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ABSTRACT

An experimental investigation of analysis and display tech-
niques for extracting stability information from underwater acoustic
propagation data has shown the feasibility and usefulness of a specific
display format, called the Channel Digit Response. All of the com-
plex nature of the channel reception is retained in the display, but
the format compresses the data and enhances the extraction of quali-
tative stability information. The investigation and conclusions are
limited to propagation tests using periodic transmissions, as periodic
transmissions are the usual type used for studying varying multi-
path propagation.

The investigation data base spanned 133 hours, from a 43 n.
mile range across the Straits of Florida. The effective time resolu-
tion of the data was .02 seconds. Crosscorrelation, autocorrelation,
and power spectrum analysis, and several threshold techniques based
on time-lag crosscorrelation were investigated, and their effective-

ness compared to the Channel Digit Response.
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CHAPTER I

INTRODUCTION

The goal of this thesis is to discover signal processing
concepts and methods that can be used in channel modeling and
measurements of underwater acoustic propagation. This work is
based on a firm foundation. There are two major aspects of this
foundation: first are the theoretical materials of various authors
on characterization, modeling and measurement of channels, and,
second is the very well planned MIMI propagation experiment which
has existed for approximately ten years, and which has been conduc-
ting virtually continuous field measurements since 1970.

The theoretical efforts mentioned provide a basis for this
work for several reasons. Although many ideas come from intui-
tion, it is always reassuring to be able to put the intuitive situation
in theoretical context, adding legitimacy to the results. The parti-
cular case is described in theoretical terminology of a general case
and makes possible ready communication and education of ideas and
results to others. Finally, intuition gets the credit for many ideas
but it is the theory that breeds, extends and perpetuates that intui-
tion for other and later co-workers.

The MIMI design consists of three very interactive and

interdependent parts: (1) signal design, (2) receiver design and



(3) transmitter and receiver implementation. The MIMI experi-
ment has most recently consisted of a processing program called
DUAL together with all the required support. DUAL has been col-
lecting and measuring propagation data in many sites for several
years. Very briefly, DUAL is an experiment to continuously meas-
ure and record for long periods of time, several propagation param-
eters:

1. Broadband noise power,

2. Broadband signallpower,

3. Narrowband signal power and phase angle, and

4.  Forward scattered surface reverberation power.
DUAL also obtains an approximate instantaneous measurement of
the channel impulse response, most accurately called the channel
pulse or digit response, but often simply referred to as the channel
multipath response.

All of these data, which represent a tremendous reduction
of information from the raw unprocessed propagation data, are
the input data for this thesis. More specifically, the data used in
this thesis is from a DUAL experiment conducted in November
1970 in the Straits of Florida and reported by Dr. R. H. Heit-
meyer | 1]. Therefore, in the context of the MIMI experiment,
this thesis is to be an extension of DUAL. In particular, the chan-

nel digit response, CDR, will be concentrated on as the starting



point for developing methods to extract more information from the
channel.

The UWAP channel is clearly stochastic so that the basic
questions that immediately arise are:

1. Is a stationary model satisfactory,

2. Canan uncorrelated model be used,

3. To what extent is the channel spread,

4. What are the channel's statistics (can it be modeled

as Gaussian) ?

The answers to these questions are a major objective of this
thesis; or at least to obtain methods which may be used to answer
such questions. Conclusive answers to each of the above general
questions concerning characterization of the UWAP channels may
be hard to come by, that is, conclusions drawn here may be some-
what on the subjective side, however, the methods used will be ob-
jective. Thus, if the reader and later experimenters disagree with
the conclusions here, they will certainly be free and able to draw
their own conclusions from the results presented here or obtained
later using methods presented here.

Considerable literature concerning the theoretical aspects

of channel modeling and measurements exists. VanTree's Detec-

tion, Estimation, and Modulation, Part IIl is a comprehensive,

easily read text largely concerned with detection and estimation



(and, therefore, modeling) in singly and doubly spread stochastic
channels [ 25]. This text also contains a very extensive and recent
bibliography of theoretical and empirical work in this area. A
classic article by Kailath addresses the problems of noise-free
measurements in doubly spread channels [ 3]. The important
result of this work is that if the channel spreading area (BL prod-
uct) is less than 1, the channel is called underspread, and instan-
taneous (impulse response) channel measurements are meaningful.
Otherwise, (BL > 1) the channel is overspread and average (e.g.,
autocorrelation of the impulse response) measurements must be
relied on to obtain unambiguous measurements. Bello [ 32] dis-
cusses at length variations of fundamental models of spread ran-
dom channels. Although the UWAP channel turns out to be an
underspread channel, so that Kailath's results guarantee that in-
stantaneous measurements are meaningful here, our measurement
techniques will be more physically motivated and are complicated by
the presence of noise.

