1 MODEM AND METHOD FOR TRANSM TTI NG DATA IN A MEDI UM NOTABLY SUCH AS AIR
AND WATER The invention relates notably to a nodem and a nethod nmaking it
possible to transmt data in a nmedium such as the marine mediumor else air.
It thus relates to an acoustic nodem fot underwater transmissions and its
associated nmethod. 5 It is also a| med at data transm ssions |n a|r Vi a
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possi bly be added a frequency shift due to the relative
autonomous eqmpment operatlng with batteries.
The electromagnetic waves conventionally used (from a few hundred
kHz to a few GHz) propagating extremely poorly in water, the modem (modulator-
demodulator) therefore uses acoustic waves to transport the messages transmitted.
15 It should be recalled that the underwater medium has an extremely
complex behavior in respect of acoustic waves. Because of its inhomogeneities
(salinity, temperature, currents, etc.) the path followed by the waves is a straight line
only for very short distance and this path varies over time.
The waves which reach the receiver may follow several paths with very
20 different delays. These paths can be either "direct" (several different routes
C converging towards the receiver), or "indirect" (reflections on the surface of the
water, possibly perturbed by waves, as well as on the bottom which can have all
sorts of types of reliefs).
In practice, this resuits in the arrival at the receiver of numerous replicas
25 of the signal emitted, each having at a given instant its own amplitude, phase, delay
and frequency shift.
To this should possibly be added a frequency shift due to the relative
radial speed of the corresponding parties (Doppler effects) as well as a
pseudoperiodic frequency shift due to the swell in the case where one at least of the

30 opposite parties is on the surface.



radi al speed of the corresponding parties (Doppler effects) as well as a
pseudoperiodi ¢ frequency shift due to the swell in the case where one at

| east of the 30 opposite parties is on the surface. 2 |In certain cases,
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of the rgplicas of Forexample, a message emitted for a duration of 10s will be received in

10.13 seconds if the separation speed is +10 m/s (36 km/h or about 20 knots)
thereby posing synchronization tracking problems.

Systems of "spread spectrum” type, in which the useful flow rate is very
low compared with the bandwidth used, are known from the prior art.

20 These systems consist in over-modulating (spreading) the useful binary
train (at a few tens of bits per second) by another much faster binary train known to
both corresponding parties in such a way that its bandwidth is at least several tens
(if not hundreds) of times the band theoretically necessary.

By well known procedures for "correlation” and estimation of the
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25 frequency shift (Doppler compartment) the receiver attempts to despread the signal
received by the known binary train so as to isolate one (or a few) of the replicas of
the message having the best quality so as to decode the content thereof.

One of the drawbacks of systems of this type is their low spectral
efficiency {wide band, low throughput) and the complexity of the systems for initial

30 detection (acquisition) under non-trivial propagation conditions.

The invention relates to a method for transmitting data, characterized in
that it comprises at least the following steps: emitting packets of at least two types:
pure data (long packets), acknowledgments of receipt {acknowledgment) (short

packets), each packet is formed of three components:
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t he nessage having the best quality so as to decode the content thereof. One
of the drawbacks of systens of this type is their |ow spectral efficiency
(wi de band, |ow throughput) and the conplexity of the systens for initial

30 detection (acquisition) under non-trévial propagation conditions. The

I nvention relates to a nethod for transmtting data, characterized in that
It conprises at |east the follow ng steps: enittiqg¥packets of at least two
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states. Reference sy ISes b the equidtin prarable can be ameide modulsied s a &
15 function of the instantaneous frequency so as to obtain an almost "flat" frequency
spectrum.
Two types of pulses are used for example to distinguish between data
messages and acknowledgment messages.
It is possible to use a modulation of differential type, with 2 or 4 phase
20 states.
Reference symbols of known phases are, for example, inserted at
known positions.
The phase reference symbols may have a higher power than the
g, unknown symbols on condition that their phases are properly chosen.
25 It is possible to use a position code corresponding to a polynomial P(d)
such that the product P(dy*P(1/d) has coefficients of nonzero degree equal to 0 or 1.
Binary codes, for example, are used.
The method exhibiting the above characteristics is, for example, used for
acoustic transmissions of data in a medium suitable for conveying said waves,
30 namely the underwater medium, air, rock, etc.
The invention exhibits notably the following advantages:
» The proposed solution is of low complexity,
o It is based on one of the large categories of modems which have proven

themselves in conventional radio transmissions, namely a parailel modem.



