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Abstract—The NASA CYGNSS mission is a
constellation of 8 small satellites that receive GPS signals
reflected off the Earth to support a variety of science
applications. For remote sensing, the strength of the
reflected GPS signal contains important information and
must be known to a small fraction of a dB. This makes it
very different than traditional GPS navigation applications
in which small amplitude variations have minor or
negligible impact depending on the accuracy requirements
of the specific application. Satisfying mission requirements
necessitates precise knowledge of the GPS satellite
transmit antenna pattern and the receive antenna pattern on
each CYGNSS satellite. In this paper, we present the
antenna calibration approach that is used by the CYGNSS
science operations center. GPS satellite and CYGNSS
satellite antenna patterns are jointly estimated using several
years of on-orbit CYGNSS measurements. The orbiting
GPS transmit and CYGNSS receive antennas form a
spaceborne antenna measurement range which can be
utilized to determine their patterns. The accuracy of the
estimated antenna patterns can then be quantified using
CYGNSS GPS science data as a metric. When compared to
the limited publicly-available GPS satellite antenna data or
antenna chamber measurements of the CYGNSS satellites,
the proposed on-orbit approach is able to introduce
corrections that significantly improve the CYGNSS
mission science performance.

I. INTRODUCTION

Global navigation satellite system (GNSS) is the generic
term used for constellations of navigation satellites that
provide positioning, navigation, and timing (PNT) services
on a global basis. GNSS is currently used in many
applications including navigation, surveying, mapping, and
remote sensing [1] [2]. Each GNSS satellite continuously
transmits radio frequency (RF) signals towards the Earth,
which propagates and is then captured by the receiver
system, which could be either ground-based, airborne or
spaceborne. The power level of received GNSS signals on
the Earth is extremely low, typically -160 dBW (decibel-
watts) for the Global Positioning System (GPS). The signal
structure allows a receiver to extract the signal buried in
background RF noise and make precise PNT measurements
[2]. The GPS satellite transmit antenna is designed to be
right-hand circular polarized (RHCP), although the
polarization purity of the pattern has not been made
publicly available nor published in open literature.

GNSS-reflectometry (GNSS-R) uses reflected GNSS
signals for Earth remote sensing applications [3] [4].
Calibration of its Delay Doppler Map (DDM)
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measurements of surface scattering cross section requires
knowledge of the effective isotropic radiated power (EIRP)
of the GNSS transmitter, e.g. GPS [5]. This in turn requires
knowledge of the GPS transmit power level and the GPS
transmit antenna gain pattern. For the NASA Cyclone
Global Navigation Satellite System (CYGNSS) GNSS-R
mission [6] [7], DDM calibration is accomplished by its
Level 1 calibration algorithm [8], [9]. Changes in GPS
transmit power are tracked by real time monitoring of the
power level of direct signals received by the navigation
receiver on each CYGNSS spacecraft [10] [11]. The GPS
transmit antenna pattern can also be determined from the
same direct signals. Additionally, the direct signal
measurements allow for determination of the receive
antenna patterns on each CYGNSS spacecraft. The work
presented here describes how both patterns are derived
from a large collection of direct signal measurements made
by the constellation of CYGNSS spacecraft.

The first published GPS L-band RHCP antenna patterns
included four azimuthal cuts of the relative gain from a
Block IIA antenna [12]. Measurements from the Radio
Amateur Satellite Corporation (AMSAT) experiment
showed that the main lobes on the Block IIR satellites were
slightly narrower than the Block II/ITA patterns and that
some side-lobe levels for Block IIR satellites were
significantly higher than expected [13]. This demonstrated
that the gain pattern could be significantly affected by the
space vehicle (SV) on which it was mounted. Over the next
2 decades, the publicly available GPS antenna patterns are
the measurements for satellites collected during prelaunch
testing and published on the GPS Technical References
website [14]. However, these patterns either only have
coarse resolution (2 degree in off-boresight, and 10 degrees
in azimuth), or only include an azimuthally averaged cut,
instead of the full antenna pattern. The published patterns
by Lockheed Martin [15] have been used to determine the
transmit power of GPS satellites in various ground-based
experiments [16]-[18]. Note that cross-polarization
information is not provided in these published patterns,
which were assumed to be purely RHCP. Azimuthal
asymmetry in the patterns has been observed by these
experiments. Additional studies have shown that the
published pre-launch patterns are not of sufficient accuracy
to meet the requirements of some GNSS-R scientific
investigations [19].

