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ABSTRACT

In anunderwater acoustic propagation experiment conducted in
November 1970 a periodic broadband signal, centered about 420 Hz,
was transmitted across the Straits of Florida continuously for 19
days. This report presents the preliminary results from spectral
analysis of the acoustic reception of this signal at Bimini, Bahamas,
during a 7.61-hour period on 25 November 1970. The spectra are
noteworthy for their slow rate of change during this period. Plots
of the spectral amplitude and phase of the reception are presented

for a 50 Hz bandwidth centered about 420 Hz.

iii



FOREWORD

Underwater acoustic propagation experiments of the past few
years have verified that the general features of long-range, single
frequency reception are complicated amplitude fluctuations with deep
fades, relatively stable phase and frequency, accompanied by surface
scattered energy.

The next level of experiment should establish how close two
frequencies have to be to behave "'similarly, " and how far apart two

frequencies have to be to behave "independently." The work reported
here is at this level. Sixty-one signal frequencies with spacing of
5/6 hertz that were transmitted simultaneously for over seven hours

were analyzed and preliminary results are given in this report.

T. G. Birdsall
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AUTHOR'S PREFACE

This report presents preliminary results rather than the
polished conclusions of a completed investigation. No attempt has
been made to draw conclusions from the data or to analyze it. A

more substantial report on spectral analysis of Project MIMI trans-

missions is planned for a later date.

viii



1. INTRODUCTION

In November 1970 an underwater acoustic propagation exper-
iment (Project MIMI) was conducted jointly by the Acoustics Group
of the Rosenstiel School of Marine and Atmospheric Sciences at The
University of Miama (Florida) and the Signal Processing Group of the
Cooley Electronics Laboratory at the University of Michigan. A
periodic broadband signal centered about 420 Hz was transmitted
continuously across the Straits of Florida for 19 days. Inthe on-site
portion of the experiment, the power and phase angle of the carrier,
the power in the signal sidebands, and the noise power in the signal
band were measured at two receiving sites. In addition, the total
power and the power spectrum in a narrow band about the carrier
frequency were computed to measure signal modulation due to forward-
scattered surface reverberation. The received signal was also cor-
related with a pulse compression reference signal to measure the
multipath structure of the acoustic channel.

During the course of the experiment, approximately 9 million
digital words of the reception were recorded for later processing.
Portions of these recordings were complex-valued demodulates of a
comb-filtered version of the reception. A period of 7.61 hours on
25 November 1970 for which such recorded demodulates were avail-

able from Bimini, Bahamas, was selected for spectral analysis.



Chapter 2 presents background information on the acoustic
range and equipment configuration used. Chapter 3 details the pro-
cessing of the reception at Bimini and the methods used to transform
the recorded receptions to frequency domain, and Chapter 4 presents

plots of the spectra of the reception.



9. THE MIMI PROPAGATION EXPERIMENT OF NOVEMBER 1970

2.1 The Miami-Bimini Range1

The Miami-Bimini range, illustrated in Fig. 1, is part of the
facilities of the Acoustics Group of the Rosenstiel School of Marine
and Atmospheric Sciences (RSMAS) of The University of Miami. It
extends across the Straits of Florida from Miami tc Bimini, Bahamas.

The transmitting site is located at Fowey Rocks [ point 2, Fig.
1(a)] approximately 12 miles (19 km) from the RSMAS laboratory and
is connected to the laboratory by telephone lines (point 1, Fig. 1). At
Fowey Rocks a bottom-mounted projector is located in 72 feet (22 m)
of water at the focal point of a 24-foot (7.3 m) compliant tube parabolic
reflector. It has a maximum source level of 120 dB/ ubar at 1 m with
a nominal bandwidth of 100 Hz. The source level for the November

test was 110 dB/ ubar/ meter. The 30° peamwidth is directed toward

Bimini, a distance of 43 nautical miles (78.6 km).

Two receiving sites were used in the experiment. At the first,
a bottom-mounted hydrophone is located in 1000 ft (305 m) of water
(point 4, Fig. 1) approximately 73 nautical miles (12 km) from the

source. The reception from this hydrophone is transmitted to the

1The material in this section is taken from Ref. 1. A more

complete discussion on the Miami-Bimini range can be found there.



