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As a preparatory study for Global Positioning System-Very Long Baseline Interferometry (GPS-VLBI) hybrid system, we 

examined if VLBI type observation of the GPS signal is realizable through a test experiment. The test experiment was per-

formed between Kashima and Koganei, Japan, with 110 km baseline. The GPS L1 and L2 signals were received by com-

mercial GPS antennas, down-converted to video-band signals by specially developed GPS down converters, and then 

sampled by VLBI samplers. The sampled GPS data were recorded as ordinary VLBI data by VLBI recorders. The sampling 

frequency was 64 MHz and the observation time was 1 minute. The recorded data were correlated by a VLBI correlator. 

From correlation results, we simultaneously obtained correlation fringes from all 8 satellites above a cut-off elevation 

which was set to 15 degree. 87.5% of L1 fringes and 12.5% of L2 fringes acquired the Signal to Noise Ratios which are suf-

ficient to achieve the group delay precision of 0.1nsec that is typical in current geodetic VLBI. This result shows that VLBI 

type observation of GPS satellites will be readily realized in future GPS-VLBI hybrid system.

Keywords: very long baseline interferometry (VLBI), global positioning system (GPS), space geodesy, GPS-VLBI hybrid 
system, combination of space geodetic techniques, correlation

1. INTRODUCTION

Space geodetic technique is the geodetic technique 

that precisely measures the shape of the earth and its 

movement by observing celestial bodies or artificial sat-

ellites. The representative techniques include Very Long 

Baseline Interferometry (VLBI), Global Navigation Sat-

ellite System (GNSS), Satellite Laser Ranging (SLR) and 

Doppler Orbitography and Radiopositioning Integrated 

from Space (DORIS). Since the individual Space geo-

detic techniques are limited in the parameters that can 

be determined depending on the object and method of 

the observation, combination of the space geodetic tech-

niques is required to be able to determine all the param-

eters related to the shape of the earth and its movement. 

The combination of the space geodetic techniques can 

be classified into different levels such as product level, 

normal equation level and observation level, depending 

on the object and the manner of the combination. The 

product level combination is to express the independent 

coordinates of stations determined by each of the tech-

niques in a one, combined coordinate system. Since it 

employs a simple coordinate transformation method it 

can be simply realized. This combination method is ap-

plied by International Earth Rotation and Reference Systems 

Service (IERS) to produce International Terrestrial Reference 

Frame (ITRF) at present (Altamimi et al. 2002). However, 

because it does not consider the observation models of 
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the individual techniques, it is less accurate compared to 

the lower level combination methods. The normal equa-

tion level combination is recently drawing attention since 

it allows the combination of each parameter consider-

ing the observation models of the individual techniques 

(Vennebusch 2008). However, it is not a perfect combi-

nation method because this method cannot separate the 

error characteristics of individual techniques included in 

the observation data themselves. The observation level 

combination is essentially the most ideal combination 

method that homogenizes the observation data by en-

suring the same observation conditions of the individual 

techniques as much as possible and thus removing the 

difference in the error characteristics of each technique. 

However, it is relatively difficult because high-level un-

derstanding of the individual techniques is required 

in order to realize the identical observation conditions 

and additional equipments for the identical observation 

should be newly developed.

Recently, for the observation level combination, sever-

al studies have been carried out to install a GPS antenna 

to a VLBI antenna or to add a GPS feed to a VLBI antenna 

(Thaller & Rothacher 2002, Petrachenko et al. 2004, Tor-

natore & Hass 2010). However, when a GPS antenna is in-

stalled to a VLBI antenna, a problem arises that the refer-

ence point of the GPS antenna is no longer a fixed point 

on the earth but moves as VLBI antenna change its orien-

tation. Moreover, the uniformity of the observation con-

dition is lacking because the signals are processed in the 

conventional GPS method. On the other hand, when the 

GPS signals are received with the VLBI antenna, the VLBI 

antenna, which is directional, can receive the signals 

from only one GPS satellite at one time. Such an observa-

tion method is not efficient when it is compared with the 

general GPS method that receives several satellites sig-

nals simultaneously using the omni-directional antenna. 

Moreover, considering the advantage of VLBI that highly 

accurate station position, International Celestial Reference 

Frame (ICRF) and Universal Time 1 (UT1) are determined 

by the continuous observation of stable quasars, addi-

tion of GPS feed for the GPS satellite signal reception will 

decline the performance of the VLBI. Therefore, the most 

efficient combination method is to perform sampling, 

recording and correlation in the same manner, while 

maintaining advantageous characteristics for radio-wave 

reception in each of the observation techniques. In this 

paper, we suggest the GPS-VLBI hybrid system in which 

GPS and VLBI are combined in this way as a unified ob-

servation system. This is the concept that is proposed for 

the first time in the world (Kwak et al. 2008a, b, 2010) and 

the present study is the first actual test observation for 

realizing the concept.

