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ABSTRACT

Flight experiments have been conducted at the Sendai airport using the
experimental research aircraft Dornier-228-200 (Do0-228) of the National Aerospace
Laboratory (NAL). The objective is to evaluate new navigation sensor technologies
which will play a key role in the design of terminal area navigation systems for
aerospace vehicles including HOPE (H-1I Orbiting Plane). The navigation sensors
tested include Microwave Landing System (MLS), Global Positioning System (GPS),
Inertial Navigation System (INS), and radio altimeter. Differential GPS (DGPS) is
also tested in both standalone and hybrid modes. During the flight, the Do-228 is
tracked by a laser tracker to provide reference profiles of the aircraft. In these
experiments, navigation accuracy is evaluated as the difference between the
reference profile and navigation output from respective navigation sensor or hybrid
systems in the post-flight analysis mode. This comparison is not possible without
establishing a common reference navigation frame on which all navigation outputs
are transformed. In this paper, a method based on GPS surveying is proposed and
applied to establish such a reference frame and position coordinates of the ground-
based navigation-aid facilities. Examples of application of the surveying results are
presented which evaluate standalone GPS navigation accuracy of NAVCORE-1 GPS
receiver for the approach,/landing (A ~L)and orbit flight phases.

Keywords: GPS (Global Positioning System), GPS surveying, carrier phase,
flight testing, terminal area navigation
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1. Introduction

Electronic Navigation Research Institute
(ENRI), National Space Development
Agency of Japan (NASDA), and National
Aerospace Laboratory (NAL) have been
collaborating on the flight experiments of
navigation systems at the Sendai airport to
obtain technical data for the design of termi-
nal area navigation system of aerospace
vehicles including HOPE (H-1II Orbiting
Plane)”?? .

experimental microwave landing system

At the Sendai airport an

(MLS) and a laser tracker for precision
profile determination of an aircraft, both
ENRI’s facilities, are available. The Dornier-
228-200 (Do-228), a flight research aircraft
of NAL, is used in the flight experiments.
Navigation sensor data for MLS, Global
Positioning System (GPS), radio altimeter,
Inertial Navigation System (INS), and so on
are collected, and navigation performance
for integrated navigation systems such as
differential GPS (DGPS), hybrid DGPS-INS,
hybrid DGPS-MLS and others, as well as
navigation accuracies and fundamental
characteristics for respective standalone
systems, is evaluated in the post-flight analy-
sis mode. Evaluations are made by direct
comparison of navigation results from both
standalone and hybrid systems with refer-
ence profiles determined by the laser
tracker. For the comparison, both navigation
results and the reference profiles should be
expressed in a common navigation reference
coordinate frame. Furthermore, we need
accurate position coordinates for the ground
facilities such as the MLS, the DGPS base
station, the laser tracker, etc, which also
should be expressed in the same reference
frame.

Depending on the objectives and accu-
racy requirement of the flight navigation
experiments, several options can be selected
for the way to build up such a reference
coordinate frame. However, as our ultimate
goal is the flight evaluation and demonstra-

tion of the terminal area navigation opera-
tions with particular concerns on HOPE app
roach/landing (A/L) navigation systems,
such a reference frame and position coordi-
nates of the ground facilities should be sur-
veyed with the accuracy being better than or
at least commensurate with the required level
for the HOPE A/L navigation, which is typi-
cally of better than 1 m in absolute position.

Moreover, GPS is one of the core naviga-
tion sensors tested in the flight experiments
and it produces absolute position and veloc-
ity information in the World Geodetic System
1984 (WGS84)® which is the Earth-Centered-
Earth-Fixed (ECEF) system, so that it is
clearly convenient from analysis point of
view to use a common navigation reference
frame established in a sense with reference
to the WGS84.

The conventional survey techniques are
not always adequate for non-professionals
to determine the geocentric positions with
high accuracy required for our objectives,
while GPS could provide the easy means for
such surveying. One of the basic GPS
observables is carrier phase which is am-
biguous range from GPS satellite to a re-
ceiver. Positioning using GPS phase data is
often called GPS surveying or GPS
interferometric positioning.

