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Abstract: Multiple radio occultation (RO) missions are currently providing observations that are
assimilated by the world’s leading numerical weather prediction centers. These RO missions use
the same signals originating from the Global Navigation Satellite Systems (GNSS), but they have
different satellite designs and sizes with different antennas and receivers. This results in different
noise levels for different missions. Although the amplitude data are characterized by the Signal-to-
Noise Ratio (SNR), the noise, to which they are normalized, is not the real Noise Floor (NF) of the RO
observations. We study the statistical distributions of the SNR and NF for RO missions including
COSMIC, COSMIC2, METOP-A, METOP-B, METOP-C, and Spire. We demonstrate that different
missions have different NF values and different NF and SNR distributions, sometimes multimodal.
We propose to use the most probable NF value as an SNR normalization constant in order to compare
the SNR values from different RO missions.

Keywords: radio occultation; signal-to-noise ratio; noise floor; COSMIC; METOP; Spire

1. Introduction

Presently there are several active radio occultation (RO) missions. First of all, COSMIC-
2 should be mentioned [1-4]. COSMIC-2 followed COSMIC (Constellation Observing
System for Meteorology, Ionosphere, and Climate). In the context of this study, its most
important improvement is the higher Signal-to-Noise Ratio (SNR). The METOP (Meteoro-
logical Operational Satellite) mission, launched by EUMETSAT (European Organisation for
the Exploitation of Meteorological Satellites), has been active for many years [5-9]. There
are three METOP satellites: METOP-A, METOP-B, and METOP-C. COSMIC, COSMIC-2,
and METOP data are freely available to the scientific community from the CDAAC (COS-
MIC Data Analysis and Archive Center) web-site https://cdaac-www.cosmic.ucar.edu,
accessed on 5 December 2021.

Currently, there are also several commercial missions. Here, we can mention the Spire
data [10-14], based on a large constellation of small nanosatellites with relatively low-gain
antennas. The PlanetiQ mission uses a high-gain instrument [15], and the GeoOptics
mission is based on CICERO (Community Initiative for Cellular Earth Remote Observa-
tion) [16]. Some of the commercial data are also provided for open access at the CDAAC
Web-site.

Level 1b RO data, which are used for the profile inversion, include satellite orbit data,
atmospheric excess phase, and amplitude, or SNR. SNR is nearly constant at large ray
perigee heights (above 30 km), where it only indicates relatively small scintillations due
to ionospheric propagation effects and measurement noise. As the ray immerses into the
atmosphere, the regular refraction effects result in a decrease in the average amplitude,
while multipath propagation contributes to stronger fluctuations. For measurements in the
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shadow zone, in most cases, the signal largely reduces to homogeneous incoherent noise,
while the effects of deep propagation due to super-refraction [17] may create a coherent
component. A general assumption is that the measurements in the shadow zone represent
the additive white noise affecting the whole profile record [18]. The effect of this noise
depends on the signal strength that is estimated from the SNR at high perigee altitude.

Higher SNR has advantages in the study of the troposphere and, in particular, the
Planetary Boundary Layer (PBL) [15,17,19], where it is expected to contribute to improved
retrieval quality. As pointed out by Sokolovskiy et al. [1] and Schreiner et al. [2], high SNR
is most important for detecting deep signals in the tropical troposphere. Higher SNR is
also expected to improve RO penetration depth. Nevertheless, lower SNR missions, such
as Spire, have also been shown to provide good inversion results [10-14].

