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Abstract—Radio occultation (RO) is a powerful tool for re-
motely sensing the atmosphere, producing globally distributed
soundings with high vertical resolution and high temperature
retrieval accuracy, especially in the stratosphere. The spatial
distribution of the soundings typically prevents the use of
these measurements for studying atmospheric effects with small
horizontal or temporal scales. However, careful arrangement
of a dedicated RO constellation can yield sounding clusters
useful for the tomographic reconstruction of internal gravity
waves with horizontal wavelengths in the tens of kilometers. This
paper presents occultation cluster quality metrics predictive of
internal gravity wave tomographic reconstruction error and uses
these metrics to compare the performance of two alternative
RO constellation geometries, mutual orbit groups (MOG) and
a spread in right ascension of the ascending node (RAAN).
MOG constellations have better overall performance and yield
more consistent cluster quality across all sampled latitudes, while
RAAN:-spread constellations have improved equatorial quality
and a trend toward reduced quality at the edges of the latitude
range. Additionally, analysis of clusters by latitude, ray azimuth,
and quality is performed in order to examine the trends in the
outlier best- and worst-performing clusters for each constellation

type.

I. INTRODUCTION

NTERNAL gravity waves in atmospheres are waves whose

restoring force is buoyancy and that propagate in three
dimensions, carrying with them energy and momentum. As
opposed to the well-known planetary waves associated with
synoptic weather systems—such as barotropic and baroclinic
waves—internal gravity waves occur at such small horizontal
and vertical scales that they are nearly impossible to probe
from space. Their signatures are omnipresent in temperature
and winds measured by radiosondes and by aircraft, especially
in the stratosphere, but the inability of space-based remote
sensing techniques to characterize their three-dimensional
spatial (and temporal) structure inhibits the inference of the
amount of momentum and energy they transport. Thus, while
these waves tantalize atmospheric scientists and are widely
thought to play crucial roles in many atmospheric phenomena
[1], including the tropical quasi-biennial oscillation [2], [3],
the breakdown of jet streams [4], and stratospheric Brewer-
Dobson circulation [5], quantifying the fluxes they carry from
the troposphere into the stratosphere, especially at small spatial
scales, remains a largely unsolved problem [6].
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Radio occultation (RO) using the transmitters of the Global
Navigation Satellite Systems (GNSS) [7], [8] offers a unique
opportunity to probe the three-dimensional structure of internal
gravity waves at these scales. GNSS RO remotely senses
the atmosphere by measuring the frequency shifting of the
timing signals of the GNSS transmitting satellites induced by
refraction in the atmosphere. Because RO recievers measure
both the amplitude and phase of the GNSS signals, physical
optics retrievals can effectively perform tomography and thus
reconstruct the vertical structure of the atmosphere at scales
limited by Fraunhofer diffraction. Vertical resolution of re-
trieved temperature from RO observations can be as small
as 60 m [9]. This enables the remote sensing of internal
gravity waves with vertical wavelengths too small (less than
12 km) to be observed by high-spectral-resolution infrared
nadir measurement [10]-[12].

RO, because it is a limb sounding technique, cannot in
general probe the horizontal structure of the waves in a single
retrieved temperature profile (though retrieval of some param-
eters may be possible in special cases, such as at a critical
level where the gravity wave spectrum is saturated, that impose
additional constraints [13], [14]). However, recent techno-
logical developments have enabled high-performance RO on
micro-satellite and nano-satellite form factors [15], [16], and
this leads to the possibility of close-formation constellations
of RO satellites in low-Earth orbit. When formed carefully,
such constellations can obtain clusters of atmospheric profiles
within very short temporal and small horizontal windows
spread in two dimensions horizontally thousands of times
daily. The clusters that result can be analyzed by tomography
to infer the horizontal wave-vectors of internal gravity waves
that are present and hence also the amounts of momentum and
energy they transport vertically. This technique of tomography
of internal gravity waves using RO has been demonstrated
previously [17], [18] with RO missions of opportunity, but
those endeavors yielded very few clusters because the RO
satellites involved were not configured so as to yield clusters
of soundings with regularity.

One type of close-formation constellation is the mutual
orbit group (MOG) wherein the satellites within a group of
satellites appear to orbit each other mutually as they orbit the
Earth [19]. This type of constellation is capable of clustering
occultations with spread in two horizontal dimensions globally
but the differential regression of nodes caused by the Earth’s
equatorial bulge disperses the satellites because they are in
orbits with slightly perturbed inclinations. Large amounts of
propulsion on board the satellites can be expended to maintain
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the formation, but existing propulsion systems would expend
all of their fuel in a matter of weeks to months. A viable
mission, on the other hand, should spread RO soundings of
the atmosphere within clusters in two horizontal dimensions
without expending quantities of propulsion that severely limit
the operational lifetime of the mission.

