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1. Introduction

The Navigation Satellite Timing and Ranging (NAVSTAR) GPS is a space-based system
designed primarily for global real-time, all-weather navigation. There are 30 GPS satellites in
six nearly circular, approximately 20,000 kilometer orbital planes, with an inclination of 55"
relative to the equator [1]. Each satellite transmits two unique, Right Hand Circularly Polarized
(RHCP) L band signals. The L1 (1.57542 GHz) carrier is bi-phase modulated with two pseudo-
random noise sequences; the P and C/A codes. The L2 (1.2276 GHz) carrier is modulated only
with the P code and is used mainly to determine and correct phase advance caused by the
ionosphere. Superimposed on the P and C/A codes is the navigation message which contains,
among other things, satellite ephemerides, clock biases, and ionosphere correction data [1].

Due to their light weight, reduced size, low cost, conformability, robustness, and ease of
integration with MMIC, tremendous research has been reported over the last three decades
into the use of microstrip antennas in GPS navigation [2]-[20]. Antenna designers are often
faced with interrelated, strict, and conflicting performance requirements in order to meet the
accuracy, continuity, and integrity of differential GPS, relative geodetic and hydrographic
surveying, ship-borne and aerospace navigation [21]-[27].

The design specifications of a GPS antenna depend on the performance requirements peculiar
to the application under consideration. A GPS user antenna requires RHCP and adequate co-
polarized radiation pattern coverage over almost the entire upper hemisphere to track all
visible satellites. Moreover, the antenna should ideally provide a uniform response in ampli-
tude and, more critically, in phase to the full visible satellite constellation [21]. The angle cutoff
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and roll-off characteristics of the radiation pattern can be altered to suit the application of
interest. For example, fixed ground reference stations and relative static geodetic surveying
demand a rapid fall-off near the horizon, a high cross-polarization rejection, and a front-to-
back gain ratio in excess of 20 dB to mitigate deleterious effects of severe multipath [28], [29].

In real-time kinematic positioning, few if any of the above constraints may be effective [30]
and it may be necessary to operate the antenna under less than optimal conditions in regard
to cross polarization performance if a wide beamwidth is of precedence. Precise GPS hydro-
graphicsurveying on a vessel cruising at speeds of 10 to 20 knots in open oceans is a challenging
task due to the rotational disturbances from a relatively harsh sea environment. Pitch and roll
amplitudes as high as 10° to 15° may be encountered in stormy weather, which presents a major
obstacle to GPS derived attitude determination [21], [22]. Another envisaged application for
the drooped microstrip antennas introduced in this chapter involves normal pitch or roll
maneuvers of a general aviation aircraft, which may cause loss of some satellite signals for a
range of flight orientation.

There is significant interest in the commercial and military sectors to develop antennas that
could cover much of the upper hemisphere, including GPS satellites at elevation angles as low
as 10°, and to extend the coverage to negative elevation angles [3], [4], [15], [21]. This will lead
to fewer occurrences of cycle slips and loss of lock to satellites while rising or setting, will
maintain the proper Dilution of Precision (DoP) by maximizing the number of satellites in
view, and will reduce the RMS error in range and velocity [1]. Notably, on the negative side,
undesired multipath reflections off water and conducting bodies are also strongest at low-
elevation angles. Nevertheless, whatever type of antenna is chosen, multipath reception will
still have to be dealt with as a common problem [30]. It is fair to say that no single antenna
design in the open literature has satisfactorily fulfilled all the above-mentioned requirements
on coverage, phase center stability, and multipath rejection for real-time highly dynamic GPS
marine and aerospace applications.

A pedestal ground plane is reported in [31], based on a trial-and-error experimental design
approach, consisting of a cylindrical structure with a flat elevated center surrounded by
sloping sides, to address beam shaping of crossed dipoles. This structure was found to be
successful in improving the pattern coverage of the crossed dipole at low-elevation angles.
Additional elements were also examined such as folded, serrated, rolled edges, monofilar, and
quadrafiliar helices [32]-[35], although none achieved the same degree of radiation pattern
control as the crossed dipole. This is attributed in part to the extent of ground plane illumina-
tion produced by the different sources and serves to highlight the importance of the ground
plane as a secondary source with which to produce pattern changes. Further modifications to
the ground plane using choke rings [28] were investigated primarily for multipath rejection.

It is well known that a stand-alone microstrip antenna mounted on a flat ground plane suffers
from a lack of pattern control and reduced gain at low-elevation angles. This may result in a
loss of contact with satellites when the antenna is mounted on a highly-dynamic platform, an
attractive use for this low-profile structure. Fundamental to the design of a patch antenna is
the interaction with the ground plane. In fact, the size, orientation, and shape of the ground
plane are among the most important parameters that have an influence on the radiation pattern
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[36]. However, a fundamental distinction exists in the relationship between a patch and the
ground plane when compared with helical or dipole elements in that the ground plane of a
microstrip antenna forms an integral part of the radiating structure and may not best be defined
as a "secondary" source.

