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ABSTRACT

An underwater acoustic propagation experiment was conducted
(during the month of November 1970) as part of the Project MIMI pro-
pagation and signal processing research program. A periodic broad-
band signal modulating a 420 Hz carrier was transmitted continuously
across the Straits of Florida for 19 days. At the receiving site, the
power and phase angle of the carrier, the power in the signal side-
bands and the noise power in the signal band were measured. In
addition, the total power and the power spectrum in a narrow band
about the carrier line were determined as a measure of the modula-
tion due to the forward scattered surface reverberation. Finally,
the correlation of the received signal with a stored reference was
computed to measure the multipath structure and its stability. This
report presents a brief description of the acoustical range, the ex-

periment and the preliminary analysis of the data.
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Chapter 1

THE MIMI EXPERIMENT OF NOVEMBER 1970

The underwater acoustic propagation experiment of November
1970 was conducted jointly by the Acoustics Group of the Rosenstiel
School of Marine and Atmospheric Sciences at the University of Miami
and by the Signal Processing Group of the Cooley Electronics Labora-
tory at The University of Michigan. A periodic, broadband signal,
modulating a 420 Hz carrier was transmitted continuously across the
Straits of Florida for 19 days. At the receiving site, the power and
phase angle of the carrier, the power in the signal sidebands,and the
noise power in the signal band were measured. In addition, the total
power and the power spectrum in a narrow band about the carrier
frequency were determined as a measure of the modulation due to
the forward-scattered surface reverberation. Finally, the correla-
tion of the received signal with a stored reference was computed to
measure the multipath structure of the channel and its stability.

During the course of the experiment approximately 9 million
digital words of the reception were recorded for later processing.
This report, however, contains only the description of the experiment
and the preliminary analysis of the on-line results. A more complete

report on the results of additional processing of the data is planned.



1.1 The Miami-Bimini Range

Location and Facilities. The Miami-Bimini range, illustrated

in Fig. 1, is part of the facilities of the Acoustics Group of the Rosen-
stiel School of Marine and Atmospheric Sciences (REMAS) of The
University of Miami. 1 It extends across the Straits of Florida from
Miami to Bimini, Bahamas.

The transmitting site is located at Fowey Rocks [ point 2,
Fig. 1(a)] approximately 12 miles from the RSMAS laboratory. At the
transmitting site, which is connected to the RSMAS laboratory by
telephone lines (point 1, Fig. 1), a bottom mounted projector is
located in 72 feet of water at the focal point of a 24 ft. compliant
tube, parabolic reflector. It has a maximum output level of 120 dB/

pbar at one meter with a nominal bandwidth of 100 Hz. The 30° beam-~

width is directed toward Bimini, a distance of 43 nautical miles

Two receiving sites were used in the experiment. At the first
of these, a bottom mounted hydrophone is located in 1000 féet of
water at point 4 in Fig. 1(a) approximately 7 miles from the source.
The reception from this hydrophone was transmitted to the REMAS
laboratory by marine cable. This site is hereafter referred to as the
T-mile hydrophone. The second receiving site is located off Bimini

at point 3 (Fig. 1). There, two bottom mounted hydrophones

1J. C. Steinberg, and T. G. Birdsall, "Underwater Sound Propagation

in the Straits of Florida," J. Acoust. Soc. Am., 39, 301-315 (1966).
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are cable-connected to a laboratory on Bimini., These hydrophones
are located at 100 and 1200 feet, 1 and 2 miles off shore and are
referred to as the shallow and deep hydrophones, respectively.

Oceanographic and Acoustical Characteristics. The bottom

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

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

The ray diagram corresponding to the velocity 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

calculated from velocity profiles obtained in the spring and summer.

1.2 The Transmitted Signal

The transmitted signal consisted of a linear-maximal, pseudo-

random sequence used to complement-phase modulate (CPM) a carrier.
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The phase of the carrier is shifted to either +4 50 or -45° depending

on the value of the binary digit in the modulating sequence. A portion

of a CPM signal is shown in Fig. 4 where:

f = carrier

d

d = duration of the sequence digit

D = number of cycles of carrier per sequence

digit
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Fig. 4. A complement-phase modulated signal
(@) a portion of the modulating waveform
(b) the resulting transmission

Evidently
d = D/ fc

Furthermore, when the number of cycles of carrier per digit D is

integer-valued, the signal is periodic with period
T = Ld = LD/ fc

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

sequence.




The RMS power spectrum of a typical (CPM) signal is shown
in Fig. 5 for the special case L = 15and D= 8. It is seen that this
spectrum has a sin(x)/x envelope except at the carrier frequency.
It can easily be shown that approximately half of the total power is
contained at the carrier frequency with the other half contained in the
sideband frequencies.