GPS-VLBI hybrid system can obtain more data than a 

single technique and provide the effect of reducing the 

number of clock parameters to the half by using the same 

frequency standard. These characteristics are expected 

to improve the estimation of the atmospheric propa-

gation delays that vary rapidly in time and thus elevate 

the precision of VLBI geodesy. The combination of VLBI 

technique that determines ICRF and the GPS technique 

that determines the orbit of the GPS satellite will allow 

expressing the GPS satellite orbit directly on ICRF. In ad-

dition, the combination of GPS which determines the 

center of the earth and VLBI which determines only the 

relative baselines of the antennas will enable to connect 

the VLBI TRF to the center of the earth directly (Dickey 

2010). Moreover, through the hybrid system, GPS will 

contribute to the determination of the long periodic UT1 

components, one of the earth rotation parameters.

The objective of this study is to verify experimentally 

if it is possible for GPS to observe in the VLBI way from 

the viewpoint of hardware, which is the prerequisite for 

the realization of GPS-VLBI hybrid system. In this article, 

we verified the detection of each correlation fringe from 

every GPS satellite and discussed the Signal to Noise Ra-

tio (SNR) of the correlation fringe and the thermal noise 

errors of the group delay and the delay rate.

2. TEST OBSERVATION

2.1 Overview of the observation system

GPS-VLBI hybrid system is the observation level 

combination system for the GPS technique and VLBI 

technique in the same site. It receives the quasar sig-

nals through the VLBI antenna and the satellite signals 

through the GPS antenna, respectively, and generates 

data with the down converters and the VLBI sampler that 

are operated based on the same reference signals provid-

ed by the hydrogen atomic clock. The VLBI and GPS data 

generated by the VLBI sampler are recorded in the same 

format in the VLBI hard disk recorder. These VLBI-format 

observation data transferred from individual stations are 

correlated by the VLBI correlator and the delay between 

the stations is eventually produced (Fig. 1).

For VLBI type GPS test observation, a commercial GPS 

antenna was used in receiving the GPS signals. In ordi-

nary GPS observations, a sequence of signal processing 

and data generation is automatically carried out in the 



175

Younghee Kwak et al.   VLBI Type GPS Observation

http://janss.kr

Fig. 1. The schematic diagram of the GPS-VLBI hybrid system. All com-
ponents except for the VLBI antennas were used for the test observation.

Fig. 2. The schematic diagram of the VLBI type GPS observation experi-
ment. The GPS L1 and L2 signals have the central frequencies of 1,575.42 
MHz and 1,227.6 MHz, respectively. VSSP32 is the VLBI sampler and re-
corder developed by NICT. The GPS down converter and VSSP32 received 
the reference signals provided by the hydrogen atomic clock. The data 
recored in the VLBI format were correlated with the software correlator 
developed by NICT.

commercial GPS receiver. Therefore, an additional GPS 

down converter is required for the signal processing in 

VLBI type observation. The GPS down converter for the 

GPS-VLBI hybrid system was specially designed and fab-

ricated in National Institute of Information and Communica-

tions Technology (NICT) (Fig. 2) (Amagai 2009). The GPS 

down converter of NICT converts the L1 (1,575.42 MHz) 

and L2 (1,227.6 MHz) signals into frequency bands with 

central frequencies of 75.42 MHz and 77.6 MHz, respec-

tively. The bandwidth of each channel is 32 MHz which 

can include all the GPS signals. The down-converted GPS 

signals are recorded as the VLBI formatted data through 

the Versatile Scientific Sampling Processor 32 (VSSP32) (Kon-

do et al. 2008) which is the VLBI sampler and recorder 

developed by NICT. During these procedures, the GPS 

down converter and the sampler are provided with the 

reference signals from the hydrogen atomic clock as the 

general VLBI systems. The VLBI software correlator de-

veloped by NICT (Kondo et al. 2003) was used to correlate 

the GPS data recorded in VLBI format.

