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1 | INTRODUCTION

Ranging Mode (R-Mode) is a maritime terrestrial naviga-
tion system that is currently under development (Gewies
et al., 2018; Jiang et al., 2018; Johnson et al., 2020; Swaszek,
2014; Wirsing et al., 2020). It enables positioning and
timing on the water up to distances of a few hundred
kilometers from shore if a sufficient number of R-Mode
signals are available (Koch & Gewies, 2020). It is designed
as a complement to Global Navigation Satellite Systems
(GNSS) so that a multi-system shipborne radionavigation
receiver (IMO, 2015) can continuously support mariners
with reliable positioning, navigation, and timing (PNT)
data for their navigational duties. This is most impor-

R-Mode is a terrestrial navigation system under development for the maritime
domain that provides backup in case of a GNSS outage. This paper describes
the first test results for real-time positioning on board a ship using medium
frequency R-Mode signals. The estimation and positioning algorithms used are
described in detail and it is shown how they are integrated into the R-Mode
receiver developed by the German Aerospace Center. Moreover, during two day-
time experiments with lower and higher dynamic movements of a ship in the
Baltic Sea, we were able to achieve a 95% horizontal positioning accuracy of bet-
ter then 12 m in the center of three R-Mode transmitters. This demonstrates the
first time that the medium frequency R-Mode has provided positioning at sea.

backup, PNT, R-Mode, terrestrial navigation

tant in cases when GNSS is not available or shows
reduced performance due to intentional or unintentional
interference.

The system and service level parameter requirements
of a navigation system, which is primarily used to assist
the navigation of ships, are given by two resolutions of the
International Maritime Organization (IMO; IMO, 2002,
2011). In the current stage of development, the R-Mode sys-
tem is planned to be a secondary or backup system. For
such a system, the user requirements with respect to hor-
izontal position accuracy are given by the Recommenda-
tion R-129 of the International Association of Marine Aids
to Navigation and Lighthouse Authorities (IALA) with
100 m for coastal navigation and 10 m for port approaches
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and navigation in restricted waters (IALA, 2012). As these
numbers were derived from requirements for a future
GNSS (IMO, 2002), it can be assumed that the numbers
are related to a probability of 95% as it is defined for cur-
rent worldwide radionavigation systems for the same oper-
ational areas (IMO, 2011).

The idea of R-Mode was born in the year 2008 with
a proposal to use existing maritime infrastructure as a
source for navigation information (Oltmann & Hoppe,
2008). This could be a cost-effective way to establish a
navigation system beside GNSS for areas with high traf-
fic density and challenging conditions. Three feasibility
studies published in 2014, which were created as part of
the ACCSEAS project, showed that R-Mode could work
when medium frequency (MF) maritime radio beacons
or base stations of the Automatic Identification System
(AIS), operating in the very high frequency (VHF) band,
are modified such that they broadcast synchronized R-
Mode signals (Johnson & Swaszek, 2014a, 2014b, 2014c).
These activities are continued today including the inves-
tigation of feasibility studies in different countries and the
first R-Mode testbeds (Gewies et al., 2018; Grundhofer &
Gewies, 2020; Hoppe et al., 2018; Jiang et al., 2018; Johnson
et al., 2020; Lee et al., 2018; Safar et al., 2019; Wirsing et al.,
2020). The standardization of R-Mode has started (IALA,
2020).

This paper focuses on MF R-Mode as it was firstly out-
lined by Swaszek (2014), tested in the ACCSEAS project,
as well as further developed and implemented within the
project R-Mode Baltic (Gewies et al., 2018). Here, R-Mode
is realized by adding two continuous wave signals next
to the minimum-shift keying (MSK) modulated stream of
code differential GNSS corrections of each station. As tra-
ditional marine beacons, the R-Mode beacons transmit
the corrections in our testbed at a data rate of 100 bit/s
in 500-Hz wide channels assigned to them by the IALA.
Figure 1 shows the modified beacon signal of the trans-
mitter site Rozewie which is part of the R-Mode testbed
in the Southern Baltic Sea. Clearly visible is the modulated
signal with the aiding carriers 225 Hz apart from the car-
rier frequency. Phase estimations of both carriers enables
the determination of pseudoranges to the transmitter site
(Swaszek, 2014) and that the positioning of at least three R-
Mode signals are available (Johnson et al., 2017). Moreover,
the first field trials have shown that MF R-Mode is capable
of providing a positioning solution on land (Johnson et al.,
2020).

