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ABSTRACT 
 
    A novel positioning method based on GPS 
technology in a space where GPS signal can't be received 
is discussed. If positioning by using GPS receiver is 
possible even in such spaces, a seamless location on 
ground surfaces, inside buildings, in underground spaces 
and so on becomes possible. The merit may be significant. 
For this kind of purpose, pseudolites are used usually. In 
the present paper, a new method based on reradiation of 
GPS signals is proposed. In the present paper, the above 
mentioned reradiation approach is investigated 
theoretically. A method of experiment and experimental 
results are also discussed. In spaces similar to those 
mentioned above, there exist problems such as near-far 
and multi-reflection problems. The effects and solutions 
are proposed through experiments by wired transmission, 
those in a radio dark room and those in an actual 
environment. The phase distance is much more effective 
than the pseudo range. 
 
1. INTRODUCTION 
 
    A novel positioning method based on GPS 
technology in a space where GPS signal can't be received 
is discussed. If positioning by using GPS receiver is 
possible even in such spaces, a seamless location on 
ground surfaces, inside buildings, in underground spaces 
and so on becomes possible. The merit may be significant. 
    For this kind of purpose, pseudolites are used usually. 
In the present paper, a new method based on reradiation of 
GPS signals is proposed. GPS signals are received on 
ground surface where a favorable environment is provided 
to receive them. The received GPS signals are 
demodulated and separated into channels corresponding to 
individual satellites. The separated signals are then 
modulated separately, transmitted to reradiation antennas 

placed at appropriate positions in the target space, and 
radiated from the antennas. The individual GPS signals 
are radiated from the radiation antennas separately. This is 
the key point of the present approach. The antennas 
should be deployed appropriately. 
    When a specific GPS signal is received in the target 
space, the delay of the signal is caused by (1) the distance 
between the satellite and the antenna of the receiver on the 
ground surface, (2) the length of optical fiber or coaxial 
cable connecting the surface receiver to the reradiation 
antenna and (3) the distance between the reradiation 
antenna and the receiver antenna in the target space. (1) 
can be measured by the surface receiver, and (2) is known. 
Hence, (3) is obtained, if (1) and (2) are subtracted from 
the measurement by the receiver in the target space. So, 
the position of the target receiver antenna may be 
determined by applying the usual procedure. 
    If another receiver is placed in the target space and 
used as a reference, the single difference between the 
receivers cancels (1) and (2), since (1) and (2) are 
common in both measurements. And the single difference 
is equal to that of (3). This corresponds to a situation that 
the satellite locates at the position of the reradiation 
antenna. 
    In the present paper, the above mentioned reradiation 
approach is investigated theoretically. A method of 
experiment and experimental results are also discussed. In 
spaces similar to those mentioned above, there exist 
problems such as near-far and multi-reflection problems. 
The effects and solutions are proposed through 
experiments by wired transmission, those in a radio dark 
room and those in an actual environment. The phase 
distance is much more effective than the pseudo range. 
 
2. THEORY OF UNDERGROUND GPS 
 
    GPS signals don’t attain underground space. Hence, 
they must be generated by any means. For this kind of 
purpose, pseudolites are used usually (Rizos (2001)). A 
new method based on reradiation of GPS signals is 
discussed below. 
    As shown in Figures 1 and 2, GPS signals are 
received on the ground surface. They are demodulated and 
divided into individual satellite signals, and the individual 
signals are then modulated separately. They are lead to 

Theory of Indoor GPS  

by Using Reradiated GPS Signal 
 

Hiroshi Isshiki, Teruya Sugiyama, Hideo Yasuda, Akira Uchiyama 
Pegasusnet Corporation, Shizuoka, Japan 

E-mail: isshiki@dab.hi-ho.ne.jp 
Toshiyuki Saito 

Teruya Corporation, Shizuoka, Japan 
Takao Hujino, Taizo Nanbu, Hidenao Iwahashi, Taro Kimura 

The Kansai Electric Power Co., Inc. 



antennas in the underground space through optical fibers or 
coaxial cables. 
    The method is summarized as follows: 
1. A surface GPS receiver receives GPS signals. 
2. GPS signals are demodulated and divided into individual 

satellite signals, and are re-modulated separately. 
3. The individual signals are transferred to re-radiation 

antennas placed in an underground space, for an example, 
on the ceiling. 

