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Abstract: This paper describes the implementation of the Wide Area Differential Global
Positioning System (WADGPS) system in order to evaluate the operational performance of
a satellite based aviation navigation system within Taipei Flight Information Region (FIR).
The main objective of the WADGPS is to provide real time integrity information regarding
the use of GPS for civil aviation applications. This paper uses the e-GPS observation
stations operated by the Taiwan Ministry of Interior (MOI) as the WADGPS reference
stations to collect the L1-L2 dual-frequency GPS measurements. A WADGPS master
station is also implemented to process all GPS measurements sent from each reference
station, and then generate the vector corrections. These vector corrections consist of the
satellite ephemeris and clock errors, and a grid of ionospheric delays. The data stream also
includes confidence bounds for the corrections and “Use/Do Not Use” messages to provide
integrity. These messages are then passed to the WADGPS user through the Internet. This
paper discusses the WADGPS system architecture and the system performance analysis. A
five-day operation performance in Taipei Flight Information Region (FIR) is presented in
this paper. The results show that the WADGPS can improve the accuracy performance of
GPS positioning and fulfill the integrity performance required by Non-Precision Approach
(NPA) defined by the International Civil Aviation Organization (ICAO).
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1. Introduction

The Global Positioning System (GPS) provides positioning, navigation and timing services to
around 400 million users in sea, air, terrestrial, and space applications [1]. In order to improve the
performance of GPS-based navigation system providing support for the very demanding requirements
of aircraft approach operations, various augmentation systems are being developed [2-4]. One such
system is the Wide Area Differential GPS (WADGPS) system. The WADGPS system utilizes a
geographically distributed network of reference receivers at precisely known locations throughout the
service region, and these reference receivers, which are called Reference Stations (RSs), continuously
monitor all GPS satellites and their propagation environments in real time. These RSs send raw GPS
measurements back to the WADGPS Master Station (MS) where the WADGPS messages are
generated. The WADGPS system provides both differential corrections to improve accuracy and
associated confidence bounds to ensure integrity. The corrections will improve the accuracy of the
system and more importantly, the integrity will open the door for widespread aviation use. The
WADGPS concept is summarized in Figure 1. The Satellite Based Augmentation System (SBAS) is an
extension of the WADGPS concept and there are several SBASs which are developing around world to
enhance aviation navigation performance. For instance, the MTSAT-based Satellite Augmentation
System (MSAS) is deployed in Japan, the European Space Agency (ESA) is working on the European
Geostationary Navigation Overlay Service (EGNOS), and the Wide Area Augmentation System
(WAAS) is under development in the United States [4]. Among them, WAAS began operation on July
10, 2003, MSAS was commissioned for aviation use on September 27, 2007, and EGNOS open service
started on October 1, 2009. However, in Taipei Flight Information Region (FIR), there is no SBAS
service available for aviation users. Therefore, the objective of this paper is to implement a WADGPS
system to investigate the augmented GPS performance for civil aviation users within the Taipei FIR.

Figure 1. The Wide Area Differential GPS.
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Similar to this work, in the early 1990s, the Federal Aviation Administration (FAA) implemented
the National Satellite Test Bed (NSTB) as a WAAS prototype system to ensure the success of the
WAAS. In 2006, the authors co-developed one of the RSs of the Asia-Pacific Economic Cooperation
(APEC) Global Navigation Satellite System (GNSS) test bed which is a WADGPS-like system to
conduct the preliminary analysis of the SBAS performance within Asia-Pacific [5]. With the
experience of developing the WADGPS RS, this paper further implements the WADGPS master
station to assess the performance of various architectures for the WADGPS. The e-GPS observation
stations operated by the Taiwan Ministry of Interior (MOI) are used as the WADGPS RSs. Our focus
will be one particular aircraft approach procedure known as Lateral NAVigation (LNAV), and the
Required Navigation Performance (RNP) for LNAV is summarized in Table 1 [6,7]. The metrics used
to quantify the performance will be the positioning accuracy and the service quality at a pre-defined
and fixed level of integrity.

Accordingly, this paper is organized as follows: In Section 2, we define the metrics that are
normally used to quantify the performance of GPS-based aircraft approach systems. In Section 3, we
describe the details of the WADGPS architecture. Section 4 shows the main processes of the
WADGPS master station. In Section 5, we first validate the implementation of the WADGPS using the
U.S. NSTB data, and we then conduct several experiments to evaluate the LNAV performance of the
WADGPS within Taipei FIR. Finally, Section 6 presents the summary and concluding remarks.

Table 1. Required Navigation Performance (RNP) [6,7].

