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Acoustic Communication Studies (U)
: CHrisTorHER V. KiuBALL
Palisadéfﬂeophysical Institute, Miami, Fla.
(Received A )

(C) An experimental study of coherent, matched filter techindeues for submarine-to-submarine
communication was conducted. Coherent, matehed filter technigues offer three advantages
over existing =vstems. Firsi; coherent integration allows useful system operation at signal-to-
noise ratios significantly below 0 db. Incoherent systems experience a threshold at a 0-db
sigmal-to-noise ratio, which' causes system performance to deteriorate rapidly. Second, filter-
ing of the reccived information symbol with a filter matched to the reecived symbol wave-
form reduces the effects of both noise and multipath. Finally, these technigues are compatible
with a wideband, randomized transmission format, which reduces the deteetability of the
signal by unintended reecivers, The researeh program was condueted in two stages. The first
stage evaluated communication system performance over 7- and 42-nmi fixed-site ranges.
Over 4,000 hours of experimental data were obtained and analyzed to ensure the statistical
significance of the measurements. Results from these data showed that reliable communiea-
tion could be obtained with signal-to-noize ratios helow 0 db. A typieal experimental system
(M6B) transmitted 0.625 bit/zce in a 100-hz band centered son 420 hz, Over a 42-nmi path
this system vielded a bit ervor probability of 0.01 at an input signal-to-noise ratio of —9 db.
Such pertormanee is within 6 db of that obtainable with the optimum receiver operating
throngh  lincar time invariant channel with added white Gaussian noise. To determine
the appaeability of the fixed-site results to the submarine-to-submarine communieation

problem, the second stage of the program investigated the space-time stability of the acoustic
medium with a towed =ource. An experiment was condueted in the deep ocean off Eleuthera,
B.I. at ranges from 0 to 400 nmi. Thix experiment indicated only a 10 pereent decorrelation
in the channel from one 30-sce interval to the next. Consequently, the coherent, matched
filter weehnigues evaluated over the fixed-site ranges are applicable to practieal problems
involving moving platforms. Based on the results of the experimental program, development
of a practical submarine-to-submarine communication <ystem using coherent matched filter
techniques is proposed. A particular implementation (M7) incorporating a randomized,
burst-type transmission for deteetion resistance is suggested a= a basis for future work.

1. INTRODUCTION

o

without the threshold effect that is common to

(C) Underwater acoustic communication systems
based on coherent, matched-filter techniques have
been studied experimentally. Although the specific
goal of the research was tactical submarine-to-
submarine communication systems, the results are
applicable to other situations. This paper describes
extensive fixed-site communication experiments
and an important transmission measurement that
encourage the immediate consideration of these
techniques for submarine communication systems.

(C) Coherent, matched-filter techniques offer three
distinet advantages for submarine communication
systems. First, coherent integration allows satis-
fuctory operation at low signal-to-noise ratios,

CONFIDENTIAL

incoherent systems. Second, matched-filter opera-
tion reduces the effects of both noise and multipath
under varying propagation conditions. And finally,
these techniques are compatible with a random-
ized transmission format that reduces the detect-
ability of the ccmmunication signal.

(C) The processing techniques employed in the
research are based on well-established theory. The
acoustic medium is assumed to approximate a
linear, time-invariant channel with added white
Gaussian noise. For such a channel, the optimum
receiver is composed of a filter matched to the
received signal, followed by a threshold device. The
matched filter can also be shown to reduce inter-
symbol interference caused by multipath. One of

1
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List of Symbols . -
a(1) AM nequence coefficient, q(d, ) symbol compuosition coefficient for the..sth
ap(k, 1) probe component of kth frame, digit of the jth xymbol.
ai(k, 1) information component of kth frame, r offset between signal and rer spectral lines,
ap(i) integrated probe component. r integer offset between signal und vrr spectral
b(¥) biphuse sequence cueflicient, lines,
¢ average xpoed of sound. re value of r which maximizes SNR,,:.
H extimuted average speed of sound. R, (7) crosn correlation between z(1) and y(1).
d(k, 1) decision on the ith symbol of the kth frame. R munr multiplication rate.
d'(k, 1) preliminury deeision on the ith symbol of the 8, (1) signal component waveform.
kth frume. 8(s), s(k, ) wignal component waveform sample in bth
D output signal-to-noisze ratio, interval.
e(d) ith information bit, S(k, 1) dixcrete Fourier transform of s(&, 0).
by error count on probe component. 8P, SP(k) signal power in the kth measurement interval.
B error count on information component. SNR,, input signal-to-noise ratio,
Y cumulative error count, SNR,u. output rignal-to-noise ratio on ap(t) vector.
3{r} expected value of 2, T digit duration.
1 carrier frequency. Tet duration of probe frame plus information
- f Doppler-shifted carrier frequency. frame.
Jein receiver clock frequency. ' Tt frame duration.
S receiver center frequency, Tai duration of measurement interval.
gll) transmitted symbol waveform, T duration of segment of input.
gk, 1) transmitted waveform for the bth symbol. T’ Doppler-distorted segment dumtion,
h(t) received symbol waveform. Ton rymbol duration.
h(k, 1) rececived waveform for the kth symbol, T sequence-period duration.
Keo A!D sample compression factor. uft) transmitted digit waveform,
Kin number of xequence periods per frame, U@ unit step function.
K number of information symbols per frame. v source Doppler veloeity.
Ko number of probe frames per measurement ve maximum expected source Doppler velocity.
interval, W system bandwidth.
Kum number of digits per xymbol, Wi low paws system Landwidth,
K number of digits per sequence period. z2.(0) received waveform.
M) matched filter vutput ‘or the jth digit of the z'(6) sample of received waveform.
) &th frume. z(1), 2(k,4) compressed sumple of received waveform,
U, j) matched filter output for the jth sy mbol of v () probe componeat of received waveform.
the kfh frame. zp= () received waveform trem infinitely long probe.
mll) transniitted waveform, 2pE() periodically estended probe component of
mplt) probe eomponent of transmitted waveform. received wavoforn.
myk, 1) information component of transmitted wuve- PRO) infurmation component of received waveform.
form. 2(k, 1) complex, compressed auample of received
n () noise component waveform. waveform.
';m noixe waveform sample. Z(k, 7) dircrete Fourier transform of z(8, 9).
nli) noise average from probe component. 0. noise variance.
ali, k) noise component of matched filter output. ot chi-squared probability distribution.
Nas degree of linear maximal sequence, & (u) normal cumulative probability distribution.
N pumber of symbols per frame. v(k, ) decision threshold on ith symbol of kth frame.
Nm number of digits per frame. v performance differential,
Nmats number of multiplications per frame. Srrr(d) frequency offset betwezn signal and FFT lines.
Na number of sumplex per sequence period. o(7) normalized cross correlation function.
NP, NP(k) nuise power in the bth mensurement interval. o*(® ith correlation coefficient from September
plt) reccived digit waveform. 1973 expcrimont.
i’(‘) enleulated received digit waveform. ok, ) sample of normalized cross correlation function
Pk D sumple of culeulated digit waveform. in kth mecasurement interval,
P bit error probability. n* () correlation coefficient in kth measurement
q(7) symbol cumposition coefficient for the ith interval from January 1974 experiment.
digit. [z] greatest integer in 7.
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the most interesting results of the research is the
agreetment  obtained  between the experimentad
dutn and the predictions of this theory,

((") Because the physical channel is distinetly
time-vurying, the received svmbol waveform must
be continually measured to maintuin the required
match between the filter und the symbol wave-
forni. ‘This measurement is mude possible by
including u known probe component in the trans-
mission in addition to the unknown information
component. Thus, the communication systems
deseribed here perform dunl roles—channel meas-
urement and information transmission.

(1) ‘T'he experimental program hus two closely
telated stages. The first stage conducted comn-
municution experiments between fixed sites to
obtain u  statistically  significant  quantity of
performance datu. Tuble 1 depicts the history of
the fixed-site communications experiment. Only
the results of the recent experiments, M5 and M6,
are presented here. Previous experiments obtained
similar results, but they were based on very few
duta.(*%) Sections 11, 1, and 1V of this article
detail the operation and performance of the M5
and M6 experiments,

(U) The second stage of the experimental program
was to determine the applicability of the fixed-site
results to the submarine communication problem.
For sueh an applieation to be possible, the acoustic
medium must be stable in space as well as time,
That is, the probe measurement of the channel
must remain valid under spatial displacement
of the submarine platform. Consegnently, a caveful
measurement of the spatial stability was made, as
described in Section V.,

(" The union of the results from the fixed-site
communieation  experiments and the spatial-
stubility measurements solidly indientes the feasi-
bility of coherent, matched-filter techniques for
submarine communication syvstems. This conclu-
sion, nnil others are presented in Section V1. An
application of these techniques in conjunction
with a randomized transmission format is also
given.

I1. TRANSMISSION FORMAT

(€ Beeause of the dual nature of the transmission
and the implementation of the receiver processing,

CONFIDENTIAL

TawvLe 1. Summary of fired-site communication
erperiments. ( Table unclassified.)

Experiment Year Distnce {(nm) Duration (hr)
Ml 1968 1 24
M2 1969 7 24
M3 1869 7 24
M4 1970 42 4
M5A 1972 7 2214
M5B 1972 7 1500
M6A 1973 42 168
M6B 1973 42 984
M6C 1973 42 140

the signals transmitted by the communication
systems have a complicated format. One part of
the signal, the probe component, allows measure-
ment of the channel; the other, the information
component, contains the information. Subsequent
parts of this section describe these components in
detail und expluin the choice of transmission
format. Section 1Il on receiver processing com-
pletes the explanation. The probe and information
components are transmitted interleaved in time
(time multiplexed) as described in Section Ilp.

A. BABIC SIGNAL ELEMENT, THE DIGIT

(U) Both components of the transmission are
composed of a succession of biphase modulated
elements, celled digits. The simplest example of
a digit waveforin is a rectangular carrier pulse.
The probe and information components consist of
modulated digits in a prescribed (or in the case of
the information component, almost prescribed)
order. In the subsequent discussion, no conflict
will arise if the digit waveforn is assumed to be
a rectangular carrier pulse, although in practice,
some amount of bandspreading of the digit is
desirable, as suggested below,

(U) For a rectangular carrier pulse, the pulse
duration and bandwidth are inversely related;
that is, once the duration is specified, the band-
width is also fixed. This constraint is undesirable
in practice, since the choice of digit duration and
digit bandwidth is based on different con-
siderations. Typically, the digit duration is

T A LA T T R I, (R LT it Wi 1 i o
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Figure 1a. Digit swasceforms: rectangular digit. (Figure
unclus~ified.)
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Figare h, Digit waveforms: bandspread digit with three
subelements, (Figure unelassified.)

selected on the basis of multipath conditions,
while the digit bandwidth is bused on the trans-
ducer bandwidth.

(C) Tn grneral, the problem is to inerease the digit
bandwidth hevond that of a rectangular digit of
equnl duration. Fizure 1 shows the results of
bandspreading of the digit waveform by compuri-
son with a rectangular pulse and its spectrum in
Fig. 1a. In each part of Fig. 1, w(t) s the digit
waveform and U(f) is the digit spectrum. Note
that as the number of subelements in the digit
waveform is inerensed, the bandwidth increases
proportionntely. The digit waveform in Fig. 1b
was used in the N1, M2, M3, and M4 experiments,
and the waveform in Fig. 1¢ was vsed in the M6B
and M6C experiments.

