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Abstract—This work develops a methodology for using com-
manded roll maneuvers by Cyclone Global Navigation Satellite
System (CYGNSS) constellation observatories to improve the
determination of the nadir antenna patterns that receive GNSS
signals reflected from Earth’s surface. The method relies on
observation geometry properties in differing roll states that
are used as a diagnostic tool to reveal Level-1 calibration
errors associated with prelaunch mischaracterization of the nadir
antenna patterns and as numerical constraints on algorithms to
derive improved patterns that are more representative of in-orbit
gain levels. It is shown that the updated gain estimates differ by
−3 to 3 dB in a nonuniform fashion. In the companion work
(Part III), the effects the use of these updated patterns has in
terms of advancing the consistency of the calibration quality of
observables is explored. Initial assessments presented here high-
light how observable anomalies attributable to inconsistencies in
the characterization of in-orbit nadir may be reduced by over
50% using the proposed methodologies.
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I. INTRODUCTION

THE operation of the Cyclone Global Navigation Satellite
System (CYGNSS) mission’s eight satellite constella-

tion [1] as passive, specular, bistatic radar systems provides
advantages compared to other Earth remote sensing systems in
terms of platform cost, revisit characteristics, and robustness of
observables. However, CYGNSS’s reliance on ±1 MHz coarse
acquisition (C/A) codes originating from independent GPS
transmitters, each with distinct signal properties and whose
reflections can be received in any part of the receivers’ nadir
azimuthal and elevation antenna patterns, gives rise to multiple
calibration challenges. Refinement of the mission’s Level-1
(L1) calibration practices, therefore, continues to be a subject
of ongoing investigation.

While multiple spaceborne global navigation satellite sys-
tems reflectometry (GNSS-R) L1 calibration methods have
been previously reported [2], [3], [4], [5], [6], [7], [8], [9],
this work considers a new approach that leverages constraints
placed on receive antenna gain patterns that result from
CYGNSS satellite observations in different attitude (“roll”)
states. CYGNSS satellite roll maneuvers serve both as a diag-
nostic tool, enabling the identification of calibration anomalies,
and as part of an algorithm to improve characterization of
in-orbit nadir antenna patterns. While CYGNSS roll maneu-
vers were initially intended to maintain power budgets by
maximizing solar panel exposure to sunlight when needed
(see Part I [10] for a complete overview), they also give rise
to unique measurement properties relating to the observation
geometry that underpin the procedures explored here.

A summary of CYGNSS’s normalized bistatic radar cross
section (NBRCS) and reflectivity observables is provided in
Section II, followed by an overview of the new calibration
methodologies in Section III. This section addresses how
rolled data is used to identify discrepancies between prelaunch
and in-orbit nadir antenna patterns and also presents the
method used to independently derive nadir antenna patterns
across 16 channels (eight satellites, each having port and
starboard antennas). The updated antenna patterns obtained
are then compared to prelaunch patterns in Section IV. The
impact of the updated zenith antenna patterns, GPS transmit
gain patterns (see Part I [10]), and nadir antenna patterns on
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Fig. 1. Bottom view of CYGNSS spacecraft.

observables’ consistency is also briefly discussed but explored
in further detail in a companion work (see Part III [11]).
This is complemented with a discussion of several practical
considerations in Section V, followed by final conclusions and
discussions in Section VI.

While representative examples are shown using observations
made by specific CYGNSS receivers to illustrate the utility
of the proposed methodologies, the reported trends generalize
across all receivers and transmitters. Analysis of the properties
of CYGNSS’s observations across varied roll maneuvers also
shows that they present numerous avenues for improving the
calibration of GNSS-R systems. The techniques presented
here, therefore, constitute only an example of a wider range
of approaches for incorporating in-orbit roll maneuvers as part
of GNSS-R system calibration.

II. BACKGROUND

During CYGNSS’s routine GNSS-R operations, each of
seven receivers (eight prior to the failure of FM06 in Novem-
ber 2022) monitors four tracks of specularly reflected signals
originating from GPS transmissions. The reflections can be
tracked by either of two “port” and “starboard” nadir antennas.
An illustration of a CYGNSS flight model is depicted in
Fig. 1. The two antennas are separate, side-looking modules
with the starboard antenna oriented along the φN = 90◦

azimuth direction while the port antenna is oriented along
the φN = 270◦ azimuth direction; the receiver’s velocity
vector is along φN = 0◦. The reflections are then correlated
with corresponding “clean” local C/A code replicas to form
an onboard “full DDM” (delay Doppler map) spanning 128
delay pixels (sampled at ≈ 0.25 chips) and 20 Doppler
pixels (sampled at 500 Hz) [12]. Over a measurement’s
0.5-s integration period (1 s prior to August 2019), 500 1 ms
coherently integrated DDMs are incoherently averaged, giving
rise to the nominal 2-Hz Level-1 data rate. An onboard
cropping and compression algorithm selects a smaller 17 ×
11 delay/Doppler subset centered about the full DDM’s peak
for storage and downlinking. The smaller subset is the Level-1

Fig. 2. Illustrative example of a standard CYGNSS Level-1 DDM highlight-
ing the delay τ Doppler f spaces over which the constellation’s two primary
observables, NBRCS σ0 and surface reflectivity ΓLR, are computed.

