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Abstract—To maintain a healthy power budget, observatories
in the Cyclone Global Navigation Satellite System (CYGNSS)
constellation routinely undertake commanded roll maneuvers as a
means of increasing the exposure of their solar panels to sunlight,
thereby boosting power generation levels while continuing normal
science operations, in particular Level-1 measurements and
related downlinking. The current work (Part I) demonstrates
how these roll maneuvers can be leveraged to improve the cali-
bration quality of critical Level-1 observables, achieved primarily
through the determination of zenith antenna gain patterns, which
receive the direct global positioning system (GPS) signals and
GPS transmitter gain tables. In the companion works (Part II and
Part III), emphasis is placed on leveraging related techniques to
determine the nadir antenna patterns, which receive the reflected
GPS signals, and assessing the impacts that updates have on
observables. This is enabled by the unique measurement proper-
ties that arise due to periodicities in observation geometries when
the satellites are rolled compared to their nominal nonrolled state.
The proposed technique leads to nonuniform corrections to the
CYGNSS zenith antenna patterns by up to 4 dB relative to prior
estimates. Uncertainties in the effective isotropic radiated power
(EIRP) of the GPS transmissions are reduced by an average
of 33%. The calibration improvements highlight the efficacy of
leveraging “’rolled data” for deriving GPS transmitter patterns,
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as well as demonstrating that data records as short as a single
day can be used with as little as 4% uncertainty in the resulting
improvement.

Index Terms—Cyclone Global Navigation Satellite System
(CYGNSS), global navigation satellite systems reflectometry
(GNSS-R), global positioning system (GPS) effective isotropic
radiated power (EIRP), Level-1 calibration, microwave remote
sensing.

NOMENCLATURE

@ Linearization coefficient.
2 Linearization coefficient.
s Linearization coefficient.
b Bin ratio.
Cy Received signal intensity, counts.
AF Resolution in 6 dimension.
Ag? Resolution in ¢? dimension.
EZC EIRP in receiver’s direction.
E%S EIRP in specular point’s direction.
EZ EIRP anomaly.
I'ir Reflectivity.

L vA LNA gain.
GRZP Assumed receiver antenna gain.
GRZ#* Derived receiver antenna gain.
Gr Assumed transmitter antenna gain.

T Derived transmitter antenna gain.
Iz In-phase component of Cy.
A Electromagnetic wavelength.
A Digital sampling correction function.
u Mean.
Vg Scale factor.
Pr Transmitted signal power.
Py Received signal intensity, watts.
bz Receiver antenna azimuth angle.
©r Receiver roll angle.
0} In-quadrature component of Cy.
Rc Receiver/transmitter range.
pref Prescribed P deviation factor.
o Normalized bistatic radar cross-section.
o Standard deviation.
O3 Beta angle.

1558-0644 © 2026 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and
similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Michigan Library. Downloaded on July 22,2026 at 17:41:03 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-2478-5909
https://orcid.org/0000-0002-8387-5093
https://orcid.org/0000-0002-5937-4483
https://orcid.org/0000-0002-6921-6059
https://orcid.org/0000-0003-0297-0388
https://orcid.org/0009-0006-3268-850X
https://orcid.org/0000-0002-4925-5915

5801416

68 Transmitter off-boresight angle.
682 Angle 6 toward receiver.

685 Angle 6® toward specular point.
6¢ Receiver antenna declination angle.

e Shape distortion figure of merit.
[...], Arbitrary variable with roll angle r.

I. INTRODUCTION

PACEBORNE global navigation satellite system reflec-
S tometry (GNSS-R) systems are providing new opportu-
nities for meeting the challenges of finer spatial resolution,
shorter revisit time, all-weather operation, and mission costs.
This is achieved, in part, by using reflections from existing
navigation satellites as “illuminators of opportunity” as part
of their passive, bistatic, specular operation while concur-
rently leveraging commercially available components in their
construction. Example observatories include the U.K.-Disaster
Monitoring Constellation (U.K.-DMC) satellite [1], Technol-
ogy Demonstration Mission (TDS-1) [2], Cyclone Global
Navigation Satellite System (CYGNSS) [3], HydroGNSS [4],
the FENGYUN-3 (FY3) series [5] and the Tianmu constella-
tion [6], as well as the Spire Inc. commercial constellation [7]
and Muon Space [8] as examples of commercial providers of
GNSS-R data.

While the rapid growth of GNSS-R systems in orbit high-
lights their efficacy, their operation as passive bistatic radars
poses calibration challenges. For example, some of CYGNSS’s
calibration challenges derive from the fact that each of its
eight satellites carries port and starboard receive channels
capable of tracking four reflections simultaneously, which,
in total, amounts to up to 32 DDMs formed over a given
integration period. Any channel-specific biases can poten-
tially compromise the consistency of the calibration applied
to Level-1 (L1) observations. This is further compounded
by the fact that specularly reflected transmissions originate
from global positioning system (GPS) space vehicle numbers
(SVNs) whose properties are not fully characterized and can
change over time.

While prelaunch ground-based characterizations can alle-
viate some of these uncertainties, the costs associated with
fully testing spacecraft flight models (FMs) may be prohibitive
and may often inadequately capture in-orbit behaviors, given
that the thermal, mechanical, and electromagnetic effects’
receivers are impacted by once deployed into low Earth orbit
(LEO), all leading to departures from nominal behaviors.
This work demonstrates the utility of in-orbit roll maneu-
vers, over a three-part series, for improving estimates of key
Level-1 calibration parameters, including zenith antenna pat-
terns, nadir antenna patterns, and GPS transmitter patterns.
The current work (Part I) is concerned with the application
of the proposed techniques to receiver zenith channels, which
receive direct signal transmissions from the GNSS satellites,
while the companion works (Part IT and Part IIT) focus on nadir
antenna patterns that receive GNSS signals reflected from the
Earth’s surface along with the impact this has on observ-
ables. While the utility of the proposed techniques generalizes
to all GNSS-R receivers, because CYGNSS regularly per-
forms roll maneuvers while concurrently providing the longest
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continuous GNSS-R data record to date, the constellation’s
Level-1 measurements are used to demonstrate the approach.
Section II discusses why CYGNSS roll maneuvers are nec-
essary. Section III overviews practical considerations and the
proposed methodologies. Section IV summarizes the results
of the proposed methodologies and discusses the impact that
the updated L1 calibration parameters have on key zenith
observables. Other considerations are discussed in Section V.
A summary of observed trends, lessons learned, and other final
conclusions is then provided in Section VI.