B. PROBE COMPONENT

() The probe component of the transmission
allows the receiver to measure the channel digit

AV

e ,

l | I \
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Figure le. Digit waveforms: band<pread digit with ~even
subelements, (Figure unclassified.)

response. Because the information syibols are
composed  of combinations of digits, a filter
matched to the symbols ean be formed from the
digit response. The probe component must bhe
constant and known to the receiver if this meusure-
ment is to be successful. This is in contrast (o the
information component, described later in Section
He, which is inherently variable and unknown.,

(U) One method of measuring the channel digit
response is to transmit a single, iolnted digit us
the probe component, us shown in Fig. 2a. Vacant
time intervals must be included before and after
the probe digit to allow for the time smear of the
acoustic channel. The disandvantage to this probe
structure is that energy is transmitted for only a
<niall fraction of the probe duration. Consequently.,
the recetver’s measurement of the channel is noisy.

(U) A better choice for the probe component is to
formt it from an integral number of periods of a
linear maxinl sequence. Thiz allows more energy
to be transmitted in the probe, with a correspond-
ing improvement in the measurcment of the
channel digit response.

(U) Let u(t) be the transmitted digit waveform of
duration T. Let h(J), equul to either 41 or —1
[b(i)el-£ 11, be the values of n K, long, lincar,
maximal sequence. The vrobe component, wp(h,
of the transmission i~ obtained by modulating
sucecessive digits with /., periods of the sequence:

Niw—
melh) - 2 LB (Yt —iT) (1)
where
Arrm:Km'Klm (2)
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The transmitted prebe component will be time-
limited to o duration Tp= N7, because of the
limited duration of the individual digits. A probe
component of this form is shown in Fig. 2b for
Kin=1 und K,=15.

(I Because of the assumied linearity of the
ucoustic channel, the received probe rp(f) is a
superposition of channel digit responses, p(t).

z..<r>=“:zj by p(t—iT) @)

In general, time smearing of the channel will make
the duration of the received probe longer than Ty,

(U) The primury objective of the probe component
is to allow measurement of p(¢); and consequently
sp{1), ns indicated in Eq. (3), must be processed
further to be useful. A simple digitul filter can be
applied to rp(f) to obtain a waveform j(f), which
approximates the channel digit response p(f). To
understand the derivation of wne approximate
channel response ji(#), consider the following
analysi< for an infinitely long periodic probe
component, sp=(?)

)= 35 b@p(—il) @)

Define p=(#), the calculated channel response, as
follows:

NS ‘b(J)+1

D= ,%

Note that, although £p={t) is of infinite extent,
the summuation for p=(¢) involves only N
terms.

re(t+/T) (%

(U) If Eq. (4) is inserted into Eq. (5), the following
expression is obtained:

=32 3 MDE iy

j=U jm-o

(6)

After a chunge of variables, k=i—j, Eq. (6)
becomes

pe(t) = 2 pit—kT) Zlb%tl b(j+k)

C

@)
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Figure 2. Probe component structures. (Figure and figure
caption each clussified Confidential.)

Because of the properties of linear maximal
sequences, the summation over j is known:

Mglb(”“ bith=-%et g, @)
for k=0, Ku, 2Ku, - . .
5 W bt =0 (®)

oltherwise. With the above results substituted into
Eq. (7), the following simplified expression i:
obtained:

=Kt gy $ p—Ke-i1) (10)

That is, () is a periodic (with period Ty=
K,,-T) replica of p(t) with a processing gain of
K (K. +1)/2. Consequently, with an infinitely
long probe component, Eq. (5) allows the exact
measurement of the channel digit response.
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(") The probe component, r£u(t), for an actual
communication system eannot have infinite ex-
tent, us does £=(t,. However, a periodic exten-
ston, B0, ean be constructed from sp(t) to
yield an approximation to p{t). Assume that most
of the energy of rp(t) is contained in the time
interval (4, 1+ T'm). Consider the infinite periodic
extension, B, of £p(t) in this interval:

()= rp(t); LSt<ltot T (11)
:‘IP('—kT(m); fu+lemS'<’u+(k+ l)Tlm
(12)

If Kip>1 and the time duration of p(f) is small
relative to the sequence duration, Ty= Ky T, then

5 (D) =0,"(0) (13)

S0 an approximation o p(f) is culeulated as:

Nim— (
o 3 M ey tsis T )
EK';-H Kap(0); oSt <to+To,

(15)

That is. p(#) is appreximately equal to p(f) multi-
plied by w constant. This constant gives u signifi-
cant processing gain against noise.

(C) In the M5 and N6 systems, K,y was selected
during the system design stage to be 15, so T,
exceeded the expected smear of p(t) b a factor of
at least three, The constant KAy, was selected to
be four so as to support the approximation indi-
eated by Eq. (13). With these parnmeter values,
the use of the coded probe component vielded a
9-db processing gain over a single digit probe
cepented K, times. No adverse effects due to the
approxiinution were observed.

C. INFORMATION COMPONENT

(C) The information component can be formed in
one of three ways: (1) biphase modulation of
single transmitted digits; (2) biphase modulation
of groups of digits, where the intragroup structure
is constant: or (3) varinble symbol modulution,
in which biphase modulution of groups of digits,
where the intragroup structure varies from one
syvirbol to the next, is carried out.

i o g i Bl K SR e T

o 43 sach

S

douick. Bk

() In the subsequent discussion, the difference
between a digit—described previously—and a
symbol is important. A symbol is a digit or group
of digits used to carry a single bit of information.
The objective of the receiver is to determine
symbol values, not digit values; thus, the difference
between the two methods of forming the infornu-
tion component lies in the structure of the symbo)
waveform,

1. Single Digit Symbols

(U) The simplest construction of the information
component assigns a single digit to each symbol,
A digit trunsmitted at 0 phase represents u binary
one; a digit transmitted at 180-deg phase repre-
sents a binary-minus one. This technique was
used in the N1, M2, M3, and M4 systers,

(C) In all of the systems considered, the number of
digits in the information component was made
equal to the number of digits in the probe com-
ponent. When the probe component contuined
Ky, repetitions of the Ay digit linear maximal
sequence, the information component was coin-
posed of Ky, repetitions of K, infornmtion-
bearing digits.  This symmetrie  structure  is
arbitrary, wad it effectively sets the information
and probe component energies equal, In general,
the structures of the probe and information cam-
ponents are independent, subject only to the
constraint that both be composcd of the same digit
waveform. Thus, the kth transmitted information
component m,(k, 1) is given by

K=t K. =1
math, 033 35 (Ko kbt (K- i)7)
=0 =

(16)
where e(mie} £ 14 i~ the nil information bit.

(U) Figure 3a depicts an information component
using a single digit per symbol. The dingram shows
Ky, symbolsz corresponding to the information
stream —141—14141, -y —=141-1—1,
— 14141 414-1. Ouly one repetition (Kg, =1) is
shown for simplicity. In actual practice K, is
taken as being larger than one to increase the
encrgy content of each symbol and to provide
fimited time diversity.

2. Multiple Digit Symbols

(C) If each information symbol is composed of
only one digit, a~ described above, then potentiai
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tradeoff opportunities for system design ure
eliminated. For exminple, the number of digits in
the sequence, Ky, and the digit duration, T, must
be selected so that the time duration of the
received digit, ptf), is less thun the sequence
period, Ty, in order to properly measure p(f).
Because of memory requirement= in the receiver,
the sequence period, Ty, should be as short as
possible. However, the resulting digit duration, T,
may be too small to provide adequate symbol
cnergy and to avoid intersymbol interference.

(") One solution to the nbove problem is to simply
allow more than one digit per symbol, keeping the
digit duration, T, und K,, constant. In the M5
and M6 systems, three digits were used for each
information svmbol, giving a threcfold increase in
both symbol energy and duration, with no increase
in sequence duration, Ty

((*) The composition of the information symbol is
arbitrary, as long as it is composed of linear
combinations of digit waveforms. Let g(t) be a
svinbol that is taken as being composed of K
digit waveforms,

K=t
i) = Zs qliyu(t—1iT) (17)

where g()e} £11; /=0, . . . , Ku—1. The choice
of digit ~eparations of multiples of T sec and unity
magnitudes for the ¢(/)’s is not essentinl in general,
but it was made for ease of generation and pro-
cos~ing of the signal. 1T p(f) is the received digit
response, then a filter, &), matched to the
received symbol is

Kon—
hty-- g' (D p(t—iT) (18)

by the assumed linearity of the channel. Thus, a
filker matehed to a specified symbol ean easily be
constructed from the received digit waveform p(t)
and the svmbol composition given by ¢(0), . . .,

’[(Ksm— 1.

(U) Figure 3b depicts an information component
with K, =3 digits per symbol and with g=1,
¢=1, and ¢;=—1. The information values shown
are —14+1—141+4+1. Agnin, Kiy=1 for the sake

of simplicity.
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¢)variable symbol modulation

Figure 3. Information component structures. (Figure and
figure cuption each classified Confidential.)

8. Variable Symbol Modulation

(C) If more than one digit is contained in each
symbol, as described above, the opportunity to
alter the symbol composition [rcm one time
interval to the next arises. For example, consider
K;. consecutive symbols having K, digits per
symbol. The jth syvmbol waveform is specified by
K,n coefficients, ¢(0) . . . ¢(Kiwm—1), glie{£1),
giving a possibility of 2% (ifferent symbol
waveforms. There is no requirement that succes-
sive symbols have the same composition, so one
could define K,; symbol waveforms g(j,t) j=0. ..
K,—1, each with different composition,

" 4G, et —iT); §=0. .. Ku—1
(19)

Kom—
'

g(]l )= %

to be transmitted T,u=K.uT sec upart. Because
of the assumed linearity of the channel, a filter
matched to each symbol, A(j), can easily be

T e———
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constructed from p(f). The kth transwmitted
probe component my(kt) is then

Kin—1 K~

mall, ) 3 § KL BED
X y(J» '“j'Tnm_iTn) (20)

The technique in which the symbol composition
is perniitted to vary from one symbol to the next
is called variable symbol modulation.

(C) Variable symbol modulation was incorporated
into the M5 and M6 communication systems as a
means of facilitating the experimental measure-
ment of svstem performance. In Section VIn,
variable symbol modulation is shown to be an
impartant component of a detection-resistant
transmission format. In the M5 and M6 systems,
the product of K, and K,, was selected to equal
Ky, specifically, Kgw=3, Kw:=5. Under these
conditions, the probe and information components
can be made identical by a proper choice of
¢(/, j) and the information values e(/).

(C) Let
q (4, V=b(K,n - j+1);
1=0 ... K,s—1 and 7=0 ... Kp—1 21

where b(/), i=0... Ky—1 are the biphase
sequence coefficients described in Section IIs.
Then if e(j)=1, for all J, the transmitted informa-
tion component is

Kiw=1 Ki—1 . Ke—1 5
my(k, t) = b Z_;, oKy - k+)) 25 aG,n)
X ll[t_(iTnu+stm+)7T)] (22)

Kin—1 K,y—1 . i . Rt

‘ZL} ;; b(ut—(K,q - i+)T)  (23)
Nin=1

= ?__,:) b(j)u(t—jT) (24)

which is exactly the same as the probe component
given by Eq. (3).

(U) The advantage of the above choice of K,
K1, ¢(i,j), and e(i) is that, since the probe and
information components are identical, a periodic
transmission is a valid system transmission. In
measurement of the communication performance
of the M5 and M6 systems, such a periodic wave-
form was transmitted. This simplified the structure
of the transmitter and eliminated the need for

synchronization of the receiver during the lengthy
evaluation process.

(U) Figure 3¢ depicts an information component
with variable symbol modulation. The informa-
tion values being transmitted are —1, +1, —1,
+l, +1, and Km=l.

