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Executive Summary

This report presents the results of a VHF Data Exchange System (VDES) channel sounding
campaign, conducted by the General Lighthouse Authorities of the United Kingdom and
Ireland (GLA) and the Institute for Telecommunications Research (ITR) at the University of
South Australia.

The channel sounding campaign examined radio propagation conditions for all channels
intended for use in ship-to-shore and shore-to-ship VDES and ASM (Application Specific
Message) communications. A comprehensive series of sea trials were conducted over five
days during February/March of 2014, near Harwich in the United Kingdom. Five operational
scenarios were examined, spanning four of the six IMO Maritime Service Portfolio area
categories. System components and deployment were consistent with real world maritime
use.

A custom channel sounding system was built to sound the radio channel and record
received sample data in each scenario. Recorded data was post-processed offline,
generating a statistical characterisation of:

¢ Received signal power;

e Path loss;

e Propagation delay;

e Frequency offset;

¢ Interference to noise ratio; and

e Signal to interference plus noise ratio.

The time domain channel impulse response (CIR), frequency selective fading effects, and
interference were also investigated.

Most areas provided a line-of-sight (LOS) component and the channel typically exhibited
mild frequency selective fading.
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The harshest frequency selective fading was observed in non line-of-sight (NLOS) conditions
on the River Orwell in Ipswich. Here the channel exhibited slow frequency selectivity and
fades that spanned a significant proportion of the channel.
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Several channel characteristics were identified that are specific to maritime use. In rough
sea state conditions the vessel antenna can become misaligned (in terms of polarisation)
with the shore side antenna. During periods of vessel movement in moderate to rough sea
state we observed large fluctuations in received power (at rate 5dB per second) and
Doppler induced changes to frequency offset (at rate 1 Hz per second). Moreover, the
cluttered rooftop of a vessel can cause vessel orientation dependent shadowing, with
variation of up to 20 dB.

Across all trials the communications range varied between 1.1 km (0.57 NM) and 30.8 km
(16.6 NM). Received power varied between -43 dBm and -98 dBm. In all cases the received
signal strength was sufficient to accurately estimate the channel.

In general, the channel is not flat fading (fading evenly across frequencies). Hence the
waveform and receiver design must allow for frequency selectivity. The channel sounding
system provides a macroscopic view of the time domain channel that is consistent with the
view that a future VDES receiver will be given. The channel impulse response (CIR) uses a
tap delay line to represent copies of the signal arriving at the receiver due to multipath
reflections. Each tap represents the delay and gain of the multipath component relative to
the strongest path. The observed CIR was typically limited to two taps, which (after bulk
frequency offset correction) do not exhibit strong variation in time over a 250 ms observation.

Multicarrier techniques, such as Orthogonal Frequency Division Multiplexing (OFDM) may
be considered. However, variation in fading is typically slow across the band. A wide and
deep fade would significantly reduce the SNR of a large proportion of the subcarriers,
necessitating careful code and interleaver design. Each symbol in an OFDM waveform
includes a cyclic prefix (CP), which is a copy of the end portion of the symbol prepended to
it. The CP combats multipath-induced inter-symbol and inter-carrier interference. Design of
the CP requires consideration as it introduces an energy and data rate (time) overhead.

An alternative is to consider a single carrier system using time domain channel equalisation.
With only a small number (e.g. 2) time domain taps to manage, this may present a low
complexity solution. A complexity/performance trade-off study would ensure signalling and
receiver methods that are appropriate for the channel.

The channel sounding campaign has demonstrated that spectrum currently being
considered for VDES and ASM use is well suited to the purpose. The results provide
valuable input into waveform and receiver design. Building upon the spectrum using a
considered design approach will provide an optimal performance/complexity balance and
deliver the maximum benefit for future maritime communications.
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1 Introduction

The VHF Data Exchange System (VDES) is seen as one of the potential key elements of the
International Maritime Organisation (IMO) concept of e-Navigation. Work is currently being
undertaken within the International Association of Marine Aids to Navigation and Lighthouse
Authorities (IALA) and the International Telecommunications Union (ITU) to develop an
international standard for VDES and secure access to radio spectrum.

This report presents the results of a VDES channel sounding campaign, conducted by the
General Lighthouse Authorities of the United Kingdom and Ireland (GLA) and the Institute for
Telecommunications Research (ITR) at the University of South Australia (UniSA). The
document follows the format recommended in the IALA Guideline on The Reporting of
Results of e-Navigation Testbeds [1].

2 General Information

2.1 Location

The measurement campaign was conducted at various locations within approximately 17 M
of Harwich, Essex in the United Kingdom. A detailed overview of the test sites is included
later in this report.

2.2 Time and Duration

The sea trials took place between 26" February and 2" March 2014.

2.3 Contact Person(s)

Jan Safar, GLA, Jan.Safar@gla-rrnav.org;

Dr Nick Ward, GLA, Nick. Ward@agla-rrnav.org;

Dr David Haley, ITR, UniSA, David.Haley@unisa.edu.au.

2.4 Organisation(s) Involved
The General Lighthouse Authorities of the United Kingdom and Ireland;

Institute for Telecommunications Research, University of South Australia.

2.5 Funding
This work was co-funded by the GLA and ITR.

3 Testbed Information

3.1 Type of User Groups Involved in the Test

e Shipboard users
e Shore-based users

3.2 e-Navigation Gaps Considered

o Effective and robust voice communication and data transfer
¢ Information/data management
e Ship reporting
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3.3 Category of e-Navigation Gaps Considered
e Technical
e Regulatory
3.4 e-Navigation Solutions Considered
o VDES has the potential to contribute to all of the five e-Navigation solutions
prioritised by IMO.
3.5 Links to Similar Testbeds
¢ Investigation of Multipath Fading for VDES, JRC, Japan [2].

4 Methodology

The channel sounding campaign examined radio propagation conditions for all channels
intended for use in ship-to-shore and shore-to-ship VDES and ASM (Application Specific
Message) communications. A comprehensive series of sea trials was conducted over five
days during February/March of 2014, near Harwich in the United Kingdom. Five operational
scenarios were examined, spanning four of the six IMO Maritime Service Portfolio area
categories. The measurement sites selected for the trials are described in detail in
Section 4.1 below.

System components and deployment were consistent with real world maritime use. Details
of the system architecture and equipment used during the trials are presented in Section 4.2.

Section 4.3 then provides detailed information on the test methodology, waveform design,
and receiver signal processing.
4.1 Test Sites

The draft e-Navigation Strategy Implementation Plan prepared by the IMO identified the
following area categories as the context in which Maritime Service Portfolios (MSPs) should
be considered:

1. Port areas and approaches
Coastal waters and confined or restricted areas
Open sea and ocean areas

Areas with offshore and/or infrastructure developments

o kN

Polar areas
6. Other remote areas

This categorisation facilitates the determination of the kind and amount of information to be
transmitted, taking into account the type of communication system(s) to be used, along with
the identification of the relevant authorities or stakeholders which would be responsible for
the dissemination of the information. Each of the above mentioned area categories are also
likely to exhibit different signal propagation characteristics. It was therefore considered
appropriate to use the IMO area types as a basis for the selection of test sites used in this
work. Four of the six area types were considered in this study. The selected sites are
detailed below.

Version Date: 03/04/2014 Version: 1.1

© Research & Radionavigation Directorate, The Quay, Harwich, CO12 3JW and University of South Australia





RPT-09-JSa-14

4.1.1 Overview of Measurement Sites

Table 1 provides an overview of the measurement sites used, along with the IMO area types
they represent and details of their geographical location.  Figure 1 then shows all the sites
on a Google Earth map. The following sections give further information on each of the sites.

Approximate Location i
_ IMO Area PP Separation
Measurement Site Type from TH
Latitude Longitude Building (M)
TH Building 1 51° 56.814'N 1°17.106'E -
HaI'WiCh/Fe"XStOWG 1 510 57220|N 10 17572IE < 1
Harbour
Harwich/Felixstowe 1 51° 55.254'N 1° 26 439 6
Approach
. 2 o L} o 1]
Ipswich (Confined area) 52° 02.675'N 1° 9.698'E 8
Sunk Inner 3 51° 52.975'N 1°40.943'E 15
Gunfleet Sands o ' ° '
Wind Farm North 4 51°47.920'N 1°15.714'E 9
Gunfleet Sands o ' ° '
Wind Farm South 4 51° 41.800'N 1°10.920'E 16

Table 1: Selected Measurement Sites.