While representative examples are selected using observa-
tions made by specific CYGNSS receivers originating from a
subset of GPS transmitters for the purposes of illustrating the
utility of the proposed methodologies, the reported trends gen-
eralize across all receivers and transmitters. It is also noted that
analysis of the properties of CYGNSS’s observations across
varied roll maneuvers suggests that they present numerous
avenues for the improved calibration of GNSS-R observables.
It follows that the methodologies overviewed in this work
constitute a limited subset of a wider range of techniques
that can be leveraged for the improvement of GNSS-R system
calibration quality more generally.

II. BACKGROUND

CYGNSS FM power demand varies with the space-
craft/sensor mode of operation, typically either nominal
science mode (25 W) or a Sun-pointing safe mode (~14 W).
Small variations in load occur in response to attitude determi-
nation and control system (ADCS) actuator (reaction wheel
and torque rod) activity and operational heater cycling. A
larger change in instantaneous load of +8 W results from
transmitter operation during ground contacts, but this presents
only a small increase in orbit-average power (OAP) demand
as the ConOps (Concept of Operations) typically calls for one
10-min ground contact per day, per FM.

Power generation capacity, to meet consumption needs, is
more variable and is affected primarily by orbit beta angle (6;).
The parameter 6 represents the angle between the satellite’s
orbital plane and a vector to the geocentric position of the
Sun. Note that a full listing of the symbols used in this work
is available in the Nomenclature. In the safe mode attitude, the
largest of three body-fixed solar panels tracks the Sun vector,
resulting in steady power generation during the sunlit portion
of the orbit. OAP generation is, thus, impacted only by the beta
angle due to its effect on eclipse duration. During eclipses, the
receivers’ solar panels are not directly exposed to sunlight.
During nominal science operations, when the FM is flying
in its three-axis stabilized, nadir-pointed local vertical, local
horizontal (LVLH) relative attitude, the Sun incidence angle
on the body-fixed solar panels varies significantly with 6.
CYGNSS’ orbital inclination of 35° combines with Earth’s
axial tilt to cause g to reach extremes of up to +/ — 58.5°
seasonally, as depicted in Fig. 1.

OAP generation is significantly reduced during high 6
intervals due to the increased solar angles, despite the eclipse
duration being up to 30% shorter at beta extremes compared
to when 6 is zero. Variations in solar irradiance due to Earth’s
elliptical orbit also impact OAP generation by +3% annually
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Fig. 1. Time series of typical CYGNSS eclipse duration versus beta angle over the year 2024. Eclipse duration is maximum at g = 0 and minimum at g
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Fig. 2. Solar array power generation levels. A roll offset of ¢, = —10° when
6g = 53° provides a ~ 33% increase in net power generation for the orbit
compared to nominal nadir-pointed science attitude on May 14, 2024. The
6 = 0° case occurring April 28, 2024, is shown for context.

with the lowest power generation occurring at aphelion in early
July.

To ensure that the battery State of Charge (SoC) is main-
tained at a level sufficient to reliably complete an unexpected
transition to Sun-pointing safe mode, a minimum allowable
battery SoC (Bmin) Was established prelaunch. By, equates to
enough energy in the battery to successfully complete Sun
acquisition with three-sigma confidence, assuming no input
from the solar array. For low |6s| angle periods, the minimum
battery SoC, occurring at the end of eclipse during science
operations, stays above the established safe SoC level with
a positive margin. As |fg| increases, that margin is reduced
and eventually would become negative, assuming the nominal
science attitude. To maintain the minimum safe battery SoC at
high beta, the FM is rolled toward the Sun using a fixed roll
offset applied in the LVLH frame such that the primary solar
panel is tilted toward the Sun, reducing the cosine loss. When
|65l is large, a modest roll angle provides a significant boost to
OAP generation, as shown in Fig. 2, and recovers the necessary

power margins. The very small (18 mNms) reaction wheels
employed by CYGNSS afford only a low level of FM agility,
such that alternating between nominal nadir-pointing attitude
and roll-offset attitudes based on varied levels of Sun versus
shadow exposures within every orbit is not attempted. Instead,
the roll offset configuration is entered when || exceeds a
threshold value and is held fixed until |6| drops below the
threshold. Fig. 3 shows the effect on battery SoC of using a
roll-offset attitude for ~ 10.5 days centered on a local max
of 6. The SoC increases from a minimum of ~54% to a
maximum of 84% following the roll maneuver.

Rolling when || is large to maintain power margin has,
therefore, been performed since the beginning of the mission.
As the electrical power system (EPS) continues to age, the
FMs must spend an ever-increasing fraction of time in the
roll-offset configuration. The threshold for when to roll is
empirically determined based on the observed minimum bat-
tery SoC as a function of 5 over the prior 6-12 month period.
This approach is simple but effective in tracking the unique
performance of each CYGNSS FM over time without requiring
detailed modeling. An assessment is made for a high 6
interval near aphelion each year to establish the beta threshold
to be used for at least the next 6 months. Within this time,
any additional EPS degradation is expected to be countered
by the increased solar irradiance heading toward perihelion.
Another assessment is typically made each year, late summer
or fall, to determine if any changes are warranted prior to
reaching aphelion again. An additional 5% of SoC margin is
included when establishing the threshold value for 6 in order
to maintain resilience to unexpected pointing excursions that
could result in reduced power generation for any given orbit.

As of mid-2025, for each receiver, approximately 100 days
of data taken while in a rolled state are available since the
CYGNSS launch date.

