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Executive Summary

High precision positioning in the maritime domain is now the norm since the introduction of
Global Navigation Satellite Systems (GNSS). Unfortunately, it is well known that as low
power, satellite-based systems, GNSS are vulnerable to interference (both naturally
occurring and manmade); hence, the development of an alternative backup system is
recommended. A variety of technological solutions to this backup requirement are possible;
in the radio frequency (RF) domain we have the so-called “Signals of OPportunity” (SoOP)
approach. Of interest to this study is the use of the Differential GNSS (DGNSS) broadcasts
as a SoOP. These medium frequency (MF) RF broadcasts, in the 283.5-315 kHz (Region 1)
marine band, currently transmit correction and integrity information for the GNSS using
minimum shift keying (MSK). This report considers several DGNSS-based solutions to
provide a Ranging Mode (R-Mode) Position Navigation and Timing (PNT) alternative to
GNSS. This work is being done in support of the EU INTERREG IVb North Sea Region
Programme project ACCSEAS (Accessibility for Shipping, Efficiency Advantages and
Sustainability), which is a 3-year project supporting improved maritime access to the North
Sea Region through minimising navigational risk.

The DGNSS ranging system (aka R-Mode) described in this report is directly linked to the
IALA e-Navigation Architecture being both a mitigation system to GNSS failures (part of the
WWRNS) and part of the CSSA as a technical service (part of the Medium Wave Broadcast
Service).

DGNSS R-Mode is a backup to GNSS that can meet the resilient PNT requirements of e-
Navigation.

In the Milestone 1 report, a variety of potential ideas and methods to implement R-Mode
were identified; these could be described as building blocks for a full solution. Each of the
building blocks was evaluated using various metrics such as technical feasibility and
implementation cost and difficulty; this evaluation was detailed in the Milestone 1 report. At
the Milestone 1 meeting it was agreed to group the building blocks into mutually independent
solution sets. These solution sets were then combined into four potential solutions:

e L1 — Optimum Existing Case: this solution combines adding a new message
and an increased data rate of 200 bps to the existing MSK signal.

e L2 — Narrow Aiding Channel: this solution consists of adding CW signal(s) to
the existing MSK signal.
L3 — Combination: this solution is a combination of L1 and L2.

e L4 — Wide Aiding Channel: this solution is similar to L2 but ignores the
bandwidth constraints and could consist of, perhaps, the two-tone concept.

Each of the primary solutions (L1 — L3) is examined in some detail in this report. The
analysis shows that they all can provide TOA performance bounded by:
2

1
P —
% = 2w.2T SNR

In the case of L1 this is achieved using either an estimate on the phase of the carrier or on
the bit transitions using a new (fixed) message. In the case of L2 and L3 this is achieved
using a phase estimate on the CW signal. In all cases the cycle (lane) ambiguity must be
resolved. In the case of L1 and L3 this is done using bit transition estimation on the new
message. In the case of L2, this is done using the beat frequency of the two CW signals.

The recommended solution is L3, MSK with a single CW signal added. The TOA
performance bound above is achieved using phase estimates on the CW signal, which is
easier than phase estimates on the MSK carrier. Cycle resolution is achieved using bit
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transitions on the new message (but only needed periodically, not continuously, so the MSK
data channel throughput is preserved).

The ranging performance is impacted by a variety of factors that are explored in this report:
time stability and synchronization, self-channel sky wave interference, ground wave
propagation variances, co-channel interference (other DGNSS broadcast on the same
frequency), and geometry. In the position analysis it is assumed that the time stability (on the
order of 1 ns) and synchronization (to within 50-100ns) to a common reference such as UTC
is achievable. Sky waves can have a large impact on ranging performance at night so
separate results are presented for day and for night. Propagation variances and co-channel
interference are assumed to have minimal impact. The geometry of the position solution, as
measured by the Horizontal Dilution of Precision (HDOP), is a major factor in overall
positioning performance, but HDOP values in the North Sea Area are quite good (generally
less than 2).

The predicted daytime bound on R-Mode positioning using TOA accuracy bounds is very
good — better than 10m accuracy in most of the North Sea Area. The nighttime R-Mode
performance is about a factor of 10 worse than daytime performance, but still better than
100m accuracy for most of the North Sea Area (see Figure 1). Several other ideas for future
improvements are presented.

100

90

80
=470
160
50

40

=30

Figure 1: Daytime (left) and night time (right) predicted positioning
accuracy (m) using a 0-100m scale.

This report identifies the system modifications (both transmitter and receiver) that would be
necessary to implement a test of R-Mode. Conceptual test beds for both near-term
(ACCSEAS) and medium-term (future German test bed) are also described. Finally the
architecture for a future all-in-view R-Mode receiver is presented.
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1 Introduction

High precision positioning in the maritime domain is now the norm since the introduction of
Global Navigation Satellite Systems (GNSS). Unfortunately, it is well known that as low
power, satellite-based systems, GNSS are vulnerable to interference (both naturally
occurring and manmade); hence, the development of an alternative backup system is
recommended.

A variety of technological solutions to this backup requirement are possible; in the radio
frequency (RF) domain we have the so-called “Signals of OPportunity” (SoOP) approach.
This term refers to the opportunistic use of RF signals, typically communications signals,
which exist in the geographical area of the receiver. While these signals are not primarily
intended for positioning, a SoOP navigation receiver attempts to exploit them as such.
Specifically, if each SoOP can provide a (pseudo-) range to the receiver from a known
location, a trilateration position solution is possible. Even if a complete position solution is
impossible from the SoOP (perhaps due to too few signals being present), the resulting
pseudorange information could be combined with measurements from existing positioning
systems in a position solution (e.g. combining with elLoran or perhaps with GNSS
measurements limited by urban canyons).

Of interest to this study is the use of the Differential GNSS (DGNSS) broadcasts as a SoOP.
These medium frequency (MF) RF broadcasts, in the 283.5-315 kHz (Region I) marine
band, currently transmit correction and integrity information for the GNSS using minimum
shift keying (MSK). MSK is a narrowband, continuous phase, constant amplitude, binary
communications method. As implemented for DGNSS, the data rates are typically 100 or
200 bps.

As a SoOP, the DGNSS signal has several advantages:

e (Good geographical coverage of the stations — the transmitters are not in the centers
of populated areas; rather, they are evenly dispersed along coastlines and
waterways.

e DGNSS transmitters are typically under government control; hence, availability and
continuity are high.

e The DGNSS transmit antennas are omni-directional and their locations can be
surveyed.

e The DGNSS signal primarily travels as a ground wave with good building
penetration.

e The MSK signal has two natural signal parameters (time of bit transition and carrier
phase) that could easily be time-synchronized at the transmitter. This
synchronization eliminates the need for a monitor station; hence, simplifying
implementation of the infrastructure for a positioning system. Without such
synchronization, the DGNSS broadcast could itself accommodate the data bandwidth
for disseminating monitor timing information.

As a disadvantage, a DGNSS SoOP is susceptible to multipath interference due to signal
reflection off of the ionosphere (sky wave). It is expected that this will limit the coverage
range of individual transmitters.

This report considers several DGNSS-based solutions to provide a Ranging Mode (R-Mode)
Position Navigation and Timing (PNT) alternative to GNSS.

ACCSEAS Project
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1.1 International Context
As defined by the International Maritime Organization (IMO):

e-Navigation is the harmonised collection, integration, exchange, presentation and
analysis of maritime information onboard and ashore by electronic means to enhance
berth to berth navigation and related services, for safety and security at sea and
protection of the marine environment. — IMO (MSC 85) definition of e-Navigation

“harmonized collection, “harmonized collection,
integration, exchange, integration, exchange,
presentation and analysis presentation and analysis
of maritime information of maritime information
onboard” ashore”

Figure 2: Rudimentary representation of overarching e-Navigation architecture:
shipboard, shore-based and links in-between [1]

A graphical view of this definition is shown in Figure 2, reprinted from the draft revision to
IALA e-NAV-140 [1]. This same document goes on to describe in more depth the proposed
e-Navigation architecture to implement the IMO vision and also introduces the concept of the
e-Navigation stack. These two concepts are shown in Figure 3 (also from [1]). In this figure,
the dashed vertical line represents the boundary of the Maritime Service Portfolio (MSP)
which “defines and describes a set of operational and technical services and their level of
service provided by a stakeholder in a given sea area, waterway, or port, as appropriate.
Mainly, the services and MSPs are provided from a-shore or shore-based. MSPs should be
developed to achieve harmonization, modernization, integration and simplification on board
and ashore, taking into account the use of the IHO's S-100 standard” [1]. The red-outlined
box contains the Common Shore-based System Architecture (CSSA) which is described in
the draft IALA Recommendation on the Common Shore-based System Architecture [2].

“As indicated in Figure 3, there is a dependency of the e-Navigation architecture on external
systems such as GNSS, augmentation, and backup systems for position fixing and for
timing. This may pose certain vulnerability for all e-Navigation applications, since dynamic
position information is involved in most and time information is required in each one. Hence,
mitigation methods are important.

GNSS signals are monitored by augmentation systems whose use is twofold. They improve
the accuracy of GNSS positioning in accordance with the requirements for different phases
of berth-to-berth navigation (ocean, coastal, harbour approach, canal/river, docking). But
augmentation systems also inform the user by means of integrity information, if the system
can be used for a specific application. A prominent example for a shore-based augmentation
system is the IALA radio beacon DGNSS which can be considered as a technical e-
Navigation service within the CSSA.
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In case of GNSS failure, the e-Navigation architecture takes into account terrestrial backup
systems that are an independent source of positioning and timing information. However, it
has to be ensured that the terrestrial navigation systems can fulfil the required performance
(e.g., accuracy, integrity, continuity).”[1]
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Note: There are operational and technical interactions between different shipboard environments. These are not shown for simplicity’s sake in this figure.

Figure 3: The overarching e-Navigation architecture from [1].

The DGNSS ranging system (aka R-Mode) described in this report is thus directly linked to
the IALA e-Navigation Architecture being both a mitigation system to GNSS failures (part of
the WWRNS) and part of the CSSA as a technical service (part of the Medium Wave
Broadcast Service).

