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ABSTRACT

The National Geospatial Intelligence Agency’s (NGA)
GPS Monitor Station Network (MSN), consisting of 11
ground reference stations distributed throughout the world,
is used collaboratively by NGA and the Air Force Op-
erational Control Segment (OCS) to monitor the health
of the GPS constellation, and to generate both broadcast
and precise ephemeris products. Multipath caused by sig-
nal scattering off objects in the vicinity of the antennas at
these stations continues to be a dominant error source in
MSN measurement observables. Both hardware-based and
processing-based techniques are implemented in the MSN
to mitigate this effect, however further suppression of mul-
tipath is sought in order to improve system performance.

This paper considers two different approaches to modi-
fying the basic choke ring antenna design used in the MSN
in order to reduce its reception of multipath. One approach
consists of placing a large metallic ground plane directly
beneath the antenna. This has the effect of shaping the an-
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tenna radiation patterns near and below the horizon so as to
reduce reception of multipath signals from those directions.
Another approach is to place a specific arrangement of RF
absorbing foam around and beneath the base of the antenna
in order to attenuate incoming multipath signals before they
reach the antenna. Live-sky GPS receiver measurements
were performed with a ground plane and then a novel ar-
rangement of RF absorbing foam applied to a choke ring
antenna. The results of a comprehensive analysis are pre-
sented to demonstrate the degree to which each of these
approaches reduce multipath error in raw code and carrier
phase observables as well as in carrier phase smoothed ob-
servables used in the GPS precise ephemeris production
process.

INTRODUCTION

The Applied Research Laboratories at the University
of Texas at Austin (ARL:UT) maintains, in partnership
with the National Geospatial Intelligence Agency (NGA),
a worldwide network of 11 unmanned Global Position-
ing System (GPS) reference stations, known as the Mon-
itor Station Network (MSN). NGA collects, processes, and
distributes GPS observations, environmental data, and sta-
tion health information from the MSN on a 24/7/365 basis.
MSN data is used for a number of purposes by both NGA
and the Air Force Operational Control Segment (OCS), in-
cluding monitoring the quality and quantity of GPS satellite
observables, and the generation of broadcast and precise
ephemeris products [1].

Multipath error caused by signal scattering off objects
near the antenna was an important consideration in the
design of the MSN and multiple techniques were imple-
mented to reduce its effect. At each MSN site, the an-
tennas are elevated above nearby structures as much as is
possible in order to minimize multipath components ema-
nating from above the horizon. Choke ring antennas are
used, which significantly attenuate multipath impinging
from near the horizon and below the antenna. Processing



methods are implemented in the receiver tracking loops,
which further reduce multipath error in the measured ob-
servables. Finally, post-processing techniques are used to
reduce the impact of multipath in data products, such as
precise ephemerides, derived from the raw measurements.

Despite these efforts, multipath continues to be a dom-
inant error source in MSN measurement observables. An
analysis was performed on multiple years of MSN data to
determine typical levels of multipath at each station. Fig. 1
provides a visualization of the mean multipath error on the
ionospheric-free (L3) code multipath observable as a func-
tion of elevation and azimuth angles relative to the antenna
at the England MSN site. The method for creating this plot
is described later in this paper. A number of concentric
rings of alternating color (intensity) are evident in the plot,
which are the wave interference pattern caused by the inter-
action of the direct satellite signal and multipath scattering
off the ground and other objects near the antenna. Note that
in some directions, the mean level of multipath in this ob-
servable exceeds 1 m. Similar results were found in all of
the other MSN stations.

-1.0 0.5 0.0 0.5 1.0
Code multipath, meters

Fig. 1 Mean multipath error on L3 code multipath ob-
servable as a function of elevation (radial component) and
azimuth (angular component) angles relative to England
MSN antenna. Note that the hole at the top of the plot is
due to the lack of satellite observability at those directions.

A common post-processing approach to mitigate mul-
tipath is carrier phase smoothing of the code observable.
This practice dates back as far as the Hatch filter [2], and
is commonly used within GNSS receivers. NGA employs
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carrier phase smoothing to condition all of the raw observ-
able used in generating GPS precise ephemerides. How-
ever, as demonstrated analytically in [3], multipath error
in the raw observables does indeed translate to a bias in
the smoothed observables. This is due to the fact that the
smoothing process acts like a low pass filter, and thus, low
frequency error components cannot be removed.

Multipath error is a concern for other GNSS ground ref-
erence station besides the MSN. In [4], an analysis of two
years of data from over 200 International GNSS Service
(IGS) and U.S. Continuously Operating Reference Station
(CORS) network sites demonstrates that each site exhibits
a repeating pattern in post-fit carrier phase residuals due to
multipath and that the amplitude of this effect is strongly in-
fluenced by the type of antenna used. A multi-year analysis
of data from many IGS stations [5] suggests that near-field
multipath effects between the antenna and its surroundings
may lead to annual variations in estimated site positions
at the 1 to 2 cm level. As indicated in [6], if not mitigated,
multipath error would consume 90% of the error budget for
the Local Area Augmentation System (LAAS) used to as-
sist civil aircraft landing. As such, a sophisticated antenna
design has been developed for LAAS to reduce multipath
to an acceptable degree.

