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ABSTRACT
The Joint Precision Approach and Landing System
(JPALS) is being developed to provide navigation to
support aircraft landings for the U.S. military. One variant
of this is sea based JPALS, which will be implemented on
aircraft carriers. Sea based JPALS will be a dual
frequency carrier phase DGPS system. In order to meet
strict accuracy, integrity, continuity, and availability goals
in the presence of hostile jamming and in a harsh
multipath environment, advanced technologies are
required. One of those being considered is a controlled
reception pattern antenna (CRPA) array with beam
steering/adaptive null forming capabilities. However, as
with all technologies being considered for sea based
JPALS, any possible effect on the carrier phase content of
the received signal must be well characterized and/or
removed. This is especially true for CRPAs since the
mechanism by which CRPAs adjust the reception pattern
is through the alteration of phase received in each antenna
channel.
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This paper will present an analysis of phase effects seen
in the received phase pattern of individual antenna
elements in CRPAs. The magnitude and location of these
phase effects seen (in terms of incident signal direction)
for individual antenna elements are dependent on the
exact configuration of the array, and can be attributed to:
1) phase center movement of individual antenna elements,
2) fringing effects for those antenna elements near the
edge of the ground plane, and 3) mutual coupling effects
introduced by the other antenna elements. It will be
demonstrated that the phase pattern of each antenna in a
CRPA differs from element to element. A modeling of the
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determined under the assumption of perfect isotropic
receiving elements. However, all real antennas are not
isotropic and have their own unique gain and phase
patterns. While this assumption has been reasonable in
previous applications of CRPAs where code phase
performance was of main interest, this assumption cannot
be made in applications like JPALS where carrier phase
measurement integrity is critical to the system accuracy.

phase pattern as a function of azimuth and elevation of the
incident signal will also be presented.
INTRODUCTION
Sea based JPALS, which is being developed for the Navy
for aircraft carrier operations, will be a dual frequency
carrier phase differential GPS system in order to meet the
required accuracies. Table 1 below shows the required
performance specifications for sea based JPALS at the
automatic landing (AL) performance level [1]. Not only is
the accuracy requirement very tight, the integrity and
availability requirements are also very strict, even during
hostile jamming conditions. Even though a dual frequency
carrier phase differential GPS architecture is being
pursued to meet the high accuracy requirements, the
complexities of such a system make it difficult to meet
integrity, continuity, and availability requirements. As
such, advanced technologies are being pursued to help
meet these goals. One of these being considered is
Controlled Reception Pattern Antennas (CRPAs) with
beam steering/null forming capabilities. However, with
any new technology being pursued for sea-based JPALS,
its effect on the carrier phase measurement must be
characterized and minimized. This is because carrier
phase integrity is critical to the integer ambiguity
resolution, which must be resolved correctly to achieve
the accuracies desired.

Figure 1. Two element 2D CRPA
The impact of the actual physical response of the antennas
being used, which are neglected by just assuming
isotropic receiving elements, can be broken down into
two different categories. First, the phase center of the
entire CRPA system will vary as a function of the azimuth
and elevation of the incident signal. This will occur if all
of the individual antenna elements in the CRPA array
have appreciable but identical phase center movements
versus incident signal direction. In that case, the entire
CRPA system will have the same phase center variation
as the individual antenna elements, and this is an
undesirable effect. The accuracy requirements are given
for the touchdown point of the flight deck and the
accuracy error budget must include any error in the
knowledge of the relative movement between the CDGPS
reference antenna and the touchdown point due to the
flexure of the ship structure. With only a 0.3 m accuracy
budget in the vertical, any source of error (such as the
phase center variation of the reference antenna) must be
minimized.