For the specific signal used in the experiment,

f = 420 Hz

c

D = 8 cycles/digit
and L = 63 digits

with the result that the digit duration and the period were

0.019 seconds

Q.
1!

and T 1.2 seconds

Furthermore, the frequency line spacing Af and the effective signal
band B (frequency spread between the spectral zeros on either side

of the carrier) were

Af 1/T 0. 8333 Hz

Il
I

vs}
1

2/d 105 Hz

Finally, it can be shown that there are 125 spectral lines lying within

the signal band.



d
Fig. 5.

The RMS spectrum of a complement-phase
modulated signal for L =15 and D =8
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1.3 The Quantities Measured

The quantities measured in the November 1970 experiment can
be grouped into three categories: (1) signal power, noise power and
carrier angle measurements, (2) forward-scattered surface rever-
beration measurements, and (3) multipath structure measurements.
These measurements are obtained using digital processing techniques
implemented by a digital computer located at each rec’eviving site.

(See Section 1.4.) Each of the measurements is computed and re-
corded every 100 seconds on the basis of 80 seconds of data. (The
remaining 20 seconds are used solely for computations.) The specific
quantities measured are described in the following paragraphs.

1.3.1 Power and Angle Measurements.

C Power. The C power measurement is a measure of the power
present in the carrier of the received signal. It is determined as
that power passing through a digital processing filter with a frequency

response, H _(f), as illustrated in Fig. 6(a). 2 Note that due to the

ol
narrow bandwidth, 3 (0.013 Hz), Hc(f) passes only the carrier fre-
quency and none of the sideband frequencies present in the spectrum

of the transmitted signal.

2Only the main lobes of the frequency responses of the processing
filters in Fig. 6 are illustrated since these lobes contain almost all
of the total power.

3By bandwidth we mean 1/2 the frequency spread between the two

zeros on either side of the center frequency of the main lobe.
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N Power. The N power measurement is a measure of the noise
power contained within the signal band: fC -B/2< Il < fc + B/ 2.
It is determined as that power passing through the digital processing
filter with a frequency response, HN(f), as illustrated in Fig. 6(c). 4
Such a filter is often referred to as a comb filter. Note that each

"tooth' in HN(f) is centered midway between the spectral lines in

the signal spectrum, and the bandwidth of each tooth is again 0.013 Hz.

S Power. The S power measurement is a measure of the signal
power within the signal band, excluding the carrier power. It is
determined as that power passing through the digital processing filter
with frequency response HS(f) as illustrated in Fig. 6(b). This
filter is recognized as a comb filter with a tooth missing at the car-
rier frequency. The remaining teeth are aligned with the line fre-
quencies of the transmitted signal. The bandwidth of each tooth is

0.013 Hz.

Carrier Angle (A). The carrier angle is a measure of the relative

difference between the phase of the output of the carrier processing

filter and the phase of the local reference oscillator (see Section 1.4).

1.3.2 Surface Reverberation Measurements. The effect of

surface reverberation is to scatter some of the power of a transmitted

4
The filter H,.(f) is used to calculate the noise power only at the
Bimini receiving site. An equivalent, but different, technique is
used for the 7-mile data.
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frequency into sidebands on either side of that frequency. It is felt
that this scattered power should lie between 0.1 Hz and 0.4 Hz on
either side 6f. the transmitted frequency, depending on the spectrum
of the surface waves. For the signal used in the experiment, the
spacing between the lines in the power spectrum is Af = 0. 8333 Hz
so that the sideband line frequencies do not interfere with the power
scattered from the carrier frequency. Thus, the effect of surface
reverberation can be measured by computing the power spectrum at

f),

the output of the processing filter whose frequency spectrum, HR(

is shown in Fig. 6(d). Note that the bandwidth of HR(f) is large
enough to include the power scattered by surface reverberation but
small enough to exclude the power in the signal sidebands.

In addition to computing the reverberation or '"reverb"
spectra, the total power at the output of HR(f) minus the carrier
power is also computed. This power, referred to as the reverb
power or R power, is a measure of the power in the sidebands of
the reverb spectrum.

1.3.3 Multipath Structure Measurements. The magnitude of

the cross-correlation function between the demodulated reception and
a pulse-compression reference is computed to measure the multipath
structure of the channel. In the absense of noise, this function has a
triangular peak of width, 2d = 0.038 seconds, centered at the arrival

time of each transmission path mod(T), and an amplitude proportional
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to the amplitude of the signal received over that path., For example,
the cross-correlation function for the special case of only two trans-
mission paths is shown in Fig. 7. Note that this is the same function
as would be obtained if a single, large, one-digit pulse were trans-
mitted once every T seconds and received through a matched filter.
As a measure of the time stability of the channel multipath
structure, the zero-delay complex cross-correlation coefficient
between the demodulated received signal and a previously stored
replica of the received signal is calculated for each data set. When
this coefficient falls below a set value, indicating a marked change
in the multipath structure, the current signal becomes the replica,
and the new multipath picture is displayed. Otherwise, the previous
replica is displayed and retained in storage. The changing magnitude
of the correlation coefficient is an indicator of how fast the multipath

structure is changing.