known positions. The phase reference synbols may have a hi gher power than
the wunknown synbols on condition that their phases are properly chosen. 25
It is possible to use a position code corresponding to a pol ynom al P(d)
such that the product P(d)*P(1/d) has céefficients of nonzero degree equal
to O or 1. Binary codes, for exanple are used. The nethod exhibiting the
above characteristics is, for exanp used for acoustic transm ssions of

data in a nedium Slﬁ)@"ﬁbp'éarﬁﬁtﬁ“%t&ﬁ\ﬁé'ﬂ %s’gagtagﬁﬁ walies mores gpprARY 9n faading

under wat er tl’i'éddée‘.E’filptﬁynrwhllbﬁq‘lSl,lcm'@ét of aﬁ@ahib\’@@tvbﬁrbyem}/tﬁftvﬁhél@t RdHivhitinge
fol |l ow ng advant ages: proposed solution is ow conplexity, = It is

based on od@’%ﬂat'f’%g’glemegﬁ@"fbéﬁ%gﬁﬁq"%d89“"#’6@!’@!@ rapreeenthave proven thensel ves
|n conventiongl figed11d 3 rﬁséfot]‘r\}% dbéiéemhyofas.g@a@'u% %he %Qeégafnagp?%@er

characteristics a advant e nore apparent on rea
descri pt fon whi cimoflern] ows of an exanpl e gi ven by way of wholly nonlimti ng

i agram of (né. RPAE PolicopaTyRRRCH e patkel Srhed BHTER ety © * °

Figure 2, the staamotdngatodﬁemvdamcm packet generated follow ng the nethod
according to the i nveption an |Ilustraﬂron of severa

ure 3, .
col lections of fF@y&e cP%énlé?Ha ‘%’f ofﬁgye;ral gollectipns; o reqypncies Oﬁthrn a

ti me-frequency cmgtbmont he signal emtted, and Fi gures 5 to 13, several
exanpl es of synchroni zatlon patterns and the raphi cal representation of
t hei r adPocor el BguE in aimeriirauepey ghark the signbewitieddanthe subj ect of the

nvent i on, NS degaiLPs N1 bkhal ldnies LFGhAToh SR BEMIE e for

te under wat er tr nsni ssi on anat1 onS can however apply
W r espect of degraphkisalfropresentation mfttheigataiaccurelatloau r using ultrasound waves.

[
The operating pri nclwgrgerqg b%maPurm%fjﬁgﬂcj ﬁe%ﬂ%@f&%g in%ﬁtjibn, the description
which follows relates to an acoustic modem for the underwater transmission of data.
15 The explanations can however apply in respect of devices for transmitting data in air
using ultrasound waves. The operating principle of this modem is comparable with
that of a parallel modem known to the person skilled in the art. The duration for
which the phases/amplitudes are constant is called a symbol and has a duration Ts.
A symbol is composed of two parts:
20 ¢ A "useful" part of duration Tu, which conveys the information to be
transmitted (defined by the choice of the phase and/or of the amplitude),
e A "guard time" of duration Tg whose role is to allow all the replicas of the
- signal to combine so as to give a stable and demodulatable signal of
C’ duration Tu.
25 The duration of the symbol is simply the sum of Tu and Tg.
Figure 1 shows diagrammatically an exemplary use of such a modem for
a channel with 4 distinct paths.
This figure reveals that, so long as the difference in the arrival times of
the various replicas remains less than Tg, there always exists a signal portion of
30 minimum duration Tu that can be processed by the receiver.
Moreover, the "tailoff" of the nth symbol has a maximum duration of Tg
and will therefore be superimposed on the start of the perturbed part of the n+1th

symbol without disturbing the latter.