Table 1. Sea based JPALS required specs for automatic
landing (AL) performance level [1]
Specs
0.3 m (Vertical at Touchdown)
Accuracy
Pr(HMI) : 10-6
Integrity
Time-to-alarm : 1 sec
VAL : 1.1 m
99.7% under nominal conditions
Availability
95% under jamming conditions
4.0 x 10-6 per 15 sec period
Continuity
CRPA ALGORITHMS AND THEIR EFFECT ON
CARRIER PHASE MEASUREMENTS
The formation of beams and nulls is important in the
multipath and jamming environment of JPALS. Signal
phase variations must be considered in this process,
particularly in light of the stringent requirements on
system precision and alarm limits. Essentially, the method
by which the reception pattern of an antenna array is
directed can be envisioned as either a time shifting of the
sinusoidal carrier signal, or a phase shifting of the
complex carrier (see Figure 1 below). With the shifting of
the signals in each channel, the direction from which
these signals combine in-phase to create a more powerful
signal, or combine out-of-phase to create a null, can be
determined as desired [2]. Note that the amount of
shifting required to obtain a certain desired directivity is
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The second impact of actual physical response of
antennas is that it can lead to small errors in the pointing
direction of beams or nulls, i.e. error in the desired
direction from which signals are maximized or attenuated.
This will result if each of the individual antenna elements
in the CRPA array has different phase center movement
versus azimuth and elevation of the incident signal. The
phase response pattern of each individual antenna can
differ either due to the configuration of adjacent antenna
elements leading to a different mutual coupling
environment, or due to fringing effects for those elements
near the edge of the ground plane. Again, such differences
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mounting configuration, both with half L1 wavelength
baselines as shown in Figure 2.

across elements are undesirable and must be accounted
for if CRPAs are to be used in a CDGPS system like
JPALS. This is because these differences, which result in
a beam pointing error for deterministic beam steering,
lead to a bias in the overall received phase of the CRPA
system [3]. It will be shown below that the effect seen in
actual CRPAs is a combination of fringing and mutual
coupling effects mentioned above.
It should be noted that beams and nulls may be formed in
two fundamentally different ways: (1) Deterministically:
given knowledge of the phase offsets, the gain and delay
values for each element signal may be calculated to form
the desired beam; or (2) Adaptively: given a value to
maximize, such as the SNR, an adaptive algorithm may
be used to adjust element gain and delay in real time. The
first approach requires knowledge of initial phase offsets
(as well as of platform orientation and motion and of the
location of the signal to be maximized). For the approach
of deterministically forming a desired beam, the phase
effects mentioned above are a concern. This paper will
present an analysis to help mitigate a large majority of
those phase effects. In the case of an adaptively driven
beam steering by maximizing the SNR, the adaptive
algorithm will account for the phase effects mentioned
above under nominal operating conditions. However,
once jamming signals or multipath signals are introduced,
the maximization of SNR does not guarantee carrier phase
integrity, and thus, such a scheme may not be suitable for
JPALS. The same can be said for adaptive null forming
algorithms. It is the opinion of the authors that, with the
modeling and mitigation scheme of the phase effects
mentioned above which will be presented in this paper,
the best scheme for CRPA application in JPALS will be a
multiple parallel processing channel implementation with
deterministic single beam steering towards a given
satellite in each parallel processing channel. That is, of
course, contingent on the accurate knowledge of the
orientation of the reference CRPA system.

Figure 2. Constructed patch dimensions and ground plane
mounting configurations
The overall goal of this research is to use the simulation
tool to generate predicted phase response maps for each
of the antenna elements in any given CRPA configuration,
and to generate a model by fitting a function to these
phase maps. Before this can be done confidently, the
ability of the simulation tool to accurately predict the
actual phase response must be validated. This will be
done by comparing scans taken in an anechoic chamber to
the phase responses predicted by the simulation tool.
Simulations will be performed using Ansoft’s HFSS
(High Frequency Structure Simulator) package. It is a full
3D FEM field solver with an error based iterative mesh
generation feature, which makes creation of structures and
geometries very easy. However, a drawback to this code
package is the long running times [4]. A full “scan” with
about 162 incident signal directions in the visible upper
hemisphere of the antenna has simulation times on the
order of 2~3 days on a machine with a Pentium IV 3.2
GHz processor with 2 GB of memory. Due to the very
long simulation times, function fitting of phase response
maps presented in this paper will be fit to the chamber
data. This will demonstrate the ability of simple function
fitting in matching actual phase response of antenna
elements in CRPAs. Anechoic chamber testing was done
at the chamber facilities at the Avionics Engineering
Center in Ohio University shown in the figure below.

