as the wire antenna in Fig. 2.
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Fig. 5. Different ESP4 FM antenna models. CPU times on the Cray
W 0 Y-MP8/864 Ohio supercomputer.
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CLOSED the wire grid. The calculated FM pattern results were identical
0L, CAVITY for both antennas. This result also validates that both feeding
T techniques used (the plate—plate connection and the wire-plate
ﬂ connection) produce accurate gain pattern calculations.
5) Computer CPU Times for Different ModelsFig. 5
Fig. 4. ESP4 model of a backlite plate-heater-grid antenna, center fegthows CPU times (on a Cray Y-MP8/864) and total current
frtggé”n%;ie sge,\jtkg Ei‘g:gﬁ?‘?ggé)éz'm“th patterrsat elevation angle; ) 4as for some of the models that we used. We see from
these results how closing the cavity increases the CPU time

by 100%. However, the improvement in the accuracy of the
3) The Plate-Model GeometryThe next step was to deter-regyjts may justify that increase. Also note how using a wire-

mine how much of the vehicle body was needed to accuratglyater-grid antenna requires about 20% more CPU time than
model the vehicle antenna. Fig. 4 shows the FM azimufhp|ate-heater-grid antenna model.

patterns for three models of a backlite plate-heater-grid an-

tenr_1a. The first geometry only models the backs_ide of the Ground-Bounce Effect

vehicle. The second geometry models the full vehicle except .

for the passenger compartment, which is kept open from thell the computer model, the ve_hlcle is in free-space. In order
underside (open cavity). The third geometry has the passenﬁ)e_fe\ccurately predict the behaylor of the real-world antennas
compartment closed from the underneath and from the frdft'"9 modeling tools, we must mcqrporate th_e ground-bounce
and back, including the back package shelf (closed cavif§™™ in the model. We can do that if we use image theory. To
completely closed except for window openings). The resufi’gd the ground-bounce signal to the direct signal we calculate

indicate that modeling the full vehicle, including the passengg}e gain pattern of the antenna twice: once for the incident field

compartment, is necessary in order to get accurate results &t " anglex with respect to the plane of the automobile (direct

In order to study the effect of glass on the vehicle modeff!gnal) and a second time with the field incident at an angle

we used the sheet impedance approximation of thin dielectfi¢" and multiplied by the complex reflection coefficient of the

plates in ESP4 [1]. The sheet impedance for vehicle glad@undl’ (ground-bounce signal). The total gain pattern of the
at FM frequencies is approximately equal 7500 /L. antenna is then calculated from the sum of the two signals.

Therefore, the glass at FM frequencigs0.001) thick) be- 1€ addition of the ground-bounce term in our computer
haves almost like free-space and has litle effect on ﬂqéodellng programs adds very little to the cost of running the

performance of the antennas that are placed on it. In all tRamputer C(_)des and makes the modeling results more accurate
FM models that we used, all the window openings were kefPresentations of the real-world results.
as free-space.

4) Comparing the Wire and Plate Heater Grid#in
heater-grid antenna (heater-grid lines plus additional verticalThe computer modeling tools that we have developed can
lines) performs identically to a plate antenna of equal siz@lculate and display the antenna gain pattern for any required
[6]. To verify whether our model is consistent with this resultsignal polarization. We can calculate the gain pattern of the
we compared the performance of the plate-heater-grid awmehicle antenna for two orthogonal signal polarizatigi
the wire-heater-grid antennas shown in Fig. 3. In those tvemd E,, ). From those two polarizations we can mathematically
models, the plate antenna element has the same dimensionsaéculate the gain pattern for any given signal polarization.

Fm  C. Arbitrary Polarization Calculation
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D. Experimental Verification

In this section, we will compare the results of the ESP4 FM THETA
models to actual measurements. The models used are plate POLA%SZ)*TION
models with a closed cavity. The vehicle in the model has e
the same dimensions as the vehicle used in the measurements.
The measurements were made at The Ohio State University
ElectroScience Laboratory. Note that the experimental mea-
surements were done in an outdoor range (not a well-controlled
environment) and so the results can not be expected to compare
exactly to the model results.

