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ABSTRACT  
 
We have developed a new control method for the Quasi-
Zenith Satellite (QZS) remote synchronization system for 

an onboard crystal oscillator (RESSOX).  The new 
method utilizes both L1 and L2 positioning signals of the 
QZS.  We also found that precise orbit information and 
the estimation of delays, such as those caused by the 
ionosphere and troposphere, are not necessary to realize 
the RESSOX technology.  The estimation of the delays of 
the L1-, L2- and Ku-band signals caused by the 
ionosphere and other sources can be calculated separately 
during feedback control, and the results of Ku-band delay 
are used to generate the RESSOX control signal.  The 
simulation results showed that synchronization of within 
3 ns between the ground site clock and the QZS site clock 
is achievable.  Experimental results on the ground also 
confirmed that synchronization within 3 ns is feasible. 
 
  
1.  INTRODUCTION  
 
The Japanese Quasi-Zenith Satellite System (QZSS) is a��
three-satellite navigation/positioning system conceived to 
improve the positioning performance (satellite availability 
and position accuracy) of the presently available global 
positioning system (GPS) in urban areas where high-rise 
buildings reduce the number of visible GPS satellites [1].  
A new timekeeping method of the QZSS, which is called 
the remote synchronization system for an onboard crystal 
oscillator (RESSOX), shown in Fig. 1, has been planned 
by the National Institute of Advanced Industrial Science 
and Technology (AIST) [2].  RESSOX is a remote control 
method that permits synchronization between a ground 
station clock and QZSS satellite clocks.  In its original 
concept, various delay models are used for the estimation 
of the delay of the RESSOX control signal that includes 
time information of QZSS-Time and is advanced with 
respect to QZSS-Time to compensate the delay during the 
transmission.  Furthermore, pseudo-ranges of positioning 
signals obtained at the ground station, called the time 



management station (TMS), are used for error adjustment, 
where QZSS-Time is a standard time of QZSS, like GPS 
Time for GPS, and refers to UTC (NICT). 
 
The proposed Japanese QZSS has the following 
properties regarding its timekeeping system (TKS): (1) it 
is possible to control the system over a 24-hour period as 
long as a good choice of the TMS site is made; (2) a high-
stability crystal oscillator is superior to an atomic clock in 
terms of short-term frequency stability [3]; (3) as the 
QZSS is a civilian mission, continuous ground station 
operation is assumed; and (4) the QZSS employs a 
maximum of three satellites, which is not too many to 
monitor from the ground.  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Schematic of RESSOX. 
 
The RESSOX reduces overall costs, satellite power 
consumption, onboard weight and volume, and has a 
longer lifetime than a system with onboard atomic clocks.  
 
RESSOX ground experiments and computer simulations 
have been conducted since 2003. The details of each 
apparatus and primary experimental results using only the 
L1 positioning signal have been introduced in our 
previous papers [4-6].  The tentative target of our research 
is synchronization within 10 ns between the ground site 
and the QZS site and stability of better than 1�u10-13 over 
100,000 s.  We have developed a new feedback method 
using both L1 and L2 positioning signals of the QZS and 
proved that we do not need precise orbit information or 
the estimation of delays, such as those caused by the 
ionosphere and troposphere, to realize the RESSOX 
technology.  We also found that we can estimate the 
delays of the L1-, L2- and Ku-band signals caused by the 
ionosphere and other sources separately during error 
adjustment.  Evaluations of the effects of the range error 
magnitude and least-squares filter used at the ground site 
will also be discussed. 
 
 
2.  CONTROL METHODS 
 
To investigate this new RESSOX technique, a specific 
software simulator has been developed.  The L1 and L2 
pseudo-ranges were considered separately, and the delay 

of the frequency-dependent part (i.e., ionospheric delay) 
and that of the frequency-independent part (i.e., range 
error and tropospheric delay) were each estimated.  The 
following is the simulation sequence of this new method, 
as shown in Fig. 2. 
 
