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(57) Abrégé/Abstract:

The invention relates to method and apparatus for improving the performance of communication systems using Run Length
Limited (RLL) messages such as the existing Automatic |dentification System (AIS). A binary data sequence is Forward Error
Correction (FEC) coded and then the sequence is compensated, for example by bit-erasure, so that either bit-stuffing is not
required, or a bit stuffer will not be activated to ensure that the coded sequence meets the RLL requirement. Various embodiments
are described to handle different architectures or input points for the FEC encoder and bit erasure module. The bit erasure module
may also add dummy bits to ensure a RLL compliant CRC or to selectively add bits to a reserve buffer to compensate for later bit
stuffing in a header. Additional RLL training sequences may also be added to assist in, receiver acquisition.
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(57) Abstract: The invention relates to method and apparatus for improving the performance of communication systems using Run
Length Limited (RLL) messages such as the existing Automatic Identification System (AlS). A binary data sequence is Forward Fr -
ror Correction (FEC) coded and then the sequence is compensated, for example by bit-erasure, so that either bit-stuffing is not re-
quired, or a bit stutfer will not be activated to ensure that the coded sequence meets the RLL requirement. Various embodiments are
described to handle different architectures or input points for the FEC encoder and bit erasure module. The bit erasure module may
also add dummy bits to ensure a RLL compliant CRC or to selectively add bits to a reserve butfer to compensate for later bit stuffing
in a header. Additional RLL training sequences may also be added to assist in, receiver acquisition.



1

ENHANCED AUTOMATIC IDENTIFICATION SYSTEM

TECHNICAL FIELD

[0003] The present invention relates to telecommunications systems. In a particular form, the present
invention relates to the International Maritime Organization (IMO) specified Automatic Identification
System (AIS) which is a marine telecommunications system for the tracking and collision avoidance of ships

and the like.

BACKGROUND

[0004] The AIS is an IMO mandated system for automatically tracking ships by other ships, base stations or
satellites for maritime navigation, safety and security. Vessel-mounted AIS transmitters send out AIS
messages, including location information, etc., in regular time intervals. AIS receivers on ships, base stations
or satellite try to correctly detect these messages. The AlS is designed for non-coherent detection. This
allows for simple receiver structures at the cost of high signal-to-noise ratios (SNR) and high retransmission

rates for reliable communication.
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[0005] The technical characteristics of the AIS system are set out in Recommendation ITU-R M.1371-4.
“Technical characteristics for an automatic identification system using time-division multiple access in the

VHF maritime mobile band," ITR-R, Tech. Rep., Apr. 2010 (hereinafter “the AIS specification™).

[0006] Referring now to Figure 1 there is shown a block diagram of a compliant AIS transmitter 100 that is
used to transmit an AIS compliant message having a general field structure 10 shown in Figure 2. The AIS
specification defines a range of AIS message types that are binary sequences typically comprising one or
more header fields in a message header portion followed by a data portion. The transmitter is provided 110
with an AIS message as a binary data sequence for insertion in a data payload field 20. The data payload
field can have a variable length up to 168 bits. Longer messages can be split over several transmission slots.
A cyclic redundancy check (CRC) block 120 calculates a 16 bit CRC value from the data portion in the AIS
message 110 and the CRC value is appended to the AIS message in a 16 bit Frame Check Sequence (FCS)
field 29. The FCS field will also be referred to as the CRC field (labelled FCS (CRC) in Figure 2).

[0007] The AIS specification defines that the AIS message, and CRC are to be run length limited (RLL) to a
maximum run of five consecutive 17 binary states by bit-stuffing. A bit stuffing module 130 scans the AIS
message and CRC value and inserts a 0 binary state after five consecutive 1 binary states. The bit stuffed
data payload field 20 and CRC field 30 are then wrapped in 8 bit start field 16 and an 8 bit end field 18, each
field containing an identical 8 bit flag sequence (01111110). The flag sequence is not subject to bit stuffing
even though it contains a run of six 1’s. A training sequence field 14 comprising a 24 bit sequence of
alternating 0’s and 1°s is prepended before the start flag for receiver synchronisation. A start buffer 12 is
prepended before the training sequence field 14, including an 8 bit ramp-up field. An end buffer 30 is
appended after the end flag field 18. The end buffer is normally 24 bits long and comprises a 4 bit bit-
stuffing field 32, a 12 bit distance delay field 34, a 2 bit repeater delay field 36 and a 6 bit synchronisation
jitter field 38. Note that the start buffer and end buffer are not subject to bit-stuffing.

[0008] A packet 10 is thus formed from an AIS message by adding a CRC, bit-stuffing, start and end flags,
a training sequence, and start and end buffers. The packet 10 has a nominal length of 256 bits. Forming the
packet can be performed by a framing block 140 which may also select the slot or slots the packet is to be
transmitted in. The packet may be sent in a single slot or spread over several slots. The AIS specification
defines that a transmitter (or transmitting station) may occupy a maximum of five consecutive slots for one
continuous transmission, in which case only a single application of the overhead (ramp up, training
sequence, flags, FCS, buffer) is required for a long transmission packet. Taking into account the 16 bit FCS
field, the lengths of the data fields in the packet are 172, 428, 684, 904 and 1196 bits, respectively.

3223473
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J0009] After framing, the packet is passed to a Non Return Zero nverted (INRZID Encoder module 150 in
which o 0 at the input changes the level at the ovtput and a 1 leaves the output unchanged. Finally this
sequence 18 fed to a Gaussisn Minimom Shift Keying (GMSK ) modulator 160 with a (maxiomon)
parameter BT = (0.4, Note that the state of the NRZI encoder and of the GMYK modulator at the

heginning of the packet are not specified n the: AIS specification.

{00101 While the AIS aystem is generally effective, conumon sources for nisdetection of an AIS signal
are {a) transimission orrors dug to noise or other channel disturbancas, and (b) interforence by other AfS

devices that are supuliancously transoutting,

011 One approach that could potentially be nsed to tmprove the AlS system would be the adoption of
forward crzor correcting (FEC) coding principles {the AlS specification staies that FEC s not used). In
forward error correction (FEC) coding, redundant data is transmitted 1o addition to the actual data. This
redundancy is exploited by the recgiver to correct transmission evrors, The advantages where this
approach is effective are dramatically reduced error rates. The combination of FEC coding and
modulation is referred to as coded modulation. FEC coding provides low error rates, while modulation
provides high throughput in the case of higher-otder modulation and/or bandwidth efficiency in the case
of modulation with memory. Examples of coded ntodulation melude trellis-coded modulation, niutti-
level-coded modulation, bit-interleaved coded modulation, and state-of-the-art schemes like LDPC-coded

modulation and IRA-voded modulation.

{0012 However, simiply FEC encoding the data i the AIS message given to the transnutier (te entry
point 4 in Figure 1) and providing addittonal raining sequences is not possible due to the following
reasons. First, and most importantly, the bit-stuffing step would add bits to the codeword and thus make
soft FEC decoding prolubitively complex, if not infeasible. In addition the CRC would be transmitted un-
eoded whilst the data would be FEC coded, and thus the CRC could not be used to deteet errors, Further,
the NRZT would need to be sofi-decoded for high-performance itorative decoding and the NRZFVOMSE
state would need to be well-defined at the beginning of any training sequence to be used for acquisition.
In addition, it is desirable that the transmitter structure be designed such that existing AlS hardware and

software can be reused, and such that the resulting waveforpyis AIS standard conpliant.

{0013] There 1s thus a need to provide methods and apparatus improving the effeetiveness of the AIS

svstem, or at least provider users with a uscful altcrnative.

SUMMARY

{314] According to a first aspect, there 15 provided a method for generating a message for transmission

in a system that requires the message to be run length Bmited (RLL) to a run of # fivst binary states by bit-



stuffing, the method comprising:

coding at least a data portion of a binary sequence for transmission using a forward error
correction (FEC) code to generate a FEC coded portion of the binary sequence;

bit erasing one or more bits in at least the FEC coded portion to compensate for a run of n first
binary states in the FEC coded portion of the binary sequence so that the FEC coded portion is RLL
without requiring the insertion of additional bits, wherein the bit-erasing step implements selective bit
erasing, wherein if the +1" bit after a run of » first binary states is equal to the first binary state, the n™
bit is set to the second binary state and if the #+1" bit after a run of » first binary states is equal to the
second binary state, then the #+1" bit is removed from the binary sequence;

bit stuffing the bit erased binary sequence, wherein bit-stuffing comprises insertion of the second
binary state after the ™ first binary state; and

providing the binary sequence to a transmitter for modulation and subsequent transmission as a

message.

