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1. INTRODUCTION

Due to inaccurate safe navigation estimates, maritime 

accidents have been occurring consistently. In order to solve 

this, the precise positioning technology using carrier phase 

information is used, but due to tall buildings near inland 

waterways or inclination, satellite signals might become 

weak or blocked for some time. Currently, the air clearance 

of ship is determined by estimating approximately based on 

the draft of a ship when the ship passes through a marine 

bridge or facility such as suspension bridges and bridges 

connecting islands while sailing on the shore or inland 

waterways. Inaccurate estimates lead to secondary damages 

including huge restoration expenses for damages of bridges 

and power supply units as well as environmental pollution. 
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ABSTRACT

Due to inaccurate safe navigation estimates, maritime accidents have been occurring consistently. In order to solve this, the 
precise positioning technology using carrier phase information is used, but due to high buildings near inland waterways or 
inclination, satellite signals might become weak or blocked for some time. Under this weak signal environment for some 
time, the GPS raw measurements become less accurate so that it is difficult to search and maintain the integer ambiguity 
of carrier phase. In this paper, a method to generate code and carrier phase measurements under this environment and 
maintain resilient navigation is proposed. In the weak signal environment, the position of the receiver is estimated using an 
inertial sensor, and with this information, the distance between the satellite and the receiver is calculated to generate code 
measurements using IGS product and model. And, the carrier phase measurements are generated based on the statistics for 
generating fractional phase. In order to verify the performance of the proposed method, the proposed method was compared 
for a fixed blocked time. It was confirmed that in case of a weak or blocked satellite signals for 1 to 5 minutes, the proposed 
method showed more improved results than the inertial navigation only, maintaining stable positioning accuracy within 1 m.
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Therefore, it is necessary to determine the air clearance for 

safe navigation using the precise positioning technology.

Carrier phase measurements should be used together 

with code measurements for precise positioning. For 

the pseudorange measurements, the distance between 

the satellite and the receiver on the ground is predicted 

using the time delay of C/A code, but for the prediction of 

distance by carrier phase measurements, changes in carrier 

phase generated by the satellite is used. Since the wave 

length of carrier is significantly shorter than the length of 

C/A code, the distance measured using the carrier phase 

is more precise than the distance measured using codes. 

But, Integer ambiguity which is carrier phase wavelength 

value existing between the satellite and the receiver in the 

carrier phase measurements, and It is necessary to obtain 

this integer ambiguity to measure an accurate distance. It 

is important to obtain and maintain the integer ambiguity 

in the carrier phase based precise positioning (Parkinson 

& Spilker 1996). But, a satellite signal may become weak or 

blocked for some time due to high buildings and mountain 
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1. INTRODUCTION

For the landing process of a fixed-wing air vehicle, the 
flight time is relatively short compared to that of cruising. 
However, as shown in Fig. 1, the accident rate during 
landing amounts to about 36%, and it amounts to about 46% 
when the initial approach for landing is included (Boeing 
2009). Also, as shown in Fig. 2, the sources of system failures 
for the unmanned aerial vehicle systems of Israel and the 
United States, which have the most abundant experience 
of unmanned aerial vehicle operation, indicated that 
flight control is one of the major causes of the unmanned 
aerial vehicle accidents (Office of Secretary of Defense 
2005). Therefore, the stable flight and landing of an air 
vehicle should be secured, and the reliability should also 
be improved. Accordingly, research and development 
have been actively conducted on a number of automatic 
systems such as high-performance automatic flight control 
system, navigation system, and automatic landing system 
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auto-landing was examined by analyzing the performance using the proposed method.
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(Shue & Agarwal 1999, Noh & Agarwal 2000). The automatic 
landing system of an air vehicle can be broadly divided into 
the control, navigation, and guidance subsystems. As the 
performance of each subsystem directly affects the safety 
and reliability of an air vehicle, it is very important to test 
the performance through a flight test. Especially, control 
and guidance subsystems perform the generation and 
guidance of the landing trajectory of an air vehicle using 
the navigation information of the navigation system. Thus, 
before performing auto-landing, navigation performance 
test should be performed though a flight test, to evaluate the 
possibility of auto-landing.