25d - : .: .E Depthinjfathoms .'.s
soll : YRl 37
’ e e 5,4 394 3
. e/ J a“©r 3 . 2
MARINE LAB ,, & 432 Cf\%u BIMINI
VIRGINIA KEY ! YA G
i D leeariaNTIC | el PR swmn
40 : :
PL toy
1 ¢ ! i,
FOWEY ROCKS @g / » - -\ CAT CAY
30 4 7s: % "3! 240 339 " \
: ! OCEAN 3
. x
".: 142 /zu ALY
. \
"y / 473 \
- 389 490 asa? .,
20 ™ / 460 P
T / nr .'°'
wi / d
10 7
V4
10 80° 50' 40 30' 20' 10’
@)
80°00' 79°50 7940 79°30' 79%0" .
0 R i . N . . —LoN
1
2004 - 2
2 {
w
o 400 X
=
z b
= 600 :
a
w
o 9 b
8001
(VERTICAL SCALE = 37 x HCRIZONTAL)
0 . 10 . 20 ) 30 40 N. MILES
L] e e
{ONE TO ONE SCALE) !

()

Fig. 1. The Miami-Bimini range: (a) physical layout,
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RSMAS laboratory by marine cable. The second receiving site is
located off Bimini (point 3, Fig. 1). There, two bottom-mounted
hydrophones are cable-connected to a laboratory on Bimini. These
hydrophones are located at 100 and 1200 feet depth (30 m and 366 m),
1 and 2 miles (1.8 and 3.6 km) off-shore and are referred to as the
shallow and deep hydrophones, respectively.

The bottom profile of the Miami-Bimini range is illustrated
in Fig. 1(b). A shelf extends out from Miami about 15 miles (28 km)
to a depth of 400 m followed by a sharp drop-off to a depth of 800 m .
Thirty miles (56 km) beyond, the Grand Bahamas bank rises abruptly
from this depth.

A sound speed profile, obtained during November 1961,
appears in Fig. 2. This profile is characterized by a mixed layer
which extends to the relatively constant depth of 100 m followed by a
region of negative velocity gradient. It is noted that the velocity gra-
dient becomes increasingly negative as the Florida shore is approached.

The ray diagram corresponding to the sound speed profile of
Fig. 2 is shown in Fig. 3. This diagram shows sound being propagated
by reflections from surface and bottom, by refraction and reflection
from the bottom and by refraction and reflection from the surface.
This latter mode of propagation does not appear in ray diagrams cal-

culated from sound-speed profiles obtained in the spring and summer.
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2.2 The Transmitted Signal

The transmitted signal, complement-phase modulate (CM),
consisted of a carrier wave at 420 Hz modulated by a linear-maximal,
pseudorandom sequence. The phase of the carrier was shifted to
either +45° or -45° depending on the value of the binary digit in
the modulating sequence. A portion of such a CM signal is shown in

Fig. 4 where

fc = carrier frequency in hertz

DEPTH IN METERS
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d duration of the sequence digit in seconds

D number of cycles of carrier per sequence digit.

Il

For all MIMI experiments, the number of cycles of carrier per digit
D is chosen to be integer-valued; thus the CM signal is periodic with

period

T = Ld - I.D/fc

where L is the number of digits in one period of the modulating

sequence.
+1
< cl=D/fC —_—
-1
(@)
-u{ l<— l/fc

LAARAALAALA AR

IR

(b)

1L

Fig. 4. A complement-phase modulated signal
(a) a portion of the modulating waveform

(b) the resulting CM transmission



The RMS power spectrum of a typical periodic signal of CM
type is shown in Fig. 5. For all such signals, the spectrum has a
sin(x)/x envelope except at the carrier frequency. Approximately
half of the total power is contained in the carrier line with the other

half contained in the sideband lines.

The signal used in the November experiment had

f = 420 Hz

c

D = 8 cycles/digit
and L = 63 digits

with the result that the digit duration and the period were

jo})
Il

0.019 seconds

and T

1.2 seconds

The spacing Af between adjacent lines in the transmitted spectrum

is
Af = 1/T = 5/6 Hz

Finally, there are 127 spectral lines lying within the nominal trans-
ducer bandwidth of about 105 Hz. The bandwidth of the main lobe of

the transmitted spectrum is also 105 Hz.

2.3 The Quantities Measured

The quantities measured on site during the November 1970
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experiment can be grouped into three categories: (1) signal power,
noise power and carrier angle measurements, (2) forward-scattered
surface reverberation measurements, and (3) multipath structure
measurements. These measurements were obtai‘ned using digital
processing techniques implemented by a digital computer located at
each receiving site. Each of the measurements was computed and
recorded every 100 sec on the basis of 80 sec of reception. (The
remaining 20 sec were used solely for computaticns.) As each 80 sec
of reception was digitized, it was effectively passed through a comb-
filter before being stored in the memory of the computer. This filtered
reception was recorded on magnetic tape for later processing at Cooley
Laboratory, and the spectra contained in this report are derived from
this reception.