1.2 Regional Context

This work is being done in support of the EU INTERREG IVb North Sea Region Programme
project ACCSEAS (Accessibility for Shipping, Efficiency Advantages and Sustainability),
which is a 3-year project supporting improved maritime access to the North Sea Region
through minimising navigational risk. The goals of the ACCSEAS project are to':

o identify key areas of shipping congestion and limitation of access to ports;

o define solutions by prototyping and demaonstrating success in an e-Navigation test-bed at North Sea regional level.

' From http://www.accseas.eu/about-accseas.
ACCSEAS Project Page 9 of 59
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The North Sea Region (NSR) as defined by ACCSEAS [3] includes the eastern part of UK,
Belgium, the Netherlands, the northern part of Germany, Denmark, the southern part of
Norway, and the western part of Sweden as well as the Skagerrak and Kattegat, the Sounds
and the south-western part of the Baltic Sea. The three largest and busiest ports in the NSR
are Rotterdam, Antwerp, and Hamburg. This area is shown in Figure 4 with ship traffic
densities in red. Based on the traffic and risk analysis done using the IALA IWRAP model,
about 70% of the predicted collisions take place north of Germany and the Netherlands,
making this a key area for testing and implementation of R-Mode.

Figure 4: Ship traffic density in the NSR reprinted from [3]. The labels show the
total number of ships passing each line from both directions during 2012.The
red colour gradient shows the relative density of shipping in the NSR. The
empty area in the middle of the North Sea is an area without AIS coverage (it
does not mean that there is no traffic).

The recently released “Baselines and Priorities Report” [3] contains an analysis of the traffic
in the region, both current and projected. The planned enormous expansion of wind farms
will reduce the navigable space and could impact key shipping lanes, raising safety and
efficiency concerns. The report also traces user needs to system requirements using a
system engineering approach. One of the low Level User Requirements identified was the
need for resilient PNT.

The ACCSEAS project activities are aligned with the IMO e-Navigation concept as shown in
Figure 3. This can also be visualized as the so-called “7 Pillars of e-Navigation” as shown in
Figure 5. The pillar of interest to this report is the Resilient PNT pillar which is defined as

ACCSEAS Project Page 10 of 59
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“Highly reliable and robust determination of Position, Navigation data and Time (PNT) at the
shipboard and shore-based electronic systems with the World Wide Radio Navigation
System (WWRNS) of IMO at the core” [3]. The ACCSEAS potential solution that maps to
this pillar is the Multi-Source Positioning Service (MSPS). “The resilient PNT technical
services - e.g. Ranging Mode (R-Mode) — that are based on backup technologies
independent of GNSS could be central to the e-Navigation and test-bed architectures to
meet the user need for resilient PNT. These technical services could support a MSPS
operational service that would provide, monitor and distribute resilient PNT information to a
broad range of e-Navigation operational services” [3].

The international e-Navigation concept
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IMO e-Navigation Strategy (MSC85/26, Add.1, Annexes 20/21),
IMO NAV Reports/WPs; IMO e-Nav CG; IMO e-Navigation SIP (2014)

Figure 5: IMO overarching e-Navigation Architecture represented as “7 Pillars”,
reprinted from [3].

DGNSS R-Mode is a backup to GNSS that can meet the resilient PNT
requirements of e-Navigation
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2 Detailed Description of Recommended Alternatives (LP1-510)

In the Milestone 1 report, a variety of potential methods to implement R-Mode were
identified. These methods were based on current and previous work by the authors [4-7] and
others as presented in the open literature [8-14]. These ideas could be described as building
blocks for solutions. The proposed methods were separated into three broad categories:
(A) no significant transmitter hardware change, (B) modifications to the current transmission,
but staying within the existing bandwidth channel assignment, and (C) broader changes to
the transmission. The proposed methods were numbered sequentially within the three
categories (no significance to the order within the categories). These 17 building blocks are
listed in Table 1.

Table 1: The 17 Identified Building Blocks.

# Rmode Option Description

Based upon the existing signal specification and the results reported in [6], the
receiver would estimate both the times of bit transition and the carrier phases of
Use existing MSK signal ~ all DGNSS signals present (in the literature, this is called an “all-in-view”
asis receiver). While the receiver might limit its attention to the message preamble so
as to eliminate the effect of the randomness of the message on the estimation
performance, this is likely to be too small a data window for good performance.

Use existing signal with a
longer (redesigned)
preamble on each
message

A2a

Using a longer (known) preamble on each message is considered.

Use existing MSK signal  The advantage is that a known data sequence helps in the pseudo-range
A2b with new RTCM message estimation and should improve on our prior estimates of performance in [6] which
type were dependent upon a random data model.

Assuming a flat earth model, a skywave from a station at a distance of 100 km is
Directional receiver coming in at approximately 60° above the horizon; hence, a receive antenna
A3 antenna to reduce (some form of loop?) with a low elevation aperture could limit skywave from
stations used in the position solution. While we would still suffer from stations
skywave further away (due to their lower skywave elevation), our ability to resolve close
stations will be greatly increased with a horizontally directed antenna.

Thinking of the DGNSS transmitters as non-directional beacons, a SoOP
receiver could employ both pseudo-range and bearing estimates in its
positioning algorithm.

Range and bearing from

A4 )
one signal

It was observed in [6] that the accuracy of the bit timing estimate is inversely
proportional to the MSK data rate; hence, increasing the number of bits per
second equates to better resolution on the bit edge. Unfortunately, such an
increase also increases the bandwidth of the MSK signal, so the rate cannot be
increased by too much and we do not expect too much gain here.

Use existing MSK signal

B at higher bit rate

—

Recognizing the value of amplitude variation in the cross-correlation techniques
used with AM SoOPs, we might amplitude modulate the MSK signal to improve
the receiver’s ability to resolve the underlying ambiguity in the sinusoidal
correlation function. While this conceptually could improve matters, modulating
the amplitude will also increase the bandwidth of the inherently narrowband
MSK; hence, only limited modulation is possible, probably too little to provide
enough gain here.

Amplitude modulate the

B2 MSK signal (small BW)

N
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# Rmode Option Description

As has been demonstrated with Loran, a pulsed signal can effectively eliminate
Add a pulsed signal on the |mpact. of multlpgth. Todo the.same for DGNSS ranging, yet preserve the
h | data carrying capacity, a pulsed signal could be time multiplexed with the current
Same channe MSK. Unfortunately the narrow bandwidth allocated to DGNSS (500 Hz in
Europe) limits the effectiveness of this idea.

B3

The idea is to simultaneously broadcast two MSK signals at the same center
frequency, the current signal at its design bit rate and a second at a higher bit
) rate. The proposed 1-0 alternating sequence fixes the spectrum of this second
Overlay an alternating 1-0  signal as narrowband and the higher rate moves the spectrum away from the
B4  modulated signal on the current DGNSS spectrum (much as the BOC codes used in GNSS L1C to

same channel separate the spectrum away from L1). Potentially these additional signals could

be put at the channel edges (£250 Hz) on every other channel so as to minimize

impact on legacy signals. A significant technical question here is the ability of the

transmitter (amplifier and antenna) to effectively generate such a signal.

Instead of a second MSK signal on the same channel, sinusoidal continuous-
wave (CW) signals (with their correspondingly narrow spectra) could be overlaid
Add a CW signal to same  on the MSK transmission. This would essentially be a modernized, medium
channel frequency Decca system [15]. The SoOP receiver would exploit the phase of this
signal, as described above in the AM SoOP systems. Such a system would be
distinct from Decca in that it would be all-in-view.

B5

Spread spectrum - block
C1a of adjacent channels - use
CDMA, FTDMA?

MSK at very high bit rate

C1b (wider than 1 channel)

AM modulate MSK - wider The same concepts as B1 - B5, but pushed to the extreme. A somewhat wider

bandwidth than 1 channel  bandwidth would allow for higher data rates, more amplitude modulation, pulsed
- signals, or overlays, both MSK and CW; in general, CDMA or some form of

c3 Add a pulsed signalona  FTDMA could be considered. However, the regulatory limits on the band

second channel probably make such widening unrealistic to envision

C2

Overlay an alternating 1-0
C4  modulated signal on a
second channel

Add a CW signal to

(&
second channel

(3]

Simultaneous transmission of two MSK signals was originally proposed in [16] to
combat DGNSS fading and, hence, to extend the range of transmission. We
extended the two-tone idea to ranging in [7] to remove the need for data aiding in
the pseudo-range estimates. Conceptually, the system would use a single
DGNSS antenna to broadcast two synchronized copies (same timing and data)
c Use existing MSK signal - of the MSK DGNSS signal at two different carrier frequencies. DSP techniques
two-tone concept to combine the synchronous receptions could cancel out the data and create two
CW signals at the sum and difference frequencies of the MSK carriers. Phase
tracking of both of these low frequency (~3 kHz) and high frequency (~600 kHz)
signals would provide a coarse and fine pseudo-range measurement. As this is
only a conceptual statement, further analysis is needed along with the
development of algorithms for the resolution of the resulting ambiguity.
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Each of the building blocks in Table 1 was evaluated using the following metrics:

Technical feasibility of the precision time signal modulated on MSK.
Limitations of the approach such as accuracy.

Modulation and spectrum requirements.

Compliance with standards (data formats, radio link, transmitter and receiver
technology).

Technical and economic implementation costs for transmitter stations.

This evaluation was detailed in the Milestone 1 report. At the Milestone 1 meeting it was
agreed to group the building blocks into mutually independent solution sets. These solutions
sets and the building blocks that map to them are (see Figure 6):

S1 — Modification of the Data Contents (building blocks A1, A2a, and A2b).

S2 — Modification of the Data Rate (building blocks B1 and C1b).

S3 — Add an Additional Data Channel, Band and Channel Spacing Compliant
(building blocks B2, B4, B5, and C6).

S4 — Direction Selection, Receiver-side Antenna Modification (building blocks A3 and
A4).

S5- Add an Additional Data Channel, NOT Band and Channel Spacing Compliant
(building blocks B3, C1a, C1b, C2, C3, C4, C5, and C6).

These solution sets can then be combined into four potential solutions:

L1 — Optimum Existing Case: this solution combines adding a new message (A2b)
from S1 and an increased data rate (B1) of 200 bps from S2 to the existing MSK
signal.