The UWAP channel is well known to be a doubly spread
channel, where frequency or Doppler spreading is largely attrib-
uted to interaction of the random moving surface with propagation
(the formal terminology for the frequency spreading phenomenon
is "forward scattered surface reverberation') and the time spread-

ing (usually referred to as "multipath'") is due to the transmission



of sound between two points via multiple paths.

The primary emphasis of this thesis will be the study and
characterization of the time-spread channel. The limitation of
noise contaminated measurements and the impracticality of two-
dimensional processing preclude the use of instantaneous measure-
ments of the doubly spread channel. However, because the channel
is underspread, proper signal design provides a decomposition of
the general doubly spread UWAP channel into two singly spread
channels, which can readily be investigated either simultaneously
or separately. Although the multipath channel is emphasized, the
frequency spread channel is still of interest. As this thesis proceeds,
another very natural and convenient decomposition results in the
identification of two UWAP channels which may each be considered
as a general channel to be characterized. Indeed, these two chan-
nels are quite different and therefore, each is interesting in its own

right.



CHAPTER 2

MIMI: THE EXPERIMENT AND THE CHANNEL

2. 1 Introduction

Since the early 1960's cooperative efforts to study under-
water acoustic propagation (UWAP) have been conducted by The
University of Michigan and the University of Miami. The primary
site of these studies has been the 43-mile range in the Straits of
Florida from a fixed transmitter off the Miami shore to various
hydrophones in the waters of Bimini Island in the Bahamas. The
major features of the MIMI experiments are: (1) fixed transmit-
ters and receivers and (2) the interest in very long time series of
data. The fixed sites greatly simplify the experimental setup,
provide a relatively permanent facility necessary for long time
operation, and avoid the introductionof Doppler effects due to mov-
ing platforms. Long time series data are believed necessary for
understanding UWAP and for developing and testing UWA P models.

The Miami-Bimini range is illustrated in Figure 2. 1(a) to-
gether with a bottom profile in Figure 2. 1(b). A velocity profile,
obtained in November 1961, of the straits is illustrated in Figure
2. 2. Although the velocity profile changes continuously, this

example can be considered reasonably typical for this time of year.
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Fig. 2.1. The Miami-Bimini Range:

(a) The Straits of Florida,
(b) Bottom Profile
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The point of interest is the velocity gradient, which is a function of
time and space. The velocity gradient, even as a function of depth,
leads to a very complex propagation structure. The propagation
ray trace corresponding to this velocity profile is presented in
Figure 2. 3. 1In this figure there are illustrated two basic types of
propagation. There are sound paths traveling along the surface

boundary undergoing reflection and refraction. This is called SRS
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propagation. Sound paths are similarly traveling along the bottom
by reflection and refraction. This is called RBR propagation.

The data for the research in this thesis are selected from a
two-week experiment conducted at this site in November of 1970.
The data were conveniently available, are of good quality, and are
representative of the Straits of Florida at this time of year. The
data were organized into 19 files. File 1to 8 are continuously re-
corded from the deep (1200 feet) bottom mounted hydrophone loca-
ted at point 3 in Fig. 2. 1(a), starting at 17:16 hours on November
11, 1970, until 18:46 hours on November 17, 1970. Files 9 to 19
are from 10:20 hours on November 23 to 9:05 hours on November
29, 1970, and were recorded from the bottom mounted shallow (100
feet) hydrophone also located near point 3 in Fig. 2. 1(a). For more
details of the experiment refer to Reference | 1], a preliminary
report on that experiment.

2.1.1 Signal and Receiver Designs. The signal and receiver

designs of the MIMI experiment have evolved over a period of time,
and are largely due to the efforts of Dr. T. G. Birdsall. Detailed
discussions and analyses of the signals and receivers may be found
in References [ 1], [15], and [16]. A brief discussion of the more
important properties of the signals and the receivers is useful. The
signal consists of a 63-digit binary maximal pseudo-random sequence

complementary-phase modulated (CM) onto an ultra-stable 420 Hz
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carrier wave (CW). The signal is transmitted continuously. Each
digit of the sequence corresponds to 8 carrier cycles (approximately
20 msec) and the period of the sequence is 1.2 seconds. The signal

may be expressed

s(t), = A cos (27 420t + m, n/ 4)

bp

where m =z 1 the binary values of the sequence. Thus, the trans-
mitted signal is a continuously transmitted 420 Hz sinusoid with + 45
degree phase shifts occurring at integer multiples of 20 milliseconds
with resulting spectrum sketched in Fig. 2.4. (There are actually 62

lines on each side of the carrier to the first nulls, )

CW LINE

Af =" Hz
AF

4’ | }J e
370 220 a0 Tz

L—'/Td —d

Fig. 2.4. Magnitude Spectrum of the MIMI CM Signal
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The carrier contains approximately half the total power.