Building on our previous design experiences [28], [31]-[35], our research group at the Univer-
sity of New Brunswick, Fredericton, NB, Canada was the first to rigorously investigate the
potential performance enhancements and limitations involved when these design modifica-
tions are applied to the more appealing microstrip antenna element [37]. The advantages
associated with the microstrip antenna are such that one patent has been issued to a GPS
manufacturer [38] based only on a downward drooped antenna structure. Neither the
dimensions nor the performance of the proposed antennas were quantified in [38]. Later, a
corner truncated square patch, partially enclosed within a flatly folded conducting wall,
mounted on a pyramidal ground plane, was reported in [39]. However, neither the cross
polarization performance nor the phase center stability were provided in [39].

In contrast to the antenna reported in [39], the drooped microstrip antennas introduced in this
chapter have the ground plane and actual element deformed such that the corners or edges of
the resonant cavity region fall away from the plane occupied by the element. A fundamental
understanding of the operation and limitations of the drooped microstrip antenna is still
lacking. A diffraction technique was attempted in [40] to model the effects of a sloping ground
plane. This, however, was limited by the difficulty of implementing a realistic source term as
well as the inclusion of finite lossy dielectric materials. A rigorous full-wave 3-D model, which
incorporates the coaxial feed and detailed geometrical features of the drooped microstrip
antenna, has not yet been reported.

For these reasons, we have performed the research reported in this chapter, which is the first
to our knowledge that combines rigorous 3-D full-wave simulations and experimental
measurements to provide a comprehensive characterization of downward and upward
drooped microstrip antennas. A FDTD model has been developed, validated experimentally,
and used to compute the input impedance and far-field radiation patterns. The FDTD model
was used to examine the effects of a wide range of structural variations to gain an insight into
the benefits and limitations of the proposed antennas. The parameters of interest include the
location and angle of the bend, length of the ground plane, dielectric constant, and thickness
of the substrate. Prototype structures were constructed, and their characteristics measured and
then compared against simulated results. The authors wish to point out that the antennas
described in this chapter are not intended to target multipath mitigation; on the contrary, they
demonstrate the range of pattern modifications that could be accomplished by manipulating
the orientation and size of the ground plane to suit GPS applications in marine and aerospace
navigation.

The rest of the chapter is organized as follows: Section 2 summarizes the FDTD algorithm
developed to perform the design and parametric studies and presents results from experimen-
tal tests performed to validate the implementation of the model and to demonstrate its ability to
correctly predict the behavior of the drooped antennas. Section 3 addresses the design proce-
dure, introduces parametricstudies, and describes the drooped antennas constructed and tested
for the control of the radiation patterns. Finally, Section 4 provides concluding remarks.
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2. The contour path FDTD model: Experimental validation

The basic microstrip antenna, which consists of a conducting patch radiator rotated by 45° with
respect to the center of the ground plane, and separated from the ground plane by a thin
dielectric substrate, and the downward drooped antenna are shown in Figurel.

@

Element

Ground Plane

©

Figure 1. (a) The reference flat microstrip antenna, (b) the downward geometry, (c) cross sectional view of the reso-
nant cavity.

The element is driven by a 50 Q) coaxial cable passing through the ground plane and the
substrate. The antenna operates at the L1 GPS frequency of 1.57542 GHz since the majority of
commercial GPS receivers use only the L1 frequency. Due to the relatively low cost, time
savings, and repeatability, computer simulations can often complement and reduce the
empiricism involved in an otherwise purely experimental approach, particularly in the initial
design phase, allowing the antennas to be characterized carefully prior to their construction.
Because of the complex geometries involved, the task of modeling the drooped microstrip
structures is by no means a simple endeavor; it better lends itself to numerical simulation
techniques. The FDTD method has been adopted in this research due to its conceptual
simplicity and ease of implementation. Because it is a time-domain scheme, it is straightfor-
ward to impose a pulse excitation to perform broadband analysis using the Discrete Fourier
Transform (DFT).

The FDTD algorithm is implemented in a 3-D Cartesian coordinate system with the formula-
tion allowing for different spatial increments along each coordinate direction. Provision is
made for modeling symmetrical objects by applying the Neumann boundary condition along
one surface of the computational space. The antenna is excited either by a sinusoidal signal at
the resonant frequency of the dominant mode or by a Gaussian pulse with a specified width
and delay. The excitation is applied to either the electric or magnetic field, depending on
whether a voltage or current source is desired.
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In order to compute the input impedance, the instantaneous voltage and current are calculated
at a fixed location in the coaxial feed by integrating the radial electric field and the magnetic
tield components encircling the inner conductor of the coaxial cable. A Gaussian pulse is used,
and a DFT is performed to obtain broadband results. The impedance is then translated into
the ground plane aperture by standard transmission line methods. The far-field radiation
patterns are next determined by driving the model to steady state, using a sinusoidal wave at
the fundamental resonant frequency of the antenna.

With pulse excitation, the fields must settle toward zero as energy escapes through the
absorbing boundary. The condition used to judge if steady state is reached requires that the
energy monitored at several observation points within the computational domain remains
below 1% of the peak observed value with lower values enforced for cases continuing to
display periodic oscillations in the fields. For a sinusoidal excitation, the solution must
converge to an oscillation. The magnitude and phase at several observation points are extracted
from the DFT at each temporal cycle. A 1% variation in steady state is permitted in phase.