L2 — Narrow Aiding Channel: this solution consists of adding CW signal(s) to the
existing MSK signal (B5 from S3).

e |3 — Combination: this solution is a combination of L1 and L2.
e L4 —Wide Aiding Channel: this solution is similar to L2 but ignores the bandwidth
constraints and could consist of either C5 or C6 from S5.
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Ideas that require modifications to the current

Ideas that do not require any significant transmitter o . - ) _
hardware changes ys9 transmission but stay within the existing channel Ideas that require broader changes to the transmission
bandwidth
Building blocks in A2a B1 Cla Cib c2 c3 c4 c5 c6
i A1l A2b A3 A4 B2 B3 B4 y .

categories A, Band C Standard Slan_dard Standard Directional Range and S_tandar_d- AM Pulsed Add a 1-0 BS Soread RSKi AM .PUISEd Adda_ a0 Aqd B e
according to draft MSK Wiip With new revr bearin SR i dulated ignal MSK B peecti ruch meihlzis ) s en | WSS signals oliond
I( rt signal ozl Message antenna from siggal higher l\'l-lnSOK-uS? ?\al “ig;an“ Si nal-s Sl (@i LT WSl St A (Em AT (et CEMEER (EI
€pol Preamble datarate 9 9 TDMA) datarate (wide BW) channel) channel) Channel) 2nd channel)

L]

A, v

i

A
St s2 s3 s4 .
Modification of the ificati iti irecti ;
data contents MOdlgg?:;l?:tgf fhe Add an addtional data cha_mnel Dlrc_sctlon_Selchon, Add an additional data channel
Mutually independent RTCM dat ez £e EnaIniis! i receiver-side antenna (Not band and channel spacing compliant
solution sets (S) ( stream? & compliant) modification
A3, A4 [B3, C1a, (C1b), C2, C3, C4, C5,(C6)]
A1, A2a, A2b] [B1, (C1b)] [B2, B4, B5, (C6)] [ 1
A2b with new
message or B1 with Dat Cc6
Cus;é" ;TGCM rate :;IZOO aBi?/s
A2B and B1
A A A
Potential solutions (L) > L1 > L2 BS L3 L4
) o . I~ i Wide Aiding Channel: this
Optimum Existing Case: Narrow Aiding Channel: this Combination of L1 and L2 solution is similar to L2 but
combines adding a new message solution consists of adding CW ignores the bandwidth constraints
(A2b) from S1 and an increased signal(s) to the existing MSK and could consist of either C5 or
data rate (B1) of 200 bps from S2 signal (B5 from S3) C6 from S5

to the existing MSK signal

Figure 6: Building blocks mapped to solution sets and proposed solutions.
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2.1 Detailed Description of Agreed Upon Alternatives (LP1-310)

2.1.1 L1 - Optimum Existing Case

The DGNSS system transmits its information via a binary modulation method known as
MSK; Pasupathy [17] presents a classic overview of this modulation method. At its essence,
MSK maps each data bit into a constant amplitude sinusoidal signal of duration T seconds
(1/Ts is the corresponding bit rate) with the value of the bit determining the frequency of the
sinusoid. During the K™ bit interval, the signal would be of the form:

s(t) = Asin(wot + @) ; k" data bit =0
~ |4sin(oit+¢) ; k' data bit =1

In this modulation method the two frequencies, w, and w,, are chosen to be close together
(to limit the required bandwidth of the system), yet yield orthogonal signals (to increase the
ability of a receiver to discern which signal was transmitted). Further, a phase shift ¢ is
included so that the resulting signal has continuous phase from one bit period to another.
Letting b, represent the k" bit in the binary data sequence mapped to positive or negative
one (b, = +1), the precise functional form for the MSK signal is:

/s
s(t) = Asin ((a)c + by, ﬁ) (t —kTy) + (pk>

This expression holds for time in the K" bit interval, kT, <t < (k+ 1)Ts. The other
parameters are amplitude A, center frequency w. (2mf. Hz), and the constant ¢y €

{O, ig,n} which represents the accumulated phase due to prior bits needed to maintain the
phase continuity.

For its use as a communications link, receivers must be able to demodulate the MSK
transmission. While the concept of modulation using two distinct frequencies is simple, the
continuous phase nature of the signal makes optimum decoding more complex than that of
amplitude modulation; hence, the plethora of decoding methods presented over the past 30
years [18-26]. In typical MSK communications systems the transmitter is not “precisely”
controlled by a highly stable timing/frequency source (with respect to precisely controlling
the modulation frequency and phase and the times of the bit transitions). As such, typical
MSK demodulators are constructed to track the variation of the slowly varying signal
characteristics [27]. For the communications application, being “pretty close” in frequency,
phase, and bit timing is often good enough; the loss in communications performance due to
a mismatch being small [28].

Since about 1990, and in response to an interest in systems able to process bursts of data,
there has been considerable effort on developing methods to more precisely estimate the
MSK signal’'s parameters of time of bit transition, frequency, and phase. Unfortunately, due
to the signal's complexity, there is no known maximum likelihood estimate; instead,
computationally efficient, suboptimum estimators have been developed [29-41].

Assuming that the MSK transmission is controlled by a precise timing/frequency source,
both the times of the bit transitions (potentially once every T, seconds) and the underlying
phase of the transmitted signal could be exploited to estimate the time of arrival (TOA) for
ranging applications. Knowledge of how effectively an estimation algorithm performs can be
combined with information on the geometry of the transmitter locations to predict overall
positioning performance. Without a broadcast time message, the time of bit transition has an
ambiguity of the symbol period, 0.01 seconds (a 3000 km lane), for 100 bps MSK. Given that
the propagation range for DGNSS is measured in the 100s of km, the bit transition time is
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unambiguous. However, the signal phase does repeat every cycle; at 300 kHz the lane width
is 1 km, so the cycle ambiguity must be addressed if using the carrier phase.

The topic of parameter estimation from noisy observations has a long history in the
engineering and statistics literature (see e.g. [42]). How much is known about the best
algorithm for estimating a particular parameter and how well that algorithm performs
depends upon the precise relationship of the parameter to the signal itself and the
environment in which the signal is received. A standard requirement when selecting or
developing an estimator is that it be unbiased; that the error, on average, equal zero. A
common estimation theory approach is to use the maximum likelihood estimate (MLE), the
value of the parameter that maximizes the probability of the observed signal. Unfortunately,
the MLE cannot be found for all problems and is not always unbiased.

A common measure of performance for an estimator is its second moment (variance); this is
certainly relevant for the positioning application as we typically describe positioning accuracy
in terms of the 2 drms error. While it may be difficult to develop an exact expression for the
variance for a specific estimator, it is often possible to compute a lower bound to it. The
Cramér-Rao Bound (CRB) is a lower bound to the variance of any unbiased estimation
algorithm. In some instances the CRB is too difficult to compute directly because of the
existence of additional unknown parameters (called nuisance parameters, in this case the
data bits themselves). A second option that may be computable, the “modified” CRB
(MCRB) [43, 44], provides a lower bound to the CRB by averaging over these nuisance
parameters.

2.1.1.1 TOA estimation from bit-edge

As described above, a number of authors have presented algorithms to estimate the times of
the bit transitions for MSK. As the CRB for this transition time estimate, %, is too difficult to
compute directly, the MCRB was developed in [43, 44]; the result from [34] is:

AN 2 AN
var(r) = 03 = MCRB(T) = m

in which L, is the number of symbol periods observed (i.e. the number of potential bit
transitions in the data — the signal model assumes that the data is random), T is the
observation period, and SNR is the receiver signal-to-noise ratio. To assess how well the
time of the bit transition of a 100 and 200 bps DGNSS broadcast can be estimated, this
bound was computed for a 5 second observation period (L, of 500 and 1000, respectively).
Figure 7 shows the resulting standard deviation (square root of the variance) in seconds
versus SNR (in dB). Note that doubling the bit rate while maintaining the observation period

reduces the variance by a factor of 2; the standard deviation shrinks by V2.
Although increasing the bit rate from 100 to 200 bps reduces the energy per bit (by 3dB,
thus slightly reducing performance of the communications channel, possibly resulting in

reduced coverage range), the total energy in the signal remains the same and does not
impact the ranging performance.

ACCSEAS Project



Feasibility Study of R-Mode using MF DGPS Transmissions
Issue: Final 1.0/7.03.2014

10° ! : : : .

stdev in seconds
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Figure 7: The modified CRB for estimating the time of a bit transition. At a
typical SNR of 25 dB, the standard deviation would be 0.5 msec, which equates
to about 150 km.

Depending upon the received SNR, the MCRB for the 100 bps DGNSS signal yields
standard deviations in the 10’s to 100’s of microseconds range. This is too large for a
positioning application, but still fine for communications systems as this is only a small
percentage of the 10 msec bit interval; increasing the bit rate to 200 bps only improves the
bound by a small factor. Further, recall that these MCRB values are not particularly
achievable. For example, Figure 8 (a reprint of Figure 5 from [34]) compares the estimation
variance versus the bit energy to noise ratio (a different scale than that of Figure 7), showing
both the MCRB (the solid line) and results from simulations of the time of bit transition
estimation algorithm described therein (the circles and squares). Of significance in this figure
is the loss of performance from the MCRB to actual of approximately 3-5 dB.
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Figure 8: A comparison of the MCRB and achievable performance (reprint of
Figure 5 from [34]).

2.1.1.2 TOA estimation from carrier phase

As a second option, one could consider estimating the sinusoidal signal’s phase angle,
resolving the cycle ambiguity some other way. To be able to effectively estimate the phase
requires the assumption of data-aiding; that the MSK data be known accurately at the
receiver via demodulation so that individual bit periods can be identified as corresponding to
either data “0” or data “1” for further processing. In that way, all observations of the signal
during “0” periods (sinusoids at frequency w,) can be combined for processing; the same
holds for all periods with data equal to “1” (and frequency w,).? Fortunately, under the
assumption of perfect data demodulation, this data sequence is known and can be
accounted for. Further, since the times of the bit transitions are not known perfectly (see the
discussion above) some portion of each bit period must be ignored, acting as a guard band
or interval, to ensure that phase estimation processing only combines data with the same
frequency sinusoid. At best the entire data record consists of usable data for phase
estimation; more realistically, there may be a loss of a few percent (it was noted above that
the ability to accurately estimate the time of a bit transition is good to within a few percent).
The question to be considered here is the possibilities of using this phase information.

