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R-Mode: Eine Alternative zu globalen Satellitennavigationssystemen fiir die terrestrische
Navigation bei mittleren Frequenzen
Technische Universitat limenau

Positions- und Zeitangaben sind flir unser tagliches Leben in der heutigen Gesellschaft von grundlegender
Bedeutung. Sie werden in vielen Anwendungen genutzt, z. B. in Telekommunikationsnetzen, Stromnetzen
und naturlich in allgemeinen Navigationsanwendungen. Heutzutage werden diese wichtigen Informationen
hauptsachlich von globalen Navigationssatellitensystem abgeleitet. Aufgrund der geringen Signalstarke
sind diese Signale anfallig fir Stérungen und Spoofing. Als Gegenmallinahme werden Backup-Systeme
bendtigt. R-Mode ist ein solches System, welche fiir den Einsatz im maritimen Bereich entwickelt wird.
Bestehende Sendeinfrastrukturen werden genutzt, um ein modifiziertes Signal zu Ubertragen, welches eine
Entfernungsmessung und bei ausreichender Anzahl von empfangenen Stationen zusatzlich eine
Positionsbestimmung ermdglicht. Das Ziel dieser Arbeit ist es, den Prototyp eines Empfangers fur die
modifizierten Signale zu entwickeln, die auf der Mittelfrequenzen Ubertragen werden.

Um dieses Ziel zu erreichen erweitern wir im ersten Schritt die bestehenden Beschreibungen des
Mittelfrequenz R-Mode-Systems, indem wir die verschiedenen Verzerrungen in der Sendekette und der
Ausbreitung untersuchen. Dieses Wissen ist fur die Entwicklung unseres R-Mode Empfangers von
grundlegender Bedeutung, da der Empfanger diesen Einfluss abschwachen muss. In einem zweiten Schritt
leiten wir die theoretischen unteren Leistungsgrenzen des Systems ab, die fir die Vorhersage der
Abdeckung fir das R-Mode Baltic Testbed verwendet werden. Die abgeleiteten Grenzen werden
auflerdem verwendet, um die Leistung verschiedener Schatzer fiir das R-Mode-Signal zu testen.

Auf Grundlage der Schatzung entwickeln wir einen auf Software Defined Radio basierende Empfanger,
der in der Lage ist, eine Echtzeitschatzung der Position durchzufiihren. Verschiedene
Hardwarekomponenten werden charakterisiert, um eine optimale Leistung und Integration in der
entwickelte Empfangersoftware zu gewahrleisten. Das Ergebnis sind Module, die frei kombiniert werden
kénnen, um den Empfanger fur eine bestimmte Aufgabe anzupassen.

Fir einen ersten Prototyp haben wir Messkampagnen durchgefiihrt, um reale dynamische und statische
Positionierungsergebnisse zu erhalten. Wahrend unserer Versuche konnten wir die erste
Positionierungslésung im Fernfeld des R-Mode-Senders prasentieren

Im letzten Teil dieser Arbeit haben wir unsere Ergebnisse und Erfahrungen genutzt, um weitere
Verbesserungen des Signals vorzuschlagen, die durch Simulationen verifiziert wurden.



R-Mode, GNSS, Navigation, Positioning, PNT, CRB, Medium Frequency Receiver

(Published in English)
Lars Grundhofer
German Aerospace Center (DLR), Institute of Communications and Navigation, Location
Neustrelitz

R-Mode: An Alternative to Global Navigation Satellite Systems for Terrestrial Navigation
at Medium Frequencies
Technical University limenau

Positioning and timing information is fundamental for our daily lives in today’s society. Our society uses
this information in many applications such as telecommunication networks, energy grids and general
navigation applications. Today this crucial information is mainly derived from the global navigation satellite
system. Due to the low signal strength, this signal is prone to jamming and spoofing. Therefore, we need
backup systems as countermeasures. R-Mode is such a system under development for use in the maritime
domain. We utilize existing transmitter infrastructure to transmit a modified signal that enables ranging,
and, if a sufficient number of stations is received, positioning. Our goal in this thesis is to develop a
prototype receiver for the modified signals transmitted at medium frequencies. In a first step, we extend
the existing descriptions of the Medium Frequency R-Mode system by exploring the different biases
introduced in the transmitter chain and propagation. The knowledge is fundamental for our development
as any solution needs to mitigate this influence. In a second step, we derive the theoretical lower
performance bound of the system, which we use for a coverage prediction for the R-Mode Baltic test-bed.
We use the derived bounds further to test the performance of different estimation approaches on the R-
Mode signal.

Around the estimation, we design a software-defined radio-based receiver that can perform real-time
positioning estimation. We characterize different hardware components to ensure the best performance
and integration in the developed receiver software. The results are modules that can be freely combined
to fit the receiver for a given task. For a prototype, we conducted measurement campaigns to generate
real dynamic and static positioning results. During our trials, we delivered the first positioning solution in
the far field of the R-Mode transmitter. In the last part of this work, we used our results and experience to
suggest further improvement on the signal verifying with simulations.
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INTRODUCTION

Position Navigation and Timing (PNT) is an important asset in today’s society, often unno-
ticed by its users. Applications range from our daily communications over financial transac-
tions to the supply of essential commodities. Failure affects both the economic and private
sectors. Currently, information comes from satellite systems that differ in their global or re-
gional coverage. The former are collectively known as Global Navigation Satellite System
(GNSS) and include the American Global Positioning System (GPS) [17], the European
Galileo [18], Russian Global Navigation Satellite System (GLONASS) and Chinese Bei-
Dou Navigation Satellite System (BDS) [19]. Regional systems include Indian Navigation
Indian Constellation (NavIC) [20] and the Japanese Quasi-Zenith Satellite System (QZSS)
[21].

