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Extending Coverage of DGPS by
Considering Atmospheric Models
and Corrections
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We have developed a local-area ionospheric time-delay model that consists of nominal and
perturbation models. The nominal model describes the trends of ionospheric time delay over
1-2 days and uses nine parameters. The perturbation model describes rapid changes of
ionospheric time delay over 2-3 hours and uses six parameters. All the parameters are
estimated from raw data measured at one reference station, which has filters to estimate all
the parameters of the local-area ionospheric time-delay model. With this model and Black’s
tropospheric time-delay model, we obtain compensated Differential GPS (DGPS) pseudo-
range corrections by subtracting the atmospheric time-delay difference between the reference
station and the user. We believed that the model could extend DGPS coverage. To check this,
we analyzed experimental data. The results show that this algorithm not only improves
DGPS positioning accuracy, but also extends DGPS coverage from 100 km to more than
400 km. We named this new algorithm the Seoul National University Differential GPS
(SNUDGPS).
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1. INTRODUCTION. Differential GPS (DGPS) corrections are not accurate
if the reference station is more than 100 km from the user (Klobuchar, 1995). This is
because the error-generating environment of the reference station is different from
that of a distant user, the so-called ‘spatial de-correlation problem’. This problem
derives from several error sources such as ephemeris error, multi-path, tropospheric
time delay and ionospheric time delay. If we consider that Selective Availability (SA)
remains set to zero and also that ionosphere activity is still close to the peak of the
cycle, ionospheric time delay will be the largest error source. This time delay must
therefore be corrected to extend DGPS coverage.

Our goal is to extend DGPS coverage by use of an atmospheric model with
ionospheric and tropospheric parts. For the tropospheric part, we have used Black’s
model, because it is simple to compute. There are many ionospheric time-delay
models such as Klobuchar’s model (1987), Qiu and Lachapelle’s model (1994), and
the ionospheric time delay estimation in Wide Area Differential GPS (WADGPS)
(Kee, 1995; Chao et al., 1995). However, we could not find an appropriate model that
would satisfy our requirement that the ionospheric time-delay model should be based
on real-time measurements, and we wanted to use only one reference station to
estimate the parameters. We therefore decided to develop our own ionospheric time-
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delay model with three design goals. The first is the size of the coverage area. The
target size is the Korean peninsula, so we have named it the local-area ionospheric
time-delay model. The second target is on-line parameter estimation; all parameters
should be estimated from raw data that are measured at only one reference station.
The last is a quick response to rapid changes of ionosphere activity. To achieve this,
we built our local-area ionospheric time-delay model using two parts. One is a
nominal model, which uses nine parameters and covers the tendency of ionospheric
time delay over 1-2 days. The other is a perturbation model, which uses six
parameters and describes rapid changes of ionospheric time delay over 2-3 hours that
cannot be represented by the nominal model.

With this local-area ionospheric time-delay model and Black’s model, we have
modified the DGPS correction algorithm and named it the Seoul National University
DGPS (SNUDGPS). Figure 1 shows an overview of SNUDGPS. Let us assume that
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Figure 1. Overview of SNUDGPS.

the user is far away from a reference station. The user’s ionospheric time delay (/)
and tropospheric time delay (z,) are different from those of the reference station
(1., t,). The DGPS pseudo-range correction (dp,.ps) 1s therefore not accurate.
However, if we use the local-area ionospheric time-delay model and the tropospheric
time-delay model, we can calculate the differences (Af, A7) between the reference
station and the user. We can then make a more accurate pseudo-range correction
(Opsnupeprs) by subtracting these differences from the DGPS pseudo-range correction
(Oppars)- If we use dpgnupeps instead of dp,.pg in the DGPS correction algorithm, it
is anticipated that positioning performance can be improved and DGPS coverage can
be extended to more than 100 km.
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To check whether SNUDGPS works well, we compared SNUDGPS with DGPS
using the same experimental data. In the experiment, we placed a user 453 km away
from the reference station to degrade DGPS positioning accuracy, and as expected,
DGPS positioning errors were biased. However, there were no biases for SNUDGPS
positioning errors. In addition, SNUDGPS positioning errors were smaller than
DGPS errors. This is because atmospheric effects were removed successfully by the
local-area ionospheric time-delay model and the tropospheric time-delay model.