A close-formation constellation of RO satellites that are
spread in the right ascension of ascending node (RAAN)
without inclination tilting might be able to spread RO atmo-
spheric soundings within clusters in two horizontal dimensions
regularly without expending prohibitive quantities of propul-
sion. Because the satellites would have precisely the same
inclination and semi-major axis, their lines of nodes would
regress at the same rate (due to the Jy term in the Earth’s
gravity field) and therefore remain in close formation. The
constellation would be spread only in RAAN and true latitude
at a specific epoch; hence it is a RAAN-spread constellation.
The satellites would be distributed in the forward velocity
direction and in the transverse velocity direction perpendicular
to the radial when the formation crosses the equator plane,
but the satellites would form a “string of pearls” when at
maximum or minimum declination. Intuitively, the clusters
of atmospheric soundings that are obtained when the satellite
constellation is at low absolute declination are expected to be
distributed in two horizontal dimensions, but the soundings
within clusters are expected to be co-linear in the horizontal
when the satellites are near maximum or minimum declination.
If the soundings are co-linear, inferring the two-dimensional
horizontal wave-vector of internal gravity waves becomes
impossible. Thus, a trade-off is anticipated: MOG constellation
formations may yield clusters of RO soundings spread in
two horizontal dimensions globally with regularity at the cost
of large amounts of on-board propulsion, but RAAN-spread
constellation formations would yield clusters of RO soundings
spread in two horizontal dimensions reliably only at low
latitudes but without having to spend large amounts of on-
board propulsion. A thorough analysis of this trade-off is the
subject matter of this research.

Note that there are many types of nano-satellite constella-
tions that are possible and desirable for well-defined scientific
objectives. The constellations that are described herein are
well suited to three-dimensional atmospheric tomography at
horizontal scales of tens of kilometers by GNSS radio occul-
tation. If two-dimensional tomography (in one vertical and one
horizontal dimension) is all that is necessary to accomplish a
scientific objective other than internal gravity wave tomogra-
phy, then “string-of-pearls” constellations—wherein all of the
satellites of the constellation occupy the same orbit—should
suffice wherein no on-board propulsion would be necessary
and little challenge would be encountered in formation flying.

We intend this paper to be one in a sequence of papers on
the development and potential performance of a nano-satellite
gravity wave observatory and do not pretend to address all the
complications such an observatory is anticipated to encounter.
Among such anticipated complications is the fact that radio
occultation soundings are not purely vertical and are likely
to bias estimation of the vertical wavelength of the gravity
waves it sees. Secondly, radio occultation is a limb sounding

technique and as such a filtering effect will be incurred,
one that preferentially senses gravity waves that propagate
transverse to the radio occultation ray-path [20]. Even this
effect, though, is mitigated because the effective limb path
associated with an atmospheric anomaly is understood to be
proportional to the square-root of the vertical scale of the
anomaly multiplied by the radius of the Earth [7]: small
vertical wavelength gravity waves experience less of a limb
filtering effect than large vertical scale waves. Thirdly, a major
challenge will be estimating the phase of a gravity wave-
mode in the vertical given that most gravity waves exhibit
no more than one full cycle in the vertical. Previous work has
explored methods to determine the phase of a wave in radio
occultation soundings [17, e.g.]. All such complications will
be addressed in future research. This paper instead focuses
on a much more major architectural issue, and that is whether
and how a constellation of nano-satellites might be deployed to
form a gravity wave observatory with a multi-year operational
lifetime at affordable expense with existing technology.

This paper is organized as follows. In Section II, two metrics
(g1 and ¢2) are defined that quantify how well spread the RO
profiles within clusters are in two dimensions. Both pertain to
the ability with which the horizontal wave-vector of internal
gravity waves that are present can be inferred. In Section III,
the formation of RAAN-spread RO constellations is described.
In Section IV, an in-depth analysis of the qualities of the
clusters obtained by MOG and RAAN-spread RO constella-
tions is presented, and the underlying structure of these results
is explored in Section V. A summary and conclusions are
presented in Section VL.

II. SOUNDING CLUSTERS AND QUALITY METRICS

This section introduces the notion of RO sounding clusters
and metrics which characterize their usefulness for tomo-
graphic measurement of internal gravity waves.

Internal gravity wave tomography requires frequent cluster-
ing of RO soundings, but such clusters do not occur regularly
with existing and past RO satellites. Consider the line in space
connecting an RO satellite to an occulting GNSS satellite, as
pictured in Fig. 1a; the time of the resulting sounding is taken
as the instant this line is tangent to the ellipsoid of the Earth
(at straight-line tangent altitude of zero), and the location of
the sounding is the point of tangency at that time. A set of RO
soundings is considered a cluster if they are closely-spaced in
both time and location on the surface of the Earth. Such a
cluster is useful in the study of phenomena with small spatial
and temporal extent, such as internal gravity waves.

To date, only two dedicated RO constellations, COS-
MIC and COSMIC-2, have been deployed into orbits de-
signed specifically for RO. (Other past and current RO satel-
lites—those of Spire Global, for example—were deployed in
orbits of opportunity, except for the Metop satellites in sun-
synchronous orbits.) The COSMIC and COSMIC-2 spacecraft
are arranged one-per-plane in circular orbits, with planes
spaced evenly in RAAN around the Earth; as a result, they
are typically thousands of kilometers apart. This necessitates
that any occultations of a given GNSS satellite observed
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by separate RO satellites in the constellation will result in
soundings which are far apart on the ground. The satellites
of the GNSS constellations are also typically far apart in
their orbits, implying that occultations of separate GNSS
satellites observed in quick succession by a given RO satellite
will similarly result in widely-spaced soundings. Moreover,
the relative locations of the Earth surface and the GNSS
constellations evolve significantly before any RO satellite can
return for a second occultation with this GNSS satellite. The
period of the RO satellite orbits is approximately 90 minutes;
over this time the Earth rotates approximately 22.5°, and the
GPS satellites (for example) travel approximately 45° in their
orbits.

Soundings which are closely-spaced in both location and
time are therefore exceptionally rare, resulting from coinci-
dental arrangements where either

1) two separate RO satellites observe occultations with the
same GNSS satellite near a point where their orbits
intersect,

2) one RO satellite observes the occultation of two separate
GNSS satellites near a point where their orbits intersect,
or

3) two separate RO satellites each observe an occultation
with a separate GNSS satellite such that the ray paths
have close points of tangency.

