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ABSTRACT
Electronic Navigation Research Institute (ENRI) in
Japan has been developing and evaluating Ground
Based Augmentation System (GBAS). We installed
an experimental GBAS ground station and executed
the approach flight experiments at Sendai airport for
testing the performance of the experimental GBAS.
Our GBAS experimental ground subsystem consists
of a VHF Data Broadcast (VDB) system, a
data processing workstation (WS) for generating
GBAS augmentation messages and four reference
stations with GPS receivers, GPS antennas, personal
computers (PC) and modems. The GPS antennas of
the reference stations were installed along A-runway
of Sendai airport in front of Iwanuma branch of
ENRI. The phase center heights of these antennas
were 1.5 meters. The tests were carried out with the
experimental aircraft loading a GBAS VDB receiver,
GPS receivers and a PC for a GBAS airborne station
for computing its differential GPS (DGPS) positions
and recording GBAS data.
We executed approach and touch-and-go flights
from 1,500 feet altitude in order to check the
accuracy, availability and compatibility with different
GPS receivers of our experimental GBAS at the
final approach region. In these experiments, we
also executed post-processed kinematic carrier-phase
differential positioning to get reference positions.
Using the same type of GPS receivers of ground and
airborne subsystem in 2002 experiments, the vertical
NSE (95%) were about 0.49 meters to 0.85 meters
at the region from 0 to 1 nautical miles (NM) from
runway threshold. Comparing the vertical NSE with
CAT-II and CAT-III specifications of RTCA/DO245 (2.0 m), the results were satisfied with these
values. The results of comparison of 5.3 meters (CATII/III Vertical Alert Limit specification) and Vertical
Protection Level values showed that the availability at
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the final approach region was about 96%. The system
didn’t have enough availability for CAT-II and CATIII, whose requirement was 99% ∼ 99.999%.
We checked the over-bounding problem of GPS receiver
compatibility of different manufacturers. Therefore,
we conducted the flight experiment with two types of
airborne GPS receivers. One was using the same type
of receivers for airborne and ground and the other was
using the different type of receiver for airborne from
the ground reference receivers. The results showed
that GBAS positioning errors using the different type
of receivers increased slightly, but the accuracy met
CAT-II and CAT-III specifications of RTCA/DO-245
and the availability was the same as using the same
type of the ground receivers.

INTRODUCTION
ENRI has been conducting the studies, the researches,
the developments of procedures and the prototype
system, the tests and the evaluations on navigation
system so as to provide Japan Civil Aviation Bureau
(JCAB) of the Ministry of Land, Infrastructure and
Transport (MLIT) with technical materials for their
planning and implementation of navigation systems.
ENRI had been developing and evaluating GBAS VDB
system. We had built up the pre-prototype model for
testing system concept and carried out flight trials for
GBAS total system. We had already developed VDB
system and executed flight tests, and showed that VDB
system with horizontal polarization had a null problem
and the message errors occur near null points in GBAS
service area [1]. Then we showed a solution for the
problem with stacked array antenna [2].
Our experimental GBAS ground subsystem installed
at Sendai airport has VDB system, a data processing
WS for generating GBAS augmentation messages and
four reference stations, which was consisted of a
GPS receiver, a GPS antenna, a personal computer
and a modem. Their GPS receivers were NovAtel
MiLLennium Standard and their GPS reference
antennas were AeroAntenna Technology 2775 choke
ring antenna. The WS generated GBAS augmentation
informations from L1 pseudoranges, L1 carrier-phase
measurements and ephemeris data measured by four
reference GPS receivers.
Type 1 messages were
transmitted at the rate of 2 Hz, and type 2, 4 and
5 messages were transmitted at the rate of 0.1 Hz by
VDB system.
We conducted flight experiments of the GBAS at
Sendai airport in July, September and November
2002. Before these experiments, in January 2002,

