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Chapter

Three-Dimensional Microstrip
Antennas for Uniform Phase
Response or Wide-Angular
Coverage GPS Applications

Ken G. Clark, Jim M. Tranquilla and Hussain M. Al-Rizzo

Abstract

In this chapter, three-dimensional microstrip antennas operating in the dominant
TM;o mode of the L1 band at 1.57542 GHz are presented, which either provide
uniform phase response and stable phase center, or wide angular beam coverage. A
Finite-Difference Time-domain scheme has been developed and used to elucidate
the interplay between the proposed antennas and several ground plane configura-
tions. Experimental results are presented and compared to simulations to illustrate
the impact of several 3-D geometries on the phase response, phase center, half power
beam width, gain, and polarization purity. We report for the first-time novel three-
dimensional microstrip antenna topologies for precise surveying applications by
fostering a nearly uniform phase response when the 3D structure is bent by angles
ranging from 15° to 30° without significantly compromising the gain and polar-
ization performance of the equivalent flat patch antenna. The proposed antennas
exhibit half-power-beamwidths up to 40 and 80% greater than the equivalent flat
structure that can be realized if positioned downward and upward respectively, for
bend angles above 45° accompanied with a variety of spatial coverage patterns to suit
applications involving highly dynamic platforms.

Keywords: three-dimensional (3D) microstrip antennas, global positioning system,
low-elevation pattern coverage, GPS tracking of sounding rockets and unmanned aerial
vehicles, GPS aerospace applications

1. Introduction

The design requirements of a global positioning system (GPS) antenna rely on the
application under consideration. A GPS user antenna is required to exhibit right-hand
circular polarization (RHCP) and RHCP radiation pattern coverage from zenith down
to five elevations for all azimuth angles to maintain tracking of the full visible satel-
lite constellation during dynamic maneuvers [1-7]. An equally important, yet more
challenging requirement is that the antenna must provide a virtually uniform phase
response and stable phase center over the coverage region to satisfy precise position-
ing accuracy requirements [8-10].
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Due to their light weight, size, low cost, and integration with printed-circuit
boards, microstrip antennas offer an attractive solution to meet some of these design
requirements. A considerable amount of research has been reported on the design of
microstrip antennas for commercial GPS applications [11-16]. It is well known that
conventional planar microstrip antennas suffer from reduced gain at low-elevation
angles [7] which subsequently lead to loss of contact with GPS-received signals in
particular when installed on highly-dynamic vehicles.

The demand for antennas that provide horizon-to-horizon coverage has risen con-
siderably to keep pace with the recent stringent needs of modern GPS marine naviga-
tion and aerospace applications [16-21]. In this paper, we present three-dimensional
microstrip antennas (3DMAs) for maritime GPS applications whereby pitch and roll
amplitudes as high as 10-15° are encountered during adverse weather conditions [2].
Hence, the GPS antenna must provide coverage extending to negative elevation angles
to compensate for vessel motion due to pitching and rolling [17-19]. Other potential
applications for the antennas presented in this paper include tracking of unmanned
aerial vehicles, space-borne vehicles, and sounding rockets where a key design objec-
tive is to provide a quasi-static isotropic radiation pattern to acquire the locally visible
GPS satellites under the tumbling motion, during ascent trajectory and re-entry into
the dense atmosphere [20, 21].

A few 3DMAs designs have been proposed to improve the radiation pattern of planar
microstrip antennae in order to suit GPS applications involving highly-dynamic vehicles.
A GPS manufacturer patented a downward 3DMAs design [5]. However, it should be
noted that neither the dimensions were disclosed nor the claimed performance metrics
were quantified in [5]. A corner truncated square patch, mounted on a pyramidal ground
plane and partially enclosed within a flatly folded conducting wall was reported in [6]
with a 3-dB Axial Ratio (AR) beamwidth of 130°. However, neither the phase response
nor the phase center characteristics reported in [6]. In [7], we proposed a downward
drooped square annular element resonating in the TM;, mode at 1.57542 GHz which
revealed a complete upper hemispherical coverage with the pattern ripple being reduced
to less than 2 dB. However, the antenna suffers from increased size (18.6 cm square
annular element printed on a 4-mm thick substrate with a relative permittivity, ¢, = 2.2).
Moreover, the cross-polarized component became dominant by 1.5 dB near the horizon
and the phase pattern displayed large variations in the elevation cut.