? Strictly, depending upon the actual data sequence, non-adjacent bit periods at either frequency will
exhibit phase jumps, equal to integer multiples of 902, which needs correcting before data processing.
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Once again, the complexity of the MSK signal itself precludes a direct CRB to the ability to
estimate the underlying signal phase, ¢; however, a MCRB (measured in radians) is
available [43, 44]:

1

$) = 02 > MCRB(¢) = ————
var(¢) = o 2 () 2L, T,SNR
where, in this case, L,T; =T is the total observation period. Converting this MCRB from
angle (in radians) into time depends upon the frequency (w., measured in radians per
second) of the sinusoid:

1
o2

> - @
© = 2w.2T SNR

Assuming a nominal DGNSS frequency of 300 kHz yields the curve shown in Figure 9
(again for a measurement period of 5 seconds). When compared to Figure 7, this result
appears to be about 5 orders of magnitude better from a positioning perspective; with the
standard deviation in the nanoseconds range. Of course, one must recall that the phase
yields an ambiguous pseudorange, potentially off by integer multiples of the wavelength of
the signal. At 300 kHz, this wavelength is 1 km.

stdev in seconds

10'9 | | | | |
10 15 20 “5 30 35 40

SNR in dB
Figure 9: The modified CRB for estimating the time from the phase. For the

same typical 25 dB SNR, the standard deviation is ~9 nanoseconds which
equates to ~2.7 meters.

Again, recall as above that these MCRB values are not particularly achievable. While no
direct result was found in the archival literature comparing achievable estimates to the
bound (as was shown in Figure 8 for time of bit transition estimation), one would expect that
the performance would be somewhat higher than the “lower” bound.

Recognizing the limited resolution available with estimates of the times of the bit transitions,
and the multiple periods of the sinusoid within a bit period (e.g. approximately 3000 cycles
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per bit for 100 bps MSK at 300 kHz), the issue of cycle ambiguity of the phase estimate is a
severe one. In the Omega system [45] this was addressed in several ways:
e |nitializing the receiver at a fixed location and “counting” cycles as the platform
moved.
e Using time synchronized, multiple frequency signals and solving for a position
that simultaneously satisfied all of the ambiguity equations with integer solutions.
This was accomplished in the Omega system by using different frequencies from
spatially separated transmitters.

2.1.1.3 New Message on Existing MSK

One approach with MSK would be to employ the bit transition times to fix the cycle and use
the phase estimate as the precise time. However, timing errors from the bit transitions
measured in the 1000s of nanoseconds will be insufficient for resolving this ambiguity. Better
bit timing is needed.

An alternative for pseudorange estimation from standard DGNSS broadcasts is to employ a
deterministic DGNSS message (all bits known). To discuss this in the context of the ranging
application, let us employ the notation:

r(t) =s(t —1) +n(t)
in which r(t) is the received signal, s(t) is the known signal, t is the random time delay
parameter that we wish to estimate, n(t) is noise, and the observation periodis 0 <t < T.

To begin the discussion we review results on MLEs of time of arrival for deterministic signals
from Whalen [46]. First, assuming that n(t) is a white Gaussian noise random process, the
MLE for z, £, must satisfy the equation

T A
f r(t)wdt =0
0

Further, the CRB on the variance of the estimate can be written as
-1
2 (Tros(t)1?
2> dt
i ‘{Nofo [ ot ] }

Now, consider a deterministic MSK message. Recalling the form of the signal with a known
data sequence, b, = +1 forintegers k =0,1,...N — 1:

s
s(t) = Asin ((wc + by, ﬁ) (t —kTy) + (pk>

the necessary condition for the MLE can be expressed as:

N-1 (k+1)Ts
2 Wy, COS a)k‘rj r(t) cos(wy (t — kTs) + @) dt
prrd KTs
N-1 (k+1)Ts
= Z Wy Sin a)k‘rf r(t) sin(wg (t — kT;) + @) dt
k=0 KTs

in which we have defined the actual frequency in the K bit slot as

T
ﬂ)k:wc+bkﬁ
S
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Comparing this to the CW result above, we see similar sine and cosine correlations on each
bit interval, but with the added complication of a weighted sum over the bit intervals. The

CRB can be computed to be:
N-1
- 2 AZTS( b n)z
0o 2\ TR,

Since the only dependence of this expression upon k is through the b, we can count terms.
Let N, and N_ represent the number of times b, = +1 and b, = —1, respectively (N,+N_ =

N). Then
fT[as(t)]z Q= N AZTS( N n>2+N A2T5< n)z
SNFT: T T\ ®e Ty T \ YT

-1

We can bound this result for any message sequence as
NA2T5< n)z - fT [as(t)]z it < NAZTS( N TL')Z
2 \Pe71) =) [Tae =0T\

Ts
Further, since w, > TE for our problem of interest
N

T ras(t)1? A2T AT
f[ ()] dt ~ N2 =212
o L ot 2

SO
2 > 1
OA —
T = 2w.2T SNR

As expected, we get better estimates (smaller o7) if we have higher SNR, higher frequency
(wm), and/or longer observation time (T). Further, this expression is equivalent to the MCRB
for the phase of the MSK signal above in Figure 9. As an example, for a typical receiver with
5 second averaging and 25dB SNR, the bound equates to pseudoranges of ~9 nanosecond
(3 meters) accuracy.

L1 - Optimal Existing

2
05 > —
Performance bounded by o; = 202TS

Using either phase or bit-transition (known message) estimates

Cycle resolution on phase using bit-transition estimate
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2.1.2 L2 - Narrow Aiding Channel

An alternative approach to improve ranging is to add CW transmissions into the MSK band,
estimating the time delay from the phase and separately resolving the ambiguity. Ideally the
CW signals would be added at frequencies that fall in the nulls of the MSK spectrum so as to
reduce their impact on legacy DGNSS users. As an example, Figure 10 shows the spectrum
for an MSK signal (at 200 bps) with two added sinusoids at offsets of —250 and +250 Hz
from the center frequency, respectively. In order to do lane resolution effectively, these
frequencies should be spaced as far apart as possible; +250 Hz is the maximum spacing
that is still within the 500 Hz band. These CW frequencies fall in the nulls of a 200 bps MSK
signal.

A second, adjacent channel of MSK (at 100 bps) is shown in green in Figure 10. If the
adjacent channel signal is not at the same bit rate, then the nulls do not align (as shown)
and the CW falls on part of the adjacent channel’s signal. Fortunately, the adjacent channel
is too low in power to impact the CW ranging signal, and the CW ranging signal is too far
from the center of the adjacent channel to adversely impact the adjacent channel. If the
adjacent channel signal was at the same bit rate (not shown), then the two MSK signals
would have overlapping nulls and the CW signals would neither impact, nor be impacted by,
the MSK signals.

a0l ................................................ ............................................... |
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Frequency, Hz

Figure 10: MSK Spectrum in red, CW Signals in blue, adjacent channel MSK
with its own CW in green.
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To analyse this approach, consider a single CW signal consisting of k complete cycles of a
sinusoid of known frequency w,,:
2k

Wm

s(t) = Asin(w,t) for 0 <t < T.

For this signal, the MLE of the time delay must satisfy the condition:

T a t £ T
f r(t)%dt = —Awof r(t) cos wy,(t— T)dt =0
0 0

This result can be expressed as [47]:

1 1<f0Tr(t) cosa)mtdt>
tan™

T .
Jo T(®) sinwptdt

The CRB for this problem can be computed to be:
2 (A N, 1
2 > —AZ 2 —} = 0 =
7 { @m 242w, 2T _ 2w,2T SNR

which is identical to the MCRB for the time estimate from the phase of the random MSK
signal above (except for a constant) and to the CRB of the time delay estimate for the fixed
DGNSS message. The obvious advantage of working with a CW signal over the MSK phase
estimate is the simplicity of the estimator. The disadvantage with respect to the deterministic
MSK message is the ambiguity of the sinusoidal phase; at 300 kHz, this ambiguity is
multiples of 1 km.

One approach to resolving ambiguity is to generate multiple, synchronous sinusoids at each
transmitter and to examine the beat frequency® of those signals at the receiver. If two CW
transmissions are 500 Hz apart (as suggested in Figure 10), then the lane width for the beat
signal is 600 km. Estimating the phase of this beat frequency to a fraction of a degree would
provide a unique lane for the 300 kHz signal. The bit synchronization would identify the
correct 600 km lane, see Table 2.

L2 — Narrow Aiding Channel Case

2
P ri 0L > —
erformance bounded by o; = 20 2T SNR

Using phase estimates on CW, which is easier to implement than phase
estimate on MSK carrier

Cycle resolution using beat frequency (product) of two CW signals

% If two signals are multiplied together, the result is a signal consisting of sinusoids of the sum and
difference of the two original frequencies, which can be separated by filtering and used as two new
individual frequencies.
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Table 2: Accuracy and Lane Resolution.

Method Freq. Wave | Accuracy | Accuracy | Accuracy | Notes
length - % of (ns) (m)
= lane period
width
(km)
Bit 100 3000.0 0.14% 13888.89 4166.7 If bits are UTC synched then this gets us to
synch nearest 4km — not enough to resolve lane of
single frequency but is enough to resolve lane
of difference beat frequency
Carrier | 300 kHz 1.0 0.14% 4.63 1.4 Single frequency gives sub 2m accuracy, but
(fc) 1km lane width
Ccw1 fc + 250 1.0 0.14% 4.63 1.4 Single frequency gives sub 2m accuracy, but
Hz 1km lane width
Ccw2 Fc - 250 1.0 0.14% 4.63 1.4 Single frequency gives sub 2m accuracy, but
Hz 1km lane width
CW1+ | 600 kHz 0.5 0.14% 2.31 0.7 Beat frequency (product) gives sub-meter
cw2 accuracy, but 500m lane width
Cwi1- 500 Hz 600.0 0.14% 2777.78 833.3 Beat frequency (difference) has resolution to get
cw2 into the correct lane for the single frequency
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2.1.3 L3 - Combination

This solution is a combination of L1 and L2, employing both the new RTCM message and
one additional CW signal:

e As noted in 2.1.1.3, estimating the time delay from the new RTCM message could
provide a high accuracy pseudorange measurement; the disadvantage of such is the
need to frequently transmit this new message, which reduces the data throughput of
the DGNSS channel.

e Asnoted in 2.1.2, it is quite a bit easier to estimate the phase of a CW transmission
rather than having to take into account the data-driven frequency changes in the
MSK transmission; the disadvantage of a single CW transmission is the need to
resolve the lane ambiguity, approximately 1 km for signals in the DGNSS band.