D. MULTIPLEXING OF PROBE AND INFORMATION
COMPONENTS

(C) The transmission in each of the matched-
filter communication systems consists of a
multiplex of the probe and information com-
pouents. In choosing the multiplexing technique,
the particular purpose of the probe conmiponent
must be considered. For example, frequency
multiplexing would be inappropriate in the acous-
tic medium, because the digit response measured
in one frequency band would not be valid in
another frequency band. Two suitable multi-
plexing techniques are time multiplexing and
phase multiplexing. The M5 and M6 systems used
time multiplexing, as described below:. Later, in
Section ViB, an application of phase multiplexing
is presented, :

(C) In the M5 and M6 systems, the transmission
m(t) was composed of a simple time multiplex of
probe and information components:

m(0)= 3 melt—2Tn - i)+ mili, t—@i41)T,0)
(25)

where Ty, is the probe (and information) compo-
nent duration and Ty =Ky, K., T. Thus, the trans-
mission consists of ulternating probe and infor-
mation components, with each successive in-
formation component representing  different
information bits. Figure 4 depicts a typical trans-
mission from the M5 and M6 systems. The
information values for the information component
shown in expanded form are —1, +1, —1, +1,
—1.

III. RECEIVER PROCESSING

(C) The receiver in the M5 and M6 communi-
cation systems performs a dual role. The first
part of this dual role is to measure the existing
channel digit response from the probe component
of the transmission. Several additional measure-
ments are made {rom the probe in order to cval-
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tate system performance. The second part of the
receiver’s role is to determine the transmitted
svinbol values. In general, time synchronization
is required to direet the probe component of the
transmission to the probe processing section of
the receiver, ete, This synehronization is discussed
in Section [Hp, while the following discussion
(purticulasly Sections [1IB and Ille) assumes
that correct svnchronization has already been
obtained.

A. PRELIMINARY PROCESSING

(U Signals from the receiver hydrophone are
transmitied through linear, fixed-gain amplifiers
to the processor, the gains of these nmplifiers
being selected <o that no clipping occurs during
normal operation. At the processor site, u fixed
anulog filier centered on the carrier wave, 420 hz,
and with nominal bundwidth of 100 ha removes
much of the ambient noise from the signal. The
output of the filter is umplified by another
fixed-gnin ampliier wud applied to the digital
processor analog-to-digital converter.

(U) The analog converter in the processor handles
signals in the £ 1-volt range and hus cither 8
bit (M5) or 9 bit (MeéA, M6B, M6C) plus sign
resolution, with the equivalent dynamic ranges
being 48 and 54 db, respectively. System gains
are udjusted so that pormal operation occurs at
roughly 10 db below the converter limit. Local
shipping noise does canse overlonds to occur
throughout the svstem, but these overlouds are
infrequent and are easily recognized.

(U) The <ampling of the bandpass input signal is
controlled by a high-stability oscillator (at least
1 part in 107) set for u sampling rate f,, of four
times (1680 hz) the carrier frequency. The
samples, #°(5), are digitally processed to obtain
complex low-pass samples, £(7), equivalent to the
original bandpass waveform.

o 1 Kegl : . .
t(l)-'K ’2 (=1Yr' (2K, - 1+2)) (1 even)
op J=(
(26)
e |
’("‘""Kl ,i,.;,' (—=1)!
X 112K - (i=1)+2j+1] (i odd) (27)

In the above equations, K, is the compression
fuctor. The samples r(/) with even indices can be
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Figure 4. Typical trunsmission from the M3 and MO
syvstems. (Figure classified Coutidential.)

associnted with the real component of the signal,
and the odd indices can be associnted with the
imaginary component. The equivalent low-pass
bandwidth W), of either component is given by

ur __lelk_ (28)

where /., is the sampling frequency.

(U) Two additional constants wil! be helpful in
working with the compressed samples ri:) of the
input waveform. The first is the number of samples
per digit, Ny, given by

fen - T
Nog=""p— 29
w=TR (29)
The second constant is the number of compressed
samples per sequence period N,,:

Nm—‘:K.q'Nu (30)

As will be seen shortly, N,, is an important
constant in determining the memory requirements
of the receiver.

B. PROBE PROCESSING

(C) The primary objective of the probe processing
is to deternine the channel digit response, p(f).
A secondary, but important, objective of the probe
processing is to measure the basic transmission
characteristics of the medium to uid in evaluation
snd understanding of the system performance.
All of the communications svstems included
weusurement of the wideband signal power and
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noise power, SP and NP, while several specialized
measures of the time smear and time stability of
the channel are also derived from p().

(C) The probe processing operates on the probe
component of the transmission. At the input
signal-to-noise ratios below 0 db for which the
systems were designed, the energy contained in a
single probe component is inadequate for obtaining
a satisflactory estimate of the channel digit
response, j(1). Because of this, coherent integra-
tion of K, probe components is performed, with
the time interval over which it is performed being
called the measurement interval. To reduce the
receiver memory requirements, this integration is
performed in two steps.

(C) The first step is to integrate over the K,
sequence periods contained in a single probe com-
ponent to yield a single vector of length N, Let
an(k, /) be the ith element of this vector, derived
(rom the kth probe component. That is,

ap(k, f>~—~“;ii;j "£2 k- Nug- Kinti - Nuai)
0<k<Ku; 05i<Ny 31)

The above equation assumes that the receiver has
been synchronized so that £(0) . .. r(Ne-Km
—1) are sumples of a probe component.

(C) The second step in the integration of the K,
probe components is to derive the signal vector
ap(i):

Kni~=1
ap(i)== § ap(k, 7) (32)

The signal vector ap(i) is the coherent integration
of Koy Kni sequence periods and is the starting
point i the determination of the channel digit
response, p(f). At the same time, another vector
of N, points is also calculated.

i)="33' (~1rasik, 9 33)

The noise vector, (i), eliminates the signal con-
tribution by alternating the sign in its summation,
and it is the basis for the noise power measure-
ment. .

1. Channel Digit Response Measurements

(U) As mentioned above, the primary objective
of the probe processing is to derive the approxi-

10

mate channel digit response p(t). Let ji(k,i) be
the sampled data representation of p(®) obtained
in the kth measurement interval. From a discrete
version of the derivation of Section IIB, the
following result is obtuined:

bk, =33 20 ot N, 0si<,
(39

where the index i+j-Ny, is taken modulo N,,. The
index k on p(k, ¢) is introduced at this point to
facilitate subsequent description; it indicates that
p(k, i) is derived from the kth measurement
interval of kn, prebe components.

(U) An oscilloscope display of the j(k, ) vector is
provided, and it is updated during each measure-
ment interval by the processor. Unfortunately, the
N,, points in the display are too many to be
retained during a long-term experiment; however,
two useful mensures of the multipath situation are
recorded for evaluation of system performance.

(U) The first multipath measure is the autocor-
relation of the channel digit response, ji(k, i), taken
at multiples of the digit length, Ny,.

Neg=1 )
R;3(k, iNgy)= g )
X Dk, j+iNg); i=0...6 (35)

where the index j+/N, is taken modulo N,
These meusurements are indicative of the time
smear of the channel, and they are important in
measuring the extent of intersymbol interference.
For example, if the channel were ideal (broad
band) then p(k, 7) and j(k, j+ i Ny,) wouid have no
overlap for ¢>0. Then Rj;(k, iNy) would be zero
for i>0. Thus, as £;;(k, iNy) with i>0 becomes
large relative to R;;(k, 0), the time smear of the
channel increanses.

(U) The second multipath measure is the cross
correlation between two consecutive measure-
ments of 5(k,f). Let p(k—1,¢), p(k,{) be two digit
response measurements, based on consecutive but
nonoverlapping measurement intervals. Then, the
normalized cross correlation coefficient, p(k), be-
tween the two measurements at zero offset is given
b
y N _l - A .
g p(k_lp ")7’("; 7')
pk)=—== = (36)
Al R;;(k—l: 0)”;5 (ky 0)
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The magnitude of p(k) is nlways less than one. If
the neoustic channel were 1y time invarinnt
Gund there were no noise), then p(k) would equal one,
If the channel was completely unstuble so that
the 1wo parnmeters jtk==1, o and jk, ) bad
nothing in conmon, then ptk) would have a mean
value of zero,

2. Measurement of Siqnal and Noise Powers

(U) The wideband <ignal and noise powers, SP and
NP, are imeasured 10 allow evaluntion of system
performunce. Let (0) be the signal contribution to
the ah sample in o single received sequence period,
and let #(/) be the noise contribution to the /th
sumple in a single received seqaence period. The
noise contributions (/) are assumed to be nor-
maully di~tributed with zero mean and variance
ox? and nre ndso nssumed to be independent. Then,
if the chunnel is stable,

KinKini=1

; ” : . .
ap() =Ky, - Kus(i) + = n(y - Ny+1)
(37)
Then ap (/) will be of mean KKy, #(6) and varlance
K, Koy The uvernge signul-to-noise ratio
tmean-squnred to variance ratio) on ap(f), SN Ry
i then

e Niyg—1 l.(' H
SNRw=KuFo 33 00 (@9)

The constants Kp, and Ky, are selected at the
time of svstem design <o that the noise contribu-
tion to ap(/) can be neglected. The approximate
signal power, SP, is given by

5P="3 fay(i)r (39)
=K Ko 33 WOF (40)

which ix the xignal energy over K., probe com-
pouents.

(U If the medium is stable over the measurement
interval, the signal contribution to the n(/)

vector s zero, Thus, 2t7) has a zero mean und a
varanee Ny -Agproy?s Lot

NP - ‘\ﬁ;j' [ (i)} (41)
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Then NP is x? distributed with Ny degrees of
freedom. In the systems discussed here, Ny, > > 50
wnd the disteibution on NP ean be approximated
by o Guussian distribution with mean Ny K-
Koy ox? utud varinnce 2N,,-K,,,- K, 0x*. The mean-
squared to variance ratio on NP is high, o NP
is u good estimate of the noise power in Ky
probe components,

(U) The input signul-to-noise ratio, SNR,, is
defined as
SNR,, L
bl\R"_fn"(f)dt (42)
where the integration is carried out over the probe
meusurcment interval.  From the sampling
theorem,

Set)dt=g St #3)

Sadtydt= 2lw S ()P (44)

where the summation extends over the Ng,=
Ny Ky Ky sumples in the probe measurement
interval. Because the noise sumples n{)) are
independent und have zero mean,

E{ S(t)dt) =555 N+ Kin+ Kuion? - (45)

1
Similarly, the summation in Eq. (43) can be
simplified if the channel is invariant over the
measurement interval:

Nig=1
i =gy K- K 35 0P (40)

1 SP

WKL Ko (48)

Substituting Eqs. (46) and (48) into Eq. (42)
gives
NRy =t (5P
SNRu=g— % (xp (49)
Thus, the input signal-to-noise rutio can be deter-
mined froin the probe measurements of SP* and

NP. Although this measurement is determined
from the probe portion of the measurement

w3 3
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interval, it is also applicable to the information
component by the assumed invariance of the
medium,

C. INFORMATION COMPONENT PROCESSING

(C) The objective of the information component
processing is to make correct decisions on the
transmitted symbol values. These decisions can be
scored against known answers in the case of a
periodic  transmission. For demonstration pur-
poses, the received values can be printed as
characters on a Teletype. In cither situation,
decisions are made on the basis of thresholds on
the outputs of a matched filter.

1, Matched-Filter Operation

(') The first step in the processing of the kth
information component is to form a coherent
average a,(k, /) of the information component:

Kim—
a’l(kl Q) = ,;o ' r[(21.+ 1 )Kﬂn * Aruu+ j‘Vln+ "]r
0<i<N, (50)

This vields a vector of Ny, points and is analogous
to the computation of the ap(k, /) vector in the
probe processing. The a;(k, /) vector contains K,
information symbols, each composed of K, digits
in a presceribed order. For the M35 and M6 experi-
ments, K,,=3 and K;;=5, respectively.

(") To mateh filter a;(k,7), a cross correlation is
performed of ay(k,/) with §(,7), where p(l,) is the
digit response found in the previous measurement
interval, . The decision process requires samples
of the matched-filter output taken at intervals of
one digit length, Ng,, apart. Thus, only K,, cross
correlations are needed to provide the required
data from ay(k,s). Specifically, let

. N. —‘ - . - - O .
L'k, j)= § Pi+jNga(k, 7); 0<j<K,,
(51)

where the index ¢+ jNy, is taken modulo N,,. The
values L'(k.j) represent a cross correlation of
ay(k,7) with p(li) displuced by multiples of Ny,
samples, or equivalentiy, 7' see. Note that the
cross correlation is performed in a circular manner,
so that the overlap from one sequence period to
the next is taken into account.