[0015] In one form, the following steps after the bit erasing step, but before the bit-stuffing step, are
performed: adding a set of m dummy bits to the FEC coded portion; generating a cyclic redundancy check
(CRC) value for the FEC coded portion and appended m dummy bits; and checking if the CRC value
includes a run of » first binary states and if the CRC value includes a run of » first binary states then
repeating the adding, generating and checking steps wherein each time the adding step is repeated a
different set of m dummy bits are added. In one form if the binary sequence further comprises a header
portion preceding the data portion, and the bit stuffing step is performed on the header portion and the
FEC coded portion, and the method further comprises the following steps prior to the coding step:
determining the maximum number of bits / that a bit-stuffer could add to the header portion based upon
the size of the header portion; checking the header portion and calculating the number of bits ; that the
bit-stuffing step will add to the header portion; and inserting k = i — j buffer bits after the header portion.
In one form where a bit stuffing step is performed after the bit-erasing step, and the bit-erasing step
implements selective bit erasing, then if the n+1™ bit after a run of # first binary states is equal to the first
binary state, then the n™ bit is set to the second binary state, and if the n+1™ bit after a run of  first binary
states is equal to the second binary state, then the n+1™ bit is removed from the binary sequence. In one
form, the coding step further comprises generating a cyclic redundancy check (CRC) data value from the

data portion and coding the data portion and the CRC data value to generate the FEC coded portion.

[0016] In one form, the method further comprises adding a trellis termination sequence prior to an end
flag, wherein the trellis termination sequence is a sequence that places a joint NRZI/GMSK trellis in the
transmitter in a defined state prior to the start of the end flag to enable use of the end flag as a further

training sequence and where the trellis termination sequence is run-length limited. In a further form, the
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Joint NRZFGMSK trellis in the transmiticr has a memery of p bits and the trellis termination sequence is
a p it sequence, and the last p bits prior to the end tlag are reserved for the trellis lenmination sequence.
Tn owe form, the method further comprises inserting a training sequence into the data portion or FEC
coded portion, wherein the training sequence 18 not FEC encoded and is located between a first FEQ
encaded portion and a second FEC encoded portion, In a further form, the method further conprises
inserting a trellis termination sequence prior o the insericd (raining sequence, wherein the wellis
fermination sequence s a sequence that places a joint NRZIVGMSEK trellis in the transmitter in 3 defined
state priorto the starct of the traimng sequence and where the trellis termination sequenee is ran-length
fimited. I a further form the joint NRAZVGMSEK trellis in the transmitter has a memory of p bits and the
trellis termination sequenceis a p bit sequence and the Iast p bits of the FEC coded sequence before an
inserted tramning sequence are reserved for the pbit trellis termination sequence. fn one form, the
tramsoitter transmits the binary sequence as a seriss of miessages in @ plurality of slots. In one form, the
binary sequence 15 an Aatomatic entification System (ALS) compliant message for ransnussion in g
AIS svstem where =5 In one form the binary sequence 18 an Autonratic Ideniification System {AIS)
compliant message for transmission in a AIS system where =35 and the ATS compliant message has an
AIS message typeof 6, 8, 25 or 26, The above forms relating to adding trellis termination sequences

and/or raming sequences may also be porformed instead of FEC coding and bt crasure.

tO017] Accarding o a sccond aspect, there 13 provided a method for receiving an Automatic
Identification System (AIS) compliant message incorporating forward crror correction (FEC) coding, the
method comprising:

receiving a message incorporating a coded portionencoded using a FEC coded; and

tteratively demodulating and decoding the received message by teratiiig between a soft
demodulator and a soft decoder via an intermediate interleave/de-interleaver module anti 2 termination
criteria is fulfilled, or ifa CRC data value is prosont in the coded portion of the message, thon if the

deended sequance passes o CREC check using the decoded CRC data value.

{U018] In one form, the soft demodulator performs GMSK demodudation and NRZI decoding on a joint
trellis. By one form the soft decodet performs Run Length Livted (RLL) decoding wsing a RLL decoder
module followed by FEC decoding using a FEC decoder module wherein the RLL decoding is performed
using a trellis representation of 8 RLL encoder. In one form the RLL decoding is performed using the
BCIR algonthm. In one form, the soft decodor terates between the RLL decoder modale and the FEC
decoder module. In one form, fterating between the RLL decoder module and the FEC decoder module
comprises providing a demodulated sequence and a-priort information to the RLL decoder, and RLL
decoder generates 8 RLL output, wherein the a-priori information provided (o the RLL decoder is
removed from the RLL output, and is interleaved before being passed to the FEC decoder as a-priori

information, and the FECU decoder generates a FEC output, wherein the apriort information provided to
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the FEL decoder is removed from the FEC output, and is de-interieaved betbre being passed to the RLL
degoder as a-priog information, and wherein Heration is terminated after o stopping eriterion is met, and
he FEC decoder then provides the final FEC outpit to the next recetver stage. In one form, the NRZI
module and GMSK modulator modale are started in a well defined state when a ramp-up portion of a
message s wransnuticd, and a plurabity of mput bits are provided fo the NRZDmodule during ramp-up so
as o defing the stafe of the joint NRZFGMSK {rellis at the start of a start flag, and the recotver uscs the
start flag as an additional training seguence. In one form, the jomt NRZVGMSK trellis has a memory of p
bits, andd the last pbits of the codeword i the recgived message are reserved for pdummy bits to define
the state of the joint NRZFGMSK trellis before the start of an end flag, and the receiver uses the end flag
as an additional training sequenge. In one form, the joint NRZIGMSK trellis has a memory-of p bits, and
the transmitted message includes an addifional training sequence within the message, and the last p bits of
the codeword m the received message prior to the additional training sequence are reserved for p dununy
bits to define the state of the joint NRZIGMSK wellis before the start of the additional training sequence.
In oxe form, the message mcludes a non coded training scqucnee aficr a ceded portion of the message to
agsist in acquisition of the signal, and the recetver performs acquisition by considering each possible
waveform for the training sequence resulfing from each of the possible starting trellis states, and selocts
the most likely waveform for further demodulation. In one form, the NRZI module and GMSK modulator
module are placed in a well defined state prior to an additional training sequence, and wherein one or
more of the start flag, end flag, or an training sequence within the data portion of a received message are

used as additional fraining sequenices 1o assisting m acquusition of the received message.

10019]  Corresponding transnutiers and receivers that implement the above methods may also be
provided, as well as modules for mtepration with AIS comphiant iransmitters and recetvers may also be
provided. An AIS compliant system that uses these transmitters and receivers, or AIS transmitters and

receivers including the integrated modules may also be provided.

BRIEF DESCRIPTION OF DRAWINGS

[0020] Embodiments of the present invention will be discussed with reference to the acconmpanying

drawings wherein:

{00211 Figure t is 2 block diagram of an AIS compliant transmitter;

FO022] Figure 2 is a schomatie diagrany of the general fickd structure of standard AIS packet for

frangmission in g single slot;

{0231 Figure 3 is a block diagram of a transmitter for FEC coded GMSK modulation according an

embodiment;
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J0024] Figure 4 is 2 block diagram of an iterative receiver for FEC coded GMSK modulated

transinission according an embodiment;

10025] Figure 5A 15 a block diagram of a FEC encoder structure tn a transmitter according an

cmbodiment:

f0026] Figure 3B is a schematic diagram of a first bit craswre scheme according an embodiment;

F00271 Figure 3C is a schematic dingram of a second bif erasure scheme aecording an embodiaent;

HH28] Figare 8D 13 a schematic diagram of a third bir erasure scheme according an embodiment;

(00291 Figure SE is a block diagram of a FEC encoder architecture in a transmitier according an

embodiment;

[0030] Flgure 6A 15 a schematic diggram of the field structure of an AIS compliant message comprising

a header portion, a buffer portion and data portion according to an embodiment;

{0031} Figure 6B is a flow chant of a bit erasure method for compensating for bit stuffing for usewith the

field structure shown i Figure 6A according to an embodiment;

[0032] Fieure 7 is a block diagram for a run length imiting encoder where m=4 aeccording to an
B %3 = pd o e

embodiment;

{0033] Pigure 8 is & wellis diagram of 2 run-length limiting encoder according 1o an embodiment;

[0034] Figure 2 is a block dingram of an terative decoder in a reegiver according to an embodiment;

{0035 Figure 1 s a plat of the packet eeror rate of standard ATS compared to FEC-coded AIS

according o an cmbodiment;

{6036 Figure 11 s a schematic diagram of the general field structure of a muli-slot AIS compliant

packet mehihog addiional tratning sequences according to an embodiment;

{0037] Figure 125 a plot of the tinte cstimation foradvanced acquisition for standard AIS and FEC-

coded ATS using addittonal truning sequences aceording to an crbodiment;

J0038] Figure 13 is a plot of the frequency fime estimation for advanced agquisition I standard AIS and

FEC-~coded AIS using additional training sequences according 1o an cmbodieent;
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0039} Figure 14 is a flow chart of a method for generating & message for transmission in an ALS system

agcarding to an embodiment; and

1004¢] Figure 13 is a block diagram of a computing device according to an embodiment.

fO0411 In the following description, like reference characters designate ke or corresponding parts

throughout the figures.

