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Intentional high-power global positioning system jamming is a significant threat for ships in the South Korean waters and has occurred
multiple times in recent years. The South Korean government intends
to utilize the existing long-range navigation (Loran) infrastructure to
provide a backup navigation capability to maritime users. However,
the observed accuracy of a conventional Loran positioning fix during a field test in Incheon, South Korea, was 592.88 m, far from the
20-m accuracy that the South Korean government tries to provide.
The largest error source for Loran is the additional secondary factor
(ASF) delay. A conventional time of flight based ASF correction is
not applicable in Northeast Asia because several transmitters are not
synchronized to universal time coordinated. Thus, we propose a time
difference of arrival based ASF correction method that is applicable
to the existing Loran signals in Northeast Asia. The demonstrated
accuracy with this correction was 32.12 m when using a single Loran chain for positioning. In order to utilize the full capability of
the observed signals from the five transmitters of two Loran chains
in the region, we further propose a novel multichain-based Loran
positioning algorithm. By applying this algorithm together with the
ASF correction method, we achieved a 15.32-m accuracy with 100%
position availability. This result shows the potential of the existing Loran transmitters in Northeast Asia to provide a reliable and accurate
backup maritime navigation service.
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Global navigation satellite systems (GNSSs) are widely
used in many positioning, navigation, and timing (PNT)
applications because of their unprecedented abilities as
PNT sensors. Examples include the global positioning system (GPS) of the United States (US), Galileo of Europe,
GLONASS of Russia, and Beidou of China. However,
GNSS vulnerabilities have drawn increasing attention. For
example, a total disruption of the GLONASS constellation
due to the uploading of incorrect ephemerides was reported
[1], [2]. GNSS receivers can also be disrupted by intentional
or unintentional radio frequency interference (RFI) [3]–[7]
and severe space weather [8]–[11].
A well-known GNSS disruption of a safety-critical system was the GPS RFI affecting the ground-based augmentation system (GBAS) [12], [13] reference station antennas at Newark Airport (EWR) in the US [14]. GBAS is
an augmentation system for aircraft GNSS-based precision
approaches and landing guidance and its operation was impacted by GPS RFI. Because GNSS signals are very weak,
even a low-power jammer can easily overwhelm GNSS
signals. Similar GNSS RFI incidents due to small-size lowpower GNSS jamming devices occurred at Lulea Airport in
Sweden and Kaohsiung Airport in Taiwan [15]. These cases
demonstrate the possible impact of widely available GNSS
jammers on critical infrastructures. The GPS dependencies
of critical infrastructures are summarized in [16] and [17].
To mitigate the impact of GNSS RFI, antenna array
technologies have been studied [18]–[22]. A controlled reception pattern antenna (CRPA) can reject the jamming
signals to a certain extent by forming a low antenna gain
toward the jammers. Although a CRPA can be utilized in
various specialized applications, such as a joint precision
approach and landing system [23], the size of a CRPA is
larger and the cost is significantly higher than a conventional
single-element GNSS antenna. In addition, the CRPA effectiveness is limited under intentional high-power jamming,
such as a jamming incident instigated by North Korea on
South Korea (described in detail later in this paper).
Under high-power jamming attacks, numerous ships in
Korean waters are unable to receive PNT information from
the GNSS. Moreover, future intelligent maritime transportation systems and services [24], [25] will rely heavily on high-quality PNT information currently provided by
GNSS. Considering the vulnerabilities of GNSS, a robust
complementary PNT system is necessary to ensure safe and
reliable maritime transportation.
Long-range navigation (Loran) system can provide
resilient PNT information to help maritime navigation
compensate for the vulnerabilities of GNSS to RFI [26],
[27]. Loran can also be applicable to aviation [28], [29]
and land applications [30]. Loran is a terrestrial-based,
high-power radio navigation system using a 100-kHz signal
[31]. Its navigation accuracy is not as good as that of GNSS,
but it is resistant to interference because it’s received signal
power is much stronger than that of GNSS signals. Thus,
hybrid GPS/Loran receivers can provide a more resilient
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Fig. 1. Basics of Loran navigation: A minimum of two TDOA values,
measured at the receiver, are used to calculate the two-dimensional
position (hyperbolic navigation).

navigation solution [32]–[34]. Loran signals can also be
used for other applications such as time and frequency
dissemination [35] and geo-security [36]–[38]. The South
Korean government currently intends to utilize the existing
Loran infrastructure to provide a better than 20-m accuracy
for maritime users in case of GNSS outages. Since the
existing conventional Loran system is known to provide
only 460-m accuracy [39], hardware upgrades to enhanced
Loran (eLoran) [40] or development of a better positioning
algorithm is necessary to provide the desired 20-m level
accuracy.
The Loran system consists of grouped timesynchronized transmitters comprising a chain of one master
station and two or more secondary stations that transmit the
Loran signals in a regular sequence [41]–[43]. The time
interval between the start of one master transmission and
the next is called the group repetition interval (GRI). Fig. 1
shows how a receiver’s position is calculated by measuring
the time difference of arrival (TDOA) of received pulses
from each secondary station of a chain with respect to the
received pulses from the master station.
In early versions of Loran, the timing of each chain was
under the control of a system area monitor (SAM), with the
result that the emission delay (ED) for each transmitter was
not directly tied to universal time coordinated (UTC) and,
thus, different chains were not jointly synchronized. Therefore, it was generally not possible to calculate a position
using signals from different chains except in the presence
of a dual-rated transmitter belonging to two chains, in which
case a receiver could resolve the interchain timing difference [44]. The benefit of using transmitters from multiple
chains for positioning is clear: The positioning accuracy is
generally increased due to the enhanced geometry of transmitters and the position availability (defined later in this
paper) also increases.
As Loran was modernized, secondary stations that were
synchronized to each master station through the SAM became synchronized to UTC through their respective cesium
clocks instead. This is called time of transmission (TOT)
control, under which all transmitted Loran pulses are syn-