METHOD OF STUDY
The antennas used in this study are single probe fed
rectangular microstrip antennas. The dimensions of the
antennas that were constructed are shown in Figure 2
below. They were constructed in the machine shop at
Stanford University using CNC milling machines with
manufacturing tolerances of about 0.01 mm, resulting in
very repeatable consistent antennas. The rectangular
shape of the patch in addition to the diagonal feed gives a
circularly polarized antenna. Our own antennas were
constructed in order to have exact design parameters
available to perform meaningful simulations for
comparison with actual data taken with the antennas.
Ground planes were also constructed with a 9 element
3x3 mounting configuration and a 7 element hexagonal

Figure 3. Anechoic chamber at Ohio University
ION GNSS 17th International Technical Meeting of the
Satellite Division, 21-24 Sept. 2004, Long Beach, CA

1533

PHASE PATTERN OF CRPA ANTENNA
ELEMENTS
First, some chamber test patterns will be presented to
demonstrate the phase effects seen in CRPA elements
which were outlined above. The testing was done as
follows. The received phase pattern was taken for a single
patch antenna element both at the center location of the
ground plane, and at a location near the edge of the
ground plane. Then, 50 ohm terminated elements were
added at different locations and in different configurations
around the center antenna element taking data. The
addition of 50 ohm terminated elements represents an
electromagnetic equivalent for a receiving array of having
the antenna electronics hooked up to each antenna
element in a CRPA.
Figure 4 shows the effects on the received phase pattern
of an antenna introduced by fringing effects near the edge
of the ground plane. The top plot shows the phase pattern
when the antenna element is located in the center of the
ground plane. The phase plot is shown for the visible
upper hemisphere of the antenna as seen from the top
down with each point being mapped to an azimuth and an
elevation value. The plot shows some phase center biases
versus incident signal direction, especially at lower
elevations, and there are some high gradient regions.
Looking at the range of the phases received, it is on the
order of 100 degrees. This amount of phase center
variation is certainly not negligible for JPALS. The
bottom plot shows the phase pattern for the exact same
antenna except it is now located near the edge of the
ground plane where fringing effects are seen. The phase
pattern is no longer symmetrical. The fringing effects
have altered the phase response of the antenna, to the
point where in certain directions, the difference in phase
response is on the order of 20~30 degrees.
Figure 5 shows the effects mutual coupling can have on
the received phase response of an antenna element.
Shown are phase maps of the center antenna element with
a 50 ohm terminated antenna located at different positions
around the center element at half wavelength baseline. It
can be seen from the plots that mutual coupling definitely
has an effect on the phase response of the antenna. The
magnitude and location of this effect is dependent on the
relative location of the antenna element inducing the
mutual coupling effect. Once again, the observed
maximum difference in the phase response between a
single antenna element and one that is under mutual
coupling effects from one other element is on the order of
about 20~30 degrees. This demonstrates that mutual
coupling can introduces phase effects that are dependent
on the configuration of the antenna array. With the
combined effects of mutual coupling and fringing effects,
one can expect each of the antenna elements in any CRPA
to have a different phase response map.
ION GNSS 17th International Technical Meeting of the
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Figure 4. Phase response of single patch antenna: Center
of ground plane and fringing effects.
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Figure 5. Effects of mutual coupling on the phase response of the antenna
VALIDATION OF PHASE RESPONSE
SIMULATIONS
Anechoic chamber tests results, such as those presented
above, will be used to evaluate how well HFSS is able to
predict actual phase responses of antenna elements in
CRPAs. Figure 6 shown below presents the phase center
variation of a single antenna element as compared between
the chamber data and HFSS simulation. The plot shown is
for a single azimuth cut at 90 degrees with zenith angle
sweeps in both positive and negative directions. As can be
seen from the plot, HFSS does very well in predicting the
phase response of a single microstrip antenna element.
Simulation of single patch antennas in HFSS converges
relatively quickly and gives accurate results.
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Figure 7 shows comparisons of chamber data and HFSS for
the configuration shown on the top of the figure. This will
determine if HFSS can capture phase effects induced by
mutual coupling. A similar 90 degree azimuth cut plot as
shown in Figure 6 shows slightly larger deviations between
HFSS and chamber data but still HFSS seems to capture the
trend of the phase response well. The 50 degree elevation
cut plot with an azimuth sweep from 0 to 360 degrees also
shows good agreement except for a few outlier points.
These outlier points seem to be a result of the added
complexity of having another structure (the terminated
antenna element) added to the simulation. This leads to
some incident signal directions from which the simulation
solution does not converge well.
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POLYNOMIAL FUNCTION FITTING OF PHASE
RESPONSE MAPS