four sets of fixed experimental GBAS reference station
were installed along A-runway of Sendai airport in
front of Iwanuma branch of ENRI. The height of
the phase center of these antennas was 1.5 meters.
The σpr gnd value in pseudoranges measurements
of the experimental GBAS site in Sendai airport
satisfied the B4 (accuracy designator is ‘B’ with four
ground receivers) designator. We also installed GBAS
ground main equipments at Iwanuma brunch of our
institute to generate augmentation messages in the
flight experiments.
In the experiments, we also executed post-processed
kinematic carrier-phase differential positioning to get
reference positions. Trimble 5700 GPS receivers were
installed at the ground station and on the experimental
aircraft (Beechcraft B99 Airliner) to measure the
reference position of the post-processed kinematic
method.
We executed approach (touch-and-go) flights from
1,500 feet altitude for testing the performance of our
experimental GBAS system. The results of vertical
navigation system error (95% value) showed about 0.49
meters to 0.85 meters at the final approach phase (from
0NM to 1NM). These values meet CAT-II and CAT-III
specifications of RTCA/DO-245 [5]. The comparison
of Vertical Protection Level (VPL) and Vertical Alert
Limit (VAL) showed that the availability of our system
didn’t meet CAT-II and CAT-III specifications, but
the system meets CAT-I specification of RTCA/DO245 and ICAO SARPs [3].
Then we checked the over-bounding problem of
GPS receiver compatibility of different manufactures.
We also conducted flight experiment with Ashtech
ZXtreme as an airborne GPS receiver, which is
different from reference receivers. The results showed
that GBAS positioning errors increased slightly,
but the accuracy satisfied CAT-II and CAT-III
requirements of RTCA/DO-245 and the availability
was the same as using the same types of receiver.
This paper describes results of flight experiments for
testing the performance of our experimental GBAS.

EXPERIMENTAL SYSTEM OVERVIEW

Figure 1 shows the configuration of our GBAS for
the flight experiment. It consists of GBAS ground
subsystem included reference stations and a monitor
station, and GBAS airborne subsystem. Its detail is
described below.
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Figure 1: Configuration of Experimental GBAS

Figure 3: The photograph of Fixed Reference GPS
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Figure 2: Experimental GBAS ground station main
site

Figure 2 shows the photograph of the experimental
GBAS ground station main site. It was installed
at the Iwanuma branch of our institute next to
Sendai airport.
It has five PCs for converting
from binary GPS receiver message of various types
with many manufactures to NMEA message, five
modems connecting to the reference stations and the
monitor station and VDB transmitter connected to
VDB transmit array antenna, shown in Figure 6.
The reference station has four sets of GPS receivers
(NovAtel MiLLen.STD), GPS receiving antennas
(AeroAntenna Technology 2775 with choke ring), and
modems, shown in Figure 3. The monitor station also
has a GPS receiver, a GPS antenna and a modem.
The elevation masks of all GPS receivers were set to 5
degrees through the experiments.
The WS generated GBAS augmentation messages

44.0

N

Helipad

From right: VDB transmitter, WS and PCs
Ground Subsystem

#4

unit: meter

Figure 4: Configuration of Reference GPS antennas of
experimental system at Sendai Airport

from pseudoranges, carrier-phase measurements and
ephemeris data obtained by four GPS receivers at
reference stations. Moreover the WS checked the
computed position of monitor station using the GPS
data from the monitor station. The messages made
by the WS were broadcasted by VDB system. In the
experiments, the system broadcasted GBAS type 1
messages at the rate of 2 Hz, and type 2, 4 and 5
messages at the rate of 0.1 Hz.
Figure 3 shows the photograph of the GPS antenna of
the experimental system. It has a rain resistance box
made of stainless steel loaded with the GPS receiver
and the modem. We made four sets and settled
in Sendai airport at green area in front of Iwanuma
branch of ENRI, along A runway and A-1 taxi way, in
January 2002. The height of the phase center of the
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Figure 5: Configuration of GBAS sites in Sendai
airport

Table 1: Summary of GBAS reference station
GBAS reference station
shown in Fig.3
4
number of GPS antennas
antenna type
AeroAntenna Technology
2775 with choke ring

disposition
height
separation

shown in Fig.4
about 1.5 m
about 100 m to 150 m
GPS receiver
NovAtel MiLLen.STD
Elevation mask angle
5 degrees
kinematic reference station
GPS receiver
Trimble 5700
antenna position
top of VDB tower