The remainder of the signal magnitude spectrum is a line spectrum
with a sinmi Td envelope. Theline spacingis determined by the
af T
d

signal period, Tp , so that Af = 1/Tp . The zeros of the envelope
are determined by the duration, Td = 20 msec , of the sequence
digits. The phase spectrum of the CM signal is a pseudo-random
function of frequency. It should be clear that since this phase
spectrum is known, by simple phase correction and adjustment of
the carrier line, multiply by 1/63, the signal spectrum becomes

sinﬁTd

7Tde

plished by multiplying the complex signal spectrum by a spectrum

with constant phase. This transformation can be accom-

of the transmitted signal. The transformation can also be performed
in the time domain by cross-correlating the signal with the original
63-digit sequence of 1 and -1's. This technique has become known
as phase-only matched filtering. Obviously, the resulting spectrum
is that of a Tp second periodic pulse with duration, Td .

Thus, the CM-CW signal provides continuous and simultan-
eous CW and pulse experiments with high average power in both
experiments at low peak transmitted power. Although simultan-
eous CW and pulse experiments are performed, they will be treated

separately through the remainder of this work.
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2. 1.2 Low-Pass Processing of Bandpass Signals. Inall

MIMI processing the received bandpass (100 Hz) signal centered

at 420 Hz is translated to DC (zero Hz). The result is that the
original real-valued bandpass signals become complex-valued low-
pass signals. The following relations between the bandpass and

low-pass signals are valid. *

s(t),, = Is(t)l cos (wt+©) = Re{s(t) et}

where s(t) is the complex-valued envelope of s(t)bp

stt) = Is)l PO

Hereafter, all discussions will be in terms of the process complex
envelopes and complex low-pass filters. Therefore, the CW ex-
periment becomes, in the receiver, a DC experiment. And, al-
though the multipath structure is denoted by I;t(k) a low-pass
process, the real measurement is at 420 Hz. That is, the l;t(h)
discussed and presented is the complex envelope of the bandpass

channel

*
See Reference [ 15 ] for the MIMI implementation and
Reference [ 25 ] for the proofs of these relations for both determin-
istic and stochastic signals.
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- 27420t
h, (x )bp = Re{hto\) e I

2. 1.3 Independent Variables - Discrete Notation. Since all

of the signal processing discussed here is performed on a digital
computer following antialias filtering, sampling and analog-to-
digital conversion, the independent variables are integer-valued
discrete indices rather than continuous variables. The purpose of
this discussion is to eliminate subsequent questions about notation
or interpretation.

The three independent variables of interest are:

1. time =t - At

2. frequency =f. Af

3. time-delay =X - AX
where { is the discrete Fourier transform index corresponding
to the 2 index. This frequency index is not the frequency spread
variable corresponding to the Fourier transform with respect to
the time variable, t . This is a possible source of confusion, but
with this warning the distinction should be clear in the context.

The independent variables incremental values are fixed
throughout:

1. At =102 seconds

2. Ax =5 milliseconds

3. Af=.833 Hz
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where Af is determined by the transmission signal period, Af =
l/Tp , Tp = 1.2 seconds and AX is a more than adequate samp-
ling interval for the 100 Hz transmission bandwidth.

The range of the indices are:

1. t=0,1, ...

2. f=-63,...,0, ..., 62 covering the +50 Hz transmis-
sion band

3. xeA where A ={0, ..., 251}

and the signal period, Tp = 25241 and the signal pulse duration,
T, = A .

The major functions involving these independent indices
are:

1. The channel digit response, cdr(t, ») = ﬂ(t, 2) 2 ﬁt(x)

2. Various DUAL scalar processes; e. g., C(t)

3. The channel digit spectrum,

St(f) _ ZJ hto‘) 8127717\ /252
AEA
A familiarity with discrete parameter representation has

been assumed. Reference [ 28] is directed at the fundamentals of

digital signal processing.
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2.2 Characterization and Measurement of the MIMI Channel

2.2.1 General Characterization of the MIMI Channel. In

general, the UWAP channel can be viewed as a linear, quasi-sta-
tionary doubly spread filter with an impulse response, h(t,x ) =
ht(A ) . The assumption of quasi- stationarityappears to be quite
valid and will be justified in later development. This description

of the UWAP channel is summarized in Figure 2. 5.

n(t)
x(t)
—w hitx ) | y ()
e
y (1) = h () x(t-2)da+n (1)

Fig. 2.5. The Linear, Quasi-Stationary UWAP Channel,
An Impulse Response Representation
The doubly spread description of the channel includes both
frequency (or Doppler) spreading, which is caused by "short term"
time fluctuation in the channel, and time-delay spreading, which in

the UWAP channel is due to multiple path propagation. The concept
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of spreading involves the influence of the channel upon a trans-
mitted signal, whereby the received signal is of greater bandwidth
or time duration than the transmitted signal [25]. Obviously, a
channel may be only time-delay spread, or only frequency spread
in which case the channel is called singly spread.