DESCRIPTION OF EMBODIMENTS

{421 Embodiments af methods and apparatug ro efficigntly improve the performance of the existing
AlS system by adding forward crror correction {(FEC) coding and advanced acquisttion whilst ensuring
that the transmit waveform stays within the requirements imposed by the AIS specification will now be
described. Adding FEC coding to the AIS waveform can greatly enhance the performance of AIS by
allowing for {a) error corvection and (b) Herative mulii-user decoding. A range of FEC codes may be
implemented mncluding traditional techmigues like convolational codes and algebraic block codes, as well
as modern codes ke nwbo codes, low-density parity-check (LDPC) codes and trreguiar repest-
accutrudate {IRA) codes. Codes of the latter classes represent the statg-of-the-art and can approach the

fundamental limits of communication.

0043} The AlS standard defines various message types. AIS Message tvpe 6. &, 25 and 26 allow for
transmission of binary data and these message tvpes may be used to carry FEC-coded data with additional
training seguences for improved decoding and acquisition. Alternatively, a new message type may be
defined. As discussed above, AR messages may extend over one to five conseeutive stots. Longer
packets are partcplarly attractive for the enbanced ATS systen, as the performance of FEC codes

increases with the code length,

{0044] We are imterested in extending the AlS system within the current standard, To do so, we use the
AlS message types 6, 8, 25 and 26, which may carry any binary data, or a new message type, which is
more efficient, In our case, this binary data will contain the FEC encoded data and possibly further
fraiming sequences for improved decoding and acquisition. The proposed metheds may be applied to
single-slot messages or long messages (two to five slots). Lobger messages are preferable, as the
performance of FEC codes increases with the code lenpth. The data to be transmiticd may be source-
coded.

[O0045] To extend the AIS system we propose 1o modify the transnutters and receivers as deseribed
below. The AIS specification uses GMSK, that 15, a modulation scheme with memory and a recursive

encoding structisre. To gnhance 1t with FEC cading, bit-nterleaved coded modudation 18 an appropriate
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choice. Referring now to Figures 3 and 4, there are shown functional breakdowns of a transmitter 300 and
areceiver 400 respectively. Figure 3 s a block diagram of a transmitter for FEC coded GMSK
modulation sceording an embodinent, and Figure 4 15 a block diagram of an iterative receiver for FEC
coded GMSK modulated transmission according an embodiment. As shown in Figure 3, in transmitter
300 the data bits are encoded by the FEC encoder 310 into a codeword, interleaved 320 and then fod into
the GMSK modulator 330, The receiver 400 as shown in Figure 4, typically operates in an Heralive
fashion where the channel observations are demodulated nto soft estimates of the code bits 4140, de-
interleaved 420, soft decoded by the FEC decoder 430 with the results then fed back to the soft
demodulator $10. This decoding process is iterated until a codeword is found or any other termination
criterion is achigved. The FEC decoder then provides the estimated data bits, Non-iferative processing is
also possible. The advantages of FEC coding in connection with GMSK have been demonstrated in
PCT/AUZ013/001501. Therefore, FEC coding with enbanced acquisition and cohierent demodalation, as

ittustrated below will mreatly improve the performance of the ATS.

{t0d6] Figore 14 s o flow chart 1400 of & method for gencrating a micssage for iransnission in a systom
such ag the AlS system, that requires the message 1o be run length Haited {(RLL) 0 a run of » first binary
states by bit-stuffing, wherein bit-stuffing comprises insertion of a sccond binary state after the o first

hinary state.

{00471 The method comprises a coding step 1401 that comprises coding at least a data portion of 2
binary scquenge for transmission using a forward crror correction (FEC) cade to gencrate a FEC ceded
portion of the binary sequence. A bit erasing step 1402 is then performed by bit erasing one or move bits
in at least the FEC coded portion to compensate for a run of n first binary states in the FEC eoded portion
of the binary sequence so that the FEC coded portion ts RLL without requiring the insertion of additional
bits {eg by a bit steffier). Finally at step 1403, the binary sequence is provided tov a transmiiter for
modulation and subsequent transmission. A hit stuffing step may be performed, and if performed, it may
be performed afier the bit erasing step and may be performed on a portion of the binary sequence to tun
length timit (RLL} the portion (for example the data portion of the binary sequence). Bitsstuffing s
performed by mmserton of a sccoud binary state after a run of » first binary states. Forexample in AIS the
first binary state iz a 1, and the second binary state is a 0 {in other svsters this could be reversed) and the
binary sequence is run length limited to 5 17s (73} so that a scquence 11111X becomes THITTOX (ie

grows by 1 bit through the insertion of a O before the X,

{00481 in the above methed the bif crasing step 1402 pre-compensates for any bits inseried by bit-
stuffing to ensure that the FEC coded portion is runt length hoatted and that the length of the FEC coded
portion in the binary sequence provided to the transmitter has the same length of the FEC coded portion
after the coding step. That is the compensation is performed so that either bit stuffing is not requived, or if

a bit stuffor 15 present after the bit-crasing module, the bt stuffer will not be activated as a result of FEC



CA 02920298 2016-02-03

WO 2015/024062 PCT/AU2014/000832
10

ending. Note the hit erasing dogs not necessarily mean that the bits are removed (or punctured) from the
bit stream or sequence (although in cortain cases described bolow they may be). Rathier the values are
crased or sot to U, independent of thew aciugl value Thus the bits that are zero effectively stay the same
{the O is erased to ), and the bits that are a 1 are erased {or flipped) to zero. Thus in this context bit
erasing can be understood as conditional bit flipping, zeroing or vesetting,

0491 The detatled description below deseribes several ways to add FEC coding and improved
acquisition to the AIS waveform, depending on the ransmitier hardware and/or software used. This
allows medification of an existing AIS tansouiier for example by acoessing an mput (or ouiput) point of
an standard module in an AIS transmiiter and adding a FEC encoder and bit erasure module, andfor a
fraining soquence module. Alternatively a fransmitier that 1¢ AIS eomphiant eould be developed that
wmcorperates & FEC gncoder and bit crasure module, and/or a training scquence module. Alternatively an
existing {standard) AlS transmitter could be used by providing the transmitter with a bit sequente that has
been carefully constructed. For example rather than provide a data portion or AIS message for
gransmission, 8 FEC encoder and bit crasure modale andior a traning sequence module could first process
a data portion of standard AIS message so that the resulting sequence that is provided to the AIS
transmitier s cither already run length hnuted to avoid activation of the bit stuffer 1 the AIS transuutter,
ar modified to precorpensate for any bit stuffing that would be performed by the AlS transmitter. That is,
the input sequence is carefully designed or generated so that a bit stuffer is conditionally activated so as

not to adversely affect the FEC coding,

100507 Figure 1 indicates various entry points for adding FEC coding according to the varous
embodiments of the above method. and will now be described. For Entry Points |, 2 and 3, we assume
that a new AIS message is used, as this gives more flexibility. For Entry Point 4, we assume that the
existing message types 6, 8, 25 or 26 are employed. However if desired, the message fypexr 6, 8, 25 and 26
may also be applied for Entry points 1, 2, and 3, using the methods described below regarding eniry poing
4.

{0051} The following explanations assume the default message length with a data portion of 182 bits
(168 data bits plus 16 CRC bits). For long messazes (up to five slots), the lengths of the data has to be
extended correspondingly (to 428, 684, 904 and 1196 bits, respectively). The shaded fields in Figure 2
mdicate the portion of the binary sequence that is subject to bit stuffing. As outlined above, bit crasure is
performed to compensate for the effects of bit stuffing to allow the tnclusion of FEC coding whilst still
mantaining an ALS compliant packet — that is a binary scquence which is run limited. The choice of the

bit erasure to use dopends upon the eotry poiat and message structure,

{0052] First Embodiment - entry point 1 - after AIS CRC and bit stuffing but before framing.
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|0053] Consider that the AlS transmitter can be accessed before framing (entry point 1 in Figure 1). In
this case, a fickd of lenpth 138 bits Is available for the channel code, comprising the data ficld (168 bits),
he CRC ficld (16) bits, and the bit-stuffing field (4 bits). The bit sequence has to be run-length hoited

such that there are no more than five consecutive ones, in prder to generate an AlS-comphiant waveform.

{0054] Figure 3A is a block diggram of a FEC envoder structure m a transmitter according an

gmbodiment. This can be vsed for entry point | in Figure 1.