In this paper, a method to determine the
common reference frame using GPS survey-
ing is proposed and the results of application
to the flight experiments are shown. By the
method, the accurate coordinates of refer-
ence points on the ground facilities are ob-
tained in the WGS84 system, and reference
navigation coordinate frame referred to
WGS84 is also established. Finally, useful-
ness of the coordinate frame established in
that way is shown by examples taken from
flight evaluation results of standalone GPS
navigation accuracy of NAVCORE-1 GPS
receiver.
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2. Proposed Method and GPS
Survey Results

Among navigation sensors tested in the
experiment, only GPS outputs absolute
position and velocity expressed in the WGS84
system, while outputs from other sensors are
essentially relative. Furthermore, as we are
concerned with flight experiments in the
terminal area flight operation, it 1s conven-
ient that navigation accuracy be evaluated in
a Runway Coordinate System (RCS),a local
frame, rather than in the ECEF system. From
these reasons, we adopt the RCS referenced
to the WGS84 as a fundamental navigation
coordinate system for the flight experiments.
The RCS is defined in such a way that, with
the origin at the center point of the runway
threshold (TH/30) (see Fig.1), the x-axis
(along-track) is parallel to the center line of
the runway passing towards to the runway
threshold (TH/12), the y-axis (cross-track)
is perpendicular to the x-axis in the horizon-
tal plane at the origin, and the z-axis (verti-
cal) completes the right handed system?.

As already mentioned, position coordi-
nates for the ground facilities including
DGPS antenna and laser tracker should be
given in both the WGS84and RCS for the
analysis. So, in an atempt to establish the
RCS and to determine position coordinates of
the ground control points, we took the follow-
ing approach consisting of three steps.

In the first step, one geodetic control
point (named #06) in the Sendai airport was
determined using GPS surveying techmaque.
In GPS surveying, two GPS geodetic receiv-
ers, both dual frequency model Trimble
4000SST, were used. They were set up at
Sendai and Tsukuba to collect phase data
concurrently for the same scheduled period
of time. The GPS observation was made on
September 4, 1991, 10:00 — 14:00 JST. The
reason why Tsukuba was selected is as fol-
lows. Several geodetic control points are
available in Japan whose position coordi-
nates have been determined at a few

centimeter level in the world terrestrial
frames by space geodetic technologies such
as VLBI and satellite laser ranging (SLR).
One of such points nearest to Sendai is that of
Tsukuba which has been established and
maintained by the Geographic Survey Insti-
tute (GSI) using VLBI.

In this study, we used a point called
GSI#05 in GSI at Tsukuba. The coordinate of
GSI1#05 was originally determined in the
VLBI coordinate system, and converted into
the ITRF90 (International Earth Rotation
Service (IERS) Terrestrial Reference Frame
1990)® (see Tablel). The coordinate of
GSI#05 in the ITRF90 can be further trans-
formed into the WGS84 by the following

7-parameter transformation® ”:

XS T1 1+D —R3 R2 X
YS =|T2)+|{ R3 1+D —RIl Y
A T3 —R2 R1 1+D Z

WGS 84 ITRF 90

where
T1 = 0.071m
T2 = —0.509m
T3 = —0.166m
D = —0.0173 X 107°
R1 = 0.0179”
R2 = —0.0005"
R3 = 0.0067"

The position coordinate for Tsukuba
(GSI#05) in the WGS84, after this transfor-
mation, is given in Table 1.

Phase data collected at both sites were
analyzed by a baseline analysis program
TRIMVEC to obtain baseline vector with its
baseline length, and the coordinate of Sendai
(#06), the other end of baseline, was then
determined by fixing Tsukuba coordinates.
The result is also summarized in Table 1. The
error in the final coordinate of Sendai in-
cludes error in the values used for the7-
parameter transformation as well as error in
GPS survey. The accuracy is estimated to be
within one meter in absolute position and
some tens centimeters in relative position. In
this way the geodetic reference point at
Sendai with reference to the WGS84 has been
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4 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-1194T

Table 1. Baseline determination between Tsukuba (GSI #05)
and Sendai(#06)in WGS84.