A discussion relating the spectra and the simultaneous mea-
surements from categories (1) and (2) above is given in Chapter 4.
For a detailed discussion of the on-site measurements, the reader is

referred to Ref. 2.



3. THE PROCESSING OF THE BIMINI RECEPTION

3.1 The Equipment Configuration at Bimini

The equipment configuration at Bimini is shown in Fig. 6.

A frequency standard accurate to 1 part in 1010 provides a reference
signal that is converted to a 1680 Hz (equal to 4 times carrier fre-
quency) clock signal by a frequency synthesizer. After passing
through an isolation amplifier, the clock signal controls the analog-
to-digital conversion circuitry on the computer.

The receptions from both the shallow and the deep hydro-
phones are passed through signal conditioning bandpass filters and
amplifiers and brought to a patch panel. There the operator selects
which hydrophone signal is to be connected into the A/D converter
on the computer. Because of an equipment failure on the deep hydro-
phone link, the shallow hydrophone reception was used for the data

covered in this report. (Recall that the shallow hydrophone is in

100 ft of water 1 mile offshore.)

3.2 On-Site Digital Processing and Recording

The computer is programmed to demodulate the input at the
A/D converter from a real-valued, bandpass signal centered at 420
Hz to a complex-valued, lowpass signal centered about dc (i. e., zero

Hz). The processing is effectively shown in Fig. 7. The input signal

12



Tuwig e uorjeanSyyuod juswdinby ‘9 *SIg

[eudis 19010 zH 831/
J3Z1SaYJu g < | plepue)s
Kouanbaag Aduanbaxg
Jaynduy
uo1je[os] i
f pue 19314 12y Ndwy TeutwIa A duy I,Q MOT(ES
ssedpued ’
¢
~ dinbg I9)[1d 9A€}00 ¢/1
juawdin ! L
1eaaydiraag — pue Jojenuany |II\ a1qe) Julre sauoydoapiyg
pus zandwo D pajoajuo ) -aandwo D °
1/8-dad
Tayydury [
uoyyeros] Jaydwy reurwaa d deag
sued pue 199114 Jrdwy reut L wy
Yyoyed ssedpueg




14

Teudts
xa1dwo)
ssed MO

A

\

uotydooaa auoydoapAy ayj jo uoljempowap xaydwo) *), 314

ed Axreuidew]

jo sordweg /.’ N

oas/serdwes o1g ‘xordures

11ed 189y  J

J9TA
ssed MO

aseyd auis —P

I07e[[19S0
zH 0Z¥

aseyd auisoo —#>

.1‘
jo sordwiesg N

RN
ssed Mo

[eus1s
nduj



15

is demodulated by multiplication with both sine and cosine phase of
a 420-Hz reference signal. A lowpass filter on the output of each
multiplier passes only the difference-frequency components to the
samplers, which provide 210 samples/ sec of each channel. If the
output from the cosine phase channel is called the real-part of the
demodulated signal and the output of the sine channel is called the
imaginary-part, then this real-imaginary pair can be thought of as
a complex-valued representation of the input banapass waveform.

In point of fact, no information is lost in this process, and
each signal processing operation that can be performed on the band-
pass signal can also be performed on the lowpass complex signal to
yield the same results (Ref. 3). An advantage of the complex repre-
sentation in this case is that the number of samples per second which
must be dealt with depends only upon the bandwidth of the signal and
not upon its center frequency.

Inside the computer, the complex samples are passed through
a number of digital filters to perform the on-line measurements
described in Section 2.3. The spectral characteristics of the filters
germane to this current investigation are shown in Fig. 8. These
filters separate the line spectrum of the transmission into two dis-
joint pieces: the carrier alone, and the sidebands excluding the
carrier. Of course, both filter outputs contain those noise components

that are immediately adjacent to the signal lines. The sideband filter
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produces a time series of 252 complex points every 80 sec, and the
carrier filter produces one complex point every 80 sec. The out-
puts of these filters are written onto magnetic tape after each 80-sec

segment of reception is collected.

3.3 Selection of Data for Spectral Analysis

The record data from the Bimini receiving site span a period
of 19 days. The data from the period from ~1130 hours to ~1900
hours local time, 25 November 1970, were selected for spectral
analysis for the following reasons:

(1) Recordings of sideband filter and carrier filter outputs

are available for that period from the 7-mile hydrophone cabled back

to RSMAS (point 4 on Fig. 1).