This paper consists of theory, experimental results and conclusions. In the theory
section, we introduce modelling coordinates and assumptions, the local-area
ionospheric time-delay model, an on-line parameter estimation filter, and the
principle of SNUDGPS. In the subsequent section, we present test results for the
local-area ionospheric time-delay model, and we compare SNUDGPS with DGPS
through experimental data analysis. Finally we draw conclusions.

2. THEORY.
2.1.  Modelling assumptions and coordinates. We have used Klobuchar’s assump-
tions in our ionospheric time-delay model (Klobuchar, 1987). Figure 2 shows these
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Figure 2. Ionospheric time-delay modelling assumptions.

assumptions; the ionosphere is assumed to be concentrated at the Ionospheric Pierce
Point (IPP) and its average height (4,,,,) is 350 km from the ground. Using
ionospheric time-delay measurements at a number of IPPs from only one single
reference station, we can develop a spatial ionospheric time-delay model, which
covers a wider area than that of conventional DGPS and is appropriate for the size
of Korean peninsular. This is the key concept of the paper. The real delay of the GPS
signal is a slant ionospheric time delay, but this is not appropriate for the model
because it varies according to satellite elevation angle; hence, the vertical ionospheric
time delay should be used. Vertical and slant ionospheric time delays are related by
an obliquity factor: I, = F - I, which is only a function of the satellite elevation angle:
F = F(0) (Qiu et al., 1994).

As ionosphere activity is dominated by local time and geomagnetic latitude, the
ionospheric time-delay model should be expressed in the coordinate of local time
(t,,ca1) and geomagnetic latitude (®,,) of the IPP. These can be calculated from GPS
time, geographical latitude and longitude. We used the conversion algorithm of
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ARINC (1993). Figure 3 shows the modelling coordinates. In Figure 3, the local-area
ionospheric time-delay model is expressed in terms of fv, which is a surface function
of t,,,,, and ®@,,. The parameter ¢,,,,, is mapped from 0-24 hours to 0—27 in the local-
area ionospheric time-delay model.

2.2.  Local-area ionospheric time-delay model.

2.2.1. Concept. We built the local-area ionospheric time-delay model (IAL.) from
two sub-models. Figure 4 shows that it is a sum of nominal and perturbation models;
the nominal model (fo) describes ionosphere activity over 1-2 days, and the
perturbation model (é‘f) describes detailed ionosphere activity over 2-3 hours. In
other words, the nominal model covers the low-frequency part, and the perturbation
model covers the high-frequency part.

Our local-area ionospheric time-delay model can be expressed mathematically as
Equation (1).

I,=1+0l (1)

We used second-order spherical harmonics for fo and second-order polynomials for
81. The nominal model thus has nine parameters and the perturbation model has six
parameters. The nominal model parameters are updated every five minutes and the
perturbation model parameters are updated every minute. These update rates are
sufficient because the ionospheric time delay changes slowly.

2.2.2.  Nominal ionospheric time-delay model and parameter estimation filter. All
the model parameters are estimated from measured slant ionospheric time delays.
However, these contain L1/L2 inter-frequency biases (Wilson and Mannucci, 1994),
which are generated because the electrical signal paths of the L1 and L2 circuits differ
from each other. The biases exist both at the GPS satellite and the receiver (Wilson
and Mannucci, 1993). They can be assumed to be nearly constant for about a month
(Coco et al., 1991). Thus, the measured slant ionospheric time delay (Z; ) can be
formulated as Equation (2). '

L, =1+, —1, =1, KO+, 1, . (@)

S v

In Equation (2), the vertical ionospheric time delay measurements (/, ) do not
contain any L1/L2 inter-frequency bias, and the nominal model (I ) pardmeters
should be estimated from vertical ionospheric time delay measurements (/, ). We
used second-order spherical harmonics for the nominal model, which are a function
of the local time and geomagnetic latitude of the IPP. The model is formulated as
Equation (3) (Hobson, 1931).