The United States of America (USA) Cybersecurity & Infrastructure Security Agency
(CISA) lists as an example 10 critical infrastructure sectors and highlight especially com-
munications, transportation and water and wastewater systems[22]. Moreover, they show-
case what impact a not properly provided PNT information can have.

"On April 6, 2019, a $500M radio system supporting New York City gov-
ernment operations crashed and remained offline for days due to improperly
configured GPS receivers. On that same day, dozens of international flights
were canceled due to the same configuration error."[22]

(CISA)

But not only miss-configuration of the receiver can influence the availability and qual-
ity of PNT. Due to the low signal strength, today’s satellite systems are prone to intended
spoofing and jamming[23]. Even unintended natural interference can decrease the perfor-
mance [24]. For some cases, an optimized GNSS receiver or antenna can mitigate the issue,
but still, there is a risk. For the aerospace and maritime domain, Bhatti and Kerns showed
successful spoofing attacks in the past [25, 26]. Widespread jamming in South Korea is
also a well-known issue [27] and gets featured in the public press [28]. Moreover, the
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2 1. INTRODUCTION

United States Coast Guard Navigation Center (NavCen) collects reports of interference and
publishes them regularly [29].

Because our daily lives rely so heavily on PNT, there is also a high level of political
interest the USA passed executive order 13905 in 2020 to research alternative systems [30].
This thesis focuses on the work of such an alternative system called Ranging-Mode (R-
Mode).

R-Mode is based on existing maritime infrastructures but is not limited to use in the
near-water environment. It continues a long line of terrestrial navigation systems for ship-
ping, on whose infrastructure it is still indirectly based. Other systems like Decca [31],
and Loran-C [32] are not able to provide the needed information anymore in Europe, as the
responsible operators shutted the transmitters down [33].

Howeyver, there is still a clear awareness in the maritime world of the need for reliable
PNT information.

"Golden rule

Never trust a position gained by only one means. Good navigators are always
looking for ways to validate their position. This does not change in the age of
GNSS."[34]

(The Nautical Institute)

Different organisations worldwide work actively on eLoran, a successor to Loran-C
[35, 36]. Grant et al. showed that GNSS outage have a significant effect on maritime safety
[37]. On the vessel’s side, various systems are affected like DGPS receivers, the Automatic
Identification System (AIS) transponder, the dynamic positioning system, gyro calibration
system and digital selective calling system, autopilot [37, 25].

In the tradition of terrestrial navigation and the urgent need for reliable positioning,
the idea of R-Mode was born [38]. Johnson and Swazek showed the feasibility of the
system in the ACCSEAS project [39, 40, 41]. The original idea was to modify the marine
radio beacons and AIS base stations operating in the Very High Frequency (VHF) and
Medium Frequency (MF) band to transmit synchronized range signals and combine them
with eLoran when required. Current research concentrated on VHF Data Exchange System
(VDES) over AIS[42, 43].

The accuracy of the complete system is following International Association of Light-
house Authorities (IALA) recommendation R-129 [44], specifying a minimum accuracy of
100 m for coastal navigation and 10 m for port approaches and navigation in restricted wa-
ters. The IALA derives these figures from the International Maritime Organisation (IMO)
requirements for a future GNSS [45] and current global radio navigation systems for the
same areas of application [46].

In this thesis, we concentrated on the Differential Global Navigation Satellite System
(DGNSS) maritime radio beacon service, which was developed in the late 1980s and es-
tablished in the early 1990s [47]. The original goal was to minimize the error introduced
by Selective Availability (SA) in GPS, which limited GPS accuracy to 100 m for civil use
cases [48]. Therefore, DGNSS messages, as defined in the Radio Technical Commission for
Maritime Services (RTCM) standard [49], were broadcast on the infrastructure of the exist-
ing maritime direction finding service. The DGNSS service was designed not to interfere
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Figure 1.1: Testbed R-Mode Baltic: MF station operated in February 2021.

with existing equipment using the same infrastructure [50]. However, the direction-finding
beacon service is no longer available today.

With the increase in accuracy of GPS, the deactivation of SA [48], and the availability
of more GNSS systems, the DGNSS service cannot improve accuracy as much as in the
past and is now mainly used for integrity checking. This leads to a natural evolution of
the system by adding the possibility of range estimation. The current change adds two
Continuous Waves (CWs) that are time-synchronized across all stations so that we can
derive ranges from the phase estimates on the receiver side, while maintaining the legacy
use [39].

In the R-Mode Baltic project, a testbed for MF R-Mode consisting of eight stations in
Sweden, Denmark, Poland, and Germany was established [51]. In Fig. 1.1 we see the
operated stations as of February 2022. We want to highlight that not all transmitter were
functional during our trials. Therefore, the used transmitters might change slightly.