A quantitative characterization of the advantages of high SNR is, therefore, an im-
portant issue. In particular, the dependence of the penetration depth on the SNR was
presented in [2]. SNR is provided in RO records in form of L1 and L2 channel amplitudes
measured in [V/V]. By its definition, SNR is the signal amplitude divided by the noise
level; however, there is no common definition of the noise level. For the Wave Optical
(WO) inversion methods [20-22], the absolute calibration of the amplitude record has
no importance. However, in order to compare different missions with different SNR, a
common calibration is necessary. In this respect, we have to take a close look at such an
important characteristic, as the background noise level [18], or the Noise Floor (NF). NF,
being different for different missions, is a natural normalization constant in order to arrive
at mission inter-comparable SNRs. Although different missions have a large difference in
the nominal values of SNRs in [V/V], the normalized values may have a smaller difference
due to different noise floors. This is important for making decisions on using low-SNR
mission data. The use of inter-comparable SNRs may help to reduce of the number of
mission-specific tuning parameters in RO processing and to arrive at a better definition of
the profile bottom.

2. Data and Methods

RO observations include orbit data, phase excess ¥ », and amplitudes A; (), where
the lower index corresponds to the channel number. In this work, we only use the L1
channel data. We evaluate the climatological model of the phase excess ¥ (t). Our model
employs MSISE-90 (Mass-Spectrometer-Incoherent-Scatter model Extended) [23], which
describes the dry atmosphere. We complement MSISE-90 refractivity profile with constant
relative humidity of 90% below 15 km. This model has been used for a long period of
time, and it is proven to predict the Doppler frequency within 25 Hz [24]. From the model
refractivity profile, we evaluate the bending angle profile £ 1(pa), where € is the bending
angle, and p) is the ray impact parameter. This profile is exponentially extrapolated below
the Earth’s surface. Given orbit data, this profile can be transformed into the parametric
form {ep(t), pm(t)}. Because the model refractivity profile is a smooth function, this
guarantees that both functions of time are single-valued. The extrapolation is used in
order to cover the whole occultation event including the shadow zone. From the extended
bending angle profile, we evaluate the model phase excess ¥ 1(t) by inverting the standard
geometric optical (GO) procedure of the evaluation of the bending angle from the excess
phase [25]. The resulting excess phase model satisfies the requirements formulated by
Sokolovskiy [24]: it is capable of describing the Doppler frequency with the accuracy of
10-15 Hz, which falls within the —25..25 Hz range corresponding to a 50 Hz sampling rate.

There are other climatological models tailored to GNSS RO data, such as BARO-
CLIM [26] or BAIAP [27]. These models were developed for use as the background in the
statistical optimization, by averaging over a large ensemble of RO bending angles. They
are good for large altitudes, but they are not so good in the lower troposphere, where their
quality suffers from biases and limited penetration of RO events. Therefore, for the purpose
of this study, the MSIS-based model is preferable.
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The Wave Optical (WO) inversion methods [20-22] operate on the complex wave field:

uj(t) = Aj(t) exp [ikj (‘I’j(f) +¥o(1))], 1)

where j is the channel number, k; = 27f; /¢, f; is the channel frequency, c is the light speed
in a vacuum, and ¥(t) is the straight-line distance between the transmitting and occulting
satellites. Generally, WO inversion methods are most effective for the L1 channel, which
has a higher amplitude and a coarse-acquisition encoding with longer chips, which makes
it more stable with respect to interference in multipath zones [28]. In this study, we only
analyze the L1 channel, which allows omission of the channel index. Our model of the
signal is as follows:

u(t) =u'(t) +¢(8) = u'(6) + &1(t) + Ca(t), @

where u'(t) is the true signal, and &(t) = ¢1(t) + ¢2(t) is a white noise, which has two
components: ¢ () is the inherent noise, and ;(t) is the additional noise; (¢1,) = 0. The
basic assumption is that all the three components are uncorrelated. The root mean square
(RMS) value of the inherent noise is used as the normalization constant for forming signal

measured in [V/V]. Therefore, <|§1 |2> =1
This model is based on the fact that RO measurements in the shadow zone, in most
cases, represent a homogeneous uncorrelated signal [18]. This results in the natural defini-

tion of the signal strength measure <|u’ |2> / < |& |2>, where 1/ is averaged for ray perigee

altitudes, where the influence of the atmosphere upon the signal amplitude is negligible,
and ¢ is averaged in the shadow zone. Because in practice, the signal level significantly
exceeds the noise level (otherwise the measurements are not useful), we can write:

(R = () + (Je) = () + 2<<Cz>2> ®

where the second-order term can be neglected, and the signal strength can be approxi-

mately expressed as , / <\u|2> / < & |2> In the presence of deep propagation due to super-

refraction [17], the signal in the shadow zone may have a coherent component superim-
posed on the noise. For specific events, this may result in an overestimate of the noise level;
however, its value can be recovered by evaluating the statistical distributions from large
ensembles of events.

Based on the above model of the signal, we evaluate two characteristics of the ampli-

tude record: the mean SNR in the 60-80 km height range, S = <|u|2>, and the Noise

Floor (NF) F =/ <|§ |2> The 60-80 km height range encompasses the ionospheric D-layer,

and is optimal to estimate the signal strength that would be observed in the absence of an
atmosphere. It is high enough for the attenuation due to the regular atmospheric refrac-
tion to be negligible. On the other hand, the influence of the ionosphere at these heights
manifests itself in the small-scale fluctuations, which do not influence the average value.
This height range does not reach the E-layer, where the amplitude perturbation can be
stronger [29,30]. The average SNR in this height range as a measure of the signal strength
was introduced in [31].

For each RO event, the mean SNR S is evaluated by averaging the L1 SNR for the sam-
ples A1 (t) with the model impact altitude pps(t) — g within the interval of 60-80 km, where
rE is local curvature radius of the reference ellipsoid cross-section by the occultation plane
[32,33]. The NF F is evaluated by averaging the SNR for the samples A; (t) with the model
impact parameter p;(t) below rg + 0.5 km. This choice is substantiated as follows. The im-



Remote Sens. 2022, 14, 691

4 of 14

pact altitude of a ray touching the Earth'’s surface is estimated as pg — rg = (n(rg) — 1)rg,
because at the Earth’s surface n(rg) — 1 ~ 37* and rg ~ 6371 km, pg — rg ~ 2 km. The
value of g 4 0.5 km was empirically chosen small enough to ensure that the observation is
in the shadow zone. The estimate of the shadow zone is the only purpose for which the
phase excess model is employed in this study.

By applying this procedure, we evaluate the set of pairs {S;, F;}, where index i enu-
merates the RO events in the selected subset. From these data, we evaluate different 1-D
and 2-D probability distributions. The “true” distributions are looked at as abstract con-
cepts, because they can never be inferred from finite sets of realizations, they can only be
estimated. There are two types of 1-D distributions: cumulative and differential ones, the
latter being referred to as the Probability Distribution Function (PDF). Given a random
value X, its cumulative distribution is defined as follows:

®x (x) = Probability (X < x). 4)

This function increases from @y (—o0) = 0 to Py (c0) = 1.

Numerically, it is estimated as follows. Given K random values X, they are ranked in
the ascending order k(j): Xy (j) < Xy(j41)- Then, the set of pairs {x]- = Xi(j), Px(xj) = ]/K}
specifies the discrete representation of ®x(x).

The differential distribution (PDF) is defined as the derivative of ®x(x):

px(x) = 2EXE) ©

Numerically, it is estimated as follows. The whole set of x; is subdivided into inter-
vals of length defined as the integer closest to 2v/K: j(I) < j < j(I + 1), where index I
enumerates the intervals delimited by indexes j(I). Then we define p(x) as a piecewise-
constant function:

b (14+1)—D (1
px(x) = X(zj((l ¥ 1)) - ij(SC]( ))' Xy < x < Xj(141)- (6)

We start with the evaluation of the NF distributions. These distributions are evaluated
for each mission, for each received GNSS constellation. For this study, we use COSMIC,
COSMIC-2, METOP-A, -B, and -C, and Spire RO observations. COSMIC and METOP only
receive GPS (denoted G). COSMIC-2 receives GPS and GLONASS (denoted R). For Spire,
we use observations from GPS, GLONASS, Galileo (denoted E), and QZSS (denoted J).
The most important characteristic of NF is its most probable value Fyp(Mission; GNSS),
because the corresponding PDFs have sharp peaks.