S e LS:
1) Fender Whip Antenndlhe first antenna used in the " 5 \ e

comparison of the models to measurements is the fender whi; %, 25 s, T 1981 -

monopole. Fig. 6 shows the azimuth pattern (&t 8Rvation ROOF TOP MONOPOLE s
angle with respect to the vertical axis) at 98 MHz. The pattern

is given for both theFE, (vertical polarizations—VP) and

E, (horizontal polarizations—HP). Both the measured and

calculated data have been normalized to the rooftop monopole

data. The result shows that the model is capturing the main

features of the antenna accurately. The small differences in the

results could be due to measurement errors or to interactions

between the antenna and parts of the vehicle that were not . OLAE%ATI on
modeled. The average levels for the two patterns are within (HP)

2 dB of each other for the vertical polarization and within

0.1 dB for the horizontal polarization. Note that the signal
&|6. Fender-whip antenna. Comparing ESP4 model results and measured

average of t.he measured -results already reflects any Sldr:vrgsults. Azimuth pattern at 88elevation angle; frequency: 98 MHz (LS:
loss due to impedance mismatch; the model results do ngfestyie).
take into account any impedance mismatch loss. However,
the rooftop monopole reference antenna, which was used for o D MG - 957 05
normalization, has a low-mismatch loss and, thus, has little MEASLRED « MA/MAX/AVC = 199 16 60
effect on the signal average result. The measured fender-whip THETA “
antenna also had a low-mismatch loss. POLARCZATION 7
2) Heater-Grid Antenna:The next set of antennas that
were compared to measurements were the backlite heater-
grid antennas. Fig. 7 shows the results for the top center-
feed antenna. The model results compare very well with the
measured results. The signal averages are within 1.5 and 0.5
dB for the vertical and horizontal polarizations, respectively.
The measured antenna had a low mismatch loss. Much of
the disagreement between measurement and theory is in the " o TEE——
behavior of the nulls. Note, however, that nulls are caused by?2IN LEVELS IN [dB] % ‘ u

LS

180 : e, be--- 4o
! VRN

. . . . NORMALIZED TO A 200
cancelations of two identical signal components. Very small ROOF TOP MONOPOLE 2

phase changes cause large changes in the behavior of the nulls.
The above results have shown that the FM model that
was used can accurately predict the behavior of the vehicle
antennas. These models can now be used to develop new
antenna concepts. 120

LS: - —-
MEASURED

V. HIGH-FREQUENCY BAND ANALYSIS

. . i i PHI -

In this section, we will present the results of modeling POLAR%IEZ)ATION 5

the vehicle at high frequencies at which the vehicle body is (HP) *
. . . ESP MODEL « MIN/MAX/AVG = =723 17 -G°
electrically large. We will show results of analysis of cellular MEASLRED © MNMAX/AVG = 240 14 66

telephone band (824_894 MHz in the United States) antennﬁa: 7. Center-feed backlite heater-grid antenna. Comparing ESP4 model re-
We will also discuss the modeling of antennas at highelilts and measured results. Azimuth pattern &t &@@vation angle; frequency
frequencies for such applications as GPS and vehicular radar?8 MHz (LS: LineStyle).

The size of the vehicle in the cellular band is on the order
of 10\. MoM can still be used effectively for this problem, butUTD can also be used at these frequencies but modeling the
the CPU time and computer memory required become largketails of the antenna geometries may be difficult.
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Fig. 8. Geometry of an ESP4 model of a cellular pigtail antenna. Fig. 9. ESP4 model of a cellular pigtail antenna. Effect of varying the
geometry. Azimuth pattern at 89.%levation angle; frequency 860 MHz.

CPU run times are indicated (LS: LineStyle).
A. Plate-Model Study

The ESP4 plate model was used to construct the vehiggeet impedance for glass: (0.01) thick) is approximately
geometry. The antennas were constructed either from wiresgfyal to — ;600 Q/0. The value of the impedance is low
plates and were fed using one of the techniques describecbffbugh to have a loading effect on the on-glass antennas. To
Section IV (Fig. 3). All the results given in the next sectiongtudy this effect, we modeled a rectanguay'4 loop antenna
are for a model using the wire-plate feed-connection techniqygat is fed against the roof and that is located in the plane of
All the cellular antenna pattern results were normalized totge backlite. The effect of the glass was tested by calculating
rooftop /4 colinear array) monopole antenna pattern.  the pattern of the antenna with and without a glass sheet.