[0055] We begin at input 501 with binary data sequence b for transnussion. For the case of entry point 1,
the hinary data sequence b has a data portion 20. The binary data b to he transmitted may be appended by
a data CRO value {optional) generated from a CRU check of the data portion 1 sequence b by CRC2
module 510 foraing the sequence b We denote this CRC by CRCZ, or refer to it as 3 dula CRC value, to
distinguish it from the CRC specified in ALS (which we may denote gs AIS-CRC i the following), as
depicted in Figure 1. The sequence is then encoded into the FEC codeword ¢ by FEC encoder module
520. FEC encoding the data may gencrate runs of 175 so that the FEC encoded data is sot run length
limited in which case if transmitted, the message would not be RLL rompliant. However simply passing
the FEC coded data through a bit-stuffer madule will add tfurther bits and significantly increase the
decoding complexity mthe reediver which 1§ highly undesirable. Thus instead of bit stuffing the FEC
coded sequence (the codeword) to ensure it s RLE complidnt, the FEC coded sequence is fed to a bit-
eraser module 530 to yield the run-length Hmited sequence (nm-length lmited codeword) ¢! This
precedure cosures that the ron-length constramt is fulfilled. Note that as opposed to bit-stufting, where the
zero is inserted affer a run of five 175, bit erasing does not change the length of the bit sequence and
works as follows: the output bit of the bit-crasing unitis cqual to the input bit, unless the previous n input
bits {excluding the current input bit} are 17 4n this case the output bit is set to ( independent of the value of
the input bit. That is, bit crasing comprises sctting the n+1” bit after a ran of a first binary states to the
second hinary state. Figure 5B is a schematic diagram 530z of a fust bit erasure scheme aceording an
embodiment in which /=5, An input sequence 331 comprises § 175, After the ath | the next bitmayv be a 1
or 0 followed by some other bit X 532 In cach case, the bit eraser sets the value of the next bir (o r+1th
bif) 1o 0 and thus gencrates wentical output sequences 533 or 534 regardless of the value of the next bit
fie TITIILX —1111I0X, and LU TTOX — 1131 10X). This sequence thus has the appearance of being bit
stuffed, even though no bit stuffing has occured and cnsures that the coded sequence is RLL and that the
length of the codeword sequenee 1s not changed. Once the sequence is bit erased. #1s framed, optionally
interleaved, NRZI encoded, GMSK modulated and then transmitted. As discussed below, additional
training sequences may also be added (which may also require modification of the end of the codeword as

discussed below).

{0056] We now congider the receiver for a transmdssion using the above bif erasure method. To rake full

advantage of the coded GMSK system, the recelver iterates between the sofi-demodylator and the soft
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B

FEC decoder, for cxample as described in PCT/ALZ013/001501, GMSK demodulation and NRZL
degoding are preferably performed in a single soft-demodulator on the joint trellis (sce soft-decoding of
he NRZI below and PCT/AU2013/001501). The bitserasing performed at the transmitter side 1s tgnored,
and any errors introduced by the bit-eraser are treated as transmission errors by the FEQ decoder, This has
o be taken into account in the design of the FEC cade. Decoding is terminated if & suitable terpyination
criterion is fulfilled, sce PCT/ALIZOL3/401 501, or if in the presenee of a data CRC value (CRC2), the
decoded sequences passes the CRU check (Note that this is the optional additional CRC "CRCY” and not
the CRC as defined by AlS). Further details about bit-erasing module 530 and the corresponding modele

at the receiver side are discussed below.
FO0ST] Second Embodiment - Entry point 27 before bit-stuffing,

FO0SE] Consider that the AlLS transmitter can be acecssed before bit-stuffing (entry point 2 1 Figure 1)
Ine this case, 1t is desirable to feed the bit-stuffing uoit with a sequence that does not require bit-stuffing,
such that the length of the output sequence is fixed and not vaviable. This reduces the complexity in the
receiver - soft-decoding of a bit-stuffier is possible but complex and with limited benefit as discussed

below, A field of length 188 bits ix available for the channel code, as inthe previous case
f0059] Theve are two approaches for the bit eraser module 530 m the transnutter:
j00s0] Tronsmitter 1 implementing bit eraser module 530b as illustrated in Figure 5C:

FO061] The transmitter structure is the same as in the previous case with one difference; atter any
sgquence of four consecutive ones, the bit-craser sets the following hit to zero. That is the bit erazing step
comprises setting the n™ bit in a rum of 1 1's ta 0. This is illustrated in Figure 5C. Afier the nth 1 the next
bhit may be a 1 or ) followed by gome other bit X 332, In cach casc, the bit erager sots the valug of the sth
bitto O and generates oulput sequences 335 or 336 Ge 11X — 1161 X and 111110X — 11 100X
This ensures the length of the codeword sequence is not changed. This is effectively the same operation

as the case above (lustrated in Figure 5B) but with 2 replaced by n-1.
[0062] Transmutier 2 unplementing bit craser module 530c as illustrated 1 Figure 5D

{0063] The transmitior structure is the same as in the previous case. However, the run-length constraing is
fulfilled by perfornmng conditional bit erasing: I there are five consecutive ones and the next bitis also a
one, replace the fifth one with a zere, t.e., “grase’ it If there are five consecutive ones and the next bitis a
zero, delete this zero, 1e., remove it from the bit stream, as the AIS bir stuffer 130 will re-insert this zero
later on. That is if the o+ 1™ bit after a run of n 17s 3s a |, the n™ bit is set to 0 and if the n+1Y bit afier a

run of 0 175 is equal to ), then the n+1% bit (the 0) is removed from the binary sequence. Note that this
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approach halves the average number of errors introduced by the bit-eraser as compared to the previous
first approach. This is illusteated in Figure SD. After the nth 1 the next bit may be a 1 or 0 followed by
some other bit X 532, In the case of the next bit being a 1, the ath bit 1s set to O m sutput sequence 537 (e
IHIITIX — 11101 In the case of the next bit being a O the #+-1th bit is removed from the output
seguence 538 {as this will be added back in by the bit stuffer), which differs from 5337 (11 HIOX
=111,

{0064 Reeeivor: The recerver structure s the same as in the provious section,

[0065] The biteraser at the transmitter makes sure that the bit-stuffer either stays inactive, or any bit-
stuffing s pre-compensated for by the bit eraser, so that the length of the generated codewerd is
unchanged by passage through the bit-stuffer. When lmdting the maximurs length of runs of ones to 3 (as
forenfty point 1), the probability for erasing a bit is about 0.0159; whes limiting the maximum length of
runs of ones to 4 (as for entry point 2), the probability for erasing a bit is about 00323, The
corresponding probabilities of inroducing a bit error by these procedures are given by these values
divided by two. Thus the present method mtroduges up to twice as many bit errors as the previous method

(entry point 1), This has to be taken into account in the design of the FEC code,

f0066] Third Embodiment - Entry point 3: before CRC

j0057] Consider that the AIS transmister can be accessed beforg the AIS-CRC (entry point 3 in Figure 1).
In this case, the data is FEC encoded but the AIS-CRC is not, and thus the ATS-CRC cannot be used for
error detection. As in the previous case, we want £ design the input sequence to the bit-stuffer such that
the birstuffing does not produce any additional bits. In the present case, we can only convol the mput
sequence to the AIS-CRC. Thus we need to reserve m=16 dummy bits to drive the output of the AlS-
CRC (which has length 16 bifs} to a value such that the run-length constraint is fulfilled.
Correspondingly, a field of length 156 bits is available for the chamncl code, compnising the data field
(16¥ bits} and the bit-stuffing field (4 bits), minus the dumny bits to fulfil the run-length constraint after
the CRC (=16 hitg),

FH068] Transontier: Figiwe SHos a block diagram of a FEC encoder architecture according to this
cibodinent. To this embodiment the architecture of Figure 3A 18 mudified with additional miodules to
perform the wddmyg, CRC gencration and checking steps after the bit crasing step but before the bi-
stuffing step. Thus as before, the data b to be transmitted may be appended by a CRC {optional}, 1s
encoded by an FEC vode into the codeword e and then fed to the bit-eraser which in this case 1s the bit
craser madule S30b that sets a bit to rero after a rus of four ones (although bit craser modide 530c coald
also be used), vielding the bit erased sequence ¢, this is identical 1o the previous cuses. At theend of this

sequence ¢, dummy bit adder module 340 appends m dummy bits ¢ to generate the sequence a={c¢’ d|.
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Note that instead of appending, the dummy bits may be added (Gnserted) at other known (or
predetermined) posttions in the sequence ¢, Next the ALS CRC module 120 is used to gencrating a AlS
CRC value for the FEC coded portion and the appended m dummy bits (e generation of sequence ais
wrovided at entry point 3 in Figare 131 A RLL checking module 350 then checks (ortests) if the ORC
value includes a run of n 1's to chegk if the output sequence is still run length fimited. I the CRC value
includes a run of 7 17s (1e is not RLL compliant) then an instruction 552 is seut back {o dummy bit adder
module 540 to repeat the adding, generating and checking steps. Each time the adding step 540 15
repeated a different set of mdummy bits are added (or appended] to geverate a different CRC value {this
may allow adding the same bits but in ditferent locations). That is if the resulting sequence does not fulfil
the run-length constraing, i.c., does have runs of ones longer than four, different values fiwr the dunymy bits
are chosen and the output of the CRC unit is computed again. This procedure 1s repeated until the run-
fength constratnt 13 fulfilled. Then, the sequence a1s fed into entry point 1. Note that fi this way, the bit-
stuffer is never activated, as desired. Other methods to determine the values of the dummy bits dare
possible, such as explowing the algebraic propertics of the CRC code and computing the dununy bits, or
using 4 look-up table for the dummy bits. Note that with ;=16 dummny bits, any desired value of the AlS-
CRC can be achieved, and thus the run-tength constraint can always be fulfilled. In other embodiments

somw other method may be used to atlow a smaller mumber of bats to be mmserted.

