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Abstract. The FY3 (Feng-Yun-3) GNOS (GNSS Occulta-
tion Sounder) mission is a GNSS (Global Navigation Satel-
lite System) radio occultation mission of China for remote
sensing of Earth’s neutral atmosphere and the ionosphere.
GNOS will use both the global positioning system (GPS) and
the Beidou navigation satellite systems on the China Feng-
Yun-3 (FY3) series satellites. The first FY3-C was launched
at 03:07 UTC on 23 September 2013. GNOS was developed
by the Center for Space Science and Applied Research, Chi-
nese Academy of Sciences (CSSAR). It will provide vertical
profiles of atmospheric temperature, pressure, and humidity,
as well as ionospheric electron density profiles on a global
basis. These data will be used for numerical weather predic-
tion, climate research, and ionospheric research and space
weather. This paper describes the FY3 GNOS mission and
the GNOS instrument characteristics. It presents simulation
results of the number and distribution of GNOS occultation
events with the regional Beidou constellation and the full
GPS constellation, under the limitation of the GNOS instru-
ment occultation channel number. This paper presents the in-
strument performance as derived from analysis of measure-
ment data in laboratory and mountain-based occultation val-
idation experiments at Mt. Wuling in Hebei Province. The
mountain-based GNSS occultation validation tests show that
GNOS can acquire or track low-elevation radio signal for ris-
ing or setting occultation events. The refractivity profiles of
GNOS obtained during the mountain-based experiment were
compared with those from radiosondes. The results show that
the refractivity profiles obtained by GNOS are consistent
with those from the radiosonde. The rms of the differences
between the GNOS and radiosonde refractivities is less than
3 %.

1 Introduction

When a receiver on board a low Earth orbiting (LEO) space-
craft tracks a Global Navigation Satellite System (GNSS)
satellite in higher orbits as it sets or rises through Earth’s
atmosphere, a radio occultation (RO) occurs. The recorded
phase and amplitude of the radio waves during the occulta-
tion can be analyzed to produce neutral atmospheric (strato-
sphere and troposphere) parameters, including refractivity,
density, pressure, temperature, and humidity, as well as iono-
spheric total electron content (TEC), refractivity and elec-
tronic density profiles.

Application of the RO technique was first used for the
sounding of planetary atmospheres beginning in the 1960s
(Fjeldbo et al., 1971; Tyler, 1987; Lusignan et al., 1969).
The first demonstration of RO for Earth’s atmosphere was the
GPS/MET experiment led by the University Corporation for
Atmospheric Research (UCAR), which was equipped with
the NASA/JPL Turbo-Rogue GPS receiver modified to ac-
quire and track occultation signals (Ware et al., 1996). The
success of GPS/MET led to the inclusion of “BlackJack”
GPS RO receivers on the German Challenging Mini-Satellite
Payload (CHAMP) (Wickert et al., 2001), Satélite de Apli-
caciones Científicas-C (SAC-C) (Hajj et al., 2004) satellites
in 2000, and the twin co-orbiting satellites of Gravity Recov-
ery and Climate Experiment (GRACE) (Kang et al., 2003;
Beyerle et al., 2005) in 2002.

The six-satellite Constellation Observing System for
Meteorology, Ionosphere and Climate (FORMOSAT-
3/COSMIC) was launched on 15 April 2006. After
full deployment and achieving a uniform 30-degree
separation of the six orbit planes at the end of 2007,
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FORMOSAT-3/COSMIC provided up to 2500 occultations
per day, evenly distributed in local solar time. A distinctive
feature of FORMOSAT-3/COSMIC is routine tracking of
RO signals in the lower troposphere in open-loop mode,
which allows retrieval of the bending angle and refractivity
profiles almost down to the Earth’s surface by application
of radio holographic inversion methods (Sokolovskiy et al.,
2007; Anthes et al., 2008).

The meteorological satellite Metop-A, launched in 2006,
is one of three EUMETSAT satellites within European Po-
lar System (EPS). The EPS will provide over 14 years of
continuous meteorological observations, including radio oc-
cultation (RO) measurements from the GNSS receiver for
atmospheric sounding (GRAS). The GRAS instrument on
the Metop-A satellite provides more than 600 radio occul-
tation measurement profiles per day (Bonnedal et al., 2010;
Gorbunov et al., 2011; von Engeln et al., 2009).