1.4 The Equipment Configuration

The configuration of the equipment used in the experiment is
shown in Figs. 8 and 9. Figure 8 illustrates the configuration used
in the generation and transmission of the signals and in the processing
of the reception from the 7-mile phone at Miami. Figure 9 shows the
configuration used in the processing of the reception at Bimini.

The operation of the equipment in Fig. 8 is as follows. The

frequency standard (accurate to 1 part in 1010) provides a 100 KHz
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Fig. 7. A multipath display for two transmission paths

reference signal which is converted to a 1680 Hz (= 4x carrier fre-
quency) clock signal by the frequency synthesizer and then passed
through an isolation amplifier. One output of the isolation amplifier
is used as a reference for the digital modulator whose output, after
filtering, is the CPM signal described in the preceding section. This
signal is amplified and then transmitted down the Miami-Bimini range.
The reception' at the 7-mile hydrophone is amplified and transmitted
back to the RSMAS laboratory. There it is filtered and amplified and
then processed by the LINC-8 computer. The other output of the iso-
lation amplifier provides a clock signal to the LINC-8 computer for
use in sampling the reception.

The receiving equipment at Bimini (Fig. 9) operates in es-
sentially the same way as the receiving equipment at Miami. The

receptions from both the deep and the shallow hydrophones are
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transmitted to the laboratory at Bimini and then amplified and filtered.
The reception ffom one of the two hydrophones then enters an attenua-
tor whose attenuation is controlled by the past signal level into the
PDP-8 computer. The output of the controllable attenuator is first
amplified and filtered and then processed by the computer. The co-
herent clock signal for the computer is obtained from a frequency
standard and synthesizer identical to that employed at Miami.

The digital computers appearing in Figs. 8 and 9 are used
to implement the processing filters and to calculate the reverb spec-
tra and multipath displays as discussed in Section 2.3. 1In this capacity,

these computers function as indicated in Fig. 10.
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Filtered Reception 1680 Hz Clock
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Fig. 10, Block diagram of the digital processing implementation




Chapter 2

THE PRELIMINARY ANALYSIS OF THE DATA

Measurements of all of the quantities discussed in Section 1.3
were made at Miami from the 7-mile hydrophone for 20 days. At
Bimini, approximately 8 days of measurements were taken from the
deep-water hydrophone and 11 days of measurements were taken from
the shallow-water hydrophone. This chapter presents the preliminary
analysis of the data from 15 of the 20 days, excluding the carrier angle
and the correlation-coefficient measurements which will be discussed

in a later report.

2.1 The Power Measurements

The power measurements, expressed in decibels relative
to an arbitrary reference, have been plotted as continuous functions
of time. (Continuity has been obtained by linear interpolation between
the discrete data points.) Two different vertical scales have been
used. In the one case, the vertical scaling is determined as if the
gain of each of the processing filters in Fig. 6 is equal to unity. These
plots are referred to as the unity-gain plots (UG). In éhe other case,
the vertical scaling has been determined as if the product of the gain
and the bandwidth of each of the processing filters were cdnstant. These
plots are referred to as the constant gain-bandwidth (CGB) plots. The

CGB plots have the property that the approximate signal-to-noise ratio
20
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(in dB) at the output of the processing filters HC #), Hs(f) and
HR(f) can be obtained simply by subtracting N power from C, S
or R power respectively.

UG and CGB plots of the power measurement for the com-
plete eXperiment are found in Appendices A through D. In this sec-
tion the essential features of these plots are summarized.

2.1.1 The Mean Powers. The general character of each

of the power measurements is best illustrated in terms of a slowly
varying component and the amount of additional variation about this
component. The slowly varying component or '"'mean power' has
been estimated by computing a sliding average. The amount of varia-
tion about the mean power has been estimated by computing a sliding
standard deviation. In the following paragraphs the mean powers,
based on a thrée- hour averaging time, are discussed. For notational
convenience, the mean powers are distinguished from the actual
measured powers by using a subscript "m'. For example, Cm de-
notes the mean carrier power obtained by averaging the carrier power
measurement C. The standard deviations about the means are dis-
cussed in Section 2, 1, 5,

Figures 11(a) and 11(b) illustrate the mean powers from the
Bimini data plotted on a CGB scale. The deep hydrophone mean powers
appear in Fig. 11(a) for 14 November through the evening of 17

November. During this period, the mean sideband power is relatively
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constant around 110 dB and the mean carrier power varies somewhat
more around the value of 130 dB. There appears to be only a small
correlation between Cm and Sm‘ The mean noise'power reaches a
low on 15 November, then abruptly rises 15dB to a new value and
remains at that new value with very little variation fo_r the remainder
of the deep-water data. In the period preceding the jump, Nm shows

a significant amount of variation. The mean reverb power, R_, with

m’
the exception of a short period on 15 November, exceeds Nm by less
than 8 dB and both Rm and Nm appear to be highly correlated.