Fig. 2. Three active Loran chains in Northeast Asia. Transmitters of the
7430 and 8390 chains are time-synchronized with UTC, but transmitters
for the 9930 chain are not.

chronized to UTC. A receiver can estimate its position in
a manner similar to GPS by estimating the time of arrival
(TOA) of received pulse in UTC time using loran data
channel (LDC) messages [45]. Thus, multichain-based Loran positioning and the corresponding position accuracy
and availability enhancement is straightforward if TOT is
controlled by UTC and LDC messages are available.
However, the Loran transmitters in Northeast Asia do
not currently have these capabilities. Seven transmitters and
three chains are currently operated (see Fig. 2): The 7430
and 8390 chains are known to be TOT controlled (i.e., time
synchronized with UTC), but the 9930 chain is not currently
TOT controlled (the chain number represents the GRI of the
chain; for example the 9930 chain transmitters have a GRI
of 99 300 μs). Since no transmitters in this area operate the
modernized data channels (i.e., LDC), UTC messages on
the Loran pulse are not available. Therefore, the receiver
cannot calculate the time of flight (TOF = TOA – TOT) of
Loran signals from each transmitter to the receiver because
the receiver does not have enough information about the
TOT and TOA of each signal, and must use the hyperbolic
navigation method based on TDOA measurements.
In a situation without TOT control or the LDC that carries UTC information, as in Northeast Asia, a dual-rated
transmitter can provide the capability to compute position
fixes using signals from different chains. There are two
dual-rated transmitters in Northeast Asia, belonging to the
7430 and 8390 chains (see Fig. 2), and, therefore, signals
from these chains can be simultaneously used for positioning. However, this does not provide positioning benefits to
users close to Incheon, South Korea, where our Loran monitoring system was established because the Raoping signal
is not usable in Incheon (the quality of the Raoping signal in Incheon is discussed later in this paper). Thus, the
total number of useable signals from the 7430 and 8390
chains is still three (i.e., Xuancheng, Rongcheng, and Helong), which is the same situation with using the 7430 chain
alone. Because of the absence of a dual-rated transmitter
belonging to the 9930 and 7430 chains, signals from these
chains cannot be simultaneously used for positioning if a

SON ET AL.: NOVEL MULTICHAIN-BASED LORAN POSITIONING ALGORITHM FOR RESILIENT NAVIGATION

667

TABLE I
GPS Disruptions Due to North Korean Jamming as Reported by Press Releases from the South Korean Government
Dates

23–26 August
2010 (4 days)

4–14 March 2011
(11 days)

31 March–5 April 2016
(6 days)

Jammer locations

Gaeseong

Gaeseong, Gumgang

Gaeseong

Haeju, Yeonan, Pyeonggang,
Geumgang, Gaeseong

Affected areas

Gimpo, Paju, etc.

Gimpo, Paju, Gangwon, etc.

Gimpo, Paju, etc.

Incheon, Gyeonggi, Gangwon

GPS disruptions

181 cell towers,
15 airplanes, 1
battleship

145 cell towers, 106 airplanes,
10 ships

1,016 airplanes, 254 ships

1,794 cell towers, 1,007
airplanes, 715 ships

conventional single-chain-based positioning algorithm is
applied.
In order to enhance the TDOA-based positioning performance of Loran in Northeast Asia, we propose 1) a TDOAbased additional secondary factor (ASF) correction method
that can significantly reduce ASF error (the largest error
source for Loran positioning) and 2) a multichain-based
Loran positioning algorithm that enables the use of all received signals for position fixes regardless of chain and the
existence of a dual-rated transmitter. Thus, our method enables positions to be calculated using signals from the 9930
and 7430 chains at the same time even though there is no
dual-rated transmitter belonging to these chains. We verified these methods using measured Loran signals in Incheon
and compared the performance of our methods with the results from conventional positioning methods. Our methods
can provide the better than 20-m accuracy that the South
Korean government requires, without upgrading the existing Loran transmitters to eLoran transmitters.
In this paper, we first describe the continuous GPS jamming threats experienced in South Korea, and then discuss the current operational status of Loran in Northeast
Asia by analyzing the Loran signal quality received in Incheon, South Korea. Next, we present our TDOA-based
ASF correction method and the performance enhancement
of conventional Loran positioning achieved by applying this
correction method, followed by our multichain-based positioning algorithm and its performance. Finally, we conduct
a sensitivity analysis of two design parameters for TDOAbased temporal ASF correction generation and present our
conclusions.
II. GPS DISRUPTIONS DUE TO INTENTIONAL HIGHPOWER JAMMING

Low-power GPS jamming events are frequently observed worldwide. For example, 100 GPS jamming events
per month were reported in London during the period from
February 2013 to December 2013 [46]. Intentional highpower GPS jamming is not as frequent as low-power jamming, but its impacts can be extended over several hundred
kilometers. From 2010 to 2012, and again in 2016, North
Korea repeatedly jammed GPS signals in South Korea. As
shown in Table I, it was reported that 1794 cell towers,
1007 airplanes, and 715 ships in South Korea experienced
GPS disruptions during the most recent jamming incident in
668