These situations rely on geometric coincidences. Therefore,
typical RO constellation geometries cannot be relied upon
to produce sounding clusters with any consistency, let alone
produce clusters distributed around the Earth. For example, a
six-month simulation of COSMIC-2 (using the same methods
described in Section IV-B) yields approximately 2.35 million
possible occultations. Of these, only 1.28% have two others
within 10 minutes and 100 km which use a different receiver;
only 0.06% have more than two.

An RO constellation composed of spacecraft in close for-
mation, however, reliably produces clusters; if a constellation
is composed of satellites in slightly perturbed orbits, each
satellite in the constellation observes the occulation of a given
GNSS satellite and produces soundings at slightly perturbed
times and locations. A group of m spacecraft flying close
to some reference orbit almost always produces a cluster of
m soundings at each location where a sounding would be
observed by an RO spacecraft in the reference orbit. RO
satellite proximity alone guarantees the production of clusters,
but the exact spatial arrangement of the soundings on the
ground is dependent on the specific geometry of the satellite
constellation. For example, a string-of-pearls constellation
(some number of satellites following each other closely in
the same orbit) tends to produce clusters distributed linearly
along the ground. While any single RO sounding profile is
sufficient to observe the vertical component of an internal
gravity wave present at the sounding location, the horizontal
components of the wave-vector must be inferred from a cluster
by tomography. In order to quantify the utility of a specific
cluster geometry—and thereby constellation arrangement—for
the tomographic reconstruction of internal gravity waves, a
simple observation model for the horizontal wave vector
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Fig. 1: Outline of the process for internal gravity wave
tomography using clustered GNSS RO soundings

component is now introduced and used to derive metrics for
cluster quality.

The observation process is outlined in Fig. 1: n GNSS
occultations are observed by the RO satellites (Fig. 1la),
yielding n closely-spaced soundings; these are approximated
to have local two-component Cartesian locations 71, ..., 7,
given by points of tangency. In each sounding profile (Fig.
1b), the gravity wave is observed to have phase ¢, ..., ¢y,
respectively. (The process for this phase retrieval is beyond
the scope of this work, but will be addressed in future papers.)
An estimate of the horizontal component of the wave vector,
k, is then fit to the locations and phases of the soundings in
the cluster (Fig. 1c).

The observation model relating these locations 7;, phases
¢;, and the horizontal component of the wave vector k, is
given by

¢i = (ri — 7o) -k + ¢o + €, (D

where r( is a reference location at which the wave has phase
¢0, and ¢; is the error in the phase observation (assumed to
be independent for each ¢). This model isolates the effects of
the horizontal sounding distribution: It assumes that the delay
between soundings is small compared to the timescale of the
internal gravity wave, and additionally that any 27 ambiguities
in wave phase are resolved (which is possible given soundings
with sufficiently small phase recovery noise and irrationally-
related spacings along the wave vector).

Let the matrix R € R™*?2 be constructed such that element
R;; gives the z (j = 1) or y (j = 2) coordinate of sounding
1 relative to that of rg. Eqn. 1 is written in vector form as
¢ = Rk + ¢91 + €, and the maximum-likelihood estimate of
the wave vector is then given by

k= (R'R)"'R"(¢ — ¢o1). )
If ro is taken as the mean location of all soundings 7 =
% > 7, then R = R is given by

R=[r—7 -7 3)

In this case, Eqn. 2 is independent of the unknown ¢, since
by construction RT1 = 0, and the minimum-variance estimate
of the horizontal wave vector is obtained. Assuming the errors
¢; in the phase observations are independent and have variance
ai, then the error k — k of the resulting wave vector estimate
has covariance matrix ai(RTR)*l. The uncertainty in the

inference of the horizontal wave-vector k can be determined
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without observations to within a factor of 03) from only the
positions R of the soundings within a cluster.

This covariance forms the basis for two cluster quality
metrics, g1 and gs:

1/2

@ =05 [det(R'R)]”
q2 = O¢ [)\min(RTR)] 1/

(4a)
(4b)

Quality metric ¢; represents the total area of uncertainty in
wave-vector space, while g, represents wave vector uncertainty
along the least-certain axis. As such, lower values are desirable
for both ¢; and ¢s; lower values indicate less uncertainty and
more-accurate wave vector reconstruction.

A few properties of RO sounding clusters for utility in
internal gravity wave tomography can be inferred from the
above definitions:

1) Unique determination of the two-component wave vector
and ¢¢ requires three measurements sampling the same
wave (else the rows of R become co-linear); for fewer
than three soundings, both metrics go to infinity. Estima-
tion of uncertainty (i.e. 04) requires over-determination
by more than three measurements.

2) As the soundings in a cluster approach colinearity, re-
gardless of their number, these metrics approach infinity.
Components of the wave vector perpendicular to the line
of soundings cannot be resolved.

3) Both metrics improve as more soundings are added to the
cluster.

These properties are demonstrated in the example clusters
shown in Fig. 2.

Finally, we note that the phase measurement error oy is a
property of the system used to make and process the individual
observations, not the cluster geometry. The ¢; and g metrics
will only be used to study the relative quality of cluster
geometries, so o4 = 1 radian is assumed for the remainder
of the paper; this value is conservative, but not unreasonably
so. Calculating the exact value will be the subject of future
study.

