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in a Narrow Waterway Using Improved ASF Maps
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Abstract—The vulnerabilities of global navigation satellite
systems (GNSSs) to radio frequency jamming and spoofing
have attracted significant research attention. In particular, the
large-scale jamming incidents that occurred in South Korea
substantiate the practical importance of implementing a com-
plementary navigation system. This letter briefly summarizes
the efforts of South Korea to deploy an enhanced long-range
navigation (eLoran) system, which is a terrestrial low-frequency
radio navigation system that can complement GNSSs. After four
years of research and development, the Korean eLoran testbed
system has been recently deployed and is operational since June
1, 2021. Although its initial performance at sea is satisfactory,
navigation through a narrow waterway is still challenging because
a complete survey of the additional secondary factor (ASF), which
is the largest source of error for eLoran, is practically difficult
in a narrow waterway. This letter proposes an alternative way to
survey the ASF in a narrow waterway and improve the ASF map
generation methods. Moreover, the performance of the proposed
approach was validated experimentally.

I. INTRODUCTION

THE vulnerabilities of global navigation satellite systems
(GNSSs), such as GPS of the U.S. and Galileo of Europe,

to radio frequency jamming and spoofing are well known.
Therefore, potential complementary navigation systems have
been actively studied. Among these systems, the enhanced
long-range navigation (eLoran) [1], [2], which is a terrestrial
low-frequency radio navigation system, has demonstrated po-
tential as an effective complementary system because eLoran
has very different failure modes than the GNSSs.

After experiencing a series of high-power GPS jamming
incidents, South Korea decided to deploy an eLoran testbed
system as part of the first phase of its eLoran program. This
testbed covers the northwestern part of the country. The perfor-
mance of the eLoran testbed, which has been operational since
June 1, 2021, is currently being evaluated for its feasibility for
a nationwide eLoran system, which is the second phase of the
program.
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The demonstrated accuracy of the eLoran testbed during
the initial tests on the sea fulfilled the 20-m (95%) accuracy
requirement in the request for proposal (RFP) of the project.
However, providing a high accuracy in a narrow waterway is
challenging. An additional secondary factor (ASF), which is
the signal propagation delay due to the land path [3], is the
largest source of error for eLoran. To mitigate the ASF errors,
it is necessary to survey ASF values in the service area and
generate ASF maps for users before the provision of eLoran
service. ASF surveys in narrow waterways are practically
difficult because only a small ship with high angular motions
can be used for the survey; thus, ASF measurements are noisier
than in the case of a large and stable ship. Furthermore, the
ASF variation at the land-sea boundary is significantly large
and causes non-negligible cross-track ASF variations.

In this letter, we propose a simple cross-track ASF survey in
addition to a sparse along-track survey in a narrow waterway
to improve the quality of ASF maps while minimizing the time
and effort required for ASF surveys. In addition, novel ASF
map generation methods that effectively incorporate the trend
of cross-track ASF variations are proposed. The proposed
survey and ASF map generation methods were validated using
field tests in the Ara Waterway, Incheon, Korea.

II. DEVELOPMENT OF KOREAN ELORAN TESTBED
SYSTEM

The eLoran system attracted significant attention in South
Korea because of the exhibited vulnerability of GPS during
repeated high-power GPS jamming from North Korea since
2010. However, since the initial announcement of the South
Korean eLoran program in 2013 [4], the procurement process
of the necessary eLoran equipment through international com-
petitive bidding was not successful. (Detailed milestones of the
Korean eLoran program are given in Table I.) Consequently,
the Ministry of Oceans and Fisheries (MOF) of South Korea
lost the momentum to continue the plan to purchase and deploy
an entire eLoran system from the market. Thus, the MOF
decided to transform the eLoran program into a research and
development (R&D) project, which includes the development
of an eLoran transmitter and operational software [5].

This R&D project was awarded to the consortium led by
the Korea Research Institute of Ships and Ocean Engineering
(KRISO) in 2016. As a separate project, the MOF synchro-
nized the timing of the existing Loran-C [6]–[9] transmitters
in Pohang and Gwangju to the coordinated universal time
(UTC) because at least three UTC-synchronized transmitters
are required to calculate the two-dimensional (2-D) position of
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TABLE I
MILESTONES OF THE KOREAN ELORAN PROGRAM

Aug. 23–26, 2010 First North Korean jamming incident occurred.