Phase of Accuracy Integrity Alert I-‘lmlt Continuit o

Flicht 95% Time to (H: Horizontal Availability
g error) Alarm | PrHMD V: Vertical) y

En route H: 740 m 7 H: 3,704 m 5 0.99 to

(continental) | V: NA I5s | 1x107/h V: NA DX 0774 99999

. H:220m 7 H: 1,852 m 5 0.99 to

Terminal V- NA 15s I x 10" /h V' NA 1 x 10~/h 0.99999

H: 220 m 7 H: 556 m 5 0.99 to

LNAV(NPA) V- NA 10s I x10"/h V- NA 1 x10~/h 0.99999

H: 220 m 2x 107 H:556m  [55x10°/| 0.99to

LNAV/VNAV V:20m 10s /approach V:50m approach 0.999
LpV H: 16 m 6 s 2x107 H: 40 m 55x 107/  0.99to
V:20m /approach V:50m approach 0.99999

2. Performance Analysis of the WADGPS System

The Protection Level (PL) calculation [8] and Stanford Chart [9,10] are used as the metrics to
evaluate the performance of a GPS-based aircraft approach and landing system. The performance
criterion chosen for this paper is the comparison of the LNAV availability. The PL is the computation
of the confidence bounds on the post-correction position errors, and the PL calculation is defined in the
Minimum Operational Performance Standards for GPS/WAAS Airborne Equipment (WAAS MOPS,
RTCA DO-229D) [8]. The ionospheric delay error and satellite ephemeris and clock errors will be
corrected according to the WAAS MOPS, and then the local errors such as the tropospheric delay error
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and user receiver noise and multipath errors will be removed by a standard model [11]. The corrected
range measurements are used to compute the GPS position and receiver clock errors using weighted
least squares as follows:
#=(G'WG) G'wy (1)

where:

x 1s the position and clock errors,

G is the observation matrix,

W is the weighting matrix for the measurement, and

y is the corrected range residual vector.

The weighting matrix, ¥, is a diagonal matrix and the inverse of the i diagonal element is given by
the variance for the corresponding satellite, as depicted in Equation (2).

of 0 - 0
0 o - 0
wh= . . )
0 0 - o
where, o’ is calculated in Equation (3).
2 2 2 2 2
O-i = O-i,ﬂt + O-i,UIRE + O-i,air + Ui,trapo (3)

where:
Gf o 18 the fast and long-term degradation confidence, which is the confidence bound on satellite

clock and ephemeris corrections [8,12],

o/ re 18 the user ionospheric range error confidence, which is the confidence bound on ionospheric

delay corrections [8,11],
o, is the airborne receiver error confidence, which is the confidence bound on aircraft user
receiver error [8], and
aflmpo is the tropospheric error confidence, which is the confidence bound on residual tropospheric
error [8].

The position error is proportional to the measurement errors and the satellite geometry through the
matrix (G'WG) . This matrix is composed of the variance from each direction as indicated in Equation

(4). The variance of the position estimate is shown in Equation (4) as well:

d ’ dEN dE U dE T

east

2
dEN dnorth dN U dNT

dEU dNU dU ’ dUT
dET dNT dUT de

(G'wG) " = 4)

where:
2

deast

d 2

north

1s variance in the east direction,
1s variance in the north direction,
d; is variance in the up direction,

d; is variance in time, and
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d(zi)(j) i1s covariance in the (i) and (j) directions, where E is east, N is north, U is up, and T
is time.
The Horizontal Protection Level (HPL) is:
2 2 2 2 2
_+_ —
HPL :KH . d east 2d north +\/(d east 2d north] +d2EN (5)

where, the Ky equals to 6.18 for Non-Precision Approach (NPA). This is a standard deviation
multiplier of the horizontal position error. Through the zero mean Gaussian [13], the multiplier ensures
that the horizontal position error exceeds the HPL at most one time in ten million (10”), the tolerable
probability of Hazardously Misleading Information (HMI). The protection level calculation is
specified in the WAAS MOPS Appendices A and J [8]. The HPL is very important and will be used to
determine the performance of WADGPS system in this paper.

On the other hand, this paper uses a triangular chart as our WADGPS system performance indicator,
called the Stanford Chart [9]. The Stanford Chart helps us visualize the performance of the corrections
and error bounds of a GPS integrity messaging system. The chart helps evaluate availability, accuracy,
and integrity. The performance is evaluated in the user position domain in a two-dimensional space.
The horizontal axis represents the true position error magnitude, and the vertical axis represents the
estimated protection level described above. One Stanford Chart example is shown in Figure 2. There
are three major regions: System Available, System Unavailable, and Hazardously Misleading
Information (HMI). If the estimated protection level is smaller than the alert limit of a designed
operation mode, the service will be available. 1f the estimated protection level is larger than the alert
limit of a designed operation mode, the service will be unavailable. If the true error is larger than the
estimated protection level, it is hazardously misleading information, because the protection level is
meant to bound the true error and users have no knowledge of the excessive true error. This situation
should occur with a probability of less than one in ten million operations or 10~ and should be avoided.
As a result, this Stanford Chart can intuitively present system performance in terms of accuracy,
availability and integrity. The availability of the system can be determined by examining the
percentage of points that lie within the service available region [14].