4. The individual signals are re-radiated by the re-radiation 
antennas.  

5. The range measured by an underground GPS receiver is 
the sum of  
(a) the range between the satellite and the surface GPS 

receiver, 
(b) the length of the cable connecting the surface 

receiver and the re-radiation antenna 
and 
(c) the distance between the re-radiation antenna and the 

underground GPS receiver. 
6. (a) can be measured by the surface GPS receiver, and (b) 

is equal to the length of the cable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1  System Image of Position Tracking System  
by a Portable Telephone with a GPS Receiver in Under Grounds and in Buildings 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2  Details of Principle 
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7. The range between the re-radiation antenna and the 
underground GPS receiver antenna is given by 
subtracting (a) and (b) from the range measured by the 
underground GPS receiver. 8. The positions of the 
re-radiation antennas are known. So, the position of the 
underground GPS receiver may be calculated. 

9. If a reference receiver is introduced and a relative 
measurement is applied, the single difference between 
the rover and reference receivers cancels (a) and (b) in 
item 5. 

10. In this situation, the satellites may be considered, as if 
they exist at the point of the re-radiation antennas.  

    In the following, the above-mentioned method is 
explained in details by using mathematical formulas. The 
following notations are used: 
    N : the number of satellites, 
    superscript i : referring to a satellite, 
    subscript α : referring to a receiver, 

    iPα : pseudo or phase range between the satellite i                                                                  
        and the receiver α , 

    i
αρ : geometrical distance between the satellite i  and      

        the receiver α , 

    id : noise due to the satellite i , 
    αd : noise due to the receiver α , 

    idα : noise due to the transmission path connecting the      

        satellite i  and the receiver α , 
    λ : wave length of the carrier waves, 

    iNα : initial phase ambiguity of the range between the      
        satellite i  and the receiver α . 

    An observation equation on the observable iPα  can 

now be written as 

  ,iiiiii NdddP αααααα λερ +++++=  
            1,0;1,,1,0 =−= αNi L               (1) 

where i
αε  is the miscellaneous random noise which can’t 

identify the source. In case of pseudo ranges, the initial 

phase ambiguity iNα  may be ignored. 

    The SSSD (satellite-satellite single difference) of 
Equation (1) gives 

  ,)()()()()()( 11111
ijijijijijij NddP ∇+∇+∇+∇+∇=∇ λερ  

        1;2,,1,0 −=−= NjNi L                 (2) 

where ij)(∇•  refers to the SSSD: 

          jiij )()()( •−•=∇•                     (3) 

The noise αd  due to the receiver α  is eliminated by the 

SSSD. 
    The RRSD (receiver-receiver single difference) of 
Equation (1) gives 

  ,)()()()()()( 010101010101
iiiii NddP ∆+∆+∆+∆+∆=∆ λερ  

         11,0 −= Ni L                          (4) 

where αβ)( •∆  refers to the RRSD: 

          αβαβαβ )()()( •−•=•∆                   (5) 

The noise id  due to the satellite i  is eliminated by the 

RRSD. When the rover and base receiver are close, ijd 1)(∇  

may be ignored. 
    The SRDD (satellite and receiver double difference) of 
Equation (1) gives 

  ,)()()()()( 0101010101
ijijijijij NdP ∆∇+∆∇+∆∇+∆∇=∆∇ λερ  

            1;2,1,0 −=−= NjNi L             (6) 

where ij
αβ)( •∆∇  refers to the SRDD: 

      ijijij
βααβ )()()( ∇•−∇•=•∆∇  

             ji
αβαβ )()( •∆−•∆=  

             jiji
ββαα )()()()( •+•−•−•=            (7) 