The L3 approach uses the advantages of each of these to resolve the other’s disadvantage.
Specifically, the approach is to do a fine pseudorange estimate from the phase of the CW
signal (converted to distance) and resolve the ambiguity from occasional measurements of
pseudorange from the new MSK signal. Unless the vehicle has extremely high dynamics, its
change in position does not result in lane jumps; hence, from estimate to estimate the CW
phase changes little and the lane can be tracked. Occasional transmission of the new
message would allow for an unambiguous pseudorange calculation that could be used to
verify the lane tracking of the CW phase estimate. This occasional transmission has a small
effect on DGNSS throughput. Further, since there is only one CW transmission, its
frequency can be set within the channels band and at one of the MSK spectral nulls.

L3 — Combination of L1 and L2

1

Performance still bounded by: 67 > -— ——

Uses phase estimates on CW, which is easier to implement than phase
estimate on MSK carrier

Cycle resolution resolved from bit-transition estimate of new message —
this need only be transmitted occasionally

2.1.4 L4 - Wide Aiding Channel

This solution is similar to L2 but ignores the bandwidth constraints and could consist of
either C5 or C6 from S5. Allowing additional bandwidth via combining adjacent channels
could allow for higher rate MSK transmissions; hence, improving the accuracy of
pseudoranges developed from times of bit transitions. Allowing additional, but not adjacent,
channel usage could allow for multiple CW transmissions from the same transmitter at
different frequencies. If properly spaced in frequency, ambiguity resolution is possible
directly from the CW signals. Further, it is feasible that a second MSK channel transmitting
the same DGNSS message might provide the same level of performance with a somewhat
more complex receiver [7] (the two-tone modulation concept, C6).
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2.1.5 Pros/Cons of Solutions

Table 3 contains a summary of the Pro’s and Con’s of the three solutions.
Table 3: Pro's and Con's of Three Solutions.

Solution | Pro’s Con’s
L1 1. Minimal change to existing systems. 1. Difficult to track phase on MSK carrier due to frequency
shifts

2. To track bits to same accuracy, need new message —
used continuously, so would not be able to use the MSK
channel for DGNSS corrections.

3. Need to use new message to do lane (cycle) resolution.

L2 1. CW phase estimate is easier to implement 1. Requires addition of 2 CW signals.

than MSK carrier tracking. 2. Lane resolution requires high accuracy on phase

estimation.

3. R-Mode not possible on adjacent channels.

L3 1. CW phase estimate is easier to implement 1. Requires some change to existing system: addition of 1
than MSK carrier tracking. CW signal and occasional use new message.

2. Only need to use the new message
occasionally for cycle resolution, preserving MSK
channel for DGNSS corrections.

3. Only single CW signal needed, can use R-
Mode on adjacent channels.

Recommended Solution is L3

2
P FTOr | rOE S —0m
e fO mance bounded by. 0'1- =5 CZTSNR

Use phase estimate on single CW

Cycle resolution using bit transition on new message (periodically not
continuously)

2.2 Elaboration of Requirements for Time Synchronization (LP1-320)

In order to do positioning from multiple ranges or to establish time from a single range, the
times of transmission must be precisely timed. There are two timing concerns: time stability
and time synchronization.

2.2.1 Time stability

Time stability is important to ensure that the signal does not drift appreciably over the
receiver averaging time (perhaps 5 seconds). For this purpose, time stability on the order of
one nanosecond over the 5-seconds would be more than sufficient. If we can measure
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range to 100ns then time accuracy needs to be better than 1ns. This equates to clock
stability at the transmitter of ~ 1x107°. This would argue for a Rubidium (Rb) clock (typical
performance of 1x10™"") at the transmitter, not a Caesium (Cs) clock (typical performance of
1x10"). Most DGNSS transmitters currently use Oven Controlled Oscillators (OCXOs),
which only have a time stability of 1x10”7 so would need to be upgraded to a new DGNSS
modulator that either contains a Rb clock or can accept and synchronize to an external Rb
which would need to be added to the equipment suite.

2.2.2 Time synchronization

Time synchronization is needed to determine Universal Coordinated Time (UTC) from the
received signal and to eliminate relative clock biases between the various transmitters,
which otherwise would add to the position error (1 m for every 3.3ns). There are two
methods to accomplish this: synchronize each transmitter to a known common time signal
such as UTC or use common reference site(s) to sort out the time differences.

2.2.2.1 Synchronize to UTC

In the North Sea Area, the geometry of the stations is good, so for 20m performance we
need better than 50ns of accuracy in the clock synchronization to UTC. This could potentially
be done using a network time synchronization (using IEEE 1588 PTP) although this is
beyond the accuracy of most Precise Time Protocol (PTP) implementations. Two-way
Satellite Time Transfer (TWSTT) could be used, but would require point-to-point satellite
links between each transmitter and the UTC reference clock. This could also be done using
an eLoran time receiver; if the eLoran clock is synchronized to UTC then this would provide
a UTC reference, but if not, it would still provide a common reference to all DGNSS
transmitters. And finally, GPS could be used to provide the time synchronization up until the
point in time that the GPS signal is lost. After this point the signal would remain in tolerance
for ~28 hours for a high quality Caesium clock or ~0.28 hours for a Rubidium clock. Any of
these options would require a DGNSS modulator that can synchronize both the carrier
phase and the bit period to UTC (using a 1PPS signal perhaps) as well as the time sync
receiver (IEEE 1588, eLoran, TWSTT, or GPS).

2.2.2.2 Reference Site

The alternative to synchronizing each transmitter is to have one or more reference sites at
known locations that can sort out the relative time differences between the various
transmitters. Similar to the way that DGNSS can calculate corrections for GNSS, an R-Mode
reference site could track the received R-Mode signals and establish the error in them at the
receiver. This error would be primarily the clock offset of the transmitter. This clock offset
could then be broadcast on the DGNSS data stream. The disadvantage of this approach is
that the mobile receiver would only be able to range off of the R-Mode signals that were also
received by the reference site (and thus had corrections for) so this limits the coverage of
the system to an area near the reference site.

Time synchronization (to within 50-100ns) to a common reference such
as UTC is critical for positioning performance.

Time stability (on the order of 1 ns) is necessary to ensure the
transmitter jitter does not impact positioning performance
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2.3 Performance Factors (LPI-330)

Analyses of MSK performance appearing in the open literature on communications systems
consider only the effects of additive noise. Tables of estimates of additive receiver/channel
noise are available from the International Telecommunication Union, Radiocommunication
Sector ITU-R [52]. Employing signal power prediction models allows one to take into account
loss with distance and geography. While some limited research on how to accommodate
multipath (sky wave) in the design of a receiver has appeared (e.g. [48]), none of these
explicitly address the resulting performance. Lastly, propagation delays are of no concern to
the communications application; hence, there has been no consideration of this impact for
MSK signals. They are; however, potentially of concern to ranging. The only serious
examination of propagation delays that we are aware of are at Loran frequencies (100 kHz),
see for example [49-51].

In its specific use in DGNSS systems, the MSK transmission experiences several channel
effects. The following sections provide a description of these various performance limiting
factors and analyses them as error sources. For the remainder of this report the analysis has
been restricted to the geographic area of the North Sea Area; we have used a bounding box
of 50-60° N latitude and from 5°E to 15°W longitude.

2.3.1 Time signal

As discussed above, a stable clock is needed to drive the RF modulator; the stability needed
is on the order of 1 nanosecond over the averaging time constant of the receiver. This
implies a stability rating on the order of 10°. This is easily achievable by a Rubidium or
Caesium clock, but not by a quartz oscillator. Based upon the cost, it would make sense to
use Rb clocks.

2.3.2 Time synchronization

The time synchronization is more problematic. Equipment can be found that will synchronize
to within 50-100ns of the UTC reference. Getting less error than this is very difficult (and
expensive) and may only be realistically achievable by tracking the transmitter clock offsets
and transmitting these offsets as R-Mode clock corrections for each beacon site.

2.3.3 Sky wave

Sky wave is the term used to describe the reception of a time delayed version of the original
signal at the receiver; the primary cause for DGNSS transmissions is reflection off of the
ionosphere. Ignoring noise, a one-hop sky wave (i.e. only one such delayed version as
shown in Figure 11) would result in the received signal:

r(t) =s(t) + as(t—ty)

in which a and t; represent the attenuation and delay of the sky wave, respectively. Sky
wave for MF radio has several characteristics:

e |t is most significant at night due to changes in the height of the ionospheric layer
[52].

e The sky wave’s signal appears later in time than the ground wave signal (on the
order of 100’s of usec later) since the propagation path is longer. Figure 12
shows the typical time delays observed versus distance from the transmitter for a
one-hop sky wave (this is simply based upon the difference in the lengths of the
two paths in Figure 11). Of significance is the relationship of this delay to the
length of an MSK bit period; it is a small portion of the 10 msec bit period of a
100 bps DGNSS transmission.
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Figure 11: A single hop sky wave.
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Figure 12: Typical sky wave delay versus distance.

e |ts impact is larger at further distances from the transmitter since the ground
wave experiences higher attenuation than does the sky wave; the relative signal
powers are measured as a fade margin on a dB scale (ground wave minus sky
wave power), which can go negative (i.e. the sky wave being stronger than the
ground wave). Figure 13 shows possible values of the fade margin versus
distance from the transmitter computed using a smooth Earth model and three
noise models: FCC, CCIR, and Wang. These were all computed using the LFMF
program [53]. We notice that the models provide significantly different results. For
the discussion below we will use the worst of these estimates, the CCIR model
(this is the same as the model presented in ITU-R P.1147-4 [54]). Further, we
employ the actual sky wave’s signal strength estimates and combine them with
the ground wave’s signal strength estimates from 2.3.6 to predict the fading
margins as a function of position in the North Sea Area for the predictions of
positioning performance in 3.2.
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e Since the MSK signal (both random and deterministic message) is continuous in
time, the sky wave causes errors in estimates of both the time of bit transition
and signal phase; specifically, the late signal crosses the time of bit transition of
he ground wave impacting algorithms trying to estimate that time and, within a bit
interval, the identical frequency sinusoid can add constructively or destructively
(similar statements hold for a CW transmission). Quantification of this effect has
not appeared in the literature, nor does it seem easy to accomplish.
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Figure 13: Typical fade margin assuming smooth earth model.