TABLE I
SUMMARY OF LEVEL-1 CALIBRATION TERMS USED TO DERIVE

PRIMARY OBSERVABLES FROM CYGNSS’S UNCALIBRATED
RAW COUNT DDMS

DDM, an example of which is depicted in Fig. 2. The
downlinked DDMs are initially produced in uncalibrated “raw
counts” and subsequently undergo the calibration procedure
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and surface reflectivity ΓLR. A summary of Level-1 calibration
terms used to derive primary observables from CYGNSS’s
uncalibrated raw count DDMs is included in Table I. The term
Λ(b) is a function [6] intended to compensate for discretization
artifacts associated with CYGNSS’s 2-bit analog-to-digital
converters (ADCs) with the channel-specific scale factors cN

listed in Table II.
Previous studies have used σ0 and various derived prod-

ucts in the sensing of oceanic properties, including wind
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TABLE II
CHANNEL SPECIFIC INSTRUMENT cN SCALING FACTORS

speed [13], [14], convective activity [15], [16], heat fluxes
[17], [18], and the Madden–Julian oscillation (MJO) [19],
[20], while ΓLR over land has been used in studies of soil
freeze/thaw dynamics [21], [22], moisture [23], [24], [25],
[26], inundation [27], [28], [29], vegetation biomass [30], [31],
[32], and methane emissions [33], [34].

Any errors in the calibration terms in (1) and (2) have the
potential to compromise the observables’ relationship to the
geophysical properties of interest. Al-Khaldi et al. [10] address
the use of in-orbit CYGNSS roll maneuvers for improving
zenith antenna pattern characterization. Section III explores the
means with which the properties of “rolled measurements” can
be leveraged for improving nadir antenna pattern characteri-
zation. Emphasis is initially placed on the use of σ0 estimates
over the ocean because land measurements experience more
complex scattering phenomena [35], [36] and are impacted
by the confounding effects of vegetation, roughness, moisture,
and inland water bodies. The impact of the updated patterns on
the calibration quality of ΓLR is nonetheless also later explored
in [11].

III. PROPOSED METHODOLOGY

Simulations or prelaunch anechoic chamber measurements
of antenna patterns are typically applied in GNSS-R calibra-
tion, but such prelaunch-only methods can be inaccurate.

An illustration of the inconsistency in prior calibration of
the NBRCS of the ocean surface, and of the improvement in
consistency that results from the revised calibration presented
here, is shown in Fig. 3. The figure plots the mean difference
between the NBRCS observed when the spacecraft is rolled
and when it is not rolled as a percentage of the value when it
is not rolled. This “NBRCS anomaly” is defined as

σ̃0 (θi, ϕr) =

100
Nr

PNr
i=1 σ

0 (θi, ϕr) − 100
N0

PN0
i=1 σ

0 (θi, 0)
1

N0

PN0
i=1 σ

0 (θi, 0)
(3)

where θi is the incidence angle, ϕr is the roll angle, Nr is
the number of rolled observations averaged, and Nc is the
number of nonrolled observations averaged. Observations are
only included for which the wind speed at the ocean surface
was between 6 and 8 m/s, as determined by European Centre
for Medium Range Weather Forecasts Reanalysis v5 (ERA5)
data product. While ERA5 reanalysis data do not represent
“ground truth” for surface properties at the time of observation
and are subject to uncertainty, the estimates they provide are an
adequate reference source for the purposes of this study. Four
separate estimates of σ̃0 are shown in Fig. 3, one pair when
the spacecraft is rolled by −10◦ and +10◦ using the initial
patterns and a second pair at the same two roll angles using
the updated patterns. The actual NBRCS of the ocean surface

Fig. 3. FM01, Starboard NBRCS anomalies for observations with 6 ≤ u10 ≤
8 m/s ERA5 wind speeds at roll angles ϕr = +10◦ and ϕr = −10◦. View is
limited to the range of incidence angles over which 90% of the measurements
exist. Initial patterns refer to estimates of the nadir antenna patterns primarily
informed by mock-up chamber measurements using flight module replicas
and publicly available characterizations of the GPS antenna patterns.

can vary as a function of incidence angle, but it does not vary
as a function of spacecraft roll angle, so it should be the same
at ϕr = −10◦, 0◦, or +10◦. In other words, a perfect calibration
algorithm would produce σ̃0 of zero at all incidence angles.
In Fig. 3, σ̃0 levels using initial patterns are seen to vary by
as much as 20%, and their dependence on incidence angle
changes between the two roll states in a systematic and anti-
symmetric way. The σ̃0 levels using the revised calibration,
while still not perfect, are seen to be significantly reduced
both in magnitude and in their dependence on roll state.