Navigation performance evaluation can be performed by 
analyzing north/east/down (NED) errors relative to a refer-
ence trajectory which has higher navigation accuracy than 
the navigation system of an air vehicle. The navigation accu-
racy of a reference trajectory needs to be about 8~10 times 
higher than that of the target equipment for performance 
evaluation (Sabatini & Palmerini 2000). However, when an 
air vehicle enters auto-landing mode, the control and guid-
ance subsystems should make the air vehicle approach a 
glide path that is aligned with the runway, for the safe land-
ing of the air vehicle. Therefore, the longitudinal/lateral/
vertical (LLV) errors of air vehicle heading are more impor-
tant than the NED errors. Also, when an air vehicle lands 

Received Sep 30, 2013  Revised Oct 28, 2013  Accepted Oct 29, 2013
†Corresponding Author

E-mail: jihee.park@lignex1.com
Tel: +82-42-718-3553  Fax: +82-42-718-3470



116    J. Korean GNSS Society 2(2), 115-121 (2013)

http://dx.doi.org/10.11003/JKGS.2013.2.2.115

on a runway, spaces are sufficiently secured in the heading 
direction, and thus the lateral error should be more strictly 
checked than the longitudinal error. However, as for the 
altitude information for auto-landing, an air vehicle uses a 
radar altimeter, which is a sensor that measures the distance 
between the sensor and the ground by transmitting radar 
signals and receiving the signals reflected from the ground. 
At low altitude, a radar altimeter has a precision of less than 
1 m or several meters, and it is commonly used to monitor 
the distance to the ground during the takeoff and landing of 
an air vehicle. Therefore, in this paper, only horizontal errors 
will be discussed (Yoo et al. 2011, Yoon et al. 2013).

In this study, a method for analyzing the longitudinal/

lateral errors of a navigation system was proposed as the 

navigation performance test method for evaluating the 

safety during the auto-landing of a general air vehicle or an 

unmanned aerial vehicle. Also, flight tests were performed 

six times to compare the proposed method with the existing 

method using NED errors. Then the safety of auto-landing 

was examined based on the results of the analysis using 

the proposed method. The contents of this paper are as 

follows. In Chapter 2, the meaning of the longitudinal/

lateral/vertical frame (LLV-frame) of air vehicle heading 

was defined, and the difference between the LLV-frame 

and the body frame or navigation frame was explained. 

Then a method for transforming body errors or NED errors 

into LLV errors was proposed. In Chapter 3, the newly 

proposed method was applied to the performance analysis 

of navigation equipment following an actual flight test, and 

the results of the longitudinal/lateral error analysis were 

presented. In Chapter 4, conclusions were drawn.

2. LONGITUDINAL/LATERAL FRAME OF AIR 
VEHICLE HEADING

2.1 Definition of the LLV-frame of Air Vehicle Heading

For expressing the position, velocity, and attitude of 

a moving object, there are several kinds of coordinate 

systems, and an appropriate coordinate system is selected 

considering the simplification of navigation equations and 

the reduction of calculation as well as the requirements of 

a target navigation system. The representative coordinate 

systems that are typically used in an air vehicle include the 

body frame and the navigation frame (i.e., NED frame). 

As shown in Fig. 3, for the body frame, the origin is placed 

at the center of gravity of an air vehicle. Then the nose 

direction is defined as the Xb-axis, the right wing direction 

is defined as the Yb-axis, and the downward direction is 
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defined as the Zb-axis. For the navigation frame, which is 