In contrast to the antennas reported in [5-7], this paper presents novel 3DMAs
operating in the fundamental TM;, resonance mode, in which the ground plane and
patch element are bent either downward or upward such that the corners or edges of
the resonant cavity region fall away from the plane occupied by the patch. It should
be emphasized that a fundamental understanding of the benefits and limitations of
3DMAs is still lacking. The key design parameters which influence the performance
of the phase response of the far-field radiation pattern of 3DMAs such as bend angle,
length of the flat portion, size of the ground plane, and substrate have not yet been
reported in the literature.

In this paper, we present several downward and upward 3DMAs which are
designed and characterized using a rigorous full-wave electromagnetic model and
experimentally validated via measurements conducted inside an anechoic chamber.
Our aim in investigating the 3DMAs is twofold: (i) to provide uniform phase response
along with a stable phase center over the entire coverage region, and (ii) to sym-
metrically cover much of the upper hemisphere and to extend coverage to negative
elevation angles so that the receiver can maintain lock with sufficient signal-to-noise
ratio for all angles of the desired view. The first design goal is critical for minimizing
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carrier and group delay variations in phase-tracking receivers. The second prevents
occurrences of cycle slips and loss of lock to satellites, thereby reducing the Root-
Mean-Square (RMS) error in position, velocity, acceleration, attitude, roll, pitch, and
yaw of a moving platform [2, 18, 19].

The rest of the chapter is organized as follows. In Section 2, the geometries of the
antennas under consideration are introduced. Section 3 summarizes the CPFDTD
algorithm developed to perform the design and parametric studies along with experi-
mental results to demonstrate its ability to correctly predict the resonant frequency
and far-field radiation patterns. Section 4 introduces the antennas designed, con-
structed and tested for the control of the far-field radiation patterns with special
emphasis on phase performance. Section 5 concludes the Chapter.

2. The design of the 3DMAs geometries

The reference Flat Microstrip Antenna (FMA), shown in Figure 1(a), consists of
a square copper patch, L, in side length. The dielectric substrate has a thickness of /
and the relative permittivity is denoted by ¢,. The patch is rotated by 45 with respect
to the substrate layer.

Two types of 3DMAs are considered in this Chapter. The first is bent downward
D3DMA shown in Figure 1(b), the cross-sectional view of which is shown in
Figure 1(c). The second is the bent upward U3SDMAs depicted in Figure 2(a). The
D3DMA is shown in Figure 2(b). The side lengths of the ground plane and sub-
strate are denoted by L, x L, and L, x L, respectively, where L, = L;. The D3ADMA
has a square flat top with a side length of L, and the drooped angle with respect
to the flat top side is denoted by ¢. The length, L, of the square patch is chosen to

(a) (b)

Element

Ground Plane

(c)

Figure 1.
(a) Reference FMA, (b) the D3DMA, (c) The resonant cavity.
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Figure 2.
(a) The U3DMAs, (b) The resonant cavity.

achieve the desired resonant frequency and bandwidth of the GPS L, carrier and
varies according to ¢, &, and ¢,. A 50 Q coaxial probe is used to feed all antennas
presented in this Chapter, the inner conductor terminates on the patch.

3. Experimental validation of the CPFDTD modeling approach

The full-wave CPFDTD technique has been employed due to its flexibility for
modeling complex structures. A versatile 3-D CPFDTD algorithm, combined with a
thin-wire approximation, is implemented is developed with the formulation whereby
different cell sizes can be chosen along the three orthogonal axes. Geometrical sym-
metry is implemented using the Neumann boundary condition. The input impedance
of the antenna is obtained by exciting the coaxial cable port using a Gaussian pulse
where the width and delay are determined from the resonant frequency and desired
bandwidth. The appropriate electric and magnetic field components are integrated
at the feed port to yield the voltage across and current flowing in the inner conductor
which subsequently allows the computation of the input impedance in the frequency
domain using Fourier transformation. To evaluate the magnitude and phase of the
far-fields a sinusoidal signal where the frequency is chosen at the resonant mode of
the structure and the simulations are ramped up to steady-state value over a number
of cycles to ensure convergence to the desired accuracy.