Table 2: Characteristics of VDB system with stacked
array antenna
frequency
transmit power

108.5 MHz
15W (max 50W)

Alford-loop
transmitting antenna (similar to VOR side-band ant.),
3 stacked array
height from ground
5.5m , 10.5m , 15.5m
power splitter ratio
1
:
1
:
1
phase delay [deg]
180 : 90 :
0
polarization
horizontal

GPS antennas was 1.5 meters, and separations of each
antenna were about from 100 meters to 150 meters.
These dispositions are shown in Figure 4.
Trimble 5700 GPS receiver was installed at ground
station for calculating reference position by postprocessed kinematic carrier-phase differential position
fixes. A GPS antenna for the receiver was mounted on
top of VDB antenna tower.
The summary of GBAS reference stations in the
experiments was shown in Table 1.
The monitor station was installed about 1 kilometer
away from the reference station and it has NovAtel
MiLLennium Standard GPS receiver, AeroAntenna
Technology 2775 GPS antenna (with choke ring) and
a modem connected to the ground station main site.

Figure 6: The Photograph of VDB stacked array
antenna
Height of segment was 15.5m (top), 10.5m
(middle) and 5.5m (bottom) each.
Another GPS antenna for kinematic reference was
mounted on top of this tower, height of 17.2m.

VDB stacked array antenna, shown in Figure 6,
consists of triple omni-directional antennas (similar to
VOR side-band Alford-loop antenna). Each height
of loop antennas is 15.5 meters (top), 10.5 meters
(middle) and 5.5 meters (bottom). And phase delays
were π/2 radians (middle) and π radians (bottom)
from phase of top antenna. The transmitting power
was 15 watts through the flight experiments, but
its capability of maximum transmitting power was
50 watts, because of reducing the interference on
television system. The transmitting frequency was
108.5 MHz and modulation was D8PSK. Table 2 shows
the summary of VDB stacked array antenna.

Airborne Subsystem
Figure 7 shows airborne station of our experimental
GBAS VDB system loaded on the experimental
aircraft (Beechcraft B99 Airliner, JA8801) shown in
Figure 8. The airborne station consists of GBASVDB receiver, GPS receivers (NovAtel MiLLen.STD
and Ashtech ZXtreme) and a PC for processing and
recording GBAS and the GPS data. The PC computes
the aircraft position using pseudoranges from GPS
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Figure 9: Airborne Antennas (GPS and VDB)
Table 3: Equipment loaded onboard in B99
equipment
GBAS-VDB receiver
Personal Computer
GPS receiver
GBAS station
kinematic reference

for GBAS processing
NovAtel MiLLen.STD
Ashtech ZXtreme
Trimble 5700

FLIGHT EXPERIMENTS
We conducted GBAS flight experiments at Sendai
airport through following periods in 2002.
(1) From July 22nd to August 2nd, 2002.
(2) From September 24th to October 4th, 2002.
(3) From November 11th to 15th, 2002.
Figure 7: Experimental
top
middle
bottom

GBAS airborne subsystem
: LCD display
: PC for GBAS processing
: GBAS-VDB receiver

Figure 8: Experimental Aircraft Beechcraft B99 airliner; JA8801

We conducted approach (touch-and-go) flights from
1,500 feet altitude and we executed real-time
and post-process DGPS positioning using GBAS
augmentation messages through the approach flights,
for checking the accuracy and the availability of
the GBAS system at the approach phase, and
the compatibility of GPS receivers with different
manufactures. We executed flight experiments with
NovAtel MiLLennium Standard and Ashtech ZXtreme
(differ from ground receivers) as an airborne GPS
receiver.
In this paper, we used the coordinate system as
shown in Figure 10, whose x-axis is the along runway
direction, y-axis is the across runway direction and
z-axis is the vertical direction. Figure 11 shows the
lateral trajectory (x-y plane) of the approach flight
on September 30th afternoon and Figure 12 shows the
z

receiver and GBAS pseudorange corrections from VDB
receiver. The positioning rate was 5 Hz or 2 Hz.
Trimble 5700 receiver for computing carrier-phase
DGPS reference position was also installed onboard.
Table 3 summarizes equipments loaded onboard in the
aircraft. Figure 9 shows airborne antennas installed on
the roof of the experimental aircraft.