{0069] Reeeiver; The ierative reeciver strueture is the same ag in the provioys scction, Soft information
about the AIS CRC bils 15 not exchanged between the sofi-decoder and the soft NRZVGMSK

demodulator, i.e., the AIS CRE bits are not used for the decoding procsss.

0070 Fourth Embodiment - Entry point 4: Use of existing AIS message type.

{00711 Consider that existing AlS message types 6, 8, 25 or 26 are used (entry point 4 in Figure 1). Note
that this is the most general scenario and may be applied to any existing AIS transmitter. Figure 6A isa
schomatic diagram of the Aeld structure of an ATS compliant message (such as type 25 or 26) comprising
a header portion 60 , and a data postion 6. In these messages, the actual binary data is prepended by a
header portion 60 (or header field). In the case of AIS messape types 25 or 26, the header portion 60
comprises 8 message 1D (6 bits) 61, the repent indicator (2 bits) 62, the source 1D (30 bits) 63, the
destination indicator (1 bif) 64, and the bivary data flag (1 bit) 65, giving a header portion (or field) 60
with an overall size of 40 bits, as shown m Figure 6A. This reduces the mimber of bits available for
channel coding and additional trataing. In thiz embodiment, we add a 8 bit buffer field 66, The shaded
ficlds 66 68 for buffer and data (respectively) together are the aceessible binary data for FEC encoding.
However the cotire message 20, including header portion 60 | buffer portion 66 and data portion 68, will

be subject to bit stuffing.
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{0872] The measures to be taken in this case are the same ag in the previous case {Entry Point 31, In
addition, special care has to be taken, as the 40 header {or parameter) bits may activate the AIS bitstuffor,
This would lead to a variable length packet and a vanable start position of the codeword, both of which
are not desirable. The following method guarantees a fixed length packet and a well-defined start of the

godeword.

{0073] The methad described here 18 using the example case of binary message types 25and 26 in
broadeast mode, which have a header of length 40 bits. Tha-method is eastly adapted for use with other
inary message types, which may have headers of different length. Given 40 bits, the bit-siuffor may
generate a maxinunn sumber of ¥ additional bits. In order to obtain a well-defined length of the sequence,
weuse the first 8 bits of the data field as a buffer. Assuming that the transmit parameters are known, the
first 44 bits arc known, and thus it can be determined how many bits the bit-stuffer will miroduce. The
same number of bits is thenremoved from the butfer. The remaining butfer and the data (see Figure 64)
are then used for the data field in the AIS message (25 or 26). As a result, the actual dato always starts
with bit number 49 {counted frony the first bit of the message 1D}, and the overall message has a fixed

length, as desired.

[0074] Figure 6B 15 a flow chart of this method (g for use with AIS messages with a known size header
portion such as in message types 6, 8, 25 or 26). The method comprises deterimining 6111 the maximun
numbsr of bits 7 that a bit-stuffer could add to the header portion based upon the size of the header
portion; checking the header portion and caleulating the numiber of bits 7 that the bit-stuffing stop will add

to the header portion; and then inserting k = { — J buffer bits after the header portion.

F075) Agan alternate implementation, the channel code may include the 40 header bits. This can be

done by using a systematic code, wherg the svstematic part extends at least overthe 40 header bits.

[076] The purpose of the bit-eraser module 530 (Figure 5C) 1s o avoid runs of ones that exceed a given
length & Note that the opetation performed by the bit-craser 1s differcnt to the bit-stufting as defined
the AIS specification: bit-stuffing insers a zero after a given number of ones while bit-erasing forces the
hit following o given number of oncs to zero (thereby gither leaving it anchanped or infroducing an error).

Hexnce the output of the bif-eraser will not vary in fength.

(00771 This encoding scheme cannot be inverted by itself and has to be used in combination with a FEC
to achieve error-free reconstruction. However, this scheme can casily be combined with FEC systoms and
does not introduce any additional overhead to the communications systeny. Figure 7 is a block diagram
700 for a run length invang encoder aceording 1o an cmbodiment. In this embodiment the run nis
hmited o4 s {ic re=d). A shift register 710 receyves each prowious outpuf bit In sequence via input 700,

and the 4 bits are provided to an AND medale 7201 The cutput is complemented 722 and provided to a



CA 02920298 2016-02-03

WO 2015/024062 PCT/AU2014/000832
16

further AND module 730 which alse receives the mput bit 702, The output of the firther AND module is
then fed back to the shift register 716, If the shift register is filled withom ones then the output will he
forced to zero, otherwise the input passed to the output stays wchanged. That is if o pattern consisting of
4 consecutive 1's s detected then the next aymbol will be set to 0. This embodiment can be varied to
perform limiting to runs of length n by using a shift register of length n (ie n slots). In anather
embodiment, the shiff regisier is replaced by a counter that counts the number of consceutive ones and

forces the cutput to zero when it reaches 2.

{00781 We now tun oyr atfention to the receive side of the AIS system. As outlined above, and
ithostrated tn Figure 4, a recetver is confipured to receive a message incorporating a coded portion
encoded using an FEC code. The receiver can be configured to feratively demodutate and decode the
received message by tterating between a soft demodulator {eg soft GMSK demodudator 410) and a soft
decoder {eg soft FEC decoder 430) via an intermediate interleavedde-interleaver module 420 until a
termination eriterta is fulfilled, or ifa CRC data value is present in the coded portion of the messpge, then

if the decoded sequence passes a CRC check using the decoded CRC data valuce.

[0079] Soft-decoding of the NRZIL lierative decoding and demodulation requires soft-decoding of the
NRZI One approach would be to have a soft GMSK dentodulator, a soft NRZI decoder and a soft FEC
decoder and iterate across these three units. However the performance will be poor as there is no
mterleaver between the NRZI encoder and the GMSK modulator. An efficient alternate approach is
proposcd m PCT/AU2013/001501: the NRZI treliis can be merged mto the GMSK trelhis while the
complexity of the joint trellis is the same as the one of the GMSK wellis. A soft joint NRZFGMSK

demodulator operates then on this joint trellis.

[00807 Defined states of NRZIGMSK irellis. The AIS specification defines a training sequence of
iength 24 bits for acquisition (referred to as the AIS training sequence in the following), which is located
at the start of the packet and 15 intended o be used in connectton with non-coherent demodudation. For
time-varving channels, low SNR, or multiple-access channels, as is the case for satellite reception of AIS
signalg, the resulting performance may not be sufficient. Thus in one cmbodiment channel estimation
(acquisition) and coherent demodulation may be applied by using the start flag and end flags as additional
training sequences. Further additional training sequences may also be nserted into the middle of the

packet.

FOO8T] In the following discusston we assume that a new message type is used, such that the full data
field is available. When the existing message types 6, 8, 25 or 26 are emploved, the mthods as deseribed
above for compensating for bit stuffing are required as well fo guarantee a fixed packet length and a well-

defined start of the data figld.
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J0082] Inaddition to the AlS training sequenee, one, or preferably both, of the start tlag 16 and the end
flag 18 arc used as further training data for acquisition. Using hoth provides a total of 40 training bits (24
training bits, & bits of start flag, 8 bits of ond flag) mstead of only 24 (standard wraming sequence 14).
Further additional training sequences may be included in the data section of the packet which will reduce
the sumber of bits avatlable for the codeward. Any of these sequences can gasiby be explotted for
acyuisttion if the state of the NRZVGMSK trellis is known at the beginning of each sequence, as then the
resulting waveform is well-defined. Driving the NRZVGMSK trellis into a well-defined state is also

reforred 1o as trellis termination.

{0083] The following approaches enable the NRZIGMSK trellis to have well-defined states at the

beginning of known scquences (framming, start flag, end flag).