4.1.2 Trinity House Building, Harwich (Type 1 Area)

The TH office building is located at the heart of the Harwich Harbour area on the Essex
Coast, providing Line-of-Sight (LOS) visibility of most of the harbour, the river Stour and
Orwell Estuary and the Harwich\Felixstowe approach channel (Figure 2).

This site was selected as the location for the shore station.
4.1.3 Harwich/Felixstowe Harbour (Type 1 Area)

There are two major ports in the Harwich area. The Harwich International Port lies on the
south bank of the River Stour one mile upstream from the town of Harwich. The main users of the
port are the regular ferry services to continental Europe, cruise ships, tankers and general
cargo vessels.

The Port of Felixstowe (Figure 2) is Britain’s biggest and busiest container port, dealing with
over 40% of UK’s containerised trade. The port serves over 4,000 ships each year, including
the largest container vessels afloat today.

Large metallic structures in the port areas can be expected to give rise to multipath
propagation.
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Figure 2: Harwich and Felixstowe Harbour (Type 1 Area); Star Denotes the Location of the
TH Building.
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4.1.4 Harwich/Felixstowe Approach (Type 1 Area)

Figure 3 shows the approach channel to Harwich and Felixstowe. Static measurements were
conducted in the Cork Hole area at the edge of the deep water channel. Data were also
collected while the vessel was in transit through the channel.

Judging from topography, this area is expected to experience LOS propagation, with
possible partial shadowing from obstructions on the Harwich Peninsula and Landguard
Point.

4.1.5 Ipswich (Type 2/ Confined Area)

The Port of Ipswich is situated at the mouth of the River Orwell and 12 M from the open sea
(see Figure 1 and Figure 4). It mainly handles cargo traffic but the Ipswich Marina also
attracts large numbers of leisure craft to the area.

Clearly, this location can be expected to experience rich multipath and Non-Line-of-Sight
(NLOS) propagation conditions.

4.1.6 Sunk (Type 3 Area)

The Sunk area lies at a crossroads for shipping with constant streams of traffic transiting
East/West to and from Harwich and Felixstowe, Ipswich and the continent; and North/South
to and from Scandinavia, the Thames and beyond. Bulk carrier vessels up to 14.1 metres
draught are understood to use the Sunk Deep Water track. During this trial, measurements
were taken in the Sunk Deep Water Anchorage area which lies to the northeast of the Sunk
Inner Precautionary Area (see Figure 5).

This area is expected to experience LOS propagation, with possible partial shadowing from
obstructions on the Harwich Peninsula and Landguard Point.

4.1.7 Gunfleet Sands Wind Farm (Type 4 Area)

The UK has seen a considerable growth in offshore wind farm installations over the past
years, and the location of many planned wind farm sites means that they could have a
significant impact on key shipping lanes in the North Sea Region. The Gunfleet Sands Wind
Farm lies off the Clacton-on-Sea coast in the Northern Thames Estuary (Figure 6). It has 48
wind turbines and the total area of the development is 17.5 km?.

Given the location of the shore station on the Harwich Peninsula, the propagation in this
area may be affected by shadowing from the land mass around Frinton and Walton on the
Naze. Reflections off the blades of the wind turbines can also be expected to have an effect
on the propagation characteristics.
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Figure 4: Ipswich Harbour (Type 2 / Confined Area).
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Figure 6: Gunfleet Sands Wind Farm (Type 4 Area).
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4.2 Trial System
4.21 System Architecture

A custom channel sounding system was developed for this study consisting of a shore-
based and a ship-borne station, each of which could act as a transmitter or a receiver. Each
station comprised the following key components (see also Figure 7):

e Software Defined Radio (SDR) — Ettus Research E110 Universal Software Radio
Peripheral (USRP) with WBX RF front end module;

¢ GPS Disciplined Oscillator (GPSDO) — Ettus Research GPSDO kit for E110;

o Power Amplifier (PA) — Mini-Circuits LZY-1+;

e Low-pass filter with a cut-off frequency of 200 MHz;

e Laptop to command the trial radio equipment;

¢ Amphenol JAYBEAM VHF end-fed dipole antenna with a specified gain of 0 dBd;
e Trimble Bullet Il GPS antenna;

e Associated power supplies.

The trial system was used to sound the radio channel and record received sample data.
Recorded data was post-processed offline, generating a statistical characterisation of the
key channel parameters, such as path loss, propagation delay and frequency offset.
Synchronisation of the terminals was achieved using high stability GPS disciplined
oscillators (GPSDOs).

The system used time slotted transmissions and a scalable multicarrier waveform which
allowed the observation of frequency selective effects. Inactive periods of the transmission
duty cycle were used to characterise interference.

The system was designed to allow testing at two different transmit power levels (12.5 W and
1 W), and a number of operating channels, consistent with the VDES channel plans that are
currently under consideration. The operating frequencies and channel bandwidths used in
the trials are summarised in Table 2. More detail on the test methodology, waveform design
and receive signal processing is included in Section 4.3.

Channel Transmitter Frequency (MHz) Bandwidth (kHz)
ASM1 Either 161.9500 25
ASM2 Either 162.0000 25
VDE2 Shore 161.9125 50
VDE2 Ship 157.3125 50
VDE1 Shore 161.8375 100
VDEA1 Ship 157.2375 100

Table 2: Operating channels.

The hardware architecture of the trial system is reciprocal in that both ends can operate as
either a transmitter or receiver. Schematic diagrams of the transmit and receive paths are
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shown in Figure 8 and Figure 9. In order to switch between the two modes of operation, the
components encapsulated in the dashed boxes (in the figures below) can simply be
swapped out.

In the transmit configuration (Figure 8), the SDR generates an RF signal according to the
parameters of the test selected by the operator. The signal is passed through the filter,
amplified to the required power level and sent to the antenna for transmission. An attenuator
was inserted into the transmit path to prevent overdriving the power amplifier. To aid in data
analysis, transmit logs with status and GPS information are stored on a memory stick
connected to the SDR.

In the receive configuration (Figure 9), the antenna signal is simply sent to the SDR through
the low-pass filter. A spectrum analyser was also placed in the receive path in order to
enable interference assessment and provide an instantaneous indication of the received
signal quality. Channel captures and receive logs were stored on the memory card
connected to the SDR. The channel sounding system recorded the following:

e Receive samples;
e Receiver event log file, providing a record of SDR status; and
e GPS log file (GGA and RMC sentences);

In addition to the channel sounding data, position and attitude data from the ship’s survey
equipment (PosMV) was also recorded during the trials.

GPS VHF . - VHF __ GPS
Transmit A Gl / ANT [/ AT Receive
GPSDO GPSDO
Software _ PA Software
Defined Radio Defined Radio
Control Channel Sounding 12.5 W/ 1 W Output Channel Capture Control
Waveform Generation (Rx samples)

Figure 7: Channel Sounding System Architecture.
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Figure 9: Receive Path.

The receive architecture also included an optional fixed attenuator (not shown in Figure 9),
connected at the input to the splitter in the receive path. This attenuation was used to protect
the wideband SDR front end from potential damage, when in close proximity to the channel
sounding transmitter, or other nearby VHF transmitters.

The USRP receiver RF front end has an adjustable gain, in the range of O to 31 dB. In most
cases the gain was set to a low value, either 0 dB or 10 dB.

The fixed attenuator setting and USRP Rx RF Gain setting were accounted for in post
processing. These values are noted for each trial in Section 5.

4.2.2 Equipment Setup and Co-existence with Other Systems
4.2.2.1 Shore Station

The shore-based equipment was set up at the TH office building in Harwich, Essex. The
antennas were installed on the roof of the building as shown in Figure 10 and Figure 11. The
VHF antenna was mounted on a pole at a height of 18 m above sea level (measured to the
antenna base) in order to clear local obstructions. The GPS antenna was fitted to a handrail.

Due to limited space on the roof of the TH building it was necessary to install the antennas in
close proximity to those of other co-located radio systems, meaning that there was a
potential for damage of the trial equipment. Of greatest concern were the antennas of the
Vodafone PAKNET system which are shown Figure 11 (Right), in relation to the location of
the trial antennas. The VHF antenna was separated from the PAKNET antennas by
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approximately 4 m horizontally and 1.5 m vertically. The PAKNET station sends burst
transmissions at around 159 MHz, and these were received at the trial antenna at a power
level of -3 dBm, i.e. 7 dB above the maximum input level of the SDR. It was therefore
necessary to insert additional attenuation in the receive path to protect the equipment, as
discussed earlier in this document.