Figure 2. The Stanford Chart.
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3. WADGPS Architecture

The WADGPS is a network composed of several Reference Stations (RSs) and a Master Station
(MS). The RSs are distributed geographically at the precisely known locations that receive GPS L1-L2
dual-frequency signals and archive the raw observations from the monitored GPS satellites. The GPS
L1-L2 dual-frequency measurements collected at each RS are sent to the MS. The MS data collector
receives GPS raw measurements from each RS and updates the previous measurements in real time.
Moreover, the statuses of GPS signals for all monitored satellites are checked including the
rationalities of the code and carrier phase measurement at L1 and L2 frequencies, Signal-to-Noise
Ratios (SNR), and Doppler frequency. The raw GPS observations are subsequently processed to
reduce local errors by the carrier smoothing method [11]. The WADGPS MS then uses these smoothed
measurements to generate vector corrections for the ionospheric delay, and the satellites ephemeris and
clock errors [3]. In addition to these vector corrections, the messages generated by the MS also include
the confidence bounds of these corrections. These messages are packed into the SBAS message
format [8] and then transmitted to users via Internet according to the appropriate scheduling time. The
WADGPS MS implemented in this paper includes a monitor and control graphic user interface (GUI)
to show the real time statuses of all RSs and MS processes. Figure 3 shows a diagram that summarizes
the overall WADGPS system architecture and data processes.

Figure 3. The WADGPS architecture.
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4. The WADGPS Master Station Processes

The WADGPS master station (MS) receives and processes the measurements from all WADGPS
reference stations (RSs). The data collected from each RS is calibrated and used to generate the
differential corrections to ionosphere and satellite errors. There are two main correction generation
modules: one is for the ionosphere and the other is for satellite errors. WADGPS provides the user
with the differential corrections and two system accuracy metrics, namely, the user differential range
error (UDRE) and the grid ionospheric vertical error (GIVE) [8]. This section begins with the
introduction of GPS observations, and then presents the dual-frequency carrier smoothing process in
Section 4.2. The estimation of ionospheric delay and the calculation of GIVE will be detailed in
Section 4.3 and the estimation of satellite errors and the calculation of UDRE will be described in
Section 4.4.

4.1. GPS Observations Modeling

Each RS uses a dual-frequency receiver to receive code and carrier phase observations at the L1 and
L2 frequencies. These raw observations are sent to the WADGPS master station to process the
corrections for common errors and the corresponding confidences [3,4]. The common errors include
the ionospheric delay and satellites ephemeris and clock errors. The observations are expressed as
follows [1,15]:

PR, =p/+b—B +I/+T' +v' (6)

PR, =pij+bi_Bj+7/1if+]';f+le_’L2 (7)

b, =p,)+b—B' —I/+T/ +N, Ay +e' (8)

bo=p/ +b—B —yI) +T/ + N, 4, +¢', 9)
2

.- ( 1% j _ [11527257.%32 ~1.647 (10)

where:

PR is the pseudorange and the subscripts L/ and L2 indicates L1 and L2 frequencies, respectively,
o/ is the geometric range from satellite j to user i,

¢ 1s the carrier phase and the subscripts L/ and L2 indicates L1 and L2 frequencies, respectively,

b 1s the receiver clock bias,

B is the satellite clock error,

NA is the integer ambiguities and the subscripts L/ and L2 indicates L1 and L2
frequencies, respectively,

1 1s the ionospheric delay at L1 frequency,

T is the tropospheric delay,

v is the pseudorange measurements noise and the subscripts L/ and L2 indicates L1 and L2
frequencies, respectively, and

e is the carrier phase measurements noise and the subscripts L/ and L2 indicates L1 and L2
frequencies, respectively.



Sensors 2010, 10 3002

The differences in these observation equations are the ionospheric delays. The pseudorange (code
phase) measurement is delayed and the carrier phase is advanced, and this is the reason of the sign
difference of 7 in Equations (6—7) and Equations (8-9). This delay is inversely proportional to the
signal frequency [1]. In Equations (7) and (9), y equals 1.647. Thus, the ionospheric delay on L2 is
1.647 times larger than that on L1. Additionally, the carrier phase observations also suffer from integer
ambiguity (NA) [1].

4.2. Dual-Frequency Carrier Smoothing of Pseudorange and lonospheric Delays

To mitigate the measurements noise and multipath effects, a dual-frequency carrier smoothing filter
is used after raw GPS observations collecting from each RS [11]. Because the measurement noise of
the carrier phase observations are much smaller than that of the pseudorange measurements, the
pseudorange and carrier phase are combined to reduce the measurement noise [1]. The smoothing filter
is implemented using three ionospheric measurements from the dual-frequency observables, and the
filter design is detailed in [11]. The ionospheric delay measurements could be derived by the linear
combination of GPS L1 and L2 pseudorange and carrier phase observables [11]:

PR,, - PR
111 e E%:Iu T Veg (11)
I, z%ﬂu +Amb+v, (12)
PR, —¢ N, A
I = L12 L=1,- le Lty (13)

where:

I1; is ionospheric delay at the L1 frequency, the extra subscripts present the observations used in
the combination,

Amb is the combination of ambiguities from the L1 and L2 carrier phases, and

the magnitude of noises are vpg > v > vg[1].