2.2 Outline of the observation

The VLBI type GPS test observation was carried out in 

between Kashima and Koganei, Japan, for one minute, 

06:19:00-06:20:00 UTC, on October 9, 2009. The baseline 

length between the two stations was 110 km, approxi-

mately. Since the signals from the satellite of which eleva-

tion angle is small are greatly affected by the atmosphere, 

the cut-off elevation angle was set up as 15 degrees. Total 

8 satellites whose elevation angles were higher than 15 

degrees appeared on the celestial hemisphere above the 

two stations during the observation. The Pseudorandom 

Noise(PRN) numbers of observed satellites and their 

elevation angles at the time of observation are listed in 

Table 1. All the satellite signals were recorded within the 

32 MHz bandwidth at once.

2.3 Evaluation criteria

Because we use the omni-directional antenna for GPS 

observation, different signals from the individual satel-

lites are received together. Thus, VLBI type observation 

of GPS signals can be evaluated as to be successful if the 

correlation fringes of individual GPS satellites signals 

are separately detected through the VLBI correlation. In 

addition, the feasibility of the hybrid system in geodesy 

can be evaluated by examining the expected precision 

of group delay ( Gτ ) and delay rate (τ ) of the GPS sig-

nals through the SNR analysis of the detected correlation 

fringe.

The SNR of the correlation fringe detected after the 

correlation is determined as the Eq. (1) (Thompson et al. 

2001), where Qη  denotes the efficiency of converting the 

analog signal to the digital signal, T
A1 

and T
A2 

the antenna 

temperatures, T
S1

 and T
S2 

the system noise temperatures, 

B the bandwidth, and aτ the integration time. The group 

delay is the gradient of the fringe phase (φ ) after the cor-

relation of the two signals with respect to frequency (Eq. 

2). This represents the difference of arrival times of the 

same signal from a radio source at the individual sta-

tions, that is, delay. On the contrary, the gradient of the 

fringe phase with respect to time indicates the fringe fre-

quency. By dividing the fringe frequency with the central 

frequency, the delay rate is obtained (Eq. 3). To estimate 

observation precision of the group delay and the delay 

rate, their thermal noise errors should be examined. The 

group delay thermal noise error ( Gτσ ) of the white noise 

signal is determined by the SNR of the correlation peak 
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and the frequency bandwidth ( , 2B Bω π∆ = ) as in 

the Eq. (4). The delay rate thermal noise error ( τσ 

) of 

the white noise signal is determined by the SNR and the 

integration time ( aτ ) as in the Eq. (5). In general geo-

detic VLBI observation, typical thermal noise errors of 

the group delay and the delay rate are 0.1 nsec and 0.01 

psec/sec, respectively. These error values correspond to 

the case where the SNR of the geodetic VLBI observation 

is about 16, the correlation is carried out for 400 seconds 

of the integration time, and the effective bandwidth used 

in the bandwidth synthesis technique is about 100 MHz.

3. OBSERVATION RESULTS

As the results of the correlation of the test observation 

data with the VLBI correlator, distinctive fringes were 

successfully detected simultaneously from all the 8 sat-

ellite whose elevation angles were larger than 15 degree 

(Figs. 3 and 4). The results imply that the VLBI system us-

ing the GPS antenna is able to process the GPS signals, 

no matter the magnitude of the error may be. Hence, the 

hardware constitution of the GPS-VLBI hybrid system is 

reasonable.

Assuming that the Allan standard deviations (Thomp-

son et al. 2001), which show frequency stability, of the 

hydrogen atomic clock and the atmospheric delay of 

general VLBI system are 10-15 and 10-13, respectively, the 

allowable integration time of the GPS L1 and L2 signals 

without losing the phase coherence could be as large as 

1,000 seconds. However, if our delay prediction model 

for the correlation processing is not accurate enough, co-

herence loss can take place in a shorter integration time. 

Therefore, we examined in this study whether the coher-

ence was maintained in the GPS correlation results by 

comparing the SNR values obtained with various integra-

tion times within 1 minute. The variation of the SNR of 

the correlation fringe of each satellite depending on the 

correlation integration time is shown in Figs. 5 and 6. The 

results showed that the SNR of the correlation fringe in-

creased as the correlation integration time increased. It is 

because, when there is no loss of coherence and , ,Q A ST Tη

and B are constant during the integration time, the noise 

magnitude decreases in inverse proportion to the square 

root of the integration time 1/ aτ  as implied from the Eq. 

(1). This result shows that the coherence loss due to the 

imperfect delay prediction model, along with the vari-

able clock and atmosphere, is sufficiently small in the 

VLBI type GPS observation. Table 1 shows the SNR val-

ues of the correlation fringes of the individual satellites 

when the observation data were integrated for 1 minute. 