The strong dependence of the σ̃0 utilizing the initial patterns
on roll state suggests that the root cause of its calibration
problem is likely due to an error in the assumed gain pattern of
the receive antenna. To explore this, consider how the antenna
gain in the direction of a fixed point on the Earth’s surface
will change as the spacecraft’s roll angle changes. Because
the antenna is rigidly mounted to the spacecraft, it will also
roll, and its gain in a particular direction will vary according
to the shape of the antenna pattern. The calibration algorithm
attempts to correct for the antenna gain, but does so accurately
only if the gain pattern is correct. The σ̃0 is evaluated with
respect to incidence angle in Fig. 3 in order to highlight
this relationship, since the angle of incidence of a GNSS-R
measurement is determined by the location of the receive
antenna but is independent of its attitude.

Next, to further explore the dependence these observed
trends have on calibration uncertainties, Fig. 4 illustrates
azimuth and elevation locations in the starboard nadir antenna
pattern that map to “mainlobe” Earth incidence angle 25◦ ≤
θi ≤ 26◦ across the three roll states using the mission’s
complete data record. While the azimuth space φN of each
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Fig. 4. Illustration of geometry periodicities across different roll angles.
Locations in polar co-ordinates of FM01-starboard measurements whose
incidence angles fall in the range 25◦ ≤ θi ≤ 26◦ for measurements collected
using FM01-starboard roll angles of ϕr = 0, +10, and −10.

roll state is similar, measurements occur at distinct elevation
angle co-ordinates θN . For example, at ϕr = 0, antenna pattern
locations 25◦ ≤ θN ≤ 26◦ consistently occur, while ϕr = +10
results in 15◦ ≤ θN ≤ 16◦ and ϕr = −10 corresponds to
35◦ ≤ θN ≤ 36◦. Together, Figs. 3 and 4 suggest antenna
pattern uncertainties can be important. For a fixed Earth
incidence angle, measurements in the different roll states occur
in distinct portions of the nadir antenna pattern so that pattern
errors over a wide angle space can cause significant calibration
errors.

While Figs. 3 and 4 highlight the usefulness of in-orbit
roll maneuvers as a diagnostic tool; they can also be used
to improve the calibration of L1 observables by deriving nadir
antenna patterns that may be more representative of in-orbit
levels. The means for doing so are described in what follows.

A. Incidence Angle Dependence

The procedures described in [10] and in this work seek to
ensure that measurements do not exhibit anomalous depen-
dencies on specific observation geometries, roll states, or
GPS transmitters, and that they consistently map to known
geophysical properties irrespective of said dependencies.
Al-Khaldi et al. [10] used rolled data to improve characteriza-
tions of dynamically measured transmitter effective isotropic
radiated powers (EIRPs). The approach was premised on the
desire to realize a zenith calibration chain that ensures that
measured transmit powers associated with each GPS SVN
are constant, and a reference PT was assumed as part of
the procedure’s initial steps. For a given transmitter SVN,
the expectation of a constant PT is justified in part by the
utilization of data where the transmitters are known to not
have been operated in a “flex power” mode (i.e., transmitted
power levels were constant for each of the SVNs) and the

fact that, while measured EIRPs will be “shaped” by the
transmitters’ gain patterns across different off-boresight angles
θB, the corresponding PT should exhibit no dependence on
observation geometry. For more details, see [10].

A similar procedure applies for nadir observations, where,
after controlling for surface conditions, nadir patterns are
derived in a manner that ensures consistent magnitudes irre-
spective of roll state, antenna pattern co-ordinates, and other
calibration parameters. NBRCS calibration, however, is com-
plicated by the fact that σ0 is expected to depend on both
surface wind speeds and incidence angles. The latter can vary
from 0◦ ≤ θi ≤ 60◦ in GNSS-R observations. Two ocean
scenes with identical geophysical properties observed at two
different incidence angles can then differ by an amount that
depends on the difference between observation angles θi,1 and
θi,2. It is thus of interest to standardize measurements made at
different incidence angles to a common angle using

σc =
σ0

f (θi)
(4)

where σc is an incidence angle independent NBRCS. As in
[42], measurements are referenced to nadir θi = 0◦ in what
follows. Two approaches, model or empirical, may be used to
specify the normalizing function f (θi).

The model approach is based on the formulation for the
NBRCS of an ocean-like surface presented in [37]. Model
predictions are based on the physical optics approximation
(equivalent to the first-order small-slope approximation for
specular scattering) for specular scattering from a Gaussian
random process surface. The model numerically evaluates the
complete Kirchhoff integral for surface scattering, so that the
geometrical optics approximation for specular scattering is not
required for surfaces of low to moderate roughness in terms of
the electromagnetic wavelength. Because the Kirchhoff inte-
gral can be challenging to evaluate numerically, the integration
approaches described in [38] are applied to ensure accurate
evaluations. The ocean-like surfaces considered are described
in terms of their power spectral density function, taken to
be that of Elfouhaily et al. [38], Hwang et al. [39], [40],
or an isotropic Pierson–Moskowitz spectrum [41]. The power
spectral density functions of these models are parametrized
by the wind speed at 10-m height above the surface and by
other parameters such as inverse wave age and water depth;
predictions were generated for fully developed seas and for
infinite water depth. For each of these sea surface descriptions,
the specular NBRCS was computed as a function of wind
speed and incidence angle, with f (θi) then determined using
(4). The dependence on angle predicted by the model can be
interpreted as arising from the slight decrease in the surface
reflectivity as incidence angle increases, combined with an
increase in the NBRCS in most cases due to an apparent
reduction in surface slope variance as the incidence angle
increases.