(2) The receiving and transmitting frequency standards were
closely matched in frequency during that period. (Inadvertently for
some parts of the experiment, they were approximately 2 millihertz
apart, which is enough to compromise the phase structure of the
wideband spectra.)

(3) The wideband, sideband power shows two distinct modes
of behavior during the period, one of lower, constant power and another
of higher, varying power. This behavior had been observed in past
years on the carrier power measurement at the end of November,

and a more thorough investigation was sought.
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The data for analysis consisted of

(1) 274 time series, each containing 252 complex points, and
being the lowpass representation of an average (i.e., comb-filtered)
period of the reception with the carrier removed.

(2) 274 complex points yielding carrier amplitude and phase.

Each (time series, carrier) pair was produced on the basis of 80 sec
of data taken over a 100-sec time span. Thus the data spans 274 x 100

sec = 456+ 2/3 min = 7.61 hrs.

3.4 The Spectral Analysis

The spectral analysis proceeded in the steps outlined below.
(1) Fourier Transformation of the Time Series
Each 252-point time series Z(i) was discrete-Fourier-trans-

formed according to the following definition:

R
Hk) = ), Z(@) e , k=0 ... 251
i=0

where j = V-1. As expected, the frequency spectrum H(k) had
an extremely low carrier value. (That the carrier value was not

zero is attributed to the round-off errors in the computation.)

(2) Reinsertion of the Carrier
The large amplitude of the carrier in relation to the sideband

lines H(k) called for some scaling of the carrier prior to its
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reinsertion into H(k) and subsequent display. The scale factor chosen
was such as to transform the transmitted spectrum of Section 2.2 into
a pure sin(x)/x curve;i.e., the carrier was attenuated exactly
enough to fit into the smooth sin(x)/x curve of the other lines.

The ratio of transmitted carrier power for the CM signal used
]2

to the carrier power in the equivalent [ sin(x)/x]” power spectrum is

P, where

_ L-1\ _ 2
P —1+L<—I‘J—+‘T> = L-1+ L+1

For the L = 63 digit sequence used in the experiment,

1

P=62-32

- 62.03125 = (7.875992)°

Since the spectra are in volts and not power, each carrier line was

attenuated by 1/7.875992 and reinserted into its corresponding spectrum

H(k) as H(0).

(3) Removal of Phase Bias

The relative phase of each of the frequency lines in the trans-
mitted signal is determined by the pseudorandom modulating sequence.
In general, the phase angles of adjacent lines are not at all close,
making visual determination of phase behavior for even closely spaced
lines rather difficult. Consequently, the phase of each line in all
274 received spectra was modified by subtracting from it the phase

of the same line in the transmitted spectrum. This allowed phase
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plots for adjacent lines to reflect oceanic influences rather than the

phase structure of the transmitted signal.

(4) Selection of Lines for Further Analysis

Inspection of the on-line sideband power measurements for the
data under investigation indicates that the wideband signal plus noise-
to-noise ratio from the sideband filter varied from a minimum of 10
dB to a maximum of 25 dB. The centermost lines of the transmitted
spectrum contain the most power. Subject to cancellation due to inter-
ference phenomena, the signal plus noise-to-noise ratio of the center-
most lines is greater than or equal to that of the sideband filter output.

Thirty lines to each side of the carrier, as well as the carrier
itself, were selected for further analysis and display. The power
transmitted in these lines varies from 1.008 to 2.166 times the average
line power in the main lobe of transmission.

The effective length of the time series that were transformed
was 1.2 sec, yielding an eigenfrequency spacing in the spectrum of
5/6 Hz. Since 61 lines were selected, the spectra spanned 50 Hz,

i.e., 25 Hz either side of the carrier.



4. PRELIMINARY ANALYSIS AND CONCLUSIONS

4.1 The On-Line Power Measurements

The results of the on-line signal power measurements are

shown in Fig. 9, which is drawn from Ref. 2. The sideband filter
output, labeled S, and the carrier filter output, labeled C, clearly
show the two distinct modes of behavior mentioned in Section 3.3.
Before 1440 hours the S-output is lower and relatively constant; after
that time it rises rapidly and is much more variable.

In general the carrier level tends to follow the sideband level.
The substantial fluctuations in carrier level are probably caused by
cancellation of the carrier due to interference phenomena occurring
within the relatively narrow (13 millihertz) carrier tooth.

The trace on Fig. 9 labeled R is the output of a surface rever-
beration measurement filter and is the energy in a 5/ 6-Hz band about
the carrier. The signal plus noise-to-noise ratio in dB of any of the
C, S, or R outputs is simply the difference between it and the trace
labeled N, which is a wideband noise measurement. For further

information on the measurements shown on Fig. 9, refer to Ref. 2.