y

Runway center
(y=0)

Runway

x
Threshold (x=0)

Figure 10: Coordinate System of along Runway
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Table 4: height of kinematic positions at x = −900m
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mean
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Figure 11: Lateral trajectory of approach flight on Sep.
30th, 2002
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Figure 12: Vertical trajectory of approach flight on
July, 2002, period (1)

In the experiments, we used post-processed kinematic
carrier-phase differential position fixes as reference
positions of aircraft. Through the previous flight
experiments, we found bias errors in vertical direction
and found that post-processed kinematics carrierphase differential positioning jumped rarely, perhaps
due to cycle slip, when the attitude of aircraft changed.
Then we executed touch-and-go flights and we selected
available data by the altitude of the aircraft trajectory
on the runway, when the separation between the
altitude of the aircraft trajectory and runway surface
including the height of the GPS antenna on aircraft
was within a foot.
Table 4 shows post-processed kinematic positions,
when aircraft was on the runway at the 900 meters
distance point from runway threshold (x = −900
[m]). We estimated the positioning accuracy of postprocessed kinematic was about 8 to 11 centimeters (at
2 σ) in the experiments.

vertical trajectories (x-z plane) of 33 approach flights
through the period (1).
Figure 13 shows the σpr gnd value of GBAS site in
Sendai airport. The black solid curve is A4 (accuracy
designator is ‘A’ with four ground receivers), the blue
solid curve is B4 (accuracy designator is ‘B’ with four
ground receivers), the green solid curve is C4 (accuracy
designator is ‘C’ with four ground receivers) and the
red solid curve is the σpr gnd value obtained at GBAS
site in Sendai airport. We used obtained value for
computing GBAS position fixes and protection level
in the experiments.
1

σpr-gnd [m]

σpr-gnd

0.6

We calculated the navigation system error (NSE),
protection level and availability of the experimental
GBAS with NovAtel MiLLennium Standard as an
airborne GPS receiver, which is the same model as
the reference station GPS receivers. The specifications
and draft specifications of the NSE and the VAL of
CAT-I, CAT-II and CAT-III are shown in Table 5.
Table 6 shows the NSE at the final approach region,
the range from 0 NM to 1 NM from runway threshold.
The 95% values (|µ| + 2σ) of vertical NSE were below
4.0 meters of CAT-I specification and 1.7 ∼ 2.0 meters

A4
B4
C4

0.8

POSITIONING ACCURACY AND AVAILABILITY

0.4

Table 5: Specifications (include drafts) of NSE, VAL
and availability

0.2
0
0

10

20

30
40
50
60
Elevation angle [deg]

70

80

90

Figure 13: σpr gnd of Sendai airport GBAS site and
GBAS designator values

NSE95% [m]
VAL [m]
Availability
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CAT-I
4.0[3, 5]

CAT-II
CAT-III
1.7[4] ∼
0.8[4] ∼
2.0[5]
2.0[5]
10[3, 5]
5.3[5]
5.3[5]
0.99 ∼ 0.99999 [3, 5]

Table 6: NSE at the final approach region with
NovAtel MiLLen.STD
period
(1) Jul.
(2) Sep.
(3) Nov.
∆ x mean |µ|
0.036
0.172
0.112
[m] std.dev. σ
0.086
0.167
0.161
max
0.306
0.764
0.684
|µ| + 2σ
0.122
0.507
0.435
∆ y mean |µ|
0.236
0.168
0.175
[m] std.dev. σ
0.114
0.145
0.187
max
0.446
0.613
0.706
|µ| + 2σ
0.464
0.458
0.550
∆ z mean |µ|
0.023
0.214
0.123
[m] std.dev. σ
0.233
0.319
0.322
max
0.562
1.490
1.280
|µ| + 2σ
0.489
0.852
0.767
Samples
2325
9097
6217
Approaches
33
55
35