The noise id  due to the satellite i  and the noise αd  

due to the receiver α  are eliminated by the SRDD. When 

the rover and base receiver are close, ijd 01)(∇  may be 
ignored. 
    On the other hand, let 

    i
Sρ : distance between the satellite i  and the surface  

        receiver S , 

    S

iRρ : length of the cable connecting the surface  

        receiver S  and the reradiator iR , 

    iR
0ρ̂ : distance between the reradiator iR  and the base  

        receiver 0 , 

    iR
1ρ̂ : distance between the reradiator iR  and the  

        rover receiver 1 . 

The distance i
αρ  can be written as 

    1,0;1,,1,0,ˆ =−=++= αρρρρ αα NiiRS

iR
i
S

i L     (8) 

Hence, SSSD ij
αρ )(∇ , RRSD i

αβρ)(∆  and SRDD 
ij
αβρ)( ∆∇  are 

  ,)ˆ()()()( 11
jRiRS

jRiR
ij
S

ij ρρρρ ∇+∇+∇=∇  

            1;2,,1,0 −=−= NjNi L             (9) 

  1,,1,0,)ˆ()( 0101 −=∆=∆ NiiRi Lρρ               (10) 

  1;2,,1,0,)ˆ()( 0101 −=−=∆∇=∆∇ NjNijRiRij Lρρ   (11) 
    From the observation Equations (2), (4), (6) and (9), 

(10), (11), jRiR

1)ˆ( ρ∇ , iR
01)ˆ( ρ∆  and jRiR

01)ˆ( ρ∆∇  can be 
calculated. Namely, if errors are neglected 

  ,)()()()()ˆ( 111
ijS
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S
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NP ∆∇−∆∇≈∆∇ λρ  
            1;2,1,0 −=−= NjNi L            (14) 

where ij
S)( ρ∇  and S

jRiR)( ρ∇  can be obtained from the 

observables at the surface receiver and the length of the 
cables connecting the surface receiver and the reradiators 
respectively. 
    Let the coordinate of the reradiator iR  and that of the 



receiver α  be ),,( iRiRiR zyx  and ),,( ααα zyx  

respectively. Since iR
αρ̂  can be written as 

  222 )()()(ˆ ααααρ zzyyxx iRiRiRiR −+−+−=      (15) 

jRiR
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If either of Equations (12) and (16), Equations (13) and (17) 
and Equations (14) and (18) are used, the coordinates 

),,( 111 zyx  of the rover antenna may be obtained. 
    In the above discussions, the method to determine the 

initial phase ambiguity iNα  is not given. The simplest way 

is to determine iNα  by using known coordinates such as 
the starting point and to use it in the following positioning 
calculation. 
    An idea to solve this problem is shown in Appendix A. 
    The above discussions mention the problem and the 
solution from the theoretical viewpoint. From a practical 
viewpoint, the following items are the unique problems in a 
confined space: 
(1) Near / Far Problem 
(2) Multi-Reflection 
(3) Antenna Interference 
    The solutions to individual items may be given as 
(1) Device for reradiation: 

(1-a) Adoption of pulsing of GPS signals [2,3] 
Signal of a different channel is radiated on a 
different time. 

(1-b) Change of radiation pattern 
The power downward is weaker than that 
sideward. 

(1-c) Increase of dynamic range of a receiver 
(2) The phase range gives much better results than the 

pseudo range. 
(3) The interferences between the radiation antennas decay 

rapidly as the distances between them increase. So, 
these interference may not give any practical problems. 
However, if the radiation antennas are placed close, the 
interferences become very remarkable. CDMA (Code 
Division Multiple Access) seems to be robust to these 
interferences. The interferences between the receiver 
antennas may not give serious problems. 