28 April–13 May 2012
(16 days)

2016. The number of jammer locations increased from one
in 2010 to five in 2016, causing increased concern; the 6day jamming from five locations in 2016 caused more GPS
disruptions than the 16-day jamming from one location in
2012.
The electronics and telecommunications research institute (ETRI) of South Korea analyzed the jamming signals of
the 2011 incident and reported that all L1, L2, and L5 bands
were affected. ETRI observed high-power continuous-wave
(CW) jamming signals in the L1 band. For the L2 and L5
bands, multiple CW-type jammers extended through whole
bands by moving their center frequencies. It was noticed
that North Korea was apparently testing its jammers with
various transmission powers, frequencies, and jamming intervals.
Several navigation problems were reported during these
incidents. According to the newspaper, Dong-a Ilbo, on 5
May 2012, South Korean fishing boats could not follow
their regular route to the harbor because of GPS outages.
These boats relied heavily on GPS for navigation and the
sailors were concerned that, if the visibility was low, their
boats might crash into each other and even cross the maritime border into North Korean territory. The Chosun Ilbo
newspaper (English edition) reported on 9 September 2011
that “a U.S. military reconnaissance aircraft made an emergency landing during annual South Korea–US military exercises in March when North Korea jammed its GPS device.”
During the 2012 jamming period, a UAV crashed in the City
of Incheon on 10 May 2012 partly owing to the GPS outage. Unfortunately, the UAV crashed into its ground control
station; one engineer was killed and two were injured.
Based on a United Nations report, NK News reported
on 25 June 2013, that representatives from a North Korean
front company (Hesong Trading Corporation) offered an
arms dealer GPS jammers, launch rocket systems, and ballistic missiles. If such GPS jammers became more widely
available, the problem of intentional high-power GPS jamming would extend beyond South Korea.
III. CURRENT STATUS OF LORAN OPERATION IN
NORTHEAST ASIA
A. Existing Loran Chains in Northeast Asia

Of the three Loran chains operating in Northeast Asia,
China’s Xuancheng, Rongcheng, and Helong transmitters
comprise the 7430 chain, China’s Raoping, Xuancheng,
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Fig. 3. TDOA measurements between Gwangju and Pohang (top) show
a slight drift as time advances, whereas TDOA measurements between
Rongcheng and Xuancheng (bottom) do not drift; this implies that the
9930 chain (top) is not TOT controlled.

Fig. 4. Monitoring system installed at Yonsei University, Incheon,
South Korea, consisting of an H-field antenna and LORADD-M receiver,
produced by reelecktronika. The H-field antenna has better performance
in this location than an E-field antenna.

and Rongcheng transmitters comprise the 8390 chain, and
South Korea’s Pohang and Gwangju transmitters form the
9930 chain along with Russia’s Ussuriysk transmitter (see
Fig. 2). Both Xuancheng and Rongcheng are dual-rated
transmitters for the 7430 and 8390 chains.
TOT control and UTC messages via LDC are essential for multichain-based Loran positioning. If transmitters are operated by TOT control, TDOA measurements
by a user at a fixed location should not drift. However,
Fig. 3 (top) shows the drift of TDOA measurements between Gwangju and Pohang over time, suggesting that the
9930 chain is not operated by TOT control but rather by
SAM control. On the contrary, the TDOA measurements
between Rongcheng and Xuancheng in Fig. 3 (bottom) do
not drift because those transmitters are TOT controlled and,
thus, UTC-synchronized. (TDOA values in this paper are
expressed in kilometers, which is obtained by multiplying
the speed of light by the TDOA values in seconds.)

We collected signals for over a month using each antenna type; the H-field antenna showed better results than
the E-field antenna when comparing the mean and variance
of signal-to-noise ratio. Thus, we permanently installed an
H-field antenna made by reelektronika at a height of 3 m on
the roof of a four-story building. The antenna was connected
to a LORADD-M receiver also produced by reelektronika.
Note that Loran signal quality received by our monitoring
system in this urban area would be worse than its actual
quality in a marine environment because Loran signals are
less likely to be adversely affected by man-made and natural
obstructions in a marine environment [50].
The time at which a Loran signal is received (i.e., the
TOA of a Loran signal) is not the same as the “TOA”
measurement conventionally displayed in Loran receivers.
Loran receivers provide a remainder value obtained by dividing the time from receiver power-on to signal reception
by the GRI of each signal. Thus, this value is always between zero and GRI. We call this value time of reception
(TOR) in this paper to distinguish it from the true TOA
measurement. It is important to know that the measurement outputs displayed as “TOA” in conventional Loran
receivers are not the TOA measurements but the “TOR”
measurements. Note that a pseudorange between a transmitter and a receiver cannot be obtained by TOR measurement
alone. However, a TDOA value can be obtained by subtracting TOR measurements of signals from two transmitters if
those transmitters have the same GRI (i.e., belonging to the
same chain). If two transmitters belong to different chains,
TDOA cannot be calculated by conventional methods, and
therefore, multichain-based Loran positioning is not possible except with a dual-rated transmitter between the chains.