of CAT-II draft specifications. Comparing with 0.8
meters of CAT-III draft specification [4], the vertical
NSE at period (2) didn’t meet, however the vertical
NSE met the CAT-III LAAS specification of 2.0 meters
written in RTCA/DO-245 [5].
Figure 14, Figure 15 and Figure 16 show the vertical
NSE and CAT-III VPL at the final approach region
in the experiment period of (1), (2) and (3) each. All
dots were appeared at the left-upper triangle region
in these figures that shows that the vertical NSE were
below VPL through the experimental periods.
The ratio of VPL within CAT-II/III VAL [5] of 5.3
meters was 93.2%, 96.0% and 97.2% in the period
of (1), (2) and (3) each. Total VPL cumulative
distribution from 0 to 5.3 meters was 96.0% in the

Table 7: positioning error at the final approach region
airborne : ZXtreme or MiLLen.STD
ground
: MiLLen.STD

period
receiver
∆x mean
|µ|
[m] std.dev. σ
max
|µ| + 2σ
∆y mean
|µ|
[m] std.div
σ
max
|µ| + 2σ
∆z mean
|µ|
[m] std.dev. σ
max
|µ| + 2σ
Samples
Approaches

COMPATIBILITY OF AIRBORNE GPS RECEIVER
In the period (2) and (3), we executed GBAS
processing with the different receiver from ground
reference receivers, for checking the compatibility of
airborne GPS receivers. We used Ashtech ZXtreme
as an airborne GPS receiver, which is different from
ground receivers, in this experiment.
Table 7 lists the along, the across and the vertical NSE
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Figure 14: Vertical NSE vs. VPL at the area from 0
to 1 NM in July, 2002 (1) with NovAtel
MiLLen.STD
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0.792 0.684
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1.446 1.280
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6218
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experiments shown in Figure 17. It seems that the
experimental system didn’t have enough availability.

Vertical Performance − 20020711 (2325 points)
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Figure 15: Vertical NSE vs. VPL at the area from 0 to
1 NM in September, 2002 (2) with NovAtel
MiLLen.STD
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Figure 16: Vertical NSE vs. VPL at the area from 0 to
1 NM in November, 2002 (3) with NovAtel
MiLLen.STD
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Figure 18: Vertical NSE vs. VPL at the area from 0 to
1 NM in November, 2002 (3) with Ashtech
ZXtreme

CONCLUSIONS
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Figure 17: VPL cumulative distribution at the area
from 0NM to 1NM (July, September and
November 2002)

at the final approach region, from 0 to 1 NM from
runway threshold, classified by airborne GPS receivers.
Comparing these values, they show a tendency for
NSE values became greater. It is considered that the
phenomenon was caused by difference of signal tracking
methods and processing methods of correlators.
Comparing the NSE and the vertical NSE specifications, the results showed that the NSEs were satisfied vertical NSE CAT-II and CAT-III specifications
of RTCA/DO-245, but comparing with tentative NSE
CAT-III specification described in draft SARPs [4], the
results didn’t meet this value. Of course, the experimental results met NSE CAT-I and CAT-II specifications.
Figure 18 shows the vertical NSE with ZXtreme and
CAT-III VPL at the area from 0 to 1 NM. It shows
the vertical errors were below VPL values, but 97.2%
of VPL values were below CAT-III VAL.

• Vertical navigation system errors (95%) of GBAS
at the region from 0 to 1 NM distance from runway
threshold were about 0.49 meters to 0.85 meters,
which met CAT-II and CAT-III specifications of
RTCA/DO-245.
• Availability at the final approach region was about
96%, which was probability that VPL values were
below 5.3 meters (CAT-II/III VAL). The system
didn’t have enough availability for CAT-II and
CAT-III, whose requirement was 99% ∼ 99.999%.
• Changing the airborne GPS receiver to the
different type of ground reference receivers from
the same one of ground reference receivers,
the vertical navigation system errors of GBAS
positioning were increased slightly (about 0.94
meters to 1.13 meters). But the accuracy met
CAT-II and CAT-III specifications of RTCA/DO245.
We will conduct the improvement of equipments, for
the example reference GPS antennas to meet the
specification of the high category.
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