Point X Y Z
Tsukuba (ITRF90) -3957205.5150 3310196.2264 3737711.4236
Tsukuba (WGS84) -3957205.492 3310195.207 3737711.471
Sendai (WGS84) -3899060.518 3166938.421 3917349.579

baseline length ~ 237008.8491 + 0.0057
dz 58144.974 + 0.018
dy  -143256.786 <+ 0.010
dz 179638.108 £ 0.008

units : meters

N
B Runway
Tower
RCS Origin
ME/P TH/30
DME/ A Runway X (#04) i
B S A T 4—’:{33‘:9:
THA T P
SR e
MLS EL(#02) Do228
Geodetic Do228

Control Point (#06)

Parking Point (#06E)

Fig. 1. Location of ground facilities and GPS survey points at the Sendai airport.

established.

In the second step, the following six
control points in the Sendail airport were
surveyed using dual frequency GPS geodetic
receivers, Trimble 4000SST.

1) laser tracker (LT) and DGPS

base station (#01)

2) MLS EL (#02)

3) MLS AZ and DME/P (#03)

4) TH/30on the runway A (#04)

5) TH/12on the runway A (#05)

6) geodetic reference point (#06)
These control points except #06 are built
near each navigation facility in order to
determine their precise positions. Note that
MLS is generally composed of angular and

ranging subsystems: MLS AZ (azimuth),
MLS EL (elevation), and DME/P (Distance
Measuring Equipment/Precise), and their
antennas are located at different places as
shown in Fig.1.

The GPS observation was conducted on
October 3, 1991, 8:50 — 22:30JST, in which
three GPS receivers were used for time sav-
ing. Phase data were collected concurrently
at each of three pairs of control points, and
analyzed by TRIMVEC to obtain baseline
vectors with its baseline lengths. Note again
that baseline vectors have components ex-
pressed in the WGS84. Thus, starting from a
geodetic control point (#06) surveyed accu-
rately in the WGS84, we can determine posi-
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A GPS Surveying Method Applied to Terminal Area Navigation Flight Experiments 5

tion coordinates of the remaining survey
points with a comparable accuracy to the
control point #06. The coordinates obtained
are summarized in Table 2.

the third step,
theodolites were used to locate reference

Finally, in laser
points for the phase centers of antennas and
the optical center of the laser tracker, rela-
tive to the ground survey points obtained in
the second step. Of course, we cannot put a
set of retroreflector prisms directly on a
phase center itself, but we can only measure
the
theodolites. Thus, geometrical corrections to

a point near phase center using

theodolite-determined points using the speci-
fications need to be applied to obtain the true

coordinates of the phase centers and the
optical center. The antenna phase center of a

Table 2. GPS survey results for ground
control points in the Sendai

airport.

Point  Xwagsss Ywasss Zwasss
# 01 -3899109.814 3166740.617 3917460.356
# 02 -3899616.077 3166429.836 3917209.160
# 03 -3898410.293 3167105.683 3917857.582
# 04 -3899772.171 3166223.846 3917220.569
# 05 -3898835.388 3166831.549 3917659.526
# 06 -3899060.518 3166938.421 3917349.579
units : meters

GPS receiver in the Do-228 at the parking
point is presumed to be just over the ground
marker( #06E) which is one of the survey
points by the theodolite. Final results for
position coordinates in the WGS84 and in the
RCS are summarized in Table 3. The ground
DGPS system used the position coordinate
(#DGPS) for its antenna phase center to
generate differential corrections which are
sent to the aircraft in real-time via radio
link.

In this way a reference frame and refer-
ence position coordinates have been estab-
lished with respect to the WGS84. The accu-
racy is estimated to be within one meter at
maximum for each coordinate component.
On the basis of this reference coordinate
system, navigation performance can be
evaluated. It is stressed here that in total only
two days were spent to end up the whole GPS
surveying composed of the first and second
steps.