To better understand the impact of sky wave on phase estimation, consider a pair of
adjacent bit intervals with different frequencies as shown in Figure 14. In this figure the
leftmost vertical solid gray line shows the time of a bit transition; the top trace in the diagram
shows the ground wave consisting of two different frequency sinusoids, green and red,
respectively. The second trace is the sky wave signal, an attenuated and delayed version of
the ground wave; the rightmost vertical gray line marks the bit transition in the sky wave. The
third trace is the arithmetic sum of the ground wave and sky wave. Note that during the time
between the ground wave’s and sky wave’s bit transitions, both frequencies are present. The
sky wave component causes an amplitude change (apparent in the figure) and a phase shift
from the ground wave signal.
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Figure 14: Example of sky wave interference on MSK.

It is possible to be more specific on this effect, see [6]. Ignoring the noise for the moment,
and concentrating on one bit interval (a single frequency sinusoid), the received signal is:

r(t) =s(t) +as(t—ty)
= Asin(wit + ¢) + a Asin(wy (t — tgz) + @)
=nAsin(wgt +¢ + B)

in which the final line is the result of some trigonometric manipulations; the additional
amplitude and phase terms are:

— asin(wgtyg)
n=y1+a?—-2acos(wyty) and p=tan~* (m)
In words, within a bit period (i.e. ignoring the overlap of adjacent bit periods for a moment),
sky wave contamination results in the received signal being a single sinusoid of the same
frequency, but with amplitude scaling n (obvious in Figure 14) and a phase shift of g (less
obvious in that figure). If « is small, then the amplitude scaling is nearly unity (and not of too
much interest); the impact is constructive or destructive depending upon whether the phase
of the interferer is either aligned or opposite to that of the ground wave signal. This 0° or 180°
alignment has the most impact on amplitude. In contrast, the phase shift can vary greatly
with t;. This phase variation is periodic in t;, with misalignment of the two sinusoids (i.e.
approximately 90°) causing the largest impact on received signal phase.

It is also possible to develop an expression for the worst-case phase error as a function of
the fade margin 1/,4. Figure 15 shows this maximum phase error in nanoseconds as a
function of the fade margin and a nominal 300 kHz carrier. Clearly, a minimum fade margin
of 15 dB or more is necessary to limit the impact of sky wave on pseudorange estimation to
100 nsec or less. During the day, sky wave effects appear to be sufficiently small so as to
not affect performance; however, at night the positioning performance will be negatively
impacted.
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Figure 15: Worst-case time bias as a function of the fade margin.

Sky wave can have a large impact on ranging performance at night

2.3.4 Propagation conditions

The typical method to predict loss of signal power with distance is to use software tools
based on Millington’s method. These predict loss by using data on ground conductivity along
the assumed great circle propagation path.

The speed of propagation of the ground wave is used when converting the time of arrival
(TOA) measurements to pseudoranges in the position solution; typically the speed of light is
used. This standard value is adjusted for propagation through air by dividing by the index of
refraction (this was called the Primary Factor in Loran). In the Loran system, a Secondary
Factor was also used, to adjust the speed for propagation over seawater. It is also well
known that the non-uniform nature of ground conductivity and topography along the ground
wave signal path retards the TOA of transmitted LF and MF signals; this effect is commonly
called the Additional Secondary Factor (ASF). There have been numerous studies and
reports on these effects for signals at 100 kHz (Loran), most recently in the 2000’s with the
emergence of eLoran (see, e.g., [50]). Some of these efforts have attempted to numerically
compute the ASFs using high resolution ground conductivity and topographical data;
unfortunately, the results are not uniformly accurate for the desired positioning performance.
Current methods for eLoran create the ASF maps by means of an experimental survey and
track/broadcast the temporal variations by means of monitor sites [55]. While this is
conceivably an onerous task if the area of interest is large, the combination of established
shipping lanes and high correlation of the effects over salt water make this manageable for
water environments such as the North Sea. To date we know of no effort to map ASFs for
signals near 300 kHz. However, we do expect that the lessons learned from creating ASF
maps at 100 kHz will translate directly to 300 kHz.
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2.3.5 Interference in 300 kHz band

The primary source of interference in the 300 kHz band is the other DGNSS sites using the
same frequency. Since there are 119 active DGNSS beacons and only 65 channels within
the frequency band in Region |, there is channel re-use. Figure 16 shows that some of the
channels (frequencies) are used by as many as 4 beacons, although most frequencies are
used only once or twice (there are also 5 frequencies that are not currently used at all). This
co-channel interference is minimized by geographic separation of the sites using the same
frequency and conservative transmitter power levels. The largest impact from the co-channel
interference tends to be at night when sky waves can increase the signal reception (and thus
interference) range. The second main source of interference in Europe is the presence of
aeronautical beacons in the maritime band. These impact primarily inland sites and are less
of a problem on the coast.

Frequency Reuse Distribution
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Figure 16: Frequency Reuse Distribution, compiled from IALA listings of
DGNSS transmitters. The top bar, for example, indicates that there are 3
frequencies (channels) that are used 4 times each.

2.3.6 Geometry

For a position solution, a large impact on the quality of the solution is the location and
relative bearings of the beacon sites to the receiver. This error is captured in the Horizontal
Dilution of Precision (HDOP), which is calculated based on the bearings to each of the
transmitters. For the North Sea Area, the HDOP has been calculated on a 0.1° by 0.1° grid
using only those transmitters providing a signal to noise ratio (SNR) at that location of
greater than 7 dB; see Figure 17. Since the HDOP can be interpreted as a multiplier on the
user range error, lower numbers are better. As can be seen, most of the coverage area has
a very good HDOP (<2). The area of high HDOP off the coast of Denmark could be
improved with the addition of a DGNSS beacon in the middle of the North Sea (located in
one of the windmill farms perhaps).
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Figure 17: HDOP for the North Sea.

The predicted signal strengths for each beacon were calculated using a MATLAB™ program
developed by the authors based on Millington’s method [56]; the EIRP for each beacon was
estimated based on the stated nominal ranges from the IALA tables of DGNSS Stations®.
Sample signal strength plots from this prediction program are shown for three beacons in
Figure 18.

HDOP values across the North Sea area are quite good (<2).

* Available from http://www.iala-
aism.org/publications/category.html?category=a369e478240722d460335fea600cb81a
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Figure 18: Predicted signal strengths (in dBuV) for three beacons around the
North Sea.
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The primary input to the Millington’s method is the ground conductivity; Figure 19 shows the
ground conductivity map that was provided and used for the calculations (with some edits to
improve coastline matching)[57]. In this map the numbers correspond to one of the ITU-R
conductivity levels as listed in M.832-2 [58]. These are shown in Table 4 with ground type

descriptions from [59].

Table 4: Conductivity Map Levels and Descriptions.

Standard values | Lower limit | Upper limit
Level (mS/m) (mSIM) (mS/m) Ground Type
0 Not defined — treated as sea water
1 5000 3000 7000 Sea water
2 30 17 55 Very good ground
3 10 55 17 Wet ground, good dry soil
4 3 1.7 5.5 Fresh water, cultivated ground
5 1 0.55 1.7 Medium dry, average ground, mountainous areas
6 0.3 0.17 0.55 Dry ground, permafrost, snow covered mountains
7 0.1 .055 0.17 Extremely poor, very dry ground
8 0.03 0.017 0.055
9 0.01 0.0055 0.017 Glacial ice

15

=

Figure 19: Ground conductivity map; each level maps to one of the ITU-R
ground conductivity ranges [58].

ACCSEAS Project




Feasibility Study of R-Mode using MF DGPS Transmissions
Issue: Final 1.0/ 7.03.2014

The SNR is calculated by subtracting the noise (in dB) from the predicted signal strengths.
The noise values used (see Table 5) are from Alan Grant’s thesis [59] and are a compilation
of the 24 noise maps presented in ITU-R P.372-8 for each season and time period [60].
These noise values are interpolated across the North Sea Area (see Figure 20) and
subtracted from the signal strength at each point to get the SNR. An additional uniform noise
level of 12dB was added the location-based value to reduce the SNR to more conservative

ranges.

Table 5: Annual average noise values not exceeded 95% of the time, in dBuV/m,
reprinted from [59].

Longitude (deg)
50W | 40W | 30W | 20W |10W | 0 | 10E | 20E | 30E | 40E | 50E | 60E | 70E | 80 E
8N | -3 -2 -4 -4 -4 4| -3 -3 -2 -3 -3 -4 -6 -7
= 70N | -2 -3 -4 -4 -3 -1 2 4 5 5 4 2 -1 -4
Lgi 60N | -1 -1 -1 1 3 5 9 1 1 10 8 7 2 -1
§ 50N 3 3 3 5 7 10| 13 13 1 10 9 8 7 4
g’ 4ON| 6 6 6 8 | 1 [13] 13 [ 13 | 11| 10| 9 | 9 |11]|13
= ] 30N| 12 11 11 12 13 | 14| 14 13 | 1 11 11 13 | 20 | 24
20N | 18 14 13 14 17 19| 20 19 17 15 17 20 27 30
. Noise Map
65 N
Figure 20: Interpolated noise map, dBpV/m.
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3 Accuracy Analysis (LP1-520)

3.1 Timing Accuracy (LP1-340)

Based on the analysis contained in Section 2, the achievable accuracy on any of the three
solutions (L1 — L3) is bounded by the same equation (plotted in Figure 9):
2

1
oS —
% = 2w.2T SNR

This equation takes into account distance from the transmitter and ground conductivity
(since the signal strength predictions are a function of distance and conductivity) as shown
in Figure 18. It also takes into account the predicted noise (in the SNR term). The accuracy
is also a function of the receiver averaging time, T (5 seconds is used), and frequency, w.
(300 kHz used).