 
3. EXPERIMENTAL METHOD 
 
3.1  GPS SIGNAL GENERATORS AND RECEIVERS 

    Figure 3 shows GPS signal generators and GPS 
receivers. The signal generators are synchronized by the 
GPS time signals. Two receivers are used. One of them is 
the base receiver and the other is the rover receiver. So, the 
measurement of the double difference is possible. The 
receivers outputs are not only pseudo ranges but also phase 
distances, and the double difference measurement of the 
phase distances is also possible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3a  GPS signal generators 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3b  GPS receivers 
 
3.2  PSEUDO RANGE MEASUREMENTS IN WIRED 
TRANSMISSION 
    Before experimenting in wireless transmission, basic 
properties are confirmed in wired transmission as shown in 
Figure 4. The length of the coaxial cables corresponds to 
the transmission distance in the wireless case and is 
changed to simulate the change of the transmission distance 
in the wireless case. However, the transmission speeds are 
different in both cases. The speed in the coaxial cable used 
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in the present experiment is 67% of the speed in vacuum. 
    Through this experiment, the following items are 
investigated: 
(1) Separation of signals. 
(2) Relationship between the coaxial cable lengths and the 

double difference of pseudo ranges. 
(3) Resolution of the double difference. 
    In Figure 4, the signal generators 1 and 2 corresponds 
to the satellites 1 and 2. The lengths of the coaxial cables 5, 
10 and 15m, and four cables were prepared for each length. 
So, the double difference can change from –20 to +20m 
with separation of 5m. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Experiment by wire 
 
3.3  EXPERIMENTS IN A RADIO DARK ROOM 
    In order to verify the positioning principle and to 
obtain the precision of the measurement, experiments were 
conducted in a radio dark room as shown in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Experiment in a radio dark room 
 
 

 
 
    Specifically, distances between radiation antennas and 
receiver antennas were measured, and the SRDD (satellite 
and receiver double difference) was calculated from the 
measured data. On the other hand, the theoretical SRDD 
was obtained geometrically from the coordinates of the 
radiators and the receivers. By comparing the both SRDDs, 
the measurement accuracy was obtained. In a radio dark 
room, more reliable measurements are feasible, since the 
multi-path effects are small there. 
    By comparing the coordinates of the rover antenna 
calculated from the measured SRDD with the real 
coordinates, the accuracy of the coordinates level were also 
obtained. 
 
3.4  EXPERIMENTS IN AN ACTUAL ENVIRON- 
     MENTS 
    In a real environment, reflections from ceilings, walls 
and various obstacles have influences on positioning: the 
so-called multi reflection. To verify the possibility of a 
positioning based on GPS technology in these environments, 
experiments illustrated in Figure 6 were conducted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Experiment in an actual environment 
 
4.  EXPERIMENTAL RESULTS 
 
4.1  EXPERIMENTS IN WIRED TRANSMISSION 
    The experimental results are shown in Figure 7. The 
precision of the measurement is not satisfactory, but the 
linearity is confirmed. This assures the possibility of the 
positioning based on GPS technology in a confined space 
such as the underground. 
 
4.2  EXPERIMENTS IN A RADIO DARK ROOM 
    The precision of the pseudo range is not satisfactory 
for the present purpose. On the other hand, that by phase 
distance is very high. The accuracy is better than 5cm. The 
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Fig. 7  Relationship between the double difference of 

pseudo ranges and that of coaxial cable lengths.  
 
high stability and quick response are also verified. In the 
following experiments, the distance between the radiation 
antennas are 6m, the height is 2.5m. The height of the 
receiver antennas is 0.1m. The epoch is 1sec. 
 
(1) Stability test 
    To investigate the stability, the rover antenna was fixed, 
and the data were collected for 15 min. The origin of the 
coordinates is taken on the floor at the center between the 
radiation antennas. The direction connecting the radiation 
antenna 1 to the radiation antenna 2 is taken positive. The 
positions of the receiver antennas are taken at 

)1.0,0.1( mm−  and )1.0,0.1( mm+ . As shown in Figure 8, 

no drifts are observed both in pseudo and phase distances. 
The variations are several meters in pseudo range data and 
several millimeters in phase distance. The stability of the 
phase range data is satisfactory. 