used for calculating the actual trajectory and position of an 

air vehicle, the origin is also placed at the center of gravity 

of an air vehicle. The N vector points to the north, the E 

vector points to the east, and the D vector points to the 

gravity vector direction (Farrell & Barth 1998). As shown 

in Fig. 3, for the lateral/longitudinal/vertical frame (LLV-

frame: XL, YL, ZL) of air vehicle heading proposed in this 

study, the origin is placed at the center of gravity of an air 

vehicle. The longitudinal axis is defined as the air vehicle 

heading direction on a horizontal plane, the lateral axis 

is defined as the right direction of an air vehicle relative 

to the longitudinal axis, and the vertical axis is defined as 

the vertical downward direction of an air vehicle. The LLV-

frame can be matched with the body frame (b-frame: Xb, Yb, 

Zb) and the navigation frame (n-frame: N, E, D) by rotation 

about the same origin, and this rotation corresponds to 

the attitude of an air vehicle. In other words, the b-frame 

can be matched with the LLV-frame by the rotation of the 

roll and pitch angles of an air vehicle, and the n-frame 

can be matched with the LLV-frame by the rotation of the 

yaw angle. Fig. 4 shows the rotation of the Euler angles for 

transforming the n-frame into the b-frame. The LLV-frame is 

the same as the L-frame shown in Fig. 4b.

Based on the definitions of the coordinate systems, Fig. 

5 shows the position that a navigation system outputs, 

relative to the actual position of an air vehicle (Rref) when 

the air vehicle has approached a glide path for landing. For 

the auto-landing of an air vehicle, whether the air vehicle is 

aligned with the runway should be examined, and thus the 

lateral/longitudinal errors of air vehicle heading need to be 

checked rather than the north/east errors.

2.2 Coordinate Transformation Method from the n-frame 
or the b-frame to the LLV-frame

In general, the coordinate transformation matrix for 

transforming the n-frame into the b-frame

which is used for calculating the actual trajectory and position of an air vehicle, the origin is also 
placed at the center of gravity of an air vehicle. The N vector points to the north, the E vector 
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gravity of the air vehicle (PCG) and the position of the GPS antenna (PGPS Ant), respectively. Thus, 
when the NED errors are calculated by correcting the distance (i.e., lever arm), it can be 
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navigation frame. eEGI and eREF represent the actual errors of the navigation system and the 
reference trajectory, respectively. Using the NED errors, the LLV errors can be expressed as Eq. 
(6), with the use of Eqs. (2) and (4). 
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The position error estimated from the result of the navigation system and the reference 

trajectory can be expressed as Eq. (4). The position that the navigation system outputs (P) and 
the position that the reference trajectory outputs (P) are different as they are the center of 
gravity of the air vehicle (PCG) and the position of the GPS antenna (PGPS Ant), respectively. Thus, 
when the NED errors are calculated by correcting the distance (i.e., lever arm), it can be 
expressed as Eq. (5) (Park & Shin 2012). 
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( )G represents the geodetic frame, ( )B represents the body frame, and ( )N represents the 
navigation frame. eEGI and eREF represent the actual errors of the navigation system and the 
reference trajectory, respectively. Using the NED errors, the LLV errors can be expressed as Eq. 
(6), with the use of Eqs. (2) and (4). 

( )G represents the geodetic frame, ( )B represents the body 

frame, and ( )N represents the navigation frame. eEGI and eREF 

represent the actual errors of the navigation system and the 

reference trajectory, respectively. Using the NED errors, the 

LLV errors can be expressed as Eq. (6), with the use of Eqs. (2) 

and (4).
 

de = Cde																																																																																																																		 									  

  = 
cψ sψ 0
−sψ cψ 0
0 0 1

 (de +	L)                                  Eq. (6) 

 
3. FLIGHT TEST RESULTS 
 
 
3.1 Flight Test Environment and Test Procedure 

 
An actual flight test was performed by loading a DGPS/INS system, which uses the 

Differential-GPS (DGPS) technique that provides a position accuracy of several meters (Farrell 
2000, Redmill et al. 2001), onto an air vehicle, and the longitudinal/lateral errors were analyzed. 
As for the reference equipment for evaluating the performance of the DGPS/INS system, DL-V3 
(NovAtel Inc.), which is high-precision navigation equipment that can generate carrier phase 
DGPS (CDGPS) reference trajectories with a precision of 5 mm, was used. As the air vehicle 
used in the test landed on a runway, spaces were sufficiently secured in the heading direction 
(i.e., longitudinal axis). Therefore, in this test, whether the lateral error is within the range in 
which the air vehicle can safely land within the width of the runway was examined. 