To empirically estimate f (θi), recall that Fig. 4 shows that
a fixed Earth incidence angle can occur in distinct antenna
pattern locations depending on the roll state. Similarly, mea-
surements made in the three roll states considered map to
distinct incidence angle ranges. For example, Fig. 5 shows that
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Fig. 5. Illustration of geometry periodicities across different roll angles,
highlighting reciprocal relationship associated with incidence angle distribu-
tions and nadir antenna polar locations using the example of FM01-starboard
measurement densities. Trends are for antenna pattern pixel circumscribed by
the limits 43◦ ≤ θN ≤ 45◦ and 74◦ ≤ φN ≤ 76◦.

antenna pattern locations 43◦ ≤ θN ≤ 45◦ and 74◦ ≤ φN ≤ 76◦

occur almost exclusively at θi = 44◦, 34◦, and 54◦ for roll
angles ϕr = 0◦, +10◦, and −10◦, respectively. It follows that
at that particular antenna pattern “pixel” (i.e., θN and φN

combination) the ratios σ0
−10/σ

0
0 ≈ f (θi = 54)/ f (θi = 44),

σ0
−10/σ

0
+10 ≈ f (θi = 54)/ f (θi = 34), and σ0

0/σ
0
+10 ≈

f (θi = 44)/ f (θi = 34) may be computed. These ratios provide
estimates of the empirical relationship that relates observations
made at θi = 54◦ to those made at θi = 44◦ as well as θi = 33◦,
in addition to the θi = 44◦ to θi = 34◦ relationship. Because
these ratios are computed at fixed antenna polar co-ordinates
based on the observation geometries, they are independent
of any antenna pattern errors, given that at a fixed θN and
φN any GR,N is common and would be canceled by the ratio
computed. The capacity to do so is enabled by the availability
of data in the various rolled states, as obtaining estimates at
multiple incidence angles would otherwise necessitate sam-
pling multiple locations of the antenna pattern, thereby limiting
the capacity to decouple the incidence angle dependence and
antenna gain level uncertainty.

As the antenna pattern space is traversed across all 16 nadir
antenna patterns, other combinations are formed, thereby
allowing for the construction of a more complete “ratio
matrix” R(θi, θi) as depicted in Fig. 6. Several features are
noteworthy, including the empirical estimates of ≈ 1 along
the one-to-one line as expected. The symmetry of the matrix
is also evident as information is mirrored about the 1-1 line;
for example the ratio of observations at f (θi = 50)/ f (θi =

30) ≈ 1.25 from below the 1-1 line is equivalent to the
ratio f (θi = 30)/ f (θi = 50) ≈ 0.8 above the 1-1 line. A
complication arises in regions where no ratios are reported.

Fig. 6. Empirically derived incidence angle dependence trends. The matrix
R(θi, θi) communicates the ratio of NBRCS whose incidence angle is indi-
cated by the x-axis value relative to an NBRCS measured at an incidence
angle whose value is indicated by the y-axis.

This includes, for example, the lack of any ratios relating
θi = 60◦ observations with any whose incidence angle is
below θi = 32◦. This is because the matrix R(θi, θi) is
constructed using data at the two roll angles + 10 and −10
and the incidence angle offsets they give rise to relative to
measurements made at ϕr = 0◦. The capacity to furnish larger
offsets to relate a wider range of angle pairs may be expanded
by roll maneuvers at more extreme angles. This, however,
may be an impractical solution as rolls as large as 50◦ would
be needed to reduce the θi = 32◦ cutoff to θi = 15◦; such
rolls are appreciably greater than the desired capacity for
referencing measurements to nadir and therefore estimating
the ratio f (θi = 60◦)/ f (θi = 0◦). Instead, a closer inspection
of the Fig. 6 matrix makes clear that “effective ratios” may be
computed using the available combinations. For example, the
series for the following equation can be computed:

f (60) ≈ R (60, 50) ·R (50, 30) ·R (30, 10) ·R (10, 0)

≈
σ0 (60)
σ0 (50)

·
σ0 (50)
σ0 (30)

·
σ0 (30)
σ0 (10)

·
σ0 (10)
σ0 (0)

≈
σ0 (60)
σ0 (0)

. (5)

In which the required terms are available and, since the
terms corresponding to observations at θi = 50◦, 30◦, and
10◦ all cancel, the desired “effective ratio” is obtained. The
same process is applied across all incidence angles and all
combinations, with the resulting empirical curve depicted in
Fig. 7.
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Fig. 7. Comparisons of model based and empirical f (θi) functions developed
using measurements in the 6 ≤ u10 ≤ 8 (m/s) wind speed range.