The CPFDTD model is verified against the measured resonant frequency and ar-
field radiation patterns. A simple prototype is simulated and constructed using only
two edges bent down by an angle of 45° as shown in Figure 3.

These electromagnetic boundary conditions are enforced on the PEC conducting
patch and ground plane which are not oriented along the Cartesian planes as fol-
lows. The electric and magnetic field components which are adjacent to the interface
between two boundaries are updated using an integral approach applied to the fields
that surround the contour of the appropriate cell [22]. This approach is better suited
to conform to the 3-D surfaces under consideration to reduce numerical dispersion
caused by traditional stair-step FDTD approximation.

As shown in Figure 4, the drooped surfaces are discretized using three different
meshing schemes to suit a given bend angle. The vertical to horizontal mesh steps Ax
and Az are varied to conform to the drooping surface.

The measured resonant frequency is 1.55 GHz as compared to 1.575 GHz obtained
from the CPFDT model. The measured phase response in the E-plane is displayed in
Figure 5. The far-field patterns reveal asymmetry which is caused by the offset in the
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feed point

______ v

45° £
1.5 mm
=42

7.5cm

Figure 3.
Prototype with two drooped edges; all dimensions are in cm.

approximation

actual slope

Figure 4.
Approximation of shallow, intermediate, and steep surfaces.
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Measured and calculated phase pattern in the E-plane (x-z plane) for the antenna shown in Figure 4.
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Figure 6.
(a) Amplitude and (b) phase of the measured versus simulated far-field patterns in the H plane.
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Figure 7.
Measured and simulated elevation patterns for the 30° drooped antenna, €, = 2.2.

antenna mount inside the anechoic chamber which is necessary in order to install the bends
and cable on the antenna mount. For comparison, we referenced the calculated far-field
patterns to the same offset origin. Results shown in Figure 5 along with the amplitude and
phase of the normalized H-plane patterns displayed in Figure 6 show good agreement
between measured and simulated results which validates our simulation approach.

Next, the bends are duplicated on the remaining two sides to arrive at the D3DMA
geometry. We constructed a downward DMA to experimentally validate the final
CPFDTD model. The prototype consists of a 62 x 62 mm patch, L¢ = 40 mm, ¢ = 60°
printed on a substrate with L; = 100 mm, % = 1.5 mm, and ¢, = 4.2. As shown in
Figure 7, excellent agreement is seen between the simulated and measured far-field
radiation patterns in the E- and H-planes.

4. Design procedure and parametric study

In this section the impact of the bend angle, ¢, length of the flat top, Ly, size of the
ground plane, Ly, height, &, and the permittivity of the substrate, ¢, are analyzed to
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50 mm top

<

50 mm

ground width (flat) .

Figure 8.
Structural variations: Ly = 10, 30, and 50 mm; L, = 85, 100, and 120 mm.

evaluate their effects on the phase response, phase center, pattern coverage, gain, Half-
Power-Beamwidths (HPBW), and polarization as compared to the equivalent FMA. The
design process is complicated since several interacting parameters must be individually
considered to meet the design objectives of the applications considered in this Chapter.

Figure 8 depicts the downward DMA configurations selected to perform the para-
metric study. A square patch is placed on three grounded substrates, L = 85, 100, and
120 mm. The substrates are bent at three positions in the center resulting square tops
with dimensions of L¢ = 10, 30, and 50 mm as shown in Figure 8. Three substrates
have been considered with ¢, = 2.2, 4.2, and 10.

4.1 Phase response

Some GSP antenna designs have been reported in the literature [2-9, 16, 17].
However, a close scrutiny of the literature revealed that the design focused mainly on
the amplitude of the radiation patterns, expressed in terms of the realized gain. On
the other hand, the phase response and phase center have been reported in [23] for
a flat microstrip antenna installed on a metallic choke ring. It should be noted that
depending on the angle of arrival of the satellite signals, the GPS antenna far-field
phase response introduces phase distortion effect, hence, the phase response must be
taken into consideration to accommodate sub-centimeter positioning accuracy.

