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This paper proposes an airborne transceiver system as an alternative navigation system and a
triangulation method using bidirectional range measurements as a method of transceiver
position determination. We suggest several system arrays that can estimate each mobile
transceiver position in real time. We found that our suggested alternative navigation system
working in a 700 km x 900 km region is feasible using only 10 transceivers at an altitude of
42 km, furthermore its performance can compete with that of Galileo’s Open Service. This
paper will contribute to the establishment of an alternative or backup navigation system with
modest expenditure and a short development period, and which is independent of GPS.

KEY WORDS

1. Transceiver. 2. Regional navigation system. 3. Alternative navigation system.

1. INTRODUCTION. The Global Navigation Satellite System (GNSS) is
extremely useful and has become increasingly essential for almost all fields of en-
deavour requiring accurate positioning in industry, national defence and security.
Although the United States Global Positioning System (GPS) provides precise
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Figure 1. APL system construction in Hunter UAV.

time and position to a user anywhere, anytime, and under any atmospheric con-
ditions, many countries seek to develop their own navigation systems. Furthermore,
countries that possess or will shortly possess local satellite navigation systems still
wish to have backup for GNSS. Others that cannot afford to develop navigational
satellites consider their options carefully.

A pseudolite has been suggested as a suitable alternative or backup for a satellite
navigation system because it generates a GPS-like signal. As it does not need a sat-
ellite as a carrying vehicle, its cost and risk are relatively small. It is possible to
construct such a navigation system anywhere by using stationary pseudolites.
However, it is difficult to place them higher than a few hundred metres from the
ground, so the resultant navigation coverage is limited to a range of several km?. Tt
cannot satisfy the requirements of a regional system. Moreover, assembly of such a
navigation environment is arduous because of the need for accurate survey and
calibration. Consequently, a mobile pseudolite is a very attractive alternative because
it guarantees high visibility and flexibility. It can stay at high altitude to service a large
area and can move to any location that needs a navigation environment. Such
properties are very suitable as an alternative or backup navigation system in a small
country or across state regions. An issue to consider is how to position a mobile
pseudolite in real time, and many studies have focused on this. In this paper, we
suggest a new real-time positioning estimation algorithm for application to mobile
transceivers in order to construct a regional navigation facility.

2. EXISTING SYSTEMS.

2.1.  Battlefield Navigation System. Rockwell Collins has developed a pseudolite-
based battlefield navigation system (BNS) in partnership with DARPA, UAV
Battlelab (Eglin AFB, FL), and SSC San Diego, CA. The system consists of an
airborne pseudolite (APL) on a Hunter unmanned aerial vehicle (UAV), as shown
in Figure 1, and three ground-based pseudolites (Tuohino, 2000). The APL system
consists of a GPS signal generator, a personal computer controller, a GPS reference
receiver, an inertial measurement unit (IMU), a Rubidium frequency standard, and
various power supplies and remote control data links. The role of the reference
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Table 1. BNS positioning accuracy.

RMS Error (m)

PLGR JDAM
Horizontal 135m 141 m
Vertical 233 m 10-6 m

receiver is to navigate from GPS satellites that provide self-location and timing
information for the pseudolite signal generator.

After the APL self-navigation solution is determined, it is broadcast to the user
equipment, JDAM (Joint Direct Attack Munition) or PLGR (Precision Lightweight
GPS Receiver). A constellation of APLs deployed in a configuration offering the
required geometrical precision produces the PPS (Precise Positioning Service) levels
of navigation accuracy summarized in Table 1. Rockwell Collins has demonstrated
that pseudolite-based navigation performance is consistent with satellite-based navi-
gation. However, the position of the mobile APL is estimated by GPS so BNS is not a
full alternative or backup for GNSS.

2.2. Inverted GPS. An algorithm to determine pseudolite position without
GNSS was first introduced by Raquet er al (1995) as inverted GPS (IGPS). This
method estimates the pseudolite position and transmitter clock error by using the
known positions of the reference station (RS) network when ranging information is
obtained on the ground. There are two configurations for an IGPS, as shown in
Figure 2, where the only difference is whether a pseudolite (referred to here as a Type |
configuration) or GNSS satellite (Type II configuration) is selected as a ‘reference
clock’. The reference satellite or pseudolite is needed to give double-difference ob-
servables and to eliminate GPS receiver clock bias. Each configuration has its own
advantages and disadvantages. In the Type I configuration, orbit and atmospheric
delay errors related to the GPS reference satellite can be ignored, whereas in the
Type 11 configuration these errors may be significant.