In the present study, we consider modifying the existing
choke ring antennas used at MSN stations so as to reduce
their reception of multipath, particularly those components
emanating from near and below the horizon. One approach
is to place a large metallic ground plane directly underneath
the choke ring antenna. The ground plane interacts with
the antenna in such a way as to modify the shape of the an-
tenna radiation patterns. With the appropriate sizing of the
ground plane, it is possible to tailor the shape of patterns
to reduce signal reception at lower angles, and thus reduce
multipath. Such an approach was implemented at the U.S.
Air Force GPS Monitor Stations as part of the Monitor Sta-
tion Antenna Replacement (MSAR) project [7]. Another
approach is to place lossy material near the antenna in order
to attenuate impinging multipath signals before they reach
the antenna. A novel arrangement of outdoor-rated RF ab-
sorbing foam placed around and underneath the antenna for
this purpose is described in this paper.

A measurement campaign was conducted to evaluate the
efficacy of augmenting a choke ring antenna with a metal-
lic ground plane or RF absorbing foam to mitigate mul-
tipath. Long-term GPS data collections were performed
with each of these configurations using an equipment setup
identical to an MSN station. An analysis was performed
on raw code and carrier phase receiver observables, as well
as carrier phase smoothed observables used in NGA’s pre-
cise ephemeris production process to determine the degree
to which each configuration reduces multipath.

This paper is organized as follows: First, the ground
plane and RF absorbing foam approaches to multipath mit-
igation are described in greater detail. Then the test setup



used in measurements and the data analysis approach are
described. Next, the results of data analysis are given. Fi-
nally, conclusions are made.

ANTENNA MODIFICATIONS

Since antennas at MSN sites are typically raised above
all nearby objects and structures, it is assumed in this case
that multipath error is caused primarily by signals scattered
off of objects below the antenna. In many cases, the domi-
nant multipath component is caused by specular reflection
off a large, relatively flat surface such as the ground or the
roof of the building on which the antenna is mounted. Mul-
tipath may also be caused by signal diffraction off of ob-
jects in the vicinity of the antenna such as building edges,
railings, or antenna stands.

It is necessary to consider the polarization of GPS signals
to determine the desired characteristics of the antenna. The
polarization of a direct GPS signal is right hand circular
(RHCP.) A GPS signal specularly-reflected off a horizontal
surface such as the ground exhibits left hand circular po-
larization (LHCP) due to a 180 degree phase shift induced
by reflection; the exceptions to this are relatively low ele-
vation angle reflections, occurring below Brewster’s angle,
which exhibit RHCP due to an additional 180 degree phase
shift [8]. Diffracted signals are typically elliptically polar-
ized, exhibiting both RHCP and LHCP components.

One way to reduce multipath reception is to shape the
antenna radiation patterns to achieve high RHCP gain to-
wards elevation angles above the horizon to receive the
direct component and low gain towards angles below the
horizon to reject multipath. Another approach is to take
advantage of the change in signal polarization due to scat-
tering by designing the antenna to have very low LHCP
gain at all elevation angles both above and below the hori-
zon.

The commercial electromagnetic software HFSS [9] was
used to simulate the response of a typical choke ring an-
tenna. The choke ring antenna radiation patterns, which
are shown in Fig. 2 for the L1 frequency, exhibit relatively
low LHCP gain over all elevation angles, high RHCP gain
above the horizon, and typically low RHCP gain below.
However, just below the horizon, the slow rate of roll-off
in the RHCP pattern leads to higher than desired gain in
those directions. To further reduce multipath reception as
compared with a typical choke ring antenna, it is desired
to increase the rate of RHCP pattern roll-off near the hori-
zon and if possible, decrease LHCP reception, particularly
below the horizon.

Ground Plane

A straightforward way to modify the radiation pat-
terns of a choke ring antenna is to place a large metallic
ground plane directly beneath it, as depicted in Fig. 3.
This approach was first considered for the U.S. Air Force
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Fig. 2 Comparison of simulated radiation patterns for
choke ring only (control), choke ring with a 1.22 m circular
ground plane, and choke ring with the RF absorbing foam
nest at L1 frequency. Note that the patterns are plotted in
terms of zenith angle, 6.

Fig. 3 Arrangement of the ground plane beneath the choke
ring antenna.

MSAR [7] project where it was found that installing a 0.91
m (3 foot) diameter circular ground plane directly beneath
the choke ring improved raw GPS observable statistics
due to a reduction in multipath. In an preliminary study,
where we considered ground planes of varying sizes and
shape, we found that good results could also be achieved by
mounting a larger, 1.22 m (4 foot) diameter circular ground
plane at a slightly lower location relative to the bottom of
the choke ring, as shown in Fig. 3. This ground plane lo-
cation was chosen to simplify its mounting on the antenna
stand.