Channel Sounding (VHF)
PAKNET /

Do

Figure 10: VHF Antenna Installation at the TH Building, Harwich.
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|
| T Channel
PAKNET Sounding
\\ ~ (VHF)

Channel

Figure 11: Antenna Installation on the Roof of the TH Building
(Left: Looking South; Right: Looking North).

Figure 12: Equipment Setup — Shore.
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Figure 12 shows the trial equipment used at the shore station, with the components set up in
the transmit configuration. This corresponds to the diagram of Figure 8 above.

4.2.2.2 Ship-borne Station

The ship-borne equipment was installed on board Trinity House’s rapid intervention vessel
Alert. The Alert is 39.3 m long, has a draft of 2.7 m, a maximum speed of 17 kts, and it is
equipped with a DP1 dynamic positioning system.

The antennas of the trial system were mounted on the wheelhouse top, as shown in Figure
13 and Figure 14. The VHF antenna was installed on the starboard side at a height of 10 m
above water line. The GPS antenna was fitted to a handrail to the left of the wheelhouse
ladder.

The presence of a great number of co-located radio systems on board ships creates a
particularly challenging radio environment. THV Alert carries six VHF antennas used for AlS,
radiotelephony and DSC, all installed in the area above the wheelhouse or on the mast. As
explained above, the trial equipment did not have the level of protection that normally exists
in commercial marine radios and the following steps were therefore taken to prevent its
damage:

e The ship’s AIS transceiver was switched off for the duration of the trials.

e Prior to commencing a trial at a new location, a spectrum survey was carried out to
determine how much attenuation was required to be inserted in the receive path.

e The crew was requested not to use VHF voice radios while the VHF antenna of the
trial system was connected, except in case of emergency. If it became necessary to
use a voice radio during an on-going test, the operator of the trial system would
disconnect the antenna from the trial equipment and record the time and duration of
the communication. The affected data would then be excluded from post-processing.
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Figure 14: Antenna Installation on THV Alert.
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Figure 15: Equipment Setup — Ship.

Figure 15 shows the equipment used at the ship station, with the components set up in the
receive configuration. This corresponds to the diagram of Figure 9 above.

4.2.3 Equipment Control and Logistics

The ship-borne equipment was controlled by an ITR or GLA member of staff present on the
ship. The shore-based equipment was controlled either directly by a member of staff at the
TH building, or from the ship using a satellite broadband link and a remote access
application.

Voice communication between ship and shore was by cellular phone when operating in area
types 1 and 2, and by a satellite phone when farther offshore.

4.2.4 Permission and Authorisation

Various organisations had to be approached for permission to operate the trial equipment in
the selected areas.

A non-operational radio licence was obtained from the UK Office of Communications
(Ofcom) authorising the operation of the trial equipment on a non-protected and non-
interference basis. The licence covered all channels intended for use in ship-to-shore and
shore-to-ship VDES and ASM communications, as detailed in Table 2 above.

The Maritime and Coastguard Agency and TH Navigation Department were consulted but it
was not considered necessary to issue Notice to Mariners and/or other navigational
warnings as the mariners would not be expected to see any effects on ship-borne
equipment.

Harwich Haven Authority was informed of the trials and contact details for the personnel
operating the trial equipment were provided so that the trial could be immediately cancelled if
any interference was observed.
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4.3 Details of Methodology, Waveform and Receive Processing

4.3.1

Test Methodology

A custom channel sounding system and waveform were designed to characterise the VDES
propagation environment. The system uses GPS synchronised time slotted packet
transmissions and performs GPS synchronised channel sample capture at the receiver. The
test methodology applies the following hierarchy:

A scenario is constructed by placing the vessel at one of the trial locations.

One or more trials are undertaken at the location, where each ftrial is defined by a set
of test parameters, namely:

Channel under test (VDE1, VDE2, ASM1, ASM2);
Transmit direction (shore-to-ship or ship-to-shore);
Signal Bandwidth; and

Transmit Power.

O O O O

The system automatically assigns each trial a unique identifier, representing the date
and time at which the trial was started, e.g. 20140227 _1309 for a trial starting at
1:09 PM on Feb 27", 2014.

A trial consists of multiple captures. A capture is a baseband recording of the channel
at 512 kHz sample rate. Each capture is transferred from RAM to a file before the
next capture is started, hence creating a time gap between captures. A trial typically
consists of 10 captures, with each capture running for 50 seconds. The delay
between captures varies due to file transfer time, and is approximately 50 seconds.
Timing of the start of each new capture is achieved using GPS synchronisation.

Each capture consists of multiple frames. A new frame begins at the start of each
second.

Each frame consists of 4 slots.

One packet is transmitted in the first slot of every frame (i.e. 25% duty cycle). The
packet duration is 250 ms. During a typical trial of 10 captures, each with 50 frames
(200 slots), 500 packets are recorded.

The test methodology hierarchy is illustrated in Figure 16.
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Figure 16: Channel Sounding Test Methodology
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4.3.2 Channel Parameter Statistics

Received samples were captured during the trials and later transferred for offline post-
processing. During trial post-processing, capture files from each trial were input into the
channel sounding receiver. The receiver processed each frame in the capture file to
generate one set of channel parameter estimates from each packet.

The following channel parameters were estimated:

Received Power (dBm) — the power of the signal arriving at the receive antenna. Power
received at the USRP was converted from the dB full-scale measure (relative to the USRP
receiver front end) into an absolute value (in dBm) using a bench calibration reference result.
Received power at the antenna was calculated using the absolute received power value and
knowledge of receive antenna gain, cable losses, USRP Rx RF Gain setting, and the value
of any additional fixed attenuation inserted into the receive path

Path loss (dB) — the level of on-air signal attenuation induced by the channel, between
transmit and receive antennas. Path loss was calculated using the received power arriving at
the receive antenna, along with knowledge of the transmit power into the transmit antenna
and the transmit antenna gain. Potential causes for the observed path loss being higher than
that predicted under free space conditions include:

e Shadowing from obstructions that block line-of-sight between transmit and receive
antennas. Examples include items in the static environment (e.g. on land); conditions
in the dynamic environment (e.g. other ships); and nearby obstructions in the local
environment (e.g. clutter on the rooftop of the vessel).

o Destructive signal interference arising from multipath reflections.

¢ Antenna polarisation mismatch, e.g. induced by antennas swaying under rough sea
state conditions.

Propagation delay, i.e. channel time offset (us) — the time taken for a transmitted packet
to travel from the transmit antenna to the receive antenna. The end-to-end delay of the
bench cabled calibration reference result was subtracted from the receiver generated time
offset estimate in order to estimate the on-air propagation delay.

Frequency offset (Hz) — The change in frequency induced by the channel, e.g. through
relative motion between transmitter and receiver (Doppler shift). Measurements will also
include any frequency offset coming from system components, e.g. due to local oscillator
drift. The system includes GPS disciplined oscillators at the transmitter and receiver to
minimise this impact.

Interference to Noise ratio (INR) (dB) — the ratio of received power level (when the
transmitter is inactive) to a calibrated noise floor measurement. The inactive power level was
measured across one-half slot length either side of each received packet.

Signal to Interference plus Noise ratio (SINR) (dB) — the ratio of received packet power
level to the power measured across one-half slot length either side of that packet.

Regions of the captured samples used to estimate INR and SINR are described in Figure 17.
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Figure 17: Per-packet estimation of INR and SINR

The mean and standard deviation of received power, path loss, INR and SINR were
calculated using all packets in the same trial. The SINR measure was then used as a
criterion to filter out packets having poor signal quality prior to calculating the propagation
delay and frequency offset statistics. Unless otherwise noted, packets exhibiting an SINR of
less than 5 dB were excluded from the calculation of propagation delay and frequency offset
statistics.

4.3.3 Visualisation of Channel

Several graphs were used to analyse channel behaviour. This section describes the nature
and purpose of each plot.

4.3.3.1 Received Signal Power Spectral Density (PSD)

An example received signal power spectral density (PSD) view is shown in Figure 18, for a
trial conducted on the ASM1 channel. The horizontal axis represents baseband frequency
(kHz), and the vertical axis provides a measure of received power spectral density (dB/Hz,
where dB is a measure relative to the USRP receiver front end full-scale).

The PSD view is valuable for investigating frequency dependent effects, such as frequency
selective fading, or to identify the location and nature of an interferer, as shown in the figure.
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Figure 18: Example Received Signal PSD (Ipswich, ASM1, 20140227_1309, Cap 2, Frame 14)

4.3.3.2 Normalised Channel Impulse Response (CIR) and Tap Trajectory

An example channel impulse response (CIR) is shown in Figure 19 (left plot). The CIR
provides a time domain view of multipath channel components and their relative gain and
delay. The vertical axis measures the gain (magnitude) of each channel tap, relative
(normalised) to the dominant first tap. The horizontal axis measures the time delay of each
channel tap, relative to the first tap.