This paper reports on MF R-Mode receiver develop-
ments and the first maritime test in the Southern Baltic
Sea where seven radio beacons of the German Federal
Waterways and Shipping Administration (WSV), Swedish
Maritime Administration (SMA), and Maritime Office
Gdynia (MOG) were equipped with R-Mode-ready signal
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modulators (Gewies et al., 2018) that were synchronized to
10 ns accuracy by means of GNSS-stabilized atomic clocks
that could easily be replaced by another timing source in
the future. During our trials the R-Mode beacons did not
transmit R-Mode navigation information. Therefore, esti-
mation of time was not the target of this study.

The paper focuses on the description of the basic algo-
rithm to obtain the phase and pseudorange estimates.
Moreover, it shows how to obtain the position from the
pseudorange measurements and compares the results of
the first measurements with the accuracy bounds for
coastal navigation and port approaches as requested by
international organizations.

2 | PARAMETRIC ESTIMATION

In this section, we introduce two methods for estimating
the phase of a continuous wave (CW). We need a signal
model for this. For a single tone, this can be described as:

bysin(w,t + 6) ®

with the three parameters frequency w., amplitude by, and
phase 6.

Itis a major task in signal processing to deliver good esti-
mation for this parameter. We consider the frequency as
known. However the amplitude and especially the phase
have to be estimated in the medium-frequency range. As
we are interested in a discrete sampled signal, the time ¢
can be quantized to ¢, with constant sample rate ¢ as:

th(n) =ty + n—m8
fsample

@)

=(ny+n)
fsample
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In this case, the bound can be given by:

A o2
var{f} > ﬁ 3)

0
for a complex signal model (Rife & Boorstyn, 1974). Here 6
is the estimated phase parameter, o2 is the variance in the
power density function (PDF) of the noise, and N is the
total number of samples.

To obtain phase estimation, we suggest using a maxi-
mum likelihood estimation (Rife & Boorstyn, 1976). The
likelihood function is given as:

k
L= {2b;Re[e/%A(ew)] - b7} (4)
i=1
with:
1 N-1
A(a)) = ﬁ Z(Xn + an)e—jnwiAt (5)
n=0

where X is defined as the input vector of samples and Y
as the corresponding Hilbert transform. Both vectors have
the length N and are indexed with n. k is the number of
tones to estimate, with each tone defined according to our
signal model (1), hereby i indicates the current frequency
to evaluate within the sum. To find the parameters that
maximize L, we need to maximize A(w). Therefore, we
obtain our estimates by:

BO = IA(wc)l (6)
and:
6 = argle 1% A(w,)] @)

We assume that we know the frequency w, of the tone
and obtain the estimates 6 for the phase and b, for the
amplitude. To estimate the range, we are interested in the
phase estimates for different tones in parallel, so the pre-
sented approach does not scale very well and leads to rela-
tively high computational effort.

However, it is widely known that a discrete Fourier
transform (DFT) can be used for a parametric estimation
(Kay, 1993; Rife & Boorstyn, 1976; Stoica et al., 1989), since
we can describe A(w) from (4) using the DFT base func-
tion:

—j27'r£n
e N ®)
with:
K fsampl
W= 271% 9
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where K describes the point in the DFT spectrum. This
yields to the matrix representation:

e—jOAwt
e—lewt
1 .
Alw) = N(X —jY)r (10)

e—iNAwt

which is one column of the transformation matrix of
the DFT. With the fast Fourier transform (FFT), a
computational-effective method is known to estimate N
bins at once. The center frequencies of these bins are
equally distributed at intervals of Aw and need to match
the continuous wave frequencies that we want to estimate.
This otherwise leads to power leakages and reduced accu-
racy of the results. This is the main difference of the max-
imum likelihood estimate which can be calculated for any
arbitrary frequency but is limited to one frequency per
calculation.

Both estimation techniques result in complex numbers
where the phase represents the needed phase informa-
tion at the beginning of the observed time interval with
length T. Therefore the positioning solution would gener-
ated with at least T's old data.

3 | SYSTEM BIAS AND PROPAGATION
DELAY

After the signal has been generated at the transmitter site,
it has to propagate to the receiver and pass different system
components. Each of them will cause a delay or a distortion
of the R-Mode signal.