Mar. 4–14, 2011 Second North Korean jamming incident oc-
curred.

Oct. 19, 2011 Korean eLoran program was initiated.

Apr. 28–May 13,
2012

Third North Korean jamming incident occurred.

Apr. 23, 2013 Korean eLoran program was internationally an-
nounced based on the initial design of a nation-
wide system.

Nov. 2013–Jan.
2014

Three rounds of bidding failed due to a lack of
bidders or unacceptable proposals.

Apr. 14, 2014 Revised plan with a two-phase approach was
internationally announced.

Oct. 2014–Jun
2015

The contract was awarded, but the awarded
contract was breached due to unpublicized issues
of the consortium.

Jan. 15, 2016 The RFP for research and development of Ko-
rean eLoran testbed system was released.

Mar. 31–Apr. 5,
2016

Fourth North Korean jamming incident oc-
curred.

May 27, 2016 The KRISO consortium was awarded the R&D
project.

Jun. 1, 2021 The Korean eLoran testbed system was an-
nounced to be operational.

the user. The eLoran testbed system developed by the KRISO
consortium covering the northwestern region of South Korea
has been operational since June 1, 2021, which took more than
ten years from the first North Korean GPS jamming in 2010.
On achieving a satisfactory performance, South Korea plans
to deploy two more eLoran transmitters and become the first
country with a nationwide eLoran system.

III. PROPOSED ASF SURVEY AND ASF MAP GENERATION
METHODS FOR A NARROW WATERWAY

The operational performance of the eLoran testbed is cur-
rently under evaluation. One of the challenges is to improve
the positioning accuracy in a narrow waterway. As explained
in Section I, it is difficult to survey the ASF in a narrow
waterway. Considering the cross-track ASF variations in a
waterway, a ship needs to survey the same along-track location
multiple times with different cross-track points, as illustrated
in Fig. 1(a), which requires significant time and effort. Instead,
we propose a cross-track survey by turning the survey vessel
in addition to a sparse along-track survey, as illustrated in Fig.
1(b).

The idea here is to extract a cross-track ASF trend through
a simple cross-track survey and apply the obtained trend to the
region where only a sparse along-track survey was performed.
To implement this idea, two questions should be answered:
1) How do you extract the cross-track ASF trend from noisy
cross-track ASF survey data? 2) How do you utilize the cross-
track trend to generate improved ASF maps for a narrow
waterway? These questions are addressed in the following
subsections.

Fig. 1. Comparison of (a) a conventional ASF survey method and (b) the
proposed survey method for a narrow waterway. The x0 represents the origin
of the local coordinate system located at the center of the waterway, and
x̂along and x̂cross represent unit vectors in the along-track and cross-track
directions, respectively.

Fig. 2. Cross-track ASF measurement deviations with respect to the ASF
at the center of the waterway. Cross-track ASF trend was obtained as a
cubic smoothing spline fit to the outlier-removed data. These ASF data were
obtained based on the signals from the newly deployed eLoran transmitter
(9930V) in Incheon, Korea.

A. Outlier Removal and Smoothing Spline Fit to Obtain Cross-
Track ASF Trend

In a narrow waterway, only a small vessel can be used
for ASF survey, but the ASF measurements in this case are
significantly noisier than the case of a large vessel because
of its greater angular motions and hull vibrations. The actual
ASF measurements during our cross-track survey in the red
box of Fig. 1(b) have noticeable outliers that do not follow the
smooth trend of ASF variations, as shown in Fig. 2. Because
these outliers should not be used for ASF map generation, it
is essential to detect and eliminate them. For outlier removal,
we used the filtering, based on the median absolute deviation
(MAD). If the absolute deviation of a measurement exceeded
the median of measurements within a 60-second time window
by 2 ×MAD, the measurement was designated as an outlier
and therefore excluded.

