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ABSTRACT
VELOX-CI is the second micro satellite of Satellite Research Center (SaRC) in Nanyang Technological University [1, 2]. Since
its launch on Dec. 16, 2015, VELOX-CI has performed a total of 136 radio occultation (RO) missions, and collected 448 hours’
GPS data with the lowest penetration altitude of 6 km. In this paper the radio occultation performance of the VELOX-CI’s
COTS receiver and the space-borne receivers are compared in the upper troposphere (10~60km) in tropical region (latitude
between 30°N and 30°S).
VELOX-CI is designed to explore the potential of using the commercial-off-the-shelf (COTS) GPS receivers for RO mission
for the first time. The satellite has a near equatorial orbit with an altitude of 550km. Three GPS antennas are located at the
zenith, forward-velocity, and after-velocity directions. The tracked GPS signal phase, carrier-to-noise ratio 𝐶/𝑁0 are stored and
sent to ground for post processing. The ionospheric profiles and preliminary tropospheric profiles are presented previously in [3,
4]. In this paper, the VELOX-CI’s GPS RO payload is described. The RO data inversion procedures are introduced and a
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refractivity profile comparison study is made for refractive index obtained with VELOX-CI RO, radiosonde measurements and
COSMIC data.

I.

INTRODUCTION

Global Positioning Systems (GPS) radio occultation (RO) is a robust atmospheric remote sensing technique that can derive Earth
atmosphere’s vertical profiles. GPS receivers on the low Earth orbit (LEO) satellites are common platform for hosting the RO
experiment. During the relative motion between the GPS satellite and the LEO satellites, the signals emitting from the GPS
satellites pierce through the earth’s atmosphere and get refracted. The obstructed GPS signal is then picked up by the receivers
on the LEO satellites. The atmosphere induces bending and attenuations to the GPS signal, which can be translated to useful
atmospheric information such as the refractivity, temperature, pressure and humidity. These measurements can then be
assimilated into current weather models to assist the weather and climate studies.
GPS/MET experiment launched in April 1995 is the first GPS RO mission that is developed to monitor the Earth’s
atmosphere. The mission consists of a 2 kg GPS TurboRogue piggybacked on the MicroLab I satellite which has a circular orbit
of 730 km altitude and 60° inclination [5, 6]. This mission successfully demonstrated the RO concept. Since then GPS RO
missions began to flourish. Most missions, like CHAMP, SAC-C, TerrSAR, COSMIC, adopt the BlackJack series receivers
developed by NASA’s Jet Propulsion Laboratory (JPL)[7-10]. The BlackJack receiver is specially designed which allows for
open-loop (OL) tracking when required. The OL tracking method is proposed in [11] to deal with the severe refractivity gradients
that are commonly observed in the lower troposphere. So far, the RO missions are only conducted by LEO satellite carrying
similar space borne receivers. Although recently a dozen of new satellites are launched for RO missions (e.g. the COSMIC-2,
Spire Lemur-2 and PlanetiQ constellations), the results from these satellites are still quite sparse for climate study. On the other
hand, the commercial off-the-shelf (COTS) receivers has the advantage of low cost and short development time. Besides RO
mission, the COTS receivers are commonly used to perform precise orbit determination and relative positioning in other
missions.
In this study we evaluate the VELOX-CI COTS receiver’s performance against Radiosonde, GFS, and COSMIC data. The
GNSS payload will be introduced in sequel, which is followed by the data post processing procedure including the precise orbit
determination and refractivity parameter extraction. The extracted parameters are then compared with the COSMIC, GFS and
radiosonde measurements.
II.

PAYLOAD AND MISSION DESCRIPTION

VELOX-CI carries three receivers, and their allocations are illustrated in Fig. 1. The antenna field of view are 120°. The
receiver B is mounted zenith direction for precise orbit determination purpose, while receiver A and C are mounted at forwardvelocity and after-velocity directions to receive more signals from the occultation events. All the antenna are passive, which
means low energy consumption can be achieved. The total power of the GPS payload subsystem is less than 7.8W when all the
receivers and micro controllers are switched on.