" 2 n
Io(q)m’ llocal,) = E { Z {Cnmcos (m local)+Snm Sin (m ’ tloca,l,)}an(Sin(q)m)) } (3)

n=0 m =0
We can simplify Equation (3) by using the following definitions.
hl = Sin(q)m)’ hz = COS((Dm), h% = Sin(tlocal)ﬂ 114 = COS (llocal)' (4)

Now, Equation (3) can be rearranged into simple fourth-order polynomials as
Equation (5).

fo(q)m’ tlocal) = C00+C10 : hl +(C11 : 114+Sll h ) h + (3h2_ 1)

+(Cy h,+ S, h,) - Bh hy)+3h3(C,, (205 — 1)+ S,,(2h,h,)). 5)
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Figure 3. Coordinates of ionospheric time-delay model.
Local Area lonospheric Time Delay Model
5 T
E 4
@ 3
o
oz
2
E I
E' o i i A e H
= : : [ i
0 5 10 15 20
Local time (hr)
Nominal Model Perturbation Model
- 5 : —~— 5
£y £
3 ]
= -
2 2 _|_ o 2
21 21
E t _ ----- | E . : : i i
0 5 10 15 20 D 5 10 15 20
Lacal time {hr) Local time (hr)

Figure 4. Concept of local-area ionospheric time-delay model (sum of nominal and
perturbation model).
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Second-order spherical harmonics are therefore not too complex to be used by the
reference station or the users. In addition, Equation (5) has some merits. The first is
filter stability. If we use Equation (5) as the nominal ionospheric time-delay model,
we can use a linear recursive least-square filter for parameter estimation. This filter
is asymptotically stable regardless of initial conditions (Brown and Hwang, 1985).
The second is continuity with respect to the local time axis. The non-linear functions
that were used as nominal ionospheric time-delay model candidates in our previous
paper (Kee and Yun, 1997) were not continuous at time zero. This was because they
had no periodic characteristics on the local time axis. However, there is no
discontinuity problem for spherical harmonics, because they use trigonometric
functions and local time is normalized between 0 and 27 (mapping 0-hour to 0 and
24-hour to 2m).

To estimate L1/L2 inter-frequency biases and nominal model parameters using a
weighted recursive least-square estimator (Astrom and Wittenmark, 1995), we define
an observation matrix (H, ) as Equation (6), estimate state vector (x,) as Equation
(7), and the measurement vector (z,) as Equation (8).

FO"Y- LYY 1 —1 0 0 - 0
F HSV2 '11;?112 1 O —1 0 O
H, = :(k)ik : : N . : (6)
F(@f"n) ’ Ql.fv“ 1 0 0o 0 - -1 32%42
where:
L3V

= [0 Ay oy hyhy (303 —=1)/2 3Ry hy e 30y yhay 305 (203, —=1) Oh3, gy ], o

%8

. ) ;. . SV, SV;
hlk = sin ((D;ZV””')’ th = COos ((Div %)7 h%k = sin (ZL(>c;I;)’ h4lc = COos (tlom;];)

[ C()Ok Cl()k Cllk Sllk CZOk Czlk SZIIC CZZIC SZZk I IS‘V" o ISV“ ]9><I (7)

brxk Orxik brxi

SV SVy e SV,
Z - Ismlk ] Ismjzk :| 32X1° (8)

If there is no measurement for the ith satellite, both 5, of z, and F(0;") of H,
should be set to zero. With this trick, it is not necessary to change the sizes of X,, z,
and H, according to the number of visible satellites. As there are 32 PRN numbers,
H, has 32 rows and 42 columns. The number of columns comprises the sum of the
nine nominal model parameters and 33 L1/L2 inter-frequency biases of the GPS
receiver and all the satellites. Therefore, the first nine elements of X, are nominal
model parameters and the remaining 33 are L1/L2 inter-frequency biases of the GPS
receiver and each satellite.