The cross-track ASF trend was subsequently obtained using
a smoothing spline [10]. Compared with other regression
methods, such as the polynomial and local regression, the
smoothing spline method has the advantage to fit the nonlinear
data with a single tuning parameter. We used the cubic
smoothing spline to fit the cross-track ASF deviation data,
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which is a spline with piecewise third-order polynomials as
follows [11]:

fcross(l) =


P1(l), l1 ≤ l < l2

...
PK−1(l), lK−1 ≤ l < lK

(1)

where l is the cross-track distance with respect to the center of
a waterway; K is the total number of bias-removed measure-
ments in the cross-track survey region; Pk(l) is a piecewise
third-order polynomial in [lk, lk+1]; lk is the cross-track dis-
tance of the k-th measurement location; fcross(l), f ′cross(l),
and f ′′cross(l) are continuous in [l1, lK ]; and f ′′cross(l1) =
f ′′cross(lK) = 0. Furthermore, the cubic smoothing spline
fcross(l) was selected to minimize the following [10]:

(1− p)

K∑
k=1

(zk − fcross(lk))
2

︸ ︷︷ ︸
residual sum of squares (RSS)

+p

∫
f ′′cross(l)

2dl︸ ︷︷ ︸
roughness

(2)

where zk is the cross-track ASF deviation of the k-th mea-
surement and p is the smoothing parameter that controls
the roughness of the fitting function. The optimal smoothing
parameter p was chosen to minimize the leave-one-out cross-
validation error [11].

B. Regression Kriging with the Cross-Track ASF Trend

The conventional method for generating ASF maps is linear
interpolation [12]. After the along-track and cross-track sur-
veys as illustrated in Fig. 3, the grid ASF value of an ASF
map (i.e., Ai,j) can be obtained as a simple linear combination
of the ASF measurements (i.e., ASFn) [13]. However, the
accuracy of the grid ASF value decreases as the grid point is
away from the cross-track survey area if linear interpolation
is applied. For example, the accuracy of Ai+1,j is less than
that of Ai−1,j in Fig. 3.

To overcome this limitation, we propose to extract the
cross-track ASF trend from a limited cross-track survey data
(Section III-A) and apply the trend to other areas where only
a sparse along-track survey is performed. In a coastal area,
although a universal kriging with an exponentially decaying
model of coastal ASF variations has been suggested for ASF
map generation [13], it did not provide the best results when
it was applied to a narrow waterway with the obtained cross-
track ASF trend. Therefore, we propose the application of
regression kriging to generate improved ASF maps in a narrow
waterway. Unlike universal kriging, the errors caused by the
regression model were not reflected in the kriging process
for residuals [14]. Thus, regression kriging has the advantage
of minimizing the effect of regression errors (e.g., difference
between the actual measurements and fitted curve in Fig.
2). The cross-track ASF data in a narrow waterway have
a tendency for high regression errors even with the cubic
smoothing spline model, and the order of the smoothing
spline was not increased because of the overfitting problem.
We identified the problem of high regression errors during
the cross-track ASF survey for the first time and proposed

Fig. 3. ASF survey locations (blue dots), grid points of ASF map (black
dots), and cross-track ASF trend (red curve) in a narrow waterway.

regression kriging as a better alternative to universal kriging
to resolve this problem.

In Fig. 3, the ASF measurement ASFn at the n-th mea-
surement location can be expressed using the cross-track ASF
trend, fcross, as:

ASFn = µ0 + fcross(ln) + ε(xn)

µ0 =
1

N

N∑
n=1

(ASFn − fcross(ln))
(3)

where µ0 is the detrended average of the ASF measurements,
xn is the position vector of the n-th measurement location,
ln is the cross-track distance of xn from the center of the
waterway, N is the number of ASF measurements, and ε(xn)
is the remaining stochastic term that is defined as the residual
of the n-th ASF measurement. Subsequently, the grid ASF
value, Ai,j , obtained by regression kriging is expressed as
follows:

Ai,j = µ0 + fcross(li,j) +

N∑
n=1

wnε(xn) (4)

where li,j is the cross-track distance of the grid point (i, j)
from the center of the waterway, and wn is the weight for the
n-th residual obtained by (5).

w1

...
wN

λ

 =


γ(x1,x1) . . . γ(x1,xN ) 1

...
. . .

...
...

γ(xN ,x1) . . . γ(xN ,xN ) 1
1 . . . 1 0


−1 

γ(x1,xi,j)
...