The methodology we followed involves extracting the antenna characteristics for a given
geometry selected from a parametric study using the FDTD code; constructing a prototype;
measuring the frequency response of the input impedance, far-field radiation patterns at the
measured resonant frequency; and finally comparing simulated results against measurements.
To validate the operation of the FDTD model, several antenna structures were simulated and
measured. The first antenna used to validate the code was a flat rectangular microstrip. The
50 mm x 47 mm patch was constructed on a square ground plane, 150 mm in side length. The
substrate has a relative dielectric constant, ¢, = 4.2 and a thickness of 1.5 mm. The frequency
spectrum of the real and imaginary parts of the input impedance and the far-field radiation
pattern in the E plane are shown in Figs. 2 and 3, respectively.

— Measured

Impedance (ohms)

. . . . . . . . .
1 11 12 13 14 15 16 17 18 19 2
Frequency (GHz)

Figure 2. Measured and calculated input impedance for a 50 mm x 47 mm microstrip on a flat, 150 mm square
ground plane.

The calculated impedance correctly predicts the resonant frequency measured using a network
analyzer. Similarly, excellent agreement is observed between the amplitude and phase of the
measured and simulated far-field radiation patterns.
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Figure 3. Normalized amplitude and phase of the far-field radiation pattern in the £ plane for a 50 mm x 47 mm flat
microstrip on a 150 mm square ground plane.

As a progression toward the drooped structure, a microstrip antenna with two edges bent
down at an angle of 45° was modeled. This structure requires special consideration in that the
boundary conditions imposed by the element and ground plane do not fall along the coordi-
nate planes. The most straightforward approach is to discretize the sloping sides with the
traditional stair-stepped approximation. However, it has been observed that this can result in
a slight change in the resonant frequency of high Q structures [41]. To avoid errors associated
with the conventional FDTD method, we used the contour path method introduced in [42]. In
this approach, a field component adjacent to a boundary is not updated in terms of the spatial
derivatives of the surrounding fields but by an integration of adjacent fields along the
perimeter of the cell. This allows for partial or deformed cells, thus better approximating the
drooped surfaces.

Three different step approximations, shown in Figure 4, were used to model the sloping sides,
depending upon the angle of the bend. For fine adjustments, the ratio of the vertical to horizon-
tal spatial increments is adjusted to yield the desired slope angle. This has an additional benefit
of simplifying the implementation of the contour method when applied to field components
adjacent to the sloped surfaces. Because each cell is truncated in the same way, the contour
corrections proceeded without theneed to calculate intercepts of the actual slopeline at each cell.
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Figure 4. Stepped approximation of shallow, intermediate, and steep bend angles. Fine adjustments are made by
varying the Ax/Az ratio. The contour integral correction is made to adjacent H fields to define the actual surface.

A rectangular microstrip with two 45° drooped edges fed by a coaxial cable was constructed
and tested to compare measured and simulated input impedance, E and H plane patterns. The
geometry of the antenna is shown in Figure 5 along with the phase of the E plane elevation
cut. The measured phase displayed in Figure 5 showed a slight asymmetry due to the offset
in antenna mount necessary to accommodate the bends and the connector. For comparison,
we referenced the calculated far-field patterns to the same offset origin. The E plane and H
plane patterns shown in Figs. 5 and 6 along with the impedance of Figure 7 reveal good
correspondences between measured and simulated results.

feed point

g =42

/,_--—--—---~------>.___‘_ —— Measured
1601 /4 -~ FDTD 1

, . n ,
-150 -100 0 100 150
Theta (deg)

Figure 5. E plane (x-z plane) elevation phase for a 55 mm x 47 mm microstrip with a 45° bend, centered on a 83 mm x
75 mm ground plane.

Before progressing to the double-bend antenna, a test was conducted to verify that the FDTD
model maintained continuity at the point where the stepped approximation changed from a
2:1 to a 1:1 ratio. To accomplish this, we modeled a 40 mm x 50 mm bent microstrip antenna
near the change of an angle of 55° using both ratios. A comparison of the input impedance and
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Figure 6. H plane elevation pattern for a 55 mm x 47 mm microstrip with a 45° bend, 10 mm from each short side,
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Figure 7. Measured and calculated input impedance for a 47 mm x 55 mm microstrip on a 45° bent ground plane (33

mm flat top with 11 mm bent over each angle).

elevation patterns depicted in Figure 8 show good agreement between results obtained from

each approximation.