Nommalised CIR Estimate Normalised Tap Trajectory

1 1 1 i ( Tap1
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Figure 19: Example Channel Impulse Response and Tap Trajectory
(Ipswich, VDE1, 20140227_1226, Cap 9, Frame 2)

An example channel tap trajectory is shown in Figure 19 (right plot) corresponding to the
adjacent CIR. The value of each complex channel tap is calculated every 1 ms through the
packet. Hence any changes in the tap behaviour during a packet (250 ms) will be visible.
The CIR and trajectory plot are generated using a channel estimate that is calculated after
bulk frequency offset correction has been applied to the signal.

The example in Figure 19 shows a dominant first tap, and relatively strong second tap. The
flat region that follows this in the CIR is due to noise, and is represented by values close to
the origin in the trajectory view.
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CIR tap resolution is limited by the bandwidth of the transmitted signal, as shown in Table 3.
Even for the widest bandwidth case (96 kHz) the majority of multipath components are
unlikely to be resolvable in the time domain. In this case, the finer resolution multipath
components will sum together within a single tap bin, to form a composite tap at the
available resolution. For example, for a tap resolution of 10.4 us, all reflections having a time
delay of less than 10.4 us (representing a path length difference of 3.1 km) will sum together
into the first tap bin. Taps having delay greater than 10.4 us will sum into the second bin, up

until 20.8 us, and so on.

Channels Channel BW | Signal BW CIR Tap
(kHz) (kHz) Resolution (us)
VDE1 100 96 10.4
VDE2 50 46 21.7
ASM1, ASM2 25 21 47.6

Table 3: CIR Tap Resolution

4.3.3.3 Channel Parameter Variation

Observation of channel statistics over time can help characterise temporal variations, e.g.
due to mobility, changing conditions in shadowing, or intermittent interference. Figure 20
shows an example view of channel condition variation over time. Several features are noted

on the figure.
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Figure 20: Example Channel Variation over Time (Harbour Approach trial 20140228_1300)

4.3.4 Test Waveform

The channel sounding system transmits an Orthogonal Frequency Division Multiplexing
(OFDM) waveform with subcarrier spacing 1 kHz, and OFDM symbol duration of 1 ms. The
subcarrier spacing was chosen to provide detailed visibility of any frequency selective fading
effects in the receive signal PSD, based on a pre-trial analysis of the expected channel
coherence bandwidth.

The transmitter generates a single OFDM symbol (length 1 ms) and then repeats this 250
times to construct a 250 ms packet. The receiver uses each symbol to estimate a 1 ms
snapshot of the channel.

Repetition of the same symbol obviates the need for an additional OFDM cyclic prefix (CP).
Each symbol acts as the CP for the symbol that follows it, thus providing up to 1 ms of inter-
symbol interference protection. The length of this inherent CP is much greater than the
anticipated delay spread of the channels under study.

The transmit waveform does not carry data. Instead it carries a known sequence that allows
the channel to be estimated by the receiver using knowledge of the transmitted sequence.
The transmit waveform is a Zadoff-Chu sequence. Such sequences are used for
synchronisation and channel estimation in standards such as 3GPP LTE. Zadoff-Chu
sequences have very good cyclic autocorrelation properties, which can be exploited at the
receiver to estimate the time offset by means of correlation.

Subcarriers at the edges of the OFDM symbol were unpopulated, in order to provide a guard
to adjacent channels. The DC subcarrier was also unpopulated. Observing the receive signal
PSD shown in Figure 18, for the 25 kHz channel, we see energy from 20 populated
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subcarriers (10 each side of DC). These subcarriers appear as vertical lines and at the
receiver they visibly expose frequency selective effects in the PSD plot.

4.3.5 Receiver

The offline receive post-processor generates per-packet channel parameters using the
signal processing steps shown in Figure 21. Receive samples are time synchronised such
that each capture starts aligned to a new frame. The receiver processes each frame
sequentially. A digital filter around the signal bandwidth of interest is applied prior to receive
post processing to reduce the impact of adjacent interference, e.g. from AIS signals.

A power measurement window and interference estimate window are applied to the time
slotted receive signal, as described in Figure 17. Power spectral density plots are generated
for both windows. Absolute received power, INR and SINR are then estimated as described
in Section 4.3.2.

The time offset is estimated relative to the start of frame by correlating the received signal
with the known transmitted OFDM time domain sequence. The time offset is used to time-
shift the receive signal, creating a time offset corrected signal.

The time offset corrected signal is modulation stripped, using the known transmit sequence,
and then input to an FFT based periodogram to generate a frequency offset estimate. The
frequency offset is used to frequency-shift (de-spin) the time offset corrected signal, creating
a time and frequency offset corrected signal.

The offset corrected signal is then divided into OFDM symbol sized blocks, and converted
from the time domain into the frequency domain via an FFT. The channel is estimated in the
frequency domain using least squares estimation. This process divides the offset corrected
frequency domain received signal by the known (frequency domain) transmit signal on a per-
OFDM symbol basis. There are 250 OFDM symbols per packet. Thus 250 frequency domain
estimates of the channel are obtained from the packet, each representing 1 ms.

The frequency domain channel estimate is then converted back into the time domain using
an IFFT. The average of each tap is generated across the 250 estimates, then the
magnitude of each averaged tap is calculated and normalised to produce the CIR described
in Section 4.3.3.2.

A sliding window average is applied across each tap, in order to smooth its behaviour over a
time window of 50 symbols. The channel tap trajectory of the normalised smoothed channel
estimate is then plotted, as described in Section 4.3.3.2.
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Figure 21: Receive Post-processing (Channel Estimation)
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5 Results

5.1 Harwich/Felixstowe Harbour - Area Type 1
5.1.1 Harwich/Felixstowe Harbour — Shore-to-Ship

Trials in the Harwich/Felixstowe Harbour area were conducted on Wednesday 26™ February,
2014 using the shore-to-ship frequencies. The THV Alert was stationary and located in the
harbour at a distance of 1475 m from Trinity House, in line-of-sight (LOS) conditions, as
shown in Figure 22. Sea state during the trials was 3 (slight). Weather conditions for the day
are summarised in Table 4.

: il /
Figure 22: Harwich/Felixstowe Harbour Scenario — Shore-to-Ship (Range 1475 m, LOS)

Time Wind Atmospheric Temperature | Weather
Pressure o
Cc
hPa
0800 S3 1022 8 Blue skies
1200 W3 1023 11 Cloudy
1600 SSW3 1024 12 Blue skies

Table 4: Weather Conditions (26™ Feb 2014)
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Four trials were conducted, providing coverage of all shore side transmit channels. A
summary of results is provided in Table 5. Figures provided in brackets represent the
standard deviation of the sample set. During these trials the USRP Rx RF Gain setting was
0 dB, and the receive path included a 40 dB fixed attenuator.

Trial | Chan | Tx Rx Power | Path Propagation | Frequency INR dB SINR dB
Start Power | dBm Loss dB | Delay ps Offset Hz

Time w Mean (o) Mean (c) | Mean (o) Mean (o) Mean (c) | Mean (o)
1629 | VDE1 | 12,5 -42.5(0.4) | 85.6 (0.4) | 4.990 (0.260) | 0.132 (0.097) | -0.1 (0.1) | 7.7 (0.4)
1647 | VDE2 | 12,5 -43.1 (0.5) | 86.2 (0.5) | 5.028 (0.293) | 0.079 (0.082) | -0.2 (0.1) | 8.3 (0.5)
1707 | ASM2 | 12,5 -47.4 (2.3) | 90.5(2.3) | 5.381 (0.635) | 0.091 (0.082) | -0.2 (0.2) | 4.9 (2.3)
1725 | ASM1 | 12,5 -44.1 (0.9) | 87.2(0.9) | 4.961 (0.512) | 0.081 (0.080) | -0.2 (0.2) | 8.2(1.0)

Table 5: Harwich/Felixstowe Harbour Results Summary — Shore-to-Ship

Figure 23 shows a typical received signal PSD and corresponding channel impulse response
obtained during trial 1629 on channel VDE1. The strong first tap in the CIR view (blue
marker in the trajectory view) comes from a strong LOS component in the harbour. Fading is
visible in the PSD and exhibits very mild frequency selectivity, in this case causing a slight
increase in received power with increased frequency. This is consistent with the presence of
a relatively low gain second tap in the channel impulse response (green marker in trajectory
view). The dominant first CIR tap indicates that multipath is primarily contained within the
first 10.4 ys, i.e. the VDE1 case CIR tap resolution. The presence of the second tap
indicates a multipath delay spread greater than the 10.4 ps.
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Figure 23: Received Signal PSD and Channel Impulse Response (VDE1, Cap 9, Frame 27)

Figure 24 shows a typical receive signal PSD and corresponding CIR obtained during trial
1647 on channel VDE2. Fading is again visible in the PSD, with very mild frequency
selectivity causing a decrease in received power with increased frequency. The VDE2 CIR
tap spacing is 21.7 us, approximately twice that of the VDE1 case. Hence the second
multipath component visible in the VDE1 case is absorbed into the first tap (blue marker in
the trajectory view).