On orbit determination of GPS transmit antenna gain
patterns was attempted previously by the GPS Antenna
Characterization ~ Experiment (ACE), a research
collaboration between the Aerospace Corporation and
NASA Goddard Space Flight Center (GSFC). GPS ACE
characterized the side-lobe portion of GPS LI antenna
patterns using receivers in a geosynchronous equatorial
orbit (GEO) [20]. Notably, the main beam (on-Earth)
portion of the GPS antenna pattern was not characterized,
and the patterns were assumed to be purely RHCP.

The work presented here expands upon the approach
initially developed by GPS ACE using GPS receivers
deployed on the constellation of CYGNSS satellites in Low
Earth Orbit (LEO), rather than in GEO. This measurement
geometry allows for sampling of the transmitted signal
throughout the main beam portion of the GPS antenna
pattern. Like the previous work mentioned above, the GPS
satellite transmit pattern has been reasonably assumed to be
pure RHCP, and we expect to be measuring the RHCP
component of the CYGNSS receive GPS antenna. The link
equation for the received signal power is inverted to
determine the receive antenna pattern on each CYGNSS
satellite. Additionally, the GPS transmit antenna gain
pattern can also be determined by inversion of the link
equation. The retrieval procedure, validation with pre-
launch chamber measurements, and impact on CYGNSS
Level 1 calibration are detailed in the following sections.

Portions of this article appeared previously in the first
author's Ph.D. thesis [21].

II. SPACEBORNE ANTENNA RANGE
MEASUREMENTS

A. Constellations of GPS and CYGNSS

The GPS constellation of satellites are all in Medium
Earth Orbit (MEO) at 20,180 km altitude. There are
currently 31 operational satellites consisting of 4 different
SV designs (referred to as block types), including Block
IR, IIR-M, IIF, and III. For Block IIR and IIR-M SVs,
there are two antenna designs used.

The CYGNSS constellation of 8 satellites are all in LEO
at 520 km altitude. They share a common orbit plane, and
the orbit period is approximately 95 minutes. Each
spacecraft carries a navigation receiver connected to a
zenith-mounted antenna that receives direct GPS L1 C/A
(coarse/acquisition) code signals for navigation. Two
science receivers connected to nadir-mounted antennas
also receive reflected GPS signals from the Earth surface
for remote sensing applications. While calibration of these
nadir GPS antennas is important for a number of science
applications, it is not the focus of this work.

TABLEI
GPS AND CYGNSS CONSTELLATION

Cons. GPS CYGNSS

Orbit MEO LEO
Height (km) 20,180 ~ 520
Inclination (°) 55 35

Period 11 hours 58 minutes ~ 95 minutes
# of satellites 31 active 8
Block Type 1IR, IR-M, IIF, 11 Uniform

The CYGNSS zenith navigation antenna is a half-wave
dipole patch. Its gain pattern was measured in an anechoic
chamber prior to launch while mounted on a satellite mock-
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up. Those measurements revealed that the pattern is
affected by coupling and multipath from nearby structures
on the spacecraft. The measured pattern cannot be assumed
to be an accurate representation of the on-orbit patterns
owing to mechanical tolerances and limits on repeatability
that are associated with final assembly of the spacecraft.
For these reasons, the on-orbits patterns may differ from
the pre-launch pattern and from one another.

Examples of the GPS transmit antenna (Block IIR,
legacy antenna panel) and CYGNSS zenith antenna are
shown in Fig. 1(a) and 1(b), respectively.