To duplicate the bend on the two remaining sides to achieve the full drooped structure, we
constructed two drooped antennas and used them to verify the performance of the completed
model. The first antenna, shown in Figure 9, consists of a 62 mm x 62 mm patch, a 40 mm
square elevated section, printed on a 1.5 mm thick substrate, ¢, = 4.2, and a 60° droop angle.
The second is a 64 mm x 64 mm patch, a 50 mm square elevated section, printed on a 3 mm
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substrate, ¢, =2.2, and a 30° droop angle. Results obtained for the real and imaginary parts of
the input impedance and far-field radiations patterns, as shown in Figs. 9 and 10, respectively,
display good agreement between simulated and measured results. The excellent agreement
demonstrated thus far between the amplitude and phase of the simulated and measured far-
field radiation patterns prompted further exploration of the possibility of controlling the
radiation pattern by manipulating the droop parameters.

a0

dB 4o | 180

330

—1:1 step
===2:1step

270
200

Impedance (ohms)

-50

4 5
Frequency (GHz)

Figure 8. E plane pattern and impedance comparison for 50 mm x 40 mm microstrip (e, = 2) with a 55° bend, calculat-
ed fora 1:1 and 2:1 step approximation of the sloped sides.
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Figure 9. Measured and calculated input impedance for a 60° double bend microstrip.

Figure 10. Measured and calculated elevation patterns for 64 mm square microstrip with a 30° bend, €, = 2.2, E plane
(x-z) top and H plane (y-z) bottom (1550 MHz).
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3. Parametric analysis of the drooped microstrip antennas

Further parametric analyses were conducted to determine the range of structural variations
that can be utilized to optimize the performance of the drooped microstrip antennas. The
design process was complicated due to the several interacting parameters that must be
considered in order to provide adequate low-angle coverage, uniform phase response, and
polarization purity. Parameters investigated include the angle and location of the bend, length
of the ground plane skirt, thickness and dielectric constant of the substrate. The results are
assessed on the basis of their impact on antenna gain at bore sight, phase performance in the
upper hemisphere, pattern beamwidth, cross polarization rejection, and near horizon gain
reduction.

In all cases to be presented, the radiation patterns were obtained at the resonant frequency of
the dominant mode. The amplitude and phase of the radiation patterns were obtained from
anechoic chamber measurements in a 5°« 5° grid, following the procedure described in [43].
These were then analyzed to determine the 3 dB beamwidth and near horizon gain reduction
with respect to bore sight (zenith). In order to determine the absolute gain, we integrated the
calculated patterns over the upper and lower hemispheres with a 5° step in azimuth and
elevation. All field calculations were then referenced to the resulting isotropic power density.

Whereas an enormous volume of literature is available on patch antennas for GPS applications
[2]-[20], a close scrutiny revealed that the design objectives in the majority of these studies and
the performance characterization were based entirely on the amplitude of the co- and cross-
polarized radiation patterns. Only few have considered the phase response as a figure of merit
in the design process and/or in the analysis or measurements [28], [31]-[35], [43]. The phase
response directly weighs the arriving signals and produces a phase-shaping effect, which
depends on the angle of arrival of the satellite signals. The calibration of the phase response
provides invaluable information regarding the level of accuracy one can ultimately achieve
for sub-centimeter static geodetic positions [43].

The measured upper hemispherical phase response of the antennas under test was matched
to an ideal hemisphere in a 5° x 5° grid, using equal solid angle weighting. The position of the
ideal hemisphere was adjusted to minimize the RMS error between the measured and ideal
phase [43]. The origin of this hemisphere is defined as the “center of best fit” or “phase center,”
and the difference between the measured and ideal phase is defined as the “phase residual”
or “phase error.” The RMS value of the phase error is used as a figure of merit to describe the
phase distortion introduced by the antennas considered in the rest of this chapter.

3.1. Drooped microstrip with a downward bend

For the initial test, a 40 mm x 40 mm patch was placed on three different ground planes. These,
in turn, were bent at three different distances from the center, forming a flat square top that was
10,30, or 50 mm?. Simulations were carried out for bend angles, ranging from 0 to 90°in a 15° step.
Figure 11 depicts the parameters and geometries used for the initial set of simulations.
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10mmtop < 1T

30 mm top
30 mm
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/ ground width fiat) =
g 60, 80, 100 mm g
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Figure 11. Initial structural variations included three bend locations at 5, 10, and 25 mm from the patch center, droop
angles ranging from 0° to 90° and 3 ground planes having flat (unbent) dimensions of 60, 80, 100 mm. Three sub-
strate materials with relative permittivity of 2.2, 4.2, and 10.

Three dielectric constants were used in the course of the simulations to examine the effects of
different substrate materials; values of 2.2 and 4.2 were selected because of the availability of
substrates to construct the verification cases, while an ¢, of 10 was chosen as an example of a
ceramic substrate frequently used in industry. Copper tape applied to bulk Teflon, one eighth
inch thick, was used to form several fixed and adjustable structures. A standard polyester-
based circuit board was used to construct others.

A sequence of elevation patterns is presented in Figure 12, which displays the progression of
the radiated fields with the size and bend angle of the ground plane. Not unexpectedly, smaller
ground planes with larger bends allow more energy to escape off the back, until it appears that
the main beam is 180° from the bore sight direction. This is made obvious by plotting the polar
patterns for E,, using a linearly polarized excitation. With a circularly polarized excitation,
backward radiated energy appears predominately in the cross polarized component, making
the effect less noticeable. Notably, all subsequent results for gain, beamwidth, or phase are
presented while exciting circular polarization as this would be the normal operating mode of
the antenna.
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Figure 12. Elevation patterns for bend angle variations of 0° to 90° with 60 (left), 80 (center), and 100 (right) mm
ground planes. £, component, €, = 2.2, all with 30 mm top. All patterns are normalized to 0 dB maximum, 10 dB/divi-
sion.