CONFIDENTIAR

(C) A natural question arising from Eq. (51) is
concernicd  with how much  synchronization is
required for the values L’(k.j) to be taken at
exactly the correct sumpling time. The answer (s
that no fine-grain synchronization is required. If the
a;(k,7) vector contains primarily the information
component [und consequently the ap(k,)) vector
contains primarily the probe component], as
previously assumed, then L’ (k) is always taken
at exactly the correct time. The reason for this is
that the transmission provides a fixed time offset
between the probe and information digits. This
time offset is completely preserved in both sections
of the processor. Thus, if probe digit A is separated
from information digit B by m digits in the trans-
mission, they will be separated by exactly m (mod
K,,) digits in the ap(k,/) and a,(k.7) vectors.

(C) The values L’ (k,7) are the response of a filter
matched Lo the received digit, for each of the K,,
digits in the information frame. To make decisions
on the information symbols, the response of u
filter matched to each of the symbols must be
obtained. Since the information symbols are
formed from known combinations of digits, the
symbol filter responses can be found from combi-
nations of the L’(k,7).

(C) Specifically, suppose that the jth symbol in
the information component is as given in Eq. (19).
Then output of the matched filter for the jth
symbol in the kv frame, L(k,j), is given by

¥

om— Nug=
Ll 3)="55 4t 3 ill (G- K
FONotmlal, m) (52)

where the index (j-Ky+7)Nge+m is again taken
modulo Ny. The summation over m in the above
equation is simply L' (k,j- Ky, + (), so the following
result is obtained:

K.,

Lo )= 35 0, LK, J - Katd)  (59)

Because the above equation is easily implemented,
the use of variable symbol modulation places
very little additional burden on the receiver
processing.

2. Decision Process

(C) To determine the symbol values, a zero
threshold is applied to the symbol matched-filter
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outputs L(k,). Tf the filter output L(k,) is
greater than zero, the decision d(k-Ki+¢) on
the /th symbol in the kth information component
is 1. Otherwise the decision is —1. In the M5 and
M6 systems Kq,=5, so each information com-
ponent vielded five bit decisions. These bit
decisions were printed as a single five-level
Teletype character during text transmissions.

() More elaborate decision techiques can be
applied to reduce the effects of intersymbol
interference. In the M35 and M6 systems, the
choice of symbol durations was such that inter-
svmbol interference was negligible, und these
techniques were not required.

3. Seoring of Receiver Decisions

(U) Tao evaluate the system error performance,
the receiver decisions d(/) are scored against known
correet values, This can be done us long as the
svmbol values in the information component are
known, as they are in the ease of a periodic trans-
mission. The error count on the information
components for the periodic transmission is desig-
nated £, and is one of the parameters computed
for every K,,, probe components.

(') 1f information, unknown to the receiver, is
being transmitted, it is of course not possible to
score the information component. A completely
adequate measure of system performance can be
obtained, however, by performing the decision
process on the vector ap(k,7) in a manner identical
to that performed on ay(k,/). Since the digits
in the probe have a fixed interpretation in terms
of symbols, scoring of the probe component is
always possible, since it is independent of the
information being transmitted. The error count
ou the probe component is designated Ep.

(C) When a periodic transmission is sent, the
expected values of the two error counts E, and
E, should be the same, as the ap(k,7) and a;(k,i)
veetors are statistically the same. On the other
hand, when text is transmitted, E; depends on the
particular iext transmitted, and it is not a meas-
ure of svstem error performance.

D. SYNCHRONIZATION

(C) In the preceding discussion, synchronization
between the receiver and received signal has been
assumed. When a periodic transmission is sent,
the probe and information components are

CONFIDENTIAL

identical and no synchronization is necessary.
On the other hand, when text is transmitted,
synchronization is required to ensure that each
component is pracessed in the correct manner.

(C) For a practical communication system, syn-
chronization must be performed automatically
and checked continuously. The systems con-
sidered here, however, were. intended primarily to
determine the feasibility of the coherent integra-
tion/matched-filter technique. (‘onsequently, very
little cffort was expended on the synchronization
problem. Indeed, during all of the performance
measurenment experiments a periodic transmission
was carried out to eliminate the problem entirely.
The following manual synchronization procedure
was used whenever required for the actual trans-
mission of text.

(C) Synchronization is achieved by interaction
between an operator observing the oscilloscope
display of ji(k, 7) and the processor. The operator
can delay the processor time base for an integer
number of digit durations by typing an appro-
priate command. Two steps are required to achieve
synchronization with different transmission being
required for each step.

(C) The first step requires the basic periodic
transmission. The operator observes the display
of ji(k, /) and causes sufficient delays to locate the
digit response in the center of the display. This
locates the junction between the probe and in-
formation components to be within an integer
number of sequence periods.

(C) During the second step, a transmission with a
constant carrier in each information component is
used. If the receiver is properly synchronized, the
channel digit response is a clean pulse, with zero
levels to ecither side. If the receiver is not properly
synchronized, then the ap(k,7) vectors contain the
carrier as well as the sequence, and the display of
the digit response has a distinctive nonzero com-
ponent. The operator delays the processor by
multiples of T, until the proper display is
obtained.

(C) The preceding procedure was taught to three
operators who were unfamiliar with the total sys-
tem operation. Each was able to synchronize the
system within five minutes or o under conditions
where the signal-to-noise ratio was 0 db. Synchro-
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Figure 5. Typical multipoint plot from the M3 and M6 systems. (Figure unclassificd.)

nization at lower signal-to-noise ratios is more
difficult, but it can be done by an experienced
operator.

E. IMPLEMENTATION

(U) The receiver processing for both communica-
tion systems was performed by smull, general
purpose, digital computers, frequently called
minicomputers. The M5 systems were imple-
mented on a Digital Equipment Corporation
LINC-8 computer with a 4,096-word (12 bits/
word) memory. The M6 systems were im plemented
on « DEC PDP-8E system with an 8,192 word
(12 bits/word) memory.

(C) Both machines contained a hardware multiply
capability. Such a feature is required if the system
is to perform the matched filtering in real time.
If it is assumed that both the information and
probe components are match-filtered to receive

the information and score the probe component,
the number of multiplications, nge,, required for
either component is

_ multiplics digits
Mt =Noq matched filtor < K component
(54)
The time, Ty, for a component is
Ti=Kun - N K2 (55)

Thus, the multiplication rate, R mere, required is

Rmu = "T"“ (56)
—Kaa - fen

o Km * fdep (57)

=788 multiplications/sec (58)
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for typical M3 and M6 experiment parameters.
This rate is easily maintained with most modern
minicomputers; however, the multiplication rate
must nevertheless be considered in system param-
eter design.

(U) "The primary output of the processor is digital
magnetic tape—specifically, LINC format tape.
The probe measurements and error counts are
stored in blocks, with data from seven meas-
urement intervals and time information in cach
block. One tape is filled every 6 or 7 days. Every
time a tape block is written, an entry is typed
into a Teletype log for verification purposes. A
secondary, but important, output is given on a
multipoint plotter controlled by the processor.
This plot gives the values of SP and NP on a
minute-by-minute basis. The probe error count,
Ey, is also plotted, along with a timing track.
Figure 5 depicts a typical multipoint plot and the
associated scale factors.

IV. EXPERIMENTAL PROGRAM

(C) Five long-term experiments (M5A, M5B,
\M6A, M6B, and M6() were performed between
fixed sites in the Straits of Florida to evaluate the
cffectiveness  of coherent  integration/matched-
filter techniques. The dates and durations for each
of these experiments are shown in Table 1. A total
of 4,554 hours (190 days) of valid data was
obtained and analyzed over either 7- or 42-nmi
distanees. Section 1Va deseribes the differences
among the five experiments. Section Vi describes
the experimental results.

A. DIFFERENCES AMONG EXPERIMENTS

(U) In cach of the five experiments, the trans-
mission was generated by the source off Fowey
Rocks Light.* During the M5 experiment, signals
were received at a hydrophone loeated 7nmi from
the Fowey Rocks source, while in the M6 experi-
ment, signals were received at the Bimini hydro-
phone, 42 nmi from the source. Each experiment
had more than one part, as indicuted by the third
letter in the experiment identification; for exam-
ile, M6C' was the third part of the M6 experiment.
The purpose of each part of both experiments is
described below.

*(U) Reference 4 describes the fixed-site ranges in detail.
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TAanLE 2. Common features of the M5A, M5B, M6A
M6B, and MGC erperiments. (Table classified
Confidential.)

Center Frequency, f, (Hz) 420

Nominal Bandwidth, W (Hz) 100
Modulation Biphase
Format Periodic, pseud random
# Digits/Sequence Period, Kgq 15

Symbol Modulation Variable Symbol Modulation

# Digits/Symbol K 3
# Symbols/Frame, K¢, 5
# Sequence Periods/Frame, Kg, 4

(C) The M5 experiment had two parts, each hav-
ing distinctly different purposes. The objective of
the M5A experiment was to measure the commu-
nication system performance at low signal-to-noise
ratios. Consequently, the transmitter power was
reduced to give an average signal-to-noise ratio of
0 db. The resulting low signal-to-noise ratios
increased the variance on the transmission meas-
urements. After completion of the M5A portion,
the signal power was increased for the second part
of the M5 experiment to improve the quality of
the transmission measurements. Because of the
high input signal-to-noise ratios in the M5B
experiment, the error rate was reduced to a point
where system error performance could not be
evaluated.

(C) The M6 experiment had three parts, each
representing a different choice of system param-
eters. In the M6A experiment, the same trans-
mission format was used as in the M5 experiment
50 as to obtain comparison data over the two
distances. The sequence duration in this first
experiment was known to be too short for reliable
operation at the 42-nmi range. Further, the
average signai-to-noise ratios at Bimini were lower
than expected, because of inndequate source drive
at Fowey Rocks. Consequently, a second experi-
ment, M6B, with extremely high noise and
multipath resistance (and low data rate) was
initiated. Results from the M6B experiment
indicated that its design was too conservative and
that a compromise between the M6A and M6B
parameters was in order. Subsequently, the third
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TanLg 3. Differencex amony experiments. ( Table classified Confidential.)

M5A, M5B, M6A] M6B M6C
Gross Characteristics:
Digit Duration, T (ms) 19 67 33
Digit Waveshape rectangular |(wideband, coded)
Sequence Period, (ms) 286 1000 500
Symbol Duration, Ty, (ms) ’ 57 200 100
Frame Component Duration, Ty, (ms) 1100 4000 2000
Processor Characteristics:
A/D Compression Factor, ch 8 8 4
Samples/Digit, Ny 4 14 14
Samples/Sequence %’eriod. Ns 60 210 210
Frames/Reference Determination, K i 32 16 16
Reference Determination Time. (sec) 73 128 64
SNRin Measurement Averaging Time (min) 8.5 14.9 7.5
Performance Characteristics:
Probe processing gain (dB) 30 27 27
Symbol processing gain (dB) 17 22 19
Theoretical Minirnum S:\IRi . for p,=.001 (dB) -7 -12 -9
Transmission Rate (bit/ seé 2.2 .63 1.25

experiment, M6C, was implemented as an opti-
mized system for the 42-nmi distance.

(U) The five experiments have very similar truns-
mission formats; indeed, the only major difference
among the experiments is in the digit structure
and duration. Table 2 depicts the parameters that
were common to all experiments, but later para-
graphs will point out the differences among the
remaining system parameters. Because of the
conmmon features of the experiments and the
software implementation of the processor, the
transition froin one experiment to the next was
easily accomplished.