Figure 2 shows the signal path as a generalized block
diagram. The R-Mode signal is generated in a well-
synchronized R-Mode modulator which provides the aid-
ing carriers with a zero crossing (rising) at full seconds.
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From the modulator, the signal is passed to the transmit-
ter followed by the antenna tuning unit (ATU) and the
antenna as the last part of the transmitter chain. It was
shown that each of these elements cause a phase offset. The
characterization of these effects is the subject of ongoing
research (Grundhofer et al., 2019; Grundhofer & Gewies,
2020).

After transmission, the signal propagates as a ground-
wave to the receiver where it is received by an antenna
(see Figure 2). From there, it is passed to an active band-
pass filter with adjustable gain and, finally, to the software-
defined radio (SDR). As for the transmitter site, each of the
components introduces a certain phase shift.

In addition, the signal propagates along a second path
towards the ionosphere where it is attenuated signifi-
cantly by the E-layer of the ionosphere at daytime. At
night, this absorbing layer disappears and the signal is
reflected at higher layers. This propagation path is called
a sky-wave. At the receiver site, the ground-wave and sky-
wave superimpose leading to a degenerate phase estimate
at night (Johnson & Swaszek, 2014c). Currently, differ-
ent mitigation techniques are under discussion to make
the service available during the night (Grundhdéfer et al.,
2020). Solving this problem is beyond the scope of this
paper.

In the following, it is assumed that all system compo-
nents at the transmitter and receiver site are stable with
respect to the introduced phase offsets. Summing over
these offsets will result in a transmitter, receiver site, and
aiding carrier-dependent system bias Ogygier ;- The index i
denotes in the following the aiding carrier i. The propa-
gation causes a time delay ¢,; of the carrier. Both effects
together cause an accumulated phase delay at the receiver
of Ogystem,i + @;tp,; for the carrier with angular frequency
w;.

Due to the periodic nature of trigonometric functions,
we have no access to the accumulated phase at the receiver
site for the signal model in (1). The difference between the
transmitted and received signal is 6; is reduced by a num-
ber m; of completed cycles 27 since transmission. This
leads to ambiguities in the estimation of the range, which
can be described in terms of the system bias and the prop-
agation delay as:

ei —m; 2w = _(esystem,i + CUitp,i) (H)

Both, t,,; and m; depend on the carrier and the distance
to the transmitter.

The system bias of the transmitter sites in the R-Mode
Baltic testbed is unknown. Therefore, this has to be esti-
mated during a calibration step in the field. This step will
also provide the number m;. With 0.,; as a calibration
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parameter, we can deduce t,,; as:
o 6cal,i - ei (12)
pit w;
with:
ecal,i = esystem,i +m; 27 (13)

This approach works well as long as the rover does not
change position so much that §; reaches 0 or 27. To prevent
unrealistic jumps of ¢, ;, the phase 6; has to be tracked after
fixing m; so that it can grow above 27 or decrease below 0.

The pseudorange P; between the rover and the transmit-
ter site can be calculated using the phase velocity cground,i
of the ground-wave with:

p; = Ip,i Cground,i (14)

However, as the R-Mode signal propagates as a ground-
wave, the phase velocity depends on the frequency and
conductivity of the ground (Guard, 1992; Wait, 1998). For
propagation over sea water we assume a phase velocity
of 299,616,913 m/s based on calculation done by GRWave
(Rotheram, 1981). This value is valid for our test area, as
we take the conductivity of the Baltic Sea as a reference.
Due to a different ground conductivity of land, the phase
velocity differs for a path over land.

If the propagation path is composed of different seg-
ments of land and sea paths then (14) is obviously wrong.
But if we assume there is little or no change in the propaga-
tion speed over land, we can use (14) as an approximation
and put the nearly constant error as an additional bias into
the calibration system bias Ogysiem,i- Another bias occurs
due to the movement of the vessel. As the estimation aver-
ages over time and the distance varies over time, our esti-
mation has a velocity-dependent bias.

4 | LEAST SQUARES

As described in Section 3, the signal propagates as
a ground-wave. Consequently, the geometrical distance
between transmitter and receiver cannot be described as
a line-of-sight distance (direct and straight line) which
is given by the classical Euclidean distance formula. For
the MF R-Mode system, the geometrical distance is given
by the so-called geodesic curve or simply geodesic (Jekeli,
2016) which describes the minimum distance between two
points on the Earth, assumed to be a perfect ellipsoid. The
WGS84 is used as a reference system in order to localize the
vessels on the sea. Given the non-linearity of the problem,
a least squares (LS) adjustment algorithm that is used to
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estimate the receiver position and clock bias as described
in Groves (2008).