Next, a prototype was constructed with adjustable bend plates, and the measured beamwidths
were compared against simulated results. For construction simplicity, the antenna was excited
using linear polarization with only two sloped sides. In Figure 13, the measured and computed
beamwidths show a slight improvement with increasing bend angle.
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Figure 13. Measured and computed 3 dB beamwidth for an adjustable bend microstrip antenna.

Variations in bore sight gain, 3 dB beamwidth, near-horizon gain roll-off, and RMS phase error
as a result of increasing the bend angle are summarized in Tables 1 to 3. The 10 mm case shows

a sharp gain reduction at extreme bend angles. The results reveal a relatively minor improve-

ment in the pattern beamwidth, even for large bend angles and varying ground plane sizes

for the higher dielectric substrates. Indeed, the radiation patterns above the horizon remain

virtually unchanged for bend angles up to 60°.

Boresight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

£=2.2
(dBi) (deg) Roll-off (dB) (deg)

Width-mm 60 80 100 60 80 100 60 80 100 60 80 100
= 0 7.2 7.5 7.7 88 83 80 -11. -12. -13. 3.0 2.6 2.0
*g 15 7.1 7.5 7.7 88 84 80 -10. -11. -13. 2.5 3.3 3.4
;C_) 30 6.9 7.1 7.1 90 86 86 -9.7 -10. -11. 1.5 1.8 1.7
% 45 5.5 6.5 6.4 96 95 96 90 9.1 9.1 2.2 1.6 2.0
=2 60 0.9 5.6 6.2 100 94 97 -79 95 -9.0 43 6.5 2.6
g 70 0.8 33 5.4 119 91 95 -55 93 -9.0 12. 4.4 2.8
@ 90 -24 -25 -26 354 356 356 22 23 24 11.9 2.7 2.8
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ce22 Boresight gain 3 dB Beamwidth Near horizon gain RMS phase error
m (dBi) (deg) Roll-off (dB) (deg)

Width-mm 60 80 100 60 80 100 60 80 100 60 80 100
= 0 7.2 7.5 7.7 88 83 80 -11. -12. -13. 2.9 2.6 2.0
*g 15 7.1 7.5 7.8 88 83 78 -11. -1 -13. 2.4 3.3 34
g 30 6.9 7.4 7.4 89 83 82 -9.6 -11. -11. 1.5 1.8 1.7
% 45 6.6 7.1 7.0 90 87 87 -10.  -10. -11. 1.9 1.6 2.0
@ 60 5.5 6.7 6.5 91 90 93 -10.  -10. -9.7 2.3 6.5 2.6
(12 70 5.2 6.4 6.2 92 92 96 -10.  -9.9 -9.1 1.6 4.4 2.8
& 90 0.1 2.3 3.78 97 84 85 -9.6 -1 -12 8.2 2.7 2.8
= 0 72 75 77 88 83 80  -11. 12 -13 29 26 20
g 15 7.0 7.7 7.9 89 81 77 -10. -12. -13. 2.4 3.3 34
CE) 30 7.1 7.5 7.4 87 82 83 -9.9 -11. -11. 1.5 1.8 1.7
% 45 6.9 7.2 7.1 89 86 87 9.6 -10. -10. 1.9 1.6 2.0
@ 60 6.8 7.2 7.0 89 87 88 -9.7  -10. -10. 2.3 6.5 2.6
g 70 7.1 7.2 6.8 87 87 91 -10.  -10. -9.4 1.6 4.4 2.8
@ 90 64 69 6.9 91 89 89 94 97 -10. 8.2 2.7 2.8

Table 1. Results for the drooped microstrip, substrate permittivity 2.2.

Boresight gain 3 dB Beamwidth Near horizon gain RMS phase error
e=4.2 (dBi) (deg) Roll-off (dB) (deg)

Width-mm 60 80 100 60 80 100 60 80 100 60 80 100
= 0 4.7 5.8 6.2 106 100 100 -11.6 -13.5 -14.5 1.6 1.2 1.1
‘g 15 45 5.7 6.0 106 103 100 -9.9 -10.8  -10.9 2.2 3.6 43
CE> 30 4.8 59 6.0 106 100 101 -8.6 -11.0 -10.7 1.5 1.0 1.0
% 45 3.4 5.2 6.5 149 107 108 -3.7 -9.0 -9.7 2.0 1.5 1.2
@ 60 0.9 43 6.1 360 129 115 2.5 -5.7 -84 3.6 2.7 2.6
(12 70 -11 1.5 3.3 360 360 144 6.5 0.8 -3.8 128 29 33