Both the modeled and empirical results concur that an
increase in NBRCS as a function of incidence angle, relative
to θi = 0◦ observations, should be expected. For mea-
surements made at θi ≤ 10◦, both the model predictions
and the empirical f (θi) suggest negligible variability, while
relative NBRCS changes exceeding 20% are obtained for
θi ≥ 50◦. Comparisons across all predictions suggest a peak
difference contributing no more than 0.5 dB, and the use
of any of the curves can provide an adequate normalization
for the continued studies of this article. Because the analysis
summarized in Figs. 6 and 7 represents a first attempt at
empirically reconstructing NBRCS incidence angle behaviors
in a manner thought to be independent of any antenna gain
uncertainties; more analysis prior to the adoption of these
empirical functions was deemed necessary. Therefore, in what
follows, the model-informed f (θi) is used for the normaliza-
tion process. Future investigators exploring these empirical
relationships under roll, particularly over other more complex
land scenes, are of interest, as the form of the empirical
function may provide information on surface properties and
scattering mechanisms. Given the use of Elfouhaily’s spectrum
in support of CYGNSS’s other calibration and validation
activities [43], [44], the corresponding f (θi) from Fig. 7 is
used in what follows, and can be approximated using:

f (θi) = α1θ
3
i + α2θ

2
i + α3θi + α4 (6)

where α1 = 2.303×10−7, α2 = 2.522×10−5, α3 = 2.569×10−4,
and α4 = 0.999.

B. Gain Solutions

Next, it is desirable to identify the range of nadir antenna
gains that would ensure that reported NBRCS estimates are

identical for the three roll states to a prescribed margin (ρre f )
of a reference NBRCS value σre f , i.e.,ˇ̌̌̌

ˇσc
0GR,N,p

�
θN , φN

�
GR,N

0

�
θN , φN

� − σre f

ˇ̌̌̌
ˇ ≤ ρre fσre f (7)ˇ̌̌̌

ˇσc
+10GR,N,p

�
θN , φN

�
GR,N

+10

�
θN , φN

� − σre f

ˇ̌̌̌
ˇ ≤ ρre fσre f (8)ˇ̌̌̌

ˇσc
−10GR,N,p

�
θN , φN

�
GR,N
−10

�
θN , φN

� − σre f

ˇ̌̌̌
ˇ ≤ ρre fσre f . (9)

Here, the angle-normalized NBRCS products σc
r at roll

angle r are scaled using the ratio of the initial pattern
GR,N,p(θN , φN) used as part of the L1 calibration process
(1) to the desired “true” antenna pattern of that roll state
GR,N

r . The process is repeated across all 16 antennas and
every polar pixel defined by the coordinates θN and φN .
Overly restrictive ρre f margins were found to limit the capac-
ity to derive antenna gain solutions across the full polar
spaces of the 16 nadir channels, while overly permissive
thresholds would not adequately address the desire to ensure
NBRCS consistency. A ρre f = 10% was found adequate.
Equations (7)–(9) can be combined to seek a consistent pattern
across all three roll states; the only physical set of antenna gain
solutions is that falls within the region of intersection of all
three sets as follows:

GN,R = GR,N
0 ∩GR,N

+10 ∩GR,N
−10. (10)

The subset of antenna gain solutions in GN,R all meet
the ρre f = 10% requirement, and an optimal final gain
solution GN,R

f is designated the value that minimizes the overall
difference relative to σre f across all three roll states

∗arg minGN,R∗
f (θN ,φN)

3X
r=1

ˇ̌̌̌
ˇσc

rG
R,N,p

�
θN , φN

�
GR,N

f

�
θN , φN

� − σre f

ˇ̌̌̌
ˇ (11)

where the subscript r denotes a prescribed roll state. The devel-
opment of σre f is informed by several practical considerations.
The subset of NBRCS measurements used should be limited
to surface conditions where it is reasonable to assume that a
quasi-constant NBRCS should be measured. As a result, the
measurements used were limited to those over ocean surfaces
having reference surface wind speeds within a prescribed
range. A measurement density sufficient to fill the patterns’
complete polar spaces is also required. Scenes with high wind
speeds have the potential to complicate this process due to
power saturation effects and loss of sensitivity. Conversely,
measurements made over ocean surfaces with lower wind
speeds may give rise to coherent or mixed scattering effects for
which the NBRCS may be sensitive to the presence of nonlo-
cally generated waves [35]. Informed by these considerations,
measurements having ERA5 wind speeds 6 ≤ u10 ≤ 8 m/s
were used. The reference σre f value was based on the mean of
the measurements falling within the polar space circumscribed
by 23◦ ≤ θN ≤ 27◦ and 87◦ ≤ φN ≤ 93◦ on starboard
channels and 267◦ ≤ φN ≤ 273◦ on port channels. Each
of CYGNSS’s nadir antennas is side-looking with boresights
centered about θN = 25◦ and φN = 90◦ for the starboard
antenna and θN = 25◦ and φN = 270◦ for the port antenna.
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Fig. 8. Initial illustration of the impact of utilizing updated antenna patterns on NBRCS consistency statistics across different roll angles. This exclusively
comprises measurements, both in terms of roll angles and reference wind speed ranges, that were not used as part of the process of deriving the updated
patterns. The wind speed range is 12 ≤ u10 ≤ 15 m/s. (a) Using initial pattern characterizations. (b) Using updated patterns thought to be more representative
of in-orbit levels.