{00841 Start flag. At the beginning of the ramp-up, start the NRZ! unit and the GMKS modulator in a
well-defined state, Fusther, during the ramp-up tine the input bits to the NRZI are defined (the AlS
standard speeifies neither the states nor the ramp-up bis). Then the states of the joint NRZVGMSK wrellis
at the beginning of the start flag and at the beginning of the training section are well-defined, enabling the

soft demodulator to use the start flag as an additional rating scquenee,

{0085] End flag. The joint NRZIKGMSK trethis for the AIS signal has a memory length of 4 bits
{Depending on the implementation of the GMSK modulator, this may be 3 bits only.} Therefore with four
input bits, the NRZIVGMSK finite state machine can be driven into any desired state. In any of the
methods described above, the codeword is shortened by 4 bits | and these four dunymy bits are set o
values such that the NRZVGMSK troliis 1910 a well-defined state at the beginning of the end-flag (a
trellis termination sequence). The shortening of the codeword and replacement with dumy bits {or a
treflis termination sequence) can be performed in the transmitter, Ry example by the FEC envoder, ora
separate module in the transnvitier and can be performed before or aftor bit erasure. However care must be
taken 1o ensure that adding the dveamy bits does not generate o prohibited run of 17s, and thus the bit pror
to the dummy bits may also need to be set to zero to ensure the codeword remains run length limited. The
vatues of the bits may be determined by trial-and-error, by a look-up table or by other methods. More
generally if'the joint NRZGMSK trellis has a memory of p bits, then the last p bits of the codeword in
the message are replaced by (or reserved for) p dumuny bits, The pdurmpry bits are used o defing the
states of thejou NRZFVOMSK wellis before the start of an end flag, and the soft demodudator uses the
end flag as ap addigional trafming seguence. In one embodiment the durmmy bits are run length limited. In
anc embodiment the last p+i bits of the codeword arereplaced with a O followed by pdummy bits, to
ensure the codeword is run length hmited. In one embodument the trellis termination sequence is inserted
Jjust priog to the training sequence, without overwriting the FEC coded data, and the receiver is informed
of the location of the end of the coded sequence {either through implanting a defined message format, o

by scading the information in a prior message.
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|0086] Additional mraining sequence(s). One or more additional training sequences may be added in the
data pant of the packet, which reduges the codeword length accordingly. With the same method as for the
end flag, the state of the NRZVGMSK trellis at the beainning of each of these training sequences is setio
well-defined values. More generally, if the joint NRZIVGMSK trellis has a memorv of 2 bits, and the
recetved message includes an additional training sequenee within the message, then the last pbits of the
codeword in the received miessage prior to the addifional ratning sequence are replaced by p dummiy bits.
The p durnmy bits are used to define the states of the joint NRZVGMSK trellis before the start of the

additional training sequence.

{0087] If the NRZIGMSK tretlis is not terminated at the beginning of a sequence to be used for
acquisition, this sequence may still be exploited, howewerat higher complexity. The joint NREZFGMSK
trellis (resulting from the AIS standard) has four states. Correspondingly, a training sequence may result
in four different waveforms, each one corresponding to one of the trellis states at the beginning of this
sequence. An acquisition method may then be applied to éach of these four possibilities and the mest

likely hypotheais can be picked for further demodudation.

{0088} Based on thewaveforms correspomding to the trafning sequences, and start and end flag, any

method for channel estimation may be applicd.

{0089} We now turn our attention to the soft decoding module 430, The run-length limiting encoder
shown in Figure 7 can be represented as a finite state machine where the state is determined by the
nunber of consecutive ones that have been observed. A single trellis stage corresponding to this state
machine can be generated, and Figure 8 is a treflis diagram of the run length Thniting encoder for limiting

the run of 1's to g, such as that showa i Figure 7 where =4,

10090 Figure B shows a group of states 802 representing the start states (0..0) 810 811 814 816 and R18
and a group of states 804 representing the end states 820 821 824 826 and 828, The first number on each
edee represents the fnput (8310 831, 834, 836, and 838}, and the second number the output of the encoder
(3401, 841, R44, 846, and §48). Therefore, the input sequence passes the encoder unchanged unless the

encoder is in state nin which case the outpur will always be zevo (edpes 838 848).

{00911 Docoder. Figure 9 iy a block diagram 900 of an #terative soft decoder in a recgiver acgording to an
ebodiment. The soft deceder 430 performs Run Length Linited (RLL) decoding using a RLL decoder
module 911 followed by FEC decoding using a FEC decoder module 920 wherein the RLL decoding is
performed using a frellis representation of a RLL encoder. The preferred implementation of the RLL
decoder is o use the BCIR algorithm (L. R. Bahl, I Cocke, F. Jelinek, and J. Raviv, "Optimal decoding
of linear codes for mininizing syimbaod ervor rate," IEEE Trans. Inform. Theory, vol. 20, pp. 284-287,

Mar. 1974.) o decode the wellis discussed above and shown in Figure §. Since the BCIR algorithm can
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incorporate 3-pricrl information it is straightforward to combine a soft-irv'soft-out channel decoder with
the decnder for the run length limited code. Other suitable decoder algorithms inchade IogMARP (log

maxirmam a posteriord), SOVA {soft owdpat viterbt algorithm), and suitable variants.

{0092] The BCIR algorithm processes on the trellis as in the example in Figure 8. Fromi the output of the
BCIR decoder the a-priort information is removed and the interleaved exirnsic infonmation is passed to
the FEC decoder as a-priort mformation. The FEC decoder exploits the constramt of the forward error
gorreting code and provides the BCIR decoder with a-priov information i a similar way. That is
iterating between the RLL decoder modele 910 and the FEC decoder module 920 comprises providing an
input demodulator sequence 902 which may be a demodulated sequence from the soft NRZTVGMSK
demodulator, and a-priont information 912 to the RLL decoder, and REL decoder generates a RLL output
914. The a-priort mformation provided to the RLL decoder 15 romoved 938 from the RLL output 931, and
is inferleaved 932 with extrinsic information before being passing to the FEC decoder as a-priori
information 922, The FEC decoder then generates a FEC output which can be passed back to the RLL
Decoder as a-posterion mformation 924, The a-priont mformation provided to the FEC decoder 933 15
removed from the FEC output 934, and is de-interleaved $36 with extrinsic information before being

passing to the RLL decoder as a-priost information 912,

{00931 Depending on the FEC that is used (¢.2., 2 low-density parity-check codel, the interleaver 939
may be removed. Finally, after gither a predetermined mumber of iterations botween the RLLABCIR
decoder and the FEC decoder or after some other suitable stopping eriicrion, the FEC decoder passes the
final output 904 to the next recetver block; In ancther embodiment, the receiver does not ferate betwean
the RLL decoder 910 and the FEC decoder 9240, e, the RLL decoder is exeented once followed by a
single execution of the FECU decoder. This implementation has a reduced complexity with only minor loss

in performance.

{0094] I another embodiment, the recetver 1gnores the presence of the bit-eraser, i, all crrors
introduced by the bit-eraser are treated as they would have been introduced by the commumnications
channel, In this cimbodiment the RLL decoder module 910 and the interleaver module 930 shown in
Figure 9 may be onitted, and thus this implementation has an even lower complexity with only minor

loss in performance,

{0095] We now present two numerical exanples to demonstraie the improved performance due to FEC
coding and tmiproved acquisition. We first consider the transmission of 168 data bits over an AWGN
channel. For standard AIS this corresponds to a single-slot imessage; we assionie optimal cohereat
demodolation (which for the AWGN channel is 1dentical fo optimal nov-coherent demodulation). For the
enhaneed FEC-coded ALS, we apply the method corresponding to cntry point 3 for 3 two-sdot AlS

message. We consider a rate 142 gystematic regular repeat aceumulate ende (the parity part of this
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codeword, ic, the output of the sccumulator, is interleaved for inproved decoding performance, as usual)
with vartable-node degree 3 and check-node degree 3, information word length 168 and codeword lenpth
336. For reduced complexity we assume non-tterative decoding, 1., the noisy observation from the
channel is soft NRZVGMSK demodulated, soft-decoded over the bit-eraswre trellis (see above), and IRA
decoded. Note that the uncoded and the coded system fransmit the same number of data bits per packet

for g fair comparison.

{0096] The rosulting packet orror vates are depicted in Figure 10 which s a plot 1000 of the packet error
ate of standard AIS 1010 compared to FEC-coded AIS 1020 according to an embodiment. To achieve a
message erroy rate (packet error rate) of 107, standard AIS requires an SNR of about 9 dB, while the
proposed FEC-coded AIS system achieves the same performance gt an SNE of only 2 dB. This dramatic
mmprovement by 7 dB may be exploited to provide service over longer distances or for improved
reception from satellites. This greatly enhanced performance comes at the expense of a reduced transmit
rai¢ due to the channel code. Depending on the application requivement, this wade-off may be decided

towards the crror corrcetion capability or towards the transmit rate.

{00971 We now investigate the transmission of FEC enhanced AIS over a typical satellite channel, which
requires estimation of time delay, frequency offset and frequency rate. For the satellite ¢chanacl we
asswme rapdom wniforny frequency officts between ++ 1kHz {no Doppler rate), and random uniform fink

distances between 600 and 2000 km,

FO098] We consider a two-slot AlS message with 428 data bits, The message format is depicted in Figure
11 which in this embodiment the packet is & two slot message for advanced acquisition with two
additional iratmng sequences of leagth y and £y othe mddle and at the end of the packet. The data
section transparent to ALS consists of 42¥ bits. This section contains two data sgctions 21 22 {note that the
data sections are longer than depicied) of lengths [y and - and two fraining sections 25 26 (Training 1
and Trammng 2 of lengths #; and f; Note that cach {raming scction 15 prepended by four bits for trellis

termination {TT} 23 24. For reduced complexity, the AIS CRC and end flag ars not used here, and

therefore no dummy bits are required to disable the bit-stulfing for these two parts.