The Type I configuration can overcome the limitations of ‘satellite-based’ pos-
itioning when GPS satellite signals cannot be tracked. Furthermore, all the hardware
equipment and software are configured on the ground where the power, size and
computational load constraints can be easily resolved. In the Type II configuration,
however, one GPS satellite in the view of all the ground stations is selected as the
reference and hence reduces the overall system cost across a wide region. When the
IGPS Type I method is used for mobile pseudolite positioning, the low visibility
problem remains, preventing the construction of a country-sized regional navigation
system. On the other hand, using the Type II method means that this system depends
on GNSS. IGPS, therefore, is not a suitable algorithm for the implementation of an
alternative navigation system. This leads us to propose the Transceiver Navigation
system as a local alternative to GNSS.

3. TRANSCEIVER NAVIGATION SYSTEM.

3.1. Transceiver Positioning Algorithm. Transceiver is a compound word derived
from ‘transmitter’ and ‘receiver’; it transmits the navigation signal as well as re-
ceiving information from others. The output of the transmitter is split, with one line
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Figure 2. The concept of inverted GPS.

going to a passive broadcast antenna and the other going to one front end on a dual
front-end receiver. This allows the receiver to monitor the transmitter output so that
it can receive its own signal internally.
Transceivers take their own broadcast and received signals as expressed in (1) and (2).
We assume that the line bias would be estimated exactly, so that it would be included
in the clock bias.

pi]:di]+B[_bj+€pji (D

p;=Bi—b'+eyi 2
where:

p{: pseudorange measurement received at the i-th transceiver from the j-th one;
pi: pseudorange broadcast from and measured inertially at the i-th transceiver;
d/: distance between the i-th and j-th transceivers;

B: clock bias of the receiver component in the transceiver;

b: clock error of the transmitter component in the transceiver;

€1 pseudorange measurement noise.

We can eliminate clock bias in the receiver by taking the internal self-difference be-
tween the signals received by i-th transceiver, as shown in (3).

f’{:P{—P;:d{—(bj—bi)'i'fp_/i—gpﬁ (3)
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where:

ﬁ,’ : is the internal self-difference between the signals received at the i-th transceiver.

Similarly to Equation (3), a reconstructed measurement of the j-th transceiver [)I’ can
be obtained by the self-difference as expressed in (4).

pi=dj—(b'—b))+ep—ey @

Combining these measurements from both i and j transceivers in (3) and (4), we can
eliminate the clock error, and then determine the range between the pair, thus de-
riving Equation (5).

P+ i
2

Considering the geometry of the i-th and j-th transceivers, the range between these de-
vices is the inner product of the relative position and line-of-sight vectors of the pair.

d/=e]-(R'=R) (6)

{€pij — €pjj + €pji — Epit}
2

=+ ®

where

¢} line-of-sight vector from i-th to j-th transceiver;
R/: position vector of the j-th transceiver.

All the pairs of measurement make a linear equation (7) and this overdetermined
manner of equation provides the least square position of all the transceivers.
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Now that we employ transceivers as the navigation message broadcaster, we can
use the real range for their positioning instead of the pseudorange by combining the
self-differencing measurements. In this paper, we call this algorithm the real range
positioning (RRP) method.

Pseudorange inevitably includes a receiver clock bias, so the traditional positioning
algorithm should use the time difference of arrival (TDOA) method. A TDOA system
will only be able to locate the receiver position along a hyperbolic intersection area. If
all the transmitter devices are located in the same direction, the major axis of an error
ellipse is toward the common direction (see the left-hand side of Figure 3) and
consequently, the vertical positioning accuracy of the GNSS receiver is generally less
than the horizontal one. On the other hand, the error ellipse of the RRP method isin a
circular intersection area, so the major axis is perpendicular to the common trans-
mitter direction. The RRP method effectively improves the vertical position accuracy.
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Figure 3. Error ellipse of each positioning method (left: Pseudorange; right: Real range).
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Figure 4. (Left) Block diagram representing a transceiver. (Right) Transceiver navigation system
overview.