1) The Effect of the Geometryfo minimize the number of The results show that the effect of the glass on the antenna is
modes used to calculate the current on the vehicle we mggnificant. The glass causes a shift in the resonance frequency
reduce the number of plates. To study the effect of the modglthe antenna. If the amount of this shift can be calculated,
geometry, we used a monopole antenna (pigtail) connectedtien the glass plate can be eliminated from the model (saving
the back edge of the roof, as shown in Fig. 8. The vehici®mputer storage and CPU time) and the antenna can be
geometry shown does not model the inside of the vehidlgplaced by its larger free-space counterpart. Note that no
and has very narrow front, back, and side panels. A moggass sheets were used on any windows other than the one
detailed model geometry is not needed since the vehicle where the antenna is located. The signal propagating through
the cellular band is not resonant. To determine whether thge glass will not be greatly affected.
full vehicle body must be modeled, we calculated the antennaanother difference between the loop antenna and the pigtail
pattern for four geometries of the vehicle, as shown in Fig. 8ntenna is that the loop antenna is below the roofline. There-
The pattern, at a particular angle, is affected by the plates thi@te, much of the signal going toward the front of the vehicle
obstruct the path of the rays from the antenna. Since the pigtadls to pass through the passenger compartment and may be
antenna extends above the roof line, it is not affected by théected by the front end of the vehicle. Fig. 10 shows a study
side plates on the vehicle. From the results of Fig. 9, it alem the effect of the vehicle geometry on the loop antenna. The
appears that the plates in the front of the vehicle have littesult shows that the geometry at the front end of the vehicle
effect on the antenna pattern, especially toward the backsitlas little effect on the pattern in the back, but has a significant
But even toward the frontside of the vehicle the change in théfect on the pattern in the front. If it is required to get accurate
pattern due to the extra plates is minimal. pattern data at all angles, then it may be necessary to model

2) The Effect of the GlassThe pigtail antenna extendsthe full vehicle. If only approximate pattern data is needed,
above the roof line and we do not expect it not to be affected byen a partial vehicle geometry may be sufficient.
the glass on the vehicle. However, for an on-glass antenna, th&) Computer CPU Times for Different Model§he CPU
effect of the glass must be modeled. In the cellular band, then times (on a Cray Y-MP8/864) of the models that were
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Fig. 10. ESP4 model of a backlite cellular loop antenna. Effect of varyinlg, L .

the geometry. Azimuth pattern at 89.%levation angle; frequency 860 F19- 11. A cellular pigtail antenna. Comparing measured and ESP4 model
MHz. CPU run times are indicated (LS: LineStyle). (shifteg results. Azimuth pattern at 8%.%levation angle; frequency 860

MHz (LS: LineStyle).

tested are indicated in Figs. 9 and 10. The results show how
the CPU time increases significantly with the increase in tack of the vehicle. There are small discrepancies between

size of the model. the two patterns for angles toward the front of the vehicle.
_ o These discrepancies could be due to measurement errors or
B. Experimental Verification to inaccurate modeling of the vehicle geometry. The geometry

An exact model of the ESP4 pigtail antenna was builfve are using does not model the passenger compartment of the
The azimuth pattern a® and ¢ polarizations (at 89% Vehicle, which may have some effect on the antenna pattern.
elevation angle with respect to the vertical axis) at 860 MH2verall, however, the model results do compare well with
were measured. Fig. 11 compares the calculated and measifi@dmeasurements. Including more detail in the model may
patterns, both of which were normalized to the referend@prove the results, but at an expense of increase in memory
rooftop (A/4 colinear array) monopole pattern data. Th&torage and CPU time.
results show that the model pattern has the same features as
the measured pattern but a higher signal level (the plotted da@taUTD: A Second Approach

has been shifted to obtain equal averages). The difference iﬁ'he UTD solution presents some advantages to the analysis
the signal levels is due to inaccuracy in modeling the referen8

. . . Fthe cellular antenna (larger geometries possible and ray-
antenna, which was a commercial rooftop monopole with

N ' . . ) . cing is possible).
in-line air-core inductance coil. The coil was modeled into 9 P )

he ESP4 ref | dind A The CPU time required to run the UTD analysis was about
the reference antenna as a lumped inductance. A mMoIg i required by MoM. The CPU time is reduced further by

accurate model of the reference monopole is needed for 1Euuérl?out 65% if the second-order reflection and diffraction terms

calculations. are not included in the UTD calculations. These second-order

We know from previous analyses that the loop anten Erms have little effect on the cellular antenna pattern.
pattern toward the front of the vehicle depends on the geometr)we compared the UTD calculated patterns of the pigtail
of the vehicle in the front. Fig. 12 shows the pattern resul enna to those of the MoM calculations and the measured

of the me.asured loop antenna and the model antenna on a/8dults. The results showed that the UTD model can accurately
vehicle with a glass backlite. The plotted data has been shif ddict the behavior of the pigtail antenna [6]
re

to obtain equal averages between the model and meas
data because of the inaccuracy of the reference antenna maodel ) o

used to normalize the calculated data (same model used PorOther High-Frequency Applications

pigtail antenna). The results show that the model patternWe have also analyzed vehicle antennas for GPS (1575 MHz
closely resembles the measured pattern for angles in ik frequency) and radar (10.5 and 24 GHz) applications. In
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analysis becomes more practical (allows larger bodies and ray-
tracing techniques). We have successfully modeled cellular,
GPS, and vehicular radar antennas using UTD.
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VI. CONCLUSIONS
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