In summary, GPS surveying has proven
to be a simple and powerful means to
establish absolute reference frame as well as
relative reference frame, both with reference
to the World Geodetic System. It can be done
with high precision and in a short time even
by non-professionals in surveying.

Table 3. Summary of reference position coordinates of respective

navigation facilities.

Point Xwasss Ywases ZwGssi Xpes Yres  Zres
# DGPS -3899093.022 3166758.883 3917466.530 891.244 116.979 2.198
# 06E -3899072.167 3166938.349 3917338.112 951.444 330.288 -0.875
# LT -3899101.349 3166748.842 3917465.385 879.238 111.786 1.601
# MLS-EL -3899603.027 3166430.585 3917225.923 238.735 119.911 2.456
# MLS-AZ -3898401.451 3167116.455 3917866.212 1758.540 0.068  3.757
# DME/P  -3898402.280 3167112.771 3917872.042 1758.160 -6.482 6.037
units : meters
Notes :

1. RCS Runway coordinate system

2. LT Laser tracker

3. MLS-EL  MLS elevation subsystem

4. MLS-AZ MLS azimuth subsystem

5. DME/P  Distance measuring eqipment /precise
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3. Examples of Application

As an application of GPS surveying
results described in the previous section,
analysis results of standalone GPS naviga-
tion data taken in the second flight experi-
ment at the Sendai airport in January 1991
are presented®®. GPS receiver tested is
Rockwell International/Collins NAVCORE-1

z(m)
506808 T

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-1194T

which is a sequential, L1 C/A code, 1 channel
receiver. It should be noted that selective
availability (SA)" was off during the flight
experiment period. SA is a term used to
describe the intentional degradation of the
C/A code by the DoD for national security
reasons, and it will be accomplished through
manipulations of both navigation message
orbit data and satellite clock frequency

-5008

-1060090

-150084

y{m)

158

160

50

-58

1512} T

468

(5] 1

100

200 300

e (sec)

Fig. 2. GPS and laser determined positions vs. time(approach/landing).
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A GPS Surveying Method Applied to Terminal Area Navigation Flight Experiments 7

dithering. With SA turned-on, the estimated
user position will deteriorate to the extent of
an error of 100 m, two distance root-mean-
square (2 drms).

It is not always an easy task to accu-
rately evaluate navigation accuracy for
vehicles in aerospace, because their accurate
3-dimentional reference trajectories are
difficult to obtain in general. In this study,

evaluations were performed by direct com-
parison with laser determined profiles. Laser
tracker ranges - to the
mounted at the bottom of the aircraft nose,

retroreflectors

and measures range, azimuth and elevation
at a rate of 60 Hz. Accuracy in laser range is
about 30 cm (rms), and accuracy in azimuth
and elevation is 0.006 degrees (rms). Laser
data are time-tagged on the basis of TCG

®x{m)
49 T T
20 -
A AL M A ,MI/\”\,. N ANA A f\vffl/“"—.'f\‘
“"H\V \‘, v LA U‘yw\{w ¥ \r\)‘a\-
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yim)
49 T I
28 — .
a A wﬁfngﬂﬂ\ " jﬁug%vjq\vy ﬁﬂ
ol / Y
N/k%4ﬁ¢f\f“nLj \Vﬁ\wj \/
-28 -
-4 ] ]
z{m)
48 T T
28 + ,
i - .»-"‘ ¥ e, . .
F’\"\ l,,N \\“.‘_." ‘[ 4 \ \\v\ .‘ [ \
o [ vl
.,~.\.' ‘\," e !"f-"\"'u':_.- s o J
N \ ‘.. o ""\."r
-Z8 -
-4 4 !
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thme (sec)

Fig. 3. Differences between GPS and laser determined positions(approach/landing).
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8 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-1194T