R-Mode as a system under development has plenty of possibilities to contribute to in-
creased the performance of the service, which we want to investigate in this thesis. At the
beginning of our work, the potential performance was already well explained, and Hoppe
conducted the first pseudo-range measurements. However, we identified a incomplete de-
scription for the wave propagation and transmitting error. Moreover, no MF R-Mode re-
ceiver was available to provide a positioning solution. The main contribution of this dis-
sertation is the conception, design and practical verification of a Medium Frequency (MF)
R-Mode receiver that can perform positioning in real-time.

Therefore, we must determine the error influences on the phase at the transmitter, at
the receiver and during propagation. On the other hand, we focus on phase estimation and




4 1. INTRODUCTION

which disturbances we need to consider to get the best results. Due to the gained experience,
we develop modifications on the signal level to further improve the performance. Based on
our work, we were able to demonstrate the first R-Mode position solution under realistic
conditions. Our first approach already meets the requirements for coastal navigation [2].

Following the idea of describing and defusing problems, starting from the transmitter
to the receiver, we structure the work as follows:

We give an overview of the current MF R-Mode signal and what errors we need to
consider in Chapter 2. We have adapted several general theoretical approaches to R-Mode
to describe the behaviour of the whole system, which remained undescribed in other related
works. To document this in reality, we have carried out measurements and described some
characteristics of different transmitters in more detail. Based on this study, we provide
descriptions of previously unknown transmitter offsets.

In Chapter 3, we derive the Cramer-Raé Bound (CRB), taking the complete R-Mode
signal into account, to give an estimate of the performance that we can potentially archive.
We show a first application example of the bound, in which we compare the results for a
coverage estimate and show the expected position accuracy in the Baltic Sea region. With
this result, the thesis contributes an important decision-making tool for the overall system
design.

As a first step in developing the actual receiver, we describe the Maximum Likelihood
(ML) estimator and its efficient computation as Fast Fourier Transform (FFT) for our prob-
lem in Chapter 4. Furthermore, we show how this estimator compares to the previously
derived CRB. Based on these findings, we describe two different Least Square (LS) ap-
proaches and how they compare to the ML. Independently, we also describe the simple
positioning algorithm we use to achieve the first results. The main challenge we solved in
this chapter is to find an optimized estimator for the MF R-Mode signals.

Consequently, we describe the needed hardware for our development in Chapter 5. Here
we first clarify which properties the various components require and characterise them with
measurements. On this basis, we design three hardware configurations for different pur-
poses and different price ranges. Afterwards, we describe the software, enabling users to
provide real-time results. With this chapter, we showcase the feasibility of R-Mode even
without laboratory-grade equipment.

In Chapter 6 we contribute, real-time positioning utilizing the ML for two maritime
scenarios. Moreover, we study the long-term behaviour of the phase for static installations
and show the advantage of a LS estimator over the initial approach.

Based on the gained experience, we suggest optimization of the current R-Mode design
by adjusting the bit sequences, changing the modulation and a complete redesign of the
band in Chapter 7. Therefore, the thesis contributes first ideas for further developments of
MF R-Mode.



SYSTEM DESCRIPTION

To develop a R-Mode receiver and improve the overall performance of the system, a de-
tailed description of the current state is essential. Since R-Mode is a new system, we have
to develop an initial specification in this chapter. We aim to qualitatively motivate the var-
ious error influences to account for our subsequent developments of the R-Mode medium
frequency receiver. We give quantitative values wherever it is possible for us through mea-
surements.

In Section 2.1 we describe the current R-Mode signal first presented by Johnson and
Swazek [52, 39]. We extend the existing work with a signal model and describe how we
can obtain range measurements from the signal. In 2.2 we specify the influence of the
propagation path on the system described in the measurements of Johnson [53]. Johnson
[39, 53, 54] also presents how the R-Mode signal is generated at the station. But his de-
scription neglects the propagation delay within the station, which introduces a bias in the
distance estimate. To address this problem, Section 2.3 introduces the different components
of the transmitter chain and the necessary modifications to upgrade it to an R-Mode trans-
mitter. Consequently we present initial characterisations and errors of the main components
of this chain. We also present the variety of components that we are facing by retrofitting
the system R-Mode into the existing infrastructure. Furthermore, in Section 2.4, we give
recommendations on how these faults are considered in an operational system based on the
descriptions.

2.1. CURRENT R-MODE SIGNAL

The current suggested R-Mode signal needs to fulfil the legacy use of transmitting RTCM
messages [55]. The International Telecommunication Union (ITU) defines the broadcast
of marine DGNSS radio beacons in Recommendation M.823-2 of the ITU [56]. Accord-
ing to this, the code-differential corrections for GNSS is modulated as a Minimum Shift
Keyed (MSK) signal with a carrier frequency in the band from 283.5 kHz to 315 kHz and
bandwidth of 500 Hz in Europe. For North America, a band between 285 kHz to 325 kHz is
used with a bandwidth of 1000 Hz. The operator can choose the bit rate between 50, 100,

5
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200 bits/s. In this work, we will concentrate on the 500 Hz bandwidth at 100 bit/s as this is
currently implemented in the Baltic sea testbed.