Using the ¢; and g2 metrics to quantify the quality of
individual sounding clusters, we can now examine the ability
of different close-flying constellation geometries to reliably
produce clusters which are useful for the tomographic recon-
struction of internal gravity waves.

III. CONSTELLATION GEOMETRIES

A carefully designed formation of RO satellites is required
in order to optimize the utility of the RO sounding clusters
according to the metrics ¢; and g2. All considered constel-
lations begin with a reference circular orbit with semi-major
axis (SMA) ay, inclination %, right-ascension of the ascending
node (RAAN) 2, and argument of latitude ug = wg+ My (the
sum of argument of perigee and mean anomaly). This paper
will compare the performance of two different RO tomography
constellation types which can be defined by small changes
to this orbit, (1) Mutual Orbit Group (MOG) constellations
and (2) RAAN-spread constellations. These are illustrated
qualitatively in Fig. 3.
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Fig. 2: Example four-sounding clusters and their metric values:
(a) is spread evenly in both dimensions; (b) exhibits worse
performance than (a) by both metrics; (c) has even worse
q1 than (b) due to reduced overall spread, but equivalent
q2 since the smallest dimension is the same; (d) has the
same ¢; as (b), but with improved g due to the more-even
spread; (e) is approximately comparable to (d), but with an
asymmetric geometry; (f) is nearly co-linear, and exhibits poor
performance by both metrics.

A. Mutual orbit group constellations

These constellations are comprised of a series of g mutual
orbit groups, or MOGs. Each MOG consists of m satellites
that, once per orbit, complete a revolution in relative posi-
tion to a virtual spacecraft in the reference orbit. This is
accomplished by matching all spacecraft mean motions, evenly
spacing the orbit angular momentum vectors on a cone of
angle 0 about the reference angular momentum, and giving
each a small eccentricity to extend their relative trajectory in
the orbital velocity direction. Each MOG is delayed by time 7
in its orbit relative to the previous group. Such a constellation
will be referred to as a g-m-7 MOG constellation, with 7
specified in seconds. Figure 3a qualitatively shows a MOG
constellation, with each satellite in a two-satellite group re-
volving around a reference orbit as the group travels around
the planet.

The MOG arrangement achieves consistent horizontal spac-
ing of satellites in each group, but requires the spacecraft to
have slightly different inclinations. As a consequence, each
orbit has a slightly different rate of nodal regression due to
the Jy gravitational perturbation, and the constellation requires
frequent correction maneuvers (requiring velocity change, or
AV, on the order of 2-3 ms~! day ' in low-Earth orbit). For
further discussion of these constellations, their construction,
and their maintenance requirements, see [19].

B. RAAN-spread constellations

RAAN-spread constellations are introduced here as an al-
ternative to MOG constellations. A RAAN-spread group also
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(a) Mutual Orbit Groups

@~

(b) RAAN-spread

Fig. 3: Illustration of two constellation types. a and e are the
semi-major axis and eccentricity of the orbits, respectively,
and § is the width parameter of the constellation. The arrow
diagrams on the right illustrate the apparent relative motion as
the satellite groups move along their reference orbit tracks.

consists of g sub-groups of m spacecraft with orbits close to
a circular reference, with each group delayed relative to the
previous. Each satellite (j,k) € {1,...,9} x {1,...,m} has
orbital elements given by

ajk = ag (52)

ejr =0 (5b)

1k = 10 (5¢)
Qo m=1

ik = {Qo (e ot (2m2) ms1 OO

Ujp =up—7(j — 1)\/ua53

— tan™" [ cos g tan(2,x — Q)] (5e)

where p is the standard gravitational parameter of the Earth.
The final terms in Eqns. 5d and Se are derived from spherical
trigonometry, and assure that the spacecraft in each sub-group
are exactly abreast with angular separation § when the group
crosses the ascending node. As for MOG constellations, the
width parameter J gives the maximum cross-track angular
separation between the spacecraft and the reference orbit, and
the delay parameter 7 gives the time delay between successive
groups passing over the same point in the orbit. Such a
constellation will be referred to as a g-m-r RAAN-spread
constellation, again with 7 specified in seconds. Figure 3b
qualitatively shows a RAAN-spread constellation, with a two-
satellite group moving back and forth as it travels around the
planet.

RAAN-spread constellations have the advantage of not
requiring any spacing of the satellites in inclination, and
therefore they do not experience significant differential regres-
sion effects. However, they do not offer consistent cross-track
spacecraft spacing throughout the orbit, while MOG constel-
lations do. Each group only attains cross-track separation 9§
at the ascending and descending nodes, and the constellation
asymptotes to a string-of-pearls at the maximum and minimum
declination out of the equatorial plane. This paper seeks to
compare the tomographic performance trade-off between these
two constellation types using the introduced quality metrics ¢
and g¢s.

IV. SUMMARY OF CLUSTERS AND QUALITY METRICS

In this section, the quality of the clusters produced by 26
constellations—13 MOG constellations and 13 corresponding
RAAN-spread constellations—is assessed using metrics ¢; and
qz.

A. Considered constellations

The constellation arrangements considered here are listed in
the first column of Table I. Each is specified by a three-number
series g-m-7, where g represents the number of groups in
the constellation, m represents the number of satellites within
each group, and 7 represents the time delay between groups,
measured in seconds. (For instance, MOG constellation 2-3-60
specifies two MOGs of three satellites each, with a 60-second
time delay between each MOG.) For all constellations, the
reference inclination and semi-major axis are taken as those of
the International Space Station, ¢g = 51.4° and ag = 6778 km,
respectively. Additionally, the width parameter ¢ is taken as
0.174°, corresponding to a group width of approximately
40km. This width was chosen to approximately match the
horizontal wavelength of the internal gravity waves we seek
to probe.