Figure 6. Validation of phase response simulation: Single
patch 90 degree azimuth cut

A multivariate least squares function fitting will be
performed on the chamber data to determine how well
simple polynomial base functions can model actual phase
effects seen in CRPA elements. The model will be a
function of the azimuth and elevation of the incident signal
direction, and only the visible upper hemisphere of the
antenna response will be fit. The polynomial base function
will include all cross product terms of each variable, and the
coefficients of each term will be solved for via a least
squares solution to all of the available data points in the
chamber data. Figure 8 is a 4th order polynomial fit of the
single antenna phase response. The plot on the left is the
phase response given by the chamber data, and the plot on
the right is the 4th order polynomial fit. The polynomial fit
does a very good job of capturing all of the dominant
features of the actual phase pattern. The maximum error
between the chamber data and the generated polynomial
model is 27.6 degrees, and the standard deviation of all
errors is 4.6 degrees.

Figure 8. Polynomial function fitting of single antenna
phase response

Figure 7. Validation of phase response simulation: Mutual
coupling effects
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Figure 9 shows a similar function fitting as figure 8, except
this time, the model is fit to a phase pattern that is
asymmetrical due to the mutual coupling effects induced by
the 50 ohm terminated antenna element which is added to
the upper left of the data collecting patch. The phase pattern
seen from the chamber data (plotted on the left) shows that
most of the phase effects induced by mutual coupling
manifest in the general direction of the added antenna
element. Again, the 4th order polynomial fit does very well
in capturing the overall pattern of this asymmetric phase
response. However, the errors between the chamber data
and the generated model are slightly larger than before.
Maximum error is 30.5 degrees and the standard deviation
of all errors is 4.9 degrees. The increased errors are due to
the more intricate asymmetric pattern to which the
polynomial function is fitting through. These errors can be
reduced by increasing the order of the function that is being
fit to the given data.
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Table 2. Error statistics for polynomial function fitting
5th order
6th order
4th order
Max (error)
30.5°
16.5°
10.6°
σ(error)
4.9°
3.0°
1.8°
25
36
49
# of coefficients
EFFECT OF MANUFACTURING TOLERANCES

Figure 9. Polynomial function fitting of mutually coupled
phase response
Figure 10 demonstrates the benefit that is achieved through
an increase in the order of the polynomial base function of
the model. The plots shown here are the phase error maps,
or the difference between the chamber data as shown in
Figure 9 and the generated model of the complexity shown
on the bottom of each plot. Using these plots, the problem
regions where the model deviates from the actual response
can be identified. The top left plot is the phase error map for
a 4th order fit. The top right plot shows the errors for a 5th
order polynomial fit and the bottom plot shows the errors
for a 6th order polynomial fit. As the model complexity
increases, the problem regions with large errors are
significantly reduced.