3.2. Transceiver System Construction. Figure 4 (Left) is a block diagram re-
presenting the transceiver. The signals from the receiver front-end and from the
transmitter are self-differenced, and then a reconstructed measurement for the j-th
transceiver [)]’: is estimated. The RRP method can estimate the transceiver position in
real time. A communication module is used for transferring the measurement and
receiving the estimated position information. The inevitable processing time delay
should be compensated by IMU.

3.3. Navigation System Construction. Considering the properties of the mobile
transceiver and its positioning algorithm, we propose a mobile transceiver-based
navigation system as depicted in Figure 4 (Right). The system consists of a ground
station, mobile satellite vehicle (SV), and user segment. The ground station segment
consists of a computing centre (CC) and reference station (RS), placed at known
positions. RSs receive navigation signals from the transceivers, and then transfer
them to the CC. Transceivers also transmit their self-differenced observables to the
CC. The CC estimates each SV’s position by combining the gathered measurements,
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Table 2. Transceiver coverage with increasing altitude (mask angle =5°).

altitude coverage of one transceiver
1 km 10 km
10 km 105 km
20 km 195 km
40 km 350 km

Table 3. Error budget for the simulation.

Between SVs Surface User
Receiver Noise 0-2 (m) 0-2 (m)
Multipath 0-1 (m) 0-9 (m)
Ionospheric Delay 0-0 (m) 0-0 (m)
Tropospheric Delay 0-0 (m) 0-5 (m)
Other UE Error 0-4 (m) 0-4 (m)
User Total Error 0-46 (m) 1-12 (m)

and then transmits the result to each SV. Several estimation methods for the SV
position will be introduced in Section 4. After receiving the transmitted information,
each SV compensates for a time delay and estimates its own position with the aid of
an additional sensor such as an IMU. The transceiver then generates a stream of
navigation messages based on the estimated position in real time and broadcasts it to
the user segment. The transceiver can also generate a GPS-like signal, so the navi-
gation user can get its own position using the on-the-shelf GNSS receiver. If the
system operates independently of the existing GNSS, the navigation signal should
have a different message and frequency. In this mode, the user receiver should be
modified in order to receive its own signal.

4. SIMULATION.

4.1. Simulation Construction and Assumptions. To verify that this process can
estimate the transceiver position more accurately than the existing algorithm and that
the suggested system is feasible in a small country-sized region, the following simu-
lation was performed. As shown in Figure 4 (Right), six RSs are considered in this
simulation. One RS is located at the centre of a 100 km radius circle and the other five
are on the circle perimeter. SVs are also distributed in the same manner as the RSs,
but the optimal radius is varied with the transceiver coverage.

The transceiver coverage generally becomes larger as the SVs’ altitude increases, as
shown in Table 2. Every coverage distance in Table 2 was calculated as a visible
region on the earth sphere with an elevation cutoff angle of 5°. We aimed to im-
plement a navigation system in a 700 km x 900 km region, so the operating altitude
should be higher than 40 km. To leave a margin, we chose 42 km as the SV altitude.
Satellite vehicles with this capacity that are operating or being developed are the
United Kingdom Zephyr and Helios of NASA.

Kovach (2000) described a new user equivalent range error (UERE) budget for the
modernized GPS. Based on this account, we reorganized the error budget of our
suggested system in Table 3. The satellite vehicle remains in the stratosphere at an
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Figure 5. Concept of the transceiver positioning method.

altitude of 42 km so the pseudorange of our system does not include any ionospheric
delay error. As there is little gas or water vapour in the stratosphere, the UERE
between the SVs is 0-46 m whereas that at the surface is 1-12 m.

4.2. Satellite Vehicle Positioning Methods. The RRP method can estimate
the relative positions of all the transceivers as a self-calibrating pseudolite array
as used by Stanford University (LeMaster et al., 2002). To provide an absolute
position to the user segment, a reference coordinate is necessary, and it is essential
that the RSs are located at known positions as shown in Figure 5. We suggest
that each RS and SV has a transceiver, but we also considered three additional
algorithms in this simulation with which to compare the performance of the RRP
method.

We first estimated the position of the SV using the traditional IGPS. We considered
only the receiver in the RS and the pseudolite in the SV in this method. We assumed
that a reference clock could be located high enough to be visible from all the RSs.
This clock eliminates the receiver clock bias (Bg,) in each RS, and the CC estimates
the pseudolite position and clock error as expressed in (8).

i i ' R
ka_BRk+eRk‘RRK:[eljzk _1]([)[) (®)
where: Ry : position vector of k-th RS.
We next considered a pseudolite-receiver set to be included in the SV segment.