that of a parallel nmobdem known to the person skilled in the art. The
duration for which the phases/anplitudes are constant is called a synbol
and has a duration Ts. A synbol is conposed of two parts: 20 A "useful”
part of duration Tu, which conveys the information to be transmtted
(defined by the ch0| ce of the phase andPor of the anplitude), A "guard
time" of duration Tg whose role is to allow all the repllcas of the signal
to conbine so as to and_ denodul at ab dur tion Tu.
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(bursts) of (aknbwladgments, shoplgsacketls).e data (| ong packets), acknow edgnents of
recei pt Each packet of long packet type or of short packet type is formed of three
15 components:
a- an acquisition preamble, 1, for presence detection and the joint
determination of the initial values of the time shift and of the frequency
shift; this initial part intended for receiver lock-on makes it possible to
define the instant of arrival of the message and its global frequency
20 shift; this acquisition preamble is formed of a series of pulses of

shapes and instants of emission that are known to the receiver,

b- the data proper, 2; part during which the receiver must at one and the

same time continuously adjust its evaluation of the Doppler shift and its

C evaluation of the instant of arrival of the message and attempt to
25 demodulate the data received,

c- a set of unmodulated fixed carriers, 3, making it possible to

permanently estimate the frequency shift.
A series of pulses is emitted at very precise instants so as to guarantee
optimal acquisition.
30 In the case where very reliable transmission is required, two types of
message are envisaged:

o Pure data messages, conveying the useful information,



(acknow edgnents, short packets). Each packet of |ong packet type or of
short packet type is fornmed of three 15 conponents: a - an acquisition
preanble, 1, for presence detection and the joint determ nation of the
initial values of the time shift and of6the frequency shift; this initial
part intended for receiver |ock-on nmakes it possible to define the instant
of arrival of the nes %e and its gl obal frequency 20 shift; this
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known to the receiver and must be optimized to obtain the best performance.
Optimization is for example carried out by simulation, by testing all the possibilities
15 and retaining the best one or best ones.

b - The data are transmitted according to the well-known method of the parallel
modem which assumes that the signal emitted consists of N regularly spaced
carriers modulated independently and in a synchronous manner (symbols).
20 The data comprise reference symbols 5 and data symbols 6. The
duration of the symbol is as previously Ts.
The modulation is of differential type, with 2 or 4 phase states according
to the robustness required.

s
b3

At regular intervals are disposed symbols whose phases are fixed and
25 known so as to initiate (or reinitiate) the differential demodulation. These phases are
optimized so as to obtain a quasi-constant amplitude of the signal emitted, thereby
making it possible to temporarily increase the amplitude of the individual carriers so

as to obtain "solid" references.
The phases giving the best result follow a quadratic law as a function of

30 frequency.

¢ - The fixed carriers are of greater amplitude than those conveying the data. This is
highly recommended so as to limit the influence of the neighboring carriers on the

quality of estimation of the frequency shift.



l.nst ant aneous frequency so as to obtain an alnost "flat" frequency spectrum
The choice of the nature and position of each pulse is, by construction,
known to the receiver and nust be optim. zed to obtain the best performance.
Optim zation is for exanple carried out7by sinmulation, by testing all the
possibilities 15 and retaining the best one or best ones. b - The data are
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di sposed_synbol s whose phases are fixed and 25 known so as to initiate (or
rei nitia?e) the differential denodul ati on. These phases are optimzed so as

to obtai n amgdakitiondyps ant anplitude of the signal emtted, thereby maki ng
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flow rate demodulatable part) possibly being the superposrtron of a large number of replicas
all having independent phases and amplitudes, neither the value of the amplitude
15 nor that of the phase are significant, since it is in practice impossible to estimate the
gain (complex: gain and phase shift) of the channel at each symbol and at each
frequency.
On the other hand, if the rate of variation of the gain and of the delay of
each path varies little from one symbol to another, it is possible to utilize the phase
20 difference between two successive symbols,
A differential phase modulation will therefore be used:
» either with 2 states if the channel is highly perturbed (phase variation of 0 or
180°),
C « or with 4 states (phase variation of 0, +90°, -90° or 180°) if it is less so.
25 For N data carriers, there will thus be N or 2 N new bits at each symbol.
If the guard time Tg is equal to the useful duration (Tg = Tu) this
corresponds (for 2 states) to a raw rate of N bits in a symbol duration Ts in a
bandwidth of around N/Tu, i.e.0.5 bits/s per Hz: a signal with 3 KHz of band will be
able to convey at most 1.500 b/s (.3000 bfs for 4 states).
30 Of course, the net rate will be smaller than that announced above
because of the packet-based emission, and of the essential addition of error
detector/corrector codes to the useful data and of ancillary signals (packet number,

etc.) that are highly protected.