The observation for 1 minute showed that the SNR of the 

GPS L1 signal was in the range of 77~377.6 and that of the 

GPS L2 signal was in the range of 13.3~154.7. The large 

difference between the SNRs of the two signals is due to 

the difference of the signal intensity itself because two 

kinds of code, the P code and the C/A code are carried 
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Table 1. The elevation angles of the satellites observed from the two stations at 06:19:00 UTC, the SNR, and the thermal noise errors of the group delay 
and the delay rate of each signal during 1 minute of integration time.

Satellite 
PRN 

Number

Elevation angle at  
Kashima (°)

Elevation angle at 
Koganei (°)

L1 L2

SNR Gτσ
(nsec)

τσ 

(psec/sec)
SNR Gτσ

(nsec)
τσ 

(psec/sec)

3 23.4 22.4 77 0.224 0.076 15.6 1.104 0.374

7 23.2 24.1 184.8 0.093 0.032 111.2 0.155 0.052

8 31.5 32.6 170.1 0.101 0.034 28.2 0.611 0.207

11 76.0 77.1 377.6 0.046 0.015 154.7 0.111 0.038

19 44.1 43.0 284.7 0.061 0.020 45.4 0.379 0.128

20 24.2 24.4 121.8 0.141 0.048 13.3 1.295 0.439

28 32.4 33.0 142.5 0.121 0.041 21.9 0.787 0.266

32 35.1 34.8 248.7 0.069 0.023 32.4 0.532 0.180

UTC: Coordinated Universal Time.
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Fig. 3. The correlation result of the GPS L1 signal (integration time = 1 minute). The fringe peak on the group delay (unit: μsec) and the fringe frequency 
(unit: Hz) plane.
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Fig. 4. The correlation result of the GPS L2 signal (integration time = 1 minute). The fringe peak for the group delay (unit: μsec) and the fringe frequency 
(unit: Hz) plane.
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by the L1 carrier, while only the P code is carried by the 

L2 carrier (Spilker 1996). In addition, since the C/A code 

is a narrowband (1.023 MHz) signal, the detected width 

of the fringe peak was wider. The large difference among 

the SNR values from the individual satellites is presum-

ably because of the variation in the signal reception sen-

sitivity depending on the position of the satellites and 

the features on the earth since the GPS antenna is om-

ni-directional. The GPS antenna receives the artificially 

transmitted signals from the satellites and thus the SNR 

values are much larger than that of VLBI that receives the 

weak noise signals from astronomical radio sources. Ta-

ble 1 shows that, except the PRN number 3, the L1 signal 

whose signal intensity is relatively strong has the group 

delay thermal noise error which is in similar level to that 

of VLBI. In addition, the L2 signal of which signal inten-

sity is relatively weak showed larger error than that of the 

normal VLBI observation, except the PRN number 11. For 

the delay rate, both L1 and L2 signals showed larger er-

ror than the general VLBI thermal noise error. However, if 

only the phase coherence is maintained, the error can be 

improved by increasing the integration time.

These results were obtained on the basis of compat-

ibility of VLBI systems and simultaneous processing of 

the large-volume data achieved thanks to the recent de-

velopment of the signal processing technology. We con-

firmed that there is no big restriction in processing the 

GPS signals in the VLBI system. That means the combina-

tion with the GPS antenna in the VLBI system can bring 

the equivalent effect to installing additional VLBI anten-

nas, if only the prediction model is accurate.

4. CONCLUSIONS

As a preliminary study for GPS-VLBI hybrid system de-

velopment, we examined if the VLBI type observation of 

the GPS signal is realizable. The equipments of the con-

ventional VLBI system were used without change except 

the GPS antenna and the GPS down converter. We suc-

cessfully separated GPS signals from individual satellites 

by correlating the GPS data recorded in the VLBI format 

and obtained the distinctive correlation fringes. More-

over, the precision analysis showed that the precision was 

almost similar to the general geodetic VLBI precision and 

it was confirmed that, even if the result has low precision, 

there is a possibility to improve the precision by increas-

ing the correlation integration time. The significance of 

this study is that it was proved for the first time in the 

world, by an actual observation, that the VLBI type obser-

vation of the GPS signal is feasible without any difficulty 

in the hardware and has the potential to achieve the VLBI 

precision. It is expected that the GPS-VLBI hybrid system 

can greatly contribute to improving the VLBI precision 

together with the multiple antenna system proposed in 

the VLBI2010 (Petrachenko et al. 2004) in the future.
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