III. PROPOSED APPROACH

The calibration of observables derived from CYGNSS’s
primary science payload, the delay Doppler mapping receiver
(DDMR) [9], relies on the absolute power calibration of all
received signal intensities. This includes accounting for GPS
SVN-specific effective isotropic radiated power (EIRP) levels
[10], [11]. Previous instruments [1], [2], including CYGNSS
up to August 2018, have relied on static prelaunch charac-
terizations of SVN properties that include transmit power Pr
and gain Gr(6%) at specific off-boresight angles 6% to provide
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Fig. 3. SoC series highlighting impact of rolling CYGNSS FM3 when 63 > 43.5° to keep minimum battery state-of-charge above a target value of 53%
during a roll maneuver in May 2024. The spacecraft was rolled on May 9 and returned to nadir on May 19. A 10-min moving average window is applied to
the SoCs reported every second with the shaded region indicating minimum and maximum values.
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Fig. 4. Mean EIRP for measurements with the angle range 8° < 6% < 10°
corresponding to block IIF SVNs only. All EIRP maps are reported on a
color scale limited to 2.5 dB relative to the mean. (a) From static tables,
January 2020. Mean EIRP is 30.48 dB. (b) Dynamically tracked, January
2020. Mean EIRP is 32.31 dB. (c¢) Dynamically tracked, May 2020. Mean
EIRP is 31.59 dB.

the necessary inputs as part of relevant L1 calibration and
validation activities. These inputs have been shown to be
inadequate [12], [13], particularly over regions containing ter-
restrial GPS interference sources [15], as transmit power from
specific SVNs can be routinely varied as a countermeasure.
An example of this is shown in Fig. 4 where static estimates
are shown to differ from “true” EIRP levels in plot (b) by
up to 5 dB. In turn, the reliance on these characterizations of
transmitter properties would have introduced commensurate

TABLE I
CHANNEL-SPECIFIC INSTRUMENT vz SCALING FACTORS

FM— |1 |2 |3 |4 |5 |6 |7 |8

-1.62 | -1.60 | -1.56 -1.98 | -1.63 | -1.66

-1.63 | -1.30

calibration errors to CYGNSS observables, namely, the nor-
malized bistatic radar cross-section o and left-hand circularly
polarized reflectivity I';z. While the analysis of recent trends
suggests that the majority of GPS transmitters have ceased
operating in a “flex power” mode as of March 2020, as
shown in Fig. 4(c), the desire to accurately calibrate the
mission’s complete data motivate exploring the means with
which channel calibration parameters may be improved. This
is informed by considerations relating to times when SVN-
specific Pr levels were not constant as well as the potential
for related commanded power shifts to resume “flex power”
operation.

To facilitate tracking EIRP in real time, lower-gain patch
antennas mounted on each of CYGNSS’s receivers, originally
intended to provide navigation solutions, were repurposed to
serve as power monitors [12], [13]. This poses the challenge of
calibrating the zenith channels’ in-phase (Iz) and in-quadrature
(Qz) signal intensities measured in units of raw counts to a
received signal power P, in watts or equivalently dBw. To
achieve this, a raw count signal intensity in decibels is initially

computed using
101ogy ( vz + Q%)

1-vz(1-A())

As automatic gain control is deactivated to achieve these
zenith absolute power measurements, discretization artifacts
associated with CYGNSS’s 2-bit analog-to-digital converters
(ADCs), depending on input signal intensities, have been
shown to occur [16]. The factor (1 — vz(1 — A(b))) in (1) com-
pensates for these effects depending on each measurement’s
quantized intensity distribution in the four digital states +1
and £3 captured through the quantity b. The factor b is the
ratio of the number of samples in £1 states compared to those
in the £3 states over the integration period, and the function
A is

A (b) = —0.0025 b* + 0.0359 b* — 0.3473 b + 1.61.

(D

Czap =

2
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The channel-specific vz scale factors listed in Table I are
intended to account for each of the eight zenith channels’
respective front-end gains and related uncertainties. For a
comprehensive overview, see [16]. A spare bench top receiver
(a replica of in-orbit hardware) was also used to determine
coefficients ay, a;, and a, required to “linearize” the relation-
ship of measured counts to power in decibels above 1-W Pz ;g

Pzap=ao-Cygp + ar-Czap + ar. 3

Values of ayp = 0.012, a; = —-0.51, and a, = —1.51 were
found appropriate in these tests. CYGNSS’s measured EIRP
EZ%C€ is then given by the following equation:

EZ’C = PTGT (HB’Z)
_ (4nRc)?
B GG (#.¢)

where R is the line of sight range between the CYGNSS
receiver and GPS transmitter, A4 is the 0.19 m wavelength at
the 1.575-GHz L1 frequency of operation, G}, is the zenith
channel low-noise amplifier (LNA) gain, and GR?(#?, ¢?) is
the zenith antenna gain at declination angle 6* and azimuth
angle ¢?. While the resulting E#C estimate is an effective
measure of an SVN’s EIRP (i.e., the product of its transmit
power Pr and transmitter gain Gy at the off-boresight angle
pointing in the receiver’s direction #5%), it is the EIRP in
the direction of the specular point that is of interest for the
calibration of oy and I';z. Because EIRP levels at the specular
point E%5 are not measured directly, equivalent estimates can
be derived through a remapping procedure that accounts for
the different transmitter gain levels at the two different angles
_ pzc0r (#**)

Z,S
E*S = E W &)

10Pzas/10

“4)

where 655 is the off-boresight angle toward the specular point.
For completeness, it is emphasized that 65Z is a measure of
the angular separation between a vector pointing from the
transmitter to the center of the Earth and a vector pointing
from the transmitter to a CYGNSS receiver. Conversely, 055 is
a measure of the angular separation between a vector pointing
from the transmitter to the center of the Earth and a vector
pointing from the transmitter to the specular point.