B. Observed Signal Availability and the Variance of
Range Measurements

We installed a Loran monitoring station on the rooftop
of a building at Yonsei University to track and store the
measurements of Loran signals in Incheon, South Korea
(see Fig. 4). Two types of antennas are generally used to receive Loran signals, an E-field antenna and H-field antenna,
both of which have advantages and disadvantages. E-field
antennas have a superior position accuracy compared to Hfield antennas [47], but are affected by interference from
surrounding electric fields [48]. H-field signals penetrate
better than E-field signals, and so are well suited to urban
areas [49].
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TABLE II
Variance Comparison of Signal
Measurements That the Monitoring System
Received From Each Transmitter
Transmitter
Rongcheng (7430M)
Xuancheng (7430X)
Helong (7430Y)
Xuancheng (8390M)
Raoping (8390X)
Rongcheng (8390Y)
Pohang (9930M)
Gwangju (9930W)
Ussuriysk (9930Z)

Signal variance (m)
23.06
19.43
24.69
14.38
3004.72
13.29
16.20
8.86
226.67

Signals from the Raoping and Ussuriysk transmitters are very unstable in Incheon.

TOR variance by forming TDOA pairs:
Fig. 5. TOR measurements from Loran transmitters in Gwangju (top)
and Pohang (bottom). Both graphs show a wide variation of about 10 μs
per day, which is caused by the clock drift inside the receiver, making it
difficult to measure the signal quality from a specific transmitter by TOR
alone.

σTOR2 2
σTOR3 2

Fig. 6. Signal from the Ussuriysk transmitter fluctuates more than the
signal from the Gwangju transmitter depicted in Fig. 3 (top).

Example, Loran TOR measurements collected by our
stationary monitoring system in Incheon over a 21-h period
from 9 August 2016 to 10 August 2016 are shown in Fig. 5.
Although the receiver is stationary, the TOR measurements
in Fig. 5 (top) and (bottom) for Gwangju and Pohang, respectively, vary in a very similar manner because TOR is
measured by the internal clock of a receiver and the internal clock itself drifts. Thus, TOR alone is not very useful
to investigate the signal quality from a specific transmitter.
To remove the clock drift effect, TDOA is calculated
by subtracting two TOR measurements from two transmitters belonging to the same chain. As shown in Fig. 6,
the variance of TDOA between Ussuriysk and Pohang is
large compared to the variance of TDOA between Gwangju
and Pohang shown in Fig. 3 (top). Thus, position accuracy
would be worse if the TDOA between Ussuriysk and Pohang was used for position calculation.
To calculate and compare the variance of each signal
accurately, Safar [51] suggested the estimation of genuine
670

σ 2 TDOA1,2 + σ 2 TDOA1,3 − σ 2 TDOA2,3
2
σ 2 TDOA1,2 + σ 2 TDOA2,3 − σ 2 TDOA1,3
=
2
σ 2 TDOA1,3 + σ 2 TDOA2,3 − σ 2 TDOA1,2
=
2

σTOR1 2 =

(1)

where TDOAi,j is the difference between TORi and TORj
considering the emission delays, which is valid if transmitters i and j belong to the same chain (detailed mathematical
expressions for TDOA will be given later in the paper).
Equation (1) is for a Loran chain with three transmitters but
it can be generalized to N transmitters. Using this method,
the variance of signal measurements from each transmitter
can be compared as shown in Table II. Based on this result, we confirmed that the signals from the Ussuriysk and
Raoping transmitters have very high variance and, thus,
they are unusable for positioning in Incheon. Therefore, the
signals from these two transmitters were not used in further
analyses in this study.
IV. TDOA-BASED ASF CORRECTION METHOD TO IMPROVE THE PERFORMANCE OF CONVENTIONAL
LORAN POSITIONING ALGORITHMS

Loran signals propagate as ground waves and the propagation delay is decomposed of three factors: primary factor
(PF), secondary factor (SF), and ASF [52], [53]. PF and SF
are usually estimated by Brunavs’ equation [54], but it is
hard to estimate ASF because it depends on terrain properties along the ground path of the signal. Thus, ASF is the
major error source for Loran positioning and it needs to be
corrected to improve Loran performance [55]–[57].
In the eLoran concept [39], temporal changes in ASF
are compensated for by correction messages generated by
a nearby differential correction station (also known as the
dLoran station) [58]. Spatial changes in ASF are corrected
for by an ASF map generated by actual surveys of ASF in
the service area [59]. Temporal and spatial ASF corrections
are generated based on the TOF measurements of eLoran
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receivers, which is possible for eLoran because all eLoran transmitters are TOT controlled and LDC carries UTC
messages.
However, as previously explained, the 9930 chain in
Northeast Asia is not operated by TOT control, and no
chains in the region have LDC. As a result, conventional
ASF correction methods based on TOF measurements are
not applicable in this region. Therefore, we propose a
TDOA-based ASF correction method in this section to
improve the performance of conventional single-chain or
multichain-based Loran positioning algorithms.
A. Signal Outlier Detection and Elimination

Since sensors are noisy, signal outlier detection and
elimination should be performed before applying any positioning algorithms. Loran signal outlier detection and elimination methods using the variance of measurements was
suggested in [60]. In this study, we detected outliers based
on the variance of TOR measurements. When the new Loran measurement is made by the receiver, the measurement
data are send to a buffer that contains the measurements of
100 recent epochs. If the new measurement is beyond the
bounds of a five sigma range from the median of the data in
the buffer, the receiver classifies it as an outlier and rejects
it. The remaining data without outliers are used for position
calculation.

Fig. 7. E-field antenna and LORADD-SP receiver serving as the
differential correction station at Inha University, Incheon, South Korea.
E-field antenna performance was better than H-field antenna at this
location. The LORADD-SP receiver was installed inside the building
and, thus, is not shown in the figure.