Frequency spreading is most clearly observed using a con-
stant amplitude continuous sinusoidal wave, CW, transmission,
In the UWAP channel the frequency spread phenomenon results in
a slight (on the order of tenths of millihertz) spreading in the CW
line and the introduction of sidebands of incoherent energy in the
approximate region from 0. 1 to 0.3 Hz each side of the CW. This
is illustrated in Fig. 2.6. The slight spreading of the CW is attri-
buted to such long term phenomena as tides (12 and 24 hour periods)
and internal waves (1 to several hour periods) and is so insignifi-
cant that it is not considered in subsequent frequency spreading

discussion.

T i, N

-3 - | 0 N .3

Fig. 2.6. Frequency Spreading of the UWAP Channel,
Observed Using a CW Transmission
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The major frequency spreading has been adequately modeled
to date as an amplitude modulation process of the CW transmission
by a narrow band, 0.2 Hz, random process. Due to the high corre-
lation of {requency spreading activity with the ocean's surface condi-
tions and the modulation frequencies, 0.1 to 0.3 Hz, correspondence
to common surface wave periods, 3 to 10 seconds, the frequency
spreading in the UWAP channel is largely attributed to direct inter-
action of sound rays (or paths) with the randomly moving surface
waves. This frequency spread energy is called forward scattered
surface reverberation or just reverberation. Clearly, reverber-
ation energy is dependent upon the presence of a surface mode of
propagation as well as the surface conditions. However, given a
surface propagation mode, the relation between the surface condi-
tions and the reverberation energy is not known; however, total
reverberation energy approaching 50 percent of the received CW
energy is not uncommon.

The time-delay spread feature of the UWAP channel is often
called multipath because the delay spreading is a result of the
multiple propagation paths, each with its own attenuation, arrival
(delay) time, etc. The multipath structure of the channel is best
observed using a short pulse (approximate impulse) transmission.
Figure 2.7 illustrates the delay spread created by an all pass,

three path structure. The delay spread of the MIMI channel can
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vary from approximately 20 milliseconds (msec) to 500 or 600 msec.

' 55 E 1 L TIME
0 L b 3

DELAY SPREAD

Fig. 2.7. Arrivals at t1 , tz , and t3 from a Single Pulse
Transmission at tO [llustrate the Multipath Struc-
ture (Delay Spread) of the Channel

2.2.2. Noise Free Measurements of a Doubly Spread Chan-

nel. Kailath [ 3] shows that, even in the noise free case, unambig-
uous measurements of a doubly spread channel are only possible
under certain restrictions. A doubly spread channel based upon

the severity of spread is classified as either underspread or over-
spread. The severity of channel spread is measured by the channel
spread factor, BL , where B is a measure of the channel frequency
spread and L is a measure of the channel's delay spread. The
parameters B and L are defined in terms of the channel's im-

pulse response, h{t,x) .

B = "1™ {Bandwidth of h(t, 1)}

max
y  (smallest fg? HEX) =0, f > fO}

and max
L = 7" {Duration of h(,A)}

_ max
=t ismallest Aj3n(t, 2) =0, x> Ao !
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where bandwidth is measured in terms of frequency variable in the
Fourier transform of h(t, x) with respect to the time variable, t,
and the duration of h(t, 1) is measured with respect to the delay
variable, x . For practical reasons, looser definitions of bandwidth
and duration are assumed in the data interpretation of this thesis.

It BL > 1, the channel is called overspread and only unam-
biguous average, e.g., mean and auto-correlation, measurements
are possible. Kailath [3] and Bello [19], and [20], discuss in
length measurement techniques for the overspread, noise-free
channel. These techniques generally made statistical assumptions
about the channel and often are limited to the case BL < 2.

For BL < 1, the underspread channel, unambiguous instan-
taneous measurements of h(t, A) can be made. From previous
discussion B = 0.6 and L = 0.6 in the MIMI channel so that
BL = 0.36 and the channel is clearly underspread [ 15], [ 16],
and [ 17]. Thus, "instantaneous" h(t, A) measurements can be
made on the MIMI channel. In general, the UWAP channel will be
less complex than the MIMI channel so that it may be safely gener-
alized that the UWAP channel is underspread.