{0099 We are interested in studving the resulting quality of the channe! estimation in the case that
additional training data is provided. We present simmudation results for timing and frequency estimation
where the following different sets of tramning data are used: only AIS traiming sequence and start flag; AIS
training sequence and start flag, and the two additfonal raining sequences: f;; = 236, [, =20, L= 4, and
AlS tratning sequence and start flag, and the two additional waining sequences: Ly = 256, 1; = 20, Jp= 12,
The results of the timing and frequency estimation are shown m Figures 12 and 13 respectively. Figure 12
is 3 plat 1200 of the time extimytion fir advanced aequisition for standard ALS and enhanced AIS gsing

additional traming sequences. Curve 1216 plofs standard AIS, curve 1220 plots enbanced AIS using an
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additional 20 hit training and an additional 4 bit training sequence, and curve 1230 plots enhanced AlS
using an additional 20 bittraining and an additional 12 bit training sequence, Figure 13 is a plot 1308 of
the frequency estimation for advanced acquisition for standard AIS and cobanced AIS using additional
training seguences. Carve 1310 plots standard AlS, curve 1320 plots enhanced AlS using an additional 20
bit training and an additional 4 bit training sequence, and curve 1330 plots enhanced AlS using an
additional 20 bit tratming and an additional 12 bif traming sequence. The additional raining sequenees
clearly help to improve the timing estimation for SNR below 3 dB. Even stronger is the effect on the
frequency estimates. Use of the additional fraining sequences dramatically improves performance

compared to the use of only the AIS training sequence.

FOO T The proposad systern and methods described herein altows for FEC coding and advanced
acquisition 1n AIS systoms that can cfficiently mmprove the performance of the AIS system whilst
ensuring that the transmit waveform stays within the requirements imposed by the AlS specification.
Performing bit eraswre after FEC coding ensures that the codeword is run length Himited, so that either a
further bt stuffing stage 15 not required, or if o bit staffer iy prsont, it will not be activated or will be
conditionally activated by carcful design of Hs input sequence. Various embodiments have been described
to handle different architectures or inpuet points for the FEC cocoder and bit erasure module. The bit
erasurs module may also add dummy bits to ensure a RLL compliant CRC or sefectively adding bits toa
reserve buffer to compensate for larer bit stuffing in a header, Additional raiming sequences may also be
added to assistin acquisition. Numerical results showed wadely improved errvor rates and channel
estimation compared to standard AlS. These advantages allow for: Lower retransmission rates {due to
fransmit errors) and thus higher throughput or more users; the possibility of ferafive acquisition,
demodulation and decoding for improved errorrate performance; and the possibility of multi-user
decoding to resolve packet collisions for improved ervor-rate performance. The last two points are

particutarty critical for high-parformance reception fromy satelhites.

FOOTOT The methods and apparatus described herein bave been deseribed in relation to the AIS
system, However, it 1s to be wnderstood that embodiments of the method and apparatus could be used in
other commamcation systems where messages for transmission are run-length lmited by bit-stuffing, and
where it may be desirable to compensate for bit-stuffing to allow use of FEC coding, or where it may be

desirable to add additional raining scquenees to assist in acquisition,

(02 ‘The methods described herein may be a computer implemented using one or more
computing devices. The computing device may conprise a processor and a memory, and ong or more
tput or cuiput devices. The memory may comprise instructions 1o cause the processor to execute a
method desenibed herein. These instructions may be stored as computer codes, which are loaded and
executed. The computing deviee may be a standard computing deviee, such as a deskitop computer, scrver

or porfable conputing device such as a laptop computer, or they may be included in a custonised device



CA 02920298 2016-02-03

WO 2015/024062 PCT/AU2014/000832
9

or svstem. The computing device may be o aitary computing or programnable device, or a distributed
deviee comprising several conponents operatively (or functionally) comnected vig wired or wireless
conneetions. An embodiment of a computing device 1A is lustrated in Figare 15 and comprises a
central processing unit (CPUY 1301, a memory 1503, and optionally a display apparatus 1506 and an
input device 1307 such as keyboard, mouse, ete. The CPL 1501 comprises an Input/Output Inferface
1502, an Artthmetic and Logic Unit (ALUY 1503 and a Control Unit and Program Counter clement 1503
which is in commumication with fnput and output devices (eg input device 1307 and display apparatus
1506) through the InputOutput Interface. The Input/Output Interface may comprisc a network interface
and/or communications module for communicating with an cquivalent communications module in
ansther device using a predefined communications protocol (8.g. Blustooth, Zigbee, IEEE 802,15, IEEE
802,11, TCPAP. UDP, ete). A graphical processing unit (GPU) may also be included. The display
apparatus may comprise a flat screen display (e LCD, LED, plasma, touch sereen, eic), a projector, CRT,
ctc. The computing deviee may comprise a single CPU {core) or multiple CPUs (multiple core). The
computing device niay use a parallel processor, a vector processor, or be a distnibuted computing dovice.
The memory is operatively coupled to the processor(s) and may comprise RAM and ROM components,
and may be provided within or external to the device. The memory may be used to store the operating

system and addinonal software modules that can be loaded and executed by the processor(s).

{00103 Thase of skill in the art would understand that information and signals may be
represented using any of a varicty of technologies and icchnigucs. For example, data, instructions,
commands, information, signals, bits, symbols, and chips may be referenced throughout the above
description may be represented by voltages, currents, eleciromagnetic waves, magnetic ficlds or particles,

optical fickds or particles, or any combimation thercof,

jon1o4] Those of skill in the art would further appreciate that the various iltustrative logical
blocks, modules, cireuits, and algorithm steps deseribed in conncetion with the cbedimeents disclosed
heretn may be tmplemented as electronic hardware, computer software, or combinations of both. To
clearly illustrate this interchangeability of hardware and software, various illusirgiive componerts, blocks,
modules, circuits, and stops have been desertbed above generally tn terms of therr fanctionality. Whether
such functionality is implemented as hardware or software depends upon the particular application and
design constraints imposcd on the overall system. Skilled artisans may implement the deseribed
functionality in varving ways for cach particular application, but such implementation decisions should

not be interpreted as causing a departure from the scope of the present invention.

{00105] The steps of a method or algorithm deseribed in connection with the embodiments
disclosed herein may be embodied directly in hardware, in a software module executed by a processor, or
in a combination of the tweo. For a hardware implemoentation, processing may be implemented within one

ot more application specific integrated civcuits (ASICs), digital signal processors (DSPs), digital signal
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processing devices (DSPDs), programmable bgic devices (PLIDs), field programmable gate arrays
{FPGAS), processors, controllers, micro-comrollers, microprogessors, ofher clectronic units designed to
perform the fiwictions deseribed herein, or a combination thercof. Software modules, also known as
compuler programs, compuler codes, or Instructions, may contain a mumber of souwrce code or object code
segmenis of instructions, and may reside in any computer readable medium such as a RAM memory,
flash memory, ROM memory, EPROM memory, registers, hard disk, a removable disk. a CD-ROM, a
DVE-ROM or any other form of computer readable medivm, In the alternative, the computer readable
mediurm may be integead to the proeessor. The proeessor and the eomputer readable medivm may reside
an ASIC or related device, The software codes may be stored i a memory unit and executed by a
processor, The memory unit may be implemented within the provessor or external to the processor, in

which ¢ase it can be communicatively coupled to the processor via various means as is known in the art.

j00106] Throughout the specification and the clatms that follow, unless the context reguires
otherwise, the words “comprise™ and “include” and variations such as “comprising” and “including”™ will
be understeod to imply the teclusion of a stated wtcger or group of imtegers, but not the exclusion of any

other infeger or group of integers.

{00107] The refereiice fo any prior art i this specification is not. and should not be taken as, an
acknowledsement of any form of susgestion that such prior art forms part of the common general

knowledge.

