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Abstract: The R-Mode system, an advanced terrestrial integrated navigation system, is designed to address the vulner-
abilities of global navigation satellite systems (GNSS) and explore the potential of a complementary navigation system.
This study aims to enhance the accuracy of performance simulation for the medium frequency (MF) R-Mode system by
modeling the variance of time-of-arrival (TOA) measurements based on actual data. Drawing inspiration from the method
used to calculate the standard deviation of time-of-reception (TOR) measurements in Loran, we adapted and applied this
approach to the MF R-Mode system. Data were collected from transmitters in Palmi and Chungju, South Korea, and the
parameters for modeling the variance of TOA were estimated.
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1. INTRODUCTION

The Global Navigation Satellite Systems (GNSS) [1–
6], which derive user positioning from signals received
from satellites, such as the United States’ GPS [7] and
Europe’s Galileo, are vulnerable to radio frequency inter-
ference (RFI) [8–13] and ionospheric anomalies [14–20],
primarily due to the long distance from satellites to the
Earth’s surface, resulting in weakened signal strength. In-
stances of GNSS RFI have been reported globally, with
notable cases in South Korea where North Korea has in-
tentionally jammed GPS signals [21–25].

In response to these challenges, South Korea is devel-
oping an alternative navigation system called “R-Mode”
for maritime users to use in the event of GNSS fail-
ure. The R-Mode system [26–28], a terrestrial integrated
navigation system, processes eLoran [29–37] signals and
other signals to calculate positions when GNSS signals
are unavailable. The recent focus of R-Mode research
is on methods utilizing medium frequency (MF) or very
high frequency (VHF) signals for position calculation
[38–40].

To support the deployment of the MF R-Mode system
in South Korea, the development of a simulation tool ca-
pable of predicting the system’s navigation performance
is necessary. The MF R-Mode simulation tool should be
able to estimate signal strength and noise at a given lo-
cation to calculate the signal-to-noise ratio (SNR). The
variance of time-of-arrival (TOA) measurements is essen-
tial for estimating positioning accuracy. While a method
to simulate the strength of the MF R-Mode signals has
been proposed [41], a mathematical formula with appro-
priate parameters that relates the variance of TOA mea-
surements to SNR for the MF R-Mode is not yet deter-
mined. In this study, we utilized the variance formula of
the eLoran system but estimated parameters that are suit-

able for the Korean MF R-Mode testbed system based on
actual MF R-Mode signal measurements.

2. METHODOLOGY

2.1 Variance Formula for eLoran TOR Measurements
In the eLoran system, the standard deviation of

the bias-removed time-of-reception (TOR) measurements
from a transmitter, denoted as σi, is a function of
the transmitter’s jitter (Ji) and the signal-to-noise ratio
(SNRi) of the received signals, as illustrated by the fol-
lowing equation [22, 42]:

σ2
i = J2

i +
337.52

Npulses · SNRi
(1)

Here, Npulses represents the number of accumulated
pulses of the Loran signal, determined by the group rep-
etition interval (GRI) of the respective Loran chain. The
number 337.5 was derived from a benchmark measure-
ment [42].

Various factors can influence the transmitter jitter,
such as thermal noise, bandwidth limitation, improper
impedance termination, asymmetries in rise and fall
times, and cross-coupling. It is essential to note that each
transmitter has a different jitter value. Thus, the actual
jitter should be estimated based on measurements [22].

2.2 Estimation of Parameters for the Variance For-
mula of MF R-Mode TOA Measurements

We drew inspiration from the conventional formula for
calculating the standard deviation (σi) of Loran’s TOR
measurements and applied it to MF R-Mode. The modi-
fied formula for MF R-Mode, which calculates the vari-
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ance of MF R-Mode TOA measurements, is as follows:

σ2
i = J2

i +
C2

SNRi
(2)

where Ji represents the jitter of transmitter i, C is a con-
stant, and SNRi is the signal-to-noise ratio of the received
signals from transmitter i.

We estimated Ji and C simultaneously based on actual
MF R-Mode measurement data. The estimation method
considered the point at which the residual sum of squares
(RSS) between the actual measurements and the model
curve was at its minimum. Minimizing RSS is a typical
method in parameter estimation problems.

2.3 Data Acquisition and Processing for Parameter
Estimation

In the data acquisition process, the “MFR-1a Medium
Frequency R-Mode Receiver” by Serco was utilized to
collect MF R-Mode signals from the transmitters in Palmi
and Chungju, South Korea. This Serco receiver was also
used in [43]. The Serco receiver provides raw phase mea-
surements and SNRs of the received MF signals, which
are pivotal in subsequent analyses.

The SNRi for transmitter i in (2) is measured by the
receiver, but σ2

i in (2) is not directly measured. Thus, it is
necessary to derive σ2

i from the raw phase measurements
ϕraw,i. Since the measured ϕraw,i values fall within the
range of 0 and 2π, they can exhibit sudden discontinu-
ities due to measurement noise if ϕraw,i is close to 0 or
2π. In cases where there is a phase discontinuity larger
than π between two adjacent epochs, the phase value is
adjusted by 2π to ensure the continuity of phase values.
This adjusted phase for transmitter i is denoted as ϕcont,i.

The relationship between TOAi for transmitter i and
ϕcont,i is expressed as follows:

TOAi =

(
ϕcont,i

2π

)
λ+ nλ (3)

where n represents the number of complete cycles of the
MF continuous wave (CW) signal from the transmitter to
the receiver, λ is the wavelength of the CW signal, and
TOAi denotes the time-of-arrival or range for transmitter
i.

Given that the nλ distance between transmitter i and
the stationary receiver remains constant, the variance of
TOA, denoted as σ2

i in (2), can be calculated as follows:

σ2
i = Var (TOAi) =

(
λ

2π

)2

·Var (ϕcont,i) (4)

Now, the SNRi and σ2
i for transmitter i in (2) are

obtained based on the receiver measurements. Subse-
quently, the values of J2

i and C2 can be estimated by
fitting the model in (2) to the measurements.

3. RESULTS

In Figs. 1 and 2, the red dots represent actual mea-
surement values, with SNRi plotted along the x-axis and

Fig. 1. Estimation of model parameters using measure-
ments for the Palmi transmitter.

Fig. 2. Estimation of model parameters using measure-
ments for the Chungju transmitter.

the variance of TOA (i.e., σ2
i ) along the y-axis. The

green curve corresponds to the model presented in (2),
with the calculated values of Ji and C that yield the
best fit by minimizing the RSS between the model and
the measurements. Through this process, we determined
that C = 23.75, JPalmi = 0.00, and JChungju = 2.65
achieved the minimum RSS. Using these determined val-
ues of Ji and C, σ2

i can be predicted for a given SNRi

using the relation presented in (2).

4. CONCLUSION

In this study, we estimated the parameters (Ji and C)
of the variance model for MF R-Mode TOA based on
actual measurements of SNRi and ϕraw,i. The obtained
variance model predicts realistic σ2

i , which is necessary
for positioning accuracy simulation. Therefore, this study
contributes to improving the performance simulation ca-
pability for the MF R-Mode system under development
in South Korea.
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