8 90 -27  -28 -29 360 360 360 - - - = - -
= 0 4.7 5.8 6.2 114 106 100 -11.6 -13.5 -14.5 1.6 1.2 1.1
‘g 15 45 6.0 6.0 119 103 103 -106  -13.8  -13.7 1.2 1.1 0.9
g 30 4.6 5.9 6.0 113 104 102 -1141 -13.3 -13.5 0.9 0.5 0.5
% 45 49 5.8 5.9 107 104 106 -12.2 -13.4 -13.4 1.2 0.8 0.7
= 60 3.5 4.4 53 106 109 12 -11.3 -11.4 -12.0 1.6 1.9 1.3
(12 70 3.0 43 4.8 116 114 115 -9.2 -109  -11.3 0.9 0.9 0.8
@ 90 1.0 1.5 2.4 121 110 103 -6.7 -8.2 -10.1 1.6 1.5 1.4
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Boresight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

£=4.2
(dBi) (deg) Roll-off (dB) (deg)

Width-mm 60 80 100 60 80 100 60 80 100 60 80 100
> 0 4.8 5.8 6.2 114 106 100 -11.6 -135  -145 0.8 0.9 1.2
*g 15 49 5.9 6.3 119 103 103 -11.5  -136  -146 0.7 0.7 0.9
g 30 53 6.0 6.2 113 104 102 -125  -136 -141 0.6 0.5 0.6
% 45 50 5.8 6.0 107 104 106 -124  -134  -134 0.7 0.6 0.6
= 60 47 5.6 5.8 106 109 112 -11.7 0 -128  -133 0.6 0.6 1.0
‘g 70 52 5.5 5.4 116 114 115 -122 -125 -120 0.4 0.4 0.5
& 90 44 5.2 54 121 110 103 -116 -126  -12.8 0.8 0.6 0.6

Table 2. Results for the drooped microstrip, substrate permittivity 4.2.

Boresight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

£=10
(dBi) (deg) Roll-off (dB) (deg)

Width-mm 60 80 100 60 80 100 60 80 100 60 80 100
= 0 3.1 4.7 5.3 114 108 104 9.4 -11.5 -12.5 0.80 0.49 0.53
*g 15 3.4 4.4 5.2 116 115 111 -9.3 -10.4 -11.4 0.89 1.0 0.87
CE) 30 3.8 4.4 5.1 117 113 111 -9.7 -10.7 -11.3 0.59 0.46 0.42
% 45 2.5 3.6 4.5 123 117 116 -7.8 -9.5 -10.6 0.41 0.41 0.38
=2 60 33 2.6 3.6 139 120 118 -8.2 -8.3 -9.5 3.0 0.80 0.86
(12 70 24 3.0 3.5 134 122 120 7.4 -8.5 -9.3 2.0 0.72 0.97
@ 90 -38  -40 -43 360 360 360 - - - - - -
= 0 3.1 4.7 5.3 114 108 104 9.4 -11.5 -12.5 0.80 0.49 0.53
*g 15 3.8 45 49 119 108 106 -9.6 -11.3 -11.9 0.40 0.46 0.48
g 30 338 5.0 5.4 116 106 106 9.8 -121 -12.5 025 033 0.36
% 45 29 4.1 4.7 116 114 114 -89 -103 -109 039 032 0.30
2 60 2.7 3.6 4.3 119 104 104 -8.6 =111 -12.0 0.56 1.2 1.2
(é 70 23 2.9 3.5 122 119 119 -7.8 -8.6 -9.3 024 021 0.18
8 90 15 1.4 1.5 134 132 127 -6.0 -6.1 -6.6 0.29 0.31 0.34
= 0 3.1 4.7 53 114 108 104 9.4 -11.5 -12.5 0.80 0.49 .53
*g 15 2.9 4.6 5.4 133 114 109 -7.6 -10.7 -11.7 0.34 0.70 0.80
g 30 3.2 49 55 121 110 109 -8.7 -12.4 -11.8 0.46 0.90 0.32
% 45 3.4 45 4.8 119 112 117 -9.0 -10.7 -10.4 0.37 0.56 0.41
2 60 3.0 3.7 4.9 122 124 119 -8.4 -8.9 -11.8 0.51 0.51 0.90
‘(és 70 3.7 3.6 4.5 117 123 107 -95 -9.1 -10.3 0.28 2.2 1.5
o 90 2.0 2.6 3.2 113 110 108 -8.3 9.2 -10.0 2.1 2.4 2.2

Table 3. Results for the drooped microstrip, substrate permittivity 10.



Drooped Microstrip Antennas for GPS Marine and Aerospace Navigation
http://dx.doi.org/10.5772/55002

The phase of the elevation cuts shown in Figure 14 shows a remarkable change in the below-
horizon phase. For small bend angles, the phase diminishes from the bore sight value when
approaching the horizon, while at higher bends the phase increases from the bore sight value.
Atabout 15° to 30° of bend, a region exists where the elevation phase remains relatively constant
above the horizon. Bending of the structure in this manner could provide an additional
beamwidth and, more importantly, the phase stability necessary to achieve a design specifi-
cation, particularly if further modification of the substrate is not feasible.
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Figure 14. Elevation phase patterns for different bend angles (0°, 15°, 30° 60°, and 70°), with a 100 mm ground plane
and a 30 mm flat (e, = 4.2).