2.2.3. "Instantaneous' h(t, ») Measurements of the UWAP

Channel in the Presence of Noise. Since the ocean contains consid-

erable environmental (ambient, biological, surface, etc.) and
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man-made (shipping) noise, measurements of h(t, A ) must include
signalling and filtering techniques designed to obtain reliable, high
signal-to-noise ratio measurements of h(t, A) which can still be
considered instantaneous. Fortunately, the UWAP channel is
"time-invariant” for intervals of 5 to 15 or more minutes, so that
by using periodic, low peak power but high average power, signal
transmission techniques and long term, approximately one minute,
coherent "matched" filtering techniqueshigh signal-to-noise ratio,
instantaneous channel measurements are obtained.”

2.2.4. Decomposition of the Doubly Spread Channel Into

Two Singly Spread Channels. A practical solution to the measure-

ment of a doubly spread channel under the constraint of additive

channel noise is to decompose the problem into the measurement

of two singly spread channels. In general, this would be a compro-

mise forced by the measurement noise. However, due to the nature

of the UWAP channel, this approach is a natural decomposition of

the coherent component (delay spread) from the incoherent (frequency-

spread) component, which is very simply accomplished, because

these components are orthogonal (occupy disjoint regions of the
*Coherent processing is obtained by use of very coherent

frequency and phase references at the transmitter and receiver,
and filtering is implemented digitally in a computer [ 15 ].



22

frequency axis), by appropriate signal design and linear filtering.
Whenever, due to the lack of a surface mode, reverberation is not
present, the channel is naturally and conveniently singly spread.

The means of this decomposition is quite simple and is
briefly described. The basic idea is to transmit periodic signals
with spectral lines spaced far enough apart so that the reverbera-
tion sidebands fall between these lines.

In the noise free case h(t, A) can be measured using an
impulse input x(t) =6 (t) so that the output y(t, ) =h(t, x).
With additive noise this measurement becomes a highly contami-
nated one, y(t, A) =h(t, ) + n(t, A) . The peak signal-to-noise
ratio of this measurement is estimated at approximately -10 to 0 dB
in the MIMI channel. By making x(t) a periodic train of impulses,
x(t) = Ngol o(t - mTp) and using the time invariance of the channel
over tIZE;J, MTp] , the multipath structure (delay spread) of
h(t, x) is estimated by

M-1

h(d) = ) h{t-mT,X) + n(t- mT , A)
t m=0 P P

i

In practice for values of M =85 and MTp = 102 seconds
high (+10 to 20 dB) signal-to-noise ratio estimates of ht()\) are ob-
tained. Note that MTp = 102 seconds is well within the time invari-

ance limit of 5 to 15 minutes and that for M > 8 with Tp =1.2
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seconds the frequency spread energy is filtered out of the ht(h)
measurement.
A description of the reverberation measurement is included

in the next section which briefly describes the DUAL experiment.

2.3 The DUAL Experiment

With minor variations, DUAL is the basic MIMI experiment
currently in the field obtaining long time series acoustical data
on the UWAP channel at various locations. The DUAL experiment
consists of three subexperiments simultaneously measuring various
aspects of the channel behavior. The first of these is the CW ex-
periment, which measures the CW power, C(t) , phase angle, A(t) ,
and the reverberation power in the CW reception, R(t) . The mag-
nitude spectrum of the filters, HC(f) and HR(f) , used to measure
CW and reverberation parameters, respectively, are illustrated
in Fig. 2.8. Second, the multipath experiment obtains an estimate
of the channel digit response, }:t(l) , measures the total received
broadband-signal power, S(t) , and measures the decorrelation
time, Tg (t) , of the channel's normalized cross-correlation co-
efficient. Third, a total noise power measurement, N(t) , in the
transmission band is made. The filters HS(f) and HN(f) for the

multipath and noise measurements, respectively, are illustrated

in Fig. 2.8. Each of these three experiments are discussed in
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normalized cross-correlation coefficient of ht(k) .
The Tg(t) analysis is discussed later in this section in the

CANDOR experiment. S(t) is related to ht()\) by

St = ) Ihe)I® = ) lhs0)P
AEA AEA

where ht(x) is the phase-only match filtered form of hst(x) .

This relationship is illustrated in Fig. 2. 9.

hisg(x ) h(2)

— pof(x ) >

Fig. 2.9. The Phase-Only Matched Filter

This is the transformation in the receiver which provides
the channel equivalent pulse response ht(A) from the binary sequ-~
ence response hst(x) . For this reason, the multipath structure

representation h, (A ) is also called the channel digit response,

t
CDR. As pointed out earlier, the phase-only matched filter has
no effect on the magnitude spectrum of hst(k) so that S(t) can

-~ *
be computed from hst(k) or ht(h) . The transfer function ,

N -
The CW signal is filtered out of hst(h) before the phase-
only filtering.
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Hs(f) , of the multipath measurement filter, a comb filter on the
signal lines, is illustrated in Fig. 2.8. For more details on the
computation of hs (A) and h () see References [15] and [ 16].