 
Figure 8a  SSSD (Satellite-Satellite Single Difference) of 

pseudo range (Stability test) 
 
(2) Precision test 
    To investigate the positioning precision, precison tests 
were conducted. In the first example, receiver antenna b 
(base antenna) was fixed at mx 5.2= , and antenna a 
(rover antenna) was moved from mx 5.2−=  to 

mx 5.2=  with the increment of m5.0 . The results are 
shown in Figure 9. The pseudo range data don’t reflect the 
movement of the rover antenna correctly, since the 
movement of the rover antenna is too small. However, the 
movement is acquired explicitly. In Figures 9c and 9d, the 

Figure 8b  SRDD (Satellite-Receiver Double Difference) 
of pseudo range (Stability test) 

 

Figure 8c  SSSD of phase range (Stability test) 
 

Figure 8d  SRDD of phase range (Stability test) 
 
lock is lost at 2150sec, and a slip is observed. The 
correction is shown in Figures 9e and 9f. 
    In another example, antenna a (base antenna) is fixed 
at mx 0.1+= . Antenna b (rover antenna) is placed at 

=x ,0.1− ,75.0− ,5.0− ,4.0− ,3.0− ,2.0− ,15.0− ,1.0−
,05.0− ,0 ,05.0+ ,1.0+ ,15.0+ ,2.0+ ,3.0+ ,4.0+ ,5.0+
,75.0+ ,0.1+ ,5.0+ ,0 ,5.0− m0.1− . The results of the phase 

range are shown in Figure 4.2.3. By using the phase range, 
the rover antenna movement of cm5  is acquired clearly. 
Namely, If the phase range is used, the positioning accuracy 
better than cm5  may be possible. 
    The measured results of the phase range are compared 
with the calculated and real results in the Figure 10. A 
comparison of measured SRDD with calculated SRDD of 
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phase range (Precision test) is shown in Figure 10c. In 
Figure 10d, the coordinates calculated from measured 
SRDD of the phase data are compared with the real 
coordinates. The same results are also shown in Table 1.The  

Figure 9a  SSSD of pseudo range (Precision test) 
 

Figure 9b  SRDD of pseudo range (Precision test) 

 
Figure 9c  SSSD of phase range (Precision test) 

 

Figure 9d  SRDD of phase range (Precision test) 

 

 
Figure 9e  SSSD of phase range with slip corrected 

(Precision test)  
 

 
Figure 9f  SRDD of phase range with slip corrected 

(Precision test)  
 
difference between the measured and calculated SRDDs are 
in the level of cm2± . The difference between the 
measured and real coordinates are also in the level of 

cm2± . 

 
Figure 10a  SSSD of phase range (Precision test) 
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Figure 10b  SRDD of phase range (Precision test) 

 

 
Figure 10c  Comparison of measured SRDD with 

calculated SRDD of phase range (Precision test) 

 
 

Table 1  Comparison of measured coordinates with real ones  
(Precision test) 

 
Measured DD (wave)  File  

Name  Rea l 

Coordinates  

(m )  

Orig inal  

Da ta  

Corrected*  

Data  

Measured 

DD  

(m )  

Calculated 

DD  

(m )  

Measured 

Coordinates  

(m )  