3.2 Positioning Accuracy (LP1-350)

This equation bounding the time accuracy, converted from nanoseconds to meters, is used
to provide the accuracy of each individual pseudorange. This error term is combined with the
geometry of the stations through a weighted HDOP calculation to provide a bound on
position accuracy estimates across the North Sea Area (see Figure 21). In calculating this,
only those stations with a SNR>7dB are used (7dB being the minimum set forth by the IEC
[61]). This plot, for daytime, does not take into account any errors due to timing offsets
between the various transmitters (assumed perfect synchronization), nor does it take into
account any secondary variations in propagation (ASFs) as these are judged to be very
small over the North Sea Area due to the limited land paths. Since the detail is difficult to see
on this scale (0-100m of error), Figure 22 shows the same data plotted using a 0-20m scale.

Predicted daytime bound on R-Mode positioning accuracy using TOA
bounds is very good — better than 10m accuracy in most of the North
Sea Area.
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Figure 21: Daytime Predicted Positioning Accuracy (m) using 0-100m scale.
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Figure 22: Daytime Predicted Positioning Accuracy (m) using 0-20m scale.
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The largest impact on DGNSS R-Mode performance is sky wave interference as described
in Section 2.3. In general, the sky wave interference starts building up at sunset, increases
to a maximum after midnight, and then reduces back down after sunrise. The maximum
night time sky wave signal strength at each location in the grid is predicted using the LFMF
software tool [53], which uses the ITU-R sky wave models from [54] as described in [62].
This sky wave strength is used to impact the position solution in two ways. First, the sky
wave signal strength is treated as noise and subtracted from the SNR values (a worst case
of destructive interference). Second, the fade margin is calculated as the difference between
the ground wave signal strength and the sky wave signal strength. This fade margin is used
to calculate the additional error variance of the phase estimate as described in Section 2.3.3,
which is then added to the noise variance based upon the SNR. This combined noise
variance is used in the weighted HDOP solution to compute the new predicted performance
grid shown in Figure 23. Since all errors over 100m are the same color in this plot, It is
difficult to see the variance in some areas; Figure 24 is the same data with a 0-200m scale.

Night time R-mode performance is about a factor of 10 worse than
daytime performance but still better than 100m accuracy for most of the
North Sea Area.
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Figure 23: Predicted Positioning Accuracy (m) at night using 0-100m scale.
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Figure 24: Predicted Positioning Accuracy (m) at night using 0-200m scale.
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4 System Modifications (LP1-530)

4.1 Reference Station Modifications (LP1-360)

The subparagraphs below list the changes needed to be made to the DGNSS reference
station (RTCM data formats, MSK modulator, transmitter) for each of the solutions.

4.1.1 Solution L1 (200 BPS MSK)

Solution L1 requires the following changes:

¢ Increase bit rate to 200 bps (this is a standard option on modulators).

e Create a new (fixed bit) RTCM message; this could either be a newly defined RTCM
message or just a static message 16 [63] — if possible, a zero-one alternating
sequence of the payload bits is preferred as this causes the maximum number of bit
transitions.

e Install a stable clock (Rb) and a UTC time base with 50 ns synchronization accuracy
each site.

e Replace the MSK modulator with one that can use the use stable clock (10MHz) and
UTC sync (1PPS) signals.

If R-Mode reference stations will be used then additionally:
e Create new RTCM messages for R-Mode ranging corrections.
¢ Modify the Modulator to accept/use the new RTCM messages.

Figure 25 contains a block diagram of a transmitter to accomplish Solution L1.

antenna

Special RTCM Custom .
Message MSK Modulator| =~ Amplifier
A
10 MHz / 1 PPS
Rubidium
UTC > Clock

Figure 25: Transmitter for Solution L1.

4.1.2 Solution L2 (CW)

Solution L2 requires the following changes:
¢ Install a stable clock (Rb) and a UTC time base with 50 ns synchronization accuracy
each site.
¢ Replace the MSK modulator with one that can use the use stable clock (10MHz) and
UTC sync (1PPS) signals.
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e Either modify the modulator to also generate the CW signals and combine with the
MSK signal in the low-level RF feed to the transmitter or install a separate signal
generator (that uses the same clock and UTC sync) and combine the two low-level
RF feeds with an analog combiner.

e [f the transmitter (amplifier) cannot handle a non-constant amplitude signal, then
replace it with one that can.

e [f the antenna/coupler cannot accommodate the wider bandwidth signal, then replace
with ones that can.

If R-Mode reference stations will be used then additionally:
e Create new RTCM messages for R-Mode ranging corrections.
e Modify the Modulator to accept/use the new RTCM messages.

Figure 26 contains a block diagram of a transmitter to accomplish Solution L2.

|_ ————————————————— antenna
|
Standard RTCM ! Custom :
L > |
Messages I MSK Modulator I
| |
— | A > Combiner |
Rubidium | | /Coupler |-> Amplifier
Clock | Y > /Summer |
| |
| CW Modulator |
UTC | |
|

Figure 26: Transmitter for Solution L2.

4.1.3 Solution L3 (Combined)

Solution L2 requires the following changes:

e Increase bit rate to 200 bps (this is a standard option on modulators).

e Create a new (fixed bit) RTCM message; this could either be a newly defined RTCM
message or just a static message 16 [63].

e Install a stable clock (Rb) and a UTC time base with 50 ns synchronization accuracy
each site.

e Replace the MSK modulator with one that can use the use stable clock (10MHz) and
UTC sync (1PPS) signals.

e Either modify the modulator to also generate the CW signals and combine with the
MSK signal in the low-level RF feed to the transmitter or install a separate signal
generator (that uses the same clock and UTC sync) and combine the two low-level
RF feeds with an analog combiner.

e [f the transmitter (amplifier) cannot handle a non-constant amplitude signal, then
replace it with one that can.

e [f the antenna/coupler cannot accommodate the wider bandwidth signal, then replace
with ones that can.
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If R-Mode reference stations will be used then additionally:
e Create new RTCM messages for R-Mode ranging corrections.
¢ Modify the Modulator to accept/use the new RTCM messages.

The block diagram of a transmitter to accomplish Solution L3 is essentially the same as the
diagram shown in Figure 26 except that the unit must be able to implement the new RTCM
message in addition to Standard RTCM messages.

4.2 Beacon Receiver Modifications (LP1-370)

The subsections and block diagrams below describe the changes to the beacon receiver to
convert it to an R-Mode (RTCM data format, MSK demodulator) receiver for each of the
three solutions. These changes will require either a new test standard or a revision to the
current IEC 61108-4 standard [61].

4.2.1 Solution L1 (200 BPS MSK)

Figure 27 contains a block diagram of a receiver to implement Solution L1, which consists of
the following:

e The DGNSS front end removes out of band noise and interference due to signals in
the adjacent LF and AM bands. It is important that this front end not introduce time
delays/phase shifts for the different DGNSS channels.

e The analog-to-digital converter (ADC) must be sufficiently fast to record the entire
DGNSS band as one signal for synchronous signal processing.

e The standard MSK demodulator block estimates the transmitted bits (at 100 or 200
bps) so that the block below it (the MSK pseudorange estimator) knows how to
separate the sampled data stream for the two MSK frequencies. This receiver must
also be able to decode new RTCM messages in order to receive monitor site
messages for pseudorange corrections and then apply these to the developed
pseudoranges.

e The MSK pseudorange estimator implements several algorithms toward the goal of
estimating the pseudorange: estimating the time of bit transition of the regular
(random) MSK messages, estimating the pseudorange for the new (fixed) RTCM
message, estimating the phase of the individual bit sinusoids, and resolving the
ambiguity of this phase measurement using the bit and new message timing
information. The output of this block is the estimated pseudorange and an estimate
of its error variance (for weighting in the position solution).

e Finally, the pseudoranges from each DGNSS channel and their associated weights
are combined into a position solution. The output should be a standard NMEA string.

o | Channel k
| Channel 2
Channel 1
«| Standard MSK
DGNSS “1 Demodulator >
Band N
>| ADC data bits Position
o Y “| calculation NMEA
End output
| MSK Pseudorange| pseudorange || >
Estimator ]

Figure 27: Receiver for Solution L1.
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4.2.2 Solution L2 (CW)

Figure 28 contains a block diagram of a receiver to implement Solution L2, which consists of
the following:

e The DGNSS front end removes out of band noise and interference due to signals in
the adjacent LF and AM bands. It is important that this front end not introduce time
delays/phase shifts for the different DGNSS channels.

The analog-to-digital converter (ADC) must be sufficiently fast to record the entire
DGNSS band as one signal for synchronous signal processing.

The standard MSK demodulator block estimates the bit transition times so that the
block below it can resolve the CW lane ambiguity. This receiver must also be able to
decode new RTCM messages in order to receive monitor site messages for
pseudorange corrections and then apply these to the pseudoranges

The CW phase estimator implements standard algorithms to estimate the phases of
the two transmitted CW signals.

Ambiguity resolution is accomplished by the beat signal of these two CW signals in
concert with the time of bit transition from the MSK receiver.

Finally, the pseudoranges from each DGNSS channel and their associated weights
are combined into a position solution. The output should be a standard NMEA string.

e | Channel k
| Channel 2
Channel 1
«| Standard MSK
DGNSS ~1 Demodulator >
Band -
Front ADC bit transition times >| Position > NMEA
End Y Calculation output
Ambiguity pseudorange -
Resolution =
> CW Phase —
Estimator |

Figure 28: Receiver for Solution L2.

4.2.3 Solution L3 (combined)

Figure 29 of a receiver to implement Solution L3, which consists of the following:

e The DGNSS front end removes out of band noise and interference due to signals in
the adjacent LF and AM bands. It is important that this front end not introduce time
delays/phase shifts for the different DGNSS channels.

e The analog-to-digital converter (ADC) must be sufficiently fast to record the entire
DGNSS band as one signal for synchronous signal processing.

e The standard MSK demodulator block decodes any new RTCM messages in order to
receive monitor site messages for pseudorange corrections and then apply these to
the developed pseudoranges.

e The MSK pseudorange estimator block estimates the pseudorange for the
occasionally occurring new (fixed) RTCM message.
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e The CW phase estimator implements the standard algorithm for the phase of the one
transmitted CW signal.

e The ambiguity resolution is accomplished by selecting the CW lane to match the
pseudorange estimated from the fixed RTCM message.

e Finally, the pseudoranges from each DGNSS channel and their associated weights
are combined into a position solution. The output should be a standard NMEA string.