The system of equations contains three unknowns rep-
resented by the user geodetic latitude ¢,,, the geodetic lon-
gitude 1,,, and the receiver clock bias 6t with respect to the
R-Mode system time. The pseudorange P that is obtained
as an output from the phase tracker, which also considers
the calibration bias, can be modeled as follows:

Pi=Pi+5t+€i (15)

where i represents the station index, p is the geometrical
distance (geodesic), and ¢ is a noise term. The geodesic
p can be computed by using Vincenty’s approach which
is based on an iterative algorithm (Vincenty, 1975). It also
provides estimates for the forward and backward bear-
ing angles that can be used to directly define the geome-
try matrix.

In general, for an over-determined system with m obser-
vations, the LS solution is (Groves, 2008; Subirana et al.,
2013):

X; = X;_; + M(HTWH) 'HTWy,_, (16)

where [ is the algorithm recursion index. x; represents the
update estimate (¢, 1, 5t)T, whereas x;_; is the previ-
ous estimate (¢, 4y, > 8t;_1)" of the unknowns. H is
the geometry matrix and W is a weighting matrix whereas
M € R33 represents a transformation matrix that can be
obtained as follows (Groves, 2008):

1/RM(¢u[,1) 0 O
M= 0 1/[RE(¢u1_1) cos ¢,1_1] 0 17)
0 0 1

with R;(¢) meridional or north-south curvature radius,
Rp(¢) transverse or east-west curvature radius, and ¢’
angle subtended by an east-west great circle that subtends a
unitlongitude change. These values depend on the latitude
of the user and are calculated as follows (Groves, 2008):

a(l —e?)
R = 18
O = 18)
Rg(¢)= —— 2 19
b= (19)
N R Y CO DR
cosd’ = 4|1 RJZE(CI’) (1 —cos? ¢) (20)

where a and e are the semi-major axis and eccentricity of
the WGS84 ellipsoid.
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In our approach, the geometry matrix H € R con-
taining the unitary line-of-sight vector components in the
navigation frame can be obtained exploiting the bearing
angle a, provided by the Vincenty formula, as (RTCM Spe-
cial Commitee 127, 2016):

cosa; sino; 1
cosa, sina, 1

H=[ S @1
cosa, Ssina, 1

In general, the weighting matrix W € R™*" takes into
account the difference in the data quality (Subirana et al.,
2013). Since the characterization of the measurements
error has not been performed for the MF R-Mode trans-
mitters, the weighting matrix is assumed to be a diagonal
matrix where all the stations are treated equally (i.e., all
values on the diagonal are set to 1). Last but not least, we
define y;_; as pre-fit residuals obtained as follows:

Pl - 151[,1
Py —po

Y1 = . o (22)
Pn - ﬁnl,l

where §; | represents the geodesic for the previous esti-
mated point to i-th station.

The algorithm presented here was implemented in
Python and integrated into the processing which is
described in more detail in Section 5.2.

5 | TEST SETUP

5.1 | Hardware
The current setup for the R-Mode positioning test is com-
prised of two main components: an R-Mode receiver devel-
oped in the German Aerospace Center (DLR; Grundhofer
& Gewies, 2018), which is able to track all MF R-Mode sig-
nals of transmitters in the service area where it is currently
located, and a Saab R5 GNSS receiver, which makes use of
the Atlas correction service, Hemisphere, to achieve a posi-
tion accuracy of 8 cm using a real-time kinematic (RTK)
positioning approach. The R5 receiver worked during the
trial in the position fixed mode such that it provided accu-
rate positioning for the calibration of the R-Mode receiver
and for the reference trajectory for later data analysis.

The current hardware evolution of the DLR R-Mode
research receiver utilizes off-the-shelf components to cre-
ate an easy-to-replicate receiver design. Figure 3 shows the
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FIGURE 3 Block diagram of MF R-Mode receiver [Color

figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

wiring of the components as a block diagram. In the first
stage, an active bandpass filter is used as an anti-aliasing
filter, which also amplifies the signal by 30 dB. In our
setup, we used a Krohn-Hite FBM3004 with a passband of
between 285 kHz to 325 kHz.