Each SV not only broadcasts the navigation signal, but also receives that of others as
expressed in Equations (9) and (10).

i i i R
Pric— Bric+ €y Rrx =[ gy _1](b") ©)
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Ri

A A b’
pi=lej =1 —¢ 11| g (10)

B

The CC estimates the SV position, clock error of the pseudolite (), and clock
bias of the receiver (B;) using all the measurements from the RSs and SVs.
This method is similar to the IGPS, so we call it the extended IGPS (EIGPS) in this
paper.

The next step was to devise a real range positioning 1 (RRP 1) method that
transceivers are only equipped with in an SV. The RSs still need the reference clock to
eliminate their receiver clock bias. Using Equations (9) and (11), the CC can estimate
the SVs’ position and clock error. The real range (d”) between the i-th and j-th SVs
would help in estimating the positions.

pi+pl . (R
=l —e}]<Rj) (D

The last method is RRP 2, where all the RSs and SVs have transceivers, and all the
infrastructure segments can both receive and broadcast the signals. The reference
clock is no longer necessary because the system does not need to eliminate the RS
clock bias. The real range between SV and RS and between the pairs of SVs can
determine the geometry and each SV can solve its absolute position by using
Equation (12).

=

LR
PR12P1 +ek Rp
0 .0 L. 0
: R!
p]R/c+p/Rk j : 2
5 e Rl | 0 0 e 0 o |[%
N : : : : R
P1tPy =| - e 0 0 0 .
2 :
R/
L L j
p_}-i-pé 0 ...0... e, 0...0 g 0 :
2 z z s |\
: 0 0 0 —e , e,
[ 1+p2 '
2
(12)

where: p, : a self-differenced measurement from the j-th transceiver to the k-th RS.

4.3. Case Study I— Normal Case. Let us consider a normal disposition of each
segment. RSs that make a circle with the same distance would guarantee a good
dilution of precision (DOP) value. SVs with an operating altitude of 42 km are
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Table 4. Individual SV position accuracy for each method in Case 1.

SV 2DRMS
num error (m) IGPS EIGPS RRP 1 RRP2
#1 Horizontal 16729 4-5534 31888 1-7359
Vertical 18-2286 7-3754 70562 47172
#2 Horizontal 17-481 4-3253 31235 1-6724
Vertical 18:6638 7-3642 7-161 52896
#3 Horizontal 16:5637 42661 30609 1-5997
Vertical 17-8093 70501 70227 4-8286
#4 Horizontal 2283 27946 2-8131 1-3813
Vertical 36435 1:9225 1-4722 1-9554
#5 Horizontal 16-5462 44317 31217 1-6803
Vertical 18-8579 7-5668 74314 49176
#6 Horizontal 17-8245 4-2056 3-1417 1-6832
Vertical 21-5582 77979 70632 4-8371

Figure 6. Segment disposition in Case 1.

located above the RS network as shown in Figure 6. The SVs would keep a flight
formation designed to provide a consistent navigation performance. The optimal
radius to cover a 350 km radius circular area at 42 km altitude is 160 km. We also
considered the likelihood that the RSs are more spatially restricted than the mobile
SVs, so the 100 km distance between the RSs is shorter than that for the SVs. The
users are near the RSs and below the SVs. Each SV position should be estimated
epoch-by-epoch because of the mobility, and users would get their own positions
based on this error-included SV position each epoch. Table 4 summarizes the hori-
zontal and vertical 2DRMS(distance root mean square) error of each method for
each SV. The position accuracy of the central SV (#4) is precise regardless of the
positioning method. All the methods can estimate this SV position to about 3 m
accuracy. The outer SVs have greater position errors because of the geometry. The
IGPS method is so sensitive that the 2DRMS errors are about 20 m. The RRP 2
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Table 5. Average accuracy of the user position for each SV positioning method in Case 1.

Average 2DRMS

Error (m) IGPS EIGPS RRP 1 RRP 2
Horizontal 509912 16:2500 14-4028 136922
Vertical 100-5859 277195 186914 17-6181

50 (m) 40

r

' K

Figure 7. Horizontal (left) and vertical (right) 2DRMS accuracy for surface users in Case 1. (In
both diagrams: upper left — IGPS; upper right — EIGPS; lower left - RRP 1;lower right — RRP 2).

method, which is used for the transceivers in SVs and RSs, guarantees a 5 m vertical
accuracy (95%), being the best performance for all the mobile SVs.