Irrespective of the peak gain levels (approximately 15 dBi),
the choice of this particular polar space to develop the σre f

value is motivated by the expectation that pattern uncertainty
is reduced in this angle space. The resulting reference value,
normalized for incidence angles using the function f (θi) in the
wind speed range 6 ≤ u10 ≤ 8 m/s, is 21.94 m2/m2.

Other than this reference value, the process to obtain the
16 nadir patterns is decoupled from any prelaunch or initial
characterizations of the nadir antenna patterns. The procedure
constructs antenna patterns that ensure NBRCS consistency
across the three roll states considered and over the wind speed
range 6 ≤ u10 ≤ 8 m/s that should be more representative of
true, in-orbit gain levels. Fig. 8 provides an initial assessment
of performance using NBRCS statistics in the wind speed
range 12 ≤ u10 ≤ 15 m/s. Given FM01’s higher power draw,
a need arises to roll the receiver to larger roll angles so that
Fig. 8 also includes estimates from ϕr = 16◦ and ϕr = −16◦.
Both in terms of surface winds and roll angles, this subset
of measurements was not utilized in the process of deriving
the gain patterns. Across all roll states, NBRCS estimates
for the corrected patterns (right plot) are found to be nearly
independent of roll state. In contrast, errors in the prelaunch
estimates give rise to significant variations with roll state (left
plot), including a spread in the modes of the roll angle-specific
probability density functions (PDFs). Prelaunch patterns result
in a spread of 1.26 dB, whereas the spread is reduced to
0.23 dBs using the updated patterns. In addition, PDFs with
the updated patterns maintain a similar Weibull distribution
whose standard deviation is limited to 4.73 (m2/m2). PDF
shape distortions and an NBRCS standard deviation as high
as 8.80 (m2/m2) occur without pattern correction. A more
comprehensive assessment of the impacts of the updated
patterns is explored in Section IV.

After obtaining initial pattern estimates on a polar grid
having resolutions ∆θN = 0.1◦ and ∆φN = 0.2◦, several
filtering and smoothing procedures are applied. Particular
emphasis is placed on retaining the original pattern structure
while concurrently capturing and rectifying local anomalies
and various other discontinuities. A modified median-absolute
deviation filter (also known as a Hampel filter [45]) was
applied using the following equation, where detections are
made if the condition:

ˇ̌̌
GN,R

f

�
θN , φN� − Υ

�
G̃
�ˇ̌̌
>

−1
√

2Q (3/2)
Υ
�ˇ̌

G̃ − Υ
�
G̃
�ˇ̌�

(12)

is met. Υ is the median operator and Q is the inverse comple-
mentary error function. This algorithm is applied recursively
over windows as large as 2◦ and as fine as 0.2◦ in both
azimuth and elevation, with the corresponding gain pattern
entries contained in the matrix G̃, to identify and exclude
“global” and “local” anomalies. In conjunction, any resulting
gaps are filled via nearest-neighbor bilinear interpolation. A
moving median smoothing filter is also applied over windows
as large as 3◦ and as fine as 0.2◦. An example of the effect
of this process is depicted in Fig. 9, contrasting a prescreened
gain solution cut with the final curve. The overall structure
and amplitude of the gain levels are retained while addressing
the local discontinuities that appear at θN = 30◦, 47◦, 50◦,
53◦, and 54◦ in an automated fashion. In this case, it is also
noted that a modest augmentation of gain levels in the pattern’s
“null” at θN = 37◦ increases gain predictions from −10.5 to
−9 dB. As almost no measurements fall in these polar spaces,
such effects have been found to have a negligible impact on
aggregate statistics [11].
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Fig. 9. Example gain cut highlighting the effects of the filtering and smoothing
procedure applied.

IV. RESULTING ANTENNA GAIN PATTERNS

Example initial, updated, and difference nadir antenna gain
patterns for selected starboard and port channels are depicted
in Figs. 10 and 11, respectively. An initial comparison makes
clear that the proposed process gives rise to antenna gain
distributions that are both realistic and consistent with the
general trends of high versus low gains suggested by the initial
antenna patterns. In all cases, peak gains are on the order of
15 dB with some interchannel variability. For example, peak
in-orbit FM01-starboard gains in Fig. 10(d) are 15.70 dB while
the initial patterns in Fig. 10(a) has 15.06 dB. Conversely,
a slight reduction is suggested by the updated patterns for
FM08-starboard in Fig. 10(c) and (f), where in-orbit gains
are thought to be closer to 14.26 dB, 0.57 dB lower than the
original estimates. Similar peak gain levels, with a comparable
level of variability, are noted across the port-side channels in
Fig. 11.