B. TDOA-Based ASF Correction Method

We installed a differential correction station to generate
temporal ASF corrections, consisting of a receiver on a
building roof at Inha University, Incheon, South Korea (see
Fig. 7) about 10 km away from Yonsei University. Here, we
collected the signal using an E-field antenna because the
performance of an E-field antenna was better than an Hfield antenna at this particular location at Inha University.
The receiver at Yonsei University served as a user receiver
and the receiver at Inha University served as a differential
correction station.
The method used to generate TDOA-based temporal
ASF corrections at the differential correction station is explained in Fig. 8. After surveying the exact position of the
differential correction station, geometric distances between
the transmitters and the differential correction station can
be calculated. The difference of these geometric distances
is equivalent to the geometric TDOA, which represents the
case of no signal delay. In reality, the signal is delayed by
PF, SF, and ASF. Once the delay due to PF and SF (which
can be estimated by Brunavs’ equation) are considered, the
TDOA value becomes closer to the actual measurement.
The geometric TDOA value of –619.1 km in Fig. 8 changes
to −619.6 km after applying the delays due to PF and SF,
but this value is still different from the actual measurement
of −620.1 km by about 0.5 km. This remaining difference
is the contribution of ASF.
The contribution of ASF is normally composed of spatial ASF and temporal ASF, as illustrated in Fig. 8. Temporal
ASF correction data are generated by averaging temporal

Fig. 8. TDOA-based temporal ASF data obtained at the differential
correction station. Temporal ASF is the remaining delay after applying
PF, SF, and spatial ASF to the geometric TDOA calculated using the
known receiver position and transmitter positions. The average value of
temporal ASF during a prescribed interval is the temporal ASF
correction that is broadcast to users. Note that this TDOA-based ASF is
different from the TOF-based ASF of eLoran.

ASF values at the differential correction station during a
prescribed interval. The generated temporal ASF correction data are broadcast to nearby users, and the user receivers utilize these corrections to reduce their position
errors. Fig. 9 shows the TDOA-based temporal ASF correction data generated by the differential correction station
at Inha University during the study. Temporal ASF correction was generated by averaging the recent 5-min temporal ASF data, and the generated ASF correction message
was broadcast every 15 min. Thus, users utilize the same
temporal ASF correction for 15 minutes in this example
(the correction performance of different averaging times
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Fig. 9. TDOA-based temporal ASF correction data generated by the
differential correction station at Inha University. In this example, the
correction is generated by averaging the recent 5-min temporal ASF data
of Fig. 8 and broadcast every 15 min to users (i.e., the same correction
data is used for 15 min). The averaging time (5 min) and update interval
(15 min) are design parameters.

Fig. 11. Timing diagram for TOR of a received pulse. TOR is the raw
receiver measurement and measured with respect to the receiver
power-on time but experiences the modulo GRI operation.

red data points indicate the resultant TDOAs after all the
corrections applied.
C. Performance of the Single-Chain-Based Positioning
Algorithm

Fig. 10. TDOA-based ASF compensation at the user receiver. Blue
points are raw TDOA measurements at the user receiver before
corrections, and red points show the points after each correction is
applied. Temporal ASF correction data are broadcast from the
differential correction station, and the spatial ASF is corrected by the
surveyed and stored spatial ASF value at the user location.

and update intervals will be discussed in a later section).
Any communication channel can be used to broadcast the
correction messages to users. For example, the South Korean government is developing an LTE-M service, which is
an LTE communication service for maritime users using a
700-MHz frequency, for e-navigation [61]. In our analysis,
we applied the ASF corrections by postprocessing.
Fig. 10 illustrates the results of PF, SF, spatial ASF,
and temporal ASF corrections applied to a user receiver to
achieve the final TDOA value for position calculation. The
blue data points in Fig. 10 represent the raw TDOA measurements of a user at Yonsei University before any corrections applied. The red data points behind the blue points in
Fig. 10 are the data after temporal ASF correction. The temporal ASF correction data for each station pair as in Fig. 9,
which is generated by the differential correction station at
Inha University, are applied. We surveyed the TDOA-based
spatial ASF at Yonsei University beforehand using the same
method in Fig. 8. The spatial ASF corrected signals and SF,
PF corrected signals are also presented in Fig. 10. The top
672

Generally, a Loran receiver tracks the regularly transmitted Loran pulses and estimates its own position based
on the TDOA values of the signals. Since the raw measurements of Loran receiver are TOR measurements, the
receiver needs to calculate TDOA based on TOR measurements. Remember that TOR value is between 0 and GRI due
to the modulo operation of a receiver and TOR is measured
with respect to the receiver power-on time. For example, if a
transmitted pulse of the 9930 chain (i.e., GRI is 99 300 μs)
is received at 1 000 000 μs after the receiver power-on, the
TOR measurement is 1 000 000 mod 99 300 = 7000 μs.
It is assumed that all master stations emitted their
first pulse on exactly midnight 1 January 1958, which
is the Loran epoch, and then transmitted their pulses
regularly with the interval of GRI [42]. Let trx0 be
the receiver power-on time measured from the Loran
epoch. Then, TOAi = trx0 + ni GRIi + TORi if TOAi
is also measured with respect to the Loran epoch (i.e.,
ni GRIi + TORi = 1 000 000 μs and TORi = 7000 μs
in the previous example). This timing relationship is
illustrated in Fig. 11. The EDi is the known emission
delay of transmitter i with respect to its master station (i.e.,
EDi = 0 for a master station by definition). The ti is the
delay, with respect to the Loran epoch, of the emission
of the first pulse of the master station of the chain that
transmitter i belongs to (i.e., ti = 0 if its emission time
is correctly controlled because all master stations are
supposed to emit their first pulse on the Loran epoch).
Now we can calculate TDOA based on TOR measurements as follows:
TDOA1,2 = (TOA1 − ED1 − t1 ) − (TOA2 − ED2 − t2 )
= (trx0 + n1 GRI1 + TOR1 − ED1 − t1 )
− (trx0 + n2 GRI2 + TOR2 − ED2 − t2 )
= (TOR1 − TOR2 ) + (n1 GRI1 − n2 GRI2 )
− (ED1 − ED2 ) − t1,2
(2)
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Fig. 12. Loran positioning result of a user at Yonsei University using
the single-chain-based positioning algorithm. Two TDOAs from the 7430
chains were used, and the TDOA-based ASF correction was applied. The
differential correction station was at Inha University. The red circle
indicates the accuracy at a 95% level (32.12 m) with the position
availability of 93.95%.