At the kth epoch, the weighted recursive least-square estimation filter is described
as Equation (9).

X =5+ R CHEL WL [§k+l —-H,., - X}r]
R =R +Hi, W, H,. )
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Figure 5. SNUDGPS reference station.

In Equation (9), W, is a measurement covariance matrix. For the Trimble 4000 series
receiver, it can be expressed as a function of satellite elevation angle (Kee et al., 1996).

a0 0
sV,
w,=|"° g . 0 (10)
0 0 0 oV,

SV,
07" iy,

where: 0%’ = x,+x, - e [ T ], x, =024, x, = 3-88, x, = 9-65.

As Equation (9) is asymptotically stable, the filter converges as the number of
measurements increases. The initial value of X,, R, can be assigned arbitrarily
provided that R, is positive definite, and it takes 1-2 days for this filter to settle. For
convenience, the zero-vector is used for X, and the identity matrix is used for R,. It
should be noted that this filter must be reset periodically. Because Equation (9) is just
a sequential version of least-square fitting, R, should be reset as R, periodically to
follow the changes of ionosphere activity and L1/L2 inter-frequency biases (Astrom
and Wittenmark, 1995). The appropriate reset period is about one week. We should
reset only R, and conserve X, to use local-area ionospheric time-delay model
parameters continuously.

2.2.3.  Perturbation ionospheric time-delay model and parameter estimation filter.
As the nominal model is a least-square fit over several days, it is not able to describe
rapid changes of the ionospheric time delay. A supplementary part is therefore
necessary to describe short-period changes of ionospheric time delay. To achieve this,
we designed a perturbation ionospheric time-delay model with a time constant of
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three hours. A perturbation is the difference between the measured vertical
ionospheric time delay and the nominal model-based ionospheric time delay. We can
measure the perturbation by subtracting the nominal model-based ionospheric time
delay from the measured vertical ionospheric time delay as shown in Equation (11).

8Im(q)m’ tlocal) = Ivm(q)mﬁ tloml)_io(q)m’ tloml)' (11)

We have used second-order geomagnetic latitude (®,,) and local time (¢,,.,;)
polynomials in the perturbation model. Equation (12) is the perturbation model and
there are six parameters.

6f(q)m7 Z) = a() +all : tlocal+a12 ) (Dm+a21 : tiocaldl—azz ’ (Df?1+az3 : tlocal : (I)m' (12)

To estimate those parameters, we have used a recursive least-square filter with
exponential forgetting. The forgetting characteristics make it unnecessary to reset the
filter periodically as in the nominal model parameter estimation filter. .
We define the observation matrix ¢, as Equation (13), estimate state vector 0, as
Equation (14), and the measurement vector z, as Equation (15) for m visible satellites.

T [SV‘k O, £ SV, @ ZSVUC S
local m local m local m
1 tSV?k Q)SV% A SV, @ SV, tSV% . q)SVZk
local m local m local m
9= (13)
1 t5Vm, (I)SV"% t2 SV, (I)2 SV, ZSmG . (DSmG
local m local m local m
L | mxe
)T _
Qk - [aolc Ay Aok Qo Qoo a23lc]6><] (14)
Z]f = [BI;ZVI/C 3[;5;:/% tee 6[:;Ll/’”k]m><1 . (15)

At the kth epoch, the propagation equation of the recursive least-square filter with
exponential forgetting is Equation (16) (Astrom and Wittenmark, 1995).