2.3.3. Noise Measurement. By placing a comb filter,

HN(f) , between the passbands of Hs(f) a total noise power meas-
urement in the transmission band, 420 + 50 Hz, is obtained. The
noise power measurement is denoted N(t) . HN(f) is illustrated
in Fig. 2.8.

2.3.4. The CANDOR Experiment. CANDOR is presented

here as an extension and continuation of the experiment designed
by T. G. Birdsall and performed in the MIMI experiments of July
1970. Results of that experiment are documented in Reference [2].
CANDOR is an acronym for Continuous Analysis with Decision
Oriented Recording. As implied in the full title, the major goal

of CANDOR is to represent the UWAP channel with a minimum,

or at least reduced, quantity of recorded data. That is, the ob-
jective is to retain sufficient information about the channel whilé
avoiding excessive redundancy in the data.

The motivation for this attempt at data reduction is the
overwhelming task of data digestion necessary for understanding
the UWAP channel. The storage of all the data from a continuous
DUAL experiment is alone a great practical problem. An effective

means for displaying and interpreting long time series of ht()\)



28

is the major contribution of this thesis. But, off-line analysis of
propagation experiments is necessary in developing new ideas and
techniques, and the cost of such analysis in dollars, human resources,
computer resources and simply time is at least proportional to the
quantity of data involved. Thus, an order of magnitude reduction

of data necessaryfor an adequate representation of the channel can

be the difference that makes a post-processing task practical. That
is, unless considerable data reduction techniques are developed,

many post-processing efforts will never be started, which will

greatly stunt the development of new MIMI experiments.

The premise of CANDOR is that a single ﬂt()‘) from each
interval of channel time-invariance is a sufficient representation of
the channel. Since a new ﬁt(x) is measured every 102 seconds
and the channel is time-invaiant for durations of typically five to
fifteen minutes, an approximate order of magnitude reduction in
data quantities is expected.

The criteria used to evaluate a representative ﬁt(” are
all based upon the normalized cross-correlation coefficient of

ht()\) , ptl - defined by
2

251 . o
L h, Oh )

=0 1 2

he G111 b, ()11 2
1 t

1

1 72 I
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where

-~

251 . .
L h) b @)
A =0

npt

I, 00l

Py s ¢ is the normalized cross-correlation function of

l;t(k) eva]iuatzed at zero delay. As will be seen in the CDR grams
in Chapter 4 and as documented in Reference [ 2 |, the changes in
the channel multipath structure are not manifested in arrival time
changes, that is, the average propagation time of the multipaths
are constant for hours, so that ptl, tz is as effective a measure
of the similarity or dissimilarity of ﬁt(h) as the entire cross-
correlation function and there is no reason to compute that function

for these purposes.

The forward interval of time for which ht (A) is repre-

1
sentative is the interval t_, ~ t. = T, (t,) of time such that p, ,
>R B GRS | t't
"satisfies € ''. Expressed in polar coordinates
e, |
Ppog = A sy e R
1 72 1 72

where

Oglpt,tlgl and _ngt’t < 11
1 2 1 2
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where

P, t

The three criteria investigated here are:

1 Y 1 "2
1
(2) ¢_ =§p Ip 12_>.5£
6 dB ty to ty t
3) ¢ .o = 3/) , ’—45O <O <45°$
+45 t) ty t t

The corresponding forward decorrelation times are T -3 dB ’

+ +
T g qp and T .0 respectively, where T (t) = mffa.x{t
Pps ty satisfies ¢ for all ty in {t, T t)}
Thus, CANDOR reduces the data set h (h) 1 <t< T (tl)
representing the channel from tl to T{’ (tl) to just ht (A) . The
1

purpose in this thesis is not actual data reduction but investigation
of this technique. This is done by studying the parameter Tg (t)
throughout the data set as a function of t and ¢ . Therefore,

Tg (t) is computed and plotted with the DUAL parameters for each
l;t()\) in the available data. Due to computer memory limitations,
values of T;’t greater than 48 minutes were not computed so that

whenever Tg_ 48 , § [:'\‘48 .
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Tg (t) as defined here is an arbitrary but reasonable meas-
ure of the duration of the channel's quasi-time-invariance at each
t . A detailed discussion of the results of this analysis is in Chap-
ter 3, Presentation and Discussion of DUAL Results. In general,
the T-g (t) measurements reflect quite agreeably with the general
rule that the MIMI channel is quasi-time-invariant for five to fif-
teen minutes.