where TDOA1,2 is the TDOA of Loran signals from transmitters 1 and 2 of any chain to a user and t1,2 = t1 − t2
for simplicity.
Note that EDi should be subtracted from TOAi measured with respect to the Loran epoch to calculate TDOA1,2
because the first pulse from a secondary station after the Loran epoch was emitted at EDi . The EDi is zero for a master
station and a nonzero known constant for a secondary station. The t1,2 must be zero if all master stations emitted
their first pulse at the Loran epoch as they are supposed to.
However, t1,2 can be a small nonzero value in practice if
there is any error in controlling the pulse emission time.
If two transmitters belong to the same chain, n1 GRI1 −
n2 GRI2 in (2) becomes zero and t1,2 is also zero because
t1 and t2 are equal within the same chain by definition.
Thus, TDOA1,2 is simply obtained by using raw receiver
measurements as follows:
TDOA1,2 = (TOR1 − TOR2 ) + (ED1 − ED2 )

(3)

where TORi is a raw receiver measurement and EDi is a
known constant for a given transmitter. However, if two
transmitters belong to different chains, n1 GRI1 − n2 GRI2
in (2) is unknown and TDOA1,2 cannot be obtained by conventional methods. This difficulty still remains even when
the value of t1,2 is zero by the perfect control of the pulse
emission time.
The basic TDOA-based positioning algorithm in Loran
generates TDOA using signals belonging to only one chain.
It needs to receive signals from at least three transmitters
in one chain to generate at least two TDOA measurements.
Signals from five transmitters were available at the Incheon
study sites; three from the 7430 chain and two from the
9930 chain, meaning that only the 7430 chain was available
for positioning. Fig. 12 shows the positioning results of
the 7430 chain after the outlier rejection and TDOA-based
ASF compensation were performed. The temporal ASF
was corrected in every 15 min, which is our recommended

Fig. 13. Loran positioning result of a user at Yonsei University using
the conventional multichain-based positioning algorithm. Three TDOAs
from the 7430 and 9930 chains were used. The red circle indicates the
accuracy at a 95% level (32.33 m) with the position availability of
99.97%.

correction period (discussed later in this paper), and the
accuracy (95%) was greatly improved from 592.88 to
32.12 m by the TDOA-based ASF correction. The position
availability in this paper is defined as the percentage of
time when the position solution is available. At least two
TDOA values from three transmitters are necessary to
form a two-dimensional position solution, but sometimes
a receiver cannot track three transmitters due to signal
outages and noise. The position availability of Fig. 12 was
93.95%, which is not satisfactory. For a backup navigation
system for a maritime user, 99% availability for 30 days is
recommended [62].
D. Performance of the Conventional Multichain-Based
Positioning Algorithm

For better positioning performance, more available
TDOA measurements are needed. TDOA measurements
generated from signals belonging to the same chain have
no limit on being used together to calculate the position.
In the previous single-chain-based positioning, three transmitters from the 7430 chain were used and two from the
9930 chain were not utilized. However, two transmitters
from the 9930 chain can also form an additional independent TDOA using (2). Therefore, three independent TDOA
measurements can be obtained in Incheon; two from the
7430 chain as before and an additional one from the 9930
chain. The conventional multichain-based Loran positioning algorithm utilizes all three TDOAs from two chains
to form a position solution. Remember, however, that one
transmitter from the 7430 chain and one transmitter from
the 9930 chain cannot form a TDOA by conventional methods because n1 GRI1 − n2 GRI2 in (2) is unknown. Thus,
the conventional multichain-based positioning algorithm in
this subsection is not a “true” multichain-based positioning
algorithm although it utilizes some information from two
chains.
Fig. 13 shows the result of the conventional multichain-
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based positioning for Incheon with the TDOA-based ASF
compensation. The temporal ASF was corrected under the
same conditions as for the single-chain-based algorithm.
After the TDOA-based ASF compensation, the accuracy of
the multichain–based positioning has been improved from
577.18 to 32.33 m, similar to the 32.12-m accuracy of the
single-chain case in Fig. 12. Although no accuracy benefit
was achieved in this result, the position availability was
meaningfully improved from 93.95% (single-chain case)
to 99.97% (multichain case). This is because three TDOA
values are available in the multichain case and, thus, one
TDOA loss due to signal outages and noise does not prevent
the formation of a position solution that requires a minimum
of two TDOAs.
Theoretically, four independent TDOA values can be
obtained when five transmitters are available and belong to
the same chain. Although the five transmitters belong to
two different chains in our case, we could still obtain four
independent TDOAs if there was a dual-rated transmitter
that simultaneously transmitted the signals of the 7430 and
9930 chains. In that case, n1 GRI1 − n2 GRI2 + t1,2 in (2)
can be resolved. The lack of such a transmitter in Northeast
Asia prevents the formation of another independent TDOA
that can further improve Loran positioning performance.
Thus, we developed a novel multichain-based positioning
algorithm that enables the formation of an additional independent TDOA in this region, as described in the next
section.
V. NOVEL MULTICHAIN-BASED LORAN POSITIONING ALGORITHM