The GNSS RO occultation technique has a number of
advantageous characteristics for atmospheric remote sens-
ing: self-calibrating, high vertical resolution, precise, long-
term stability, all-weather capability and low-cost instrument
development (Gleason and Gebre-Egiabher, 2009; Anthes
et al., 2008). It has been proven that the RO technique
is valuable for the study of the atmosphere, especially for
numerical weather prediction, climate, and ionospheric re-
search and space weather. Therefore, with growing demands
for weather and climate information for disaster prevention
and reduction, climate change response, ecosystems manage-
ment, agriculture and forecasting, it is important that the Chi-
nese Feng-Yun (FY) series satellites carry the GNSS occulta-
tion instrument to contribute to the global observing system.

The GNOS mission (Bi et al., 2012) consists of a GNSS
radio occultation explorer for remote sensing of both the
Earth’s neutral atmosphere and ionosphere, on China’s
FengYun-3 (FY3) 02 series satellites. The first of this series,
FY3-C, was launched at 03:07 UTC on 23 September 2013.
The GNOS instrument was developed by Center for Space
Science and Applied Research, Chinese Academy of Sci-
ences (CSSAR). A distinctive feature of GNOS is that it is
capable of using both the Beidou and GPS navigation satel-
lite systems to provide radio occultation measurements of the
atmosphere.

This paper provides a basic introduction to the GNOS
instrument. In addition, it shows some simulation results
of GNOS occultation events using the regional Beidou and
GPS constellations. Finally, we present the instrument per-
formance as derived from analysis of measurement data in
the laboratory and mountain-based occultation validation ex-
periment.

2 The GNOS instrument

The GNOS instrument consists of three antennas, the posi-
tioning antenna (PA), the rising occultation antenna (ROA),
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Figure 1. GNOS instrument configuration. 3 
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Figure 2. Global distribution of GNOS Beidou (regional Beidou constellation) occultation 5 

events in 24-h simulation. Upward-pointing triangle triangles denote rising occultations. 6 

Downward-pointing triangles denote setting occultations. 7 
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Figure 1. GNOS instrument configuration.

and the setting occultation antenna (SOA) in physical struc-
ture or five antennas, the PA, the rising ionosphere occul-
tation antenna (RIOA), the setting ionosphere occultation
antenna (SIOA), the rising atmosphere occultation antenna
(RAOA), and the setting atmosphere occultation antenna
(SAOA) in electrical structure. There are three RF units
(RFUs) and one GNSS electronics unit (EU). Each antenna
is connected to its RFU with sharp cavity filters, which are
placed close to the antennas to protect the GNOS from the
complex RF environment on board FY3-C. Each RFU is con-
nected to the EU. A photograph of the instrument is shown
in Fig. 1.

The PA is a wide beam with hemispherical coverage, low-
gain antenna pointing at zenith. The GNOS instrument is ca-
pable of tracking up to six Beidou satellites and more than
eight GPS satellites through this antenna. These measure-
ments are used for real-time navigation, positioning as well
as for precise orbit determination through post-processing on
the ground.

The along-velocity viewing antenna ROA (including
RIOA and RAOA) and anti-velocity viewing antennas SOA
(including SIOA and SAOA) are used for rising and set-
ting occultation tracking. The GNOS has the capability of
tracking up to four Beidou and six GPS occultations simul-
taneously. The atmosphere occultation antennas (including
RAOA and SAOA) have a pattern that is wide in azimuth and
narrow in elevation. A gain of approximate 10 dBi is reached
over the coverage range between+35 and−35◦ in azimuth
and from+7.5 to−7.5◦ in elevation.

The EU of GNOS is based on a field-programmable gate
array (FPGA)+ digital signal processor (DSP) framework.
After filtering and down-conversion in the RFU, the sig-
nals are digitally down converted with analog to digital con-
verter (ADC), then sampled at a high rate and transmitted to
the channel processor of the EU, where the GNOS accom-
plishes navigation, positioning and occulting GNSS satellite
prediction and selection, signal acquisition and tracking, and
data handling. An ultra-stable oscillator (USO) is used as
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Table 1.GNOS instrument parameters.

Parameter Content

Constellation GPS L1, L2
Beidou B1, B2

Channel number Positioning: 8
Occultation: 6 (GPS)

4 (Beidou)
Sampling rate Positioning & ionosphere occultation: 1 Hz

Atmosphere occultation: CL 50 Hz
OL 100 Hz

Output observations TYPE: L1C/A, L2C, L2P/ B1I, B2I
CONTENTS: Pseudo-range/carrier phase/SNR

Clock stability 1× 10−12 (1 sec Allan)
Pseudo-range precision ≤ 30 cm
Carrier-phase precision ≤ 2 mm

a reference oscillator with very stable frequency (1 s Allan
deviation of 10−12) in order to retrieve atmospheric mea-
surements with high accuracy. It also allows using the zero-
difference method to invert the excess phase measurements
(Beyerle et al., 2005).