(®)

Fig. 1. Example photos of the antennas being measured in this work,
where (a) shows GPS transmit antenna (Block IIR) [15] and (b) shows
CYGNSS zenith GPS receive antenna (white square radome) during
satellite assembly

B. Spaceborne Antenna Measurement Range

CYGNSS provides a unique opportunity for precise
determination of the GPS transmit and CYGNSS receive
antenna gain patterns which includes the effects of satellite
structures on their patterns. Both the GPS and CYGNSS
satellites have precisely known positions and orientations,
they are in orbit well above any tropospheric propagation
effects, and they are free of environmental multipath. At
these altitudes, the only propagation effect that could
potentially impact the measurement is ionospheric
scintillation. When GPS receivers are used in low-Earth
orbit (LEO), ionospheric effects must still be considered
since, although scintillation tends to be generated at the
maximum electron density at approximately 350 km where
irregularities occur, the ionosphere extends from 50 km to
more than 1000 km [22]. Models, such as the global
ionospheric scintillation model can be used to estimate the
scintillation index (S4) and predict the degradation of the
amplitude of the received GPS signal. In [22], an example
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of ionospheric impact is characterized on a receiver in
typical LEO orbit, showing that about 60% of the TEC is
above the receiver, and the depth of the scintillation fading
ranges from 2 to more than 20 dB, depending on the solar
activity. Nonetheless, these ionospheric events are
expected to be rare and the results here are aggregated over
several years of measurements. The method of analysis
used effectively averages the ionospheric effects over this
time period.

In this sense, measurements between the two satellites
form an ideal “spaceborne antenna range”. It provides a
unique opportunity for precise determination of the GPS
transmit and CYGNSS receive antenna gain patterns which
includes the effects of satellite structures on their patterns.
Fig. 2 depicts the antenna measurement setup. From an
antenna range perspective, the GPS satellite antenna can be
viewed as the illuminating source and the CYGNSS
antenna, as the antenna under test (AUT). By reciprocity,
the GPS satellite antenna can also be viewed as the AUT if
the CYGNSS antenna pattern is known. Several sources
have reported bounds on that the cross-pol (LHCP)
component of the GPS satellites antennas as -15 dB or less.
Indeed, the official GPS ICD specifies a cross-pol axial
ratio value of less than ~1 dB [14]. Consequently, for this
work, it is assumed that the GPS satellite antenna is purely
RHCP. Although the CYGNSS zenith receive antenna is
expected to have a significant LHCP pattern component (as
shown in Section V.B), it is only the RHCP component that
is expected to be measured using our approach. While any
LHCP component of the GPS transmitted signal is
expected to be small and not significant, if that is in fact not
the case, then the derived CYGNSS receive antenna
patterns presented here should not be viewed as pure RHCP
patterns but rather as composite polarization patterns.
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Fig. 2. Spaceborne antenna range measurement system formed by
constellations of GPS and CYGNSS satellites (Note: not to scale)
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C. Angular Sampling of the GPS Satellite Antenna
Pattern

The use of the orbiting CYGNSS receivers is an
attractive alternative to ground stations when it comes to
achieving robust angular sampling of the GPS satellite
antenna pattern. If we assume the GPS satellite attitude has
a fixed yaw angle relative to its orbit coordinate frame, then
the angular sampling of a single fixed ground station would
be very limited. Reconstructing the GPS antenna pattern
using a global GPS receiver network [23] is feasible, but it
may require additional efforts in system calibration and
signal processing. The highly repeatable 12-hour GPS orbit
results in measurements made at a fixed ground location
that cut through nearly identical slices of the GPS pattern
day-after-day and month-after-month. This is illustrated in
Fig. 3(a), which shows the location in the GPS antenna
coordinate system of all samples made by a ground-based
receiver over a 100-day period. In the figure, the radial
coordinate is the angular distance from the antenna
boresight and the azimuthal coordinate is the azimuthal
angle about the boresight direction, with 0° referenced to
the +X axis in the GPS satellite reference frame. A more
detailed description of the coordinate system can be found
in [15]. For the results shown in Fig. 3(a), the receiver was
located in Ann Arbor, MI and the GPS satellite is SVN
(space vehicle number) 54, but the results are similar for
any fixed location and specific SV. It should be noted,
however, that the GPS satellites are known to regularly
adjust their yaw state in relation to the sun [24]. While this
yaw information is not publicly available, such variations
could result in an improved angular sampling of the GPS
antenna pattern beyond that illustrated here. Nonetheless,
the variation would still be less than if the receiver were
instead located on a LEO satellite.