(U) Although five different experiments were
performed, there are only three different sets of
system parameters, with the NM5A, M5B, and
M6A experiments all employving the same
transmission format. Table 3 gives the significant
differences among the experiments.

(C) The primary difference between the M5A,
M5B, and M6A format and the M6B and M6C
format is in the digit duration and structure,
with a digit in the M6B system being 3.5 times

16

longer than a digit in the M5A system and a digit
in the M6C system being 1.8 times longer than a
digit in the M5A system. The purpose of the
digit lengthening in the M6B and M6C systems
was to increase the svibol processing gains and
improve the performance against multipath.

(C) Of the last two systems, NM6B and M6C, the
NM6B has the highest processing gains and, cor-
respondingly, the lowest transinission rate. The
M6C is exactly twice as fast and has 3 db less
processing gain than the M6B system. Thus, the
MG6C system can be considered a compromise
between the short digit durations of the MS5A
format and the very long durations of the M6B
format.

(U) Both the M6B and the M6C systems employed
broadband coding of the digit waveiorm to avoid
the reduction of symbol bandwidth with the
increase in symbol duration. This was necessary
to retain the advantages of a broadband trans-
mission agninst noise and multipath when the
symbol duration is long relative to the digit
bandwidth. A comparison of the digit spectra for
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Figure 6. Comparison of digit spectra. (Figure unclussified.) "
i
the three formats is shown in Figure 6. Because
of thie filtering of the source and reflector und the
ree oo anulog filters, only the spectral compon- . " =
e L T A

ents in a 100-hz band about the carrier are
impoitant, : . ’ : ’
Figure Th. Histogram of widehand reccived signal-to-noise

®. EXPERIMENTAL RESULTS ratio: M3B experiment. (Figurce unclassified.)

tU) The five experiments vielded data on both

acoustic transmission conditions und system error  is  quantized in  1-db-wide bins. Because the
performance. In this section, only mensurements  source level was not held constant during the
that bear on the evaluntion of syvstem error  experiments, these histograms reflect only the
performance or on future applications on the  signal-to-noise ratio environment as seen by the
communication system are discussed. The re-  receiver, not a general measurement of scoustic
Baising acoustic transmission measurements have  propagation. Nevertheless, they indicute the
been muade availuble to other scientists, and they  extent of data available at a given input signal-to-
may be reported later. noise ratio, so the statistical significance of the

.} o . . sur s ¢ understood.
1. Signal-to-Novise  Ratio  Histograms error measurements can be "

- (U) To interpret the communication performance  (C) Figure 7 gives the signal-to-noise ratio
dutn, an understunding of the signal and noise  histograms for the two phases of the M5 series
enviconment of each experiment is necessary.  of experiments. As mentioned eatlier, the source
Figures 7 und 8 depict histograms of the wideband  levels for the M5A experiment were deliberately
received signal-to-noise ratio, SNR,,. with ordin-  reduced to achieve the low avernge signal-to-
ates of both frequeney in percent and time in  noise ratios shown in Fig. 7a. Consequently, u
hours. The abscissa represents SNRy, avernged  lurge amount of data with ressonably frequent
over the time interval shown in Table 3, und it errors was obtained in the MSA experiment.
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Figure Sa. Histogram of wideband received signal-to-noise
ratio: MGA experiment. (Figure unclassified.)

Frequency
o~
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20 -6 12 -8 -4 0 . 8 2 1 20 “®

Figure 8b. Histogram of wideband received signal-to-noise
ratio: M6B experiment. (Figure unclassified.)

Figure 7b gives the corresponding histogram for
the M5B experiment. in which the source was
driven at maximum available levels, yielding
about a 12-db increase in mean SNR,, over
that of the M5A experiment. Because only
1.2 percent of the M5B data correspond to
SNR,, below 0 db, the error performance data
for the M5B experiment were not statistically
significant and were not processed further. Thus,
the M3B experiment does not appear in the
subsequent presentation of the error performance
data.

(U) Figure 8 gives the SNR,, histograms for the
three M6 series experiments. The M6A experiment
was operated at signal-to-noise ratios that were
only slightly (6 db) worse than those of the M5A
experiment, so an adequate measurement of svs-
tem performance could be achieved. Because of
failure in an amplifier driving the Fowey Rocks:
source, very low signal-to-noise ratios were avail-
able for the M6B experiment, as shown in Fig. Sb.

18

s 20 ()

Frequency
[ ]

v - — swa,,
2 e 20 (08)

Figure 8c. Histogram of wideband reccived signal-to-noise
ratio: M6C experiment. (Figure unclassified.)

These low signal-to-noise ratios motivated the
choice of syvstem parameters for the M6B experi-
ment. Later, a new amplificr was installed st
Fowey Rocks, which improved the signal-to-noise
ratio situation at Bimini, and the M6C experiment
was initinted. As shown in Fig. 8¢, the MeC
experiment experienced about the same SNR,,
environment as the M6A experiment had experi-
enced earlier.

2. Communication System Performance

(U) Evaluation of communication system per-
formance is u difficult problem when one is
confronted with the varying conditions of the
acoustic medium. The technique described here is
based on a well-known theoretical model, and it
offers several advantages in terms of clarity and
convenience.

(U) The primary data for the performance meas-
urement consist of input signal-to-noise ratio
averages and the cumulative error count E=
Ex+E, taken over the averaging interval. Table 4
gives the averaging times and corresponding
number of bit decisions for each experiment.
Because the number of bit decisions is known, a
probability of error for each data pair can be
computed. A natural question arises as to the best.
way of presenting the relationship between average
input signal-to-noise ratio and probability of error
when thousands of such pairs are available.

(U) One method of evaluating the system per-
formance would be to sum all of the error counts,
E, for a fixed average signal-to-noise ratio and
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TaBLE 4. .~|u;g‘qeing timea of SNR., and bit deci-

sions. ( Table classified Confidential.)

M5A, M5B, M6A M6B | M6C

SNR “Av..»nsm; time(Min) 8.5 4.9 7.5

No. of bit decisions in 2205 1085 |1085
averaging time

then divide by the total number of bit decisions
involved to obtain a probability of error. The
disadvantage of this technique is that it does not
indicate the variations in system error performance
over time. To depict such variations, the error
performance of each block is evaluated, with the
results placed in histogram form to indicate the
frequency of occurrence.

(U) A histogram of ertor probabilities would
satisfy the above requirement; however, the non-
uniformity of the probability scale mukes the
histogram difficult to understand. To overcome
this problem, a conversion of the measured
probability of error to a more uniform axis is
helpful. A particularly helpful conversion from a
svstems analysis standpoint is to go from proba-
bility of error to output signal-to-noise ratio,
which can be presented in decibels.

(U) “cveral alternatives exist for converting from
error probability to output signal-to-noise ratio,
but the simplest technique is to use a known
relation from an existing theoretical model. In this
paper. the conversion of probability of error to
output signal-to-noise ratio is based on the classical
re<ults for the likelihood ratio receiver for a known
linear, time-invariant channel with added white
Guussiun noise. For this receiver, the probability
of error, pg, is given by

I’E=‘|’("\~'ﬁ) (59)
where

tb(u)-:f:_ (e~%?)/v2x d= (60)

and D is the output signal-to-noise ratio. For this
<ituation. the conversion of error probability to
output signal-to-noise ratio can be accomplished
ty solving Eq. (60) for D. That is

D=[¢""(pe)}’ (61)

where ®'(¢) is the inverse of the function ®(n)
defined in Eq. (60). In the idealized situation of
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Figure 9u. Histogram of values of D: SNR;,=—4 db.
(Figure classified Confidential.) i
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Figure 9b. Histogram of values of D: SNR;,=—6 db.

(Figure unclzssified.)
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Figure 9¢c. Histogram of values of D: SNR;,=—8 db.
(Figure unclassified.)
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Figure 9d. Histogeam of values of D: SNR;,=—10 db.
(Figure unclassified.)

the model, D is in fact the mean-squared-to-
variance ratio of the matched-filter output. The
motivation for the above choice of theoretical
model comes from both its agreement with the
assumed conditions of the real acoustic channel and
its easc of use.

(U) The analysis technique from this point is
straightforward. The error probability for each
block of data is converted to output signal-to-noise
ratio /) in decibels through Eq. (61). Then,
histograms of the resulting values of D are plotted
for each signal-to-noise ratio. This provides a
smooth and easily understood histogram, as shown
in Fig. 9.

(U) One disadvantage of the histogram of output
signal-to-noise - ratios, ), is that the smallest

Expected
MSA i2 Vaive of
D (d8)
SNR
in
Z//' -2 =10 -8 -6 -4 ot 2 (a8)

Figure 10. Mean D versus SNRi,. (Figure classified
Confidential.)
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Figure 1b. Standard deviation of D versus SNR;,. (Figure
clussified Confidential.)

measurable probability of error is about 0.001,
which results from the fact that only one or two
thousand bit decisions are made in cach block,
Such a probability of error corresponds to a value
of D of about 11 db, so the histograms are neces-
surily truncated at that value,

(U) Figure 10 depicts the means of the output
signal-to-noise histograms for the four communi-
cation e\penmr'nh (M5B is omitted, because of
ite excessive signal-to-noise ratios). Points are
shown on this plot only if at least 10,000 bit
decisions were made at the given SNRn. Conse-
quently, each point shown is a suatistically sig-
nificant measure of the system performance.
Figure 11 depicts the standard deviutions of the
same histograms.

(C) Note that there is a distinctive levelmg off of
output signal-to-noise ratio with increasing input
signal-to-noise ratio. This is most likely d:«w to
the non-Gaussian nature of the noise, which
becomes significant at higher signal-to-noise ratios.
Also worthy of note is the fact that probabilities of
error of 0.01 are achieved at input signal-to-noise
ratios well below 0 db. Thus, a =atisfactory system
can be made to operate with SNRy, below 0 db.
The leveling off of the M6B curve is probably due
to the very long reference determination time
involved (128 sec).

(C) Another way of mmpr«-nnv communication
system performance is to compare the experi-
mental system  performance with that of the
idealized system described previously. For the
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ideal system, the ougput signal-to-noise ratio Dis
given by

Dmn‘—’?“’T\Kt-'K-n SN Rn (62)

At a fixed SNR,, the diffcrence, 3, between
Dgear and 1 can be found to indicate relative sys-
tem performance;

—_r (63)

This has the advantage of placing systems with
different transmission rates on the same basis.
For example, the M6B system is better than the
M6C system in absolute performance, because of
its slower transmission rate. When compared
relative to the ideal system with the same rate,
however, the relative performance of the M6C
system is better. This is shown in Fig. 12 for the
four systems.

(C) Of the four systems shown in Fig. 11 the M5A
system has the best relative performance, while
M6B has the worst relative performance. This is
probably because of the increased stability of the
7-nmi path with a 73-sec probe measurement
‘nterval over the 42-nmi path with a 128-sec
probe measurement interval. Similarly, the relative
performance of the MGA and M6C systems is
worse than that of the M5A system strictly
because of range. The relative performance dif-
ference between the M5A. und M6C systems
shown in Fig. 12 is not ~considered to be
significant.

(C) In summary, the performance of the communi-
cation systems was very well established with
large amounts of data. With careful choices of
system parameters, a coherent matched-filter

“ communication system such as M6C can yield

error probabilities of 0.01 at input signal-to-noise
ratios of —10 db. Such a system would be operat-
ing with a performance only 6 db worse than that
of an idealized system.

3. Channel Stability Measurements

(C) The utility of the matched-filter technique
studied here is highly dependent on the stability
of the medium. If the acoustic channel changes
significantly from the time of the probe measure-
ment to the time of the information component
processing, then the filter will not be properly
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Figure 12. Mean 3 versus SNR,,. (Figure classificd
Confidential.)

matched and an increase in errors can be expected.
On the other hand, if the acoustic medium is very
stable, then the integration time of the probe
component can be increased to improve the
measurement of the channel digit response.