The MSK signal at the carrier frequency f; is placed at the centre of the R-Mode signal
with an amplitude Aysk. This component for a single bit duration can be described as

. Tt

smsk (1) = Amsk sin(w £ + by + Pmemory)- (2.1)
2 Tt

Here, b; describe the transmitted bit at time ¢, Ty;; 1s the time duration of each bit, w, is the
corresponding circular carrier frequency wc = 27 fe and @memory denotes the phase memory
of the MSK to maintain the phase continues behaviour of the modulation [57].
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Figure 2.1: Spectra of the simulated R-Mode signal at 303.5 kHz for 1 s at sample rate of 1 MHz. CW1 and CW2
point to the upper and lower tone, with the MSK pointing to the signal due to modulation.

There were initial considerations to synchronize the bit transitions of the modulation be-
tween the different stations to enable distance measurements with the legacy signal. How-
ever, it became apparent that the estimation of these transitions on the receiver side did not
meet the accuracy requirements [39].

Instead, it was proposed in [39] to place CWs as aiding carriers in the zero crossing of
the power density spectrum of the MSK modulation. The phases at the full second of these
additional signals, also called tones, are synchronized and enable a likewise synchronized
receiver to obtain the distance by estimating the phase offsets ¢, and ¢- of the tones in each
channel. In this work, we use the acronyms lower frequency Continuous Wave (CW1) and
higher frequency Continuous Wave (CW?2) to refer to the tone we are discussing. As CW1
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and CW2 use a common time source for all stations, synchronization of the receiver can be
done within the R-Mode system when multiple stations are received.
Mathematically, the CWs can be described with amplitudes A; and A; as

scwi () = A; sin(w; £+ 1), (2.2)
scw2(8) = Az sin(wa £+ @2). (2.3)

The frequency of the tones fi, f» are expressed by the circular frequencies,

w1 = 27Tf1, (24)
w2 =27 f> (2.5)

chosen to be placed in the fourth zero crossing on both side of the MSK power spectrum.
For the case of 500 Hz bandwidth with a bit rate of 100 bit/s this leads to f; = f, —225
and f1 = f; +225 [39]. The choice of this frequency compromises the frequency distance of
both estimations limitedness of the channel. Combining (2.3) and (2.1) we obtain the signal
model as

Scomplete () =A1 sin(wy £+ ¢1)

. Tt
+ Apmsk sin(we t + by

+ Pmemory) (2.6)
bit

+ Az sin(ws £+ @2).

Based on this model, we build a simulation environment in Python [58], which is used
in the further course of this thesis. Fig 2.1 shows how the R-Mode signal should look like.
The resulting spectra are an output of our simulation environment. We can identify the
different signal components. However, since we add noise, the zero crossings described
before cannot be seen.

2.1.1. DERIVING RANGES

For the system, it is essential to derive a range out of the phase estimation. Therefore, in the
first step, we calculate the propagation time #,; of the signal between the transmitter and
the receiver, which is obtained for each tone i by

Pi
27 f;
Considering the speed of light in vacuum ¢o, we can calculate the pseudo range ry, ; as

Ipi = 2.7)

I'p,i = Ip,i Co- (2.8)

The above-presented calculations are valid for an ideal system.

However, due to the cyclic nature of the phase, the range estimate is ambiguous with the
wavelength, meaning for R-Mode that we can only estimate the absolute range in around
1 km distance around the transmitter. To overcome this issue, Johnson suggested using
the difference frequency of both tones, which has a larger wavelength [39]. So, we need
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to calculate the so-called beat frequency fpear, Which is the lower tone obtained from the
multiplication between higher and lower CWs. We then use the phase of the resulting
frequency to remove the ambiguities. For simplicity, the phase derives from the difference
between the different estimates. In the specific case of the Additive White Gaussian Noise
(AWGN), by mixing the signal the overall noise variance is doubled. Moreover, the range
error scaled directly with wavelength which is strongly enlarged. Moreover, each error
leads to an increased deviation due to the larger wavelength. Another possible approach is
to start on an initial position and track the phase wrap to derive an offset.

This approach needs to address several biases, which we describe as accumulated phase
offset ¢pias according to

Pbias = Ptransmitter T Ppropagation T Preceiver- (2.9)

The first error source is the phase variety of transmitter chains, as each of them leads to
an individual phase offset @ansmitter Which we describe in more detail in Section 2.3. The
next cause of the error is the propagation path phase bias @propagation described in Section
2.2, which we either see as a change in speed of light or a phase offset. The last error is
the receive phase offset @receiver» Which we describe in Chapter 5. Our receiver needs to
know all the biases to add them as a correction term to our estimate and provide an abso-
lute distance determination. However, it was not possible to characterize all transmitters
during this work. Therefore, a calibration measurement was conducted for the field tests as
described in Chapter 6.

2.2. PROPAGATION

Electromagnetic waves can propagate in different ways. For the frequency range relevant
in this work, two propagation modes dominate the transmission between the R-Mode trans-
mitter and the receiver. As sketched in Fig. 2.2, the received signal is being affected by
multipath effects. Not only does this influence the amplitude but also the phase of the re-
ceived signal. Combined with the characteristics of the individual paths, the overall result
is the phase offset @propagation. Consequently, this leads to reduced accuracy and needs to
be mitigated.

2.2.1. GROUNDWAVE

The groundwave is the propagation path whose length we want to estimate to obtain a
range. For this propagation mode the wave follows the curvature of the earth, which al-
lows increased range compared to a line of sight propagation, but need to be considered
in the positioning solving. The finite conductivity of the soil must be taken into account
in wave propagation, as it affects the phase delay. Therefore, we qualitatively describe the
propagation as introduced in [59].