Signal PSD

-50 [ T T : T T T T : T T
£ |
g -100- -§~
3
c : :
[14] : :
o : :
o -150 B ks
ue :
] i
= :
(=] :
&_200_ ﬁ

it ' = e wsnnvagmappmighns i
-250 -200 -150 -100 -50 0 50 100 150 20 250
Frequency (kHz)
Version Date: 03/04/2014 Version: 1.1

© Research & Radionavigation Directorate, The Quay, Harwich, CO12 3JW and University of South Australia





RPT-09-JSa-14

Normalised CIR Estimate Normalised Tap Trajectory
1 ............................................................ 1 .................... “ ________________
2 ) e T
& 0.5
)
— 06+ o)
g E Q [oeciormmnnnmisnniien.  TERR GO SRR
S04l i
(@] 0.5 fecdiinnnn s s ons
0.2+
_ ! : . S frde
0LQ oo oic o b o O g o ; : :
0 0.05 01 015 0.2 0.25 -1 0 1
Time delay (ms) Real

Figure 24: Received Signal PSD and Channel Impulse Response (VDE2, Cap 2, Frame 9)

Figure 25 shows a typical received signal PSD and corresponding CIR obtained during trial
1707 on channel ASM2. Fading is again visible in the PSD, with very mild frequency
selectivity causing an increase in received power with increased frequency. The ASM CIR
tap spacing is 47.6 ps. Hence the second multipath component visible in the VDE1 case is
absorbed into the first tap. The results shown in Figure 25 are also typical of the PSD and
CIR observed during trial 1725 on channel ASM1. However, the received power level
observed during trial 1707 was approximately 3 dB lower than during the ASM1 ftrial. It is
possible that less favourable propagation conditions occurred during trial 1707, e.g. due to
changes in multipath or shadowing conditions (from clutter on the vessel).
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Figure 25: Received Signal PSD and Channel Impulse Response (ASM2, Cap 2, Frame 15)

During all four trials the INR remained stable and indicated negligible interference. Changes
in signal to noise plus interference ratio (SINR) were therefore dominated by changes in
received signal power (path loss).

A propagation delay of 4.92 us is expected over a distance of 1475 m. This is consistent with
the propagation delay estimates generated by the receiver, as shown in Table 5.

The Harbour scenario channel exhibited a strong LOS component with some fading due to
signal reflections. Individual multipath components were not resolvable at the close reflective
distances within the harbour environment. Mild frequency selectivity was observed across
the fading profile. Path loss across the trials varied between approximately 85 dB and 92 dB.
The theoretical free space path loss at a distance of 1475 m is 80 dB. Hence we observed
approximately 5 to 12 dB of loss induced through multipath and/or shadowing effects.

Similar propagation characteristics were observed across all channels (frequencies). The
widest bandwidth VDE1 channel (100 kHz) provided the greatest visibility into channel
effects. Remaining trials focused on the VDE1 case in order to exploit this.

5.1.2 Harwich/Felixstowe Harbour — Ship-to-Shore

Trials in the Harwich/Felixstowe Harbour area were conducted on Sunday 2"4 March, 2014
using the Ship to Shore frequencies. The THV Alert was stationary in line-of-sight (LOS)
conditions. Trial 1320 was performed using channel VDE1, with the vessel located at
Position 1 shown in Figure 26, at a distance of 1,056 m from Trinity House. Trial 1451 was
performed using channel VDE2, with the vessel located at Position 2 shown in Figure 26, at
a distance of 2,722 m from Trinity House. Sea state during the trials was 3 (slight). Weather
conditions for the day are summarised in Table 6.
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Position 2 (1451)
Range 2,722 m
LOS

Figure 26: Harwich/Felixstowe Harbour Scenario — Ship-to-Shore

Time Wind Atmospheric Temperature | Weather
Pressure o
(o
hPa
0800 SSW3 1012 8 Blue skies
1200 S3 1010 10 Blue skies
1600 S3 1007 9 Overcast

Table 6: Weather Conditions (2"! Mar 2014)

Results for the two trials are provided in Table 5. Figures provided in brackets represent the
standard deviation of the sample set. During these trials the USRP Rx RF Gain setting was

10 dB, and the receive path included a 30 dB fixed attenuator.

Trial Chan | Tx Rx Power | PathLoss | Propagation | Frequency INR dB SINR dB
Start Power | dBm dB Delay ps Offset Hz

Time w Mean(c) | Mean(c) | Mean (o) Mean (o) Mean (s) | Mean (o)
1320 | VDE1 | 125 434(1.7) | 86.5(1.7) | 3.643(0.307) | -0.472(0.150) | 0.3(0.3) 26.3(1.7)
1451 | VDE2 | 125 -57.9(3.3) 101.0(3.3) | 9.485(0.608) | -0.011(0.100) | 0.4 (0.6) 12.9(3.3)

Table 7: Harwich/Felixstowe Harbour Results Summary — Ship to Shore

Figure 27 shows a typical received signal PSD and corresponding channel impulse response
obtained during trial 1320 on channel VDE1. A strong first tap in the CIR view (blue marker
in the trajectory view) again comes from a strong LOS component in the harbour. Fading is
visible in the PSD and exhibits very mild frequency selectivity. This is consistent with the
presence of a relatively low gain second tap in the channel impulse response (green marker
in trajectory view). The dominant first CIR tap indicates that multipath is primarily contained
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within the first 10.4 yus, i.e. the VDE1 case CIR tap resolution. The presence of the second
tap indicates a multipath delay spread greater than the 10.4 us. Similarity between this result
and that of its VDE1 shore-to-ship counterpart (shown in Figure 23), which was observed at
a similar location, suggests channel reciprocity.
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Figure 27: Received Signal PSD and Channel Impulse Response (VDE1, Cap 2, Frame 13)

Figure 28 shows a typical receive signal PSD and corresponding CIR obtained during trial
1451 on channel VDE2. Fading is again visible in the PSD, with very mild frequency
selectivity.
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Figure 28: Received Signal PSD and Channel Impulse Response (VDE2, Cap 4, Frame 5)

During the trials the INR indicated some minor interference. Expected propagation delays
are 3.5 pus at Position 1, 9.1 us at Position 2. These values are consistent with the
propagation delay estimates generated by the receiver, as shown in Table 7.

During the trials the vessel was observed to rotate slowly. This could cause the antenna to
move in and out of shadowing from clutter on the roof of the vessel, thus contributing to the
observed variation in received power. The plot of SINR over time shown in Figure 29 is
consistent with a slow change in shadowing conditions. This effect was explored further, as
discussed in Section 5.1.3.

Version Date: 03/04/2014

© Research & Radionavigation Directorate, The Quay, Harwich, CO12 3JW and University of South Australia

Version: 1.1





RPT-09-JSa-14

SINR
(dB)

o

T

=
i ——a

=
%

0 50 100 150 200 250 300 350 400 450 500
Frame

Figure 29: SINR Variation over Time during trial 1451

The Harbour ship-to-shore channel exhibited a strong LOS component, and mild frequency
selectivity was observed across the fading profile. Channel characteristics were consistent
with those observed for the shore-to-ship channel. Theoretical free space path loss is 77 dB
at Position 1, and 85 dB at Position 2. Hence we observed an additional loss induced
through multipath and shadowing effects of 10 dB at Position 1, and 16 dB at Position 2.

5.1.3 Harwich/Felixstowe Harbour — Vessel Rotation

In order to further examine the effects of antenna shadowing from vessel rooftop clutter, two
trials were conducted during which the vessel was rotated clockwise around its centre. The
rate of rotation was 30 degrees per minute, providing approximately one and a quarter
rotations over the trial duration.