The dual-frequency carrier smoothing filter is depicted in Figure 4. The filter estimated the
smoothed ionospheric delay, L, and smoothed ionosphere-free pseudorange, PR;;. The first step in
the filter is to generate I, and its confidence by smoothing the I;; pz With the low noise ;1 4 Then
combining the L and Equation (14) to estimate the constant N;4,; by moving average. If the cycle
slip is not present, the Nz;Az; is constant. Finally, substituting Lun and Ny, into the L1 carrier phase,
d11 (i.e., Equation (8)), the ionosphere-free pseudorange, PR, is obtained [11].
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Figure 4. The dual-frequency smoothing of ionospheric delay and pseudorange.
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4.3. lonospheric Corrections

The major functions of the WADGPS master station (MS) are the ionospheric corrections model
and the satellites ephemeris and clock errors estimation algorithms. After the dual-frequency carrier
smoothing filter outputs the smoothed ionospheric delay, the MS then converts all ionospheric slant
delays to the vertical delays at the Ionosphere Pierce Points (IPPs) by the Obliquity Factor (OF) [11].
By doing so, the ionospheric measurement is independent of the elevation angle, and it will be more
convenient to use. The location of IPP is defined as the intersection of the line segment from the RS to
the satellite and an ellipsoid with constant high above 350 km from earth’s surface [16]. The next step
is to create a vertical ionospheric delay model from the IPP measurements to estimate the ionospheric
vertical delay at the lonosphere Grid Points (IGP), 16 . The Grid Ionospheric Vertical Error (GIVE) is
provided for each IGP which is a confidence bound of the corrected ionospheric delay residual at the
IGP. The following Equations (15) and (16) estimate the ionospheric vertical delay at the IGP and
GIVE by the weighted least-squared algorithm, and the derivations of these equations and OF are
detailed in [11]:

IG —]KlobucharG Z[[ meswer. J/zw (14)

i=1 Klobuchar i

GIVE=3.29/ia),. (15)
i=1

where:

@; 1s the weight of the " IPP measurement,

Ixiobuchar,c 18 the vertical ionospheric delay at the grid point using the Klobuchar model
parameters [1],

Ivteasure,i 18 the vertical ionospheric delay measurement at the pierce point, and

Ixiobuchar,i 18 the vertical ionospheric delay at the pierce point using the Klobuchar model parameters.

The weight is calculated by the inverse of the vertical delay measurements variance according to the
correlation distance between the grid point and the IPP as shows in Equation (17) [11].
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o.
 =—L 16
=4 (16)

where:

o; is i vertical ionospheric delay measurements variance [11], and

A is a function of the correlation distance of the ionosphere [11].

Specifically, this model scales the measurements using the Klobuchar model to transport the
measurement from the IPP location to the location of the desired grid point through the relationship of
latitude and longitude dependence provided by the Klobuchar model [16]. The generation process of
this grid model is illustrated in the upper plot of Figure 5.

Figure 5. The WADGPS ionospheric vertical delay grid model flow chart.
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The bottom plot of Figure 5 describes the ionospheric correction algorithm for WADGPS user
receiver which uses the nearest IGPs around the IPP to estimate the vertical ionospheric delay at a
specific IPP by the interpolation algorithm. The interpolation algorithm is expressed as:

. 4
Ig;\;ly,i = ZVVz (x[PP,i’y[PP,i ) 'IIGP,V,i (17)
i=1
4
UIVE pp,; = z W, (XJPP,i: Yiep.i ) -GIVE, (18)
i=1

where:
Ipsy, is the vertical ionospheric delay at the i" IPP, estimated with the broadcasted

ionospheric corrections,

Wixippiyipp,) 1s the weighting factor of the i IPP whose location is (xppisyieri) [8],

LiGp.y; 1s the broadcast vertical ionospheric delay at i IGP,

UIVEpp; 1s the user ionospheric vertical error (UIVE) which is a 99.9% confidence (error bound)
on the post-correction ionospheric vertical delay residual [8], and

GIVE; is a confidence bound of the corrected ionospheric delay residual at the i™ IGP.

Figure 6. The feedback algorithm for GIVE.
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The MS generates the grid model and its confidence with feedback information to ensure that GIVE
covers 99.9% of the corrected ionospheric residuals statistically. Therefore, the MS uses the grid
model to estimate the vertical ionospheric delays of the RSs and their confidences (UIVE). Then, the
master station can determine if the UIVE bounds the difference of ionospheric delays from the grid
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model (based on above user algorithms, Equations (17)) and that from the RSs’ own dual-frequency
measurements. If not, the MS must increases the GIVEs of the four grid points surrounding the IPP
measurement. After checking all IPPs from the entire network, the GIVEs are guaranteed to cover
99.9% of the corrected ionospheric residuals statistically [11]. Figure 6 summarizes this process.