Step 1. Three estimated delays are prepared.  These 
estimated delays include model errors such as those due 
to the orbit, ionosphere, or troposphere, and we assume 
that they are used at the TMS as the measurement results. 
The estimated delays of the L1- and L2-bands make up 
the database of L1 and L2 delays in the timing controller 
to be used for comparison with the L1- and L2-band 
pseudo-ranges in Step. 7.  In contrast, the estimated delay 
of the Ku-band is described in the time adjustment file for 
the transmitting time adjuster (TTA), and is used as a 
feed-forward control. 
 
Step 2. Three authentic delays are prepared.  These delays 
do not contain any errors.  Two of these delays are 
contained in the L1 and L2 authentic delay file, and the 
third is contained in the Ku authentic delay file.  These 
files are also used to generate the authentic delays of the 
L1, L2 and Ku signals in the experiments. 
 
Step 3. The time adjustment file for TTA is fed into the 
TTA as feed-forward control.  The timing for transmitting 
time information using the RESSOX control signal is 
adjusted to give the time comparator the correct time 
when the signal arrives at the QZS.  
 
Step 4. The delay of the RESSOX control signal during 
transmission is realized by the Ku authentic delay file.  In 
the case of experiments, the delay is realized by the 
uplink delay simulator (UDS).  
 
Step 5. The onboard crystal oscillator is controlled using 
the time difference between the RESSOX control signal 
and the time of the crystal oscillator itself.  Some noise 
generated by the crystal oscillator and the time 
comparator is assumed in this step and is generated by 
Stable 32, a clock simulator software, in the case of 
simulation. 
 
Step 6. The pseudo-ranges of L1 and L2 are calculated 
using the L1 and L2 authentic delay file and the onboard 
crystal oscillator error. 
 
Step 7. The pseudo-ranges of L1 and L2 obtained by the 
QZS signal receiver are compared with the database of L1 
and L2 delay and the differences between the pseudo-
range and the database are designated E1 for L1 
(frequency fL1=1.57542�u109 Hz) and E2 for L2 
(fL2=1.2276�u109 Hz).  
 
Step 8. Simultaneous equations (1) and (2), which include 
E1, E2 and delays due to the non-frequency-dependent 
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term e and the coefficient of delay k due to the frequency-
dependent term (i.e., ionospheric delay) as unknowns, are 
solved. 
 
 

(1) 
 

(2) 
 
 
Step 9. Using the solutions of the simultaneous equations, 
we obtain the time to be adjusted, formula (3), of the 
RESSOX control signal using the Ku-band 
(fKu=1.43453�u1010 Hz) for the TTA. 
 

(3) 
 
 

Step 10. As a result of combining the delay estimation file 
in Step 3 and the time to be adjusted for the TTA, the 
TTA is controlled.  We consider some filters in this step, 
as described later.  We now go back to step 4.  The 
calculation of the time to be adjusted was conducted 
every second.  The default filter was constructed using 
100 data values of time to be adjusted (result of formula 
(3) using the difference between measured pseudo-ranges 
of L1/L2 and estimated pseudo-ranges of L1/L2 prepared 
as the database of L1/L2 delay) from 6 s before to 105 s 
before every second.  The 100 data values of time to be 
adjusted were used for the first-order least-squares 
filtering, and the time to be adjusted was extrapolated to 
the current time, as shown in Fig. 3.  To calculate the 
filtering result and send it to the TTA as the time 
adjustment command, six seconds are assumed to be 
required. 
In Fig. 2, the three pink blocks indicate the key parts of 
this method.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Simulation block diagram. Parenthetic number indicates the step explained in the text.   The goal is 
synchronization between atomic clock and crystal oscillator. 

 
 
 
 
 
 
 
 
 
 

Fig. 3  Default control method at TMS. 

3.  SIMULATION RESULTS 
 
The simulation was conducted according to the block 
diagram shown in Fig. 2.  The simulation conditions used 
are shown in Table 1.  Typical Keplerian orbit elements of 
the QZS, shown in Table 1, were assumed.  To calculate the 
orbit precisely, the EGM96 geopotential model with the 
spherical harmonic coefficient of degree 360, gravity 
effects of the sun, the moon and other planets taken from 
the Jet Propulsion Laboratory (JPL) ephemeris DE405, 
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