Because the need to use CYGNSS’s zenith channels for
tracking GPS EIRPs only became evident after launch, patterns
corresponding to each receiver’s patch antennas were not
characterized, and only a best guess derived from chamber
measurements using an FM’s mock-up, refined through a
variety of techniques [17], was available for use as part
of the corresponding calibration procedures. Closely related
is the fact that while chamber measurements can provide
reliable estimates of the zenith antenna patterns in a controlled
environment, the process of stowing the satellites prelaunch,
the mechanical vibrations the various components undergo
as part of the launch and deployment procedures, as well
as the £300 °C temperature variations the exterior of the
receivers regularly experience, all creates departures of in-
orbit behaviors compared to prelaunch characterizations. In
addition, while a number of GPS EIRP patterns parameterized
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Fig. 5. FMO1 and EIRP anomalies for tracked reflections originating from
SVN41 transmissions at roll angles ¢, = +10° and ¢, = —10°. View is limited
to the range of off-boresight angles over which 90% of the measurements
exist. Initial patterns refer to estimates of the zenith antenna gains that are
not informed by any rolled data.

as a function of off-boresight angles have been made publicly
available, many are impacted by similar sources of uncertainty.
It is, therefore, of interest to develop methodologies that enable
deriving more realistic in-orbit behaviors.

To highlight these uncertainties, consider the EIRP trends
summarized in Fig. 5. Using the mean E%S taken at roll angles
-9° < ¢, < —11° (ie,, ¢ = —10° and 9° < ¢, < 11°
(i.e., ¢, = + 10°), differences were computed relative to the
mean EOZ S at ¢, = 0° and expressed as a function of the off-
boresight angle #%5 using observations specific to FMO1 and
SVN41
3 B (0%0) - R B ()

NLO Zf\iol Eg,s (QB’S)
where Ny and N, are the number of samples available at a
given off-boresight angle in the nonrolled and rolled states,
respectively. The “EIRP anomaly” is then given by E%5.

While it is reasonable to expect the EIRP to vary by extents
commensurate with the change in transmitter gain across
the various 657 angles, at a fixed off-boresight angle, the
anomalies observed, ranging between £10% are indicative of
the impacts of calibration uncertainty. At #%% = 8°, as an
example, the EIRP pattern locations observed in the three
different roll states are depicted in Fig. 6(a). The specific
receiver—transmitter observation geometries included cause the
measurements to map to unique, generally nonintersecting,
segments of the zenith antenna pattern. As a result, consistent
mean underestimation and overestimation of GR%(6%,¢%) at
the respective polar regions spanned at the roll states + 10
and —10 relative to those at zero roll give rise to the anomalies
noted in Fig. 5.

EZ,S (QB,S) — (6)
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Fig. 6. Illustration of geometry periodicities and reciprocal properties across different roll angles generated using a data record extending from January 2019
to August 2025. (a) Locations in polar coordinates of FM01-SVN70 measurements whose off-boresight angles fall in the range 7.9° < 657 < 8.1° for
measurements collected with FMOI roll angles of ¢, = 0, +10, and —10. (b) Densities of measurements falling across a range of off-boresight angles as a
function of roll angles for zenith measurements made at ¢ = 35° and ¢* = 90°. (c) Densities of measurements falling across a range of off-boresight angles
as a function of roll angles for zenith measurements made at 6 = 15° and ¢ = 260°.

At a fixed location in the zenith antenna pattern, the same
basic relationships allow the gain at a single polar angle to
be associated with observations made at three distinct off-
boresight angles across the three roll states. Examples of this
are shown in Fig. 6(b) and (c) for directions 6 = 35°,
#* = 90° and #* = 15°, ¢* = 260°. The two uniquely map
to observations made at off-boresight angles 6.5, 8.5, 10.5 and
1.5, 3.5, 6.5, respectively. For each zenith direction, defined in
this work as having resolutions A¢? = 0.1° and A¢* = 0.2°,
these basic observation geometry-related dependencies are
leveraged for deriving improved zenith antenna patterns and
GPS G estimates.

Observations made in a single roll state traverse the zenith
polar space at arbitrary locations that map to all off-boresight
angles only when both G®% and Gr vary. The sampling
of a transmitter’s Gr curve, however, occurs at multiple
“locations” (i.e., 85%), given the dependencies of in Fig. 6,
for which the zenith antenna direction remains fixed, allowing
EIRP variability to be more unambiguously mapped to Gr
changes.

It is assumed that over periods where SVNs were not
operated in a “flex power” mode, each transmitter’s Py is a
constant. For a receiver’s zenith pattern in direction 6%, ¢7,
there then exist antenna gain levels G®4 and G7(%) whose
product lies along contours that satisfy the inequalities

EJCGRZP (67, ¢7)
Gr (65) Go” (¢, %)

(¢.¢%)
Gr (62 ,,) G**

%10) Gl (67, 67)
Ef’l%GR’Z’p (6% ¢%)
Gr (6%)) G (6%, ¢7)

<p“'Pr )

- T

C ~RZ
EZ%C GRZ.p
+10
SprefPT

®)

- T

<p"“'Pr )

- T

where the subscript r denotes roll state, Py is an SVN-specific
transmit power level from a ground-based power monitor [12],
and GR%P is an existing estimate of gain levels; this can be

any assumed representation of the in-orbit patterns used as
part of the calibration procedure. In the case of CYGNSS,
existing estimates are based on chamber measurements of
the zenith patch antenna mounted on a mock-up of a spare
CYGNSS FM. These are then supplemented with additional
ancillary information relating to the properties of SVNs whose
reflections are tracked. For a more comprehensive overview,
see [12] and [13]. Initial characterizations are thought to
be coarse as they do not include deployed solar panels
or internal electronics. These initial gain estimates are not
informed by data taken, while the receivers are rolled. The
ErZ’C estimates in (7)—(9) are means of available estimates,
given a particular transmitter/receiver pair, roll state, and polar
coordinate. The product of the EIRP term with the GR®%?
term, therefore, indicates that no gain correction is initially
applied as part of the calibration process. Expressions (7)—(9)
explore what combination of zenith antenna gain values (at
a fixed zenith polar coordinate) and transmit gain levels
at the relevant off-boresight angles allows for a measured
transmit power solution that is consistent within a margin
o' with known values of P; across all three roll states.
Overly restrictive margins p"/ have been found to limit the
capacity to derive antenna gain solutions across the full polar
spaces of the eight zenith channels, while overly permissive
thresholds do not adequately address the desire to ensure EIRP
consistency. Associated tests suggested that p"¢/ = 10% is
adequate.