4.4. Satellite Ephemeris and Clock Corrections

This section describes the MS procedures for satellite ephemeris and clock errors estimations.
Figure 7 depicts the flow chart regarding the calculations of the satellites ephemeris and clock errors
including the Common View Time Transfer (CVTT), ephemeris error estimation, satellite clock error
estimation, and the User Differential Range Error (UDRE) estimation [4,12].

Figure 7. Ephemeris and clock errors estimation flow chart.
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The CVTT filter synchronizes the measurements with a common reference time and decouples the
measurements sequentially for each satellite to eliminate the receiver clock bias. To find the difference
of the clock biases between two RSs, CVTT filter obtains the synchronized pseudorange residuals
from the first difference between the pseudorange residuals of two stations as shown in Equation (19),
and the CVTT implementation is illustrated in Figure 8 [12]:

A/, =0p! —Ap] = AR ’(lij ~1f ) +Ab; + v, (19)

where:
AR is the ephemeris error,
I/ is the unit line of sight vector from the i RS to the j satellite,

1] is the unit line of sight vector from the 7 RS to the ; satellites,
(l/ ~1] ) is the line of sight difference,
Ab, ; 1s the clock difference, and
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v/, is the measurement noise.

Then, the clock bias difference, Ab:-’ ;» 1s described in Equation (20):
1&
=z DAL
=1
where £k is the number of satellites in the common view of both RSs.

Figure 8. The common view time transfer flow chart.
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(20)

Through the CVTT module, the pseudorange residuals from all RSs are synchronized based on a

common clock, and the pseudorange residuals consist of satellite ephemeris and clock errors. The

corrections to the ephemeris error and the clock error have to be sent frequently, and they occupy lots
of bandwidth. To reduce the bandwidth, separating the satellite clock error term is necessary.
Therefore, the single difference is used to remove the satellite clock error term as shown in the

following equation:

ABl= AR, = AR () = 1) )+ &/

where:
AR’ is ephemeris error which is this process solving for, and
the subscript “m” denotes the key RS which has the smallest variance [12].
Then, the Equation (21) is re-written in matrix forms as follows:

z=H,-AR’ +v
where:
AD - AP, i -1,
z= : , H, = :

AP\ = AP, Ba=1

1)

(22)
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AR’ is the ephemeris error which will be denoted as x in following discussions,

N is number of synchronized RSs, and

v is measurement noise with zero mean and variance of .

As indicated in Equation (23), the satellite position errors are estimated by the minimum variance
estimator [4]:

Xy =N HWIHY 'H'W 2 (23)
where:

A =E[xxT}, W =cov(v)

After estimating the ephemeris error by the minimum variance method, the clock error
measurements for all satellites can be derived from the synchronized pseudorange residuals. Equation
(24) shows the clock error measurements for the j’h satellite from the i RS [12]:

zl, = ARV -1/ —Ap]=AB’ +n/ (24)
Then, the Equation (24) is re-written in matrix forms as follows:
z.=H,AB’ +n, (25)

where:
the subscript ¢ denotes clock,
H. is a column vector with all 1°’s,
n. 1s the measurement noise with covariance matrix W..
In Equation (26), a weighted least-square method is used to derive the satellite clock error [12].

AZ§I{VLS = (HTCW_ICHC)_I HTCW_ICZC (26)

Finally, to bound and indicate the uncertainty of the satellite ephemeris and clock corrected
pseudorange, UDRE is calculated for each visible satellite as in Equation (27) [17]:

By =R+ HPH" (27)

where:

R is the measurement covariance matrix of the synchronized pseudorange residuals,

P is the covariance of the estimated ephemeris and clock errors, and

H is the design matrix composed by unit length line of sight vectors and satellites clock term, and
the line of sight vectors cover all users inside the reference network [12].

The UDRE value is calculated in Equation (29):

_ -1
GzUDRE =(Z 1 J (28)

i=l1 PUDRE,ii
UDRE =3.29% 6" ppr (29)

where Pypge i is the i diagonal element of the Pypge.
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When the WADGPS users receive the satellite ephemeris and clock corrections, the corrections
need to be converted to the pseudorange domain. Equation (30) shows the pseudorange correction
error for satellite i which is corrected by satellite ephemeris and clock errors, and this pseudorange
correction error has to be bounded by the combined UDRE and pseudorange sigma values [12]:

pcorrectedi = PRZ - Ajéi 'li + Aéi (30)

where:
PR’ is pseudorange from the i visible satellite,
AR' is satellite ephemeris corrections,

[' is line of sight vector from the user to the satellite, and
AB' is clock corrections.

5. Experiments and Performance Evaluation

To implement the WADGPS system in Taipei flight information region (FIR), the stable RSs
collection of dual-frequency GPS observations are essential. This paper uses the e-GPS observation
stations in Taiwan as the WADGPS RSs, and the e-GPS observation stations are operated by Taiwan
Ministry of Interior. The WADGPS RSs send four types of raw dual-frequency GPS observations to
the WADGPS MS including:

B Range data: it is composed of L1-L2 dual-frequency pseudorange, carrier phase, Doppler
frequency, and signal to noise ratio of each satellite in view by the network [1]. The data update
rate is 1 Hz.