Fig. 6 shows the block diagram of the flight test equipment. Inside the air vehicle, the 
DGPS/INS system, which is the performance evaluation target, and the DL-V3, which is the 
rover station (RS) for reference trajectory generation, were installed. At the control tower outside 
the air vehicle, the base station (BS) was installed. The GPS antenna was shared by the 
DGPS/INS system and the rover station DL-V3, using a GPS signal distributor. The rover station 
DL-V3 was installed at the same space where the DGPS/INS system was installed, using a jig. 

During the inspection of the air vehicle before performing the flight test, the self-inspection 
and alignment of the DGPS/INS system were conducted. For the alignment, self-alignment was 
conducted using a gyroscope and an accelerometer, and after the completion, the flight test was 
performed. During the takeoff and landing, it was operated at the DGPS/INS mode by receiving 
the DGPS correction information (RTCM1). During the flight test, the DL-V3 installed in the air 
vehicle and on the ground received the GPS raw measurement data for post-processing CDGPS 
reference trajectory generation. In this regard, the base station on the ground was installed at the 
spot where a geodetic survey had been performed in advance. 

After the flight test, for the performance evaluation of the DGPS/INS system, the north/east 
error analysis, which is the existing method, and the longitudinal/lateral error analysis, which is 
the newly proposed method, were performed. For the performance analysis, the GPS raw 
measurements obtained from the rover station DL-V3 installed in the air vehicle and from the 
base station DL-V3 were extracted, and the CDGPS reference trajectory was generated using 
Grafnav, which is the commercial CDGPS post-processing software from NovAtel Inc. As the 
output position of the DGPS/INS system is the center of gravity of the air vehicle, it is not 
consistent with the CDGPS reference trajectory. Thus, if the north/east errors between the 
DGPS/INS system and the obtained CDGPS reference trajectory are calculated, these north/east 
errors include the GPS lever arm error. Therefore, the output positions of the CDGPS reference 
trajectory and the DGPS/INS system were matched by performing the GPS lever arm correction 
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accelerometer, and after the completion, the flight test was 

performed. During the takeoff and landing, it was operated 

at the DGPS/INS mode by receiving the DGPS correction 

information (RTCM1). During the flight test, the DL-V3 

installed in the air vehicle and on the ground received the 

GPS raw measurement data for post-processing CDGPS 

reference trajectory generation. In this regard, the base 

station on the ground was installed at the spot where a 

geodetic survey had been performed in advance.

After the flight test, for the performance evaluation 

of the DGPS/INS system, the north/east error analysis, 

which is the existing method, and the longitudinal/lateral 

error analysis, which is the newly proposed method, were 

performed. For the performance analysis, the GPS raw 

measurements obtained from the rover station DL-V3 

installed in the air vehicle and from the base station DL-

V3 were extracted, and the CDGPS reference trajectory 

was generated using Grafnav, which is the commercial 

CDGPS post-processing software from NovAtel Inc. As the 

output position of the DGPS/INS system is the center of 

gravity of the air vehicle, it is not consistent with the CDGPS 

reference trajectory. Thus, if the north/east errors between 

the DGPS/INS system and the obtained CDGPS reference 

trajectory are calculated, these north/east errors include the 

GPS lever arm error. Therefore, the output positions of the 

CDGPS reference trajectory and the DGPS/INS system were 

matched by performing the GPS lever arm correction using 

the attitude data obtained from the DGPS/INS system. Then 

the NED errors and the longitudinal/lateral errors were 

calculated and analyzed using the equations described in 

Section 2.2.