exi st which can be used in the method and the system according to the

i nvention. The expression "nodul ation system' is understood to nean a

met hod which, on the 10 basis of a binary train, unamnbi guously defines the
anpl i tude and the phase to be applied 80 a given carrier at a given
instant. In this exenplary i npl enentation, the signal received (i.e. its
denodul at abl e part i t he super osition of a |arge nunber of
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Condition (1) leads naturally to the use of a signal which is a frequency "ramp", that

is to say the signal traverses the entire band of the frequencies used (from FO to

F1). This type of signal is commonly dubbed a "chirp" and often used in the field of

radar.

20 Condition (2) requires the employment of a non-linear frequency variation called a
"hyperbolic chirp" where the value of the frequency is a hyperbolic function of time
and not a linear function as in simple chirps.

This function f(t) is the following:

fit) = FOF1IT
FOt-F1t+F1T

25
where T is the duration of the pulse emitted less than or equal to Tu
As the signal does not sweep all the frequencies between FO and F1 at
a constant rate, its spectral power density is not constant and therefore requires a
complementary amplitude modulation to obtain a flat spectrum.
30 The instantaneous amplitude of the signal will therefore be higher just
where the frequency variation is fastest.



carrier) so as to deduce therefromthe information emtted. 5 If required,
this reference synbol may be repeated at regular intervals so as to
"retune" the receiver. Synchronization Bul ses Wthin the framework of the
exanple with regard to underwater 10 tPansm ssion (w de band), the initial
synchroni zation is based on the em ssion of pulses nodulated in frequency
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signal which is a frequency "ramp”, that is to say the signal traverses the

entire band of the frequencies used F1). This type of signal is
commonl y dubbed a "chirp" andsqf eq/m&é F0+tF1{Tfi eld of radar. 20
Conditiof (2) requires the phéar frequency variation
called a "hyperbolic chirp" ere tl LR H the frequency is a
hyperbolic function of tinme and not a linear function as in sinple chirps.
This function f(t) is the followng: f(t) = FORT FOQ-F1 t+F1 T 25 where T
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coefficient 8 is dependent on this relative speed and equals 0 if it is zero.

Hs exact value is:

5=V1‘(R)‘ VI(E)
C-vi(R)

C : speed of sound in water
v (E) : radial speed of the emitter

vy (R) : radial speed of the receiver
Reference frame: the water, assumed motionless

15
{’; The thick curve in triplicate is the signal which remains unchanged
whatever the frequency shift, and which is therefore used as reference in the
acquisition correlators charged with individually processing each pulse.
20 It should be noted that if the values of FO and F1 (falling chirp) are

exchanged, it suffices to exchange the start and end of the pulses to get the result.
Other beneficial point: the intercorrelation between the rising chirps (F1
> F0) and the falling chirps (FO > F1) is particularly weak, thereby making it possible
to very easily discern the two types of pulses.
25



root of the derivative of the frequency with respect to tine, i.e.
very sinply proportional to the instantaneous frequency. af(t) _
FOFI 1 -FO+F1I T 5 of (t) at IFQ-F1t+F1Tl Presence detection is done by
correlating the signal received with imrepl icalimted to the frequency
span which is systematically received tever the Doppler shift. Figure 4
shows the tine-frequency chart of the signal emtted, wwth FO = C 10 1500
Hz, F1 = . It also shows the charts of the signal
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Synchr onpz at i on patgiRhm code can for example be represented by a polynomial of the type:

, here,

. P(d) =1+ dtrd® +d 1a?? 122 g3
~ where the operator d" corresponds to a pulse at position n. This code can also be
represented in graphical form (Figure 5).
As regards its autocorrelation, the simplest representation is graphical
15  (Figure 6). It clearly shows the main correlation spike on which a good detection will
be made, knowing that all the side lobes are negligible.
This autocorrefation is the graphical representation of the product P(d)
P(1 / d) which models the correlation process to be performed.
A good position code corresponds for example to a polynomial P(d) such
20 that the product P(d) P(1/ d) has coefficients of nonzero degree equalto G or 1.
The distinction between the two types of messages (message containing
the data or else acknowledgment message) will be able to be made by using either
rising chirps only, or falling chirps only.