(U) Because of the importance of the channel
stability to future applications, the five experi-
ments included an elementary measurement of
the wideband channel stability, specifically, the
normalized cross correlation coefficient p(k) de-
scribed in Section ITIB. Although correlation
coefficient data are available for the full duration
of ench experiment, only a few days of such data
for each experiment have been analyzed. These
days were chosen from continuous, high-quality
data to determine any daily fluctuations. Only
data with SNR,,. greater thun 10 db were
considered.

(U) The most convenient way to understand the
variations of the acoustic channel is to construct
histograms of the correlation cocfficient. Figure 13
depicts histograms of p(k) for the M5A, M6A, and
M6B experiments. The histograms represent
one-day intervals (about 1,440 correlation values
per histogram) with a bin size of 0.01. Note that
the abscissa on each plot begins at 0.5, not zero.
Since M5A and M6A used the sume transmission
parameters, the decrease in mean value can be
attributed to the increased distance, 42 nmi
instead of 7 nmi.

(C) Figures 13b and 13¢ depict the p(k) histograms

for the MBA and M6B experiments. The obvious
widening of the M6B histograms is due to the
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increased measurement interval durations, 128
sec instend of 73 sec. The lower correlation values
of the M6B experiment indicate that the measure-
ment of the digit response is less accurate in the
M6B system than in the M6A system. This offers
at least a partial explanation for the poor relative
performance of the M6B system shown in Figure
12. The correlation function histograms for the
M5A and M5B experiments are nearly identical,
as the distance and integration times are similar
for the two experiments. Also, the histograms for
the M6A and M6C experiments are similar.

V. SPATIAL STABILITY MEASUREMENTS

(U) The preceding sections described the opera-
tion and performance of an underwater acoustic
communication system operating between two
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fixed points. In a practical submarine communica-
tion system, one or both ends of the acoustic
channel is in motion, so spatial variations as well
as temporal variations are important. This sections
describes two measurements of the spatial stability
of the medium and provides the foundation for
the extension of the fixed-site communication
technique: previousty diseussed to the submarine
communicstion problem.

(U) The fixed-site experiments have shown the
temporal stability of the medium to be sufficient
to allow integration times of the order of one
minute. From a purely geometric point of view,
the medium should also be stable under spatial
displacements that are common to submarine
platforms. For example, a submarine on a 10-knot,
zero Doppler track at a range of 100 nmi subtends
less than 0.1 deg of arc in one minute. The wide-
band characteristics of the acoustic channel
would not be expected to change significantly
under such a displacement. Nevertheless, careful
measurements have been made to validate this
intuitive understanding.

(U) Two measurement techniques were employed
to study the spatial stability of the acoustic
channel. The first used coherent cross correlation
of received waveforms without any coherent
integration, and it yielded anomalous results. The
second technique used coherent cross correlation
with 13.4 db of coherent integration, and this
nroduced consistent results. In the following sec-
¢ions, each measurement technique is describied
in detail, and an explanation of the differences in
their results is offered.

A. COHERENT CROSS CORRELATION WITHOUT
COHERENT INTEGRATION

(U) In this measurement technique, the spatial
stability of the medium was mensured in terms of
normalized correlation coefficients, m*(2), analo-
gous to the correlation coefficient, p(k), studied in
the M5 and M6 experiments. Because of the
presence of the Doppler effect, however, the
definition had to be modified slightly.

(U) The transmission was a 15-digit, pseudo-
random sequence similar to that of the MB5A,
M5B, and M6A experiments. The sequence was
scaled from the previous carrier frequency of 420
bz to a center frequency of 350 hz, to be com-
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putible with the acoustic source. The resulting
sequence has a period Ty of 343 msec and a
sero-tozero bandwidth of 87.5 hz. and it was
tran. mitted continuously from the towed source
during each experiment.

(U) Let o (h be the reccived signal, bandpass-
filtered in a 100-hz band centered on the carrier
frequency of 350 hz. Consider a segment of (/)
of duration 7. that contains an integer number of
sequence periods at zero Doppler, that is, Twe=
kT, for some integer k. The normalized cross
correlation function p,(7) of this segment with the
input r,(f) is given by

vt T
f £ *(t+dt

pr) =" ,_M_}__ e T
‘/f o)t f
te totr

where 1, is the starting time of the selected seg-
ment. Note that, in general, p(r) is complex
valued. If there is no Doppler and the medium is
perfectly stable, then ou(7) will be periodic, with
the same period as the sequence, and it will attain
2 maximum value of unity. If there is no Doppler,
but the medium is changing, values of p(7) taken
at multiples of the sequence period are a measure
of the stability of the channel. Consequently, the
correlation function evaluated at multiples of the
segment duration p (i), i=1, 2 ..., willalso
be an indication of channel stability.

+r
|l (t)|dt
(64)

(U) Since £,() was generated by a moving source,
the effects of Doppler will be present, even on a
nominal “zero Doppler” track. A convenient
approach to understanding the effects of Doppler
is to consider it as producing either a time com-
pression or expansion of the received signal. Let
T be the duration of a segment of r(t) at zero
Doppler and let 7", be the duration of the same
segment as received from the source approaching
the hydrophone at a velocity . Then

T u=1—0/c)Tu (65)
where ¢ is the average speed of sound in the same
units s «. If the source is approaching the receiver
at 10 knots, T. is reduced by 0.34 percent.
Similarly, if the source is leaving the receiver at
10 knots, 7T, will be increased by 0.34 percent.
Although the percent variation may appear to be
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23

small, the consequences of such time-axis distor«
tions are significant when coherent techniques are
employed.

(U) If the velocity of the source and the average
sound velocity were known, the normalized
correlation function of Eq. (64) could be evaluated
at multiples of the Doppler-distorted sequence
duration, 7T".. Unfortunately, neither varinble is
sufficiently well determined to calculate 77, ade-
quately. In the September 1973 experiments, a new
correlation cocfficient, p,*(¢), wus defined so as to
alleviate the effects of Doppler. Let,

p*(i) =max |ali T(1 —W)]i; —ISu<+l (66)

where i=1 ... 7.
P

Cent

(67)

.

o* is the largest anticipated Doppler rate and
Cese i un estimate of the average speed of
sound. The purpose of selecting the maximum
magnitude of p(7) in an interval is to ensure that
the correlation coefficient corresponds to the
correlation value at correct time alignment in
the presence of Doppler.

(U) Two important differences between the cor-
relation coefficient p(k) of the M5 and M6 experi-
ments and the correlation coefficients p,*(i) of the
September 1974 experiment must be noted. First,
in the M5 and M6 experiments, p(k) was derived
from a cross correlation of two coherently inte-
grated waveforms ple,i), plk—1,0) in Eq. (36)
[whereas p*(:) is derived from a cross correlation
of two unintegrated input waveforms, £ (t),
r(t+7) in Eq. (64)]. Consequently, the coefficients
p* (i) ure much more sensitive to both noise and
short-term channel variations than the coefficient
p(k) measured previously.

(U) The second important difference between the
measurement of p*(?) in the September 1974
experiment and the measurement of p(k) in the
M5 and M6 experiments is that pr*(7) is insensitive
to pure time shifts in the medium. That is, PO)
can be close to unity for a medium exhibiting
rapid changes in time delay becnuse of the maxi-
mization included in the definition of p*(¥).
Fortunately, many previous transmission measure-
ments have shown that such changes do not exist
in the ocean scoustic medium.
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Figure 14. Vessel track for the Spptember 1973 experiments. (Figure unclassified.)
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Figure 13a. Average correlation coefficients versus spatial
displacement, Sept. 14, 1973. (Figure unclassified.)
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Figure 13bh. Average correlation coefficicnts versus spatial
displacement, Sept. 21, 1973. (Figure unclassified.)

(U) The preliminary spatial stability measure-
ments were conducted with a towed HX90 source
in the Straits of Florida during September 1973.
Figure 14 depicts the vessel track during these
experiments. The source was towed at approxi-
mately 200-ft depth with vessel speeds of 2.5, 5,
and 10 knots. Signals from the source were
received at a hydrophone approximately 7 nmi
from the Fowey Rocks Light and were sent via
cables to the laboratory on shore.

(U) Figure 15 depicts the average correlation
coefficients obtained during three experiments in
September 1973. Here 7T,,=5 sec and i ranges
from 1 to 7, corresponding to a 40-sec maximum
extent. The coefficients p,*(:) are plotted as a
function of distance, not time, so as to indicate
the stability for a fixed spatial displacement,
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Figure 13c. Average correlation coefficients versus spatial
displacement, Sept. 23, 1973. (Figure unclassified.)
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Figure 16. Averages of average correlation coefficients
versus spatial displacement. (Figure unclassified.)

independent of source velocity. Because only 40
sec of data could be processed, the spatial varia-
tions are measured over shorter displacements for
lower source velocities. Data for which p*(:) <0.8
have been eliminated from the plot, as such a value
is indicative of an inadequate signal-to-noise ratio.

(U) The data given in Fig. 15 exhibit several
obvious anomalies. First, the values of the cor-
relation coefficients do not agree for the same
spatial displacement. If these correlation coeffi-
cients actually measured the spatial variations of
the medium, coefficients corresponding to the
same spatial displacement should be equal, which
is not the case. Second, on different days the
relative positions of the curves for different source
speeds change. For example, on September 14, the
2.5-knot data were the most stable, whereas on
September 21 and 25 the 2.5-knot data were the
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Figure 17. Averages of average corrclation coefficients
versis time displacement. (Figure unclassified.)

least stable. Similarly. the relative positions of the
5- and 10-knot runs chunge from one day to the
other.

(U) Figure 16 gives the average of the results
depicted in Figs. 150, 15b, and 15¢. As in the one-
day plots, the correlation coefficients do not uppear
to depend on spatial displacement. Further, the
correlation coefficients are smaller for low source
speeds than for higher source speeds. Neither
result agrees with common sense.

(U) In Fig. 17 the average correlation coofficients
of Fig. 16 are plotted as a function of time displace-
ment instead of spatial displacement. The close
agreement between the curves for different source
speeds is apparent. This indicates that the cor-
relation cocfficients p,*(7) are dependent on time
displacement, not spatial displacement as orig-
inally intended. Also, the time stability is dras-
tically reduced from the values obtained in the
extensive fixed-site experiments (M5 and M6),
where correlution coefficients of 0.9 were obtained
over longer intervals (73 and 64 scc.).

(U) Because of the above anomalies in the data,
a search for possible explunations was initiated. A
brief stidy was made of a ew transmission from
the towed source to determine any peculiarities in
the source motion. This study showed that varia-
tions of the source about its intended linear track
were insignificant.

(U) The most probable eauses of the anomalies
in the data are noise and surface modulation.
Although the signal-to-noise ratio during each

experiment was estimated to be in excess of 10 db,
no quantitative measurement such as those in the
M3 and M6 experiments was available. Because
no coherent integration was used, the correlation
cocfficients p,*(/) are particularly sensitive to
noise. Although previons measurements in the
Straits have indicated that the extent of surface
modulation is insufficient by it<elf to account for
the observed resuits, surface modulation would
also reduce the values of the correlation coeffi-
cients. Both of these effects are independent of
spatial displacement, and they vary in extent on a
day-by-day basis, which is in agreement with the
data obtained.

(U) Although the experiments described in this
section were unsuccessful in measaring the spatial
stability of the medium, the lesson learned is
important. That lesson shows the importance of
substantial coherent inteeration in :he measure-
ment of medium stability, so the effects of noise
and surface modulation do not influence the
stability mensurement. As a result of the Septem-
ber 1973 experiment, a second measurement
technique employing coherent integration was
developed, and this yielded a valid measurement
of spatial stability,

B. COHERENT CROSS CORRELATION WITH COHERENT
INTEGRATION

(U) After the preliminary spatial stability meas-
urements in September 1973, development of a
measarement technigue including coherent inte-
gration was initiated. The requirement for coherent
integration was based on two considerations.
First, the September 1973 experiments showed that
noise and surface modulation precluded measure-
ment of the spatial stability when no coherent
integration was used; and second, an opportunity
to study spatial stability at long ranges in the deep
ocean was available. The input signal-to-noise
ratio at these ranges required coherent integration
to obtain adequate representation of the signal.
The resulting measurement technique, which
employs coherent cross correlation with coherent
integration, is described below.