Fig. 2 includes the simulated L1 radiation patterns that
result from adding the 1.22 m ground plane to the choke
ring antenna. As compared with the original choke ring
antenna, the addition of the ground plane causes a reduc-
tion in the RHCP gain beginning at the horizon (|6| =90 °,
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Fig. 4 Cut-away view of the RF absorbing foam nest.

where 6 is the zenith angle) and continuing for most angles
below. It is noted though, that the ground plane enhances
the RHCP gain at some very low angles, near || = 160 °
This is deemed a reasonable trade-off since the gain at high
elevation angles above the horizon is still much higher (>
28 dB) than at corresponding angles below the horizon. A
similar trade-off must be made in the LHCP performance
by adding the ground plane. For most angles below the
horizon, the LHCP gain is reduced as compared with the
original choke ring, as desired, while for most angles above
the horizon the LHCP is increased. Again, this trade-off is
tolerable since most scatterers are intentionally kept below
the horizon of the antennas at MSN sites. Similar trends
are evident in the radiation patterns at the L2 frequency.

RF Absorbing Foam

Another approach to reduce multipath is to place lossy
material near the antenna so as to attenuate scattered sig-
nals before they reach the antenna. Radio frequency (RF)
absorbing foam is an attractive option for this application
since it is commercially available from a number of man-
ufacturers and is reasonably low cost. Fig. 4 illustrates an
arrangement of shaped RF absorbing foam blocks placed
around and relatively near a choke ring antenna so as to re-
duce multipath from elevation angles near the horizon and
below. The foam extends from the top edge of choke ring
surface to well below the bottom edge of the antenna in
order to completely shield it from incident signals from be-
low. A sufficient opening is left between the bottom edges
of the foam pieces so that the entire assembly can fit over
the antenna stand for convenient mounting. This structure
will be referred to as the RF absorbing foam ‘nest’ in the
remainder of this document.

Cuming Microwave C-RAM AR, an open-cell foam im-
pregnated with a lossy material and rated for outdoor use,
is used in this application. The loss is graded along the
thickness of the C-RAM foam in order to provide both
high transmission loss (attenuation of the incident wave)
and low reflectance from the front surface of the foam. A
foam thickness of 10 cm (4 inches) was selected in order to
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provide high attenuation in the 1 to 2 GHz frequency band.
The foam is designed to exhibit good performance over an
incident angular range of +/- 45 ° from normal.

The overall height and width of the nest were selected
to provide a reasonable trade-off between cost and perfor-
mance. In principle, a larger RF absorbing foam structure
could exhibit improved performance by providing a larger
stand-off distance so that it interacts less with the antenna.
On the other hand, increased material costs and installa-
tion complexity are associated with a larger structure. The
foam tilt angle of 45 © was selected so that the foam would
exhibit reasonable attenuation regardless of the angle at
which a wave impinges upon it from below. The higher
loss side of C-RAM foam was intentionally pointed away
from the antenna in order to minimize reflections from the
inside surface of the foam.

The combination of the choke ring antenna and RF ab-
sorbing foam nest was simulated and the resulting L1 ra-
diation patterns are included in Fig. 2. As compared with
the ground plane, the nest provides only a slight improve-
ment in RHCP pattern roll-off near the horizon, but signif-
icant reduction in RHCP gain for 0| > 130°. Addition-
ally, the LHCP gain with the nest is reduced as compared
with the ground plane over most angles above and below
the horizon, though somewhat enhanced as compared with
the original choke ring near the zenith. Similar trends are
evident at the L2 frequency.

These results suggest that some reduction in multipath
reception should be provided by adding the ground plane
beneath the choke ring antenna, but that further reduction
should be provided by using the RF absorbing foam nest
instead.

MEASUREMENT APPROACH

Each antenna under test (AUT) was placed on a 1.52 m
(5 feet) tall antenna stand on the roof of the ARL:UT main
building. New GPS equipment, currently being deployed
to each of the MSN stations, was used for this measure-
ment campaign. This includes a geodetic-quality ITT Cor-
poration Selective Availability / Anti-Spoofing (SAASM)
Module GPS receiver, as well as an antenna consisting of
an ITT choke ring and a Dorne-Margolin element. The
new ITT receivers output all code / carrier combinations
for up to 12 satellites on L1 C/A, L1 P/Y, L2 P/Y, and L2C
with better data availability and precision than the outgo-
ing Ashtech Z(Y)-12 receivers. As compared with the old
Ashtech choke ring antennas, the ITT choke ring antennas
provide a higher pre-amp gain and contain an integrated
temperature sensor. As is typical of MSN operations, the
ITT receiver was syntonized to a Symmetricom 5071a ce-
sium frequency standard throughout testing. Note that this
equipment setup is identical to that implemented at MSN
stations, and thus the results presented here should be rep-
resentative of an MSN station.



Fig. 5 Configuration of the choke ring-only (control) test
case at the AUT site (right) and choke ring mounted at the
REF site (left.) The REF site is only used for carrier phase
analysis.

To support differential analysis of carrier phase multi-
path, as will be discussed later in this paper, another ITT
choke ring antenna was placed on a highly stable survey
monument in a flat, open field located roughly 200 m from
the AUT site. The antenna is connected by buried coax-
ial cable to an air-conditioned hut housing an ITT receiver.
This receiver is syntonized to a rubidium frequency stan-
dard as no additional cesium standards were available for
this effort. This site will be referred to as the REF site in
the remainder of this paper.