To quantitatively assess the phase performance of the DMAs, the measured phase
response is matched to an ideal hemisphere using a 5° x 5° grid with equal solid angle
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Figure 9.
Phase vesponse for different bend angles, L, = 100 mm, Ly = 30 mm, &, = 4.2.

weighting. The phase center is next obtained by adjusting the center of the hemi-
sphere by minimizing the RMS error between the 3-D measured and the theoretical
hemispherical phase response pattern. The terms, “phase residual” or “phase error”
are used to denote the difference between the measured and ideal phase in the 3-D
far-field region. As a Figure-of-Merit, the RMS value of the phase error to character-
ize the stability of the phase center of the antennas introduced in this Chapter.
Elevation cuts of the phase pattern are presented in Figure 9 for five downward
DMAs with L, = 100 mm, L¢ = 30 mm, and &, = 4.2. As shown in Figure 9, a notice-
able improvement is seen in the below-horizon phase response for bend angles below
60°. As shown in Figure 10, it is clear that the phase response of the far-field patterns
exhibits small variations above the horizon for bend angles ranging from 15° to 30°.
Moreover, the RMS error in the upper hemisphere, as shown in Figure 10, shows little

10 T T T T T T T T
9r —e 85 mm ground T
8l --e- 100 mm ground |
=& 120 mm ground
7r 30 mm top .
@
L 6 .
<))
°
T 5f 1
=
o 4f 4
=
r 3 1

Bend angle (degree)

Figure 10.
RMS phase error using three ground planes, €, = 4.2.
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variations with bend angle or ground plane size. Hence, the antennas proposed in this
Chapter provide uniform phase response and stable phase center over the entire upper
hemisphere when constructed with a downward scheme for bend angles between

15° and 30°. These antennas are hence suitable for precise geodetic positioning since
the phase difference of the antenna outputs corresponding to different view angles is
uniform which will lead to reduced positioning errors.

4.2 Radiation patterns

The measured far-field radiation patterns are measured at the resonant frequency
of the GPS L1 band inside an anechoic chamber. A sequence of the normalized pat-
terns is presented in Figure 11 for the Ey component in the E-plane to illustrate the
range of coverage patterns that could be achieved by varying ¢, L¢, and L,. Figure 11
clearly demonstrates broader beam coverage for ¢>30° and the wide range of fields
of view that can be achieved in comparison to the FMA counterparts. As expected,

30 (degree)

60 (degree)

90 (degree)
(a) (b) (c)

Figure 11.
Elevation patterns versus the droop angle, ¢ (a) L, = 85 mm, (b) L, = 100 mm, and (c) L, = 120 mm. E,
component, Ly = 30 mm, €, = 2.2, h = 1.5 mm. All patterns are normalized to o dB maximum, 10 dB/division.
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Gain and HPBW for the U3DMAs versus bend angle, Ly =10 mm, L, = 85, 100, and 120 mm, &, = 2.2, 4.2, and 10

the near-horizon gain voll off is-3.7 dB.

larger bend angles on small flat tops enhance coverage due to diffraction to the extent
that the main lobe appears 180° from broadside when ¢ = 90°.

Among the three flat tops considered, results are displayed for the gain and
HPBW for the case of L = 10 mm since it provided the best performance in terms of
low-elevation angle coverage. Figure 12 shows the results for the three ground planes

140 T T T T T T T
1300 | Measured .
—— Calculated
o 120 -
Eh
L
=
110 B
5
E
5
£ 100 =
jaa]
=
o
90 R
80 1 Il Il 1 | Il 1 1
0 10 20 30 40 50 60 70 80 90
Upward bend (degree)

Figure 13.

Measured and simulated HPBW of an adjustable upward DMA.
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and substrates under consideration. For bend angles up to 30°, the pattern coverage
is found to be not significantly different from the equivalent FMA, particularly for
the larger ground planes and substrates with low &,. It is interesting to note that an
increase of 40% is observed in the HPBW with respect to the equivalent FMA for the
& = 4.2 substrate with L¢ = 10 mm, ¢ = 45°, and L, = 85 mm where the bore sight gain
is 3.4 dB, and the near-horizon gain roll-off is —3.7 dB.