Fig. 1. VELOX-CI and the GPS payload subsystem and allocation of GPS receiver.
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The data logging rate of the RO receiver is able to log at 100Hz. However, due to the system limitation, the maximum logging
rate is restricted to 50Hz when logging data from 2 channels at the same time. In the actual experiment, we normally use 1~20Hz
logging rate for the radio occultation experiments on receiver A and receiver C. Receiver B logs at 0.1~1 Hz frequency for
precise orbit determination. When 20Hz logging is enabled, the VELOX-CI bus can support up to 5 data logging channels at the
same time.
Due to the high dynamics of the LEO orbit, the COTs receiver requires some prior knowledge of the channel and Doppler
frequencies in order to get the initial position fixed. Therefore we need to consider this factor in our mission design. The VELOXCI mission design software is able to calculate the Doppler shift and manually assign the channel with the user command as
shown in Fig. 2. The channel allocation and Doppler shift for each channel are pre-determined from the orbit and attitude
information. The TLE orbit propagation using SGP4 model is implemented in the mission planning software. With the help of
the Doppler shift pre-knowledge, the COTs receivers in VELOX-CI is able to achieve the time to first fix (TTFF) in the range
of 40~80 seconds in most cases. The average TTFF for each receiver and their nominal power consumption is illustrated in
Table. 1
Table.1 Receiver performance parameters.
Receiver A
Receiver B
TTFF (s)
53
50
Power Consumption (W)
2
1.3

Receiver C
52
2

The in-house developed mission planning software is responsible for download data size estimation based on the simulated
satellite visibility and mission criteria. In most cases, multiple passes are required to download the mission data. The ground
contact time is also considered to estimate the number of passes required to download the mission data. VELOX-CI is not
designed to take continuous measurement. It can support a mission duration up to 16 hours and 40 minutes which corresponding
to about 10.5 orbit. The long duration missions are designed for precise orbit determination and validation purpose.
Since the COTs receivers that we are using are designed for ground based applications, we need to adjust some configurations
to improve their performance in the LEO orbit environment. Firstly we have removed the speed and altitude limit that are
originally coded in every commercial GNSS receiver’s firmware. Secondly, we adjusted the smoothing time of the code
measurement to 2 second instead of the default value which is 100 sec.

Fig. 2 Automatic script generation of channel allocation and Doppler shift assign during VELOX-CI mission design.
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III.

PRECISE ORBIT DETERMINATION

The radio occultation performance is sensitive to the accuracy of the LEO position and velocity determination [12]. The onboard
position solution generated from the receiver has inherited large errors induced by the GPS ephemeris error, receiver and satellite
clock error, ionosphere and troposphere delay in low elevation measurements, etc. The precise orbit determination is required to
get the accurate radio occultation measurement. The precise orbit of VELOX-CI is generated using the reduced dynamics
algorithm with the Bernese software [13]. The files listed in Table. 2 are prepared to run the LEOPOD program in Bernese
Processing Engine.
Table. 2 Files required by Bernese Processing Engine.
File Name
File Description
Update Rate
CODwwwwd.eph.z*
CODE GPS ephemeris.
daily
CODwwwwd.erp.z
CODE earth rotation parameters
weekly
CODwwwwd.snx.z
CODE SINEX file
weekly
CODwwwwd.clk.z
CODE GPS clock correction file
daily
CODwwwwd.sum.z
CODE summary file
weekly
P1C1mm.dcb.z
CODE GPS differential code bias file
monthly
P1P2mm.dcb.z
CODE GPS differential code bias file
monthly
CODwwwwd.ion.z
CODE IONEX file
daily
VELXyyddd.ATT
VELOXAttitude file
Session
VELXddd.yyO
VELOX Observation RINEX file
Session
CODE.STA
Station information file
Add new satellite
LEO.CRD
Coordinate file
Add new satellite
LEO.ABB
Abbreviation file
Add new satellite
SATELLIT.I08
Satellite information file
Add new satellite
PCV.I08
Phase center file
Add new antenna
RECEIVER
Receiver information file
Add new receiver
* ‘wwwwd’ represent the GPS week starting from 6 th Jan of 1980, and followed by the day of week (0~6); ‘mm’
represent the month number; ‘yyddd’ represent the year number followed by the day of year (1~365).
Due to the lack of absolute ranging measurement, we used the orbit overlap method to validate the POD result generated by
Bernese. The onboard data taken at 14:00:00 17th ~ 06:30:00 18th June 2016 is analyzed as an example. The overlapping time is
18:00:00 ~ 23:59:59 on 17th of June. The ECEF coordinate is generated by the Bernese software. Fig. 3 shows the distance and
the velocity difference between the two overlapping estimations.