B Ephemeris data [15]: it includes GPS orbit parameters and satellite clock correction coefficients
of each satellite in view by the network. It is updated every 50 seconds.

B Almanac data [15]: it consists of the simplified GPS orbit parameters. It is updated every 500
seconds.

B The Klobuchar model coefficients [15]: it provides the common ionospheric model for single
frequency users. It is updated every 500 seconds

5.1. WADGPS Implementation Procedures

The WADGPS system implemented in this paper is based on that of the NSTB which is operated by
FAA in the United States. Therefore, the NSTB archive data are used to verify the WADGPS
performance. On the other hand, the GPS receivers used in the e-GPS observation stations might be
different, for ease of data processing, the common GPS observation data format, the Receiver
INdependent EXchange format (RINEX), is adopted for this work. Before the WADGS MS can use
the observations to generate the WADGPS messages, the RINEX data needs to be decoded and
organized in a proper format. Figure 9 shows the experiment setup. A computer is used to collect the
RINEX data and NSTB archive data for data pre-process which transforms them into the WADGPS
data format. This computer then sends the GPS observations to the WADGPS MS via the Internet to
execute the WADGPS MS algorithms to generate the corresponding WADGPS messages. Finally, the
WADGPS messages are sent to the WADGPS users via the Internet.
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Figure 9. Experiment setup.
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To evaluate the performance of the WADGPS developed in this work, a WADGPS user monitor is
developed based on WAAS MOPS [8] and its flow chart is depicted in Figure 10. The operating
system (OS) of the WADGPS user monitor is FreeBSD [18] and the process is developed using C
language and Open Motif [19]. After receiving and decoding the WADGPS messages, the WADGPS
user applies the vector corrections to the GPS measurements according to WAAS MOPS. In addition,
the protection level (PL) is calculated based on the received integrity messages [8]. The Horizontal
Protection Level (HPL) calculation is also defined in WAAS MOPS [8]. For the convenience of
monitoring the WADGPS MS processes, this work also develops a Graphic User Interface (GUI) to
show the WADGPS MS status. Figures 11 to 13 depict the master station monitor and control GUIL In
Figure 11, the first row describes the GPS time and the message types generated by the master station.
The GPS satellites corrections status window also includes the satellite position error corrections in the
ECEF coordinate, satellite clock error corrections, the UDRE and the health flag for each satellite. For
the ionospheric grid corrections, Figure 12 shows the ionospheric vertical delays and their GIVE
values at the grid points. Figure 13 exhibits the reference stations status which includes their
positioning results and the satellites in view. The other status windows include the reference stations
distribution map, the ground tracks of the satellites in view, and the WADGPS system status.

Figure 10. The procedures of the WADGPS user software.
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Figure 11. The WADGPS satellites corrections status window.
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Figure 12. The WADGPS ionospheric grid corrections status window.
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Figure 13. The WADGPS reference stations status window.
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5.2. WADGPS Performance Analysis

This paper first used four NSTB reference stations to validate the implementation of the WADGPS
system, and three of them are used as the WADGPS RSs and one acts as the WADGPS user. The RSs
distribution is shown in Figure 14. The blue RSs are used as the WADGPS RSs, and the yellow RS is
used as the WADGPS user. Three-day data is used in this process and they are dated from 2008/12/13
to 2008/12/15. Because the locations of these NSTB RSs are precisely known, we could use them to
perform the positioning performance analysis. Figure 15 shows the positioning error distributions in
both east and north directions when the WADGPS user applies the WADGPS messages generated by
the implemented WADGPS MS with three NSTB RSs. The vertical positioning error distribution is
shown in Figure 16. In these figures, the blue dashed line indicates the 95% error bounds on the
positioning errors. To show the benefits of using the WADGPS corrections, comparisons of two
positioning methods are summarized in Tables 2 and 3. The GPS positioning performance with the
WADGPS corrections outperforms the stand alone GPS positioning performance. As a result, the
positioning accuracy is improved by the implementation of WADGPS. Furthermore, this paper uses
the same three-day data to verify the integrity of the WADGPS MS algorithms, and Figure 17 shows
that the HPL wvalues successfully bound the horizontal positioning errors. Figure 18 uses Stanford
Chart to validate the LNAV performance of this WADGPS system. As shown in this figure, this
WADGPS implementation could provide the LNAYV service with no HMI for entire three days period
(i.e., availability > 99.999%). The number of satellites used in the solutions is shown in Figure 19.
Thus, the WADGPS system implemented in this work is validated.
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Figure 14. The NSTB reference stations distribution.
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Figure 16.

3014

The vertical positioning error and 95% error bound using NSTB data.