A

To improve performance, it is possible to accept slightly higher side
25 lobes:

Ad=1+d+ d>+d®+d%+d" +d®

as with (13 nonzero coefficients, therefore correlation spike equal to 13)
representable by Figure 7 and whose autocorrelation is as follows (max. 3 side
lobes) Figure 8.

30 Binary codes
Unique sequence
Another possibility is to make use of a binary sequence having excelient



First of all, the pul ses nust be spaced apart by at |east one duration Tg

to avoid the overl apping of the responses of the correlators of the receiver
at two successive pulses. 5 Position code One of the possible variants is a
"position code" having an aperiodic aulbcorrel ation equal to O or 1
everywhere except at the instant of synchronization where this

autocorrel atj | s | f. there are N pulses. 10 Such a code can for
exanpl e be %@g&gg%# A rEbé'espolynom'al of the type: P(d) =1 + d4 +d9 +d15
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(@x. 3 si dpigu}é)ms) Figure 8. 30 Binary codes Uniqgue sequence
It is then possible to emit either the original sequence, or the inverted
sequence to distinguish the two types of messages as a function of the polarity of

15 the global correlation spike.

Pair of sequences
There exists another possibility which consists in utilizing two distinct
sequences having excellent autocorrelation and intercorrelation properties.
20 For example, the following sequences (again 13 bits)
Sequence A = {1, +1, -1, +1, +1, -1, +1, +1, +1, -1, -1, -1, -1}
Sequence B={-1, -1, +1,-1, -1, +1,-1,-1,-1, +1, +1, +1, -1}

Their autocorrelation and intercorrelation are as follows.

O

Figure 11 corresponds to the autocorrelation of A, Figure 12
25 corresponds to the autocorrelation of B and Figure 13 to the intercorrelation of A and
B.
The emission of one or the other sequence will make it possible to
distinguish between the two types of messages that are possible.

30 Estimation of the frequency shift
Having regard to the variability of the channel, the estimation of the
instantaneous frequency shift, performed within the framework of the present
invention, relies on a “diversity" effect which consists in using a collection of P

unmodulated carriers, distributed almost regularly throughout the band of the signal,



Anot her possibility is to nake use of a binary sequence having excellent 11
autocorrelation properties. In this case, the pulses are emtted at regular
intervals. The 0 bits of the sequence r1esult in chirps of a given type, and
the 1 bits in chirps of the other type 25 1t s possi ble to take as exarrple
a Bar ker sequence of 13 bits, constituted thus: (0,1,0,1,0,0,1,1,0,0,0,0,0)
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i-nstant aneous frequency shift, perforned within the franework of the present
invention, relies on a "diversity" effect which consists in using a

collection of P unnodul ated carriers, distributed al nost regularly
t hroughout the band of the signal, 12 Bnstead of sonme of the existi ng
carriers (to preserve orthogonality). P nmust be small conpared with N (of

the order of 10% or |ess) so as not tcﬁ_Acwl%rly decrease the useful
t hroughput of the link. This guarantees at if a fewcarriers are of |ow
| evel, there will 5 practlcally always be others of sufficient level to

corrpensate n.of, t mon .frequ shift has
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for transmtti rtg.tﬁatdataﬁbgé,a(g erized in that it conprises at |east the

foll ow ng steps: emttllﬁgnpac ets of at |least two types, pure data, and 5

acknow edgnent %ot pelcdfiymaduiated, fixed atriers fak-xutablesiof petmaneptly estineating

conponepgs: a - Qﬁeﬁféﬁl%n%ztshﬁtn preanble, (1) for presence detection and the
joint determnation of the initial values of the time shift and of the

féequency shift, b - the data proper (2), ¢ - a set of unnodul ated fi xed
rriers (3. %th?é%&d SOUaRRATRUGR 1) RSUERIIAIA (nat0 Lhe frequency shift. 2