GNOS is a multi-frequency receiver with Beidou/GPS
compatibility, B1/B2 closed-loop (CL) tracking, GPS L2
codeless-mode operating for P code, GPS L2C closed-loop
tracking and GPS L1 C/A closed-loop and open-loop (OL)
tracking capabilities. The Beidou and GPS-compatible in-
strument increases the number of transmitting sources and
promises significant enhancements in throughput of the mea-
surements. A multi-frequency operating instrument is needed
for ionosphere parameter retrieval and ionospheric correc-
tion in pre-processing of atmospheric parameters. The re-
ceiver measures the following observable parameters for
each tracked GPS and Beidou satellite: (1) L1 C/A-code
phase, (2) L1 carrier phase, (3) L1 signal amplitude, (4) L2
P-code phase, (5) L2C code phase (if present), (6) L2 carrier
phase, (7) L2 signal amplitude, (8) B1I code phase, (9) B1
carrier phase, (10) B1 signal amplitude, (11) B2I code phase,
(12) B2 carrier phase, and (13) B2 signal amplitude.

In the lower part of the troposphere where highly dy-
namic signal conditions are frequently encountered due to the
strong atmospheric modulation, the GPS L1 signal is tracked
in open loop in parallel with the closed loop tracking. In
open-loop tracking, the signal is down-converted using a nu-
merically controlled oscillator, which generates a frequency
given by an onboard Doppler model pre-calculated in GNOS
without a feedback from received signal (Sokolovskiy, 2001;
Sokolovskiy et al., 2009). Particularly, for the rising occulta-
tion, an a priori range model of the atmospheric delay (Ao
et al., 2009) is also calculated on board the GNOS. The
baseband signal is then sampled at a rate of 100 kHz. Fur-
thermore, a sample rate of 100 Hz of open-loop tracking is
proven to be sufficient to capture the signal modulated by the
atmosphere dynamics and uncertainties of the Doppler model
(Bonnedal et al., 2010).

Figure 2. Global distribution of GNOS Beidou (regional Beidou
constellation) occultation events in 24-hour simulation. Upward-
pointing triangles denote rising occultations. Downward-pointing
triangles denote setting occultations.

Figure 3. Global distribution of GNOS GPS occultation events in
24-hour simulation. Upward-pointing triangles denote rising occul-
tations. Downward-pointing triangles denote setting occultations.

The design specifications of GNOS are summarized in Ta-
ble 1; it can be seen that some parameters of the FY3 GNOS
are comparable to those of COSMIC (Rocken et al., 2000) or
Metop/GRAS (Loiselet et al., 2000).

The mass for the whole GNOS instrument is around
14 kg. The power consumption in full operation (Beidou and
GPS, navigation and occultation) is about 40 W. The av-
erage GNOS data rate is 86 kbit s−1, with peaks of up to
170 kbit s−1. The characteristics of GNOS are displayed in
Table 2.

3 GNOS occultation event simulation

The Chinese FY3 weather satellites will be in sun-
synchronous orbits with an altitude of 836 km and in-
clination of 98.75◦. Knowing the key parameters of
FY3-C, we can simulate its orbit. A regional Beidou
(China Satellite Navigation Office, 2012) constellation
of 14 (5GEO (Geosynchronous Orbit satellites)+ 5IGSO
(Inclined Geosynchronous Stationary Earth Orbit satel-
lites)+ 4MEO (Medium Earth Orbit satellites)) satellites and
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Table 2.GNOS instrument characteristics.

Occultation Positioning
antenna antenna Positioning Occultation
(ROA and SOA) (PA) RFU RFU EU

Number 2 1 1 2 1
Volume 600× 135× 12 135× 120× 7.5 100× 80× 30 182× 105× 108.7 240× 180× 130
Weight ≤ 2.0 kg× 2 ≤ 0.4 kg 0.4 kg 2.1 kg 5.0 kg
Total weight ≤ 14 kg
Total power ≤ 40 W

Figure 4. The example of GNOS pseudo-range measurement pre-
cision for Beidou and GPS. The left panel shows the B1 and B2
pseudo-range measurement precision. The right panel shows the
L1C/A, L2C and L2P pseudo-range measurement precision, respec-
tively.

a full GPS constellation of 32 satellites acting as transmitter
system were assumed. The simulation period was 24 h. With
the limitation of the GNOS instrument occultation channel
number described in Table 1 and the occultation antenna cov-
erage range in azimuth (+35 to−35◦), a total of 696 occulta-
tion events, including 192 (98 risings+ 94 settings) Beidou
occultation events and 534 (268 risings+ 266 settings) GPS
occultation events, can be obtained. The global distribution
for all simulated occultation events for Beidou and GPS is
shown in Figs. 2 and 3 respectively.