Fig. 3 Evaluation of the orbit determination accuracy with orbit overlapping.
As shown in Fig. 3, the position difference is less than 8cm and the velocity difference is less than 0.05mm/s throughout the
overlapping period. We have also compared the Bernese POD result with the result achieved from the GHOST software [14] by
DLR with the same set of data, the position difference of our result is less than 0.2m and the velocity difference is less than
0.2mm/s. We have figured out the Bernese software generated larger orbit residues (0.1~0.4 m) for the GPS orbit from the
ORBGEN subroutine for the CODE products after the year 2013. While the orbit residue is less than 0.02 m for the CODE
products from year 2010 to 2012. This might be the cause of the 0.2m difference between the result achieved by Bernese and
GHOST software. The phase residue and clock error estimated by the Bernese program is shown in Fig. 4.
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Fig. 4 Estimate clock error and phase residues.
As shown in Fig. 4, the clock error has an average of 13.7 ns and deviation of 1.1 ns. The phase residue is in the range of ±4
cm. Also from the report generated by the Bernese process engine, the root mean squared value of the pseudo range residues for
each PRN is in the range of 2~8 meters. These POD performances satisfied the general requirement for RO applications.

IV.

RADIO OCCULTATION DATA PROCESSING

Radio occultation data processing procedure of the VELOX-CI data are illustrated in Fig. 5. The open source software – Radio
Occultation Processing Package (ROPP) developed by EUMETSAT is used to process the data.

Fig. 5 Overall data processing procedure for VELOX-CI RO experiment data.
As shown in Fig. 5, the orbit determination result is used to calculate the excess phase after interpolation. The bending Fig. 5
also] angle and refractivity is then derived from the excess phase measurement in both L1 and L2 frequencies. To get the
Temperature, humidity information, some input data from the weather model is required. In this study, we only retrieved the
refractivity and dry temperature from the excess phase measurement. The details of this process is introduced in the user manual
which is available on the ROPP website. The following equation is used to calculate the excess phase for PRN 𝑖 in L1
measurement.
𝑠
𝑠
𝑠
𝑠
𝜙𝑖,1
− 𝜌𝑖,1 = 𝑇𝑖𝑠 + 𝜆1 𝑁𝑖,1
+ 𝐼𝑖𝑠 + 𝑐(𝛿𝑡𝑖 − 𝛿𝑡 𝑠 ) + 𝑚𝑖,1
+ 𝜀𝑖,1
(1)
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As observed in Eq. (1), many other terms such as the clock difference 𝛿𝑡𝑖 − 𝛿𝑡 𝑠 and ionosphere delay 𝐼𝑖𝑠 are also included in
the excess phase measurement. The ROPP software is able to remove the Ionospheric delay with the excess phase measurement
from both L1 and L2 frequency. The clock difference term can be removed with the single difference approach [15]. This
approach assumes that the GPS satellite clocks are all synchronized and the receiver clock is relatively stable. The excess phase
of a high elevation GPS satellite at the same time is subtracted from Eq. (1), which cancels the clock difference terms while
𝑠
𝑠
leaves the atmosphere terms 𝑇𝑖𝑠 unaffected. The multi-path 𝑚𝑖,1
and noise term 𝜀𝑖,1
are neglected, and the ambiguity can be
𝑠
estimated with the boundary condition 𝑇𝑖 = 0 at 100km.
The ROPP software can be used to process RO data from multiple LEO satellite including COSMIC, GRACE, CHAMP etc.
Because VELOX-CI data does not involve any data from open loop tracking, therefore it is configured in the same format as the
CHAMP data.

V.

RESULT ASSESSMENT

The result from VELOX-CI RO experiment include the refractivity and dry temperature. Four examples are selected to show the
performance at different sampling frequency. All the measurements are compared with a collocated radiosonde measurement.
The details of the examples are shown in Table. 3.