γ(xN ,xi,j)
1

 (5)

where λ is the Lagrange multiplier, xi,j is the position vector
of the grid point (i, j), and γ(xa,xb) is the semivariance
between the two positions xa and xb.

It is useful to compare the grid ASF value, Ai,j , obtained
from regression kriging in (4) and universal kriging in (6).

Ai,j =

N∑
n=1

wnASFn (6)


w1

...
wN

λ0
λ1

 =


γ(x1,x1) . . . γ(x1,xN ) 1 fcross(l1)

...
. . .

...
...

...
γ(xN ,x1) . . . γ(xN ,xN ) 1 fcross(lN )

1 . . . 1 0 0
fcross(l1) . . . fcross(lN ) 0 0


−1 

γ(x1,xi,j)
...

γ(xN ,xi,j)
1

fcross(li,j)


In universal kriging, the cross-track ASF trend, fcross, is used
as an additional constraint when calculating the weights, and
Ai,j is represented by the weighted combination of ASFn. It
should be noted that the expressions of (3)–(6), which include
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fcross, are our novel implementations to reflect the cross-track
ASF trend for the ASF map generation, although the generic
paradigm of universal kriging and regression kriging already
exist.

IV. FIELD TEST RESULTS

To evaluate the positioning accuracy enhancement from
the proposed ASF map generation methods, we conducted
an ASF survey and performance tests on the Ara Waterway
located in Incheon, Korea. The eLoran ASF values, time of
arrival (TOA) measurements, and ground truth positions were
collected along five routes. A small portion of the routes is
shown in Fig. 4. The ASF maps were generated using the data
along Route 1 (2.4 km) based on the three different methods:
linear interpolation, universal kriging, and regression kriging.
The grid size of the ASF maps was set to 100 m.

The positioning accuracy was evaluated along the remaining
routes, that is, Routes 2 through 5 (10.7 km in total), which
were not used for the ASF map generation. The position
solutions were calculated using the TOA measurements and
generated ASF maps. Fig. 5 compares the positioning errors
according to each ASF map generation method along a small
portion of Route 3 as an example. When the ASF maps
generated by the proposed regression kriging were utilized, the
positioning errors were smaller than those in the other cases.
The 2-D root-mean-square (RMS) positioning errors, when
linear interpolation, universal kriging, and regression kriging
were utilized for the ASF map generation, were 19.56, 19.02,
and 17.94 m, respectively, along the 10.7-km test routes.

The cross-track ASF survey does not necessarily guarantee
a high performance enhancement. The conventional method
to generate ASF maps relies on linear interpolation and
does not perform the cross-track surveys. If this conventional
approach without a cross-track survey was applied, the 2-
D RMS positioning error was 19.95 m along the same test
routes, which was only 0.39 m less than the case of linear
interpolation with a cross-track survey. However, our approach
demonstrated an error of approximately 2 m less than that of
the conventional approach. Therefore, the advantage of the
cross-track ASF survey was not evident until the proposed
regression kriging with the cross-track ASF trend was applied.

V. CONCLUSION

South Korea has been actively developing eLoran as a
complementary navigation system to GNSSs and recently
announced the operation of its eLoran testbed system. Demon-
strating the satisfactory performance of eLoran in a testbed is
an important step towards the nationwide rollout of the Korean
eLoran system. In this letter, we demonstrate the Korean
eLoran accuracy in a narrow waterway for the first time. To
overcome the practical difficulty of surveying a narrow water-
way, a simple cross-track survey was proposed. To effectively
utilize the cross-track survey data for ASF map generation, we
proposed methods to extract the cross-track ASF trends and
apply regression kriging. The proposed methods demonstrated
an improvement in the eLoran positioning accuracy in the field
tests along the 10.7-km test routes as compared to the existing
methods.

Fig. 4. Part of the field test area in the Ara Waterway, Incheon, Korea.
Data collected along Route 1 were used for the ASF map generation, and the
positioning performance was evaluated along the remaining routes.

Fig. 5. Comparison of the 2-D RMS positioning errors according to the three
different ASF map generation methods. A small portion of the test data along
Route 3 in Fig. 4 is presented.
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