The need for significant constellation maintenance using on-
board propulsion disfavors MOG constellations; the AV re-
quired to counteract differential nodal regression for the MOG
constellations is 2-3 ms~! day ! [19], which is not required
for the RAAN-spread constellations. Other maintenance tasks,
for example phasing and altitude maintenence to counteract at-
mospheric drag effects, should depend mostly on the reference
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TABLE I: Mean, min., and max. AV required to deploy the
satellites of each MOG and RAAN-spread (RS) constellation
from ISS orbit. g-m-7 specifies g groups with m satellites
each, and a 7-second along-track delay between each group.

Constel. MOG Dep. AV [m/s] RS Dep. AV [m/s]
g-m-7 [s] | Mean Min. Max. | Mean Min. Max.
2-2-60 63.0 558 70.2 53.0 529 53.0
2-2-150 63.1 56.1 70.2 53.1 52.9 53.3
2-2-300 63.4  56.6 70.2 53.3 529 53.8
2-2-600 63.8 575 70.2 53.8 529 54.7
3-3-60 945 702 108.3 354 0.0 53.2
3-3-150 948 702 108.8 35.7 0.0 53.8
3-3-300 952 702 109.8 36.2 0.0 54.7
3-3-600 96.2 702 111.6 37.1 0.0 56.6
2-3-60 924 702 103.6 35.3 0.0 53.0
2-3-150 92.5 702 103.8 35.5 0.0 53.3
2-3-300 92.8 702 1043 35.7 0.0 53.8
2-3-600 932 702 105.2 36.2 0.0 54.7
3-4-600 87.0 556 1074 547 529 56.6

orbit, and therefore require comparable AV for all considered
constellations. The mean, minimum, and maximumum AV
to deploy the satellites in these constellations are listed in
Table I; these are calculated using the equations presented in
[21], [22] and [23], assuming a low-thrust transfer of each
satellite from ISS orbit to its target orbit. The RAAN-spread
constellations are consistently easier to deploy than their MOG
counterparts. The difference is smallest (approx. 10 ms~1!) for
2-2-7 arrangements, and largest (approx. 60 ms~1!) for g-3-7
arrangements.

The rest of the work considers constellation performance
solely in terms of the quality metrics ¢; and g, assuming that
they are properly deployed and maintained.

B. Constellation performance simulation

Orbits for the MOG and RAAN-spead RO constellations
in Table I and for the GNSS constellations are simulated
using Systems Tool Kit (STK). All 31 Global Positioning
System (GPS) satellites, 25 Global Navigation Satellite System
(GLONASS) satellites, 26 Galileo satellites, and 46 BeiDou
satellites are included; these orbits are initialized with current
(as of September 25, 2020) two-line element sets (TLEs) and
propagated using the Simplified General Perturbations model
(SGP4). The RO spacecraft orbits are propagated using the
STK two-body propagator in order to simulate the effects of
proper constellation maintenance, mainly the preservation of
altitude and relative plane orientation; correspondingly, the
slight apsidal-precession corrections to the MOG semi-major
axes (see [19]) are removed. All occultation soundings—both
rising and setting—during a six-month simulated flight starting
on January 1, 2020 are recorded, subject to a 60° half-width
boresight angle restriction. Soundings are grouped into clusters
if they (1) all involve the same GNSS satellite, (2) each involve
a unique receiver satellite, (3) all occur within half an hour,
and (4) all occur within 3000 km. The quality metrics ¢; and
g2 are calculated for each resulting cluster.

Figure 4 shows one day’s worth of soundings for a 2-
2-300 MOG and RAAN-spread constellation. The distribu-
tion of clusters is nearly identical for each constellation, as
would be expected given the identical reference orbits and

delay parameters. The MOG constellation shows consistent
g2 performance over all sampled latitudes, while the RAAN-
spread constellation gives an increased concentration of high-
g2 clusters in the high latitudes. However, the performance
does not consistently degrade; the RAAN-spread constellation
still yields many low-gs clusters in the high latitudes.

Figure 5 shows a latitude-binned box plot of the ¢; and go
metrics for 2-2-300 MOG and RAAN-spread constellations
over the full six-month period. The red and blue curves
represent the log-mean quality metrics over the latitude range
for the MOG and RAAN-spread constellations respectively.
This confirms the principal observation from Fig. 4: the MOG
constellation obtains uniform quality performance over all
latitudes, while the cluster qualities of the RAAN-spread
constellation degrade slightly toward the high latitudes. The
RAAN-spread constellation performs slightly better than the
MOG:s in the equatorial regions.

The results for all considered constellations are summarized
in Table II. Low latitudes (|¢| < 25°) are summarized in Table
ITa, while mid latitudes (25° < |¢| < 70°) are summarized in
Table IIb. Due to the chosen reference inclination of 51.4°,
no clusters were obtained in high latitudes (|¢| > 70°). For
all considered constellations, the number of clusters in each
latitude region is approximately equal, with a slight decrease
noticeable as the delay 7 is increased. This decrease is
caused by long-delay constellations occasionally missing some
occultation opportunities due to a change in GPS position over
the delay time, for example if one group is able to catch an
occultation which is no longer visible to the second group.
Note that Nyceurs and Neusters 10 Table II count the number
of occultations and clusters, respectively; these are related by
Noccults ~g-m- Nclusters~

In both latitudinal regions, for all constellations, increasing
the time delay 7 between satellite groups improved the cluster
quality metrics. Since ¢» decreases with increasing time delay,
it can be inferred that the along-track cluster spacing due to
the delayed groups is the limiting axis of uncertainty for wave
vector reconstruction. However, the feasible delay between
groups is limited by the time scale of the atmospheric features
being observed. Larger constellations with equivalent time
delays also demonstrated better performance in all regions;
this is expected, since the number of samples in each clus-
ter—and therefore the information—available for wave vector
reconstruction increases with the number of satellites.