The Cartesian coordinate system with X, y and z coordinates spans our space. A per-
fect conducting plane is specified in the x-y direction, as shown in blue in Fig. 2.3. A
wave propagating in the x-direction produces an electric field (E-field) perpendicular to
this plane. The corresponding magnetic field (H-field) component lies in the plane and in-
duces a surface current density in the direction of propagation. If we now assume a finite
conductivity for the surface, we must consider the penetration depth of the skin
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R-Mode Transmitter R-Mode Receiver

Figure 2.2: MF propagation paths.

6=/ 2 . (2.10)
wHoY

Here, w denotes the circular frequency, o the magnetic permeability and y the electrical
conductivity of the plane.

Due to this effect, the x-components of the E-field and the H-field are only partially
in-phase and cause energy flow into the plane. As we see in Fig. 2.3, the initially vertically
oriented electric field tilts in the direction of propagation, and the initially vertical phase
fronts curve near the ground with a component of the active energy fluxes into the ground.
Due to this ground absorption, the field strength and the radiation density decrease towards
the surface. Thus, the vertical directional diagram of a transmitter antenna near the ground
becomes more and more constricted with increasing distance from the transmitter.

The explained model is a qualitative description of the influence of soil conductivity on
the phase front, which we need to consider in the distance estimation in R-Mode. However,
the bias strongly depends on the propagation path of the signal.

Furthermore, we express how the phase offset is to be considered in the position solution
to improve the accuracy. A widely used description introduces a propagation function F(r)
for the electric field. With this function, the E-field E,, with distance r, is described as

Eoz = Eo F(r), (2.11)
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)

Figure 2.3: Field vector E and phase front over finite conductive plane.

with Ej the field for free-space propagation of distance r. As we are interested what is
the phase contribution ®popagation Of the propagation distance we need to evaluate

(Dpropagation =arg(F(r)) (2.12)

Wait obtained the propagation method with different methods [60]. However, we have
shown that for the R-Mode system, we gain good results when we use a combination of the
so-called Sommerfeld approach for a short distance up to 15km and the residual approach
for long distances. Furthermore, we have only shown propagation over a homogeneous
surface, but in reality, the propagation path is composed of different parts with different
conductivity. The Millington method combines the different segments [61], enabling a
more precise calculation of the path offsets. We assume the effect to be constant over
time, as the information of the ground conductivity doesn’t change. However, in reality,
the conductivity of the soil can vary due to weather conditions. During daytime, we only
consider the groundwave propagation for the phase bias @propagation-

2.2.2, SKYWAVE

Skywave describes propagation paths that are not influenced by the absorption and curva-
ture of the earth. In general, the wave propagates near the ground. For certain frequencies,
fi, the waves can be refracted or reflected towards the earth in the ionosphere, introducing
additional propagation paths. Here, the plasma frequency f, of the different ionospheric
layers describe the overall effect. For f; < f,, the waves are also reflected back to earth at
perpendicular incidence. For f; > f, we need to consider the critical angle of total reflec-
tion. The ionosphere reflects the incident wave when the angle of incidence is smaller than
the critical angle. However, if the angle is greater than the critical angle, the wave enters
the plasma and is diffracted and attenuated accordingly [59]. We observe all these effects
on the receiver side as an additional propagation path that overlaps with the groundwave
path and affects the resulting accuracy of the estimate.
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Figure 2.4: Minimum height of E and F layer between 4:00 and 18:00 of the 24th of August in Juliusruh

In the frequency band between 283.5 kHz and 315 kHz, we assume that the E or F layer
reflected the wave at around 200 km height. The actuall reflection depends on the angle
of the incident and the past solar activity. During daytime, the E and D layer has formed
below the F layer due to solar activity. We observe this behaviour in Fig. 2.4, derived from
the Global Ionospheric Radio Observatory (GIRO) database [62], for the E and F layer.
The plot shows the derived virtual height of the E layer as orange and for the F layer as
a blue line for the 24" of August 2020 from 4:00-18:00. The values are derived from the
ionosonde station at Julisruhe, on the Baltic coast near the R-Mode testbed, which provides
data only for this time frame and not for the D layer. As the sun has a hugh impact on the
layer ot the ionosphere, we indicate the sunrise with a red vertical line.

We observe that the minimum height of the E layer is taller during nighttime and starts
to decrease about one hour before sunrise. The D layer grows due to the sunlight, and the
same applies to the D layer and dampens the reflection path considerably during daytime.
This effect occurs before sunrise, as sunrise is defined as the time when the sun crosses
the horizon. However, the energy of the sun is already remarkable before this point and
influences the ionosphere [59, 14].

For the F layer, we can observe that the layer is present over the whole day but is less
stable than the E layer. The minimum height is around 200km, with high volatility between
7:00-13:00. We can see if the skywave path is not damped and reflected at such a layer that
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the path also becomes unstable and will change accordingly with a phase offset gy, and
Psky,- The signal model of the CWs is extended to describe the multipath as

SCW1 sky (1) = Ay sin(wy £+ @1) + dcwi Ay sin(wy £+ @1 + Pgky,), (2.13)
SCW2 sky (1) = Az sin(wa £+ @2) + dcwz Az sin(wz £+ @2 + Pgky, ). (2.14)

Here, dcw and dcw represents the damping factor for the multipath, with respect to
the ground path. During daytime, the values are near or equal to zero so that the influence
of the multipath is not recognizable. It is also important to notice that the skywave is only
an issue if we receive the signal at distances larger than 80 km, due to the given geometry.
However, to ensure high performance of the R-Mode system at all times, we must also take
this effect into account.