The heart of the setup is built around the Ettus X310
SDR (Ettus Research, 2019) with a LFRX daughterboard.
It is important to notice that this SDR is designed for
differential-ended or quadrature-modulated signals.

The front end described here is single-ended with coax
cable as interconnections. Therefore, each daughterboard
supports up to two separated front ends, which can be
used to compare different antennas. The sampled data of
SDR will be processed at the computer as described in
Section 5.2.

For performance tests of the R-Mode system, we utilized
an external timing source, an LL-3760 GPS timing receiver
from Lange-Electronic, that provides a pulse-per-second
(PPS) and 10-MHz signal as a time reference to the SDR.

As an antenna, we use an E-field antenna called Boni-
Whip, which is a short dipole with active matching to the
desired frequency band.

5.2 | Software
The software for processing the obtained sample is orga-
nized into four main tasks. Figure 4 shows an overview of
how each task interacts with the following one. Therefore,
each routine has a name, an input interface, and an output
interface, utilizing TCP sockets and ZeroMQ.

In the first step we have the SDR interface. This routine
controls the SDR and its functionality. All the main settings
for wiring the time source and antennas need to be defined

SDR Interface
~ SDR data stream
~ tcp socket server

Q

Phase Estimation
~ tep socket client
~ ZeroMQ publisher

Positioning

~ ZeroMQ subscriber
~ call visualization

Visualization
~ positioning data

FIGURE 4 Block diagram of signal processing chain

here. Moreover, it is necessary to choose the desired chan-
nel and sample rate.

The interface hands over the samples to the right phase
estimator. To simplify the processing, this routine creates
chunks of samples for a period of 1 s. Each chunk is times-
tamped on the first sample. The size of the chunk is cho-
sen according to the minimum observation time required
in the receiver.

The chunks are handed via a TCP port into the phase
estimation routine. Here, the phase is determined with a
parametric estimation. To deliver a phase estimation near
to real time, the execution time of any estimate is cru-
cial. Therefore, we decided to implement the FFT as phase
estimator on our current receiver design. According to
Section 2, this corresponds to a maximum likelihood esti-
mation with a bandwidth of 1 Hz for 1 s of observa-
tion time.

The cyclic nature of the R-Mode signal with its wave-
length of about 1 km leads to jumps in the estimated phase
after a few minutes of sailing. These jumps are then seen in
the form of ambiguities in distance estimates. This compli-
cates data processing when we want to reuse information
from earlier epochs. Therefore, we implemented a phase
tracking algorithm that compensates any phase jumps over
the upper or lower phase limit of our estimator.

It adds multiples of 27 to the phase estimate so that the
resulting phase never changes more then 77 from one epoch
to the next. So the tracked phase starts between 0 and 27
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but can reach very large values after hours of continuous
signal tracking.

The tracked phase needs to be corrected for any bias
described in Section 3. This bias is obtained during the
calibration step. Here, the difference of the expected phase,
which is calculated based on the known own position
(e.g., from GNSS), and the measured phase is averaged
over a defined time and taken as a bias. It is different for
every station and every continuous wave component. For
the R-Mode measurement on land, a similar approach
was proposed (Johnson et al., 2020), but they assumed a
fixed position. The obtained biases are used to correct all
future estimations.

After the calibration, GNSS data are no longer required,
as we expect that the bias is constant during our measure-
ments. The speed of light for propagation over sea water
is used to calculate a range, which is handed over in the
next processing routine. This is done by using a publisher
subscriber pattern from zeroMQ (Sustrik, 2020), as the exe-
cution time is crucial to prevent memory overflow and
the ranges drastically reduce memory consumption. The
pattern works as a buffer and enables distribution of the
ranges to different positioning algorithms in the future.

The positioning routine implements the least squares
algorithm presented in Section 4. The obtained position
and clock error is saved with a timestamp in a comma-
separated values (CSV) file and called a first visualization.
This file can be read later on by the visualization routine to
examine the data more closely and present it in an attrac-
tive way.

6 | RESULTS

In August 2020, we conducted a measurement campaign in
the R-Mode Baltic testbed with the Fyrbyggaren, a buoy-
tender vessel provided by the SMA. As described in Sec-
tion 5, the DLR R-Mode receiver and the Saab R5 GNSS
RTK receiver were set up on the ship. The DLR receiver
was continuously tracking the signals of the MF R-Mode
stations with the best signal quality while the Saab R5
receiver continuously provided a highly accurate ship posi-
tion which was used for real-time calibration of the R-
Mode receiver and as a reference for the performance
estimation of R-Mode. Furthermore, the DLR receiver
was able to perform R-Mode real-time positioning at sea.
The results of two data sets, where the ship was sailing
through the center of the testbed, are presented in this
paper.