In this section, we propose a method to obtain TDOAs
across independent chains which do not have a dual-rated
transmitter. This method is desirable in Northeast Asia
where a dual-rated transmitter does not exist between the
7430 and 9930 chains.
A. TDOA Calculation Across Independent Chains

In (2), when transmitters 1 and 2 send signals based
on the same GRI (i.e., belonging to the same chain),
n1 GRI1 − n2 GRI2 becomes zero. However, when signals
are transmitted based on different GRIs, the receiver cannot calculate n1 GRI1 − n2 GRI2 . Furthermore, it is difficult
to precisely measure t1,2 . Fortunately, if we apply the
TDOA-based ASF correction method, t1,2 is automatically compensated (recall the ASF correction generation
in Fig. 8). Since the receiver at the differential correction
station cannot separate temporal ASF and t1,2 , the generated temporal ASF correction actually embeds t1,2 as
well. This is a common system bias between the differential
correction station and a user, and a differential correction
completely eliminates this common bias term. Thus, (2) can
be simplified as follows after applying the ASF correction:
TDOA1,2 = (TOR1 − TOR2 ) + (n1 GRI1 − n2 GRI2 )
− (ED1 − ED2 ).
(4)
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Without loss of generality, TDOA1,2 can always be
positive by changing the order of subtraction. To obtain
TDOA1,2 without knowing n1 GRI1 − n2 GRI2 , we apply
modulo GCD1,2 operations on both sides of (4):
TDOA1,2 mod GCD1,2 = {(TOR1 − TOR2 )
+ (n1 GRI1 − n2 GRI2 ) − (ED1 − ED2 )} mod GCD1,2
= {(TOR1 − TOR2 ) − (ED1 − ED2 )} mod GCD1,2 = r
(5)
where GCD1,2 is the greatest common divisor (GCD) of
GRI1 and GRI2 . A receiver measures TOR1 and TOR2 and
the ED1 , ED2 , and GCD1,2 are known constants for the
given chains and transmitters (e.g., GCD1,2 = 100 μs or
30 km for GRIs of 74 300 and 99 300 μs of the 7430 and
9930 chains, respectively). Thus, r can be readily calculated
based on raw receiver measurements. Then, TDOA1,2 can
be expressed as
TDOA1,2 = n · GCD1,2 + TDOA1,2 mod GCD1,2
= n · GCD1,2 + r.
(6)
The only unknown variable in (6) is the positive integer
n. Thus, TDOA1,2 across two independent chains can be
calculated if the n value is obtained.
Once we roughly estimate the user position, a geometric TDOA between the estimated user position and two
transmitters can be calculated. Then, the n value in (6) is
found by minimizing |TDOA1,2 −TDOAgeom | given that the
estimated user position is not very far from the true user
position. Let d be the baseline distance between two transmitters. Then, the range of n is
TDOA1,2 − r
max(TDOA1,2 ) − r
≤
GCD1,2
GCD1,2
max(TDOA1,2 )
d
≤
=
GCD1,2
GCD1,2

n=

Therefore,


0≤n≤

d
GCD1,2


(7)

which is usually a small range for n. For example, d between
Gwangju and Rongcheng is approximately 441 km and
GCD1,2 is 30 km. Thus, the maximum possible value of n
is only 14 in this case. We can simply try all possible integer
values of n within the small selection range and find the n
value that minimizes |TDOA1,2 −TDOAgeom |.
This approach can be graphically understood using
Fig. 14. Considering the Gwangju and Rongcheng transmitters of the 9930 and 7430 chains, respectively, we can
draw hyperbolas (red curves in Fig. 14) with TDOA1,2 =
n GCD1,2 + r, where 0 ≤ n ≤ d/GCD1,2 . The value of r
is obtained based on TOR measurements from the receiver.
Next, we roughly estimate the user position and calculate
TDOAgeom based on the estimated position. After drawing
another hyperbola (blue curve in Fig. 14) with TDOAgeom ,
we find the closest hyperbola with TDOA1,2 (i.e., minimize |TDOA1,2 −TDOAgeom |). The value of n of the closest
hyperbola is the correct n value and we confirm that the
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Fig. 14. Example of TDOA calculation across independent chains (i.e.,
Gwangju and Rongcheng). If an estimated user position is within the
shaded area, the correct n value in (4) can be found (e.g., n = 4 in this
example) and consequently the TDOA across independent chains is
obtained.