{00108 It will be appreciated by those skilled in the art that the invention Is not réstricted in its
use to the particular application deseribed, Neither is the present invention resiricted in it preferred
embodiment with regard to the partoular elements andfor features described or depicted berein. Bowill be
appreciated that the invention is pot limited 1o the embodiment or embodiments disclosed. but is capable
of numerous rearrangements, modifications and substitutions without departing from the scope of the

mvention as set forth and defined by the following clawns.
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CLAIMS

1. A method for generating a message for transmission in a system that requires the message to be run
length limited (RLL) to a maximum run of # first consecutive binary states by bit-stuffing, the method
comprising:

coding at least a data portion of a binary sequence for transmission using a forward error correction
(FEC) code to generate a FEC coded portion of the binary sequence;

bit erasing one or more bits in at least the FEC coded portion of the binary sequence to compensate
for a run of n first binary states in the FEC coded portion of the binary sequence so that the FEC coded
portion is RLL without requiring the insertion of additional bits, wherein the bit-erasing step implements
selective bit erasing, wherein if the n+1™ bit after the run of # first binary states in the FEC coded portion of
the binary sequence is equal to the first binary state, the »™ bit of the run of # first binary states is set to the
second binary state and if the »+1" bit after the run of # first binary states in the FEC coded portion of the
binary sequence is equal to the second binary state, then the n+1™ bit after the run of » first binary states is
removed from the FEC coded portion of the binary sequence;

bit stuffing the selective bit erased FEC coded portion of the binary sequence, wherein bit-stuffing
comprises insertion of the second binary state afier a run of #™ first binary states; and

providing the binary sequence comprising the bit stuffed and selective bit erased FEC coded portion
to a transmitter for modulation and subsequent transmission as a message, wherein the selective bit erasing
ensures that the length of the FEC coded portion of the binary sequence after bit stuffing is the same as

before selective bit erasing and bit stuffing.

2. The method as claimed in claim 1, further comprising the following steps after the bit erasing step but
before the bit-stuffing step:

adding a set of m dummy bits to the FEC coded portion;

generating a cyclic redundancy check (CRC) value for the FEC coded portion and appended m
dummy bits; and

checking if the CRC value includes the run of # first binary states and if the CRC value includes the
run of # first binary states then repeating the adding, generating and checking steps until m dummy bits are
found such that the CRC value does not include the run of # first binary states wherein each time the adding

step is repeated a different set of m dummy bits are added.

3. The method as claimed in claim 1 or 2, wherein the binary sequence further comprises a header portion
preceding the data portion, and the bit stuffing step is performed on the header portion and the FEC coded

portion, and the method further comprises the following steps prior to the coding step:

CA 2920298 2020-01-20
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determining a maximum number of bits / that a bit-stuffer could add to the header portion based
upon the size of the header portion;

checking the header portion and calculating a number of bits ; that the bit-stuffing step will add to
the header portion; and

inserting k = i — j buffer bits after the header portion.

4. The method as claimed in any one of claims 1 to 3, wherein the coding step further comprises generating
a cyclic redundancy check (CRC) data value from the data portion and coding the data portion and the CRC

data value to generate the FEC coded portion.

5. The method as claimed in any one of claims 1 to 4, further comprising the step of:

adding a trellis termination sequence prior to a training sequence, wherein the trellis termination
sequence is a sequence that places a joint Non Return Zero Inverted / Gaussian Minimum Shift Keying
(NRZI/GMSK) trellis in the transmitter in a defined state prior to the start of a training sequence, and where

the trellis termination sequence is run length limited.

»

6. The method as claimed in claim 5, wherein the joint NRZI/GMSK trellis in the transmitter has a memory
of p bits and the trellis termination sequence is a p bit sequence, and the last p bits prior to the end flag are

reserved for the trellis termination sequence.

7. The method as claimed in any one of claims 1 to 4, further comprising the step of’
inserting a training sequence into the data portion or the FEC coded portion,
wherein the training sequence is not FEC encoded and is located between a first FEC encoded

portion and a second FEC encoded portion.

8. The method as claimed in claim 7, further comprising inserting a trellis termination sequence prior to the
inserted training sequence, wherein the trellis termination sequence is a sequence that places a joint
NRZI/GMSK trellis in the transmitter in a defined state prior to the start of the training sequence, and where

the trellis termination sequence is run length limited.

9. The method as claimed in claim 7, wherein the joint NRZI/GMSK trellis in the transmitter has a memory
of p bits and the trellis termination sequence is a p bit sequence and the last p bits of the FEC coded sequence

before an inserted training sequence are reserved for the p bit trellis termination sequence.

10. The method as claimed in any one of claims 1 to 9, wherein the transmitter transmits the binary sequence

as a series of messages in a plurality of slots.
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11. The method as claimed in any one of claims 1 to 10, wherein the binary sequence is an Automatic

Identification System (AIS) compliant message for transmission in a AIS system where n=5.

12. The method as claimed in claim 3, wherein the binary sequence is an Automatic Identification System
(AIS) compliant message for transmission in a AIS system where n=5 and the AIS compliant message has an

AIS message type of 6, 8, 25 or 26.

13. An Automatic Identification System (AIS) compliant transmitter, the transmitter comprising:

an encoder configured to encode at least a data portion of a binary sequence for transmission using a
forward error correction (FEC) code to generate a FEC coded portion of the binary sequence;

a bit eraser module configured to selectively bit erase one or more bits in at least the FEC coded
portion to compensate for a run of n first binary states in the FEC coded portion of the binary sequence so
that the FEC coded portion is Run Length Limited (RLL) without requiring insertion of additional bits,
wherein the bit eraser module detects a run of n first binary states and then checks the n+1th bit and if equal
to the first binary state then the nth bit is set to a second binary state and if the n+1th bit is equal to the
second binary state then the n+1th bit is removed from the binary sequence;

a bit stuffing module configured to detect the presence of a run of n bits each with the first binary
state and on detection insert a bit with the second binary state after the nth bit;

an interleaver; and

a modulator configured to modulate an interleaved binary sequence for transmission.

14. The AIS compliant transmitter as claimed in claim 13, further comprising a cyclic redundancy check
(CRC) module configured to:

receive the binary sequence from the bit eraser module and provide an output binary sequence to the
bit stuffing module;

add a set of m dummy bits to the FEC coded portion;

generate a cyclic redundancy check (CRC) value for the FEC coded portion and appended m dummy
bits; and

check if the CRC value includes a run of n first binary states and if the CRC value includes a run of n
first binary states then repeating the adding, generating and checking steps until m dummy bits are found
such that the CRC value does not include a run of n first binary states wherein each time the adding step is

repeated a different set of m dummy bits are added.

15. The AIS compliant transmitter as claimed in claim 13 or 14, wherein the binary sequence further

comprises a header portion preceding the data portion, wherein the bit stuffing module is further configured
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to process the header portion and the FEC coded portion, and wherein the AIS compliant transmitter is
further configured to process the binary sequence prior to the encoder by:

determining a maximum number of bits i that a bit-stuffer could add to the header portion based
upon the size of the header portion;

checking the header portion and calculating a number of bits j that the bit-stuffing step will add to
the header portion; and

inserting k = i — j buffer bits after the header portion.

16. The AIS compliant transmitter as claimed in claim 13, 14 or 15, wherein the encoder is further
configured to generate a cyclic redundancy check (CRC) data value from the data portion and encode the

data portion and the CRC data value to generate the FEC coded portion.

17. The AIS compliant transmitter as claimed in any one of claims 13 to 16, further comprising a
framing module after the bit stuffing module and prior to a Non Return Zero Inverted (NRZI) encoder and
Gaussian Minimum Shift Keying (GMSK) modulator, wherein the framing module is configured to add a
trellis termination sequence prior to a training sequence, wherein the trellis termination sequence is a
sequence that places a joint NRZI/GMSK trellis in the transmitter in a defined state prior to the start of the

training sequence, and where the trellis termination sequence is run length limited.

18. The ALS compliant transmitter as claimed in claim 17, wherein the joint NRZI/GMSK trellis in the
transmitter has a memory of p bits and the trellis termination sequence is a p bit sequence, and the last p bits

prior to the end flag are reserved for the trellis termination sequence.

19. The AIS compliant transmitter as claimed in any one of claims 13 to 16, further configured to insert
a training sequence into the data portion or the FEC coded portion wherein the training sequence is not FEC

encoded and is inserted between a first FEC encoded portion and a second FEC encoded portion.

20. The AIS compliant transmitter as claimed in claim 19 further configured to add a trellis termination
sequence prior to the inserted training sequence, wherein the trellis termination sequence is a sequence that
places a joint Non Return Zero Inverted / Gaussian Minimum Shift Keying (NRZI/GMSK) trellis in the
transmitter in a defined state prior to the start of the training sequence, and where the trellis termination

sequence is run length limited.

21. The AIS compliant transmitter as claimed in claim 19, wherein the joint NRZI/GMSK trellis in the
transmitter has a memory of p bits and the trellis termination sequence is a p bit sequence and the last p bits
of the FEC coded sequence before an inserted training sequence are reserved for the p bit trellis termination

sequence.

CA 2920298 2020-01-20



28

22, The AIS compliant transmitter as claimed in any one of claims 13 to 21, wherein the transmitter

transmits the binary sequence as a series of messages in a plurality of slots.

23. The AIS compliant transmitter as claimed in any one of claims 13 to 21, wherein the binary sequence

is an Automatic Identification System (AIS) compliant message for transmission in a AIS system where #=5.

24. The AIS compliant transmitter as claimed in claim 15, wherein the binary sequence is an Automatic
Identification System (AIS) compliant message for transmission in a AIS system where #=5 and the AIS

compliant message has an AIS message type of 6, 8, 25 or 26.
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