The terms Gg‘z , G’i%o, and G’f’lzo are the roll angle-specific
sets of potential zenith gain solutions at 8%, ¢*, which, in part,
facilitates meeting the p"¢/ threshold. The resulting departures
from the assumed Pr as a function of receiver and transmitter
gains are reported in Fig. 7(a) and (b) where, for every
roll state, the combination of properties that satisfy the 10%
error requirement is indicated by the color-coded contours.
It is observed that they span distinct spaces. For example,
at a transmit gain value of 12.5 dB, valid GOR’Z solutions

extend from 1.07 to 1.92 dB, while those at Gi’fo and Glf’lzo
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Fig. 7. Illustration of constraints the availability of rolled data places on potential zenith antenna gain solutions. Color coded contours indicate the limits,

which ensure that p’¢/ =

10% relative to an assumed Pr level for SVN 41 using FMO1 observations at ¢ = 4° and (/)Z =

13° across the three roll collection

states. (a) Complete solution space. (b) View is limited to the subset of FMO1 antenna gain solutions that concurrently satisfy error requirements across all
roll angles. (c) Cost function used to derive final antenna gain levels for this example polar pixel.

extend from 1.35 to 2.27 and 1.65 to 2.65 dB, respectively.
It is instructive to reiterate that the mapping at fixed zenith
antenna polar coordinates 62, ¢Z occurs relative to the three
distinct off-boresight angles 65, 65, and 6%, at the three
roll states and, in turn, three distinct transmitter gain levels
such that it is to be expected that the contours span slightly
different solution spaces. However, true in orbit G®4(6%, ¢%)
are a property of the receiver’s antenna and are independent
of the transmitter’s gain levels such that a gain estimate is
subsequently selected based on the value that minimizes error
relative to the assumed Pr across all three roll states on
average

NGI

3
ZZ
=1 r=I (10)

where Ng, corresponds to the number of possible trans-
mitter gain solutions G3(0%) that are limited to the range
GTref(eB) 0.5 GTref(H )<G (03)<GTref+05 GTref(e )
utilizing published ancillary information relating to reference
GPS antenna patterns whose gains are Gr,.s to initially
constrain solutions. An example output from this process
is shown in Fig. 7(c) where a clear minima at 1.88 dB
occurs and is assigned the GRZ(6#%,¢%) value. Importantly,
the procedure is conducted for each receiver, zenith pixel,
and SVN separately. As a result, for each CYGNSS zenith
channel, more than 30 patterns corresponding to the number
of SVNs whose reflections were tracked are produced; the final
zenith antenna pattern is the average of all available patterns.
Once a receiver gain solution G®Z at angles 6%, ¢* for a given
zenith channel is obtained, initial solutions G, for each SVN’s
gain curve at the angles mapping in roll are then developed

EZC (l) GRZp
GT gB GRZ (92 ¢Z)

*arg minGR,Z* - Pr

Gr

using
Z,CGR,Z,])
Gy (93) PrGRZ (QZ ¢Z) an
6,6
G (6%10) = PrGRZ (¢, ¢7) (12)
EZ CGR Z,p
G (6%0) = 527 (13)

PTGR,Z (92’ ¢z) :

At the same off-boresight angle, using the same antenna,
thousands of independent G} estimates are developed as
the “rings” in Fig. 6(a), indicating that the relevant zenith
antenna pixels are traversed. The volume of estimates is
further expanded when accounting for inputs from all eight
observatories as the properties of a given SVN gain curve
are independent of those of the CYGNSS observatories such
that the final gain levels at a given off-boresight angle are the
average of all available estimates.

To summarize, the procedure broadly entails the steps.

1) Identify the unique off-boresight angles that the avail-
ability of the rolled data provides. In this work, data
from the three ¢, = 0,+10,—10 main roll states are
used.

2) Compute mean measured EIRP across the available roll
states (or, equivalently, roll angles).

3) Invert measured EIRP to measured Pr by rearranging
the terms in (4).

4) Identify the appropriate zenith antenna gain value that
will minimize the difference between measured Py and
a reference Py across all available off-boresight angles
or equivalently roll states using (10).
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Fig. 8. Comparisons of example zenith gain patterns. Satellite flight direction is along ¢ = 0°. (a) Initial, FMO1. (b) Initial, FMO02. (c) Initial, FMOS5.

(d) Updated, FMOL. (e) Updated, FMO02. (f) Updated, FMOS.

5) Using the zenith antenna gain solution, estimate the
transmitter antenna gains at the relevant off-boresight
angles using (11)—(13).

These steps are pursued separately for every polar pixel
and for every unique receiver/transmitter pairing. To avoid the
ambiguities that “flex power” events may introduce, CYGNSS
observations acquired after February 2020 are used in the
development of all solutions.

IV. OBSERVED TRENDS
A. Zenith Antenna Patterns

Examples of the derived zenith antenna patterns compared
to the initial estimates for receivers FM01, FMO02, and FMO05
are depicted in Fig. 8. An initial examination highlights a
number of similarities between the two sets of patterns. For
example, in both sets, the higher gain levels occur in the
azimuth space —50 < ¢ < 10° and 20 < ¢ < 50,

while a secondary set of maxima occurs in the polar space

circumscribed by 170 < ¢* < 210° and 20 < 6¢ < 50. It is
helpful to recall that the zenith antennas are square patches
sandwiched between two starboard- and port-oriented solar
panels. As a result, coupling and multipath effects in the near-
field are thought to distort the antenna patterns such that gain
levels are reduced in both directions, while the spaces parallel
to the receivers’ velocity vectors maintain higher gain levels.
Noteworthy distinctions, however, include the fact that peak
gains in the case of FMO1 are thought to be on the order
of 5.2 dB, using the methodologies overviewed in Section III,
while existing initial estimates suggest that the peak was closer
to 3.7 dB. Across the eight zenith channels, it is FMO02 that
is found to have the highest overall gain levels approaching
6.02 dB as evidenced by the elevated gains spanning the
complete polar space in Fig. 8(e) compared to its counterpart
in (b). Less variation is observed in the overall gain levels of
FMO0S5 where initial estimates suggest peak gains are on the
order of 2.6 dB with the updated patterns suggesting 2.2 dB.
While the trends summarized in Fig. 8 are instructive, the
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Fig. 9. CYGNSS zenith antenna gain difference levels computed as Gupgared = Gexisting- (2) FMOL1. (b) FMO02. (c) FMO5.