Fig. 5 shows the AUT site configured for the choke ring-
only (control) test and the configuration of the REF site
for all tests. Fig. 6 shows the configuration of the ground
plane beneath the AUT choke ring antenna. The ground
plane was constructed of 3.2 mm thick aluminum to with-
stand moderate wind loading and was mounted parallel to
the surface of the roof. Fig. 7 shows the installation of
the RF absorbing foam nest around the AUT choke ring.
A temporary PVC structure was constructed to support the
pieces of Cuming Microwave C-RAM, which were cut out
of 10 cm thick, 0.61 m (2 foot) by 0.61 m blocks. Velcro
straps were used to hold the foam in place.

Roughly week-long data collections were performed for
each AUT case. The dates of data collection were day of
year (DOY) 135-142, 2010 for the control case, DOY 159-
165, 2010 for the ground plane case, and DOY 170-176,
2010 for RF absorbing foam nest case. In each case, dual
frequency P(Y) observables were logged at both the AUT
and REF sites at a 1.5 second rate.

ANALYSIS APPROACH

The effects of adding the ground plane or the RF ab-
sorbing foam nest to the choke ring antenna are evaluated
through the analysis of raw code observables, raw carrier
phase observables, as well as the smoothed observables
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Fig. 6 Configuration of the ground plane test case at the
AUT site.

Fig. 7 Configuration of RF absorbing foam nest test case
at the AUT site.

used in generating precise ephemeris products. The ap-
proach used in analyzing each type of observable is de-
scribed below.

Code Multipath Observables

Kee and Parkinson defined the Dual-Frequency Method
(DFM) as a way to create an empirical map of code multi-
path on L1 at a static reference site [10]. In this study, we
use a modified version of the DFM. For each AUT case,
three empirical models were formed, which are dominated
by multipath on the L1, L2, and L3 P(Y) code observables,
respectively; L3 refers to the ionospheric-free combination
of observables.

The input to the DFM are observations that can be
formed into an ionosphere-free linear combination. These
observations are then differenced to remove common mode
errors such as troposphere delay, clock and relativistic er-
rors. These final differences are dominated by bias, multi-
path and noise processes.

Kee and Parkinson defined a linear combination, which



uses dual frequency code and carrier phase observables.
These observable are defined as follows:

pp1 = d+cdt+ipi+v+t+ Mpr+epr (1)
¢pr = d+ (Np1+ri1)Ap1 +cdt —ipy +v
+t+mp1 +1p1 (2)
ppa = d+cdt+vyipy +v+t+ Mpy+epa (3)
¢p2 = d+ (Np2+ @r2)Are + cot —yigy +v

+t+mpa +np2 €]

where the symbols are defined as:

p pseudorange (or code) observable
¢ carrier phase observable

d true distance traveled by the signal
c the speed of light

ot difference in clock offsets between the satellite and re-
ceiver

1 ionosphere delay

2
~ ratio of delays between L1 and L2: v = (%)
v relativistic delay

t troposphere delay

M pseudorange multipath

m carrier phase multipath

€ thermal noise on pseudorange

7 thermal noise on carrier phase

The series of observable combinations used to isolate code
multipath are well documented by Kee and Parkinson [10]
and Harris [11]. Here we simply restate the final multipath
combination and the solution to its error terms. The first
combination which represents an estimate of the multipath
on the L1 code observable, denoted 1, is defined as fol-
lows:

(br1 — 9r2)

M= pr1— ¢r1 + )

L=n
Substituting the observables in Egs. 1, 2 and 4 into the com-
bination defined in Eq. 5 results in a quantity that takes the
following form:

pi=m+B, +e ©6)
where
m = MPl_mP2+ﬁ(mP2_mP1)
1+
B, = (7> (Np1+ pr1)Ar1
L=y
2 (Np1 +pr2)A
1—~ P1 T PL2)AL2

2
ep1 —nNp1 + —— (Mp1 + 1p2)
1—v
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South
Fig. 8 Overhead passes as observed from a static reference

site in the northern hemisphere. The intersections between
each pass are marked.

The term m is dominated by the multipath associated with
the code observable. The bias term B, is constant for each
overhead pass, as long as the carrier phase is tracked with-
out discontinuity (e.g., a cycle slip). Contributors to the
bias term include not only carrier phase ambiguity but also
delays contributed by receiver and satellite hardware bi-
ases. Combinations corresponding to the multipath on L2
and L3 code observables are:

pr2 — ¢r2 + % (pr1 — dr2)

pr1 — ¢r1 + 1.54573 (p1 — p2 — 1 + dr2)

p2 =
M3 =

The DFM process provides a means to estimate the bias
differences between each pair of overhead passes. That
process relies on overhead passes having intersections as
seen from the receiver-centered or topocentric frame. In
Figure 8, one day of passes and their intersections are
depicted. At each intersection, code multipath observ-
ables, uy, where k is frequency, are differenced between
passes. If the number of intersections exceeds the number
of passes, this forms a set of overdetermined equations that
describe the bias difference between passes. Once those
bias differences are removed from each pass, the resulting
modified puy are biased by a single, common bias. This fi-
nal bias can be solved by relying on a zero mean condition
present in code multipath. This condition is met by mul-
tipath induced by ground reflections as they approach the
horizon [3]. In sites where the dominant reflector is the
ground, this fact can be used as a constraint to solve for the
final bias.