Compared to using a ground-based receiver to calibrate
GNSS antennas, there is a distinct advantage in angular

(2) (b)
Fig. 3. Location in the GPS transmit antenna coordinate system of gain pattern measurements made by: (a) a ground-based receiver over 100
days; (b) 8 CYGNSS satellites in one day; (c) 8 CYGNSS satellites in 1 week. Note: These plots are based on data without GPS yaw correction

sampling when using a spaceborne receiver [25]. Fig. 3(b)
shows the location of all samples made of a single GPS
antenna pattern (in the GPS antenna coordinate system) by
the 8 CYGNSS satellites in one day, and Fig. 3(c) shows
the sampling distribution after 1 week. The GPS pattern is
much more fully sampled by the CYGNSS satellites in one
week than the ground-based system was able to in 100 days.
For the work presented here, we use approximately 2 years
of samples by the constellation of CYGNSS satellites for
even better pattern coverage. The spaceborne antenna
range system provides nearly gap-free measurements of the
GPS satellite antenna pattern over all azimuth angles and
out to an off-boresight angle of ~15.2 deg. The Earth
horizon is located at ~13.8 deg in the GPS satellite antenna
coordinate system and CYGNSS is able to measure the
GPS satellite transmit gain pattern as it extends into the
LEO space service volume due to its 520 km orbit altitude.

D. Sampling Density of GPS Satellite and
CYGNSS Satellite Antenna Patterns

In this work, antenna patterns are estimated using
measurements made by the spaceborne antenna range over
a long time interval, to further improve the sampling
distribution, to allow for detection of outlier data samples,
and to average out the effects of measurement noise. Both
GPS and CYGNSS antennas are jointly estimated, and they
can each be treated as the AUT at different stages of the
analysis.

Fig. 4 shows the sampling density for a particular GPS
satellite antenna from 2018 DOY (day of year) 213 to 2020
DOY 182 using measurements from all 8 CYGNSS
satellites. The sampling density is shown in the GPS
satellite antenna coordinate system, and it accounts for the
orientation of the GPS satellite. Changes in GPS yaw state
[24] [26] are accounted for using the GIPSY-X (GNSS-
Inferred Positioning System-X) software [27] licensed by
NASA Jet Propulsion Laboratory (JPL). In the figure, the

FM 1
FM 2
FM 3
FM 4
FM 5
FM 6
FM7

©
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angular resolution of sampling density is 0.5%0.5 deg and
the color map denotes the number of samples in each bin.
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Fig. 4. Sampling density over GPS satellite’s transmit antenna pattern
using approximately 2 years of data

Fig. 5 shows the sampling density of a single CYGNSS
antenna pattern in its coordinate system, using all data from
the same time period as Fig. 4. Measurements in this figure
are accumulated over a subset of GPS SVNs: 41, 43, 44,
45, 46, 51, and 56. This particular subset of GPS SVs is
used because: 1) they correspond to older block types
which have been found to exhibit less variability in their
transmit power level than the more recent block types [28-
30]; and 2) their antenna pattern have less azimuthal
variability, according to the published patterns in [15]. The
angular resolution in Fig. 5 and in the estimated CYGNSS
antenna patterns is 1x1 deg.

The distribution of samples of the CYGNSS patterns is
much less uniform than that of the GPS patterns. Samples
are concentrated in the vicinity of azimuthal angles 90 and
270 deg, which correspond to the starboard and port
directions relative to the forward motion of the CYGNSS
satellites. This uneven sampling density results from a
property of the CYGNSS GPS receivers, which records
signals from GPS transmitters for which the signal
reflected from the Earth surface enters the nadir science
antenna in its main beam. The science antennas are fan
beams pointed in the spacecraft’s starboard and port
directions. Only measurements of direct signals received
by the zenith antenna that correspond to reflected signals
received by the nadir antennas are downlinked to the
ground. This restriction on the distribution of samples of
the zenith pattern means that, unlike with the GPS patterns,
its gain cannot be determined uniformly across the entire
main beam. Fortuitously, it is only in the portions of the
main beam that are well sampled that accurate antenna gain
knowledge is required for purposes of CYGNSS science
data calibration.
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Fig. 5. Sampling density over CYGNSS satellite’s receive antenna
pattern using approximately 2 years of data