differences in gain pattern structures are more complex than
shifts in mean gain levels. This is illustrated in Fig. 9 across
the same three FMs. While it is important to achieve accurate
power calibration by compensating for zenith gains at the
appropriate levels, shifts in the overall gain by a constant
factor do not significantly compromise calibration quality and
instead simply introduce an FM-specific bias. Conversely, it is
the nonuniform shifts, the majority of which vary from 1.20 to
2.83, 2.00 to 3.68, and —0.70 to 0.87 dB for FMO1, FMO02, and
FMOS5, respectively, which increase the standard deviation of
measured EIRPs and introduce shape distortions, examples of
which were alluded to in Fig. 5 and more significantly impact
calibration quality.

Closely related are uncertainty statistics associated with the
updated patterns. For each of the eight final solutions, 35
patterns corresponding to the SVNs whose measurements were
initially incorporated were generated. The associated variabil-
ity reported as the ratio of the standard deviation relative to
the mean (o /u) of the three example patterns is reported in
Fig. 10, which is projected onto the same polar frame. To
provide context for the observed distributions, relative mea-
surement densities are also reported in Fig. 10. No significant
FM-to-FM variability in terms of solution uncertainties is
noted with the majority of estimates having their variability
limited to = 0.15, highlighting the repeatability of gain levels
derived from the procedure described in Section III. However,
more significant uncertainties are noted over the polar spaces
circumscribed by —30° < ¢* < 30° and 165° < ¢* < 195°.
An examination of the measurement density plots depicted
in Fig. 10(d)-(f) makes clear that this is associated with
a dearth of measurements in those regions where less than
5% of the overall volume of data exists. The concentration
of measurements about the azimuths 90° and 270° is more
directly related to the operation of the DDMR’s specular point
tracker, prioritizing measurements in the starboard and port
directions where higher nadir antenna gain levels exist, and
the likelihood of forming a specular geometry with a GPS

transmitter is considerably higher. As a byproduct of this
process, the regions of the zenith pattern with the higher
gain levels are utilized less frequently in real-time EIRP
tracking. For this reason, in the process of deriving the final
zenith antenna patterns, a minimum number of measurements
per polar pixel requirement of 500 observations is enforced.
For pixels where this requirement cannot be met, the corre-
sponding gain levels are determined through nearest neighbor
interpolation and, where necessary, extrapolation.

B. GPS Transmit Antenna Patterns

Examples of the resulting transmitter antenna gains
expressed as a function of off-boresight angles % are depicted
in Fig. 11. To highlight the repeatability of the Gr solutions
from this process, Fig. 11(a) depicts derived patterns from
each of the eight receivers, derived independently, and reported
separately where it can be observed that, for this block, IIR
transmitter peak deviation is limited to 0.2 dB relative to the
mean. Compared to reference patterns [14], both sets exhibit
a similar behavior characterized by a gradual increase of gain
peaking at = 10°. However, the solutions suggest that peak
SVN 41 gains are on the order of 17 dB, while the reference
suggests a 16-dB peak gain. Importantly, for the purposes of
calibrating CYGNSS’s observables, the difference between the
two sets of patterns is not a constant and instead includes a
shape modification. It is this form of shape adjustment that is
thought to be more representative of in-orbit behaviors, thereby
contributing to more improved calibration quality through
facilitating more accurate ratio estimates in (5).

Other examples include the block IIF case study involving
SVN 70 in Fig. 11(b) where derived Gr patterns are reported
across the three main roll states to highlight the independence
of the solutions from the receivers’ attitudes as a result, in
part, of the improved zenith gain pattern estimates where peak
deviation is similarly limited to less than 0.1-0.2 dB. Block IIF
patterns are characterized by limited variability of gain levels,
increasing by no more than 0.5 dB, up to an angle 6% = 10°
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Fig. 10. Relevant gain solutions’ uncertainty statistics. (a) Uncertainty, FMO1. (b) Uncertainty, FMO02. (c) Uncertainty, FMO0S. (d) Measurement density, FMO1.

(e) Measurement density, FM02. (f) Measurement density, FMO02.

followed by a less gradual decline in gain levels. Depending
on 9%, the differences relative to the reference estimates vary
between 1.5-3 dB, but CYGNSS’s derived patterns suggest
that G7 levels are consistently higher than published levels.
For other block IIF patterns, the mean difference is on the
order of 0.5-0.75 dB.

The case study summarized in Fig. 11(c) explores the
more complex scenario of SVN 80, a block III GPS trans-
mitter, where no reference is available. For ease of visual
comparisons with other pertinent SVNSs, its Gr is given as
an “anomaly” where the zero mean function is reported
after subtracting the mean 15.13-dB gain level. As part of
a GPS modernization and transmitter replenishment effort,
block III satellites were designed to serve as next-generation
transmitters equipped with upgraded payloads that enable
improved jamming resilience, the capacity to transmit the

additional civilian signal L1C, and operation over a nominal
life cycle of 15 years. The first block III satellite was launched
in December 2018 and began operations soon after. While
recent analyses [18], [19] have attempted to characterize the
properties of block III satellites using ground-based mon-
itors, for SVN 80, which began operations as recently as
December 2024, no public reference characterizations are
known to be available. As a result, given the need for the
placement of constraints on the range of Gy solutions in
the process contributing to the development of G®Z solu-
tions, no block III observations were initially incorporated.
The case of SVN 80 is an illustrative example of the
broader issue of requiring to consistently populate transmitter
SVN gain tables to support ongoing calibration activities,
including future SVNs, where no public references may be
available.
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Fig. 11. Example GPS Gr patterns rederived using CYGNSS’s zenith channels and related uncertainty statistics. (a) Pattern, SVN 41 as an example of

a block IIR transmitter. (b) Pattern, SVN 70, as an example of a block IIF transmitter. (c) Pattern, SVN 80, as an example of a block III transmitter. For
ease of visual comparison, it is reported as an “anomaly” after subtracting its constant 15.13-dB mean from all off-boresight angle gain levels. (d) Solution

uncertainty, SVN 41. (e) Solution uncertainty, SVN 70. (f) Solution uncertainty, SVN 80.