Single Difference Carrier Phase Observables

The approach used to analyze raw carrier phase ob-
servables is essentially identical to one described in [12]
for GPS antenna phase center variation (PCV) calibration.
This approach makes use of single differences (SD) of car-
rier phase measurements of a common satellite from two



antennas separated by a short distance, which provides can-
cellation of many error terms including those due to satel-
lite orbits and clocks and the atmosphere. In this way it is
possible to resolve antenna-related characteristics such as
PCVs, or in the case of the present study, multipath recep-
tion with mm-level precision. As described in the previous
section, a reference antenna (REF) used in this analysis is
placed in a relatively flat, open field, which is a relatively
short distance (roughly 200 m) from the AUT site.

The observation equation for the single difference carrier
phase measurement between stationary sites A and B, to
satellite i at time 7 is

A®Y (1) = Ady (1) + Ni 5 + 6tas(T)
+mly p(el'(1),az" (1)) + 0y (1)

)

where A®", p is the measured SD carrier phase, Ady p is
the SD satellite to antenna geometric range, Ni\, p 1s the
combined phase ambiguity term (constant over a satellite
pass assuming no cycle slips), 6t 4, p is the residual clock
offset between the two receivers, mY p is the combined
multipath error at the two sites and 77f47 g 1s the combined
receiver noise term. Note the fact that the multipath error
in a measurement at a given site is purely a function of
satellite elevation, el, and azimuth, az, angles, has been
included explicitly in this expression. The SD satellite to
antenna geometric range term can be expanded using

Ad%’B(T) = ?A,B}REF . fi(T) + AE}A’B -fi(T) )
+ 00l p(el'(1), a2 (1))

where ? A,B,REF 18 the baseline vector between the refer-
ence surfaces upon which the reference antenna and AUT
are mounted, 7 is the line of sight vector between the an-
tenna and satellite i (which is assumed to be identical for
the two antennas in the current effort since they are closely
spaced), Aﬁ A, B 1s the difference in the average phase cen-
ter offset (PCO) vectors of the reference antenna and AUT,
and 5(;527 p 1s the difference in the phase center variation
(PCV) between the reference antenna and AUT in the di-
rection of satellite i, where again the dependence on satel-
lite direction has been indicated explicitly. This develop-
ment assumes that the average PCO vector of each antenna
is determined relative to the reference surface on which the
antenna is mounted, and the PCVs of each antenna are ref-
erenced to its PCO.

The baseline vector between the two antennas, and the
antenna PCOs have each been determined to sub-mm pre-
cision by means of precise double difference carrier phase
methods. Combining Eqs. 7 and 8, and moving all mea-
sured or known quantities to the left side yields (note that
the time dependence has been suppressed for clarity)

A®Y p— baprer T —Ahap -7 = )

5(;5%473(611., az') + Nix,B +0tap + mQ’B(eli, az’) + ?72,3
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which provides an observation equation relating the SD
carrier phase measurements to the quantity of interest, the
multipath error.

SD observables as defined by Eq. 9, are calculated for
each satellite pass in the data set. Next, an autonomous
code-based clock solution is calculated for each site, and a
low-order polynomial is fit to each. These polynomials are
used to time align the measurements from the two sites and
remove a bulk clock estimate from the SD observables. A
weighted least squares approach is used to estimate a num-
ber of the terms on the right side of Eq. 9. A polynomial
is used to estimate the combined antenna PCVs; note that
only the elevation dependence of the PCVs is considered
here. A combined receiver clock state is included for each
measurement epoch to absorb residual clock offset between
receivers, and a (floated) phase ambiguity term is included
for each satellite pass. Outlier removal and cycle slip cor-
rection are performed prior to and between iterations of
the least squares estimator. Measurements are weighted by
sin(el) in the estimator.

Once estimation is complete, all of the estimated terms
are subtracted from the original SD observable to form a
residual, which contains only multipath and receiver noise.
As described later in the paper, statistics are calculated on
this residual to assess multipath performance. This analysis
is repeated for each GPS frequency.

Carrier Phase Smoothed Observables

As discussed earlier, NGA applies a carrier phase
smoothing process, which we will refer to as the
‘smoother’, to raw observables prior to generating the pre-
cise ephemeris product. The first step in creating smoothed
observables is to generate the ionosphere free (IF) com-
bination on both raw code and carrier phase observables.
Then the smoother interpolates the IF carrier phase observ-
able so that it represents a measurement collected in regular
intervals of GPS time. Finally, the bias between the IF code
and carrier phase is estimated and added to the interpolated
carrier phase to produce a carrier phase smoothed pseudor-
ange. Further details associated with the smoothing process
are defined as a technical report [13].