The remaining Bimini data were taken from the shallow
hydrophone. The mean powers constitute the rest of Fig. 11(a) and
all of Fig. 11(b). For approximately half of the time, the sideband
power is reasonably constant around 105 dB, but, during the re-
maining time, Sm varies considerably with local maxima from 10
to 20 dB higher than the nominal value. | During the pef‘iod of stable
sideband power, Cm is also reasonably stable and there appears to
be some correlation between the two. During the periods of high

sideband power, however, Cm is also quite high and the two powers

are highly correlated.

5The difference in the power levels between the deep hydrophone power

measurements and the shallow hydrophone power measurements can be
attributed to the gain settings of the amplifiers in the pre-processing
equipment.
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The shallow water mean noise power exhibits two different
kinds of behavior. On the one hand, Nm suffers an abrupt 15 dB
gain and then does not return to‘its originavl value for a period of
several days [ see 22 November, Fig. 11(b)]. This is similar to the
jump in the deep hydrophone noise power except there is more varia-
tion following the jump. In contrast to the "jump type'' variations in
the shallow-hydrophone noise power, there are several instances
where Nm rises about 10 dB and then immediately returns to the
original value. These ''roll-type' variations seldom last longer than
several hours.

The behavior of the shallow-water reverb power during the
periods of stable Sm is much like the behavior of the deep hydro-
phone reverb power. It maintains a fairly constant value except
during the rolls in noise power. During the periods of high Sm ,
however, the reverb power is also high and the three powers Sm ,
Cm , and Rm all vary together.

Figures 12(a) and 12(b) illustrate the mean powers for the
T-mile data. The most striking feature of these plots is the high
degree of stability in all four powers in contrast to the instability of
the corresponding powers from the Bimini data. It is noted that the
mean sideband power varies less than 10 dB during the course of
the experiment, and the range of variation in the mean carrier power

is only slightly greater. It should also be noted that although Cm
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and Sm are only slightly correlated, the mean reverb power and the
mean noise power show a substantial correlation.

In the above paragraphs we have discussed the plots of the
four mean powers from each receiving site. These plots present the
general characteristics of the power measurements for all 19 days of
data in terms of two plots for each receiving site. In order to inves-
tigate the local behavior of the power measurements, however, it is
necessary to examine specific examples of the CGB plots from the appen-
dixes. This is done in the next three subsections.

2.1.2 The Carrier Power and the Sideband Power Measure-

ments. Figures 13(a) and 13(b) illustrate two CGB plots of the carrier

power and the sideband power taken from the stable S-power portion
of the Bimini shallow hydrophone data. It is seen that C power
varies over a wide range with most of the variation consisting of
sharp, deep fades of up to 30 dB. The rate at which these fades
occur varies from as little as one fade per two hours tb as much.as
two fades per hour with an average fade rate of approximately one
fade per hour. The amount of variation in the sideband power is
small, with several periods during which S power varies less than
3 dB in 3 hours.

Figures 14(a) and 14(b) illustrates two CGB plots of the car-
rier power and the sideband power taken from the high S—pvbwer

portion of the Bimini data. In Fig. 14(a), S rises to 118 dB,
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18 dB higher than its nominal value, and in Fig. 14(b) S rises to
124 dB. In both Figs. 14(a), (b), it is noted that the carrier power
is well above its nominal value, that the C-power fade rate is con-
siderably iess than its nominal value, and that both C power and
S power are highly correlated.

The C- and S-power measurements taken from the 7-mile
data have much the same general character as the C- and S-power
measurements taken from the stable S portion of the Bimini data.
The T-mile C power also has fades as deep as 30 dB and the 7-
mile S power also has only a small amount of variation.

There are, however, two significant differences between
the 7T-mile C and S powers and the Bimini C and S powers.
First, the 7T-mile C power fade rate, (on the average), is notice-
ably less than the Bimini C-power fade rate. Figures 15(a) and
15(b) illustrate two representative CGB plots of C and S power
from the 7-mile data. It is seen that there are several periods of
over three hours where at most one deep fade occurs. There are,
of course, many periods from the 7-mile data with a high C-power
fade rate [for example between 1500 hrs and 2000 hrs in Fig. 15@)],
but a cursory examination of all the data from both sites indicates
that the 7-mile C-power fade rate is approximately half the Bimini

C-power fade rate.
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The second major distinction between the 7T-mile C and S
powers and the Bimini C and S powers lies in the dependency of
the C—powef'fade rate on the level of S power. In the 7-mile data,
the C-power fade rate appears to be independent of the level of S
power. In the Bimini data, however, the C-power fade rate is much
lower during the periods of high S power than it is during the periods
of stable S power.