1206_2_1 -1 26.9 16.1 3.059 3.08 -0.99 

1206_2_2 -0.75 24.9 14.1 2.679 2.7 -0.73 

1206_2_3 -0.5 23.1 12.3 2.337 2.32 -0.51 

1206_2_4 -0.4 22.2 11.4 2.166 2.16 -0.4 

1206_2_5 -0.3 21.3 10.5 1.995 2.01 -0.29 

1206_2_6 -0.2 20.5 9.7 1.843 1.85 -0.19 

1206_2_7 -0.15 20.2 9.4 1.786 1.77 -0.16 

1206_2_8 -0.1 19.8 9 1.71 1.7 -0.11 

1206_2_9 -0.05 19.5 8.7 1.653 1.62 -0.07 

1206_2_10 0 19 8.2 1.558 1.54 -0.01 

1206_2_11 0.05 18.6 7.8 1.482 1.46 0.04 

1206_2_12 0.1 18.2 7.4 1.406 1.38 0.09 

1206_2_13 0.15 17.7 6.9 1.311 1.31 0.15 

1206_2_14 0.2 17.3 6.5 1.235 1.23 0.2 

1206_2_15 0.3 16.5 5.7 1.083 1.07 0.29 

1206_2_16 0.4 15.8 5 0.95 0.92 0.38 

1206_2_17 0.5 14.9 4.1 0.779 0.76 0.49 

1206_2_18 0.75 12.8 2 0.38 0.38 0.75 

1206_2_19 1 10.8 0 0 0 1 

1206_2_20 0.5 14.9 4.1 0.779 0.76 0.49 

1206_2_21 0 19 8.2 1.558 1.54 -0.01 

1206_2_22 -0.5 23 12.2 2.318 2.32 -0.5 

1206_2_23 -1 27 16.2 3.078 3.08 -1 

* The corrected Data are obtained by making the value zero when the rover and base antennas are at the same position. 
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Figure 10d  Comparison of measured coordinates with real 

ones (Precision test) 
 
4.3  EXPERIMENTS IN AN ACTUAL ENVIRON- 
     MENTS 
    To investigate the possibility of a positioning based on 
GPS technology, experiments were conducted in a passage 
beside the radio dark room in the same building. The results 
are shown in Figures 11. 
    Antenna b (base antenna) was fixed at mx 5.2= , and 
antenna a (rover antenna) was moved from mx 5.2−=  to 

mx 5.1=  with the increment of m5.0 . The lock is lost at 
340sec, and a slip is observed. However, the lock is 
recovered instantly. In Figures 11e and 11f, the slip is 
corrected. The results similar to the ones obtained in the 
radio dark room are obtained. The phase range is robust to 
the multi reflection, and very effective. 

 
Figure 11a  SSSD of pseudo range 

(Experiments in an actual environment) 
 

 
 

 
 

Figure 11b  SRDD of pseudo range  
(Experiments in an actual environment) 

 

Figure 11c  SSSD of phase range  
(Experiments in an actual environment) 

 

Figure 11d  SRDD of phase range 
(Experiments in an actual environment) 
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Figure 11e  SSSD of phase range after correction 

(Experiments in an actual environment) 
 

 
Figure 11f  SRDD of phase range after correction 

(Experiments in an actual environment) 
 
5.  CONCLUSIONS 
 
    A possibility of positioning based on GPS technology 
with an accuracy of centimeter order in a space where GPS 
signal can't be received was shown. The present method 
uses conventional GPS receivers, and the GPS signals are 
generated by reradiation of the GPS signals. The 
conclusions obtained are shown below.  
 
5.1  VERIFICATION OF THEORY BY EXPERI- 
     MENTS 
(1)  In case of the underground GPS, the distance between 
a radiation antenna and a receiver antenna is very close. 
Even in the situation, a possibility of the positioning 
algorithm of the underground GPS was verified by 
experiments by a wired transmission. 
(2)  The high stability, high precision and quick response 
were confirmed by experiments in a radio dark room. The 
precision of the pseudo range is about m5 , but that of the 

phase range is cm2±  that is same as RTK (Real Time 
Kinematics) on the ground surface. 
(3)  The rover antenna was moved quickly by a electrically 
driven carriage, and the response was confirmed. The 
response may be same as that of a conventional RTK. 
(4)  Experiments were also conducted in an actual space 
where reflection from ceilings, walls, floors and obstacles 
exist, and the possibility of the underground GPS was 
assured. The phase range is found to be very robust to the 
multi-path reflections. 
 