One approach to data reduction has been investigated which
promises to reduce recorded data in DUAL experiments by an order
of magnitude. However, the approach is very strict in that the
channel is essentially treated as deterministic and time-invariant,
1. e., microscopic changes in the channel structure are retained
even in the reduced data representation. Yet, the channel is
admittedly stochastic and quasi-stationary. At this level, signifi-
cant changes in the channel are much more macroscopic, e.g., the
average propagation time of the channel changes significantly, a
mode fades away or a new mode becomes apparent in the reception.
This more general (statistical) viewpoint of data reduction appears
teasible based upon observations of the CDR grams in Chapter 4,
where the main structure of the multipath is "constant’ for long
periods of time, hours, while the microstructure is very complex,
random and vague. Certainly this approach will not retain as much

about the channel, but it will still represent the most significant
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characteristics and will result in another order of magnitude of
data reduction.

Candidates for statistical channel representations and evalua-
tion criteria for those representations are not investigated or even
proposed here. Obvious representation candidates include the auto-
correlation function. However, later data analyses presented in
Chapter 5, indicates that such a statistically classical represen-
tation of the channel misses much of the channel's structure. The
two approaches, deterministic and statistical, discussed here are
extremes on opposite ends of the spectrum. Hopefully, study of the
channel through the CDR gram presented in Chapter 4 will lead to
a middle solution that sufficiently represents the channel and pro-
vides more data reduction.

A DUAL experiment as has been described, performed in
November 1970 in the Straits of Florida is the source of data for
this thesis. Preliminary results on that experiment are reported
in Reference [ 1]. However, no satisfactory means for displaying,
interpreting or otherwise using l;t(k) has previously existed. The

solution to this problem of using h (A ) to understand and charac-

t
terize the UWAP channel is the major contribution of this thesis.
Many of the DUAL measurements from the November 1970 experi-

ment will be presented here to assist in the interpretation of the

UWAP channel developed. Before proceeding with the presentation
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and interpretation of experimental results, the limitations of the
MIMI measurement techniques imposed by the channel's BL factor
and a comparison with the theoretical limitations discovered by
Kailath are investigated.

2.3.5. BL Effects on h(t, A) Measurements. Within the

constraints of the signal and receiver designs in the MIMI measure-
ments, there are limits on the ranges of B, L and BL for which the
measurements are undistorted. Kailath's results state that dis-
tortionless measurements of h(t, ) are possible if and only if,
BL < 1. However, it should be interesting and informative to
study in some detail the direct effects of B and L. on the MIMI tech-
niques. It should be noted that Kailath's discussion was for noise-
free measurements which are not available in the MIMI experiments.
The periodic nature of all MIMI signals, whether carrier
(CW) or pulse, and the matched processing of those signals are
the fundamental properties of the MIMI signal and receiver designs.
Although the CW and pulse transmissions and measurements are
simultaneous, they may be discussed separately.
Consider the CW experiment first. The signal is a contin-
uous 420 Hz sinusoid. Thus, its spectrum is essentially a line at
420 Hz. However, the reception reflects much propagation phenom-

ena. The received signal is essentially
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-3 y 0 . 3

Fig. 2.10. CW Reception Magnitude Spectrum Demodulated
From 420 Hz to DC
a very narrowband process at 420 Hz with two significant sidebands
of incoherent energy. The narrowband carrier process has slight
frequency spreading due to long term (hours) effects such as tides
and internal waves. The two incoherent sidebands are attributed
to amplitude modulating effects of the surface upon the carrier.
Since the CW measurement is an average measurement over time-
delay (multipath), frequency selective fading of the carrier recep-
tion can occur relatively frequently. Typically, the fade is very
short (a2 minute or so) and fading often occurs at half-hour or hour
intervals.
Values of B and L have little direct effect upon the CW experi-
ment design except in the choice of filter bandwidths. However,
a large L implies excessive multipath presence setting the stage
for multipath interference effects, which are reflected as frequency

selective fading. That is, the rate of occurrence of carrier fading
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is highly correlated with multipath activity.

The multipath measurements, k:(t, A) are based upon a
periodic pulse signal, which has a line spectrum rather than a
continuous spectrum. The channel impulse response is measured
approximately by a train of short duration pulses rather than im-

sinfT
pulses. Thus, the signal line spectrum has a T envelope

d
with zeros determined by the pulse duration, Td , and line spacing
determined the signal period, Tp . The signal spectrum is illus-

trated in Fig. 2. 11, The Multipath Measurement Signal Spectrum.

— o Bt - '/Tp Hz

| “h,,m

1
50 0 50

l— Iy

Fig. 2.11. The Multipath Measurement Signal Spectrum



36

The parameters of the pulse train are illustrated in Fig. 2. 12.