2.1.3 The Noise Power Measurements. The Bimini noise

power measurement varies over a range of 30 dB during the course
of the experiment. Part of this variation consists of changes between
10 and 15dB in the mean N power due to "jumps' and 'rolls’ as
discussed in Section 2. 1. 1. In addition, there are large isolated 20
to 30dB spikes which can be attributed to local shipping noise.
Finally, there is a small portion of the Bimini data during which 5
to 10 dB spikes occur at a rate of from three to five spikes an hour.
To illustrate these different behaviors, four different 12
hour segments of the Bimini noise power are presented in Figs. 16(a)
to 16(d). Figure 16(a) illustrates a jump of 18 dB in the noise power.
Note that N power is considerably more stable after the jump than
before the jump. Figure 16(b) shows the noise power over the same

12-hour period' a day later. The N power measurement has remained
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at the same level and there is still very little variation about this level.
The two sharp peaks are examples of local shipping noise. Figure
16(c) illustrates that portion of the Bimini data during which the large,
closely spaced spikes occur. It is unlikely that these spikes are due
to local shipping noise in the light of their high repetition rate and the
time of day when they occur. Figure 16(d) illustrates a roll variation
in the noise power. At 1800 hours, the level of the noise power in-
creases 15 dB and then returns to its original level, all within a
period of three hours. These roll variations occur fairly often at
different times in the shallow-water data. It is interesting to note,
however, that on most of the days when shallow—hydrophoné data were
taken, a roll began between 1730 and 1800 hours and lasted from two to
three hours, (See the figures for the first 12 hours for November 18 to
22, 25, 26, and 28 in Appendix A,) It is reasonable to assume that
these rolls can be attributed to biological activity.

The 7-mile N power measurement differs from the Bimini
N power measurement in two ways. First, as mentioned in Section
2.1.2, there are no appreciable jump or roll type variations in the
T-mile noise power. Second, the large, closely spaced, spiked

variations that occur only once in the Bimini N power, occur six
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times in the 7-mile N power with each occurrence lasting from 6 to
24 hourls. In the remaining portion of 7-mile noise power data, there
is only a small amount of variation with the exception of occasional
shipping noise spikes. Figures 17 and 18 illustrate different 12-hour
segments that are typical of the 7-mile noise power measurement.

2.1.4 The Reverb Power Measurements. The Bimini reverb

power can be viewed as consisting of small amplitude variations about
the mean R power of Fig. 11, Section 2.1.1. As mentioned in Sec-
tion 2. 1.1, R power varies according to N power during the periods
of stable S power and varies according to S power during the
period of high S power. Detailed examples of this dependency of

R power on N power and on S power appear in Fig. 19(a) and (b)
respectively. It should be noted that the level of R .power in Fig.
19(b) is from 10 to 20 dB higher than the level of R power in Fig.
19(a).

The T-mile reverb power resembles the 7-mile noise power
in behavior. The two mean powers vary together during the whole ex-
periment as discussed in Section 2.1.1. Moreover, the 7-mile R
power also has long periods during which large amplitude, closely
spaced spikes occur and long periods when there is only a small
amount of variation about the mean value. In fact, there is a high

correlation between the amount of variation in R power and the amount
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of variation in N power. This is apparent in Fig. 18 which illus-
trates the two power measurements from 19 November. It is also
noted from Fig. 18 that the R power signal-to-noise ratio is ex-
ceptionally hiéh. We will return to this point in Section 2.2,

2.1.5 The Standard Deviations About the Mean Powers. In

the above paragraphs, the power measurements have been described
in terms of the slowly varying mean powers and specific examples of
the CGB plots illustrating the character of the variations about the
means. As a quantitative measure of this variation, sliding standard
deviations for each power have been computed using a 25-minute
averaging time. For notational convenience the standard deviation

of each power is denoted by a "'¢"" with a subscript denoting the pow-

er; for example, o,, denotes the standard deviation of the N power

N
measurement.

The plot of the standard deviations for the Bimini powers is
illustrated in Fig. 20. The fades in C power appear as sharp spikes
in 0w - Thus, those periods during which the spikes in 0~ occur
less frequently correspond to the periods of low C-power fade rates.
The jump and roll type variations in N power do not appear in R
However, the period during which the large, closely spaced spikes
occur, appears as a 3 dB increase in the level of N [ compare the

morning of 25 November in Figs. 16(c) and 20(b)]. The shipping noise
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in N power also appear as spikes in ¢ It is noted that some of

N

these also appear in Og and On when S power and R power be-

come noise-driven by the large shipping noise spikes.

An important point to be noted in Fig. 20 is that, with the
exception of the shipping noise spikes, og is reasonably constant.
This indicates that the amount of variation in the sideband power is
essentially the same throughout the experiment. The same statement
holds for both R and N power, if two 6-hour segments, one on 15
November and one on 23 November, are excluded from o_ , and one
6-hour segment on 26 November is excluded from oN

Figure 21 illustrates the standard deviations for the 7-mile
power measurements. The lower T-mile C-power fade rate is in-

dicated by the smaller number of spikes in ¢ Note also that the

c -
average level of the 7-mile O is significantly less than the average

level of the Bimini O indicating less variation in the 7-mile C

power. It is also seen that the spikes in ¢, due to shipping noise

N
are smaller than those in the Bimini oN ° Also, none of these spikes
appear in Og and only a few appear in OR * This is a result of the
higher signal-to-noise ratios at the 7-mile hydrophone.