E. Equations for On-Orbit Received Power

The received power referenced to the output port of the
CYGNSS zenith antenna, Py, can be determined from P,
the calibrated power at the input port of the receiver, by
correcting for the gain of the zenith low noise amplifier
(LNA), G} 4, according to

P
Py z

B GLNA (TLNA)

where T;y, is the temperature of the zenith LNA. Gy, is
calculated using a pre-launch look-up table (LUT) of gain
vs. physical temperature. P, is converted from raw counts
to power in watts based on the hardware calibration
experiment described in our previous studies [10, 11].

The Friis transmission equation expresses the
relationship between the received power and the gain of the

transmit and receive antennas according to
2

€y

Pp = WPTGT( 07, d1)Gr(Or, Pr) (2a)

0 _ (4mR)? Py b

Gr(Or, ¢7) = 2 PGy (07 d7) (2b)
(4mR)? Py

Gr(Or, Pr) = 12 (20)

PTGR(BR' ¢R)

where G is the gain of the GPS transmit antenna, G is the
gain of the zenith receiver antenna, R is the distance from
the transmitter to the receiver, A is the wavelength for GPS
L1 signals, and P; is the transmit power of the GPS
satellite, Ot is the GPS off-boresight angle from the nadir
(+Z1), ¢r is the GPS azimuthal angle that is counter-
clockwise around the boresight referenced to the +Xr axis,
Og is the CYGNSS off-boresight angle from its boresight
(+Zg), and ¢y is the CYGNSS azimuthal angle that is
counter-clockwise around the boresight referenced to the
+XR axis, as depicted in the coordinate systems in Fig. 2.
Eq. (2b) and (2c) are used to compute the gain of the GPS
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transmit antenna and CYGNSS receive antenna in the
following sections.

III. ESTIMATION OF CYGNSS AND GPS
SATELLITE ANTENNA PATTERNS

Either the GPS or the CYGNSS antenna can be
considered the AUT. Depending on which one it is, one or
the other of eqns. (2b) or (2¢) is used to estimate the gain.
Therefore, the estimation of one of the gain patterns
presupposes knowledge of the other one. Both patterns can
be estimated sequentially. The CYGNSS receive pattern,
Gr, is estimated first by assuming that the published pre-
launch GPS pattern is Gt. Next, the GPS pattern is
estimated by assuming that the CYGNSS pattern is the Gr
that was just determined. If the new GPS pattern is identical
to the pre-launch pattern, then the estimation process is
complete. As will be shown below, this turns out not to be
the case, and an iterative procedure is developed instead
which can jointly estimate both patterns.

A. Estimation of CYGNSS Zenith Antenna Patterns

There are eight CYGNSS spacecraft, which are
designated flight model (FM) 1 to 8. Although all
spacecraft and GPS antennas are meant to be identical,
small differences in each antenna combined with
differences in the deployment of satellite solar panels
results in significant gain pattern differences. For this
reason, each receive antenna pattern is determined
independently. For each one, the pattern can be estimated
using many different GPS SVs as the transmitter. We use
the subset of seven GPS SVs noted above, because their
transmit power level Pr is most stable over time. Examples
of the resulting Gr patterns for FM 1 using SVN 43 and 46
are shown in Fig. 6(a) and 6(b), respectively. Several
characteristics of the two patterns are noteworthy. Both are
well sampled over the azimuthal ranges 75-105 deg and
255-285 deg for reasons discussed above. The two gain
patterns are generally consistent in these two sectors.
Outside of the sectors, the sampling density varies due to
differences in the individual orbits of the GPS satellites and
some angular regions are sampled better by one SV than
the other. For this reason, it is desirable to combine together
patterns estimated using multiple SVs to create a single,
well-sampled composite pattern. Before doing so, it is
prudent to test whether the patterns are consistent with one
another within the angular region in which they overlap.

dB

-10

(®)
Fig. 6. Example of the retrieved zenith antenna gain pattern (FM 1)
using signals from (a) GPS SVN 46 and (b) SVN 43