ékﬂ = ék-"_B;l Pl [§k+1 — P 'é,c:l
Ry, =A- Bk+?£+1 ’ ?Iﬁ—l' (16)

In the above equation, the exponential forgetting parameter (A) is defined as Equation
(17) (Astrom and Wittenmark, 1995).

A=eT (17)

If the sampling period (Af) of raw data is one second and the time-constant (77,) of
the exponential forgetting parameter is three hours, the exponential forgetting
parameter (A) is about 9-999. We used three hours as the filter time-constant. Because
Equation (16) is also asymptotically stable, the filter converges as the number of
measurements increases, so the initial value of 6,, R, can be assigned arbitrarilAy
provided that R, is positive definite. For convenience, the zero-vector is used for ¢,
and the identity matrix is used for R,.

2.3. The tropospheric time-delay model. We used Black’s tropospheric time-
delay model (Black, 1978). This model is a function of satellite elevation angle (6),

https://doi.org/10.1017/50373463302001741 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463302001741

NO. 2 EXTENDING COVERAGE OF DGPS 313

altitude (h,), temperature (7,), and pressure (P,). We used standard atmospheric
conditions for the tropospheric time-delay correction. Black’s model is the sum of wet
(d,) and dry (d,) components as shown in Equation (18).

i=d, (0.h

where:

1

a’ TC) Pd)+d8d(6’ hCLV TC’ Pll)

d =
Sw 3 _
A/1—{(:050/[1+13X10(1 L)

2343 x P,

1 h, ’
13 x10°

re+ha

T,—412

d =
K ) -4 — 2 T,
/1_{@50/[1+14898X<Tk+4h12)x(1 lc)]}z j
re a

h 5
' [ 14898 < (1, —412) ]

1, =083

0-28:
0-20:
0-12:
0-06:
0-05:

summer in tropics or mid-latitudes
spring or fall in mid-latitudes
winter in maritime mid-latitudes
winter in continental mid-latitudes
polar regions.

(18)

This model is an algebraic function and all the parameters are known. It may seem
that an iterative method is required to calculate the user’s position, because the
altitude (%,) appears in Equation (18). However, an approximate DGPS solution is
sufficient for tropospheric time delay correction so it is not necessary to use an
iterative method.

3. SNUDGPS(SEOULNATIONAL UNIVERSITY DIFFERENTIAL
GPS). Using the local-area ionospheric time-delay model (IAU) and the tropospheric
time-delay model (7), we have modified DGPS pseudo-range corrections (80, p)-
In other words, pseudo-range corrections are made more accurate by use of
atmospheric time-delay models. This is the key idea of SNUDGPS.

In SNUDGPS, the reference station calculates not only DGPS pseudo-range
corrections (8p,.ps), DUt also local-area ionospheric time-delay model parameters
(Cops Cors - 5 Spqs Gy, @y ... 5 ays). All this information is transmitted to SNUDGPS
users so they can make SNUDGPS pseudo-range corrections (dpgsyupeps)s USING
DGPS pseudo-range corrections (dp,.p5), the local-area ionospheric time-delay model
(fv), and the tropospheric time-delay model (7). More details are given in the
following sections.

3.1. SNUDGPS Reference Station. Figure 5 (See Page 311) shows the struc-
ture of the SNUDGPS reference station, which has two modules. One calculates the
pseudo-range corrections (0p,.ps) and transmits them using the RTCM SC-104
protocol. It is a conventional DGPS reference station module. The other module
estimates the local-area ionospheric time-delay model parameters (C,,, C,,, --. , S,

s M99
Ay, 4,5 - 5 4y3). All the parameters can be transmitted to users by adding only two
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messages to the RTCM SC-104 protocol. The first message transmits the nine
nominal model parameters (C,,, C,,, ... , S,,) every five minutes. The second message
transmits the six perturbation model parameters (a,, a,,, ... , 4,,) every minute.