Now that HFSS has been shown to predict actual phase
response of antenna elements in CRPAs relatively well, it
will be used to investigate the effect of manufacturing
tolerances on the phase response of antennas. This will be
done by performing multiple simulation runs with random
dimensional deviations added to the size of the patch, and
the location of the feed. Figure 11 shows the phase response
for a single antenna at a 180 degree azimuth cut for 5 trials
with random deviations as shown added to the size of the
patch and the location of the feed. The dimensional changes
do not seem to affect the general pattern of phase response.
The only effect seems to be a constant offset. Even with a
large σ random value added to each dimension, the trend is
almost preserved except at lower elevations where the
phase response seems to deviate a little.

Figure 11. Manufacturing tolerance effects on received
phase for single antenna
Dimensional tolerance with σ = 0.1 mm is a very
conservative estimate of the actual manufacturing
tolerances that can be achieved. As mentioned before, the
CNC machine, which was used to construct the patch
antennas at Stanford University, provide tolerances that are
an order of magnitude smaller than the value that was
simulated.

Figure 10. Phase error maps for polynomial function fits
Table 2 shows the benefit obtained in the error statistics by
increasing the model complexity. By increasing the
complexity to a 6th order polynomial fit, the maximum error
between the chamber data and the generated model can be
reduced to 10.6 degrees and the standard deviation of the
errors is brought down to 1.8 degrees. The 6th order model
does require 49 coefficients as opposed to just 25 for a 4th
order model.
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Figure 12 shows the effect of manufacturing tolerances on
the phase response of a microstrip antenna with mutual
coupling effects included. Shown in the plot is the phase
response of the top antenna element in the two element
array configuration shown in the diagram in the upper right
of the plot. This is at a 50 degree elevation cut with an
azimuth sweep of 0 to 360 degrees, again with a
manufacturing tolerance of σ = 0.1 mm on the patch size
and feed locations of both antenna elements. Again it is
apparent that manufacturing tolerances result in just a
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constant offset in the phase response while the shape of the
response is preserved.

Finally, a simulation analysis of the phase effects of
manufacturing tolerances of antennas in CRPAs was
presented. The analysis shows that manufacturing
tolerances only result in a constant offset of the phase
response, and have no effect on the shape of the phase
pattern. This allows for the models generated as shown
above to be applicable to actual CRPAs, after a one-time
calibration to remove the constant offset.
FUTURE WORK

Figure 12. Manufacturing tolerance effect on received
phase including mutual coupling effects
In general, manufacturing tolerances seem to just introduce
a constant offset in the phase response while preserving the
pattern. This is an encouraging result. This paper presents
modeling of phase response patterns for antenna elements
in CRPAs. Since the analysis presented here shows that
manufacturing tolerances do not affect the shape of the
phase pattern, any models that are generated should be
applicable to actual manufactured CRPAs. There may have
to be a one time calibration to determine the constant
offsets in the phase response introduced by the
manufacturing tolerances, but otherwise, the phase response
predicted by the model should be applicable.
CONCLUSIONS
This paper has suggested a multiple parallel channel
deterministic beam steering architecture for application in
JPALS in order to minimize CRPA effects on the phase
measurement, which is critical for solving integer
ambiguities in JPALS. It has been demonstrated that
antenna elements in a CRPA have different phase response
characteristics, even though they are all identical antenna
elements. These differences are either the result of the
different mutual coupling environment of each antenna
element, or the result of fringing effects for those antennas
near the edge of the ground plane. These phase response
patterns are significant and need to be accounted for to
guarantee phase integrity when CRPAs are used for JPALS
in the suggested architecture.

In addition to the phase effects presented in this paper,
group delay effects may very well be more important.
Similar analysis as presented in this paper is planned.
Chamber data includes scans at a number of frequency
points. Also, HFSS can be used to simulate responses at
different frequencies. These data sources can be used to
include frequency dependency in the model generation.
This will be the subject of future work. Also in the plans is
the investigation of different base functions and their ability
to model phase response of antennas.
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It was also shown that HFSS is a viable tool to investigate
phase responses of CRPAs. Anechoic chamber testing
results were used to validate HFSS simulations of phase
response. In addition, simple polynomial models of these
phase patterns were presented and shown to be very capable.
The complexity of the model can be chosen to meet the
phase accuracy requirements.
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