This results in the definition of two types of calibrated SNR: the dynamically normal-
ized SNR Spn = S/F and the normalized SNR Sy = S/ Fyp, the latter definition referring
to Fyp for the specific mission and GNSS. Because both S and F are measured in [V/V]and
use the normalization to the inherent noise, evaluation of Spy and Sy corresponds to the
normalization to the RMS of the overall noise ¢ instead of the inherent noise ¢;. We evaluate
the 1-D distributions of Sy and Spy;, as well as the 2-D joint distribution of {Sy, Spn}. The
latter is visualized in the form of scatter plots.

3. Results

For COSMIC, we selected 24 days of the year 2008 (1st and 15th day of each month), for
a total of 61,905 events (GPS only). For COSMIC-2, we selected 24 days of the year 2020 (1st
and 15th day of each month), for a total of 107,173 events: 69,657 GPS and 37,518 GLONASS
events. For METOP-A, we selected the whole year 2020, for a total of 205,918 events (GPS
only). For METOP-B, we selected the whole year 2020, for a total of 196,158 events (GPS
only). For METOP-C, we selected the whole year 2020, for a total of 192,298 events (GPS
only). For Spire, we selected 24 days (1st and 15th days of each month) of the year 2020
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and, additionally, 8 days of 2021 (1st, 8th, 15th, and 22nd day of June and July), for a total
of 282,824 events: 113,039 GPS, 77,821 GLONASS, 83,707 Galileo, and 8276 QZSS events.
The Quality Control (QC) was reduced to a minimum: it was only required that it should
be possible to determine S and F.

Figures 1-10 show the distributions of Sy, Spy, and F for COSMIC, COSMIC-2,
METOP-A,B,C, and Spire. Each figure contains four panels. The lower right panel shows
the estimates of the cumulative and differential distributions (PDF) ®sN(Sy) of NF. Each
PDF has a sharp peak at the most probable value of NF, which is further used for the
evaluation of the normalized SNRs plotted in the other three panels. The upper left panel
shows the scatter plot visualizing the joint 2-D distribution of Sy and Spy, the former
being normalized to the most probable value of NF, the latter being normalized to the
dynamic value of NF evaluated for each event. The scatter plots of {Sy, Spn} have the
most complicated structure for GPS, as compared to the other GNSS constellations. The
two remaining panels, upper right and lower left, show the cumulative and differential
distributions of {Sy, Spn }-
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Figure 1. SNR and noise floor statistics for COSMIC, GPS. Lower right: cumulative and differential
distributions of the noise floor. The most probable value is used for the SNR normalization. Upper
left: Scatter plot of dynamically normalized SNR (SNR over the dynamic estimate of the noise floor)
vs. the SNR normalized to the most probable value of the noise floor. Upper right: the cumulative and
differential distributions of normalized SNR. Lower left: the cumulative and differential distributions
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Remote Sens. 2022, 14, 691 6 of 14

o
S

u . 0.8 I l 0.8
I B | Cumulative
K Differential

Cumulative
o o
kS o
L |
ke o
Differential

SNR dynamically normalized
=
38

T C

L | o= L i S [ S
150 200 0 50 100 150 200
SNR normalized

100
SNR normalized

T — : 7 -
L / ] N, , L / ] | ,

0.8 ﬂr
K ﬂ ‘ ——— Cumulative I \ ‘ Cumulative

————— Differential Differential

Qo6 06® Qo6 06 ®
- - . = - - , =
s [ 1 & s [ 1 &
3 = 3 -
£ {1 & E | {1 &
3 = = =
o a oo a

o
IS
—
-
L
o
>
o
~
T
o
~

0.2 rlfl ‘]11 0.2 0.2 .l\ 0.2
[ 4 ] [ M ]
0 50 100 150 200 0 10 20 30 40 50 60
SNR dynamically normalized Noise Floor [V/V]
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GLONASS data indicate a stronger signal level and a narrower NF distribution as compared to GPS.
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Figure 10. SNR and noise floor statistics for Spire, QZSS. Notation is the same as in Figure 1.