In this study, the input data rate to the smoother was
set at 1.5 seconds, while the output data rate was set to
5 minutes. The smoother can be configured in one of two
smoothing modes, 1) a moving window mode, in which
only data between two consecutive output epochs are used
to form a given smoothed observable, or 2) a continuous
pass mode in which all of the data from the beginning of
a pass up through most current output epoch is used to
form a smoothed observable. The continuous pass mode
is currently in use by NGA for precise ephemeris genera-
tion as it leads to lower noise in the observables than the
moving window mode. However, continuous pass smooth-
ing tends to smear multipath effects over a wider range of
incidence angles than they actually occur. The moving win-



dow smoother, on the other hand, maintains the true spatial
dependence of multipath errors, which is of particular in-
terest in this study and simplifies the comparison of results
from different AUTSs. Therefore, moving window smooth-
ing was used in this study. The evaluation of multipath ef-
fects on smoothed observables generated using continuous
pass smoothing will be addressed in a future study.

The quality of the smoother products can be assessed
by differencing the smoothed pseudorange from a truth
source for pseudorange. This difference is referred to here
as an Observed Range Deviation (ORD). NGA Precise
ephemerides are used as the truth source. The ORD cal-
culations were computed using applications design specif-
ically for this task, which are part of the GPS Toolkit
(GPSTk), an open-source library and suite of applications
for GNSS data processing developed and maintained by
ARL:UT [14].

RESULTS

Code Multipath Observables

The DFM, as described in the previous section, was used
to generate observables corresponding to P(Y) code multi-
path on the L1, L2, and L3 frequencies for each AUT case.
These observables were generated at the full data collec-
tion rate of 1.5 sec. For each AUT case and frequency, the
code multipath observables are sorted in terms of elevation
angle, and binned statistics are calculated in 0.25 ° bins.

The binned mean and rms of L1 code multipath observ-
ables for the three AUT cases are compared in Fig. 9 and
10. The trend in mean code multipath with elevation an-
gle is dominated by specular reflection off of the roof and
ground at the AUT site, and is influenced by two factors.
One factor is that the ratio of direct to reflected signal am-
plitudes decreases, and thus multipath amplitude increases,
with decreasing elevation angle primarily due to radiation
pattern roll-off in the antenna. The second is the nature of
the multipath envelope of the receiver code tracking loop.
This envelope goes to zero for zero delay between direct
and reflected signal components, which occurs for ground-
bounce multipath at el = 0 °, and increases with increasing
delay, or elevation angle, before plateauing at some delay
value [15]. As such, high mean code multipath may oc-
cur over a wide range of elevation angles, both low and
high, which is evident in the results for the control case.
The code multipath rms exhibits a different trend than the
mean, one that is essentially monotonically increasing with
decreasing elevation angle. Note that at lower elevation an-
gles the rms values are much higher than the mean values,
which suggests that there is a high level of noise in the code
observable at these angles, possibly due to non-specular,
diffuse scatter.

As compared with the control case, the use of the ground
plane appears to offer little improvement in the L.1 mean for
el >35° with perhaps some degradation near the zenith.
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Fig. 9 Binned mean of L1 code multipath observables.

Above approximately el =20 ° the L1 rms with the ground
plane is generally comparable to the control case except
near el = 58 °© where the ground plane rms peaks up. This
peak was found to be repeatable between consecutive days,
and thus is a multipath effect. This could be due to a scat-
terer that was illuminated in the ground plane test, but not
in the other tests due to the precession of satellite orbits
between the times that the tests were conducted. The en-
hancement of LHCP gain at this elevation angle due to
adding the ground plane, which is evident in Fig. 2, could
also contribute to this effect. At lower elevation angles,
however, the ground plane offers significant reduction in
both the L1 mean and rms as compared with the control
case.

The use of the RF absorbing foam nest offers a signif-
icant reduction in the L1 mean at higher elevation angles
as compared with both the control and ground plane cases,
though the values are comparable to the ground plane be-
low el = 35°. On the other hand, the nest exhibits much
lower L1 rms values over nearly all angles than the other
two cases.

The binned mean and rms of L3 code multipath observ-
ables for the three AUT cases are compared in Fig. 11 and
12. The mean and rms code multipath values for all three
AUT cases are significantly higher for the L3 observable
than the L1 observable as expected due to the mulitpath
amplifying effect of the ionospheric-free observable. Oth-
erwise, the three AUTs perform similarly relative to one
another at L3 as at L1. While the ground plane exhibits a
slightly better L3 rms than the control case at some higher
elevation angles, the peak at el = 58 © persists and some
degradation near the zenith is evident. The ground plane
offers significant reduction in the L3 rms below approxi-
mately el = 20 ° while the RF absorbing foam nest does so
over nearly all angles.

Table 1 provides the total code multipath rms statistics
calculated over all observables (elevation angles) for each
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Table 1 Total code multipath rms error (in meters) for each
case and frequency combination. Percentages indicate re-
duction relative to the control case.

L1 L2 L3
Case RMS % | RMS % | RMS %
Control 379 - | .358 - 1.11 -
Gr. plane | .353 6.9 | 302 156 | 1.01 9.1
Nest 283 185 | 288 194 | .841 243

AUT case and frequencies. Both the ground plane and RF
absorbing foam nest provide a reduction in the total rms
as compared with the control case at all three frequencies.
The ground plane performs much better at L2 than at L1
while the nest performs similar at both frequencies. At L3,
however, the nest provides significantly better performance
than the ground plane.