It is instructive to note that in Section III, the limited range
of ancillary inputs incorporated was added as a precaution
given the underdetermined nature of the system of equations,
which was initially available where both the receiver’s gain
patterns and the transmitter’s gain patterns were unknown.
However, once a satisfactory set of receiver zenith gain pat-
terns is derived, the solution for all future Gy estimates is
simply given by a rearrangement of the terms in (4).

In the case of SVN 80, a Pr = 300 W is selected following
the assumed values reported in the relevant literature [20].
While this enables estimating absolute gain levels, related
uncertainties have limited impact on CYGNSS’s calibration
as it is ratios of gain at different off-boresight angles that are
utilized as part of the calibration process in (5). Overestimates
of Py shift the complete curve to a lower mean gain level,
while underestimates of Pr shift up the overall gain curves to
a higher mean gain level. In both cases, the impact is negated
by a cancellation of the multiplicative term Pr.

The SVN 80, block III, antenna pattern exhibits a more
complex variability of gain levels characterized by a systematic
decrease up to 6% = 6° followed by a 5-dB increase peaking
at @ = 11.5°. In addition, examples relating to preceding
block IIT SVNs such as 74-79 are also depicted in Fig. 11(c)

whose patterns are consistent with a variety of independent
measurements previously reported [18], [19]. For additional,
more qualitative validation, the block IIRM patterns are also
included. In spite of the process of deriving the Gy patterns
corresponding to SVNs 74-80 not being aided by any ancillary
inputs, the overall gain curves exhibit a noteworthy likeness
to published block IIRM patterns. It is helpful to note that
while block IIF transmitters were manufactured by the Boeing
Company, block IIRM and block III SVNs are manufactured
by the Lockheed Martin Corporation such that the trends in
Fig. 11(c) suggest that the same antenna modules were used
across both fleets.

The final G is a per-FM mean across all receivers and all
roll states. While the averaging reduces the noise associated
with estimates of G deriving from a single polar pixel, it is of
interest to explore the uncertainty associated with the complete
set of solutions using the proposed methodology as a means of
quantifying variability. Example transmitter gain uncertainties
given by their o-/u are also depicted in Fig. 11(d)—(f). It can be
observed that, irrespective of the specific CYGNSS receiver,
the uncertainty estimates are highly repeatable across all three
example SVNs. While most peak at 10% relative to the mean
for the older generation transmitters such as SVN 41, across
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Fig. 12. Dynamically tracked EIRP statistics by CYGNSS zenith antennas using existing and updated patterns. (a) Mean EIRP, SVN 41 as an example of a
block IIR transmitter. (b) Mean EIRP, SVN 58 as an example of a block IIRM transmitter. (c) Mean EIRP, SVN 71, as an example of a block IIF transmitter.

(d) Uncertainty, SVN 41. (e) Uncertainty, SVN 58. (f) Uncertainty, SVN 71.

all transmitters, the mean uncertainty is estimated to be on the
order of 4%, highlighting the repeatability of G estimates
across all FMs, roll states, and polar subsets of the zenith
antenna patterns used.

C. EIRP Trends

The impact of the updated patterns on EIRP trends is
explored using the example block IIR, [IRM, and IIF measured
EIRPs originating from SVNs 41, 58, and 71, respectively, in
Fig. 12. It is instructive to recall, from (4), that over periods
during which the transmitters are not operated in a “flex
power” mode, it is most accessible to consider mean EIRP as
merely a Gr function scaled by a constant Pr such that, for
well-calibrated zenith measurements, the shapes of the EIRP
curves should be expected to mirror their corresponding Gr
estimates, examples of which were depicted in Fig. 11. The
trends depicted in Fig. 12 highlight the effects of incorporating
the updated patterns as, irrespective of SVN, the measured
EIRP trends for every block type closely mimic expected
behaviors. Conversely, the impacts of preceding mischarac-
terizations can also be observed where, depending on roll
state, significant shape distortions can occur. Examples of this
include the local peak at ¢, = +10° and 6% = 11 that is not
suggested by the derived Gr patterns or published reference

patterns. Similar, more egregious, shape distortions across all
three roll angles are noted for SVN 58 and all other block
IIRM SVNs whose reflections not only do not resemble the
corresponding block IIRM curves but also exhibit distinct
shapes across the three roll states. While uncertainties in
published Gr estimates contribute to these effects, the majority
of the observed shape distortions are thought to be attributable
to uncertainties in zenith antenna patterns informed by initial
characterizations. Recall both the mapping of measurements
to distinct spaces (i.e., “ring structures”) in Fig. 6 and the
nonuniform gain differences of the updated compared to the
existing patterns exhibited in Fig. 9. A relevant figure of merit
is, therefore, the relative shape distortion gs

100 E” ()~ Gr ()
— Gr (i)

1

= (14)

Ng,

comparing the normalized, to a scale of zero to one, EIRP
functions to their corresponding Gr functions. The resulting
mean estimates for block types IIR, IIRM, IIF, and III using
the updated patterns are 6.68%, 4.09%, 2.89%, and 6.48%.
The mean shape distortion using the initial zenith patterns is
69.64%.

Authorized licensed use limited to: University of Michigan Library. Downloaded on July 22,2026 at 17:41:03 UTC from IEEE Xplore. Restrictions apply.