To implement the local-area ionospheric time-delay model estimator in Figure 5,
the SNUDGPS reference station should have a L1/L2 dual-frequency GPS receiver
that can measure ionospheric time delays. Thus, any DGPS reference station that has
a L1/L2 dual-frequency GPS receiver can be changed into a SNUDGPS reference
station without installation of additional hardware. Only the software requires
modification by implementing the real-time parameter estimation filter, and adding
two messages to the RTCM SC-104 protocol. Figure 6 shows the structure of the

estimated nominal ionespheric

I time-delay model parameters
measured i, | neminal ionosoheric time-delay model parameters ]
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Figure 6. Local-area ionospheric time-delay model parameter estimation filter.

local-area ionospheric time-delay model parameter estimation filter with its two sub-
filters. The first is a recursive least-square estimator that estimates L1/L2 inter-
frequency biases (/,, .1, ....,1, ) and nominal ionospheric time-delay model
parameters (C,,, C,,, --- , S,,). Equation (9) is the propagation equation. From the
states of Equation (9), we can calculate vertical ionospheric time delays (Z, ), model-
based nominal ionospheric time delays (fo), and perturbations (d7,,) of all visible
satellites. Using these perturbation measurements, the second sub-filter estimates the
perturbation ionospheric time-delay model parameters (q,, a,,, ... , ,;). This sub-
filter is a recursive least-square estimator with exponential forgetting, and Equation
(16) is the propagation equation.

As mentioned in 2.2.2., it takes 1-2 days for the SNUDGPS reference station filter
to settle from a cold start. This settling time is required by the first sub-filter. The
SNUDGPS reference station must therefore operate in DGPS mode until the first
sub-filter settles. However, a warm start does not take as long because L1/L2 inter-
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frequency biases and the ionospheric time delay do not change over short time
periods.

3.2. SNUDGPS User. DGPS and SNUDGPS positioning algorithms are the
same except that DGPS uses dp,, s and SNUDGPS uses dp 4 yupeps 88 pseudo-range
corrections. It is therefore only necessary to explain how to calculate 0p gy peps i this
paper.

SNUDGPS pseudo-range corrections (8psyupeps) €an be calculated by using three
components: DGPS pseudo-range corrections (dp,.ps), the local-area ionospheric
time-delay model, and the tropospheric time-delay model. Figure 7 and Equation (19)
show the relationship between Spqyypeps ad 0p,qps fOr one visible satellite.

Spsnupers = OPpeps—Al— At (19)

Where: A A A A A A A
Al=1,—1,=F0,) -, +3)—F0,) - (I, +0I,)
i i

In Figure 7 and Equation (19), Al is the ionospheric time-delay difference between
the reference station and the user. This difference can be calculated from the local-
area ionospheric time-delay model, which is the sum of the nominal and perturbation
models. All the parameters are transmitted from the reference station periodically. As
the ionospheric time delay is included in the pseudo-range, we must use the slant
ionospheric time delay, which is the product of the vertical ionospheric time delay and
an obliquity factor, to calculate Al as shown in Figure 7 and Equation (19). The value
of Af is the tropospheric time-delay difference between the reference station and the
user. We can calculate these differences algebraically using the tropospheric time-
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delay model for all visible satellites. By subtracting A/ and A7 from 0P pepss OPsnUDpEPs
is then obtained. This algorithm can easily be implemented in a GPS receiver by
adding a few lines of source code to the DGPS correction module.

3.3.  Experimental results. We analyzed the performance of the local-arca
ionospheric time-delay model and SNUDGPS accuracy using experimental data.
Table 1 is a summary of the experimental data. To measure the ionospheric time

Table 1. Experimental data.