At mid latitudes, MOG constellations consistently outper-
form corresponding RAAN-spread constellations in both ¢
and ¢o. This mid-latitude performance gap is illustrated for
2-2-300 constellations for ¢; and ¢o in Figures 5a and 5b,
respectively. At low latitudes, disparities between the perfor-
mance of equivalent MOG and RAAN-spread constellations
are inconsistent, and such disparities are much smaller than
those in mid-latitude regions. In this regime, nearly all RAAN-
spread constellations perform slightly better in ¢; than MOGs,
however only small RAAN-spread constellations (e.g. 2-2-7
arrangements) outperform their MOG counterparts in ¢s.
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Fig. 4: One day of soundings from all GNSS constellations for a 2-2-300 MOG constellation (left) and a 2-2-300 RAAN-spead
constellation (right), colored by ¢-. Both constellations have good spatial coverage of the globe, with nearly identical cluster
distributions. However, the RAAN-spread constellation gives more high-g» clusters in the higher latitudes, while the MOG
constellation shows consistent quality performance. The best range roughly corresponds to reconstruction of a typical wave

vector with less than 10% error.

TABLE II: Number of occultations (GPS, GLONASS, Galileo, and BeiDou), number of clusters, median cluster ¢;, and median

RAAN-Spread 2-2-300

Best, g2 € [0,1072] km ™!
Good, g2 € [1072,107!] km ™!
Fair, g2 € [1071,1] km ™!
Poor, g2 € [1,00] km™!

cluster go over six simulated months for two latitude ranges. Lower ¢; and g» values indicate better performance.

(a) Summary of Sounding Clusters in Low Latitudes, |¢| < 25°

Mutual Orbit Group Constellation

RAAN-spread Constellation

g-m-7 [s] Noceults Nelusters mdn. q1 [km72] mdn. g2 [kmil] Noceults Nelusters mdn. ¢1 [km72] mdn. g2 [kmil]
2-2-60 758235 188717 1.672 x 10=3 6.910 x 10~2 757556 188676 1.324 x 103 6.273 x 10~2
2-2-150 758417 187994 6.704 x 10~ 4 5.107 x 10~2 757720 187953 5.290 x 10~ 4 4.573 x 1072
2-2-300 758530 186733 3.361 x 10~4 4.784 x 10~2 757721 186661 2.639 x 10~4 4.266 x 10~2
2-2-600 759044 184119 1.683 x 104 4.663 x 10~2 758121 184063 1.313 x 104 4.143 x 10~2
3-3-60 1706129 188214 4.540 x 104 3.696 x 1072 | 1704521 188176 4.407 x 10~% 3.866 x 10~2
3-3-150 1706775 186705 1.806 x 104 3.204 x 1072 | 1704775 186656 1.749 x 104 3.473 x 1072
3-3-300 1707673 184112 8.813 x 1075 3.065 x 1072 | 1705432 184081 8.537 x 10~5 3.354 x 10~2
3-3-600 1710626 178738 3.640 x 10~° 2.804 x 10~2 | 1708409 178789 3.680 x 10~5 2.983 x 10~2
2-3-60 1137578 188774 1.113 x 103 5.639 x 1072 | 1136363 188682 1.081 x 103 5.572 x 1072
2-3-150 1137528 188002 4.451 x 104 4.140 x 1072 | 1136564 187951 4.319 x 10~% 4.469 x 10~2
2-3-300 1179219 192940 1.798 x 104 3.644 x 1072 | 1136579 186663 2.155 x 10~4 4.223 x 1072
2-3-600 1138824 184158 1.108 x 104 3.754 x 1072 | 1137311 184089 1.072 x 104 4.131 x 10~2
3-4-600 2280877 178669 2.729 x 1075 2.429 x 1072 | 2277732 178764 2.975 x 1075 2.781 x 10~2