Special attention should be given to the behavior of ¢, and

R
N in Fig. 21. Both OR and N have frequent periods during which
they rise several dB . These increases in OR and oy are the re-

sult of large amounts of variation about the average levels. The high
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correlation between these periods of increase in R and oN is

apparent.

2.2 The Surface Reverberation Spectra

In the preceding section the behavior of the reverb power at
both receivin'g. sites was discussed qualitatively. In this section, ex-
amples of the surface reverberation (reverb) spectra are presented
and discussed.

Recall from Section 1. 3 that the reverb spectrum is that
portion of the received spectrum contained within a bandwidth of
0.833 Hz centered about the carrier frequency. Thus, the reverb
spectrum contains the power in the carrier frequency line, the power
scattered from the carrier line by the surface reverberation, and that
portion of the noise power normally lying within the reverb bandwidth.
To illustrate the decomposition of the reverb spectrum into its com-
ponents, displays from each receiving site are presented in Fig., 22.
Thetick marks on the frequency axis of each display are separated by
0.1 Hz and the amplitude is expressed in dB with the two vertically
spaced tick marks indicating a difference of 20 dB. Figure 24(a)
shows the spectrum when only noise is present, and Fig. 24(b) shows
the spectrum when both signal and noise are present, both displays
are taken from the Bimini data. It is seen that when only noise is
present, the carrier line appears as a dot above the center frequency

and the reverb power appears in sidebands about the carrier line.
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20dB
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Fig. 22. Reverb spectra displays: Fowey
Rocks to Bimini

Figure 23(a) and (b) show two displays taken from the 7-mile
data at two different times when no signal was transmitted. Notice
that there is a 0.2 Hz bandwidth over which the spectrum level
is 20 dB higher than the level in the remaining portion of the reverb
bandwidth. Note also that the center frequency of each excursion is
different. It is doubtful that these excursions are characteristic of
the ocean noise, and until a more complete investigation is made, they
must be attributed to signal leakage somewhere in the 7- mi‘le proces-
sing equipment. It might also be mentioned that the additional power
present in the display of Figs. 23(a) and (b) would account for as much

as 13 dB of the 7T-mile R power measurement.
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Fig. 23. Reverb spectra displays: Fowey Rocks to 7T-mile

Figure 23(c) illustrates a typical 7-mile reverb display when
signal is also present. It is not possible to determine what percent-
age of the sidebands must be attributed to signal leakage in the equip-
ment.

We begin the description of the reverb displays with examples
from the Bimini data. As might be expected, the most significant
reverb sidebands occur in the large S power portion of the data since

during this period R power is also quite large. As examples of the
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reverb displays during this period, two sequences of displays taken
over different 6-hour intervals appear in Figs. 24(a) and 24(b). The
first display in the upper left-hand éorner of Fig. 24 was taken at
0010 hours on 25 November. The first display in Fig. 24(b) was taken
at 2036 hours, also on 25 November. Successive displays in all of
the sequences of displays illustrated in this section are taken at 30
minute intervals. The value of R power at the time when each dis-
play was taken is written to the left of the display. It is seen from
Fig. 24 that the amplitude of the reverb sidebands depends on the
value of the corresponding R-power measurement, For these dis-
plays it appears that the reverb sidebands are centered about +0. 2 Hz
on either side of the carrier with most of the power in each sideband
confined toa 0.2 Hz bandwidth.

Although the largest reve;rb sidebands occur during the high
S-power portion of the Bimini data, there are also periods from the
stable S-power data during which reasonably well-defined reverb
sidebands appear. Figure 25 illustrates two, 4-hour sequences of
reverb displays taken from different periods of the stable S-power
data. The first display in the sequence in Fig. 25(a) was taken at
0400 hours on 14 November and the first display in Fig. 25(b) was
taken at 0255 hours on 18 November. As above, the amplitude of the
reverb sidebands depends on the corresponding value of R power.

In contrast to the reverb displays taken from the high S-power data,
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Fig. 25. Reverb spectra displays: Fowey Rocks to Bimini
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however, the bandwidth of each sideband is only about 0.1 Hz. Also
note that the center frequencies of the reverb sidebands in Fig. 25(a)
are from 0.05to 0.1 Hz larger than the center frequencies for the
other Bimini reverb spectra. The reverb displays in Fig. 25 are
typical of much of the stable S-power Bimini data, although there are
long periods in this portion of the data where no noticeable reverb
sidebands appear.

The reverb spectra from the 7-mile data generally have a
more definite structure than do those from the Bimini data. The am-
plitudes of the sidebands are larger and the shape of the sidebands
varies less during the course of the experiment. Figures 26(a) to
26(d) illustrate four sequences of reverb spectra taken on four dif-
ferent days. (The time when the first display in each sequence was
taken is indicated at the top of the display.) The amplitudes of the
reverb sidebands in these displays ranges from 10 to 25 dB and the
sideband center-frequencies vary between + 0.12to + 0.25. These
reverb displays illustrate the complete range of behavior of the 7-mile

reverb spectra.