The track of the Fyrbyggaren for both data sets are
shown in Figure 5 together with the R-Mode transmitter
sites of the three strongest signals (Holmsjo, Hoburg, and
Rozewie) in that region. The first data set is surrounded
by a white rectangle and the second by a yellow rectan-
gle. An inset shows in detail the deviation of the R-Mode-
based track in blue from the RTK track in red. There is a
gap between both data sets because we performed experi-
ments with a different sampling rate over some hours.

During the measurements, the ship was sailing for sev-
eral hours between the three transmitters, not far away
from the center between them. The horizontal dilution of
precision (HDOP) was better than 1.7 for all times which
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is a good precondition to obtain accurate position estima-
tions.

The first data set was logged for roughly 90 minutes in
the morning, about 1.5 hours after sunrise, on August 31.
Clearly visible in the inset of Figure 5, the R-Mode posi-
tion follows the RTK position with some systematic scatter
southwards as the ship was sailing at different speeds and
the sea waves were small.

The second data set was logged on the same day for
slightly less than five hours after noon. In contrast to the
first data set, the ship sailed faster and had stronger waves
from the direction we were sailing. Figure 5 shows that
the propagation path of the signals from the Hoburg and
Rozewie stations stayed most of the time over sea, whereas
for the Holmsjo signal, some variations of the signal delay
was expected because of the changing length of the land
path component.

In both cases, the three transmitters of Holms;jo, Hoburg,
and Rozewie were used for positioning with the LS
approach. Grof3 Mohrdorf, a fourth station could also be
received (see Figure 6), but due to the smaller signal-to-
noise ratio (SNR) and the fact that we do not weight the sta-
tions in our current approach, the position became worse
when including Grof Mohrdorf.

At the beginning of both data sets, an initialization over
30 s took place. For data set one, this was a quasi-static cal-
ibration and for data set two, a dynamic calibration (speed
of about 10 kn superimposed with movement of the ship
due to sea waves) to estimate the biases in the system of
transmitter, receiver, and propagation path for each CW
of all R-Mode transmitters in view. To reduce the impact
of noisy phase estimations of one CW on the position, we
always considered both CW per transmitter site in the posi-
tion estimation. We performed positioning with six tracked
signals of the three nearest R-Mode transmitters.
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FIGURE 7 (a)Horizontal position error and (b) RTK-based

speed of the ship over the time for the first data set [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

To evaluate the positioning performance of the R-Mode
receiver, the horizontal distance between the R-Mode and
the reference position was calculated and considered as
horizontal error. Of particular relevance were the maxi-
mum (€,,), mean (&) and 95 % bound (eys) of the horizontal
error which were used for performance assessment.

It is important to mention that the antennas of the R-
Mode and GNSS receiver were mounted on a horizontal
traverse at a distance of 25 cm on top of the ship’s mast.
This distance has been neglected in the initialization step
and in the performance evaluation. Therefore, a horizontal
error of up to 50 cm can be expected when the ship changes
the heading after initialization.

6.1 | Firstdataset

The first data set combines quasi-static and dynamic mea-
surements. In particular, at the beginning of the data set,
the ship was supposed to be in a static condition. However,
some movements were caused by the presence of low wind
speed and small waves. For this reason, this scenario is
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referred to as quasi-static. The second part of the measure-
ments was conducted with 5 kn speed, a scenario referred
to as low speed whereas the last part was conducted with
10 kn speed and referred to as a medium-speed condition.
The difference between the three aforementioned cases
can be seen in Figure 7(b) that presents the speed of the
ship obtained from the GNSS receiver.

Figure 7(a) shows the horizontal error of the R-Mode
receiver over the entire data set. As expected, it coincides
with the R-Mode and RTK track of Figure 5 where both
are very close together. It appears that most of the epochs
are characterized by an error significantly smaller than
10 m but the presence of repetitive spikes that overtake this
value can be noted. A few outliers with more than 20 m
are visible.