(Time Code Generator) controlled by a
rubidium atomic oscillator. The extended
Kalman filter' was applied to sequentially
process laser tracker data for the determina-
tion of the reference position and velocity of
the laser retroreflector locationof the air-
craft in the laser coordinate system. This
process was done off-line.

troreflectors were then converted into the
RCS, and further transformed into those of
the location of the GPS antenna phase center,
by assuming the aircraft at a level-flight and
applying offset correction. All navigation
sensor data collected onboard the aircraft
are also time-tagged using an onbord TCG
which is presumed to be synchronized with

The reference profiles of the re- ground TCG time. This synchronization is

V¥x(m/s)
70 T !
o GPS —
i ‘]\/\/ T _
50 _ ._
GPS receiver
loss of observation
40 ! 1
Yy(m/s)
18 I !
GPS —
iF o LT e 7
WA
a X v ]l] }w\ ‘m sy 'R Jl’\v 1 N‘JV P A
{\ﬁ/” *.; ,l;f' T \MJ YA
-5 |- . /! -
- Y .'.-’ GPS receiver
o loss of observation
_18 | |
Wz{mie)
18 T T
5 GPS — |
T LT o
e’;"-‘
¢ . .
A { A } AL o 3'. P
2 g =7 Sy S
Y !"\,_,-."—-";, \ ( ' //
-5 F "‘.\_:j. |
GPS receiver
loss of observalion
-16 1 1
0 100 200 300

time {(sec)

Fig. 4. GPS and laser determined velocities vs. time(approach/landing).
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A GPS Surveying Method Applied to Terminal Area Navigation Flight Experiments 9

performed by time comparison between
TCGs at each start time of the flight experi-
ments. Analysis indicates synchronization
error is within a few milli-seconds at the end
of the flights of about one hour or so.
NAVCORE-1 outputs navigation solution at
every 1second of GPS time, and GPS time
was related to TCG time later in the post-
flight analysis.

N¥x(m/s)
4 T

{1) A/L flight case

Fig. 2 shows GPS and laser determined
positions (in the RCS)vs. TCG time for the
A/L flight case at a flight path angle of 3
degrees. Here, position and velocity of the
aircraft stand for those of the location of the
GPS antenna phase center. Fig. 3 shows the
three-axis position differences between GPS
and laser determined trajectory, both shown

_d 1 |
Yz(m/s)
4 T T
2+ .
l"k\
| \
{ { k
a / LY A ; ! }I\)’H\ R [\ ALY I
NAVAR AL AT VAR VY] AT
| V Voo
_2 - —}
-4 1 1
0 100 200 300

e (sec)

Fig. 5. Differences between GPS and laser determined velocities (approach/landing).
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in the RCS. Figs. 4 and 5 show the corre-
sponding results in velocity in the RCS. Table
4 summarizes statistics of differences for the
A/L flight case. For the period of this case,
satellites were geometrically in good posi-
tions with GDOP (Geometrical Dilution of
Precision) value of 3.4. Thus, navigation
accuracy was very good. The position differ-
ence is clearly within 10 meters in each axis.
This level of accuracy seems to be close to
the upper limit that can be expected with
NAVCORE-1 receiver under the SA-off
condition and with good GDOP. The rms of
velocity difference is about0.7m/s in each
axis, while the formal accuracy of the re-
ceiver is 0.5 m/s (each axis). The small de-
parture from the formal accuracy can be
considered to be the error in velocity esti-
mate using the laser tracker data.