(b) Summary of Sounding Clusters in Mid Latitudes, 25° < |¢| < 70°

Mutual Orbit Group Constellation RAAN-spread Constellation

g-m-7 [s] Noccutts — Nelusters _ mdn. q1 [km72] mdn. g2 [kmil] Noccuts — Nelusters — mdn. q1 [km72] mdn. g2 [kmil]
2-2-60 1192011 296258 1.169 x 103 4.804 x 10=2 | 1192121 296284 2.265 x 10~3 8.899 x 10~2
2-2-150 1191922 294893 4.687 x 104 4.126 x 1072 | 1191937 294887 9.069 x 10~% 8.163 x 10~2
2-2-300 1191742 292667 2.349 x 10~4 4.093 x 1072 | 1191963 292655 4.536 x 10~% 8.032 x 10~2
2-2-600 1191227 288240 1.179 x 104 4.120 x 1072 | 1191568 288201 2.270 x 10~4 7.979 x 10~2
3-3-60 2682007 295273 3.179 x 10~4 2.817 x 102 | 2682236 295374 7.551 x 10~4 6.738 x 10~2
3-3-150 | 2681506 292580 1.271 x 104 2.708 x 1072 | 2681905 292653 3.011 x 10~ 6.545 x 10~2
3-3-300 | 2680437 288141 6.328 x 1075 2.672 x 1072 | 2681278 288186 1.409 x 104 6.307 x 10~2
3-3-600 | 2677675 279468 3.037 x 1075 2.481 x 1072 | 2678382 279434 5.348 x 10~° 4.340 x 10~2
2-3-60 1787863 296126 7.782 x 1074 3.919 x 1072 | 1788134 296278 1.850 x 103 8.636 x 102
2-3-150 1787892 294791 3.116 x 10~4 3.356 x 1072 | 1787937 294889 7.405 x 10~4 8.111 x 10~2
2-3-300 1758931 287938 1.424 x 10~4 3.286 x 1072 | 1787911 292655 3.703 x 10~4 8.020 x 102
2-3-600 1786628 288135 7.802 x 1075 3.304 x 1072 | 1787220 288196 1.853 x 104 7.974 x 1072
3-4-600 3570141 279375 2.278 x 1075 2.149 x 1072 | 3571345 279448 4.286 x 10~° 4.070 x 10~2
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Fig. 5: ¢ and ¢o over latitude for 2-2-300 constellations.
The RAAN-spread constellation performs slightly better than
the MOG at low latitudes, but noticeably worse in the mid
latitudes.

V. ANALYSIS OF RO QUALITY DISTRIBUTION

This section provides an explanation and intuition for the
distribution of clusters and cluster qualities, in both the MOG
and RAAN-spread cases. The analysis focuses on ¢, the
metric representing the worst axis of wave-vector uncertainty.
Low g2 provides a more meaningful guarantee of tomographic
performance, as the resulting cluster will be able to resolve a
wave-vector in any direction. Additionally, spread of a cluster
in one horizontal direction tends to be dominated by GNSS
satellite motion and Earth rotation over the chosen delay time
regardless of constellation geometry. Focusing on the worst
case axis provides an illuminating distinction about where
constellation arrangement results in favorable or unfavorable
cluster geometry.

Information about the relative positions of the GNSS and
RO spacecraft is given by the ray path azimuth «, which
is defined as the angle between the occultation ray-path and
the local northward direction at the point of tangency. Posi-
tive angles indicate a southwest-northeast ray, and negative
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Fig. 6: Cluster density for a 2-2-300 MOG constellation
over all possible latitudes and ray azimuths for a six-month
simulation of 2-2-300 MOGs. Azimuth is defined at the point
of tangency as the angle clockwise from the local northward
vector to the transmitter-receiver line. The corresponding plot
for the RAAN-spread constellation is nearly identical, since
the location and ray-path geometry of soundings is dependent
only on the reference orbit and delay parameter.

indicate northwest—southeast. Examining the distribution of
quality metrics as a function of latitude and ray path azimuth
illuminates the underlying structure of the constellation quality
distributions resulting from unavoidable scenario geometry.
Figure 6 shows the number of clusters observed over the
six-month 2-2-300 MOG simulation in each 5°-by-5° bin
of latitude and ray azimuth. The equivalent RAAN-spread
figure is identical. It can be seen that there is a significant
concentration of clusters falling on an ellipse; most clusters in
the equatorial regions tend to have nearly east-west ray paths
with |a| = 60°-70°, while clusters in the higher latitudes
(especially near |¢| ~ 45°-50°) tend to have north-south
ray paths. There are significant clusters occurring near 20°
latitude, with high azimuth. The increased occurrence of
soundings at particular latitudes agrees with the singularities
in sounding density predicted by [24]; these singularities come
about due to the inclination of GNSS constellations, and
different GNSS constellations have different singularities.
Figure 7 shows the same distribution as shown in Fig. 6,
but partitioned by cluster ¢, value. Figures 7(a,c.e,g) show
four increasing ¢o ranges for the MOG constellation, while
Figs. 7(b,d,f,h) show the same for the RAAN-spread con-
stellation. Although the overall distribution of clusters for
each constellation is the same (per Figure 6), the quality
breakdown differs significantly. The first range for the MOG
distribution (a) shows the significant concentration of the best
clusters into bands at ¢ ~ =£35°, while the second range
(c) shows that good clusters have a latitude-azimuth structure
which closely matches the overall distribution shown in Fig.
7. Fair clusters (e) and poor clusters (g) are approximately
uniform in distribution, but poor clusters (g) have additional
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concentrations at the end of the latitude range. The first
range of the RAAN-spread distribution (b) shows that the best
clusters are focused near the equator, with some spread in the
low latitudes. The second range (d) shows that good clusters
are slightly focused in the low latitudes, but in general have
good spread. The third range (f) shows the concentration of
fair clusters into the high latitudes, while the fourth range (h)
shows the relative lack of poor clusters as compared to the
MOG constellation.

Figure 8 shows the same latitude/azimuth/q, data as Fig.
7, but as a scatter-plot colored by g value. The left view in
each of Figs. 8a and 8b show the distribution with low-go
clusters on top of the view (such that each latitude/azimuth
point is colored per the best observed cluster at that location),
while the right views show the same data with high-g- clusters
on top of the view (such that each point is colored per the
worst observed cluster at that location). It can be seen on
the left that, for both constellation types, there are good
clusters observed at almost all latitudes. For the RAAN-spread
constellation, however, the edges of the latitude range show
a decay toward high-go clusters. The structure observed on
the right indicates that many of the worst-performing clusters
follow from geometric limitations of occultation geometry
present for both constellations. Where this structure terminates
just above +50° latitude, the right MOG scatterplot (a) reveals
the edges of the underlying mat of consistent low-gs clusters;
the right RAAN-spread scatterplot (b) shows high-latitude
clusters exhibit poor worst-case performance even past the
edge of this structure.