Figure 8 illustrates the pseudorange error (the difference
between the R-Mode pseudorange and RTK-based calcu-
lated range) for the three used stations and for both CWs,
designated as CW1 (low-frequency carrier) and CW2 (high-
frequency carrier). The presence of fast variations which
represent the noise on the pseudorange residual can be
noted for the three stations. This is significantly smaller
than 10 m most of the time.

On top of the noise, a small time-varying bias can be
observed for all stations, which is most likely caused by the
changes in the signal propagation path over land, which
has so far not been modeled in the receiver (see Section 3).
This assumption is justified because the bias on time scales
of several minutes is correlated for the CWs of one sta-
tion. This is expected because changes in the propagation
path affect both signals very similarly due to their nearly
identical frequencies. On the other hand, the biases are dif-
ferent among different stations due to the fact that the sig-
nals travel along different paths and therefore are affected
by distinct effects.

The pseudorange error for Holmsjo in Figure 8(a) pro-
vides the explanation for the spikes in the position error in
Figure 7(a). It shows the same pattern. Every minute, the
pseudorange error of both CWs increases for 7 s by 10 m to
15 m. Unfortunately, an explanation for this issue has not
been found.

The 95% bound for the positioning error (€95) was mainly
driven by the spikes of the Holmsjo pseudorange error.
This caused a significant error in about 12% of the epochs
and was independent of the speed of the vessel. g5 is very
similar for the three phases of quasi-static, low speed, and
high speed with 10.3 m, 7.5 m, and 7.6 m, respectively.

The decrease of €95 for the dynamic phases can be
explained with a decrease of the Holmsjo pseudorange
error (see Figure 8) caused by the superposition of the
spikes and a negative bias for the time after 5:39 UTC (see
Figure 8), which was caused by changes in the propagation
path over land. For the entire data set, g5 is 8.4 m, which is
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FIGURE 8 Pseudorange residuals of the first data set for (a)

Holms;jo, (b) Hoburg, and (c) Rozewie [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com and
www.ion.org|

better than the requirement for navigation support of port
approaches. Fixing the Holms;jo issue should considerably
improve the performance.

The mean error é is a better measure for the R-Mode per-
formance in this case, because it is not only affected by the
Holmsjo issue. It reflects more than the noise of the pseu-
dorange estimations. With 3.9 m, 3.4 m, and 3.5 m for the
quasi-static, low-speed, and high-speed phases, and a value
of 3.7 m for the entire data set, it is considerably lower than

€95.
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FIGURE 9 (a)Horizontal position error and (b) RTK-based
speed of the ship over the time for the second data set [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

The maximum error ¢€,; reflects the outliers in the R-
Mode positioning. It is 18.1 m for the quasi-static, 44.7 m
for the low speed, and 27.1 m for the medium-speed phase
of the experiment. The outliers are caused by jumps in the
phase of the CW for a single station [see Figure 7(a) and
Figure 8]. Such errors might be suppressed when pseu-
doranges with unrealistically large jumps are excluded
from positioning.

6.2 | Second Data set
The second data set refers to a purely dynamic test in which
the vessel was traveling with a speed of 10 kn and was expe-
riencing adverse weather conditions with strong waves.
This is visible in Figure 9(b), which shows the speed of the
vessel obtained with the GNSS receiver. A higher variance
of measurement, induced by the heavy sea-waves, can be
observed when compared with Figure 7(b) where the same
scale is adopted.

Figure 9(a) illustrates the R-Mode horizontal position
error. An error smaller than 20 m characterizes most of the
epochs and the presence of the repetitive spikes can also be
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FIGURE 10 Pseudorange residuals of the second data set for
(a) Holms;jo, (b) Hoburg, and (c) Rozewie [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

observed in this case. Compared to 7(a), a time-varying bias
can be noted which causes a larger error from 10:20 to 11:15
and from 13:00 up until the end of the experiment. This
strong bias is mainly induced by Holmsjo, as we see later.