Table 4. Mean, standard deviation, and
root-mean-square navigation error
statistics for the A/L flight case.

position (m) velocity (m/s)

mean std. rms mean std. rms

along-track 073 2.69 279 -0.05 0.39 0.39
cross-track -5.69 5.07 7.62 0.004 066 0.66

(2) Orbit flight case

Another example was taken from the
orbit flight case whose approximate profile
is given in Fig. 6. It was created using
standalone GPS output and also segments of
orbit to which laser tracker data were avail-
able were shown with thick curve. In the
following analysis only a clock-wise portion
of the orbit flight is considered. The GPS and
laser determined positions are compared in
Fig. 7, and the differences between these two
positions are shown in Fig. 8. The corre-
sponding velocity results are plotted in Figs.
9 and 10. Table 5 summarizes results of sta-
tistical analysis in velocity. As compared
with the results in the A/L case, the differ-
ence is clearly large as a whole. The reason
for this could be due to bad geometry of the
satellites during orbit maneuvering of the
aircraft, GDOP value being about 6. Also,
large spikes in position and velocity differ-
ences show navigating of the filter in the
receiver due to loss of observations. Loss of
observations inevitably occurs with one
channel, sequential receiver like NAVCORE-
1 when receiver tries to acquire GPS message

vertical 251 838 875 -0.05 0.59 0.59 to fresh up satellite ephemeris or when re-

-?500 T T T T
Orbit Flight (CW)

-5000 | / -
-2500 | 4

T

¥ o

>
2500 - .
5000 | _
7500 1 .

15000 10000 5000 o -5000 -10000 -150
X (nd

Fig. 6. Ground profile of the orbit flight case as determined by standalone GPS..
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celver tries to lock to new satellite for im- tended Kalman filter consisting of 3 position
proved geometry. - components (r), 3 velocity components (v ),

During the period of no observations, the clock bias (b) and clock drift (n), and as-
filter forwards its state by simply integrat- suming simple dynamics of velocity dead-
ing dynamics assumed in itself. This phe- rekoning type as follows:

nomenon is clearly seen in Fig. 9in which . . . . 1
) . y=v, v=§, b=n, n=—7n+7
velocity components were constrained to be T

constant during data gaps. Navigation filter where T is a correlation time, £ and 7 are
in NAVCORE-1is an 8-state sequential ex- process noises, although no design values for
®{m)
T 1 {
65000 & §
GPS, LT
Jees / -
A X 7
-
/”
_BBBB 1 1 1
yi{m)
6800 T T T
I‘/"__\“‘
3600 i -
v
? \ //
d \
-38680 |- d _
— S GPS, LT
\__‘\_—'_'_.__‘____J
~-6p48 1 1 : 1
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18]%1%] T T T
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gee o \/*”'"'I - “\\__um_\_‘_ﬁ .
B I
o P S e T R Y
700 oA / -
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Fig. 7. Comparison of GPS and laser determined position(orbit).
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T and process noise statistics have been
released. Therefore, with the receiver being
under loss of observations while the aircraft
is turning (velocity changes rapidly), veloc-
ity error increases and thus position error
increases. The loss of observations also
existed at the A/L flight case, but effect on
positional error has not been magnified
because of straight line approach (approxi-

®{m)

mately constant velocity).

There are at least three methods to 1m-
prove navigation error which is typical with
one chnnel sequential receivers: the first is to
use higher order dynamics in the filter; the
second is to use two channel receiver (one
channel is devoted to observation only); the
third and the best is to use multi-channel
receiver (at least 4-5 channels). For most

40 , T

20

_28 -

_48 1
y{m)

49 :

Wl

z{im}

64 - T

0 HOO

200 300 400

time (sec)

Fig. 8. Differences between GPS and laser determined position(orbit).
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flight cases, navigation errors of some tens
of meters or so are allowable, but there are
some flight cases such as automatic landing
flight operation with DGPS-INS which re-
quire more stringent accuracy, probably less
than one meter in position. For such DGPS
operations, only a multi-channel receiver
would be an appropriate system.

The 1ssue associated with the number of

channels with GPS receivers is further worth
noting. In the flight experiments, navigation
accuracy of DGPS has also been tested, but
the final results have not been available yet.
What is of specific interest here is that we
often encountered such cases that four satel-
lites selected by onboard receiver and by
DGPS base station unmatched, though they
were of the same brand (NAVCORE-1). It is

¥x(m/s)
84 T T T
GPS — P
app LT oo s _
GPS receiver ,/_/ - /
loss of observation ’
B = N
-40 - ]
GPS receiver
loss of observation
-808 1 In I
Vy{(m/s)
80 T T T
40 - GPS receiver

loss of observation

Iy -
/
// GPS receiver \
H

loss of observation

-49 ,: GPS — .
- LT e
_8@ 1 1 1
Vz(m/is)
1A — - |

GPS receiver
loss of observalion

~16 .