The numeric labels on various features of the carrier level in Fig. 8

refer to the spectral plots and will be discussed in the next sections.

21
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4.2 Spectral Plots

Plots of the spectra are bound into the rear of this report.
They are presented in polar coordinate r-6 form to correspond to
the amplitude-phase intuition of the electrical engineer (Appendixes
A and B).

The spectra may be viewed as 274 samples of 61 complex-time

series. They are denoted as
S¢f, t), £ =1, ..., 61; t =1, ..., 274

4.2.1 Constant Time Plots. Plots of S(f, t) holding t con-

stant for each plot are shown in Appendix A. These correspond to
50-Hz wide spectra separated in time by 100 sec. A sample page
is shown in Fig. 10. Six spectra spanning ten minutes in time are

plotted on each page. Their time order is:

At each plot position, the amplitude |S(f, t)! is plotted above the
phase angle arg[S(f, t)] with frequency increasing to the right. The
carrier frequency is marked with a tick. The phase is plotted between
two horizontal lines, the top one of which also serves as the zero line
for the amplitude plot. The range of the angle plot is one revolution
(i.e., 360 degrees or 27 radians).

The phase angles to be plotted were modified by the following

transformation.
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arg[ S(f, t)] plot = arg[ S(f, t)] data (af - b)

where the constants a and b were chosen empirically to be

0.45507 revolution/ frequency step

o)
1

o
Ll

0.58593 revolution

This transformation is equivalent to shifting the time origin 0.54608 sec
and the phase origin 0.58593 revolutions. (The original time and

phase origins were arbitrary since they were established by the
instant-of-time at which the receiving processor began operating.)

The constants a and b were chosen to make the largest portions

of all the 274 angle plots as flat (or alternately, as smoothly connected)
as possible.

In those cases where the phase angle does cross the phase
reference (zero revolution) axis, no attempt is made to draw a smooth
line connecting adjacent angles. Rather the "offending' angle is plotted
as a point instead of as a member of a line.

At the upper left of each page in Appendix A is a numeric
label. This label is a computer data access code for the original
recorded data that produced the spectrum in the upper left corner of
the page, i.e., plot position 1. The second number in this label is
the same as the numeric label on the C-power line of Fig. 9 and can
be used to establish a time correspondence between power levels
and spectral displays. The time duration of one page of spectra--ten

minutes--is indicated on Fig. 9. (Hopefully these limited capabilities
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for cross-referencing Fig. 9 and the plots in Appendix A will prove
sufficient; the macroscopic rather than microscopic features are of
interest here.)

4.2.2 Constant Frequency Plots. Plots of S(f, t) holding f

constant for each plot are shown in Appendix B. These correspond
to time series of signal amplitude and phase for each signal line in
the 61-frequency ensemble selected in Section 3.4. Two r-6 time
series, each spanning 7.61 hours, are plotted on a page, one in the
top half and the other in the lower half of the page. A sample page
is shown in Fig. 11 with IS(f, t)| plotted above arg[S(f, t)] with
time increasing to the right. The vertical scaling is not the same as
that of the constant time plots.

The angles portrayed in the constant frequency plots are
computed directly via arg[ S(f, t)] and undergo no transformation.
Again, as with the constant time case, angles which cross the phase
reference axis are plotted as points instead of as members of a
smooth line. At the upper left of each time series plot is a number
indicating the f value for the time series shown. To convert the f

value into a frequency in hertz, use the following relation:

5(integer f value - 31)
6

Frequency in hertz = 420 +

Accordingly, the carrier plot is labeled 31. Note that the C-power
trace in Fig. 9 corresponds to time-series 31 when allowance is made

for dB vs linear scales on amplitude.
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4.3 Preliminary Conclusion

The most striking feature of the S(f,t) function is that it
seems to change slowly both in frequency f énd time t . Figures
12 to 15 show a sequence of spectra spanning over one hour. At
the end of this time, the gross amplitude structure, especially the
frequencies of the predominant nulls, has not changed appreciably.
The frequency boundaries of the areas of linear phase angle behavior
have also not shifted to an appreciable extent. Future work will
consist of attempts to exploit the relative stationarity of the spectrum

exhibited here, with some emphasis on better methods of display.
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APPENDIX A

Constant Time Plots

Section 4.2.1 explains how to interpret the constant time

plots that follow.
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APPENDIX B

Constant Frequency Plots

Section 4.3.2 explains how to interpret the constant frequency

plots that follow.
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