2.3. TRANSMITTER CHAIN

~

R-Mode Modulator

A

&)

ATU Antenna
Outside Equipment

Amplifier

I
JLG

Figure 2.5: Block diagram of R-Mode Transmitter Chain.

The transmission chain is the infrastructure that makes positioning with R-Mode pos-
sible in the first place. One of the main features of MF R-Mode is the reuse of existing
broadcast infrastructure. Therefore, each chain uses different components, which each in-
fluences the phase.

Fig. 2.5 describes the generalised transmitter chain of a station, starting with the signal
generation, an amplifier stage to the external devices consisting of the antenna tuning unit
(ATU) and the actual antenna. Since these components were not designed to provide syn-
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chronized signals for ranging within the system, we must consider each as a source of error
for R-Mode, which accumulates to the phase offset ¢ansmitter according to

Ptransmitter = Psignal T Pamplifier + Pantenna (2.15)

Therefore, we would like to assess the phase offsets @gjona from the signal generation,
@amplifier from the amplifier and @antenna from the ATU and antenna. Furthermore, we want
to show which characteristics are required to achieve the best possible performance for
R-Mode.

2.3.1. SIGNAL GENERATION

In this section, we describe how the transmitting station generate the R-Mode signal repre-
sented in Section 2.1 . The IALA recommendation describes two possible configurations
for generating the R-Mode signals.

The first method retains the existing MSK modulator and adds an external signal gen-
erator to produce the added tones. We show in Fig. 2.6 the implementation sum of the
modulated signals and the subcarrier to the output signal.

The continuous wave generator needs an external time source to synchronize different
transmitters. This is the disadvantage of this method because only the subcarrier is synchro-
nized, but the MSK modulation remains unsynchronized. Therefore, the receiver cannot use
the modulated part later to obtain additional distance information. Moreover, the signal is
synchronized at the output of the signal generator. Therefore the cable for interconnections
and the combiner adds a delay which accumulates to the phase offset @gjonar.

DGNSS Message Source ~ MSK Modulator

S —

~

Signal Output .

N

\/'\
==
Time Source CW Generator

Figure 2.6: R-Mode signal generation with external tone generation.

The second method uses a special R-Mode signal generator that combines the MSK
modulator and the generation of the subcarrier in one device. Such an R-Mode generator
that produces the complete signal as output requires an external source for time and the
DGNSS messages. We show the basic setup in Fig. 2.7. With this configuration, it is
also possible to synchronize the MSK signal. Furthermore, this approach can significantly
reduce the number of components, as can be seen by comparing the setup in Fig. 2.6 and
Fig. 2.7. As a result, the generator saves maintenance fees, the cost of equipping new
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stations and the introduced phase bias @gjona;. However, a mismatch is still present due to
connection to the amplifier and production fluctuation, which leads to a leftover @g;ignar.

Time Source

b

Signal Output
R-Mode Modulator >

AN

&)

DGNSS Message Source

Figure 2.7: R-Mode signal generation with integrated signal generator.

2.3.2. TRANSMITTER

In the following section, we describe the amplifier of the DGNSS transmitting station. As
a non-linear component, it influences the phase and thus the estimated propagation time,
which we take into account as @amplifier- As with all parts of the transmit chain, many
different amplifiers are used. Class A amplifiers are installed in older stations, while class
D amplifiers often operate in modern stations. We show the influence of a Class A amplifier
on the time delay of the R-Mode signal. Furthermore, we describe why using a Class D
amplifier can be problematic.

AMPLIFIER DELAY

We had the opportunity to characterize the Class A amplifier in the transmitting station
Koblenz. The specification was to use widely available measurement devices. Instead of
using vectorial measurements, we compared the time series of different test signals before
and after the amplifier, using only a signal generator and an oscilloscope for this character-
ization. We published the measurements and results first in [9].

The basic idea is to send a pulsed test signal through the amplifier as a DUT and a
direct path to a two-channel oscilloscope. We store the measurement of both channels and
correlate the inputs with each other. If we calculate the peak of the correlation in the time
series, we get the value of the time delay in the amplifier.

Tab.2.1 summarises the results for different frequencies. The first column lists the fre-
quency of the test signal, while the second column gives the corresponding absolute time
delay when using a pulsed signal. The third column shows the time delay calculated ac-
cording to (2.7) when we use a continuous wave signal. This change to a continuous signal
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Table 2.1: Measurement results for different test cases evaluated with correlation

Frequency Time Delay ~Ambiguous Range Error

302.5kHz 4.42 us 1.11 s 333m
325.0 kHz 4.40 ps 1.32 us 396 m
283.5kHz 4.40 ps 0.87 us 261 m

introduces ambiguities, as we cannot distinguish between zero-crossings anymore. The last
column shows the estimated range error with ambiguities. The time delay seems to remain
constant over the frequency range. Due to the different wavelengths, we obtain a difference
in the distance measurement considering the offset as @amplifier-

This first characterisation clearly shows how the time delay of the transmitter affects the
absolute range measurement and thus also indicates the relevance in the overall system.