Single Difference Carrier Phase Observables

As described in a previous section, SD carrier phase
post-fit residuals are generated from the data for each AUT.
This processing is performed at a 30 second rate, rather
than the full 1.5 second data rate, due to memory limita-
tions in the processing scripts used. A multi-day dataset
is first processed in a number of 12 hour batches. Then,
the post-fit residuals from all batches are combined to form
a single set of residuals for the entire dataset. The final
set of residuals are sorted in terms of elevation angle, and
consistent with the pseudorange analysis above, are used to
calculate binned statistics with a bin size of 0.25°.

A few comments should be made concerning the anal-
ysis of SD carrier phase observables. Unlike the pseudo-
range analysis above, this is a differential technique, and
thus the results will exhibit effects, including multipath er-
ror, due to both the AUT and the REF antenna. This has
been partially mitigated by placing the REF antenna in a
flat, open field, well away from structures that may cause
signal scattering. Nonetheless, the ground bounce mul-
tipath component at the REF site is non-negligible, and
will contaminate the final results. Another issue complicat-
ing analysis of carrier phase observations is antenna PCV,
which exhibit amplitudes comparable to carrier phase mul-
tipath. This is dealt with by using like-type antennas at the
AUT and REEF so that the PCV largely cancel in the SD car-
rier phase observables. However, the PCV may be altered
by making modifications to the AUT.

These effects are demonstrated in Fig. 13, which shows
the L1 SD carrier phase elevation-binned means for each
of the AUT considered in this study. In this case, no PCV
polynomial has been estimated and removed in residual
processing. The high frequency oscillations due to multi-
path, are clearly altered by each of the modifications to the
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Fig. 13 L1 binned mean for raw carrier phase observable
when no PCV is estimated in residual processing.

choke ring antenna. However, there is a common down-
ward trend at low elevation angles in all three results. This
trend is believed to be due to, primarily, the multipath at the
REF site, which does not change between tests. Also, note
that a low frequency oscillation develops when the ground
plane is added to the choke ring; this was determined to
be due to a change in the antenna PCV. This change in
PCV between tests makes it difficult to compare the mul-
tipath behavior of different AUT. Therefore, the residual
processing was re-run including a 10th order polynomial
to account for antenna PCV. This was done for each AUT
case for consistency. As is evident in the results given
below, this not only removes any trend due to PCV, but
also other low order trends in the data. This includes any
bulk component of low elevation multipath at the AUT site.
This, and the differential nature of the measurements likely
make the estimates reported here of the reduction in car-
rier phase multipath provided by each antenna modification
somewhat conservative.

The SD carrier phase elevation binned mean and rms
statistics for the three AUTs (when a 10th order PCV poly-
nomial is estimated in processing) are compared for the
L1 and L3 frequencies in Fig. 14, 15, 16, and 17. The
statistics for all three AUT exhibit a generally monoton-
ically increasing trend with decreasing elevation. This
is due primarily to the nature of the multipath envelope
of the receiver carrier phase tracking loop, which typi-
cally exhibits increasing multipath error with decreasing
delay [15]. Note, however, that there is some decrease in
the statistics below el = 10°. This is due to removing a
PCV estimate from the residuals, which also removes a low
order multipath component, as discussed previously.

Similar trends in the mean statistic between different
AUT are evident in the SD carrier phase multipath observ-
able as in the code observable. For both L1 and L3, the
variation in the mean using the ground plane is comparable
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Fig. 14 L1 binned mean for raw carrier phase observable
when a 10th order polynomial PCV is estimated in residual
processing.

to the control case at higher elevation angles, but improved
at lower elevation angles. The mean using the nest, on the
other hand, is improved relative to the control case over
nearly all angles. At lower elevations, below el = 15° at
L1, and el = 40° at L3, the improvement in the mean is
comparable for the ground plane and nest cases.

Some differences, however, are noted in the carrier phase
statistics as compared with the code statistics. Though the
ground plane exhibits improvement in the L1 SD carrier
phase rms at lower elevation angles, it exhibits degradation
above el = 20°. In the code results, however, the ground
plane only exhibits degradation in the L1 rms statistic near
el =58 °. This difference in the behavior of the two observ-
ables is not yet understood. Also note that while the nest L1
rms is much better than the control case at lower elevations,
it appears to offer no improvement above el = 25 °; this is
also contrary to the code observable results. It is believed
that at higher elevation angles, a precision limit in the car-
rier phase residual processing is being reached so that it is
not possible to resolve improvement due to the nest in sin-
gle frequency results. This hypothesis is supported by the
L3 rms statistics, which are somewhat better with the nest
than the control case at higher elevation angles. The am-
plifying effect of the L3 observable causes the observable
noise to raise above the precision limit in residual process-
ing.

Summary rms statistics calculated over the entire set of
residuals (all elevation angles) for each AUT case and L1,
L2, and L3 frequencies are given in Table 2. Consistent
with the results for the code observable, both the ground
plane and the absorber nest offer an improvement in the
total carrier phase residual rms at all frequencies consid-
ered, but the nest performs somewhat better in each case.
In general, the improvement to the carrier phase observable
offered by these antenna modifications is somewhat lower
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Fig. 15 L1 binned rms for raw carrier phase observable
when a 10th order polynomial PCV is estimated in residual
processing.

than for the code observable. This is an expected result
since the SD carrier phase processing approach used here
will tend to under-estimate the change in multipath recep-
tion due to modifying the antenna, as discussed previously.