Similarly to the first data set, Figure 10 presents the
pseudorange residuals for the CWs of the transmitters.
Hoburg [see 10(b)] was very stable during the measure-
ments with a final small negative bias of approximately
5m. Rozewie [depicted in Figure 10(c)] was also very stable
but the noise level was slightly higher compared to Hoburg.
As explained previously, the stability of these two stations
comes from the fact that the signal traveled mostly over
the sea.
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propagation delays caused by changes of the ground
conductivity between transmitter and receiver (ground
conductivity) would decrease the position error. Such an
approach is known from the eLoran system (Hargreaves

The two analyzed experiments show that MF R-Mode

GRUNDHOFER ET AL.
TABLE 1 Horizontal error performance evaluated for the two
data sets
Data € [m] €95 [m] ey [m]
Set 1 (Q-Static) 3.9 10.3 18.1
Set 1 (Low) 3.4 75 44.7 etal., 2012).
Set 1 (Medium) 3.5 7.6 27.1
Set 2 5.2 12.0 20.2

On the contrary, for Holmsjo [Figure 10(a)], the bias was
strongly influenced by the land path component which was
fluctuating severely during the movement of the vessel and
induced an offset increase from 9:00 to 11:00 UTC and a
decrease from 11:00 to 13:30 UTC. The repetitive spikes are
clearly visible.

The 95% horizontal error was driven primarily by the
spikes, as explained in Section 6.1. In this experiment eys
was 12.0 m, which is slightly higher than the first data set
value, but it is mainly due to the effect of the bias caused by
Holms;jo. For the same reason, the mean horizontal error €
was-at 5.2 m-also larger. These results were expected due
to the larger variation in the ship’s position during the 5 h
time period and the uncompensated effect of the ground
conductivity changes.

The maximum horizontal error €,;, which can repre-
sent outliers, was 20.2 m. Compared to the first data set,
jumps were not visible for all transmitters (see Figure 10)
and therefore no considerable outliers could be identified.

6.3 | Performance Summary

The results of the performance obtained in the daytime
measurement campaign in the center of the testbed are
summarized in Table 1. In general, the difference between
the two data sets, which deviates in the averaged speed of
the ship and the additional movement due to waves, is only
small. With an average horizontal position error of 5.2 m
and a 95% error of 12.0 m, it is highest for the longest data
set where the ship’s movement was also most dynamic.
The reason for the higher error is most likely due to the
lack of compensation for the change in the land propaga-
tion path for the Holmsjo signal.

The maximum position error was obtained with 44.7 m
as an outlier. Several outliers were recognized which have
no significant impact on the 95% error because they are so
rare. The technical issue at the Holmsjo transmitter did,
however, cause an increase in the position error in 12% of
the epochs.

We expect that the R-Mode positioning performance
can be significantly improved when the technical issue
of the Holmsjo transmitter is solved. Furthermore,
applying compensation techniques for changes in the

has the potential to serve the mariner with position infor-
mation suitable for coastal navigation. Even the 10 m limit
for port approaches and navigation in restricted waters
requested in the ITALA Recommendation R-129 (TALA,
2012) appears to be reachable.

Please note, this study does not claim to fully represent
the MF R-Mode performance under difficult conditions. It
does not cover sky-wave-induced fading during the night
and stronger variation of the land-sea path. The geometry
was always good (see Figure 5).

7 | CONCLUSION

R-Mode is a navigation system under development. It con-
sists of land-based infrastructure, as it was deployed in the
R-Mode Baltic testbed, and an R-Mode receiver as a ship-
site component, which is described here together with the
results of the first sea trials in the testbed.

The paper gives an overview of the R-Mode receiver
implementation of the German Aerospace Center. It shows
in detail the implemented estimation theory for the phase
of the continuous wave signal components based on an
FFT approach, which enables an efficient track of an
unlimited number of R-Mode signals in real-time. Fur-
thermore, it introduces our approach for real-time cali-
bration of the receiver under dynamic conditions and a
2-dimensional real-time single-point positioning approach
which considers the ground-wave propagation of the R-
Mode signal.

With the introduction of the R-Mode receiver, it has
become possible to perform MF R-Mode-based position-
ing at sea for the first time. Under good conditions, we
achieved a 95% real-time position accuracy of 12.0 m. This
is in line with the requirements for a navigational backup
system for a coastal area and nearly meets the require-
ment for port approaches and restricted waters as defined
by IALA.

A detailed analysis of the pseudoranges showed that
technical problems at one station and uncompensated sig-
nal delays caused by changes of ground conductivity over
time are major sources of error in the measurements. Mit-
igation of both effects should increase the performance.

Our future work will require a better characterization of
the error sources presented in this paper, including system
bias, sky-wave interference, and propagation path. More-
over, we want to use the phase difference to solve the
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ambiguities in the pseudorange due to the cyclic nature of
R-Mode signals.
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