Figure 7 shows the horizontal (left) and vertical (right) 2DRMS error distribution
of all the users in the Case 1 service area. In these figures, the x axis is longitudinal
and the y axis is latitudinal. The size of this service area is 700 km x 600 km. The
colour represents the 2DRMS error of each user. Users who are outside the SV
network would have difficulty in determining their position accurately within an
IGPS-based navigation environment. Alternatively, the EIGPS method can expand
the available service area to a 300 km radius circular region within which users can
estimate the horizontal position with 15 m accuracy and the vertical position with
25 m accuracy. The RRP 1 and 2 methods provide 10 m horizontal and 20 m vertical
accuracy in a 350 km radius circular region.

The average accuracies of all the user positions in a 700 km x 600 km area are
summarized in Table 5. The 50 m horizontal 2DRMS and 100 m vertical errors of the
IGPS method are too great in practice. The average horizontal accuracy of other
methods is about 15 m. The vertical error of EIGPS is about 30 m, whereas the
performance of the RRP methods maintains the error at less than 20 m.

4.4. Case Study 2 — Distant RS Case. To provide a consistent navigational per-
formance throughout the service area, all the segments should be located at their
optimal disposition, as established in Case 1. However, we need to consider the
extraordinary case in which a service area does not overlap with the reference station
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Figure 9. Horizontal (left) and vertical (right) 2DRMS accuracy for a surface user in Case 2
(In both diagrams: upper left — EIGPS; upper right - RRP 1 — bottom: RRP 2).

network. This system should work well to cover the area of a disaster such as a flood,
fire, or building collapse. When users call for help in such a situation, as illustrated in
Figure 8, there is little time to erect reference stations, but there is an immediate
requirement for a navigation environment. We additionally considered users in the
ocean or on a small island where RSs could not be located at a known fixed point. To
test this extraordinary case we constructed a simulation array as in Figure 8. All the
simulation conditions are the same as those in Case 1, except that the central SV of
the constellation is 280 km horizontally distant from the central RS in the ground
segment.

In this case study, the IGPS method is unable to solve all the SV positions, because
some lie beneath the 5° mask angle of the RS network. The horizontal results are less
accurate than the Case 1 results by 1-3 m. The vertical errors become 5-7 times larger
than the previous results. The furthest SV (#3) from the ground segment inevitably
registers a vertical error of about 50 m with EIGPS, whereas RRP 1 and RRP 2
induce 35 m and 20 m errors, respectively. Figure 9 illustrates the user position
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Table 6. SV position accuracy for each method in Case 2.

SV 2DRMS
num error (m) EIGPS RRP 1 RRP 2
#1 Horizontal 54809 4-8904 2:2417
Vertical 74627 7-8422 4-526
#2 Horizontal 79391 60989 29581
Vertical 350742 22-4352 15-1645
#3 Horizontal 10-5208 67592 3:3069
Vertical 46-685 34-6067 20-8823
#4 Horizontal 70907 56374 2:5793
Vertical 24-6639 17-565 10:3096
#5 Horizontal 7-259 60268 2-8968
Vertical 34-661 236373 152366
#6 Horizontal 54712 4-8241 22289
Vertical 8:5161 84085 49673

Table 7. Average accuracy of user position for each SV positioning method in Case 2.

Average 2DRMS

Error (m) EIGPS RRP 1 RRP2
Horizontal 15-5604 163858 141761
Vertical 39-5046 28:6097 23-7959

accuracy in the service area of Case 2. As the abnormal disposition of the segments
does not disrupt all the SVs’ horizontal positions, the user horizontal position ac-
curacies are not greatly different from the results of Case 1. However, the vertical
errors for some SVs are so large that these can become extreme near SV #3. In the
worst case, a vertical 2DRMS error of 70 m can be experienced using the EIGPS
method, whereas as much as 47 m (2DRMS) may be found using RRP 1. In contrast,
the RRP 2 method can guarantee vertical accuracy within 25 m (2DRMYS) in almost
all the service area; this performance is largely acceptable.