The average value of Gr over the two well-sampled
sectors is considered individually for each FM derived
from each SV. This value, referred to as the normalized
integrated gain, Gni, is given by

70 105
Gy = Gr(6;, ¢;) sin B,
6;=25|¢;=75
285
+ Z Go(6, ¢;) sin6;| 000G (3)
¢i=255

where 6; and d)i are the off-boresight and azimuthal angles
and the discretized average is computed over ¢, within +

15 deg of the port and starboard directions and over 8;
within 25-70 deg. AO and A¢ are the resolution over off-
boresight and azimuth. These are the two sectors with
consistently high sampling density for all SVs. N is the
total number of pixels used.

A comparison of Gni for the eight CYGNSS FMs and 7
GPS SVs is shown in Fig. 7(a). The different colors
indicate different FMs and the x-axis is the GPS SVN. A
shift in the average gain is evident between SVs that is
consistent across all FMs. The most likely cause of the shift
is errors in the assumed GPS transmit power levels of the
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individual SVs. The values used for P; are based on
previous measurements made by a ground-based GPS
power monitor system, as reported in [17, 18]. The shifts in
G for a fixed FM as SVN is varied represent differences
in the error in Pr. It is not possible with this analysis to
determine absolute values for each Pr, but it is possible to
adjust their individual values so that any remaining error is
common to all seven SVs. This is done by assuming the
average value of Pr across all seven SVs is correct and then
rescaling the individual values so that Gi is consistent. The
result is shown in Fig. 7(b), which is computed in the same
way as Fig. 6(a) after the individual values of Pt have been
adjusted. Once the Pr adjustment has been made, the
individual Gr patterns derived from each SV can now be
combined together into a single pattern. The result is shown
in Fig. 8 for FM 1, where the center is the boresight and
circles represent different off-boresight angles. Similar Gr
patterns are computed in the same way for each FM.

Integrated Gain (dB)

L i

42 44 46 48 50 52 54 56

GPSSVN
(a)
28 T
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3+ " —O— FM 2 "
[« —O- © © FM3
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Fig. 7. Normalized integrated gain Gni vs. GPS SVN for 8 FMs: (a) raw
calculation; (b) bias removed
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Fig. 8. Example of the retrieved zenith gain pattern (FM 1) using 7 SVs

B. Estimation of GPS Satellite Antenna Patterns

The antenna gain pattern Gt for GPS satellites can be
estimated using (2c), when the eight FM patterns derived
in the previous subsection are assumed for Gr. Similarly,
Gr is retrieved using individual FM’s measurements, as the
examples given in Fig. 9 (a) and (b). The retrieved patterns
of SVN 56 using measurements made by FM 1 and FM 2
are generally similar, while existing minor differences.
This further confirms the correctness of the normalization
process in previous subsection.

dB
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(b)
Fig. 9. Example of the retrieved GPS gain pattern (SVN 56) using
signals from (a) CYGNSS FM 1 and (b) FM 2

Then the GPS antenna patterns retrieved from eight
FMs’ measurements are combined together by a weighting
average to estimate the final pattern, as the example of SVN
56 shown in Fig. 10. The computed GPS antenna pattern is
considered reliable at off-boresight angles of less than 12
deg. Above this angle, the low gain of the CYGNSS receive
antenna reduces the received signal strength significantly.

dB

Fig. 10. Example of the retrieved GPS gain pattern (SVN 56) using
signals from all eight CYGNSS FMs

IV. VALIDATION
A. CYGNSS Zenith Antenna Pattern

In order to provide validation of our measured CYGNSS
zenith antenna pattern, anechoic chamber measurements
were performed. Measurements took place in a compact
antenna measurement test range at The Ohio State
University ElectroScience Laboratory, as shown in Fig. 11.
For these measurements, the antenna was mounted on an
approximate CYGNSS satellite mock-up. These measured
patterns are referred to as the pre-launch patterns. Dual-
polarized measurements were made. The RHCP
component is used for validation, while the LHCP
component is included to provide additional information
to the reader. Additional tests wusing different
configurations were performed, and the results indicate that
the platform has a significant effect on the CYGNSS
antenna gain pattern. Therefore, considering the
differences between the flight model and test model, as
well as the disparities among the flight antennas, these
chamber measurements alone should not be used for
science calibration but should be improved upon with on-
orbit measurements.