The updated patterns also indicate slightly modified half-
power beamwidths (HPBWs) compared to prelaunch estimates
in Fig. 10(a)–(c) on the starboard side and their port-side coun-
terparts in Fig. 11. For example, the prelaunch patterns suggest
azimuth HPBWφ of 57◦ and depression HPBWθ of 32.70◦,
whereas the updated patterns indicate HPBWφ of 58◦ and
depression HPBWθ of 36.00◦ for the FM01 starboard antenna.
As a result of the broader HPBWθ, a higher percentage of
measurements are recorded with greater “true” gain levels than
the corresponding prelaunch pattern suggests. Importantly,
the nonuniformity of the gain differences between prelaunch
and updated gain patterns depicted in subplots Fig. 10(g)–(i)
is emphasized. For example, on FM01’s starboard antenna
differences ranging between 0 and 2.5 dB are suggested in
Fig. 10(g). Similar nonuniform variability is also noted in the
patterns’ sidelobes. In the case of FM01-starboard, the updated
patterns suggest that gains in the sidelobes are consistently

higher than prelaunch estimates and peak at 1.95 dB. Similar
trends are also noted for FM03 and FM08 difference patterns
in Fig. 10(h) and (i) where an underestimation of gain levels
by up to 2.5 dB and an overestimation by up to 0.75 dB,
depending on the exact polar co-ordinates within the sidelobes,
can occur. Closer to nadir, prelaunch estimates are found to
be representative of in-orbit levels with a difference < 0.5 dB
relative to the updated patterns, while a significant portion
of the antennas’ mainlobes appear to overestimate gain levels
by varying margins. For FM03, the updated gain estimates
are 0.5 dB lower at the antenna’s boresights, peaking at
14.74 dB, and can be up to 1 dB lower at the polar co-ordinates
θN = 40◦, φN = 100◦. For FM08, the updated patterns
suggest that gains can be up to 2.5 dB lower than previously
thought, in the vicinity of the same polar co-ordinates. Similar
complex, nonuniform variability of gain is noted on the port
side in Fig. 11(g)–(i) emphasizing the need for the pixel-
wise implementation of the operations described in Section III.
This also suggests that simpler operations applying constant
“debiasing” terms for every receiver channel as a means of
ensuring observables’ magnitude consistency across all 16
channels are likely to be of limited efficacy.

Comparisons of Figs. 10 and 11 also highlight the fact that
using the proposed procedure, two sidelobes occur for the
starboard channels while only one sidelobe results for the port
channels. The inability to derive a secondary sidelobe on port-
side channels relates to the lack of specular reflection tracks
in the respective polar coordinates. The CYGNSS on-board
observation allocation algorithm uses a pair of uploadable
antenna gain maps. These maps are coarse, low-resolution
representations of the CYGNSS port and starboard nadir
antenna gain patterns (5◦ steps in θN and 15◦ steps in φN)
that aid in the ranking of potential specularly reflected signals
tracked, and prioritize those predicted to have higher quality.
Notably, these maps include only the port and starboard main
lobes, with the side lobes set to a fill value. This was done
intentionally to force prioritization of the reflections in the
higher gain main beams. An artifact of this design is that
surface reflections located in the side-lobes are only allocated
to one of the four available tracking channels if there are
fewer than four valid reflections in the two main beams. In
cases when there are fewer than four main beam observa-
tions, the instrument will not idle the remaining channels
and instead allocates these channels to additional reflections.
While the details of the allocation algorithm are proprietary,
the results suggest that the starboard antennas’ sidelobes
are first considered, followed by one of the two port-side
sidelobes.

With respect to the effects this has on observables, Fig. 3,
which showed the impact of nadir antenna pattern mischar-
acterizations on roll-specific NBRCS anomalies, also shows
the benefits of the updated patterns. Significant improvements
are noted where the anomalies exhibit a reduced dependence
on incidence angle, typically less than 5%. Any residual
calibration uncertainties can still contribute to anomalies that
can reach up to 12% in a smaller subset of incidence angles.
As later shown in Part III [11], the impact this has on other
figures of merit appears minimal.
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Fig. 10. Comparisons of example nadir starboard gain patterns. Reported difference patterns computed as Gupdated − Gexisting. (a) Gain, Prelaunch—FM01.
(b) Gain, Prelaunch—FM03. (c) Gain, Prelaunch—FM08. (d) Gain, Updated—FM01. (e) Gain, Updated—FM03. (f) Gain, Updated—FM08. (g) Gain
Difference—FM01. (h) Gain Difference—FM03. (i) Gain Difference—FM08.

V. PRACTICAL CONSIDERATIONS

A. Roll States

The operations (7)–(9) leading to updated nadir gain pat-
terns, as well as those relating to the zenith channel parameters
in [10], can be generalized to a larger number of roll angles.