-3
.10 NSTE1930
T : ' ' X
P b | M Men = 8.015; 5TD = 4.0534 ]
| T IE 5 5
T U [T TR Fo S SRR 4
! o IE
1] EESSSSRRE SSSR ISE (I B O A ;

Prob. of Ococurance
ra
m

-30 20 -10 0 10 20 30
Yertical Error Distribution {m)

Table 2. Mean of the positioning error (NSTB).

Mean Stand alone GPS WADGPS
East (m) -0.506 0.090
North (m) 0.436 —0.085
Vertical (m) 15.707 —7.968

Table 3. Accuracy of the positioning performance (NSTB).

95% error bound

. Stand alone GPS WADGPS
(two-sigma)

Horizontal (m) 7.10 3.55
Vertical (m) 16.10 8.10

Figure 17. The HPL and horizontal positioning error (NSTB).
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3015

Figure 18. The LNAV (NPA) performance of the implemented WADGPS with NSTB data.
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Figure 19. The number of satellites used in positioning solutions (NSTB).
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Next, this work uses the e-GPS observation stations operated by Taiwan MOI to evaluate the
LNAYV performance of the WADGPS implementation. The e-GPS observation stations distribution is
shown in Figure 20, and their locations are listed in Table 4. In order to evaluate the performance
change due to the number of RSs, this paper uses two kinds of WADGPS RSs constellations in Taipei
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FIR. One uses three RSs (i.e., RS 1, RS 2 and RS 3) and the other uses four RSs (i.e., RSs 1-4). The
RS 5 is used as the WADGPS user in the experiments. Five-day data is used in the experiments and
they are dated from 2009/10/01 to 2009/10/05.

Figure 20. The e-GPS observation stations distribution map.
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Table 4. The e-GPS observation stations’ names and locations.

Station No. Station name Latitude Longitude
1 Longdong 25°5'50"N 121° 55'5"E
2 Shoufeng 23°52'12"N 121°36'53"E
3 Fugang 22°4726"N 121° 12'32"E
4 Kaohsiung 22°37'52"N 120° 17'18"E
User Taichung 24° 1727"N 120° 32'6"E

For the WADGPS system with three RSs in Taipei FIR, Figure 21 shows the positioning error
distributions in both east and north directions, and Figure 22 shows the vertical positioning errors
distribution. As for the integrity of this WADGPS implementation, the HPL values effectively bound
the horizontal positioning errors, as shown in Figure 23. As depicted in Figure 24, the LNAV service
availability is 99.977% over the five-day period for the developed WADGPS system with three RSs.
As shown in Figure 24, there is no data sample located in the red region (i.e., the hazardously
misleading information (HMI) region) of the figure, in other words, the horizontal protection level
(HPL) calculated by this WADGPS architecture successfully bound the horizontal positioning error.
As a result, the integrity (defined in Section 2) of this WADGPS implementation is ensured. The
number of satellites used in the solutions is shown in Figure 25.
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Figure 21. (a) The positioning error distribution and 95% error bound in east direction in
Taipei FIR (3 RSs). (b) The positioning error distribution and 95% error bound in north

direction in Taipei FIR (3 RSs).
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Figure 22. The vertical positioning error and 95% error bound in Taipei FIR (3 RSs).
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Figure 23. The HPL and horizontal position error in Taipei FIR (3 RSs).
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Figure 25. The number of satellites used in positioning in Taipei FIR (3 RSs).
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To achieve possible improvement of the system performance, this WADGPS implementation adds
one more e-GPS observation station (Station number 4 in Table 4) to be the fourth RSs. Figure 26

shows that the HPL values also bound the horizontal positioning errors successfully. Figure 27 shows
the Stanford Chart of the WADGPS system with four RSs. In comparison to Figure 24, the total
number of the epochs is increased from 380,142 epochs to 401,739 epochs (i.e., 21,597 more epochs),
and the LNAV service availability is improved from 99.977% to 99.995%. Additionally, system
unavailable epochs is reduced from 86 to 22. Tables 5 and 6 summarize the comparison of the

positioning performance. The results show that the WADGPS system with four RSs performs slightly
better than the WADGPS system with three RSs.

Figure 26. The HPL and horizontal position error in Taipei FIR (4 RSs).
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Figure 27. The LNAV (NPA) performance of the developed WADGPS with 4 RSs in

Taipei FIR.
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Table 5. Mean of positioning error (Taipei FIR).

Mean error Stand alone WADGPS WADGPS
GPS with 3 RSs with 4 RSs
East (m) 0.182 0.220 0.169
North (m) 1.785 1.362 1.498
Up (m) 13.400 -2.431 -2.440

Table 6. Accuracy of positioning performance (Taipei FIR).