Next, the bore sight gain and HPBW are considered for the upward DMA.
Simulations conducted for three bend locations: L¢ = 10, 30, 50 mm; three substrates
with e, = 2.2, 4.2, 10; and three ground planes, L, = 85, 100, 120 mm. Compared to the
equivalent flat case, the U3DMA geometries considered provided a noticeable beam
broadening at bend angles greater than 60° with up to a 60% increase in the HPBW as
compared to the equivalent FMA.

To verify the simulation results, a U3DMA prototype with adjustable bend plates
is constructed and tested to experimentally verify the results provided by our simula-
tion model. No additional modifications to the topology of the antenna are made as ¢

20

100 mm ground plane
100 mm ground plane

bend angles

Polarization ratio (dB)
o
Polarization ratio (dB)

-150 -100

X ; il
-50 0 50

-50 0 5
Zenith angle (degrees)

(a) &= 42 (b) &=2.2

Figure 14.
Polarization ratio for two different substrates, L, = 100 mm, and five downward bend angles: (a) €, = 4.2, (b) &, = 2.2.

20 T T T
—0
ANV e 15
15RK —&—45
(0L L U A 60
\ - 90
% 10
8
®
65
©
N
S
g o
-5
.‘.“‘
| hots 1 I 1
-150 -100 -50 0 50

Zenith angle (degrees)

Figure 15.
Axial ratio for different upward bend angles, L, = 100 mm, ¢, = 2.2.
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changes. As can be observed from Figure 13, a good agreement is observed between
simulated and measured HPBWs.

4.3 Circular polarization purity

In this subsection, the polarization performance of the proposed antenna struc-
tures is investigated. The polarization performance near the horizon as shown in
Figure 14 is degraded with reference to the flat microstrip structure. As is the case for
traditional flat microstrip antennas, the proposed antennas are not capable of reject-
ing multipath signals arising from reflection, diffraction, and scattering.

Similarly, the polarization ratio for the upward structures is shown in Figure 15. It is
clear that the AR is better near the horizon when compared to downward bending. Below
the horizon, the downward bending shows better performance. It can be concluded that in
both cases, drooping the antenna increases the cross-polarization level near the horizon.

5. Conclusions

In this chapter, several 3DMA which provide a uniform phase response and
stable phase center are presented for bend angles ranging from 15° to 30°, which are
essential to achieve sub-centimeter accuracies in GPS receivers using carrier phase
measurements. The excellent phase performance demonstrated for the moderately
bent structures is of paramount importance if circumstances require bending the
element but without a significant change in the radiation pattern of the FMA. It is
interesting to note that this improvement is accompanied by a slight reduction in
the bore sight gain and the polarization purity of the corresponding FMA. The same
conclusion applies to the upward drooping, except for a sharp drop in gain observed
for the 100 mm ground plane, 10 mm flat top, and the ¢, = 2.2 substrate. The RMS
phase error of the downward DMAs ranges from 0.42° to 4.3° for the three ground
plane sizes, substrates, and flat portions considered for bend angles ranging from 0°
to 90°. The corresponding RMS phase error for the upward DMAs ranges from 0.8° to
9.1°. For both the downward and upward DMAs, the RMS phase error decreases when
the permittivity of the substrate increases and for increasing flat tops. In general,
the downward DMA outperforms the upward DMA in terms of the RMS phase error
performance.

On the other hand, higher bend angles allow improved GPS tracking performance
for highly-dynamic marine navigation and space-borne applications. The length of
the flat top, L and the bend angle, ¢ are found to be instrumental in the control of the
radiation pattern. The upward DMA demonstrated a wider range of beam coverage
compared to the FMA and downward counterparts. The half-power-beamwidth can
be increased by up to 40 and 80% for the downward and upward bends, respectively,
with respect to the traditional flat microstrip patch using the 10 mm flat top portion.

Finally, it is significant to stress that the design process of the 3DMA involves
inevitable tradeoffs between achieving wide beam coverage, uniform phase response,
gain, and polarization purity. If broad beam coverage is of precedence, some level
of compromise will obviously be needed in regard to gain and multipath rejection,
which requires excessive gain roll-off at low-elevation angles. Nonetheless, it turns
out that the polarization purity of the proposed antenna has not significantly dete-
riorated since a maximum reduction of only 3 dB has been observed at the horizon in
contrast to the flat microstrip structure.
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