Another consideration for GPS antennas is the cross polarization behavior. Odd reflections
from nearby objects tend to be orthogonally polarized. Hence, it is important that the antenna
be able to reject these, particularly near the horizon. To demonstrate the effect of bending the
structure on the polarization performance, we examined the ratio of the right- to the left-hand

100 mm ground plane

bend angles

Polarization ratio (dB)
o

L L S
-50 0 50

100 mm ground plane

Polarization ratio (dB)

50 0 50
Zenith angle (degrees)

-150 -100

Figure 15. Cross polarization rejection (Defined as the ratio of the cross-polarized to the co-polarized components) for
different bend angles (0°, 159, 30°, 60°, and 90°); top, €, = 4.2, bottom, €, = 2.2.
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circular components for several bend angles. Almost without exception, the bend degraded
the cross polarization rejection near the horizon as shown in Figure 15, making the antenna
more susceptible to spurious signals.

Cross Section

element bend angle
e 0 to 90°

ground N T /

feed

Figure 16. Geometry of the upward bend antenna.

3.2. Drooped microstrip with an upward bend

The modification of the FDTD model to accommodate upward bends was accomplished by
interchanging the positions of the ground plane and the element. The structure would then be
upside down in the computational space but would have an upward bend. Initially, we
considered the antenna shown in Figurel6, which has a 30 mm flat top on a substrate with ¢,
= 2.2. Three ground plane sizes were analyzed with bend angles varied up to 90°. Figure 17

—6— 60 mm ground
--e-- 80 mm ground
=100 mm ground

=)

Boresight gain (dBi)

5 L L L L L n L L
0 10 20 30 40 50 60 70 80 90

3 dB beamwidth (deg)

0 10 20 30 40 50 60 70 80 90
Bend angle (degrees)

Figure 17. Gain and beam width variation with upward bend angle for three ground plane sizes, ¢, = 2.2. (Bend form-
ing a 30 mm flat center section).
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shows the gain and the 3-dB beamwidth for the upward bend cases. As seen, a noticeable beam
broadening is evident at the higher bend angles with 3-dB beamwidths up to 60% greater than
the equivalent flat case. One can observe, however, a distinct reduction in the beamwidth for
the initial small bend angles, particularly for larger ground planes. The beamwidth did not
recover to that of the equivalent downward case until the bend angle exceeded 60°.

A prototype antenna was constructed and tested to allow comparison against experimental
results. The antenna is identical to the one shown in Figure 13; only two variable upward bends
were used in this case. For measurement purposes, alinearly polarized excitation was used. The
initial dipinthebeamwidth did notoccurinthe simulated and measured resultsshownin Fig. 18.

30 deg bend

NS~ e

270

----- Measured
—Calculated

3 dB beamwidth (degrees)
S

e

0 . . . . I I L .
0 10 20 30 40 50 60 70 80 90
Upward bend angle (degrees)

Figure 18. £ plane elevation pattern and beamwidth behavior of the adjustable upward bend antenna.

With the completion of the initial set of simulations and measurements, we pursued the model
with additional parameter variations. Bend locations at the 10 and 50 mm positions were tested
for the ¢,=2.2 substrate. Also, the ¢,=4.2 substrate was examined when the bend was positioned
at the 30 mm position. The results are summarized in Tables 4 and 5.

A changing upward bend produced little effect on the phase in the upper hemisphere. All
phase curves above 90° elevation fell within 30° of each other over the full range of bend angles.
Like the downward bend, the RMS phase error over the hemisphere did not vary substantially
withbend angle, although a slightly greater differentiation is evident between different ground
plane sizes. The elevation gain and cross polarization rejection for various upward bend angles
are displayed in Figs. 19 and 20, respectively. When compared to Figure 15, it is apparent that
the rejection is better by 2 dB near the horizon for upward bends, but the opposite is true below
the horizon. In both cases, bending the ground plane reduces the cross-polarization discrimi-
nation near the horizon.
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Boresight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

£=2.2
(dBi) (deg) Roll-off (dB) (deg)