2.3 The Multipath Structure Displays

The displays of the multipath structure are obtained as the
magnitude of the cross-correlation between the demodulated recep-

tion and a pulse-compression reference (see Section 1.3). The length
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Fig. 26. Reverb spectra displays: Fowey Rocks to 7- mile
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of the time delay axis in these displays is equal to the period of the
transmission, 1.2 seconds, and the duration of a single peak in the
display is 2d = 0.038 seconds. (The duration of a single peak is in-
dicated on the display in the lower left-hand corner in each figure.)
The vertical scaling for the multipath displays is determined oniy up
to a factor which is a power of two. Thus, care must be used in com-
paring the relative strengths of arrival peaks in different displays.
The multipath displays from the Bimini data indicate a wide
variation in the complexity of the multipath structure. The most
complex structure occurs during the period of stable S power.
Figures 27(a) and 27(b) illustrate two sequences of multipath displays
taken from this portion of the Bimini data. The multipath displays in
Fig. 27(a) were taken from the shallow water data at 5-minute inter-
vals beginning at 0050 hours on 16 November. The corresponding
values of S power appear to the left of each display. There are two
main arrival peaks occurring close together, preceded by a varying
number of small amplitude arrival peaks. The overall power in the
minor arrival peaks is the greatest for the small value of S power.
The multipath displays in Fig. 27(b) were taken from the
deep water data at 5-minute intervals beginning at 0352 hours on 14
November. The multipath structure in these displays is quite com-
plicated. Each display shows many transmission paths, ail of approxi-

mately the same strength. Although a significant portion of the Bimini
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Fig. 27. Multipath structure displays: Fowey Rocks to Bimini
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data has a multipath structure as complicated as that appearing in
Fig. 27(b), there are only a few instances where the multipath struc-
ture becomes more complicated.

The least complicated multipath structure occurs during the
high S-power portion of the Bimini data. Figure 28 illustrates a se-
quence of multipath displays taken every 30 minutes beginning at 0010
hours on 25 November. For the high values of S power, the multipath
displays indicate only one major arrival peak, and in several of these
displays there are no smaller arrival peaks at all. For the lower
values of S power, however, more than one major arrival peak
appears.

The multipath displays from the 7-mile data are less compli-
cated and more stable than those from the Bimini data. Figures 29(a)
to 29(d) illustrate four sequences of multipath displays taken on dif-
ferent days. The times at which the first display in each sequence
were taken are the same as those for the reverb spectra in Fig. 27.
The successive display in each sequence were taken at 15- minute
intervals. It is seen that with few exceptions, each display indicates
one major transmission path preceded by from two to four minor
transmission paths. This behavior is typical of the 7-mile data multi-

path structure.
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2.4 Environmental Measurements

During the course of the experiment, water temperature and
tide level readings were made at the Bimini receiving site. Also wind
speed and direction at Bimini were recorded during much of the ex-
periment. In this section we present the results of these measure-
ments along with a general description of the weather conditions dur-
ing the experiment, Other environmental measurements were also
made at the Miami receiving site, but the results of these will be
deferred to a later report.

With the exception of two cold periods, the weather during
the experiment was generally mild with daytime temperatures in the
mid 70's and light breezes ranging from 3 to 15 knoté. The first of
the two cold fronts reached Bimini around noon on 15 November,
bringing cool, windy weather which lasted through 18 November.
During this time, the daytime temperatures were in the mid 60's
and the winds were between 10 and 22 knots out of the northwest. The
second, and most severe cold front began on the evening of 23 No-
vember and lasted until 25 November. During this time the daytime
temperatures dropped into the low 60's and the winds ranged from
15 to 30 knots out of the northeast.

The water temperature readings at the Bimini receiving site
were taken from a thermistor string located approximately one mile

from shore. The five different readings, labelled Tl’ T2’ T T

3 4
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and T5 , were taken at depths of 118 ft., 348 ft. 486 ft., 624 ft. and
759 ft. respectively. Plots of these readings appear in Fig. 30.

The Bimini tide level was measured in feet above a reference
point at a p.osf located several yards from shore. The plot of these
measurements appears in Fig. 31. The wind velocities in knots for

those days when the measurements are available is also indicated in

Fig. 31.