4 GNOS performance testing and analysis on ground

4.1 Laboratory tests

Important performance characteristics for a user of RO mea-
surements are the code and carrier-phase measurement pre-
cision and real-time navigation precision. These properties
were analyzed in the lab.

The tests employed for the GNOS measurements perfor-
mance study were conducted on Beidou and GPS signal sim-
ulators, which allow for a realistic modeling of a space-borne
FY3-C user trajectory. The “virtual” zero baseline test (VZB)
method (Montenbruck et al., 2006) was adopted to mea-
sure the precision of the observations, which was designed
to require only a single receiver unit. A week-long con-
secutive test was carried out with a simulator output signal

Figure 5. Example of GNOS carrier-phase measurement precision
for Beidou and GPS. The left panel shows the B1 and B2 carrier-
phase measurement precision. The right panel shows the L1C/A,
L2C and L2P carrier-phase measurement precision.

Figure 6.Example of GNOS real-time navigation precision for Bei-
dou and GPS. The left panel shows the Beidou navigation precision
in three dimensions of WGS84 coordinates; the right panel shows
the GPS navigation precision in three dimensions of WGS84 coor-
dinates.

power level of−123 dBm for GPS L1C/A, Beidou B1 and
B2, −126 dBm for GPS L2C, and−129 dBm for GPS L2P.
The results showed that the pseudo-range measurement pre-
cision was less than 17 cm for Beidou B1I (SNR = 48 dB),
less than 30 cm for Beidou B2I (SNR = 48 dB), and less than
16 cm for GPS (L1C/A SNR = 48 dB, L2C SNR = 45 dB, L2P
SNR = 33 dB). And the carrier-phase measurement precision
was less than 1.2 mm for both the Beidou and GPS. The noise
properties of code and carrier-phase measurements lasting
about 700 s are shown in Figs. 4 and 5 for Beidou and GPS.

In addition, during the test in a lab based on GNSS simula-
tor, we also estimated the precision of navigation in real time
by comparison GNOS real-time positioning results with the
simulation values. The navigation errors were less than 3 m
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Figure 7. Number of GNOS occultation events vs. azimuth (the
south is 180◦) in mountain-based experiment (21–25 Septem-
ber 2011).

for Beidou in three dimensions of WGS84 coordinates, and
less than 1 m for GPS. The noise properties of the navigation
measurements lasting about 700 s are shown in Fig. 6.

4.2 GNOS performance testing in mountain-based
validation experiment

A GNOS validation experiment was performed in collabora-
tion with National Meteorological Administration of China
(CMA) on the top of Mt. Wuling from 13 to 28 Septem-
ber 2011 in order to obtain atmosphere parameter profiles
near the Earth’s surface and validate the performance of
GNOS prototype before its launch. However, in that period
the Beidou constellation was not operating, so we focused on
GPS occultation testing.

The GNOS occultation antenna was installed in the roof
of a hotel on the top of Mt. Wuling located at an altitude
of about 2038 m. The southward view gives the best unob-
structed view of the horizon. The GNOS prototype receiver
and the computer were placed inside the hotel. The antenna
and receiver were connected by cable with length of 20 m.

During the observation period, an average of about 20 GPS
occultation events was observed daily. Details of the ob-
servation statistics in occultation event number distribution
in azimuth are given in Fig. 7, including 80 events on 18–
21 September. Most of the valid occultations occurred view-
ing toward the south (180◦).

The single-differencing procedure was adopted to generate
atmospheric excess phase. It required the receiver receiving
an occulting GNSS satellite and a non-occulting reference
GNSS satellite signals simultaneously. The occultation link
(GNOS-GNSS_occ) and reference link (GNOS-GNSS_ref)
data were differenced to remove receiver clock errors. The
GNSS (GPS) transmitter clock errors were then eliminated
based on the IGS final clock products. After the carrier-phase

Figure 8. GPS occultation refractivity profile example (PRN = 22,
19 September 2011, 07:00 UTC). Blue dashed line denotes the re-
fractivity inverted from GNOS L1C/A CL data, green solid line the
refractivity retrieved from GNOS L1C/A OL data, and red cycles
the radiosonde data that took place with 1 h in Beijing radiosonde
station.