AL-KHALDI et al.: UTILIZING IN-ORBIT CYGNSS ROLL MANEUVERS FOR IMPROVED LEVEL-1 CALIBRATION—I

5801416

1 . 1 1
208} 208} 2 0.8
0 0 w0
3 2z 3
= b= =
=] =] =}
Z Z 2
5 06} £ 06F 7. 0.6
g g g
e £ e
() [ ()
=04t = 04f Z 0.4t
2 2 2
= = =
& 0.2 = 02} & 0.2
Iteration 1 Iteration 1 Iteration 1
Ites 2 Ites 2 rat; 2
0 L r ) L L L L r r 0O L L L | r r
2 15 -1 15 2 2 15 -1 05 0 05 1 15 2 2 15 -1 05 0 05 1 15 2
AG™Z (dB) AGRZ (dB)

(b)

©

Fig. 13. Zenith antenna pattern difference distributions following an iterative procedure derivation procedure that interrogates the impact of feedback between
the correction intended to account for digital sampling artifacts and zenith gain patterns. (a) FMO1. (b) FM04. (c) FMO08.
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Fig. 14. Analysis pertaining to the number of measurements required to derive SVN’s G patterns explored using the example of SVN 81. (a) One measurement
per A6%, all randomly selected. (b) 1000 measurements per A@5, all randomly selected. (c) Error as a function of number of measurements per AG5.

As millions of measurements contribute to the observed
means in Fig. 12 at a given 6% angle, it is also of interest to
explore the corresponding uncertainty statistics also depicted
in Fig. 12. Using both sets of input patterns, it is observed
that uncertainties are limited to peak levels of 15% with
similar shape distortions using the original inputs occasionally
impacting uncertainty levels at specific % angles. Nonetheless,
a consistent improvement with the revised inputs is achieved
where, in the case of the example SVNs depicted in Fig. 12,
uncertainty values as low as 5% are attained, representing
50%—-60% reductions compared to their original levels. The
resulting overall mean uncertainty estimates for all block types
are, on average, reduced by 33.09%.

V. PRACTICAL CONSIDERATIONS
A. Need for Iterative Procedure

The EIRP calibration procedure highlights the need to apply
multiple correction terms. Two are of particular interest: A and
G®Z. Determination of the appropriate vz for each of the eight
zenith channels is based on a process that minimizes the slopes

of measured, dynamic Py estimates as a function of bin ratios.
For a comprehensive overview, see [16]. These measured Py
values are obtained by rearranging the terms in (4) such that
the absolute magnitude of CYGNSS’s reported SVN-specific
Pr is impacted by both vz and G®%. While this may suggest
that an iterative procedure may be needed for the determination
of both, tests suggest that iterations beyond the initial assess-
ments have minimal effect on either solution. To illustrate
this, the results of this iterative procedure in the context of
derived zenith antenna gains are described in Fig. 13 using
the examples of FMO1, FM04, and FMO7. Appropriate initial
vz terms are determined using a version of the calibration
procedure that incorporates initial characterizations of the gain
patterns. Once vz; is determined, the procedures described in
Section III are implemented to derive the initial version of
the zenith antenna patterns G®%/. The process of determining
parameters pertinent to the A function is then repeated using
a calibration procedure that incorporates G®%%, giving rise
to vz, which is then used to determine an updated GR®%!.
Iteration 1 summarizes the deviations between G®%! and GR%/
where the differences are found to be limited to a peak of

Authorized licensed use limited to: University of Michigan Library. Downloaded on July 22,2026 at 17:41:03 UTC from IEEE Xplore. Restrictions apply.



5801416

0.25 dB for FMO1 across the zenith pattern’s complete polar
space, 0.04 dB for FM04, and 0.2 dB for FMO08. The procedure
is repeated again with the resulting differences denoted by
Iteration 2 in Fig. 13. While the further reduction of gain
differences suggests that iterations refine the patterns, both sets
of differences highlight that convergence is achieved rapidly
such that only applications sensitive to 0.02-0.25-dB level
differences would need to pursue multiple iterations in the
process of determining zenith antenna gain patterns. In the case
of CYGNSS, the mean Iteration 1 differences were 0.22, 0.09,
0.02, 0.02, 0.06, 0.18, 0.12, and 0.15 dB across FMO1-FMO0S,
respectively, such that an iterative procedure is not deemed
necessary. In addition, vz solutions across all iterations are
consistent within a 5% margin.

B. Measurement Density: Transmitter Gain Patterns

As new SVNs are brought online, a need arises to char-
acterize their respective Gr(6%) patterns to be used in the
Level-1 calibration algorithm. To that end, it is of interest to
determine the number of measurements required to adequately
characterize the pattern. This is explored through a Monte
Carlo analysis using the case study of SVN 81, brought
into operation in June 2025. Using more than 200000 SVN
81 measurements tracked since, the pattern’s final form is
derived and reported in Fig. 14. Subsequently, the impact of
measurement density on the capacity to reconstruct the pattern
is explored by varying the number of measurements in each
AB® = 0.5° bin. In the case of Fig. 14(a), one measurement
per AGB s randomly selected, while, in Fig. 14(b), 1000
measurements per A8” are randomly selected and subsequently
averaged. While, in both cases, the envelope of the pattern is
adequately captured, the improvements that the larger number
of measurements yields are readily identifiable. The same
analysis is repeated across 200 realizations, and the mean
relative error is reported in Fig. 14(c) where it is observed
that ~ 100 measurements per A@® are sufficient for recreating,
effectively, the same reference pattern. For a receiver operating
with a duty cycle comparable to CYGNSS, a single day of
data would be sufficient to accumulate the necessary number
of measurements.

VI. CONCLUSION

This work sought to highlight how CYGNSS’s in-orbit
roll maneuvers may be used for calibration diagnostics and
improvement. This is achieved in large part through the
diversities that arise in observation geometries, which occur at
distinct GPS off-boresight angles, corresponding to each roll
state, even at fixed zenith pattern polar locations. As a result,
the consistency of calibration may be interrogated using EIRP
anomalies across the different roll angles relative to a nonrolled
state such that a perfectly calibrated system would exhibit
limited variability as a function of #5. Subsequently, these
properties were leveraged as a means of deriving improved
zenith antenna pattern estimates, as well as GPS G, which
were shown to improve the overall consistency of reported,
dynamically tracked, EIRPs.

The utility of the roll maneuvers for achieving further
improvements to the constellation’s nadir antenna patterns

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 64, 2026

and assessing the overall impact they have on the quality of
observables is explored in Part II of this work.
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