2.5 Summary of the Preliminary Analysis

The Bimini Data. At the Bimini receiving site, 4 days of

data were taken from the deep hydrophone and 11 1/2 days of data
were taken from the shallow hydrophone. These periods, along with
the times on the other main events that occurred at the Bimini re-
ceiving site,are illustrated in Fig. 32. We consider the deep hydro-
phone data first. The general behavior of the three signal powers
C, Sand R does not change during the deep hydrophone data even
during the cold weather period that occurred between 15 November
and 18 November. The carrier power suffers sharp, deep fades
occurring at an average rate of about one fade per hour. The side-
band power is reasonably stable with local variations confined to a
10 dB range. Reverb power is also quite stable with its load varia-
tions also limited to a 10 dB range, although the frequency of these

variations is greater than those in S power. Typical signal-to-noise
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NN Deep hydrophone data
v/ Shallow hydrophone data: Stable S power

0000707007070 ¢
%0%%0% %% %% % %

Shallow hydrophone data: High S power

1st cold period 2nd ccgcl period

™~

-~

NN\ il o RS ARSI/ VRIY
14 15 ' 16 17 ' 18 ' 19 20 ' 21 ' 22 23 24 25 26 = 27 28

DATE Nov. 1970

Fig. 32. The times of the main events at Bimini

ratios for C, S and R power are 40 dB, 20 dB and 3 to 10 dB

respectively.

The reverb spectra from much of the deep hydrophone data
do not have measurable sidebands although there are a few periods
during the first cold front when sidebands do become noticeable with
amplitudes as large as 10 dB . The multipath displays generally
exhibit a complicated structure with many arrival peaks.

The most significant feature of the deep water noise power is
the abrupt 15dB increase that occurs on 15 November. The time at
which this jump occurs coincides with a sharp increase in the wind

velocity as the first cold front reached Bimini, suggesting that the
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added 15dB of noise power can be attributed to surface noise.
After the jump occurs, N power becomes extremely stable with
local variations (excluding shipping noise spikes) confined toa 3 dB
range. Before the jump, N power is considerably less stable.

The shallow \hydrOphone data, with the exception of the noise
power, is best described by considering the periods of stable S
power and the periods of high S power separately. During the
stable S-power period, the three signal powers C S and R have
the same general behavior as the signal powers from the deep hy-
drophone data. In fact, the only noticeable difference is that the
local variations in R power are slightly more dramatic than those
in the deep hydrophone R power. Typical signal-to-noise ratios for
C, Sand R are 40dB, 15dB and 5to 10 dB, respectively. The
reverb spectra and multipath displays from this period also have the
same general structure as those from the deep hydrophone data.

During the high S power period, all three signal powers
C, Sand R are from 10 to 20 dB higher than at other times. The
carrier power fade rate drops to as low as one fade per six hours.
Sideband powér‘becomes considerably less stable and all three powers
are highly correlated. The signal-to-noise ratios for C, S and R
reach highs of 50 dB, 35 dB and 25 dB respectively.

The second cold front began about one day before the most

dramatic period of high S power. When S power reaches its highest
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values, the water temperature reading closest to the surface, T1 ,
reaches its lowest values, thus suggesting that at least some large
increases in S power may be due to increased surface ducting

The reverb spectra from the high S-power period generally
have well defined sidebands with amplitudes between 5 and 20 dB
depending on the corresponding level of R power. The multipath
displays indicate only one major transmission path with at most
only a few minor transmission paths. The clarity and stability of
the multipath diéplays are greatest when the corresponding S power
is large.

The noise power from the shallow hydrophone data exhibits
several distinct kinds of variation in addition to shipping noise. As
in the shallow hydrophone noise power, there is a shaljp 15 dB jump
of surface noise that occurs as the wind velocity increases at the
beginning of the second cold front., Also there is a series of 10 to
15dB 'rolls' in the mean level of the noise power many of which occur
in a regular diurnal pattern suggesting a biological origin. Finally,
there is a short 6-hour period during which large closely spaced
spikes occur.

The 7-mile Data. The T-mile data exhibit much greater

stability than do the Bimini data.. The mean power levels and the
reverb and multipath displays show little variation, even during the

cold weather periods. The carrier power fades although as severe
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as the Bimini carrier power fades, occur only about half as often.
The sideband power is almost identical in behavior to the Bimini
deep hydrophone sideband power. Typical signal-to-noise ratios for
C and S power are 30 dB and 50 dB respectively.

Although the mean reverb and noise powers are considerably
more stable than those from the Bimini data, there are many periods
where large, closely spaced spikes occur. (This happens only once
for a short period in the Bimini noise power and not at all in the
Bimini reverb power.) Moreover, these spikes often, élthough not
always, appear in both the 7-mile power measurements at the same
time.

The reverb displays from the 7-mile data resemble those
from the high S-power periods of the Bimini data. Reverb sidebands
with amplitudes ranging from 5 to 10 dB and center frequencies be-
tween +0.1 and + 0.25 are consistently evident. The multipath
displays, almost without exception, show one major transmission

path, preceded by at most 3 minor arrival peaks.



APPENDIX A

Appendix A contains the constant gain x bandwidth plots of

the carrier, sideband reverb and noise powers from the Bimini data.
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APPENDIX B

Appendix B contains the unity gain plots of the carrier and

sideband powers from the Bimini data.,
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APPENDIX C

Appendix C contains the constant gain x bandwidth plots of

the carrier, sideband, reverb and noise powers from the 7-mile

data.
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APPENDIX D

Appendix D contains the unity gain plots of the carrier and

sideband powers from the 7-mile data.
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