Rotation trial 1250 was conducted at Position 1 (shown in Figure 26) using the VDE1
channel at the ship-to-shore frequency. Figure 30 provides a plot of SINR variation over time
during the trial.
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Figure 30: SINR Variation over Time during trial 1250 (Ship-to-Shore)
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Rotation trial 1623 was conducted at Position 2 (shown in Figure 26) using the VDE1
channel at the shore-to-ship frequency. Figure 31 provides a plot of SINR variation over time
during the trial.
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Figure 31: SINR Variation over Time during trial 1623 (Shore-to-Ship)

Large changes in SINR were observed across both ftrials. The SINR wvaried with 4.5 dB
standard deviation and a peak-to-peak variation of approximately 20 dB.

5.2 Harwich/Felixstowe Approach - Area Type 1

Trials in the Harwich/Felixstowe Harbour Approach area were conducted on Friday 28"
February, 2014. A summary of results is provided in Table 9. Figures provided in brackets
represent the standard deviation of the sample set. During these trials the USRP Rx RF
Gain setting was 10 dB, and the receive path included a 10 dB fixed attenuator.

During the first trial the THV Alert was stationary and located at a distance of 11,061 m from
Trinity House, in LOS conditions, as shown in Figure 32. During the second trial the vessel
was moving from the initial location, heading away from Trinity House towards the Sunk
Deep Water Anchorage site. Sea state during the trials was 4 to 5 (moderate to rough) and
the vessel was rocking significantly. Table 8 summarises weather conditions for the day.
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ity House

Figure 32: Harwich/Felixstowe Approach Scenario (Range 11,061 m, LOS)

Time Wind Atmospheric Temperature | Weather

Pressure o

C

hPa
0800 SE4 1010 10 Overcast
1200 SE4 1011 8 Overcast/drizzle
1600 E5 1012 8 Overcast

Table 8: Weather Conditions (28" Feb 2014)

Trial Chan | Tx Rx Power Path Loss Propagation Frequency INR dB SINR dB
Start Power | dBm dB Delay ps Offset Hz
Time w Mean (o) Mean (o) Mean (c) Mean (o) Mean (c) | Mean (o)
1227 | VDE1 | 125 -774(1.9) 120.5(1.9) 36.936 (0.211) | 0.094(0.413) | 0.3(0.1) 12.3(1.9)
1300 | VDE1 | 125 -82.6 (2.3) 125.7 (2.3) 51.585 (4.211) | -3.180(0.203) | 2.3 (2.8) 5.2(2.3)

Table 9: Harwich/Felixstowe Approach Results Summary

Figure 33 shows a typical received signal PSD and corresponding CIR obtained during trial
1227 on channel VDE1. The dominant first CIR tap indicates that multipath is primarily
contained within the first 10.4 pys. The fading profile is approximately flat with only very mild
frequency selectivity. This result is also indicative of the PSD and CIR observed during trial
1300.
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Figure 33: Received Signal PSD and Channel Impulse Response (VDE1, Cap 2, Frame 48)

During both trials, the SINR and frequency offset variation was significantly higher than
observed during the harbour trials. Figure 34 shows how channel parameters varied during
trial 1227. The INR plot indicates negligible interference.

Large SINR swings at rates of up to 5 dB per second were observed due to changes in
received signal power. Similarly, large changes in frequency offset were observed at rates of
up to 1 Hz per second. It is likely that the cadence of these variations correlates with the
movement of the vessel. During vessel rocking, antenna polarisation misalignment from
vertical will cause a reduction in received power. Rapid changes in path shadowing from
clutter on the vessel may induce a similar effect. Moreover, rapid motion of the antenna may
cause a Doppler induced frequency offset.

A propagation delay of 36.9 us is expected over a distance of 11,061 m. This is consistent
with the propagation delay estimate generated by the receiver, as shown in Table 9.

The theoretical free space path loss at a distance of 11,061 m is 97.5 dB. Hence, on
average we observed an additional loss of approximately 23 dB from a combination of
multipath, antenna misalignment, and shadowing effects.
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Figure 34: Channel Variation over Time during trial 1227

Figure 35 shows how channel parameters varied during trial 1330. The INR plot indicates
low levels of interference until around the 340™ frame captured. At this point an interferer
becomes active and the INR increases by approximately 7 dB. Figure 36 shows the PSD
during both the signal and interference observation windows during interferer activity. Strong
interference is visible in both views.

Large variation in SINR is again visible, however it is less regular as the vessel is now in
motion. Moreover, it is likely that the motion of the ship stabilises the antenna and therefore
reduces Doppler induced frequency offset arising from antenna swinging.

GPS logs for trial 1300, indicate that the vessel was moving away approximately radial from
Trinity House at a speed of 12-14 knots. Hence the observed propagation delay (time offset)
increases from the initial (shortest) path to the final (longest) path. While in motion a
frequency offset in the range of 2.7 to 4 Hz was observed. This corresponds to a radial

departure velocity in the range of 9.7 to 14.4 knots with respect to Trinity House, consistent
with the GPS logs.
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Figure 35: Channel Variation over Time during trial 1300
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Figure 36: Received Signal and Interference PSD (VDE1, Cap 9, Frame 6)

5.3 Ipswich and River Orwell - Area Type 2 (Confined Area)

Trials on the River Orwell in the Ipswich area were conducted on Thursday 27" February,
2014. A summary of results is provided in Table 11. Figures provided in brackets represent
the standard deviation of the sample set. During these trials the USRP Rx RF Gain setting
was 10 dB and the fixed attenuator was removed from the receive path.

The THV Alert was stationary and located 13,665 m from Trinity House, in non line-of-sight
(NLOS) conditions, as shown in Figure 37. Sea state was 1-2 (calm to smooth) and the
vessel was stable. Weather conditions for the day are summarised in Table 10.
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(a) Path

Figure 37: River Orwell and Ipswich (Range 13,665 m, NLOS)

.
C'rr\mw House

(b) Zoomed view of Ipswich

Time Wind Atmospheric Temperature | Weather

Pressure o

C

hPa
0800 SSW4 1018 8 Overcast/rain
1200 W4 1011 15 Cloudy
1600 W4 1012 12 Blue skies

Table 10: Weather Conditions (27“' Feb 2014)

Trial Chan | Tx Rx Power | Path Loss | Propagation | Frequency INR dB SINR dB
Start Power | dBm dB Delay ps Offset Hz
Time w Mean () | Mean (o) Mean (o) Mean (o) Mean (o) Mean (o)
1226 | VDE1 | 125 -943(1.1) | 137.4(1.1) | 46.672(0.594) | 0.096 (0.062) | 1.6(0.2) 42(1.1)
1247 | VDE2 | 125 -95.4(1.8) | 138.5(1.8) | 46.701 (0.609) | 0.089 (0.073) | 1.0(0.2) 49(1.8)
1309 | ASM1 | 125 -953(1.4) | 138.4(1.4) | 46.158 (0.799) | 0.084 (0.087) | 0.7 (0.6) 6.2(1.5)

Table 11: River Orwell and Ipswich Results Summary

Figure 38 shows a typical received signal PSD and corresponding CIR obtained during trial
1226 on channel VDE1. Figure 39 shows a PSD and CIR from the same trial for a case
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exhibiting stronger multipath. Frequency selective fading is visible in both PSD views, and a
deep fade approaching the noise floor is visible in the second case. Multipath is not
resolvable for the lower bandwidth channels, however the effects of frequency selective
fading remain visible, as shown in Figure 40 (VDEZ2) and Figure 41 (ASM1).
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Figure 38: Received Signal PSD and CIR (VDE1, Cap 1, Frame 8) - Typical Multipath Case

Version Date: 03/04/2014 Page 51 of 64 Version: 1.1

© Research & Radionavigation Directorate, The Quay, Harwich, CO12 3JW and University of South Australia





RPT-09-JSa-14

Signal PSD
S0 -_ J ! ! ! ! ! '. '-

1

-100

-150

Powerfrequency (dB/Hz)

" \r " | i o 1 | m
-250 -200 -150 -100 -50 0 50 100 150 200 250
Frequency (kHz)

Normalised CIR Estimate Normalised Tap Trajectory

] S S — — — 05  S—

06 ................ ............... .............. ...............

Channel gain
: ©
Imag
o
3

0.4 b | ........... ............. ............. ............