Table 6 describes the 2DRMS error of each method for all the SVs in Case 2 and
Table 7 shows the average accuracy for Case 2 in a 700 km x 600 km area. The av-
erage horizontal accuracy of all the methods (EIGPS, RRP 1, and RRP 2) is about
15 m, a little less than that of Case 1. The vertical error of EIGPS is about 40 m,
whereas the vertical performance of RRP 1 and RRP 2 would range around 30 m and
25 m, respectively.

4.5. Case Study 3 — Network SV Case. In the Case 2 study, we found that ve-
hicles far away from the RS network have poor vertical position accuracy. This is
because the definite constraints imposed by the RS network are in the same general
direction. Moreover, the signals from other directions from other SVs also contain
errors. Additional constraints must be acquired from alternative directions and from
an accurate point. Recalling that we can accurately estimate SV position near the
RS network, a linkage between the constellations of Case 1 and Case 2, expressed
in Figure 10, would be helpful. The accurately estimated SV positions would
be relatively definite constraints, and the service area could be extended to a
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Figure 10. Segment disposition in Case 3.

‘

Figure 11. Horizontal (left) and vertical (right) 2DRMS accuracy for a surface user in Case 3 (In
both diagrams: upper left — EIGPS; upper right — RRP 1; bottom — RRP 2).

700 km x 900 km region. The horizontal and vertical accuracy of all the users in the
700 km x 900 km service area of Case 3 is expressed in Figure 11. Most users for all
the three methods can get their positions with a 10 m horizontal accuracy, but the
vertical accuracy depends on the transceiver positioning technique. When the system
uses the EIGPS method, 77% of the service area can achieve 25 m vertical accuracy,
but some users will not achieve precision better than 50 m. The RRP 1 method can
improve the user performance to within 45 m 2DRMS. The RRP 2 method not only
removes the navigation shadow region, but also enlarges the area where all users can
be satisfied with a 25 m vertical error.
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Table 8. SV position accuracy for each method in Case 3.

SV 2DRMS
num error (m) EIGPS RRP 1 RRP 2
#1 Horizontal 36677 3:6561 1-8962
Vertical 7-9581 79637 4-9402
#2 Horizontal 4-8039 4-3839 2-383
Vertical 22-8527 219762 150725
#3 Horizontal 6-1651 4-6888 2-5681
Vertical 32:358 31-0048 19-2237
#4 Horizontal 42831 40934 2:1476
Vertical 166618 158176 9-8864
#5 Horizontal 4507 43197 2:3212
Vertical 23-4684 227961 147924
#6 Horizontal 3-6039 3:6147 1-8774
Vertical 8:5825 8:4401 5-6883
#1 Horizontal 2-8962 2-9786 1-4885
Vertical 12367 1-2244 2293
#8 Horizontal 3-3249 30938 1-6784
Vertical 6-5353 6-5139 44195
#9 Horizontal 46917 2:9593 1-6604
Vertical 6-2802 6:1053 4-0407
#10 Horizontal 33112 32042 17382
Vertical 6797 6:6799 39587

Table 9. Average accuracy of user position for each SV positioning method in Case 3.

Average 2DRMS

Error (m) EIGPS RRP 1 RRP 2
Horizontal 159567 12:1126 10-7644
Vertical 270056 230782 19-1978

Table 8 sets out the horizontal and vertical 2DRMS error results of each method
for 10 SVs. The vertical position accuracy of the EIGPS is improved by 30-40%, and
the horizontal accuracy of the RRP methods was enhanced by 10-20%. The RRP 2
method is still the most powerful estimation technique regardless of the SV constel-
lation and the geometry of all the segments. Table 9 is the average accuracy result for
the Case 3700 km x 900 km area. The average horizontal 2DRMS accuracy of the
EIGPS is about 16 m, and the vertical accuracy is 27 m, which is 30% better than
Case 2. The results for RRP 1 are about 12 m horizontal and 23 m vertical accuracy.
The most accurate technique, RRP 2, can provide 10 m horizontal and 19 m vertical
accuracy.

4.6. Consideration of SV Mobility. Finally, we considered the vehicle mobility
effect. The optimal constellation array is disturbed when these platforms start
moving. To maintain an optimized constellation, the flight formation illustrated in
Figure 12 (Left) is necessary. The central SVs, #4 and #7, should hold to the central
stationary point of each constellation and all the outer SVs need to move along a
dumbbell-shaped trajectory with the same velocity and track.
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Figure 12. Left — Formation flight of 10 SVs. Right — Views of horizontal accuracy variation with
SV mobility.