Table 2 Total SD carrier phase rms error (in cm). Percent-
ages indicate reduction relative to the control case.

L1 L2 L3
Case RMS % | RMS % | RMS %
Control 0.53 -1 0.69 - 1.30 -
Gr. plane | 0.51 3.8 | 061 11.6| 1.13 13.1
Nest 048 94| 059 145 | 1.08 169

Carrier Phase Smoothed Observables

As described previously, the carrier phase smoothed ob-
servables, and the NGA precise ephemeris were used to
calculate ORDs. The ORDs were sorted by elevation and
used to calculate binned statistics. A much larger bin size,
10 °, was used in this case than for the raw observables due
to the much lower rate of the smoothed observables, 5 min.
The binned rms of smoothed ORDs for the three AUT cases
are compared in Fig. 18. It should first be noted that the
multipath error in this observable is much lower, by a factor
of 1.5 to 3, than in the L3 code multipath observable; this
is the expected effect of the carrier smoothing process. On
the other hand, significant multipath error, up to 0.7 m, still
remains demonstrating that smoothing does not entirely re-
move multipath.

The behavior exhibited in the smoothed ORDs appears to
be largely consistent with that of the raw observables, with
the ground plane providing improvement over the control
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Table 3 Total rms error (in meters) in carrier phase
smoothed ORDs. Percentages indicate reduction relative
to the control case.

Case RMS Y%
Control .39

Gr. plane 37 6.5
Nest 27 305

case for most angles, and the RF absorber nest providing
further improvement. The degradation in performance due
to the ground plane between el = 50 ° and 60 ° as well as at
80 ° appears to correspond to noted degradation at similar
elevation angles in the L3 code multipath observable.

Table 3 provides the total rms error calculated over all
carrier phase smoothed ORDs for each AUT case. De-
spite the degradations noted at some angles in Fig. 18, the
ground plane still offers an overall reduction, though mod-
est, in the total rms multipath error in the smoothed observ-
ables. The performance improvement offered by the nest,
however, is significant, > 30%. These results suggest that
both approaches would reduce multipath error contaminat-
ing GPS precise ephemeris products, but that an approach
based upon the use of RF absorbing foam would be more
effective.

CONCLUSIONS

Through the analysis of live sky measured GPS raw
code and carrier phase observables as well as carrier-
smoothed observables used in the generation of precise
GPS ephemeris products, it has been demonstrated that it is
possible to reduce multipath reception of a choke ring an-



3.5

E —— Control
G . .
P 3 ]IV I{\;mu nd plane
3 ' est
£ 259 | k
: I M
e 2 ! |r
a |
& ; fL'\
o P o
Q Y
8 1
W
g 05 BAR L
O II|||||l||||||(||||||||l|Illllllllllllllllllll

0 10 20 30 40 50 60 70 80 9C

Elevation (degrees)

Fig. 17 L3 binned rms for raw carrier phase observable
when a 10th order polynomial PCV is estimated in residual
processing.

0.8

. Control
0.7 °

Ground plane
Nest

RMS ORD Error (m)

0 IIIIII!IIIIIIIIllI'I'Illllll'l'llllllllllllll
0 10 20 30 40 50 60 70 8@
Elevation bin min (degrees)

Fig. 18 The binned rms for observed range deviations
(ORDs) for carrier phase smoothed observables.

tenna by placing a large metallic ground plane beneath or
an appropriate arrangement of RF absorbing foam around
the antenna. Further, it was shown that a novel RF absorb-
ing foam nest design presented in this paper is significantly
more effective at reducing multipath than a ground plane
approach. These conclusions are consistent with the analy-
sis of antenna radiation patterns generated using commer-
cial electromagnetic simulation software, which was also
presented in this paper.

These results might lead one at this point to simply adopt
the RF absorbing foam nest design for use in reducing mul-
tipath reception at MSN stations. However, there are a
number of other practical issues to consider as well. For
instance, disadvantages of the RF absorbing foam nest ap-
proach are its higher design complexity and higher mate-
rials cost as compared with the relatively simple ground
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plane approach. It has yet to be determined how well the
RF absorbing foam will hold up in the various climates in
which MSN stations are located, although outdoor testing
of the material in varied weather conditions in Austin, TX
to date have been promising. For some stations, a poten-
tial issue with either approach is snow accumulation, which
may change the electrical properties of the antenna or cause
mechanical damage. Also, as was demonstrated in this pa-
per, modifications to the choke ring antenna can alter its
PCV pattern. Therefore, the modified choke ring antenna
must be compatible, in terms of overall size and weight,
with the method used to perform absolute PCV calibration,
which is typically a live-sky robotic arm or motorized ro-
tating platform approach. Finally, although it was demon-
strated that these antenna modifications reduce multipath
error in smoothed observables used in the generation of
precise satellite ephemerides, it is critical to demonstrate
that this improvement carries through to the final product
itself. These issues will be the focus of continuing devel-
opment, testing, and analysis.
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