®)
Fig. 11. (a) Compact range measurement of the CYGNSS zenith
antenna. (b) a close-up view of the antenna (small white square) on the
approximate satellite mock-up

Fig. 12 shows the pre-launch measured pattern of the
CYGNSS antenna mounted on a spacecraft mock-up. Note
that the pre-launch measured pattern is re-scaled to remove
a calibration offset (2.5 dB), which is believed to originate
from the GPS receiver instrument aboard the satellite. It is
clear that the pre-launch and retrieved pattern in Fig. 8 are
qualitatively very similar, which gives us confidence about
the accuracy of the pattern estimation method in general.
However, there are significant differences between them as
well. It should be noted that the CYGNSS zenith antenna is
a miniatured, single-layer patch antenna, which we would
expect to have a smooth and uniform pattern. However, on
the spacecraft, the antenna is mounted in a narrow channel
between the edges of the large solar panels that results in
significant near-field coupling of the antenna, platform
multipath, and detuning of the patch. These effects are
evident in the rapid variations in the measured antenna
pattern in Fig. 12 as well as in its striking pattern
asymmetry. In this configuration, the pattern of the antenna
is very sensitive to small variations in the satellite structure
or in manufacturing differences between different
antennas. Thus, we expect there to be significant
differences between the pre-launch measurements on the
approximate satellite mock-up and the on-orbit
measurements using the real satellite platforms. These
differences support the notion that antenna patterns should
be independently determined for each of the CYGNSS
spacecraft while on-orbit in their operational environment
and is the primary motivation for this work.
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Fig. 12. Scaled pre-launch measured pattern using a satellite mock-up

The cross-polarization isolation of the pre-launch
CYGNSS antenna pattern measurements is shown in Fig.
13. This is the difference (in dB) between the RHCP and
LHCP pattern components. The observed cross-pol
isolation is quite poor, with most angles being between 6-
12 dB and some angles being as little as 3 dB. It is expected
that this is due to the effects of the coupling and scattering
of the satellite platform on the otherwise well-designed
patch antenna. If one focuses on angles with the highest
measurement density (Fig. 5), one can interpret the average
cross-pol isolation as being approximately 10 dB over the
set of measurements used to estimate the GPS satellite
antenna patterns. Nonetheless, as mentioned earlier, since
the GPS satellite transmit antenna has been reported as
having a cross-polarization isolation of more than 20dB, we
can conclude that the on-orbit approach is measuring the
RHCP components of both the transmit and in-situ receive
antenna patterns (that is, the receive antenna pattern that
incorporates all effects of the receiver satellite platform).

0° dB

180°

Fig. 13. Measured cross-polarization isolation (dB) for pre-launch
patterns with a satellite mock-up

B. GPS Satellite Antenna Gain Pattern

Fig. 14 shows the published pre-launch pattern for GPS
SVN 56 published in [15]. The retrieved pattern in Fig. 10
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shows azimuthal asymmetry features which are generally
consistent with those of the pre-launch pattern. However,
because of its much higher angular resolution, small
features can be seen in the retrieved pattern that cannot be
resolved by the pre-launch one.

180°

Fig. 14. Published GPS antenna patterns of SVN 56 [15]

Fig. 15 plots the difference between the pre-launch Gt
pattern and the one derived here. Note that the published
pre-launch patterns are only available with a coarse 2x10
deg resolution so the retrieved pattern has been smoothed
to that same resolution to compute the difference. It shows
clear signs of structural differences between the two
antenna patterns, as opposed to unstructured, random
differences that might be attributed to measurement noise.
To minimize uncertainty in antenna patterns, an iterative
solution is being considered next which updates estimates
of Gr and Gr at each iteration. The objective is for the
iterative process to converge to a pair of patterns that are
mutually consistent with the measured values of Pk, as
stipulated by the relationship in (3). This will be studied as
our future work.