The aforementioned feature of 2-D distributions conforms with the COSMIC-2 data,
Figures 2 and 3. Here, the NF distribution for GPS has a longer tail, as compared to
GLONASS, where the distribution is sharper. The NF for GPS (18.4 V/V) is noticeably
higher than that for GLONASS (14.6 V/V). Both values of NF are higher than that for
COSMIC (GPS, 11.1 V/V). In addition, GLONASS produces a stronger signal, as compared
to GPS.

The most complicated distributions are observed for the METOP missions. METOP-A
(Figure 4) indicates a distribution of NF with two peaks (3.73 and 11.6 V/V). Here, we do
not present the distributions for different latitude zones; however, we found that the peak
at 3.73 is latitude dependent: it is strongest in the polar latitudes and it nearly disappears
in the tropics. In fact, this peak does not correspond to real observation with low NF, it
is a technical artifact. In this case, the signal in the shadow zone represents a series of
short flashes. This corresponds to the upper cloud in the scatter plot of {Sy, Spn }. The NF
distribution has a long tail, which results in the specific structure of the lower cloud in the
scatter plot.

METOP-B (Figure 5) indicates a bimodal distribution of NF, where the second mode
corresponds to high values of NF. The second mode does not indicate a sharp peak, but it
produces the lower cloud in the scatter plot of {Sy, Spx }. METOP-C (Figure 6) combines
the features of METOP-A and METOP-B: it has a weak secondary peak at low values of NF
and also a third mode producing a long tail of the NF distribution and the lower cloud in
the scatter plot. The main peaks of the NF distributions for all the three METOP missions
lie close to each other at values 11.6, 12.0, and 11.8 V/V.

Spire data, shown in Figures 7-10 are characterized by the lowest values of NF, which
weakly depends on the GNSS constellation and varies from 9.64 to 10.1 V/V. The NF
distributions are more narrow than for COSMIC, COSMIC-2, and METOP. Still, GPS
produces the widest NF distribution. The signal strength conforms with what is observed
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for COSMIC-2: GLONASS produces a stronger signal as compared to GPS. Galileo and
QZSS produce the weakest signal.

Tables 1-4 show the most probable NF values, the median ($ = 0.5), and the boundary
(® = 0.95) values for S, Sy, and Spy.

We conclude that Sy is the most convenient measure of the signal intensity. It is
normalized on the most probable value of NF, so its variability is generally smaller than
that of Spy. In separate events, the dynamic estimate of NF may be overevaluated, because
the signal in the estimated shadow zone is always a sum of the noise, deep RO signals,
interference from other satellites, etc. It is the distributions that reveal the true value of the
noise floor.

Table 1. The most probable NF [V /V] for different missions and GNSS constellations.

G R E ]

COSMIC 11.1 - - -
METOP-A 11.6 - - -
METOP-B 12.0 - - -
METOP-C 11.8 - - -
COSMIC-2 184 14.6 - -
Spire 9.64 9.93 10.1 9.80

Table 2. The median (®5(S) = 0.5) and boundary (®s(S) = 0.95) of SNR [V /V] for different missions
and GNSS constellations.