Reference station User
Location SNU, Seoul Hallym, Cheju
Latitude® 37°26'58911"N 35°24'25-832"N
Longitude® 126°57°09-80"E 126°15"17-12"E
Height* 282:620 m 32:946 m
Date January 28, 1998 — February 2, 1998
Receiver Trimble 4000ssi (L1/L2 Dual-frequency)
Sampling Time 1 sec

*WGS-84 based latitude, longitude, and height.

delay, we used L1/L2 dual-frequency GPS receivers. The L2 data of the user’s
receiver were used only for error analysis. As the Trimble 4000ssi GPS receiver
measures dual-frequency data using the codeless method, multi-path error becomes
large when the satellite elevation angle is low. The elevation mask angle must
therefore be chosen so that the ionospheric time delay can be measured accurately
(Wilson and Mannucci, 1994). By trial and error, we determined the mask angle of
the SNUDGPS reference station as 30 degrees. In other words, L1/L2 inter-
frequency biases and local-area ionospheric time-delay model parameters have been
estimated with data from satellites whose elevation angles were larger than 30 degrees.

To analyze SNUDGPS accuracy, we collected data at the reference and user
stations simultaneously. The user’s true position was calculated by use of a
commercial survey program. Its accuracy is better than a few centimetres, so that its
result can be considered as a true value for error analysis. Table 2 summarizes the

Table 2. Baseline survey result.”

DN dE du Length
Baseline Components —447902-01 —64924-74 —16377-83 452879-31
(metres)
Standard Deviations 0-001760 0-002189 0-001927 0-001279

"Survey program is Trimble’s © GPSurvey and solution method is ‘iono-free fixed double difference’.

baseline survey result. According to Table 2, the baseline length is about 453 km. This
is much longer than the DGPS bascline limit of 100 km. We can expect serious
positioning errors if we use DGPS.

3.4.  Local-area ionospheric time-delay model. We applied the local-area iono-
spheric time-delay model parameter estimation filter to the experimental data. As it
takes 1-2 days for this filter to settle, we plotted results starting 45 hours from the
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Figure 8. Estimated state: (a) Nominal ionospheric time-delay model parameters;
(b) L1/L2 inter-frequency biases.

time the filter was turned on. Figure 8 is a time-history of the estimated state from
the first sub-filter Equation (9). Figure 8(a) shows the first five nominal ionospheric
time-delay model parameters, and (b) shows the L1/L2 inter-frequency biases of the
GPS receiver and some satellites. As mentioned in the Theory section, L1/L2 inter-
frequency biases are nearly constant. To check this result, we compared these
estimated L1/L2 inter-frequency biases with those of Deutschen Zentrum fiir Luft
und Raumfahrt (DLR) (http://www.nz.dlr.de/gps/gps-ion.html) and found that
they match very well.

Figure 9(a) shows the nominal ionospheric time-delay model estimated at final
time. It has its peak value at about 14 hours in the local time axis. This is consistent
with Klobuchar’s model. Figure 9(b) shows the perturbation ionospheric time-delay
model estimated at final time. It shows higher values at lower geomagnetic latitudes
and lower values at higher geomagnetic latitudes. This is because the ionospheric time
delay of low latitude regions is larger than that of high latitude regions.

To evaluate model performance quantitatively, we calculated mean and RMS
values of residuals. Figure 10(a) shows measured vertical ionospheric time delays
(Z,, ), which are free from L1/L2 inter-frequency biases. Figure 10(b) shows model-
based vertical ionospheric time delays (1 ), which are sums of nominal and
perturbation ionospheric time-delay model values. We defined the vertical residuals
as the differences between these two values and plotted them in Figure 10(c). Figure
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Figure 9. (a) Nominal ionospheric time-delay model at final time;
(b) Perturbation ionospheric time-delay model at final time.

10(d) shows slant residuals, which we defined as the product of vertical residuals and
obliquity factors. We calculated mean and RMS values of these residuals and
summarized them in Table 3, which shows that the local-area ionospheric time-delay
model describes ionospheric time delays so well that we can use this model in
SNUDGPS.