CLASS D AMPLIFIER
Most current R-Mode transmitters use a class A amplifier, as described above, which pro-
duces no intermodulation products but has low efficiency.

In comparison, modern DGNSS stations use a class D amplifier, also called a switching
amplifier; it aims to increase the power efficiency of the amplifier. Class D works by re-
ducing the leakage current in the output stage that occurs in other types of linear amplifiers.
To this end, the transistors in class D output stages are always fully open or closed, with no
drain current flow, when they are not fully driven.

Lowpass

X Output
AV

Figure 2.8: Circuit diagram of class D amplifier.

In Fig. 2.8 we present a block diagram of a class D amplifier. In the first step, the input
signal compares with a triangular signal. After that, we get a square waved modulation
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called Pulse Width Modulation (PWM). The amplification stage is driven by this signal,
turning the transistor on and off. In the last stage, a low-pass filter demodulates the ampli-
fied signal. Other modulation methods for the signal, such as. Pulse Density Modulation
(PDM) instead of PWM, are also possible. All essential modulation methods produce a
signal with only two states [63].

Because of the harmonics introduced into the modulation, electromagnetic interference
is critical for this type of amplifier. In addition, Intermodulation Distortion (IMD) occurs
due to non-linearities in the modulation.

We describe the IMD by multiplying two or more signals of different frequencies, re-
sulting in frequencies that represent not only harmonics but also the sum and difference of
the original frequencies and their multiples. Thus, if the frequencies of two input signals
are given as f and f;, we express the output frequency components fgistortion a5

fdistortion = M fu £ 0 [, (2.16)

for m and o as integer values [64].

Power T
A l System Bandwidth
| 1 1
| 3 futfz
== fu, - 2fy 2f,
: ‘ 2fu+f2,v‘2fz+fu
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Frequency L4

Figure 2.9: Intermodulation peaks class D amplifier.

In Fig. 2.9 we present the IMD products of the first three orders graphically. The
different frequencies of the third order are close to the original signals when the frequency
difference is small. The blue box shows the transmission bandwidth of the system, which
includes the entire transmitter chain discussed in this chapter. This could cause problems
with the R-Mode signals, which consist of three signal components because the third-order
products are not in the zero-crossing of the modulation. For this case, the signal quality of
the MSK signal is no longer guaranteed.

The influence of this intermodulation was tested during the R-Mode trail out in Rozewie.
Afterwards, the transmitter was replaced by a class A amplifier for further operation. How-
ever, we tested other class D transmitters capable of transmitting the modified signal in the
laboratory. Therefore, the selection and description of the transmitter is a crucial task in
R-Mode systems, affecting not only the positioning accuracy but also the signal quality of
the legacy signal.
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2.3.3. ANTENNA

The MF R-Mode system wants to reuse the existing antennas of the DGNSS stations. His-
torically, the administrations adopted some antennas from older terrestrial navigation sys-
tems such as DECCA or marine radio beacons. Therefore, they use a variety of different
antenna systems with varying characteristics. The impedance of these antennas leads to
different phase offsets anenna for the radiated R-Mode signals. We describe the crucial
influence of these antennas on the system in this section, as they represent various sources
of error. Moreover, they directly affect the radiated power and thus has an impact on the
estimation at the receiver side, especially for the beat signal.

This section is structured as follows. First, we will shortly describe a generalized dipole
with the equivalent circuit for discrete elements. We published these results first in [7].
Secondly, we will introduce different antennas used in the R-Mode Baltic test-bed.

EQUIVALENT CIRCUIT

All transmitter antennas in the testbed are electrical dipoles. Therefore, we described them
as a series circuit of resistance R, inductance L and capacity C. The physical construction of
the antenna defines the value of these parameters. We split the resistance into the ohmic loss
of the antenna R; and the radiation resistance R;. Here, the index r indicates components
that describe the power transmission of the antenna, where the index / marks losses.

Figure 2.10: Equivalent circuit for dipole antenna .

It is well-known, that the antenna works most effectively when the radiation impedance
is purely ohmic. As the impedance depends on the transmission frequency, the optimum
case is found by
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1
vLC

with wyes, the so-called resonance frequency [65].

To operate the transmitter effectively, wres should be close to the transmitted frequencies
wc. Our goal is reached by choosing the head capacity of the antenna accordingly and
introducing inductance at the feed point.

However, due to environmental conditions, the capacity is changing over time, the in-
ductance has to change accordingly, to maintain the operation point. The so-called ATU
control the parameter to optimize the transmitted power. In Fig. 2.10, we show the lumped
element equivalent circuit of the dipole antenna, considering the change of the inductance
at the feed point Lary and the capacity C;.