Flight tests were performed a total of six times, and for 

each test, the DGPS/INS system setting and the air vehicle 

operation environment were the same. However, each test 

was performed on a different date, and the trajectories of 

T1~3 and T4~6 were different, as shown in Fig. 7. Thus, the 

GPS satellites used in each test and the arrangement of the 

satellites could be different. The landing sections (T1~T6) 

for the six flight tests, in which the DGPS/INS navigation 

was performed, were from the point, at which the distance 

between the DGPS base station and the air vehicle was 

about 24 km~30 km, to the landing point, as summarized in 

Table 1.

3.2 Flight Test Results

Figs. 8 and 9 show the north/east errors and longitudinal/

lateral errors for T1~T4 and T5~T6, respectively. Table 2 

summarizes the root-mean-square (RMS) values of the 

north/east errors and longitudinal/lateral errors for each 
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Table 1.  Distance between the DGPS base station and the air vehicle (km).
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test. As shown in Fig. 8, the results of the normal navigation 

performance including the DGPS correction indicated that 

for T1~T4, the north/east errors and the longitudinal/lateral 

errors were 1 m RMS, and were within ±2 m in the test 

section. Therefore, it was found that if the DGPS correction 

is normally performed, the auto-landing of the air vehicle 

on the runway is possible.

As shown in Fig. 9, for T5~T6, the north error was 6 m 

RMS, and an error of 6~8 m occurred almost consistently in 

the test section. Thus, the required navigation performance 

could not be satisfied. The cause of this error was found to 

be the increase in the tropospheric error due to the strict 

DGPS correction data integrity constraints of the GPS 

receiver and the low elevation angle of the GPS satellite 

data included in the DGPS correction data. If the DGPS 

correction data integrity constraints are strict, the DGPS 

correction data, which can be sufficiently used, may not 

be used. As shown in Fig. 10, when the altitude difference 

between the air vehicle and the DGPS base station is about 

1 km or more, the tropospheric error increases as the 

elevation angle of the GPS satellite included in the DGPS 

correction data decreases. However, the longitudinal/lateral 

errors were 5 m RMS and 3.8 m RMS, respectively. In the 

case of the lateral error, the error increased from the point at 

which the DGPS/INS navigation started. Then it decreased 

to less than 4 m after about 100 seconds, and decreased to 

less than 2 m, 200 seconds before the landing. Therefore, 

it was found that the auto-landing of the air vehicle on 

the runway is possible because the lateral error decreased 

sufficiently although the north/east errors did not satisfy the 

required performance.

4.  CONCLUSIONS

In this study, a method for analyzing the longitudinal/
lateral errors of a navigation system was newly proposed as 
the navigation performance test method for evaluating the 
safety during the auto-landing of an air vehicle. Also, flight 
tests were performed six times, and the north/east errors, 
which is the existing method, was analyzed and compared 
with the proposed method. Then the safety of auto-landing 
was examined based on the results of the performance 
analysis. As the air vehicle used in the flight test landed on 
a runway, spaces were sufficiently secured in the direction 
of the longitudinal axis. Therefore, whether the lateral 
error is within the range in which the air vehicle can safely 
land within the width of the runway was examined. As for 
T1~T4, which showed normal navigation performance in 
the test, the auto-landing of the air vehicle was found to 
be possible because all the errors were within 2 m in the 
landing section. As for T5~T6, the auto-landing of the air 
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Table 2.  North/east and longitudinal/lateral position errors (RMS).

Test
North/East errors Longitudinal/Lateral errors

North error East error Longitudinal error Lateral error

T1
T2
T3
T4
T5
T6

0.75
0.91
0.73
0.61
6.07
6.16

0.22
0.33
0.45
0.86
1.27
1.19

0.63
0.59
0.63
0.80
5.03
5.03

0.36
0.47
0.59
0.68
3.63
3.75
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vehicle was also found to be possible because the lateral 
error decreased to less than 2 m, 200 seconds before the 
landing although the north error did not satisfy the required 
navigation performance. Therefore, it was found that during 
the navigation performance evaluation of an air vehicle for 
auto-landing, the longitudinal/lateral errors as well as the 
north/east errors need to be examined.
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