Figure 9. GPS occultation refractivity profiles from Beidou
(PRN = 12, MEO) and GPS (PRN = 14) on 22 September 2012 at
23:00 UTC). The blue dashed line denotes the refractivity inverted
from GNOS L1C/A CL data, the green dotted line the refractivity
retrieved from GNOS L1C/A OL data, and the solid red line the
refractivity obtained form GNOS B1 CL data. The two occultation
events happened within half an hour.
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correction of the position difference between the occultation
and positioning antennas, we obtained the excess phase. As-
suming local spherical symmetry, partial bending angleα′(a)

(Healy et al., 2002; Hu et al., 2006), subtracting the positive
elevation bending angleαP(a) from the negative bending an-
gleαN(a) with the same impact parametera, was given:

α′(a) = αN(a) − αP(a). (1)

Along the section of path below the receiver, the Abel for-
mula can be used to describe the relationship between the
partial bending angle and the atmospheric refractive index as

α′(a) = −2a

nRrR∫
a

dlnn/dx

(x2 − a2)1/2
dx, (2)

whereα′(a) is the ray partial bending angle,a is the impact
parameter,n is refractive index below the altitude of the re-
ceiver,nR is the refractive index at the receiver, andrR is the
radius of the receiver. Equation (2) can be inverted with

n(x) = nRexp(
1

π

nRrR∫
x

α′(a)

(a2 − x2)1/2
da). (3)

Using the processing described above, we succeeded in re-
trieving the refractivity profiles over the south area of Mt.
Wuling from CL and OL measurement data. These profiles
were consistent with radiosonde observations near Mt. Wul-
ing (about 100 km south of the experiment site). The ra-
diosonde data were downloaded from the NOAA radiosonde
website. For example, differences in one occultation event
between retrieved profiles and nearby radiosonde profiles
within 1 hour are shown in Fig. 8.

We found 15 pairs of GNOS and radiosonde data whose
time interval were less than 1 hour. The rms difference
between the GNOS and radiosonde was 2.88 % in GNOS
closed-loop (CL) tracking results and 2.75 % in GNOS open-
loop (OL) tracking results. Moreover, GNOS OL tracked
longer in time of duration and lower in elevation than CL
tracking. The lowest tracked elevation of occultation events
was−2.99◦ in CL and−3.36◦ in OL. In conclusion, GNOS
OL performed better than CL, and the statistical result shows
that rms of the relative difference between the GNOS and
radiosonde is less than 3 %.

In addition, we also carried out a complementary
mountain-based validation experiment in the same place on
20–27 September 2012, in order to test the capability of
GNOS to track the Beidou system. However, at that time Bei-
dou did not provide regional services formally. About two
MEO occultation events were observed daily without precise
ephemeris, so we just carried out a GNOS Beidou occultation
functional test. Figure 9 shows the first refractivity profile re-
trieved by Beidou MEO satellite occultation measurements

(PRN = 12) as well as a GPS occultation event (PRN = 14)
that took place within half an hour. The GNOS refractiv-
ity profiles from the Beidou and GPS satellites show basic
agreement.

5 Conclusions

The GNOS (GNSS Occultation Sounder) is a new-generation
instrument for the Chinese FY series meteorological satel-
lites for radio occultation sounding of Earth’s neutral atmo-
sphere and ionosphere. The GNOS observations will provide
important contributions to the global observing system by
providing accurate and precise radio occultation soundings
in all-weather conditions. GNOS was designed for observing
setting and rising occultation from both the Beidou and GPS
navigation satellite constellations.

We performed measurements in closed-loop (CL) and
open-loop (OL) modes, similar to COSMIC and METOP.
The results show that the GNOS instrument provides more
than 500 GPS occultations plus about 200 Beidou occulta-
tions per day. The performance of the GNOS instrument in
laboratory tests was found to agree with requirements of the
GNOS instrument. In mountain-based experiments, the re-
fractivity profiles of GNOS from GPS and Beidou were com-
pared with those of nearby radiosonde data within 1 hour.
The comparison showed that the refractivity profiles obtained
by GNOS were consistent with those of the radiosonde. The
rms difference between the GNOS and radiosonde was less
than 3 %.
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