Channel k
| Channel 2
Channel 1

antenna |

Standard MSK
DGNSS Demodulator

Band -
Front
End

ADC

Y

MSK Pseudorange
Estimator

> Position | 5 NMEA
v Calculation output

Ambiguity | pseudorange
Resolution

A

CW Phase —
Estimator

Figure 29: Receiver for Solution L3.

4.3 Clock Specification (LP1-380)

There is a trade-off between accuracy, cost, complexity, and coverage area. Probably the
best recommendation would be to install Rb clocks at the DGNSS sites to provide the short-
term signal stability and use a UTC time base to synchronize the clocks. This would provide
R-Mode positioning coverage throughout the area at a level of accuracy limited by the clock
synchronization accuracy (50-100ns). For Harbor Entrance and Approach (HEA) areas,
reference sites would be needed to enable higher accuracy. The other option (and maybe
the easiest option for test bed use) would be to use a GPS timing receiver as the UTC
reference, accepting the limited holdover time in the loss of GPS. Caesium clocks would
provide much longer holdover time, but are an order of magnitude more expensive than Rb
clocks.

Minimum frequency accuracy: 5x10™"
Minimum Stability: 1x107°.
Minimum UTC synch accuracy: 50 ns.

4.4 Potential Improvements (LP1-395)

There are several additional avenues that could be pursued in the future to improve the
performance of the solutions presented. First, if a sky wave reducing antenna (one that
attenuates high elevation angle signals) could be found, then the use of such an antenna
could increase the night time coverage area considerably. Second, if a directional antenna
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(such as one formed from H-field crossed-loops [64]) was used, then a bearing could be
estimated for each received signal. This bearing could then be incorporated into the position
solution algorithm along with the pseudoranges. This could potentially improve the accuracy,
and would also improve the coverage area by reducing the number of beacon stations
needed. Third, ASF maps could be measured and made available to the user receiver to
eliminate the propagation errors. And finally, as already mentioned, reference sites could be
used to calculate and transmit R-Mode ranging corrections to improve performance in the
area around the reference station.
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5 Test Bed Concept (LP1-540)

The following two subsections provide descriptions of two concepts for testing the DGNSS
R-mode in a real test bed, first in the short term (ACCSEAS) and second in the longer term.

5.1 Development of concept for testing R-Mode in a field trial (LP1-400)

The ACCSEAS Test Bed is only chartered through early 2015; this limits what can be
included as part of the test bed. However, even a limited test can serve as a proof-of-
concept and provide a basis for further work. The following is what the authors believe is
something that can be accomplished within the timeframe of the ACCSEAS Test Bed and
still be meaningful as an R-Mode field trial:

¢ |[nstall a single R-Mode transmitter at one site.

e Build a single mobile R-Mode receiver to be installed on a vessel of opportunity.

e Build and install a fixed R-Mode receiver to act as a monitor site.

5.1.1 Transmitter

A single DGNSS site would need to be chosen. There are several options for this. First, the
planned facility at ljmuiden Phare might be used (see Figure 30). The construction of the
antenna tower has not started yet, so this might not be available within the required
timeframe. A temporary antenna could be used for the test, but might not be capable of the
range desired. A second option would be to use one of the Dutch operational sites (such as
at Holland Hook). This would require approval for use of the operational site. A third option
would be to use the German operational site at Helgoland.

58

57
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56
Denmark
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limuiden

52 Netherla _nds..,..--"'

‘-"1_‘/_“-4'\--\
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Germany

51

50

49

-2 1] 2 4 6 8 10 12

Figure 30: ljmuiden site (black triangle) with 200 km range ring in yellow and
100 km range ring in red.
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Regardless of which transmitter /location is chosen, the transmitter should have a modulator
such as the Flexibilis modulator (see Figure 31) used in the Finnish Time Transfer testing
[13] that can be synchronized to UTC (both carrier and bit clock) and that can transmit a
custom RTCM message. The transmitter would be set to transmit just the custom message
and no “real” messages (RTCM Type 9’s). Employing this fixed signal would allow us to test
L1 and partially test L2 (while setting all of the bits to zero or one generates a single CW
signal, there would only be the one signal, not at the intended frequency, and the MSK
would not be present).

Figure 31: Flexibilis DGNSS Modulator.

5.1.2 Mobile Receiver

At least one mobile receiver would be needed. This R-Mode receiver needs to have the
capability of measuring the pseudorange from the R-Mode transmitter. The R-mode receiver
should also accept NMEA sentences from a DGNSS receiver in order to estimate the error
in the pseudorange in real time. This data on pseudoranges and errors should be logged
along with position and time for later analysis.

5.1.3 Monitor Receiver

An additional receiver is needed to act as a fixed monitor site. This R-Mode receiver needs
to have the capability of measuring the pseudorange from the R-Mode transmitter. The R-
mode receiver should also accept NMEA sentences from a DGNSS receiver in order to
estimate the error in the pseudorange in real time. This data on pseudoranges and errors
should be logged along with position and time for later analysis. This monitor site should be
located about 100km from the transmitter. This will enable study of the impacts of sky wave
on the pseudorange estimation error.

5.2 Field test concept study (LP1-410)

If the timeline is extended into the future more, then a better test bed for the North Sea Area
can be designed and implemented. This future German R-Mode test bed could be
configured to assess the performance of the recommended solution set (using CW signals)
as well as full positioning by using multiple R-Mode transmitters.
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5.2.1 Transmitter Locations

In order to do R-Mode positioning at least three R-Mode transmitters are needed. Looking at
the existing DGNSS transmitter locations a good geographic location for the test bed would
be in the Helgoland Bight. This is also the entrance to Hamburg, which is the third busiest
port in Europe, so is a critical area. The best case for this area would be to use five DGNSS
stations as shown in Figure 32 as this provides excellent predicted positioning performance
in an area within 150km of the approaches to Hamburg (red circle in Figure 32). Adding just
one of the two non-German stations (see Figure 33 and Figure 34) does not improve the
predicted position performance much over the case of just using the three German stations
(see Figure 35). If the test bed needed to be limited to 4 stations then dropping Gross
Mohrdorf would be the best option (see Figure 36).
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Figure 32: Test Bed HDOP for three German Stations plus Netherlands and
Denmark.
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Figure 33: Test Bed HDOP for three German Stations plus Netherlands.
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Figure 34: Test Bed HDOP for three German Stations plus Denmark.
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Figure 35: Test bed HDOP for three German Stations.
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Figure 36: Test Bed HDOP for two German Stations plus Netherlands and
Denmark.
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5.3 R-mode Receiver Concept (LP1-420)

As depicted in Figure 37 the full R-Mode prototype receiver is envisioned as an “all-in-view”
system, receiving and processing as many R-Mode signals as possible (shown in the figure
as channels 1 through k) and using them all in the position solution. In this model each
channel consists of several operations:

e Demodulating the individual MSK transmissions for DGNSS and/or R-Mode
correction data. The R-Mode correction data will be employed by the position
calculation algorithm.

e Appropriate signal processing (estimation algorithms) to estimate a pseudorange
from the received signal. Depending upon the solution utilized (L1, L2, or L3), this
is a combination of MSK bit transition tracking, CW phase tracking, and/or
ambiguity resolution.

e An assessment of the quality of the derived pseudorange for each channel;
specifically an assessment of the variance of the pseudorange error and,
perhaps, whether or not the signal is corrupted by skywave. Accurate
assessment of this quality is required for a high performance position solution
and is employed as part of the position calculation itself (pseudoranges with
larger error variances are down-weighted in the solution).

The proposed receiver structure shows a common RF front end and ADC as an accurate
position solution depends upon keeping the individual R-Mode channels in time
synchronization. Further, the receiver’s internal clock used to drive the ADC (shown explicitly
in this block diagram) needs to be uniform over the observation time of the receiver with
good frequency stability so that the individual channels can be separated.

Once a sufficient number of pseudoranges are estimated (at least three for latitude,
longitude, and receiver clock offset computation, but more are better), a weighted least
squares position calculation is implemented. The resulting position, in the WGS 84 datum,
would be output from the receiver. Additional output information should include the list of
stations employed in the solution, the quality of their measurements, and the receiving
geometry (HDOP).

It is envisioned that prototype receivers would be constructed using software defined radio
peripherals (e.g. USRP-like front ends or fast ADC cards) with the signal processing being
done in a computational software environment (e.g. MATLAB or equivalent). Production
receivers would leverage FPGA implementations.

v | Channel k
| Channel 2
Channel 1
Standard MSK
DGNSS Demodulator >

Band

ADC ..
Front »| Pseudorange > C:ﬁi{;‘t’i‘; N NMEA
End ] Estimator output

clock > Quality Estimate ]

Figure 37: All-in-view R-Mode receiver.
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6 Conclusions

In conclusion, the information presented in this report shows that MF R-Mode shows great
potential for a back-up positioning system in order to achieve the eNavigation goal of
resilient PNT. During the daytime, positioning accuracies of better than 10m appear
achievable throughout the North Sea Area. At night, the accuracy declines by an order of
magnitude, but is still better than 100m (the accuracy of GPS when first introduced). The
one part of the North Sea Area (NE of Denmark) that has poor HDOP and thus poor
positioning performance could be improved through the addition of another DGNSS station.
For example, if the planned station at Ekofisk were commissioned, then the HDOP would
improve considerable (see Figure 38) as compared to current (Figure 17).

Q5N p 10

45 L
51%!;

15 E .

w 0 5 E 10 E
Figure 38: North Sea Area HDOP with the addition of the Ekofisk station
(circled).

A path forward has been presented for limited testing in the ACCSEAS test bed (short term)
and more extensive testing in a future German test bed (medium term). This testing will
provide an opportunity to assess how well a receiver implementation can estimate the TOAs
and how close to the bounds the achievable performance is.

In the next phases of the feasibility study, ranging off of AIS signals will be investigated as
well as combinations of MF R-Mode with AIS R-Mode and elLoran.
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