900

95% error bound Stand WADGPS WADGPS

(two-sigma) alone GPS with 3 RSs with 4 RSs
Horizontal (m) 10.970 5.587 4.0893
Vertical (m) 19.360 11.248 11.485

6. Conclusions
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This paper implemented a Wide Area Differential Global Positioning System (WADGPS) system in
Taipei Flight Information Region. The National Satellite Test Bed (NSTB) Reference Stations (RSs)
were first used as the WADGPS RSs to validate the implementation. As shown in the three days
validation results, the WADGPS system can provide enhanced GPS positioning services with full
integrity required by the Lateral NAVigation (LNAV) service for civil aviation. This paper then used
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the e-GPS observation stations operated by Taiwan Ministry of Interior (MOI) as the WADGPS RSs in
Taipei FIR. Two kinds of WADGPS RSs constellations were utilized in this work, and one used three
RSs and the other used four RSs. Five-day data were used to analyze both WADGPS implementations.
The results showed that the WADGPS system with four RSs performed slightly better than that with
three RSs. Importantly, in Taipei FIR, both WADGPS implementations can successfully provide
LNAV service with integrity required by civil aviation.

Acknowledgements

The work presented in this paper is supported by Taiwan National Science Council under the
research grant NSC 98-2221-E-006-122. The authors gratefully acknowledge this support. The authors
would also like to thank Taiwan Ministry of Interior, FAA Technical Center (NJ., USA), and Stanford
GPS Research Laboratory of Stanford University for providing the GPS observation data sets and their
thoughtful comments.

References and Notes

1. Enge, P.; Misra P. Global Positioning System: Signals, Measurements, and Performance, 2nd ed.;
Ganga-Jamuna Press: Lincoln, MA, USA, 2006.

2. Enge, P. Local Area Augmentation of GPS for the Precision Approach of Aircraft. Proc. IEEE
1999, 87, 111-132.

3. Kee, C. Wide Area Differential GPS (WADGPS). Ph.D. Thesis, Department of Aeronautics and
Astronautics, Stanford University, CA, USA, 1993.

4. Enge, P.; Walter, T.; Pullen, S.; Kee, C.; Chao, Y.C.; Tsai Y.J. Wide Area Augmentation of the
Global Positioning System. Proc. [EEE 1996, 84, 1063-1088.

5. Pringvanich, N.; Satirapod, C. SBAS Algorithm Performance in the Implementation of the
ASIAPACIFIC GNSS Test Bed. J. Navig. 2007, 60, 363-371.

6. International Civil Aviation Organization (ICAO). GNSS SARPs (Standards and Recommended
Practices for the Global Navigation Satellite System); ICAO: Quebec, Canada, 1999.

7.  Navigation and Landing Transition Strategy, Federal Aviation Administration (FAA):
Washington, DC, USA, 2002.

8. DO-229D, WAAS MOPS (Minimum Operational Performance Standards for Global Positioning
System/ Wide Area Augmentation System Airborne Equipment); RTCA, Inc.: Washington, DC,
USA, 2006.

9. The Stanford GPS Research Laboratory Web Site of Stanford University: Palo Alto, CA, USA.
Available online: http://waas.stanford.edu (accessed on 9 February 2010).

10. Kelly, R.J.; Davis, J.M. Required Navigation Performance (RNP) for Precision Approach and
Landing GNSS Application. J. Navig. 1994, 41, 1-30.

11. Chao, Y.C. Real Time Implementation of the Wide Area Augmentation System for the Global
Position System with an Emphasis on Ionospheric Modeling. Ph.D. Thesis, Department of
Aeronautics and Astronautics, Stanford University, Palo Alto, CA, USA, 1997.



Sensors 2010, 10 3022

12.

13.

14.

15.

16.

17.

18.
19.

Tsai, Y.J. Wide Area Differential Operation of the Global Positioning System: Ephemeris and
Clock Algorithms. Ph.D. Thesis, Department of Mechanical Engineering, Stanford University,
Palo Alto, CA, USA, 1999.

Walter, T.; Enge, P.; Hansen, A. A Proposed Integrity Equation for WAAS MOPS. Proceedings
of ION GPS 1997, Kansas City, MI, USA, 16-19 September, 1997.

Jan, S.S. Aircraft Landing Using a Modernized Global Position System and the Wide Area
Augmentation System. Ph.D. Thesis, Department of Aeronautics and Astronautics, Stanford
University, Palo Alto, CA, USA, 2003.

ICD-GPS-200C. NAVSTAR GPS Space Segment / Navigation User Interface, El Segundo, CA,
USA, 10 October, 1993.

Chao, Y.C.; Tsai, Y.J.; Walter, T.; Kee, C.; Enge, P.; Parkinson, B.W. The Ionospheric Delay
Model Improvement for the Stanford WAAS Network. Proceedings of ION NTM 1995, Anaheim,
CA, USA, 18-20 January, 1995.

Kee, C.; Yun, Y.; Kim, D. Simulation-based Performance Analysis of SBAS in Korea: Accuracy
& Availability. Proceedings of ION GPS/GNSS 2003, Portland, OR, USA, 9—12 September, 2003.
FreeBSD. Available online: http://www.tw.freebsd.org/ (accessed on 9 February 2010).

Open Motif. Available online: http://www.opengroup.org/motif/ (accessed on 9 February 2010).

© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.

This article i1s an open-access article distributed under the terms and conditions of the Creative

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