Radiosonde
Measurement
Time
Location
2017-6-20
27.45 S
12:00:00
59.05 W
2017-6-20
2.43 S
12:00:00
54.72 W
2017-6-16
4.70 N
12:00:00
74.15 W
2016-8-14
0.05 N
00:00:00
51.07 E

Table. 3 VELOX-CI RO experiment Summary
VELOX-CI Measurement
Other Data Source
Delay
-12 min

Distance
260.58 km

Sampling rate
20 Hz

Delay
32 min

Distance
202.90 km

Source
COSMIC

-15 min

454.62 km

20 Hz

-

-

-

128 min

385.42 km

5 Hz

-

-

-

-33 min

487.42 km

1 Hz

0 min

9.57 km

GFS

The geolocation, refractivity and refractivity error as well as the dry temperature profiles of these examples will be illustrated
in sequel.

(a)
(b)
(c)
Fig. 6 Comparing VELOX-CI RO 20 Hz data with COSMIC and Radiosonde.

(d)

Fig. 6 (a) shows the geolocation of this radio occultation event. The path of the RO perigee point are ploted for VELOX-CI and
COSMIC. The color of the path indicate the hight of the perigee point. It can be observed that at lower altitude indicated by dark
blue color in the map, VELOX-CI RO, COSMIC RO and radiosonde station are very close to each other (within 250 km). The
COSMIC result in Fig. 6 (b)(c) are generated with ROPP software from the ‘AtmPhs’ product from COSMIC. The COSMIC
also provide inverted atmosphere profile in ‘AtmPrf’. Unfortunatly the inverted profile fails to converge for this example. From
the comparison shown in Fig. 6 (c) VELOX-CI refractivity is close to the measurement taken by radiosonde station and COSMIC.
The difference in refractivity is less than 5% in the 7~35 km altitude range. In this range, the COSMIC data has more impact on
the 24 hours wheather forcast model [16]. Fig. 6 (d) shows the dry temperature measured by VELOX-CI has captured a lot of
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details, expecially for the temperature changes at 12 km. There is a temperature difference of VELOX-CI data above 25 km,
however the refractivity error is still very small at this region. This could be due to the effect of humidity.

(a)

(b)
(c)
Fig. 7 Comparing VELOX-CI RO 20Hz data and Radiosonde.

(d)

Fig. 7 shows another set of 20 Hz data. Due to the larger distance between the radiosonde station and the RO location (454.62
km), the refractivity measured by VELOX-CI is biased and miss alignment of the dry temperature measurement is also observed.

(a)

(b)
(c)
Fig. 8 Comparing VELOX-CI RO 5Hz data and Radiosonde.

(d)

Fig. 8 shows a RO event in Colombia. The RO measurement is taken at 2 hours and 8 minutes later than the radiosonde data.
However, the refractivity and dry temperature still matched very well. Except that a bias is observed in the refractivity error. By
reducing the sampling frequency to 5 Hz, the data storage and downloading time requirements are relieved while many
temperature variation details are still captured as shown in Fig. 8 (d).

(a)

(b)
(c)
Fig. 9 Comparing VELOX-CI RO 1Hz data and Radiosonde.
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(d)

The example shown in Fig. 9 is also not well collocated. The distance between the RO event and the radiosonde station is 487.42
km. Therefore, a large refractivity difference is observed. Besides, 1 Hz sampling rate is used for this event. As a result, most of
the details are neglected in the dry temperature curve. However the temperature variation at 18 km and 22 km is still reflected
from Fig. 9 (d). The difference in the curve shape might be due to bad collocation or under sampling. In this example, the GFS
model data is also compared. The vertical resolution of the GFS model is not as good as VELOX-CI measurement as shown in
Fig. 9 (b) and (d) and the difference is about 3 km.

VI.

CONCLUSIONS

In this paper, the data processing procedure and the final results of VELOX-CI radio occultation experiments were presented.
The precise orbit determination results were validated with the overlapping comparison and cross platform comparison. A series
of collocation events were evaluated for VELOX-CI’s radio occultation performance. The refractivity error was found to be less
than 5% in the well collocated events as compared with the radiosonde and the COSMIC measurements. In conclusion, the COTs
receiver on VELOX-CI is able to carry out radio occultation experiment at a lower cost and shorter development time, while
providing accurate measurement in the vertical range of 7-35 km.
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