(U) Because of the need to perform coherent
integration as well as to accommodate Doppler
effects, fast Fourier transform techniques (rer)
were empioyed. These technigues provided two
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constraint= on the measurement process, First, the
coherent integration time was limited to about 30
<ec because of the memory limitations of the
processing equipment. Second, the transmission
format was selected to have an integer number of
sequence  periods contained in the transform
interval. <o that a close alignment of the signat
and FeT ~pectral lines would be obtained. Once
these two constraints were satisfied. the applica-
tion of rer techniques allowed straightforward
measurement of both the spatial stability and the
input signal-to-noise ratio.

(U) The transmission for the experiment was a
31-digit linear, maximal sequence with 15 carrier
eveles per digit. Modulation of the 350-hz carrier
was accomplished by complementary phase tech-
nigues. so as to yield a high-level carrier and yet
retain a higher total power than with amplitude
modulation. The transmission is given by

m(t)= i { a(i) vos 2% fut +(1 —a(d)] sin 2% fot }
X {UaT)=UlGE+NnTl (68)

where f,=350 hz is the carrier frequency,
T=0.042857 see is the digit duration, ta(i)|a(i)e
10,11} are the awm sequence coefficients, and U(0)
is the unit step function. This transmission has
the same power spectrum as an  amplitude-
modulated sequence of the same structure, but
it has approximately 3 db higher total power.
Because m(f) ix periodic, with a period of 1.320567
sec, its spectrum has a line spacing of 0.752125 hz.
The transmission has a zero-to-zero bandwidth
of 46.667 hz, determined by the digit duration, T.

(U) After initial analog bandpass filtering to a
50-hz bund about 350 hz, the received signsl
£,(1) is sampled at a rate of 4frec Where fre is the
recoiver center frequency (free=350 hz for zero
Doppler). The resulting samples were compressed
in the manner defined in Egs. (26) and (27),
but with K.,=10. This reduces the number of
samples to ugree with the sampling theorem
requirements and yields 186 compressed sumples
per sequence period. For convenience in the
subsequent discussion, these samples are consid-
ered in terms of 2,048 long, complex vectors,
1Z(k, )!i--0 . . . 2,047}, where the k indicates
the kth transform interval. That is, the sample
following Z(k, 2,047), is Z(k+1, 0), and so forth.

CONFIDENTIAL

(U) An input vector of 2,048 complex samples
Z(k, i) contains approximately 22 sequence peri-
ods of the transmission at zero Doppler. Specifi-
cally, the 2,048 complex samples correspond to a
29.257143-sec time interval, whereas 22 sequence
periods occupy 29.228474 sec, a 0.1 percent
difference. Consequently, the spectral lines of a
2,048-complex-point Frr will very nearly align
with the signal spectral lines. The actual offset
between the ith signal line from the carrier and
the corresponding transform line, dper(i) is given
by

o b BTN
"’"(‘)_(1.329567 29.257‘143)‘ (69)
—0.000728i hertz (70)

For the energetic lines near the carrier, this offset
is less than half the FFT line spacing of 0.034180 hz,
and it will be neglected in the subsequent dis-
cussion.

1. Operation at Zero Doppler

(U) To understand the operation of the measure-
ment technique, first consider its operation with
zero Doppler. Because the transform interval
contnins nearly 22 sequence periods, every 22nd
transform spectral line from the carrier will
contain signal energy. The intervening 21 trans-
form lines will contain only noise energy. Conse-
quently, a processing gain of 22 (13.4 db) can be
achieved by considering only every 22nd trans-
form spectral line about the carrier.

(U) Let {Z(k, i)l—l,024$i51,023| be the dis-
crete Fourier transform of the input vector
|z(k, 9)]i=0 . . . 2,047} with the 7 index on
{Z(k, i)} selected so the Z(k, 0) corresponds to the
carrier line at zero Doppler. Define a new spectrum
{S(k, i)| —32<i<31} from {Z(k, i)} by selecting
every 22nd spectral line of {Z(k, i)} as follows:

Sk, i)=2Z(k, 22-1); —32<i<31 (71)

From the discussion of the preceding paragraph,
{S(k, )}, will contain signal energy with a 13.4-db
improvement in signal-to-noise ratio over that of
{Z(k, i)}, because of the elimination of 21 lines
containing noise alone.

(U) The measurement of spatial stability is
accomplished by calculating the normalized cross
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correlation coefl™ . p,*(4), between the signal
wavelorm in the &th transform interval with that
of the k— Dth tran~form interval. Lot «(k, V),
/=0 . .. 127, be the inverse diserete Fourier
transform of the kth <ignal spectrum Stk, o). The
normalized cross correlntion funetion p(k, j) be-
tween stk ) and sk — 1, /) is defined by

15

‘ 2, sthy, Detk=1, i+ J)
pthy py== /;\—:\, " .)'-2 e (,;:—l“-:;? (72)
\ (] il L i=h B 2l

where the (/4 /) index is taken madulo 128 so that
ptk. ) 15 the result of a circular correlation. Be-
canse the transform length is not an exact multiple
of the ~equence period, p(k.0) does not give the
correfution  corresponding  to exact  alignment
between the two waveforms. Consequently, a
maximization process must be performedto deter-
mine the correlntion  coethicient, p*(k), which
represents the medinm <patial stability

k) =max pk. )i 057563 (73)

The coeflicient g,*(k) ha< the same ambiguity in
terms of pure tine <hift< that the p,*(/) coeflicients
had in the preliminary expertments. As before,
this ambiguity 1s known to be insignificant, on the
busis of other experimental duta.

(1) To properly interpret the correlution coeffi-
cient, p,*(k), a quantitative knowledge of the
signal-to-noise ratio of both the S, /) and
Sth=-1, /) veetors is needed. The signal power
SP(E) can be computed direetly from the signal
spectrum Stk, ).

)

SPky= 25 IStk 1) (74)
im= =32
To determine the noise power. the power in a
tran~form <pectral line in between the signnl lines
is caleudated.
a

NP(k)-- D5 1 Z(k, 22i+11)2 (73)

ST
If it is assumed that the noise is white (at least
relative to the signal line spneing of 0.752691 hz),
NPk gives o measure of the noise content of
Stk ). Consequently, the signal-to-noise ratio

SNRotkr of Sta, ) is ~imply the ratio of SP(k)
to NP4y

28

SPk) .
SNRuth) - Cpi (76)
The input signul-to-noise ratio SNR,(k) is 22
times (13.4 db) worse than SN R, (k).

SNRu(h) - 35 SN R th) a7)

Thus, both the input and output signal-to-noise
ratios can be quantitatively measured in euch
tran~form interval

2. Operation with Nonzero Doppler

(U) Measurement of the correlation coefficient
p2*(k) and the input and output <ignul-to-tioise
ratios is not significantly more difticult when: the
Doppler is nonzero. Let £, be the Doppler-shifted
carrier frequency

fo' - ,fu

T 1=tk s
If the difference between f,” and the receiver conter
frequency, fre,. s stlll then the effect of Doppler
on the received signal i< npproximately o frequency
translation. Such o frequeney translation acts as
u fined offset between the zero-Doppler loeation
of the signal spectral lines and the actual receised
~pectral lines.

(U} Consider the situation where £’ and fe.. ditfer
by af ha.

A/:.f(" —.frcc (79,

Then if the effect~ of Doppler vre considered i< v
frequeney trmncation, the siznal spectrum will be
displaced by ¢+ tran<form spectral lines.

aAf :
l_z.'> R .
" 0.034180 (80)
In general, the displacement 7 will not be an
integer. The interer offser. #*, to the clovest
transform spectral line enn be found from

r*={r'+0.5] (81)

where the square brackets {r] indicate the greatest
integer part of £ In subsequent discussion, r* is
called the vernier frequency index.
(U) Given the vernier frequency index, r*, Eq.
(71) for the signal spectrm can be modified to
mcorporate the effects of Doppler:
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True North

Figure 18, Vessel track for the
January 1974 experiment. (Figure
unchkis-ified.)

Sth, (y=2Z(k. 22/ 4r*) (82)

Siilarly . Eq. t75) for the noise power becoines

+32
NPy 35 Zdk, 22i4 114 (83)
1= =32
With the-e two modificntions of the zero-Doppler
equation-,  the derivation  of  the  correlation
cocllicient p.*k) and the sienul-to-nvise ratios
remain vatid in the presence of Doppler.

(U The <ignificant remaining problem is the deter-
mination of the vernier frequeney index, r*, by
the mea~urement  sy~tem. One upproach is to
seareh the received signal specteum Z(k, 7) for the
lareest <ignal dine  (presumably  the carrier at
£ o aad ealentate Af and * Unfortunately,
~clective fading due to multiputh will eccasionally
rediee the carrier fevel below that of the adjacent
stdebands and the <y stem will obtain un incorrect
vafue for 7%,

(Uy To avad this problem, the measurement
svstem determined #* on the basis of broadband
stiennl-to-noise ratio. Speeifically, the following
quantity i~ ealeulated

(]
Z |Z(k, ‘.’2;+l')|‘
SNRothy, = 7 e (84)
2 1k, 22itr 1))
for —10<,<11. The expression SNR.(F, r)
given in Eq. (84) is stimply the output signal-to-
noise ratio if r were the correct vernier frequency
index. The range of 7 is constrained to be within
one signal-line separation (0.752691 hz, or approx-
unately  a 6.4-knot  Doppler uncertainty), as
SN Rtk 2) will be periodie beeause of the regular
spacing of the signal speetral lines. In actual
wensurenents, the receiver frequency, free is
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adjusted to be within about 0.1 hz of f,, so this
constraint in r is not a problem.

(U) To determine the value of r*, the processor
selected the value of r that yviclded the highest
value of SNR,.(k, r). Becau~se SNR (&, 1) 1s
based on the broadband signal ~pectrum and not
on any single spectral line, the resulting frequency
offset, r*, is not disturbed by selective fading.
Given r*, the ealeulation of po*(A) and the signal-
to-noise ratios is easily accompli=hed. Indeed, the
measurement svstem performed all  necessary
calculations in real time, producing new values of
g% (k) and SN R, (k) every 29.257143 sec.

3. Erperimental Results

(U) During January 1974, the HX90 acoustic
source was towed in the deep occan between
Eleathera and Bermuda. The approximate vessel
track relative to the hydrophone is shown in
Fig. 18. Signals from the source were received at a
fixed hy-trophone and processed with the coherent
integratio:, technique described above. The ranges
of the experiment varied from 0 t¢#400 nmi, with
most of the experiment being conducted at ranges
between 300 and 400 nmi. During the experiment,
the vessel speed was maintained at approximately
6 knots,

(U) The digital processor was in nearly continuous
operation during the 12 days of the experiment,
yielding correlation coefficients p,*(k) and signal-
to-noise ratios every 29.257143 sec. These and
other results were recorded on digital magnetic
tape and simultancously plotted on a multipoint
recorder. Figure 19 depi ts an annotated typical
multipoint plot from the processor. As in the M5
and M6 experiments, this plot was an important
aid in maintaining quality control during the
experiment.
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Figurce 19. Typicat inultipoint plot from the Japuary 1974 experiment. (Figure unclissified.)

Y .

Fraquency 0 Frequency
o | 0
8

—r

-4 v L] 8 U4 L] 20 (e8) -1e -12 -8 =4

__,,:.'_/: — e SNR),

SR,

Figure 200, Wistogram of XNR,, from the January 1974 Figure 20b, Histogram of SNR,, from the January 1974
experiment : short-range data, (Figuee unelassified.) experiment : medijum-range data. (Figure unclassitied.)
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Figure 21b.