0.2 bk ............. T .............. ............

o LL 1209909000600 090008000 @ ; ; ;
0 0.05 0.1 0.15 0.2 0.25 -1 0 1
Time delay (ms) Real

Figure 39: Received Signal PSD and CIR (VDE1, Cap 8, Frame 16) - Strong Multipath Case
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Figure 40: Received Signal PSD (VDE2, Cap 4, Frame 4)

Version Date: 03/04/2014 Page 52 of 64 Version: 1.1

© Research & Radionavigation Directorate, The Quay, Harwich, CO12 3JW and University of South Australia





RPT-09-JSa-14

Signal PSD
-50 T T T T T T T T T T

- :
< : ' : : : j Z :
a‘ . : I\ . . .
< .
o : .
3 150l |
8 ABO b e
= :
]
=
s
0 200 : ; ; i 1

(e ! i ittt i ik " A

-250 -200 -150 -100 -50 0 50 100 150 200 250

Frequency (kHz)

Figure 41: Received Signal PSD (ASM1, Cap 2, Frame 44)

During the three trials the INR remained stable and indicated only minor interference.

A propagation delay of 45.6 ys is expected over a distance of 13,665 m. The mean
propagation delay estimates generated by the receiver (shown in Table 11) are
approximately 1 us greater than this (with standard deviation of 0.6 to 0.8 us).

The Ipswich scenario channel exhibited multipath induced frequency selective fading. The
mean path loss observed across the trials was approximately 138 dB. The theoretical free
space path loss at a distance of 13,665 m is 99 dB. Hence we observed approximately 39
dB of additional loss from a combination of multipath and heavy NLOS shadowing.

5.4 Sunk Deep Water Anchorage - Area Type 3

A trial at Sunk Deep Water Anchorage was conducted on Friday 28" February, 2014. A
summary of results is provided in Table 12. Figures provided in brackets represent the
standard deviation of the sample set. During this trial the USRP Rx RF Gain setting was
20 dB and the fixed attenuator was removed from the receive path.

During this trial the THV Alert was beginning its return journey, starting at a distance of
30,809 m from Trinity House. At the end of the trial the vessel was located 29,283 m from
Trinity House, in LOS conditions, as shown in Figure 42. Sea state was 4 to 5 (moderate to
rough) and the vessel was rocking significantly. Weather conditions for the day are
summarised in Table 8.
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Figure 42: Sunk Deep Water Anchorage Scenario (Range 30,809 m to 29,283 m, LOS)

Trial Chan | Tx Rx Power Path Loss dB | Propagation | Frequency INR dB SINR dB
Start Power | dBm Delay ps Offset Hz
Time w Mean (o)

Mean (o) Mean (o) Mean (o) Mean (c) | Mean (o)
1504 | VDE1 | 125 -98.3 (0.6) 141.4 (0.6) 99.045 (0.443) | 1.070(0.088) | 8.9(0.3) 2.9(0.6)

Table 12: Sunk Deep Water Anchorage Results Summary

The high INR was observed to be a result of a raised noise floor, rather than the presence of
temporal interference, e.g. from other nearby vessels. In order to compensate for the high
path loss during this trial, the USRP Rx RF Gain was increased and all fixed attenuation in
the receive path was removed. This resulted in the LNA amplifying noise and raising the
noise floor in comparison to other trials.

The large path loss and raised noise floor during this trial resulted in low SINR across all
packets. It was necessary to lower the SINR threshold criteria from 5 dB to 4 dB in order for
some packets to be included in channel time and frequency offset estimation.

Figure 43 shows a typical received signal PSD and corresponding CIR obtained during trial
1504 on channel VDE1. The dominant first CIR tap indicates that multipath is primarily
contained within the first 10.4 us. The PSD exhibits fading with mild frequency selectivity,
consistent with the presence of a relatively low gain second tap in the channel impulse
response (green marker in trajectory view).

GPS logs for trial 1504, indicate that the vessel was moving approximately radial toward
Trinity House at a speed of 3-4 knots. While in motion a frequency offset in the range of 0.85
to 1.2 Hz was observed. This corresponds to a radial approach velocity in the range of 3.1 to
4.3 knots with respect to Trinity House, consistent with GPS logs.
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Figure 43: Received Signal PSD and Channel Impulse Response (VDE1, Cap 10, Frame 43)

Based on the vessel position and trial start and end, a propagation delay in the range of 97.7
to 102.8 us is expected. The 99 ys mean propagation delay estimate generated by the
receiver falls within this range.

Mean path loss was approximately 141 dB. The expected theoretical free space path loss is
106 dB. Hence we observed approximately 35 dB of additional loss from a combination of
multipath, antenna misalignment, and shadowing effects.

5.5 Gunfleet Sands Wind Farm - Area Type 4

Trials nearby to the Gunfleet Sands Wind Farm were conducted on Saturday 1% March,
2014. The THV Alert was stationary, and positioned as shown in Figure 44. A summary of
results is provided in Table 14. Figures provided in brackets represent the standard deviation
of the sample set. During this trial the USRP Rx RF Gain setting was 10 dB and the fixed
attenuator was removed from the receive path.

Initial sea state at site North-1 was 3-4 (slight to moderate), causing some minor rocking of
the vessel. Closer to the Windmills (North-2 and South) the sea state was 2-3 (smooth to
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slight). Propagation conditions were Near-LOS at location North-1, and NLOS at location
North-2 and South. Weather conditions for the day are summarised in Table 13.

The large path loss in the NLOS cases resulted in low SINR across all packets. For these
two trials, it was necessary to lower the SINR threshold criteria from 5 dB to 4 dB in order for
some packets to be included in channel time and frequency offset estimation.

rinity House

North-1 (1129)
Range 16,444 m
Near LOS

North-2 (1325)
Range 22,312 m
NLOS

South (1542)
Range 23,633 m
NLOS

Figure 44: Gunfleet Sands Wind Farm Scenario

Time Wind Atmospheric Temperature | Weather
Pressure o
C
hPa
0800 N4 1014 7 Overcast
1200 NxW4 1013 8 Overcast
1600 W3 1013 9 Blue skies

Table 13: Weather Conditions (1% Mar 2014)
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Trial Chan | Tx Rx Power | Path Loss | Propagation | Frequency INR dB SINR dB
Start Power | dBm dB Delay ps Offset Hz

Time w Mean (c) | Mean (o) Mean (o) Mean (o) Mean (o) Mean (o)
1129 | VDE1 | 125 -844(0.5) | 127.5(0.5) | 55.128 (0.199) | 0.088 (0.183) | 1.1(0.2) 14.6 (0.5)
1325 | VDE1 | 125 -95.8(1.0) | 138.9(1.0) | 74.152 (0.240) | 0.064 (0.149) | 1.1(0.1) 3.1(1.0)
1542 | VDE1 | 125 -94.7(0.8) | 137.8(0.8) | 79.490 (0.338) | 0.083 (0.194) | 1.1(0.1) 4.3(0.8)

Table 14: Gunfleet Sands Wind Farm Results Summary

Figure 45 shows a typical received signal power spectral density and corresponding channel
impulse response obtained during trial 1129 (North-1 position) on channel VDE1. Frequency
selective fading is visible in the PSD. This is consistent with the observation of a second tap
in the CIR. It is expected that the second CIR tap is composed of multipath energy coming
from land based reflectors between Trinity House and the vessel.
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Figure 45: Received Signal PSD and Channel Impulse Response (VDE1, Cap 2, Frame 23) -
North-1
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The vessel was moved closer to the Windmills (North-2 position) prior to commencing ftrial
1325. During this trial two modes of channel behaviour were observed. The first mode was
similar to that shown for trial 1129 (North-1 position) in Figure 45. The second mode of
channel behaviour is shown in Figure 46. Here we see that the dominant tap is moving in a
tight circle, away from the origin. It is expected that this tap has two components. The first
and dominant component represents energy coming from land based reflectors, and
diffraction over the land based obstructions (in NLOS conditions). The second, weaker
component represents reflection of this energy from one or more Windmills. The relative
path length difference between the two components is small, and hence the taps do not
separate in the CIR. Instead they sum to a single composite tap. Relative motion of the
reflector (Windmill) leads to a Doppler induced frequency offset (spin) on the second
component. Hence the composite tap comprises a static dominant component and spinning
reflected component, as described in Figure 47.
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Figure 46: Received Signal PSD and Channel Impulse Response (VDE1, Cap 5, Frame 41) —
North-2
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Figure 47: Analysis of Channel Tap Behaviour

The vessel was then moved close to the Windmills on the South side prior to commencing
trial 1542. During this trial two modes of channel behaviour were again observed. The first
mode was similar to that shown for trial 1129 (North-1 position) in Figure 45. The second
mode of channel behaviour is shown in Figure 48. The behaviour of the channel was similar
to that described for trial 1325.
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Figure 48: Received Signal PSD and Channel Impulse Response (VDE1, Cap 1, Frame 41) —
South

During the trials the INR remained stable and indicated only minor interference. Table 15
shows consistency between expected and measured time offsets.