A sufficient measurement density across a varied and greater
number of roll angles is expected to place further constraints
on gain solutions, thereby further improving the process
of reconstructing patterns. Nonetheless, operators of future
GNSS-R instruments may be limited in terms of the number
of roll angles they may be able to maneuver their flight
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Fig. 11. Comparisons of example nadir port gain patterns. Reported difference patterns computed as Gupdated − Gexisting. (a) Gain, Prelaunch—FM01. (b) Gain,
Prelaunch—FM03. (c) Gain, Prelaunch—FM08. (d) Gain, Updated—FM01. (e) Gain, Updated—FM03. (f) Gain, Updated—FM08. (g) Gain Difference—FM01.
(h) Gain Difference—FM03. (i) Gain Difference—FM08.

models into due to mechanical constraints or due to other
considerations relating to the interruptions this may cause to
their routine science operations. As such, it is of interest to
explore the minimum number of roll angles needed to pursue
the prescribed procedures. While the operations described

in (7)–(9) can be be pursued at two roll angles, nonrolled
(i.e., ϕr = 0◦) and an additional (ϕr , 0◦) state, the
minimum number of roll angles required for a given antenna
is thought to be three. To elucidate this, measurement densities
on an example starboard antenna across the three roll angles
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Fig. 12. Relative measurement densities projected on nadir antenna patterns across different roll states using example FM05 observations. (a) Star, ϕr = 0◦.
(b) Star, ϕr = + 10◦. (c) Star, ϕr =−10◦. (d) Port, ϕr = 0◦. (e) Port, ϕr = + 10◦. (f) Port, ϕr =−10◦.

ϕr = 0◦,+10◦, and −10◦ are depicted in Fig. 12. At ϕr = −10◦,
few measurements occur beyond θN = 40◦ such that in the
corresponding polar space it is the pair of σc

+10 and σc
0

NBRCS estimates that will primarily enable the derivation of
updated gain estimates. Conversely, for ϕr = +10◦, relatively
fewer measurements occur at angles less than θN = 20◦

such that in the corresponding polar space, it is the pair of
σc
−10 and σc

0 NBRCS estimates that will primarily enable
the derivation of updated gain estimates. In both cases, this
is due to periodicities in how observation geometries map
to the antennas’ polar space at the different roll angles. A
similar, but polarity-flipped, trend applies to all port antennas.
As such, and given the need to reliably derive gains across
the antennas’ complete respective polar spaces, a minimum
of three collections at three roll angles is thought to be
required. The magnitude of the rolls required will depend on
the specific properties of the antenna module(s) utilized and
their orientation.

B. Measurement Density

Closely related is the consideration of the number of
measurements required to derive reliable and repeatable gain

solutions. In the work described in the preceding sections, the
ocean NBRCS estimates whose reference ERA5 winds fell
within the range 6 ≤ u10 ≤ 8 m/s measured at roll angles
ϕr = 0◦, +10◦, and −10◦ used a data record extending from
March 2020 to August 2025, furnishing tens of thousands of
measurements per pixel. The impact of the updated patterns
was later tested using data recorded starting August 2019,
using ocean measurements across all reported wind speeds,
as well as land measurements, both taken at all roll angles,
the majority of which did not play a role in or inform the
process leading to updated antenna patterns. Nonetheless, it
is acknowledged that future GNSS-R measurements may have
interest in applying this method using a more limited data
record of measurements and therefore a lower measurement
density per-pixel. It is therefore of interest to assess the impact
of reduced measurement density on gain solutions. This is
assessed via a Monte Carlo study in which the volume of data
used is reduced by factors of 50%, 25%, and 10%. The choice
of data is randomized across ten trials per reduction factor,
and for each trial, the resulting gain patterns are compared
(differenced) to the original results, which were shown in
Figs. 10 and 11. The mean difference per reduction factor is
depicted in Fig. 13, where it is observed that, irrespective of
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Fig. 13. Gain difference pdf capturing trends from all 16 nadir antenna
patterns as part of a Monte Carlo study intended to assess the impact of
reducing measurement density used as part of the process of developing nadir
antenna patterns.

the reduction factor, peak differences on average are limited to
0.2 dB. Furthermore, analysis suggests that a minimum of 100
measurements for every roll angle at a given polar pixel would
be sufficient for deriving similar results (with a comparable
difference margin) to those previously reported.

VI. CONCLUSION

This work demonstrates the utility of in-orbit roll maneuvers
both as a diagnostic tool intended to identify potential mis-
characterizations of nadir antenna patterns and as a means of
facilitating improved estimates. The proposed techniques are
explored in the context of CYGNSS’s 16 nadir antenna pat-
terns, where it is shown that nonuniform gain variability arises
when comparing the updated nadir patterns relative to initial
estimates. The differences range between −3 and 3 dB, while
suggesting peak antenna gains in the range of 14.5–15.5 dB
across the individual channels. Particular emphasis as part of
the proposed procedures was placed on the ability to decouple
physical incidence angle-dependent behavior from antenna
gain uncertainties as a result of the geometrical properties
of the data taken during rolled periods. Future studies are
encouraged to explore other possible information contained in
the rolled measurements, e.g., with respect to the reflectivity
properties of land surfaces.

Both for zenith (direct signal) and nadir (reflected signal)
channel calibration and validation activities, operation in a
rolled state for durations as short as 1–7 days is expected
to achieve the demonstrated improvement in calibration. Such
brief roll maneuvers could be included in the early on-orbit
commissioning phase of future mission operations to promote
the use of the calibration methods proposed.

The effects of incorporating the updated patterns in terms
of promoting enhanced calibration quality of Level-1 observa-
tions are explored in the third and final part of this series.
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