5.2  PROBLEMS TO BE SOLVED FOR PRCTICAL  
     APPLICATION 
(1)  Two GPS signal generators and the two GPS receivers 
were used in the present experiments, and a one 
dimensional positioning was conducted. For the verification 
of the principle and the confirmation of the precision, the 
present experiments may be sufficient. However, for the 
practical application, three dimensional positioning 
experiments using four GPS signal generators should be 
done. 
(2)  For the practical application, downsizing of the 
receiver antenna must be realized for downsizing of the 
receiver. The proximity of the radiation and receiver 
antennas may be advantageous for the purpose. 
(3)  In the present experiments, the maximum distance 
between the radiation antennas was 6m. For the practical 
application, this should be more than 20m. In the situation, 
Near/Far problem may be the key point [2, 3]. The radiation 
pattern of the radiation antenna may be one of the cost 
effective solutions. 
(4)  The phase range may be more suited in positioning in 
multi path reflection environments than the pseudo range. 
However, if the phase range is used, the initial phase 
ambiguity must be solved by any means. An idea is shown 
in Appendix A. 
(5)  For a practical application, a combination with INS 
(Inertial Navigation System) and map mapping may realize 
a robust system. 
 
ACKNOWLEDGEMENTS 
 
     Authors would like to express their sincere thanks to 
Prof. C. Rizos of Univ. of New South Wales and Dr. T. 
Tsujii of National Aerospace Laboratory, Japan, Mr. H. 
Kato of Teruya Corp.and Mr. K. Soen of AmTechs Corp. for 
their valuable advices and encouragements. 
 
REFERENCES 
 
Rizos C. (2001), “Workshop: Pseudolites”, Tutorial 

Textbook of SatNav2001 (5
th Int. Symp. on Satellite 

Navigation Technology & Applications), Canberra, 
Australia. 

Kee C. (2001), “GPS Indoor Navigation System”, GIM 
International, pp. 58-61. 

Kee C. et al. (2000), “Development of Indoor, Navigation 
System using Asynchronous Pseudolites”, Proceedings 
of ION GPS-2000, Salt Lake City, UT., pp. 19-22.  

 

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

1 201 401 601

Time ... (sec)

P
h
as

e
 R

an
ge

 .
.. 

(W
av

e
)

a:(01)-(02) b:(01)-(02)

-40

-35

-30

-25

-20

-15

-10

-5

0

5

1 201 401 601

Time ... (sec)

P
h
as

e
 R

an
ge

 .
.. 

(W
av

e
)

((01)-(02))



APPENDIX A  AN IDEA TO SOLVE THE INITIAL  
               PHASE AMBIGUITY 
 
    In the following, an specific example is used to explain 
the idea. 
 
1.  A method using two radiation antennas 
    The two radiation antennas are placed at mx 3−=  
and mx 3+= . The height is mz 5.2= . The base receiver 
antenna is set at mx 3−= , and the rover antenna moves 
between mx 3−=  and mx 3+= . The height is mz 1.0= . 
The fraction of the SRDD (Satellite-Receiver Double 
Difference) calculated geometrically is shown in Figure A.1. 
As shown in the figure, there exist complex number of 
candidates for the rover antenna position. Hence, the rover 
antenna position can’t be determined definitely for a given 
SRDD in this case. 

Figure A.1  Fraction of calculated SRDD using two 
radiation antennas 

 
2.  A method using three radiation antennas 
    The three radiation antennas are placed at mx 3−= , 

mx 0=  and mx 3+= . The height is mz 5.2= . The 
base receiver antenna is set at mx 3−= , and the rover 
antenna moves between mx 3−=  and mx 3+= . The 
height is mz 1.0= . In this case, two independent SRDDs 
can be obtained. The SRDD calculated by using the 
radiation antennas placed at mx 3−=  and mx 0=  and  

Figure A.2  Fraction of calculated SRDD using three 
radiation antennas 

that calculated by using the radiation antennas placed at 
mx 0=  and mx 3+=  are shown in Figure A2. As 

shown in the figure, there exist only one position candidate 
for a pair of SRDDs. Hence, the rover antenna position can 
be determined definitely for a given pair of SRDDs in this 
case. 
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