user is on this hyperbola with the correct n value (e.g., red
hyperbola with n = 4 in Fig. 14).
The remaining question is the required accuracy of the
roughly estimated user position for this process to find the
correct n value. In the example shown in Fig. 14, the estimated user position must be within the shaded area. Otherwise, the closest red curve would not be the correct curve of
n = 4. Since the width of the shaded area along the baseline is 30 km, the required bound for the estimated user
positon error is about 15 km. We used the conventional
single-chain-based Loran positioning method without ASF
correction, which is the simplest positioning algorithm, for
this initial position estimation. The accuracy of the singlechain method during this study was 592.88 m (95%) without
ASF correction, and it never exceeded 15 km. Therefore,
the required level of accuracy for the initial user position
estimation was simply achieved.
Once the n value is initially obtained by this method, we
do not need to apply the same procedure again to find the
n value of the next measurement epoch. We only need to
track the r value after the initialization to update the n value
if necessary. As derived in (6), TDOA1,2 = n GCD1,2 + r
and 0 ≤ r < GCD1,2 . The measured r value continuously
changes according to the user’s movement. If the measured
r value suddenly changes from a large value that is close to
GCD1,2 (30 km in Northeast Asia) to a small value that is
close to 0 due to the modulo operation, the n value should
be increased by 1. In the opposite case, the n value should
be decreased by 1. If there is no such a large change in
the r value, the n value remains the same. Consequently,
TDOA1,2 smoothly varies according to the user’s movement
even though the r value can experience large jumps. Recall
that the TDOA-based ASF correction should be applied
before obtaining TDOA1,2 by this method. Otherwise, t1,2
would not be compensated.
Based on this proposed multichain-based positioning
method, an additional independent TDOA measurement is
now available in addition to the previous three TDOAs in
the case of Fig. 13. Thus, five transmitters of two chains
are fully utilized. The improved Loran performance due to
this additional TDOA is shown in Fig. 15. The accuracy has
been improved from 32.33 m in the conventional multichain

Fig. 15. Loran positioning result of a user at Yonsei University using
novel multichain-based positioning algorithm. Four TDOAs from the
7430 and 9930 chains are used, and the TDOA-based ASF correction is
applied. The differential correction station was at Inha University. The
red circle indicates the accuracy at a 95% level (15.32 m) with the
position availability of 100%.

case (see Fig. 13) to 15.32 m in the novel multichain case
(see Fig. 15). The South Korean government intends to
achieve 20-m accuracy using Loran for maritime users,
and our methods achieved this level of accuracy in Incheon
during the study, along with a position availability of 100%.
We suggest the TDOA-based ASF correction method
and novel multichain-based positioning algorithm in this
paper. The performance of the proposed methods was tested
and summarized in Table III. If both methods are applied, 15.32 m accuracy with 100% position availability
is achieved during this study. This is a significant improvement over the 592.88 m accuracy with 93.95% position
availability when none of the proposed methods is applied
and only single-chain-based algorithm is used. Note that
the application of ASF correction does not affect the position availability, which is only dependent on the number
of available TDOAs. The novel multichain-based algorithm
should be used together with the ASF correction method to
compensate for the unknown t1,2 term in (2). Thus, the
result without the ASF correction for the novel multichain
case is not presented in Table III. If the proposed method
is applied to a zero-baseline case for comparison, where
differential corrections are applied postbroadcast at the site
where they are generated, 14.55-m accuracy is achieved
at the differential correction station at Inha University
when the same averaging time (5 min) and update interval
(15 min) are used.
B. Sensitivity Analysis to the Averaging Time and the Update Interval for Temporal ASF Correction

There are two design parameters affecting temporal
ASF correction performance: the averaging time to generate
the temporal ASF correction data and the update interval
of the correction. For the results in Figs. 12, 13, and 15,
TDOA-based temporal ASF corrections were generated by
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TABLE III
Comparison of Loran Positioning Performance in Incheon
Positioning algorithm
Single-chain-based algorithm
Conventional multichain-based algorithm
Novel multichain-based algorithm

Accuracy (95%) without
ASF correction (unit: m)

Accuracy (95%) with
ASF correction (unit: m)

Position availability
(unit: %)

592.88
577.18
N/A

32.12
32.33
15.32

93.95
99.97
100

TABLE IV
Position Accuracy (95%) According to the Variation of the
Averaging Time and the Update Interval for the TDOA-Based
Temporal ASF Correction
Update interval

1 min
5 min
15 min
30 min

Averaging time
1 min

5 min

15 min

30 min

16.15 m
16.28 m
16.46 m
16.33 m

14.92 m
15.11 m
15.32 m
15.56 m

14.98 m
15.37 m
15.74 m
15.72 m

16.25 m
16.64 m
16.78 m
16.79 m

The novel multichain-based positioning algorithm is used.

averaging the recent 5 min temporal ASF data at the differential correction station. The generated temporal ASF
correction data were broadcast to users every 15 min. We
tested various combinations of averaging time and update
interval and compared their performance in Table IV.
The results show that the shorter the averaging time,
the better the user position accuracy in general. However,
too-short averaging time causes adverse effects for accuracy; this means that local short temporal ASF changes at
the differential correction station may not effectively represent the temporal ASF at the user position. A shorter
update interval usually provides a better accuracy for users.
However, we suggest a 15-min update interval for minimal usage of communications bandwidth. A total of 117
bytes are required to carry all TDOA-based temporal ASF
correction data for five transmitters including transmitter
designators. Thus, approximately 1.04 bps data bandwidth
is required if the update interval is 15 min. This is a negligible amount of data if we consider the data bandwidth
of the LTE-M communication service of South Korea, for
example. Loran positioning accuracy enhancement using
high update-rate corrections via standard mobile telecommunication network has been demonstrated by [63].

is the goal of this study. We proposed a TDOA-based ASF
correction method and a novel multichain-based Loran positioning algorithm to achieve the required level of accuracy.
During the field test performed in Incheon, we demonstrated
a 15.32 m (95%) accuracy with 100% position availability. A minimal investment for a new differential correction
station is necessary, but this is simply a Loran receiver
and correction generation algorithm, whose cost is low. A
TDOA-based one-time spatial ASF survey for the service
area is also necessary. However, the differential station and
ASF survey are required for the eLoran system as well,
so this requirement is not specific to our methods. As the
experiments were conducted on a rooftop in an urban area,
where Loran signal quality is known to be worse than at
sea, we expect that the system’s accuracy in maritime settings would be even better than that demonstrated in this
study.
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