3.5.  Positioning performance comparison: SNUDGPS vs. DGPS. We calculated
the user’s position using both DGPS and SNUDGPS at every epoch. In this
processing, the SNUDGPS reference station updated the local-area ionospheric time-
delay model parameters every epoch, but the user updated nominal model parameters
every five minutes and updated the perturbation model parameters every minute. We
also assumed that there were no time delays for data transmission from the reference
station to the user. We used the baseline survey result of Table 2 as the user’s true
position for the error analysis.

Figure 11 shows DGPS positioning errors and Figure 12 shows SNUDGPS
positioning errors. As atmospheric time delay is a kind of slowly changing bias,
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Figure 10. Local area ionospheric time-delay model performance: (a) Measured vertical
ionospheric time-delay; (b) Model-based vertical ionospheric time-delay; (c) Vertical residual;
(d) Slant residual.

Table 3. Local-area ionospheric time-delay model performance.

Vertical residual Slant residual
Mean 0-0265 m 0-0667 m
RMS 04962 m 1:0277 m

DGPS positioning errors tend to be biased for a user far from the reference station.
In Figure 11, DGPS positioning errors are biased. If we consider that the baseline-
length between the SN'U reference station and the user is more than 400 km, we can
expect this result. However, there are no biases in Figure 12. This means that
atmospheric errors were successfully removed by using SNUDGPS.

We have summarized the error analysis result in Table 4. According to Table 4, the
mean and RMS values of SNUDGPS positioning errors were reduced to at least half
the DGPS positioning errors. With this result, we can conclude that SNUDGPS can
extend coverage of DGPS to more than 100 km and is a more accurate system than
DGPS.

4. CONCLUSIONS. To compensate the ionospheric spatial de-correlation
problem of conventional DGPS, we have developed a local-area ionospheric time-
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Figure 11. DGPS positioning error: (a) North-East plane error; (b) East-up plane error;
(c) North-up plane error; (d) 3-D error.
Table 4. Positioning error analysis (DGPS vs SNUDGPS).
Mean RMS
North East Up North East Up
DGPS —09861 m —0-2496 m 0-8308 m 1-2566 m 0-5135m 17529 m
SNUDGPS 0-3907 m —0-0320 m 0-0444 m 0:6206 m 0-3211 m 09210 m

delay model. This model consists of nominal and perturbation time-delay models. All
the parameters were estimated at the SNUDGPS reference station by use of on-line
filters. Experimental results showed that the local-area ionospheric time-delay model
describes real ionospheric time delays with an accuracy of 1-03 m (RMS). With this
model and Black’s tropospheric time-delay model, we have modified the DGPS
correction algorithm. The new algorithm’s name is SNUDGPS. SNUDGPS users can
compensate atmospheric time-delay differences between a reference station and
themselves by use of these models. Experimental error analysis showed that the mean
of positioning error was reduced from 1:36 m (DGPS) to 0-:39 m (SNUDGPS) and the
RMS value was reduced from 221 m (DGPS) to 1-15m (SNUDGPS). In this
experiment, the baseline-length was about 453 km, which is much longer than the
DGPS baseline-limit of 100 km. This proves that coverage of DGPS can be extended
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Figure 12. SNUDGPS positioning error: (a) North-East plane error; (b) East-up plane error;
(c) North-up plane error; (d) 3-D error.

to more than 100 km by use of SNUDGPS. This allows SNUDGPS to be
implemented with a smaller number of reference stations than DGPS for the same
area. Furthermore, SNUDGPS can be implemented easily by adding only a simple
firmware modification to the user’s GPS receiver and two additional messages to the
RTCM SC-104 DGPS protocol. Therefore, SNUDGPS is a more accurate and more
economical choice, because coverage can be extended to more than twice that of
DGPS by the use of atmospheric time-delay models. We recommend that SNUDGPS
be used as an intermediary system between Local Area Augmentation System
(LAAS) and Wide Area Augmentation System (WAAS).
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