GPS receiver
loss of observation
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1 |

200 300 400)
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Fig. 9. Comparison of GPS and laser determined velocity (orbit).
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not strange that the satellite combination
becomes different when the aircraft is flying
apart from the base station and/or when
aircraft is banking. But in our case aircraft
was not so apart from the airport, within at
most 30 km. Different combination of four
satellites was observed to occur even at the
extreme case that two antennas of receivers
were aligned close each other. This unmatch

Vx{m/s)
4 TT

makes DGPS operation with NAVCORE-1
difficult, because differential correction data
to be sent to users via radio upload link are
created only for the selected 4 satellites with
NAVCORE-1 receiver. At present no thor-
ough explanation for the cause of different
combination is available, but difference in
the age of orbit message used by each re-
ceiver for satellite ephemeris computation
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Fig. 10. Differences between GPS and laser determined velocities(orbit).
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Table 5. Mean, standard deviation, and
root-mean-square navigation error
statistics for the orbit flight case.

position (m) velocity (m/s)
mean std. rms mean std. rms

along-track -11.69 13.08 17.54 -0.25 2.10 2.12
cross-track -7.31 13.73 1555 -0.73 295 3.04
vertical 3243 13.11 3498 0.34 0.82 0.88

will be a possible candidate. These phenom-
ena lead us to a conclusion that multi-
channel receivers, at least at the base station,
should be used for advanced DGPS opera-
tions. '

The above examples were selected to give
the impression of how the evaluation of navi-
gation accuracy has been performed, and to
show the effectiveness of our proposed
approach, although the resulting navigation
performance for standalone GPS with
NAVCORE-1 receiver is by itself of much
interest. Of course, to the accuracy level of
about 10 meters, the proposed approach
using GPS surveying is too accurate and
costly, and the conventional survey tech-
niques, based on the Tokyo Datum and per-
haps with known transformations to the
WGS84, might work well. However, it is our
opinion that the conventional technique is not
always adequate for general users to deter-
mine the geocentric positions with accu-
racy required for our research objectives,
because the ellipsoidal height with respect to
the Tokyo Datum is not directly available
with high accuracy (only height over the
mean-sea-level is available) and 7-parameter
values for the coordinate transformation
from the Tokyo Datum to the WGS84 and vice
versa have not necessarily been determined
accurately. On the other hand, our proposed
approach overcomes these difficulties and
provides consistent, easy means for survey-
ng.

4. Conclusion

The proposed method using GPS survey-
ing has proved to be effectively applied to the
area of flight experiments to which accurate

geodetic reference is prerequisite. It has the
capability of establishing effective, reliable
configurations not only for navigation per-
formance analyses but also for the terminal
area flight operations based on advanced
navigation sensor systems. As compared with
the conventional survey techniques, the pro-
posed method is simple in nature, easy to
apply even by non-professionals in survey-
ing, much time-saving, but highly accurate.

In this paper we showed its efficiency in
establishing reference frames and locating
position coordinates of the reference points
for the navigation-aid facilities, both with
reference to the WGS84. The reference navi-
gation frame and position coordinates estab-
lished in that way were applied successfully
to flight evaluation experiments of standa-
lone GPS navigation accuracy by direct
comparison with laser ‘determined aircraft
profiles. Thorough analysis of flight data for
navigation performance of hybrid DGPS-INS
and DGPS-MLS systems as well as DGPS
itself is in progress, and results will be
reported elsewhere. Other efforts under
planning include advanced research on GPS
applications to A/L flight operation using
DGPS-INS and dynamic GPS in which we are
sure the proposed approach using GPS sur-
veying will play a fundamental role.
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