Width-mm 60 80 100 60 80 100 60 80 100 60 80 100
= 0 7.2 7.5 7.7 88 83 80 -11. -12. -13. 3.0 2.6 2.0
*g 15 4.0 6.2 6.4 158 134 118 -14. -1 -11. 6.2 6.8 9.1
g 30 4.7 6.5 1.3 143 122 120 -94 -10. -12. 3.6 3.5 55
% 45 5.1 3.5 3.5 137 170 106 -7.2 -7.6 94 4.5 3.3 3.3
=l 60 4.1 -8 2.6 142 302 214 -3.8 -6.7 -7.1 6.6 5.2 4.6
'{é} 70 25 -4.4 -42 127 327 300 0.44 5.8 5.7 35.8 6.5 11.2
@ 90 -15 -6.1 -6.4 188 360 360 -2.3 -6.6 0.93 11.0 699 80.1
= 0 7.2 7.5 7.7 88 83 80 -11. -12. -13. 3.0 2.6 2.0
*g 15 7.7 8.4 8.7 75 69 63 -12. -13. -15. 1.8 1.6 3.9
g 30 7.1 7.6 7.7 81 75 73 -11. -12. -13. 2.8 2.4 4.0
% 45 6.6 7.0 7.3 89 83 79 -9.1 -9.8 -11. 23 1.5 2.0
@ 60 6.0 6.2 6.0 95 91 91 -8.3 -7.8 -7.9 2.2 1.3 1.5
'(gu 70 49 49 49 104 110 14 -6.7 -5.8 -5.3 4.4 2.8 1.9
@ 90 5.1 0.6 3.7 112 176 142 -6.1 -2.1 -3.9 6.8 4.7 1.5
= 0 7.2 7.5 7.7 88 83 80 -11. -12. -13. 3.0 2.6 2.0
g 15 7.3 7.6 7.9 82 75 73 -12. -13. -14. 1.2 1.5 2.5
g 30 7.0 7.4 7.9 79 77 69 -12. -12. -13. 1.6 2.4 34
58 45 7.3 7.5 7.8 83 79 73 -10. -11. -12. 1.1 1.5 1.9
@ 60 7.1 6.8 7.1 87 81 87 -9.7 -9.4 -10. 1.0 1.1 1.3
-(go 70 69 6.8 6.9 83 87 81 -9.4 -54 -4.5 2.5 29 2.0
@ 90 65 5.8 5.1 89 99 110 -8.9 -7.2 -6.4 5.6 12.6 103

Table 4. Results for the drooped microstrip, substrate permittivity 2.2.

Bore-sight gain

3 dB Beamwidth

Near horizon gain

RMS phase error

£=4.2
(dBi) (deg) Roll-off (dB) (deg)

Width-mm 60 80 100 60 80 100 60 80 100 60 80 100
= 0 4.7 5.8 6.2 114 106 100 -11. -14. -14. 1.6 1.2 1.1
*g 15 6.6 7.0 7.5 89 81 75 -84 -94 -11. 0.8 1.0 1.7
g 30 5.1 54 5.6 106 102 93 -7.8 -8.6 -94 4.2 3.8 4.7
% 45 5.6 6.0 6.4 91 89 83 -7.1 -74 -8.1 2.1 2.0 2.6
= 60 4.5 49 5.1 102 104 100 -7.7 -7.3 -7.3 5.2 3.9 3.8
'(Ig 70 3.4 4.2 4.3 114 110 118 -7.2 -6.1 -5.0 5.0 2.7 1.6
@ 90 4.7 4.7 4.4 102 100 110 -6.7 -6.0 -5.1 2.5 2.1 1.4

Table 5. Results for the drooped microstrip, substrate permittivity 4.2.
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Figure 19. Gain variation with upward bend angle for three ground plane sizes, €, = 4.2. (Bend forming a 30 mm flat
center section).
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Figure 20. Cross polarization rejection (Defined as the ratio of the cross-polarized to the co-polarized components) for
different bend angles (0°, 159, 45°, 60°, and 90°), 100 mm ground plane, &, = 2.2.

4. Concluding remarks

In this chapter, we have presented numerical simulations and experimental measurements to
analyze downward and upward drooped microstrip antennas with the intent of modifying
the radiation pattern of the basic planar patch to accommodate the coverage requirements of
GPS marine navigation and positioning. Magnitude and phase of the simulated and measured
far-field radiation patterns are presented to reveal the tradeoffs in performance between patch
geometry, ground plane size, and orientation. Results reported for the wide range of structural
variations applied to the base antenna along with changes in the substrate material should be
valuable to designers seeking to achieve a specific coverage performance.

It has been found that an accurate and stable phase center can be obtained over the entire
hemisphere for moderate upward bends. Numerical simulations and measurements demon-
strate that the 3-dB beamwidth of the flat microstrip patch can be increased by at least 15%
and 60% for the downward and upward bends, respectively. The phase stability demonstrated
by the slightly bent structures may be viewed as advantageous in cases where circumstances
require distorting the element but where a significant alteration in the pattern is not desired.
These were accomplished, however, at the expense of some loss of the low-profile character
of the antenna.
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Although not dramatically affected, the cross polarization discrimination of the bent antennas
is reduced by 3 dB at the horizon compared to the equivalent flat case. Calculations of the RMS
error in the spherical phase fit over the upper hemisphere showed little change with bend
angle or position. In general, there is a tradeoff in achieving broad-beam pattern coverage, and
maintaining high cross polarization discrimination.

The crossed dipole source, when used with the pedestal ground plane, demonstrated signifi-
cant pattern improvements which inspired our interest in the drooped microstrip structure. It
should be noted, however, that the crossed dipole is fundamentally different from the
microstrip antenna, being itself a stand-alone radiator which operates in the presence of
secondary sources created by the ground plane image. For the microstrip antenna, the ground
plane is an integral part of the structure. The interior field distribution of the fundamental
mode remains essentially unchanged with ground plane manipulation, and pattern modifi-
cation can come about only by repositioning of the radiating edges in space.
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