- The method as clained in claim1l, characterize hat: a - the
acqui sition pr @nﬂbaeaqqsllsnt@nnﬁr@ambleaiss@rm@d gha sek ObPU'fSEﬁlctf dinderdwaton spaced

apart by at |east & ,8bmphduf8hd Y miknum duration Tg,

15 b —to transmit the data, a signal consisting of N regularly spaced carriers
modulated independently and in a synchronous manner is emitted ,

¢ — fixed carriers of greater amplitude than those conveying the data are used.

3 — The method as claimed in claim 2, characterized in that non-linear frequency
20 ramps, rising or falling "hyperbolic chirps" whose characteristics are fixed by their
duration and the extreme frequencies used (minimum and maximumj}, are used for

the pulses of the acquisition preamble.

- 4 - The method as claimed in claim 2, characterized in that the pulses of the
25 acquisition preamble are amplitude modulated as a function of the instantaneous

frequency to obtain an almost "flat" frequency spectrum.

5 — The method as claimed in claim 1, characterized in that two types of pulses are
used to distinguish between data messages and acknowledgment messages.

30
6 — The method as claimed in claim 1, characterized in that a modulation of

differential type, with 2 or 4 phase states, is used.



15 b - to transmt the data, a signal consisting of N regularly spaced
carriers nodul ated independently and in a synchronous nmanner is emtted , c
- fixed carriers of greater anplitude than those conveying the data are
used. 3 - The nethod as clainmed in clajm2, characterized in that
non-1|inear frequency 20 ranps, rising falling "hyperbolic chirps" whose
characteristics are fixed by their duration and the extrene frequenci es used

(m ni mum a i e or,... es he acqui sition preanble.
4 - The ms?ﬂé’gIF ﬁésrnél%%??rgaré Flﬁﬁ%%alrnmdﬂl,"gsgﬁa ”chﬁeFP%a‘te{'ﬁe‘{aﬁbk“%s‘Hs*eﬁfﬂ%es of
the 25 acqyntidd adrknpweambbes anednseniediat kiekevmpakiticmsed as a function of the

i nst ant aneous frequency to obtain an alnost "flat" frequency spectrum 5 -
The nethod as clainmed in claim1, characterized in that two types of pul ses
are used ta)-dl;]lﬁ method 'isis bletmabd i nl‘:laitra'{,mamh edrid tmgaférémﬁgswttolsrrgfsisages.
30 6 - The nmethod as clainmed in aim 1l characterized ip that a nodul ation
of di 118r SR NAYPe S e, Povwgy il iR dinbpasgEbSh s’ 14" 77 TThe met hod
as claimed in clains 1 and 6, characterized in that reference synbols of
known phase e inserted at known sitiops. .8 - The nethod as clainmed in
claim?, orar AbeepeiBadas iaihgs 1t ahe PLRBESY Ab3| Shaspcloizesndoal Hassty o

hi gher pOV\@éodehQé}réégen&iﬁbf’t@Vm pelfb@lap FRAEsuethat She pldRiciBideR(1as wdsai med in
one of clainms 1 or characterized in that a position code corresponding
to a pol ynotRefficientsief nanzara deares aquabia,Riae Isssey P(1/d) has coefficients of
nonzerogegree equal to O or 1 is used. 10 10 - The nethod as clainmed in one
of clainms 1 to 2, characterized in that binary codes are used. 11 - The use
of the met htRi-aBhemethasdas alaiird b org i pigims 1 do 20 chnrerterizeslilsy that bingry

ransm ssi Oéb%egfargg.%@d.i n a nmedi um sui table for conveying said waves, nanely
the underwater nmedium air, rock, etc. d..

11 — The use of the method as claimed in one of claims 1 to 10 with acoustic
15 transmissions of data in a medium suitable for conveying said waves, namely the

underwater medium, air, rock, etc.