Figure 12 (Right) shows the real-time horizontal position error variation in SV
movement. We estimated each SV position using the RRP 2 method, and the dis-
position of all the navigation segments is the same as that of the Case 3 study. Users
inside the SV network can consistently determine their position with an error of only
5 m, notwithstanding the SV mobility. Table 10 is the summary of position accuracy
considering the SV mobility effect. The average 2DRMS error is about 12 m in the
horizontal plane and about 21 m vertically. Degradations are only 1 m and 1-5 m,
respectively. We can therefore construct an alternative navigation system whose
2DRMS performance with a variance of about 10 m horizontally and 20 m vertically
in a 700 km x 900 km region using mobile transceivers in formation flying vehicles.

5. CONCLUSIONS. The mobile transceiver guarantees high visibility and
flexibility so it is very versatile in the assembly of an alternative positioning system
for a small country or state region. In assembling a navigation environment using
mobile transceivers, their position needs to be determined for each epoch in real
time. We can read the real range between two instruments by averaging a pair of
self-differenced measurements and the RRP method can deduce the geometry and
relative location of the transceiver constellation. We suggest an alternative navi-
gation system that consists of a ground station, a satellite vehicle, and user seg-
ments. Using the known position of RSs with the RRP method, we can then
accurately determine the absolute position of the mobile transceiver.

To check the feasibility of our array within a 700 km x 900 km region, we simu-
lated the suggested navigation system using transceivers. We considered three cases
studies: normal, distant RS, and network SV. Our suggested system includes six SVs
at a 42 km altitude, which generally provides 14 m horizontal and 18 m vertical
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Table 10. Average accuracy of user position for mobile SVs.

2DRMS Degradation by Mobility
Horizontal Error 11-5975 (m) 0-8331 (m)
Vertical Error 20-5802 (m) 1-3824 (m)

Table 11. Comparison of SV positioning methods.

IGPS EIGPS RRP 1 RRP 2
Position accuracy Depends on the geometry Good Good Very good
Ref clock visibility Essential Essential Essential Not applicable
Expansion property Poor Good Good Very good
Accuracy (hor/ver)
Case 1 51-1 m/101 m 16:3 m/27-7 m 144 m/187m 13-7m/17-6 m
Case 2 156 m/39-5m 164 m/28:6 m 142 m/23-8 m

N/A

Case 3 16:0 m/27-0 m 12-1 m/23:-1 m 10-8 m/192 m

accuracy in a 700 km x 600 km region. In an urgent case such as a disaster, we can
deploy mobile transceivers to construct a navigation environment without establish-
ing a new RS network. The performance of this distant RS case is less accurate than
the normal by 5 m vertically, but this degradation would be acceptable. Moreover, we
can enlarge the service area to 700 km x 900 km while reducing the accuracy degra-
dation if we link two SV constellations together.

With only 10 transceivers (six near the ground network and four outside the net-
work) at the altitude of 42 km, the alternative navigation system is feasible for work in
a 700 km x 900 km region. It gives about 10 m horizontal accuracy and 20 m vertical
accuracy so it could compete with Galileo’s Open Service. Moreover, the position
accuracy can be improved to the 3 m or centimetre level if we use Differential GPS or
Carrier-phase DGPS techniques.

The excellence of our suggested algorithm and system can be confirmed by com-
parison with other methods. Table 11 summarizes the characteristics of each SV
positioning technique. The position accuracy of IGPS is very sensitive to the array
geometry and cannot be used for the enlarged service area. Moreover, the EIGPS and
RRP 1 methods are based on the IGPS algorithm, so they need an additional refer-
ence clock to eliminate the RS clock bias. In this paper, we assume that there exists a
reference clock that is visible to each RS, but their visibilities remain a problem when
we exclude the satellite-based navigation system. RRP 2 does not need a reference
clock and visibility is not an issue. The expansion property of the RRP 2 method is
very appropriate to the alternative regional navigation system.

This paper will contribute to the development of an alternative or backup navi-
gation system on a slim budget and in a short time frame, and which is independent of
GPS. The system structure and the position determination algorithm described can
be applied to any loading vehicle including highly manoeuvrable UAVs or stationary
airships. Using the simulation results, we can depict the optimal constellations for
various operating heights and predict the navigation performance to verify the system
feasibility. We hope this study will be helpful in the implementation of an alternative
regional navigation system with low cost and financial risk.
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