ID Location | Free Space | Measured | Path Expected Measured Propagation
Path Loss Mean Loss Propagation | Mean Delay Diff us
dB Path Loss | Diff dB Delay pus Propagatio

dB n Delay us

1129 | North-1 101 128 27 54.85 55.13 -0.3

1325 | North-2 104 139 35 74.15 74.42 0.3

1542 | South 104 138 34 78.83 79.49 -0.7

Table 15: Gunfleet Sands Wind Farm Path Loss and Propagation Delay

The Gunfleet Sands scenario channel exhibited multipath induced frequency selective
fading. Observed channel tap trajectories included a Doppler induced spin due to nearby
signal reflections from the moving Windmills. We observed approximately 27 dB of additional
path loss in the Near-LOS case, and 35 dB of additional path loss in the NLOS case, from a
combination of multipath and shadowing.
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6 Conclusions and Recommendations

The channel sounding campaign was conducted to examine radio propagation conditions
using spectrum under consideration for future maritime applications. The experiments
spanned all channels intended for use in ship-to-shore and shore-to-ship VDES and ASM
communications. The goal of the campaign was to increase our understanding of the
propagation environment. The results achieved serve as input into waveform and receiver
design, and system performance modelling. Five scenarios were examined, spanning four of
the six IMO Maritime Service Portfolio area categories.

System deployment was consistent with real world operating conditions. VHF antennas of
the same type currently being used by the GLA were mounted onboard the vessel and at
shore, in locations consistent with future VDES installation. A comprehensive series of trials
were conducted over five days at sea, to sound the radio channel and record received
sample data in each scenario. Recorded data was post-processed offline, in order to provide
a statistical characterisation of the channel. The nature of the time domain channel impulse
response, frequency selective fading effects, and interference were also investigated. The
results of the study provided in this report include characterisation of:

e Received signal power;

e Path loss;

e Propagation delay;

e Frequency offset;

¢ Interference to noise ratio; and

e Signal to interference plus noise ratio.

Results were analysed in order to interpret the channel effects observed in each scenario,
taking into account environmental, mobility and sea state conditions.

In most cases the observed path loss was significantly higher than that predicted using a
simple free space path loss model. Factors contributing to this include shadowing from
objects in the environment, and destructive signal cancellation resulting from multipath
reflections. Several contributing factors are specific to the maritime use case. In particular
the rooftop of a vessel is typically cluttered and presents opportunities for vessel orientation
dependent signal obstruction. During specific trials to examine this effect we observed peak-
to-peak SINR variation of up to 20 dB. Moreover, in rough sea state conditions the vessel
antenna can become misaligned (in terms of polarisation) with the shore side antenna.
During periods of vessel movement in moderate to rough sea state we observed large
fluctuations in received power, at a rate of 5 dB per second. The estimated mean additional
path loss, beyond that predicted from free space path loss modelling, is provided for each
scenario in Table 16. In each case the primary contributing factors are noted.
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Scenario LOS Sea State | Rx Additional | Contributing Factors
Conditions Power Path Loss
dBm dB

Harwich/Felixstowe LOS Slight 43 to 51016 Multipath and shadowing (due

Harbour -58 to vessel clutter).

Harwich/Felixstowe LOS Moderate | -77 23 Antenna polarisation

Harbour Approach to rough mismatch induced by rough
sea state. Multipath and
shadowing.

Ipswich and River NLOS Calm -95 39 Multipath and heavy

Orwell to smooth shadowing.

Sunk Deep Water LOS Moderate | -98 35 Antenna polarisation

Anchorage to rough mismatch induced by rough
sea state. Multipath,
shadowing (due to vessel
clutter).

Gunfleet Sands Wind | Near-LOS Moderate | -84 27 Multipath and shadowing.

Farm (North-1)

Gunfleet Sands Wind | NLOS Slight -95 35 Multipath and heavy

Farm (North-2, shadowing.

South)

Table 16: Summary of Observed Receive Power and Additional Path Loss

Interference from nearby AIS transmitters was observed throughout the trials. This was
removed in post-processing using a digital filter. Interference was also observed in-band
during the ftrials, in particular when travelling from the Harbour Approach site to the Sunk
Deep Water Anchorage site. The channel sounding system uses a Software Defined Radio
having a wideband receiver front end. In order to protect the SDR it was necessary to
coordinate trials so that they were not conducted during periods of host vessel AIS or VHF
voice transmission. Once this was achieved, interference from other sources did not present
a major barrier to conducting the trials.

Estimates of mean propagation delay were consistent with those expected from theory, to
1 us accuracy or better (equivalent to 300 m in distance). Observed frequency offsets were
consistent with those expected from theory, both when the vessel was stationary and when
in motion. Again specific to the maritime use case, during periods of vessel movement we
observed Doppler induced changes to frequency offset at a rate of approximately 1 Hz per
second.

The channel sounding campaign included antennas, transmit power levels, and equipment
deployment that was consistent with planned VDES future use. In all cases the received
signal strength was sufficient to accurately estimate the channel.

Multipath introduced fading that exhibited mild frequency selectivity in LOS and Near-LOS
conditions. When moving into NLOS conditions the frequency selective fades became
deeper. However, even during times when deep fading was observed in strong NLOS
conditions, the channel exhibited slow frequency selectivity and fades spanned a significant
proportion of the channel. In general, the channel is not flat fading. Hence the waveform and
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receiver design must allow for frequency selectivity. Given the observed fading profile
variation, adaptive system behaviour is also worth considering.

The maximum signalling bandwidth used to sound the channel was 96 kHz, thus limiting the
resolvability of time domain taps in the channel impulse response to 10.4 ys. Hence with this
system, channel reflections sum together into bins of width 10.4 ps (per tap). In several
cases we observed energy on the first two taps, indicating a channel delay spread greater
than 10 us. Energy observed on the second tap was typically much lower than on the first,
indicating reduced contribution from reflections beyond 10 us. The channel sounding system
uses a signalling bandwidth and receive sample rate consistent with a future VDES
implementation. As a result, the system provides a macroscopic view of the channel that is
consistent with the view that a future VDES receiver will be given. The channel impulse
response is typically limited to two (composite) time domain taps, which (after bulk frequency
offset correction) do not exhibit strong variation in time over a 250 ms observation.

It would also be valuable to conduct further trials using wider signalling bandwidth. This
would increase understanding of the nature of the maritime multipath channel at a finer
resolution, characterising power delay profile and delay spread.

When designing a communication system for frequency selective multipath channels it is
common to consider multicarrier techniques, such as Orthogonal Frequency Division
Multiplexing (OFDM). When considering the use of OFDM for VDES we must be mindful that
the variation in fading is typically slow across the band. A wide and deep fade would
significantly reduce the SNR of a large proportion of the subcarriers. Such a fade may result
in packet reception failure, even if the packet is coded across subcarriers, necessitating
careful code and interleaver design. Design of the OFDM cyclic prefix (CP) length would also
need careful consideration, as this introduces an energy and data rate (time) overhead.

An alternative to OFDM is to consider using a time domain channel equaliser. This is
motivated by the fact that the equaliser would only need to manage a small number (e.g. 2)
time domain taps and could offer a low complexity solution.

Results from the channel sounding campaign indicate that an optimal system design lies on
the borderline of single carrier versus multicarrier techniques. Given this new increased
understanding of the maritime propagation environment, it would be beneficial to consider
both approaches and perform a complexity/performance trade-off study to ensure signalling
and receiver methods that are appropriate for the channel. The absence of such
consideration introduces potential for over-design that could increase manufacturing
complexity.

The channel sounding campaign has demonstrated that spectrum currently being
considered for VDES and ASM use is well suited to the purpose. It has also highlighted
several properties of the channel that are specific to the maritime use case. The outcomes
provide an increased understanding of the radio propagation conditions and serve as
valuable input into the waveform and receiver design process. Building upon the spectrum
using a considered design approach will provide an optimal performance/complexity balance
and deliver the maximum benefit for future maritime communications.

7 Publications

This report is available as Input Document Number 07 to the intersessional meeting of the
IALA e-NAV Committee Working Group 3/4, Saint-Germain-en-Laye, 31%' March to 4™ April
2014.
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