Overall, Figs. 7 and 8 support the following explanation for
the latitude-dependent trends observed in Figure 5b: Both the
MOG and RAAN-spread constellations exhibit poor outlier
cluster performance when limited by occultation geometry (as
is the case frequently in the low and lower-mid latitudes).
However, the MOG constellations otherwise exhibit good
cluster quality consistently over the latitude range, while the
RAAN-spread constellations exhibit slightly improved equa-
torial quality trending toward significantly reduced quality at
the edge of the latitude range.

VI. CONCLUSIONS

Radio occultation (RO) receivers that leverage the transmit-
ters of the Global Navigation Satellite Systems (GNSS) are a
powerful tool for making remote atmospheric measurements
around the globe. In general, the wide spatial and temporal
distribution of these measurements is a desirable feature, but
it makes study of short-lived, small-scale features difficult or
impossible. However, careful arrangement of the RO space-
craft into close-flying groups can cluster the RO measurements
in both space and time, providing multiple soundings of
localized phenomena. Specifically, the horizontal wave vectors
of any internal gravity waves present can be inferred via
tomography. In order to consistently reconstruct wave vectors,
the sounding clusters must have a two-dimensional distribution
on the ground. String-of-pearls constellations tend to produce
soundings along a line, and are therefore insufficient for this
task.

This paper first introduces two quality metrics ¢; and
g2 which predict the tomographic performance (wave vector
reconstruction error) of a sounding cluster. ¢; and ¢y are
used to assess the expected performance of two alternative
RO constellation types, the mutual orbit group (MOG) and
RAAN-spread formations. For either design an increased
number of satellites and a longer spacing between groups
produces more high-quality clusters on average; however, the
number of spacecraft is obviously limited by budget and other
practicalities, while the group spacing delay is limited by the
time scale of the features we seek to observe (a few tens of
minutes for internal gravity waves; see Fig. 8(b) of [6]). For
a fixed delay and number of spacecraft, the choice between a
MOG or RAAN-spread constellation depends on the propul-
sion available and the desired performance at low and high
latitudes. MOG constellations require consistent propulsion
expenditure (using AV on the order of 2-3 ms~!day~! for
the considered constellation parameters) to counteract differ-
ential nodal regression, while the RAAN-spread design avoids
this problem. At the cost of this AV, MOG constellations
yield a more-even distribution of high-quality clusters in all
sampled latitudes. In comparison, RAAN-spread constellations
exhibit slightly higher quality in the equatorial regions but
trend to consistently-reduced quality at high latitudes for the
considered inclination of 51.4°.

Finally, this paper explores the causes of the quality dis-
tributions observed by examining the distributions in latitude
and ray path azimuth. All soundings show a latitude-azimuth
relationship dictated by the geometry of the constellation
reference orbit and the GNSS constellations. It is shown
that many of the poorest- and best-performing clusters for
both constellation types were outliers resulting from the ge-
ometric structure of RO soundings themselves. For MOG
constellations, the best clusters tend to lie in bands at about
+35° latitude, and the worst at £55°; typical clusters are
evenly distributed, and exhibit good performance. For RAAN-
spread constellations, the best clusters result from east—west
soundings at the equator, and clusters follow a consistent trend
of decreasing in quality with increasing latitude and decreasing
azimuth; poor-performing outlier clusters are not as common
as in the MOG case.

This work, therefore, suggests the following principle for
deciding between mutual orbit group and RAAN-spread RO
tomography constellations: unless high-AV -capacity propul-
sion is available and high-quality soundings at high latitudes
are specifically desired, RAAN-spread constellations should
be used. Such constellations consistently achieve equivalent
or better wave vector reconstruction at low latitudes, where
most emission of gravity waves from tropospheric deep con-
vection occurs and where gravity waves—in part—drive the
quasi-biennial oscillation. Additionally, over their increased
lifetime, such constellations yield more reconstructions of high
quality even in the mid and high latitudes. These insights
will inform the constellation design necessary for future work
in this sequence of papers on the development and potential
performance of a nano-satellite gravity wave observatory.
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Fig. 7: The 2-2-300 latitude-azimuth cluster distribution shown in Fig. 6, partitioned into bins by cluster ¢, quality. Subfigures
(a,c,e,g) correspond to four increasing go ranges for a MOG constellation, while subfigures (b,d,f,h) correspond to the same

ranges for the corresponding RAAN-spread constellation.
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(a) Mutual Orbit Groups, 2-2-300. On the left, note the even presence of good, low-g2 clusters at all latitudes and most azimuths. Bad, high-g>
clusters (right) due to poor geometry are present only inside the range of approximately (—52°,52°), and seem to follow a latitude-azimuth
structure.
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(b) RAAN-Spread, 2-2-300. On the left, note the consistent presence of good, low-g» clusters at most latitudes, except at the edges of the
range. Bad, high-g2 clusters (right) are now present all the way to the edge of the latitude range, extending past the edge of the latitude-azimuth
structure.

Fig. 8: Six months of occultation clusters for MOG and RAAN-spread 2-2-300 constellations, plotted against latitude and
azimuth, and colored by ¢o. Left shows the data with lowest-q> (best) clusters plotted on top, right shows the same data with
the highest-go (worst) clusters on top.
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