Histogram of p*(}): medium-range data.
(Figure unclassified.)

Figure 21, Thetogram of py*ok): short-range data, (Figure
unchs~itied.)

(U) Data from the January 1974 experiment can
be divided into three sets. The first set, ealled the
“short range,” inchudes data in which the souree
wis going from 0 to 100 nmi. The second set,
called the “medium range,” ineludes data in which
the sonree was going from 100 nmi to 300 nmi.
Becuuse of the severe raage changes, data i these
WO sets represent peasurements over - wide
g variety of transmission conditions. The third set,

which i~ the laregest, includes the datn tuken uat

ranges between 300 and 400 nimi and 1< referred to
. as the “long range” data. No correcetion for changes

in range has been applied to uny of the three data

sefs,

(U) Figure 20a depicts a histogram of the received
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Figure 21c¢. Hisxtogram of p,*(}): long-range data. (Figure
unclassitied.)

signal-to-noise ratio in decibels for the short-range
data. The mean signal-to-noise vatio is 9.6 db,
with a standard deviation of 4.3 db. Figure 20b
depicts an analogous histogram for the medium-
range data. For the medium-range data the mean
signal-to-noise ratio is —0.9 db, with a standard
deviation of 6.2 db. Figure 20¢ depicts n histogram
for the long-range data with a mean of —3.0 db
and a stundard devistion of 4.4 db. The reduced
standard devintion for the long-range duts as
opposed to the medium-range data is due to the
relative uniformity of the long-range data in terms
of transmission conditions.

(U) Spatial stability was evaluated by means of
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s s - brans 3 ‘. B ook iak Sk ? s >
a2 Tl <. et il B3k KR I N w5 X et X
Sk ka0 Ll =

o

1
i
4
|
i




CONFIDENTIAR

t  Fragusncy
Y]

R —— * fu)
00 . ; . L

Figure 220 istogram of p,*(k) values for full Doppler
condition~. ! Figure unclassified.)

histograms< of p,*(k), much as in the M5 and M6
experiments, Beeause noise can reduce the values
of p*d), making the measurcment ineorrect, u
threshold was placed on the output signal-to-noise
eatios of both Stk, /) and S(k—1, 7). This thresh-
old required that the <ignal-to-noise ratios on both
Stk ) and S(k—1, 7) be greater than 410 db if
p Xk was to be included in the data. When this
requirement is applied, approximately 100 pereent
of the short-range data, 56 pereent of the medium-
range duta, und 46 pereent of the long-range data
meet or exceed the threshold.

(U) Figure 21a depicts the histogram of correla-
tion coeflicients p.*(k) for the short-range data.
The mean correlution coefBieient is 0.855, with a
stundurd deviation of 0.138. In Fig<. 21b und 21¢,
the corresponding histograms for the medium- and
long-range data are shown, The mean correlation
cocflicient for the medium data i~ 0,913, with a
standurd devirtion of 0.112, The mean correlation
for the tong-range data is 0.916 with a standard
deviztion of 0.053. The slight inerease in mean
correlation value for the long-range data is not
considered to be significant,

(Y The dependenee of spatial stability on the
relative diveetion of the spatinl disptacement s of
interest. The prevailing conjecture i that the
stability. will be les< on a full Doppler track than
on a zero Doppler track. Figure 22u depiets a
p b histogrnm for the long-runge data on a
full Doppler track; Fig. 22b cortesponds to a zero
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Figure 22h. Histogram of p,*(R) for 2ero Doppler eondis
tions. (Figure unclussitied.)

Doppler track. The mean correlation coeflicient
for the zero Doppler data is 0.925, with a stundard
deviation of 0.051; for the full Doppler track the
mean and ~tandard deviations ure 0.914 and 0.053,
respectively, Thus, the January 1974 data dJo not
indicate any dependence of spatial stability on
the direction of displacement, at least for long
ranges.

(U) The results of the Junuary 1974 spatial
stability experitnent are remsrkably similar to
those obtained in the N5 and M6 experiments.
Figures 23a and 23b compare the overall {short
mediwm, and long range) histogram of correlation
cocfficients obtained in the Junuary 1974 experi-
ment with a typical one-day hisiogram from the
M6C experiment. Although  the measurement
interval was shorter in the January experiment
than in the NEC experiment (29 see versus 64 sec),
the similarities in the histograms arve amazing,
vonsidering the differences in ‘ocation and rauge
between the two experiments.

VI. FUTURE ATPLICATIONS AND
CONCLUSIONS
A. CONCLUSLONS

() The offectiveness of eoherent, matelied-filter
techniques was demonstrated in fixed-<ite experi-
ments in the Struits of Flovida. The application of
coherent integration over time intervals of the
order of une minute yiclded satisfactory operation
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Figure 220, Comparison of correlation cocflicient histo.
sram~" overall p*(k) histogram  from January 1974
experiment. (Figure unchassified.)

at input signal-to-noise ratios below 0 dbL. By
matched Gliering of the received signal, the effects
of seleetive Tading and intersymbol interference
due to multipath were reduced. Massive amounts
of data (over 4000 hours) on system performance
aldd significance to the results obtained.

(C) To apply coherent. matched-filter techniques
to the <ubmurine communication problem, an
nnderstanding of the medium’s <patial, as well as
temporal. stability s vequired. A ten-day experi-
ment in the Atlantic between  Eleuthern and
Bermuda with a towed source and a fixed hydro-
phone wa~ conducted to measure spatial stability,
The results from this experiment indieated the
presence of suflicient spatial stubility over inter-
vals of at least 30 see at six knots, at ranges from
0 1o 400 nmi.

(€) The combinntion of fixed-site communieation
system resas and the spatial stability measure-
ments  establishes  the  feasibility  of coherent,
mateled-filter techniques for submarine communi-
cations. Advantages 1o be gained from these
techniques include  relinble  operation at  low
signal-to-noise ratios and under varying propaga-
tion conditions. Further, randomized transmission
formats ean be employed to reduce the detectabil-
ity of the communieation signal. Because the
technology  required to  implement coherent,
matched-filter techniques is readily available,
their applieation to subinarine communieations
should be initiated.
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Figure 23h. Comparison of corrclation coefficient histos
grams: one-day p(k) histogram from M6C cxperiment,
(Figure unclassified.)

1. Subsidiary Conclusions

(U) The experimental program yiclded =everal
secondary results that should be considered in
subsequent submarine communication system
design.

(O) First, the acoustic medium exhibits signifi-
cant variance in input signal-to-noise ratio SN R,
even under fixed-site conditions. Standard devia-
tions of SN R, of the order of 5 db can generally
be expected. These variations require that any
relinble communication system be able to operate
suceessfully over a wide range of input signal-to-
noise ratios, Coherent, matched-filter systems
satisfy  this requirement more closely than the
incoherent systems currently in use.

(C) Second, impulsive noise must be accounted
for in any system in which low (PE <{0.001) bit
error probabilities are required. The presence of
infrequent, high-energy noise pulses can limit
the error probability to a fixed level, independent
of the average input signal-to-noise ratio. Soft
limiting of the receiver input in conjunction with
error-correcting codes can be used to overcome
this limitation.

B. SUGGESTED APPLICATION

(C) The M5 and M6 communication systems
were designed specifically for the evaluation of
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TasrLe b Frpeeted performance for the M7 system;
K= jomm T 10 msee, Wetoo hz. (Table
classified Confidential.)

K '\b Rate, Minimum Range,
s bits/sec Operating am{
SNR, db
100 40 1.0 — 4 <100
200 20 0.5 -7 *-100
.00 10 0.25 -10 >100
1900 4 0.1 -14 >100

coherent, matched-filter techniques. Consequently,
their struetures lack many features required of o
practical submarine communication svstem. For
example, the transmis<ion in the M5 aud M6
svatems is continuous, and  svinchronization is
performed by the operator. Neither of these
characteristies is aeceptable in practice. The pur-
pose of this seetion is to =uggest one realization of
w coherent, matched-filter communieations <vstem
that i~ suitable for operational use. Ounly the
structure of the trunsmission and the expeeted
performance characteristies are given here. The
details of the receiver processing und implementa-
tion will be available in the future,

(C) Althongh 2ood performance at low signal-to-
notse ratios and nader varving multipath condi-
tions is necessary for any submanne communicn-
ton system, other operationally important re-
quirements must also be considered. Two such
requirements are that the transmission be of
limited duration and that it be detection resistant.
The first requirement  precludes  blanking of
passive sonar systems on the tran-mitting plat-
form, while the second reflects the need to prevent
detection or Gocalization of the  tran~mitting
platform.

(C) The M7 system, des=ribed helow, has been
designed to provide an appiication of eoherent,
matched-filter teehniques that <atisfy the require-
ments previonsly stated. Specifically, the M7
system ntilizes a buest type of transmission with u
randomized format. The structure of the trans-
mission is based entirely on an arbitrary random
binary scquence that can be changed on » shily
basis il desived. The only constraint on this
sequence 13 that it must be known to both the

transmitter and receiver and have the same ~tatis-
tical properties as other random sequences.

() In the M7 svstem, the probe and information
components are phase multiplexed instead of time
multiplexed w~ in the M§ and M6 svstems. Let
u(t) be a low -pus~ digit of duration 7 and let f, be
the carrier frequeney, then the M7 trunsmission
is given by

m(t)=- _20 qe()u(t=7T) cos 2= f,!
Fo(Ou(t—1T)sin 2xft  (85)

The first term in the s ix the probe component
und the second 1~ the information component. The
coeflicients gpi). (el 14 are derived from a
random hinury sequence ¢(7) and the informution
component as indiceied below.

(C) Let ¢0)el 411 be w randon bingry sequenee
of length 2K, The coeflicients for the probe
component ¢.(r) nre sbuply the 4()'s of even index;

llp(l‘)‘;'l/(‘lll); i=0 ... K -1 (80)

Assume that K, information bitz ¢/} are to he
transmilted. IFurither, assume that Ay is a fuctor
of K, so that K =K, K, for some integer K,.
Then the coefficients for the information con-
ponent are given by

pi = (lORD (2041, 7=0... K—1 (87

where Ir] wadieates the integer part of 1. Thus,
i) s forraed Ly the modulation of (/) for odd
indie: 2 by the informution values in groups of A,

digits.

(C) Since both coeflicients ¢.()) and ¢ (/) are
derived from a random sequenes, ¢(7), the trans-
mix<ion m{t; can be expected to be free from
periodicitics or strong spectrul components. 7f
the input signal-to-noise ratio of an intercept
receiver is below 0 db, the detectability of the M7
trunsmission will he verv low. If the input signal-
to-noise ratio of the intercept receiver is ubove 0
db, conventiounl power measurrment technigues
are apphesble. Conscquently, the M7 technique
tor any other) ean be considered detection re<istant
cnly if the intercept receiver is denied nn adequate
signal-to-noise ratio, that iz, be beyond u certain
rapge.
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(" To provide an Hlustration of the performance
to be expected of the M7 svstem, a specific
practical example i= given: Assume that the system
bandwidth is 100 hz and that the transmission
duration i= limited to 40 sec. Let wihH be a 10-
msce rectanguwlar pulse, so that the spectrum of
uthy fills the <svstem bandwidth. Then, K. equals
4,000. Table 5 gives the svstem performance for
several choices of K. The column marked “mini-
mum operating SNR” gives the input signal-to-
noise ratio expected to yvield a bit probability
of cerror of 0.001. Fhis signal-to-noise ratio is
obtained by taking the theoretical  signal-to-
noise ratio required to obtain such performance
and then wdding o +6 db differvatial to account
for nonidealities. Note the low signal-to-noise
ratios for which the 0.001 error probability is
expucted.
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