G R E ]
COSMIC 685/883 - - -
METOP-A 642,/957 - - .
METOP-B 741/961 - - -
METOP-C 788/1056 - - -
COSMIC-2 1377/1917 1265/2095 - -
Spire 305/460 318/591 218/330 263/379

Table 3. The median (Psn(Sy) = 0.5) and boundary (Psy(Sny) = 0.95) values of Sy [unitless] for
different missions and GNSS constellations.

G R E ]
COSMIC 61.6/79.5 - - -
METOP-A 55.4/82.7 - - -
METOP-B 61.8/80.2 - - -
METOP-C 66.7/89.4 - - .
COSMIC-2 74.7/104 86.8/143.8 - -
Spire 31.6/47.8 32.0/59.5 21.6/32.6 26.9/38.7

Table 4. The median (®sg(Spn) = 0.5) and boundary (Psg(Spn) = 0.95) values of Spy [unitless]
for different missions and GNSS constellations.

G R E ]
COSMIC 55.3/78.4 - - -
METOP-A 59.7/152 - - -
METOP-B 41.0/77.1 - - -
METOP-C 55.9/108 - - -
COSMIC-2 63.9/102 72.7/140 - -
Spire 29.4/46.2 31.0/57.9 21.5/32.8 25.7/39.3

4. Conclusions

In this study, we investigated the statistics of the average SNR at altitudes 60-80 km
and the statistics of the NF for different missions (COSMIC, METOP-A,B,C, COSMIC-2,
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and Spire) for different constellations (GPS, GLONASS, Galileo, and QZSS). We processed
large arrays of RO observations, from about 60,000 to about 300,000 per mission. The
QC was reduced to a minimum: it was only requested that the specified characteristics
of the SNR record were possible to be evaluated. We estimated the 1-D distributions
of NF, for which we evaluated the most probable values. It was shown that the NF
distributions always have a main sharp peak. The most probable value of NF was found to
be the lowest for the 3U nanosatellite mission Spire, where NF is about 10 V/V for all the
GNSS constellations. COSMIC and METOP have slightly higher values of NF, which are
about 11-12 V/V. COSMIC-2 indicates the highest NF, which noticeably differs for GPS
(18.4 V/V) and for GLONASS (14.6 V/V). This, however, may only be dependent on the
different normalization levels used for the definition of the V/V unit, rather than on the
real noise levels.

Using the values of NF, which can be both dynamical, i.e., evaluated for the specific
RO event, and most probable, i.e., evaluated from the distribution for the specific mission
and constellation, it is possible to define two normalizations of the SNR: (1) dynamically
normalized, which is defined as the ratio of SNR in V/V and the dynamic NF, and (2)
normalized, the ratio of SNR and the most probably NF.

METOP indicates the most complicated multimodal distributions of NF. In particular,
METOP-A has a fraction of events with a low NF (3.73 V/V). On the other hand, METOP-B
and METOP-C have a long tail in the NF distribution. A general observation is that the
distributions have the most complicated structure for the GPS constellation.

The definitions of normalized and dynamically normalized SNR provide the basis for
the follow-on study of the comparison of the inversion characteristics for different missions
and constellations as function of the SNR.
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The following abbreviations are used in this manuscript:

CDAAC COSMIC Data Analysis and Archive Center

CICERO Community Initiative for Cellular Earth Remote Observation

COSMIC Constellation Observing System for Meteorology, Ionosphere, and Climate
EUMETSAT  European Organisation for the Exploitation of Meteorological Satellites
GLONASS  Global Navigation Satellite System (Russian navigation system)

GNSS Global Navigation Satellite System
GO Geometrical Optics

GPS Global Positioning System

METOP Meteorological Operational Satellite

MSISE Mass-Spectrometer-Incoherent-Scatter model Extended
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NF Noise Floor
PBL Planetary Boundary Layer
PDF Probability Distribution Function
RMS Root-Mean-Square
QC Quality Control
QZSS Quasi-Zenith Satellite System
RO Radio Occultation
SNR Signal-to-Noise Ratio
WO Wave Optics
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