Thereby u; is in phase to the transmitted signal. As we are interested in the phase
relation between the input voltage u;, and the voltage u; over the radiation parts R, C; and
L;. We need to calculate the complex voltage divider, using the overall impedance Z as

(2.17)

Wres =

Uy Zr

— = (2.18)

Uin  Zal

with
1
Zr:Rr+j(er_wC) (2.19)
r

Z1=R+ joLaty (2.20)
Za = A+ Zy. (2.21)

To calculate the phase delay of the antenna, we obtain the phase of the voltage divider.
Given that this depends on C; and Laty, it becomes clear that the system needs to consider
the state of the ATU and the environmental influence on C; as dynamic phase offset. More-
over, as we describe the antenna as a resonance circuit, the tuning will change the so-called
quality factor Q, which is given by

1 Latu+ L;

Q:R1+Rr G

(2.22)

The factor describes a ratio between the stored and the lost energy [66]. In an antenna,
the radiated field store the energy. Therefore, the tuning changes the radiated power of the
transmitter and thus also the estimation accuracy, as we describe in more detail in Chapter
3.
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For better understanding this effect, we evaluated the voltage divider given in (2.18) for
values, that were obtained from real measurements at the antenna in Zeven, Germany. The
system is described by the values Ry =10Q R} =0.1Q, and L; = 1 mH. The capacity and
ATU are initialized with the values C; =240 pF and Lary = 0.17269 mH. In the next step
we detune the system by choosing C; =220 pF, we then calculate change of inductance AL
to restore the initial resonance frequency, for the ATU by

_AC(Lary + L)
Cr

AL =

(2.23)

with the capacity change AC [65].
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Figure 2.11: Frequency response locus.

In Fig. 2.11 we have calculated the frequency response curve with (2.18) for the previ-
ously given values. The upper graphs show the amplitudes, whereas the lower plot presents
the phase offset between the voltages. The initial values result in the continuous blue line.
It is clear that we have the resonance frequency at 300 kHz with the amplitude maximum
around 15 dB for a Q-factor of 218.8 and a 3 dB bandwidth of 2.4 kHz. Around the reso-
nance frequency, we see a rapid change of the phase. At 300 kHz the phase dropped by 7/2.
The overall phase shift is symmetric to this point up to a value of 7. At about 320 kHz the
phase starts to change back to zero. Accordingly, the function gets to its minima at 325 kHz.

If we modify the capacitance to 220 pF the new resonant frequency is 313.341 kHz.
The phase change remains the same at the new resonant frequency, although the amplitude
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changes slightly ta5.2 dB as theQ-factor increases to 228.6. The resulting bandwidth also
changes slightly t@.37 kHz.

In the next step we use (2.23) to get the new valpg) £0.2791mH. In Fig. 2.11
the frequency response is shown by the orange dashed line. It can be clearly seen, that we
obtain the resonance frequency30D kHz again. The phase shows only slight differences
near the resonance frequency. Due to the changed value, the minima of this response are
not visible in the graph, so the phase after the resonance frequency in blue begins to differ
from the original phase representation. Due to the highéactor of 238.8, we have an
increased amplitude df7.2dB, leading to a smalle8 dB bandwidth of1545.9Hz. The
reactance of the antenna describes this effect. Increasing the head capacitance is also called
electrical extension in the literature. Since the antenna now behaves like a longer dipole, it
has a higher ef ciency [59].

With this equivalent circuit, we could describe the tuning process for the antenna with
the ATU, and observe that the offsefnennas different for the continuous waves but sym-
metrical for¥42. With a dynamic capacitance change, the phase response shows only mi-
nor differences as soon as we reach the resonance frequency again, neglecting the transient
width. However, the ATU does not always hit the perfect resonant frequency. Therefore, we
expect different phase shifts for each continuous wave, which change with time. Also, the
amplitude of the tones will not be equal if we have a slight detuning of the system. These
effects are dependent on the antenna design, as the bandwidth of the antennas used has a
wide range.

STATION ANTENNA

We have previously shown theoretically that the electrical properties of the antenna have a
strong in uence on the R-Mode phase estimation. Decisive for the description is the size
of the head capacity, as we have already shown. We had the opportunity to visit several
transmitters for this work. In this part, we would like to give an overview of the main
antenna types used in the R-Mode Baltic testbed, to motivate that an individual correction
factor' antennalS Necessary for each installation.

The so-called whip antenna is one of the most common antenna types. This type con-
sists of a exible breglass mast that can move in the wind. The wire led to the top end,
essentially determining the inductargeof the equivalent circuit in Fig2.10. At the top of
the mast is the head capacitai@;d67]. Fig. 2.12aand Fig.2.12bshow two different whip
antennas. The main difference is the head capacity, as we point out in the gures. While
the antenna in Fig2.12bhas only a small round cage made of four wires, the antenna in
Fig. 2.12ahas enlarged this to a square cage with several wires.

Other antennas use different designs to achieve larger capacities and consequently a
wider bandwidth and higher ef ciency. The old DECCA system used the so-called T-
antennas. With this type of antenna, wires are stretched horizontally between two masts
that form the head capacity. The actual antenna is a wire that runs between the masts to
the ground, where the ampli er feeds the antenna. This kind of antenna uses a large area to
build up capacity, which increases the bandwidth and ef ciency [59]. Eifj3ashows the
T-shaped antenna in Holmsjo, Sweden, which now transmit MF R-Mode signals.

A third type uses a support mast as the antenna, insulated from the earth. The mast
forms the antenna, while insulated guy wires form the capacitance. Again, compared to the
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(@) (b)

Figure 2.12: Whipe type antennas (a)DGNSS antenna on Heligoland, Germany, (b) DGNSS antenna in Rozewie,
Poland.
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