o
o

a

w

270°

180°

Fig. 15. Difference between the published pre-launch pattern and the
retrieved pattern for SVN 56
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V. DISCUSSION

A. Summary of Results

Table II summarizes the limited knowledge of the GPS
and CYGNSS antenna patterns prior to the work presented
here, and the improvements that have been made.
Specifically: 1) For CYGNSS antennas, 8 estimated gain
patterns were characterized in their operational
environment, compared with only 1 pre-launch measured
pattern using a single, crude CYGNSS satellite mock-up;
2) For GPS antennas, more than 31 GPS patterns are
estimated precisely (0.5%0.5 degrees) and accurately when
the antennas are mounted on the satellites and in their
operational environment, compared with only 20 published
pre-launch measured patterns with rather coarse (2x10 deg)
angular resolution.

TABLEII
IMPROVEMENT OF ANTENNA PATTERN CHARACTERIZATION
Antenna Before After
20 pre-launch measured >31 estimated patterns
GPS patterns with limited with antenna in its
angular resolution operational environment
(2x10 degrees) (0.5%0.5 degrees)
I pre-launch measured 8 estimated patterns in its
CYGNSS pattern using a P

operational environment
spacecraft mock-up

Note that the two sets of antenna patterns need to be
validated with independent measurement, e.g. received
signals observed by calibrated ground-based GNSS
systems or other spaceborne GNSS receivers.

B. Impact on CYGNSS Level 1 Calibration

These antenna gain patterns have been applied to the
official version 3.0, 3.1, and 3.2 Level 1 calibration and
science data processing algorithms of the NASA CYGNSS
mission, specifically on the dynamic EIRP calibration
approach descripted in [11]. The CYGNSS zenith antenna
gain patterns are used to calibrate the CYGNSS direct
signal and to estimate the GPS EIRP in the direction of the
CYGNSS spacecraft E, . Then the GPS EIRP in the
direction of the specular reflection point E; is estimated by
using the zenith-to-specular ratio (ZSR) functions, which
are derived from the retrieved GPS antenna gain patterns.
E serves as a key input to the Level 1 calibration algorithm
described in [8, 9].

Two independent approaches, root of sum of squares
(RSS) analysis and Monte Carlo simulation, are used for
error analysis, and they agree well with both estimating
~0.32-dB relative error. This reduces the 0.4-dB error term
of GPS EIRP in v2.1 Level 1 calibration [9] by
approximately 20%. Besides, the 0.4-dB error does not

consider flex power events which can introduce greater
than 2-dB errors due to the variation of GPS transmit
power, thus the improvement could be significantly larger.

The dynamic EIRP calibration algorithm has been
proved to be able to instantaneously detect and correct for
power fluctuations in all GPS transmitters and significantly
reduces errors due to the azimuthal asymmetry of the GPS
antenna gain patterns. It allows observations with Block ITF
transmitters (approximately 37% of the entire data set) to
be included in the standard data products and further
improves the calibration quality [11].

VI. SUMMARY AND FUTURE WORK

This paper presents an approach that estimates RHCP
gain patterns of GPS satellite and CYGNSS antennas using
spaceborne measurement. Actual on-orbit data are used to
determine the patterns in their operational environment.
This cannot be practically achieved prior to launch using
ground-based systems. A high-resolution map of the
complete on-Earth portion of the GPS satellite antenna’s
main beam results. The new GPS and CYGNSS patterns
have been incorporated into the science data processing
algorithms used by the CYGNSS mission and have resulted
in improved calibration performance [11].

Future work will focus on: 1) revisiting the end-to-end
zenith calibration experiment; 2) identifying calibration
error sources including: a) time variations of the GPS
transmit power; b) aging of the CYGNSS receiver system,
which could introduce time-dependent errors in calibration
of the received power, Pr; c) radio frequency interference
(RFI) in the CYGNSS received signal (also possibly time
dependent); 3) making appropriate empirical corrections
and quality control to received signals; 4) developing an
iterative retrieval process to minimize retrieval uncertainty;
5) analyzing the systematic differences between retrieved
antenna patterns; 6) performing absolute calibration and
error analysis of antenna patterns for all GPS transmitters;
and 7) validating the retrieved patterns with independent
measurements.
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