" TIME
.

Fig. 2.12. Periodic Pulse Signal

The CW reception illustrated the frequency spreading effects
on a line so that the spreading effects on the line spectrum of the
pulse train signal are immediately clear. That is, each line under-
goes a slight spreading and a pair of incoherent sidebands are
associated with each line in the gignal spectrum. This reception

spectrum is illustrated in Fig. 2. 13.

2144 O N0, N N . I, .
Hz

Fig. 2.13. Received Frequency Spread Line Spectrum
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Fig. 2. 14. Typical Multipath (Or Delay Spread) Reception

Clearly, the channel's maximum delay spread, L , must be less
than Tp . Otherwise, receptions from neighboring pulses will
overlap and the };(t, A ) measurement will be distorted. There-
fore, the channel delay spread factor, L , places a lower limit

on Tp in the signal design.

Summarizing, for distortionless h(t, A ) measurements

the relationships shown are 2§ < Tl—— (sideband distortion allowed)

and Tp > L . Combining these two equalities gives

BT
~Q—R< 1 or BL< 2

If sideband distortion is not allowed, then

B< 2 T > 1L and BL< 1

T
p
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Therefore, the MIMI measurement techniques for the doubly spread
UWAP channel are effective in that they are limited only by the
general theoretical limitations for instantaneous measurements of
doubly spread channels.

Although noise considerations have been ignored in the dis-
cussion, all MIMI processing of transmitted signals is a modified
form of matched filtering (with respect to the transmitted signals)
that trades improved time resolution for snr. Generally, due to
long coherent integration times and medium stability, high snr

measurements are obtained.



CHAPTER 3

PRESENTATION AND DISCUSSION OF DUAL RESULTS

3.1 Results

The results presented here are the scalar parameter mea-
surements of the MIMI channel from the November 1970 experiment.
This data consists of a modified DUAL experiment. Some additional
parameters are included, no spectral analysis of the surface rever-
beration is performed,* and the display of ﬁt (A) is presented
separately in Chapter 4, The CDR Gram.

The entire data set is organized into 19 files in chronologi-
cal order, but not necessarily contiguous in time. Time and date
information is summarized in Figure 3.1 and Table 3.1. The
DUAL results of each data file are presented together in 5 different
plots. In each of these plots the abscissa is the independent vari-
able, time. Each parameter is measured and plotted every 102
seconds. Two hour intervals are marked on the abscissa, The
plots were generated on a Hathaway Electronics 731 recorder, a
raster scanning fiber optics device. The display format of a depen-
dent variable plotted versus an independent variable is commonly
known as an A-scan format. Such plots are most commonly gener-

ated on an X-Y device. However, Appendix A outlines a very

* ]
For those results see Reference | 1].

40
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TABLE 3. 1b. (SHALLOW HYDROPHONE)

ti = Day(Hr:Min) g = Day (Hr:Min) to Day (Hr:Min)
ty = 23(10:20)
th = 23(22:47)
g9 = 24(10:49) to 24(18:42)
tyy = 24(18:42)
t12 = 25(7:09)
810 = 25(11:18:00) to 25(11:18:05)
ti3 = 25(19:11)
by, = 26(7:38)
tyg = 26(19:40)
tig = 27(8:07)
tyg = 27(20:09)
t18 = 28(8:36)
t19 = 28(20:38)
tyg = 29(9:05)

simple procedure for generating on-line A scans with a raster scan-
ning device.

The first plot contains the four power variables C(t), S(t) s
R(t), and N(t) in decibels (db) where unity is the arbitrary refer-

ence level. C, S, R, and N are plotted on a constant gain x band-
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Fig. 3.1. Chronology of November 1970 DUAL Experiment
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width product basis so that signal-to-noise ratio is easily computed
from the plot by simply subtracting the indicated power levels.* The
power ordinate is marked in 12 dB increments.

Although the DUAL power measurements are time-spread

averaged measurements,

cw) = 1 Y @i’
Ae A
- 2
st) = ) b ()1
Ae A
| 2
R(t) = ). hit', A) T, = (¢, t+MT )
teT, | XeA b

NO = ) b

Ae A
they reveal much about the behavior of the UWAP channel. Most of
the time in the data here and typically in the past, a normal behav-
ior of these parameters has been observed. C(t) is generally fluc-
tuating with rapid fading attributed to the narrowband frequency
selective fading due to highly interactive and interferring multipath
structure. S(t) is normally steady in level indicating that the fre-
quency selective fading is narrowband. S(t) and C(t) are only

slightly correlated. Rf(t) is low level, 3 to 6 dB above N(t), and is

usually correlated with N(t) rather than S(t) or C(t). Thus, R(t)

* ,
For unity gain plots see Reference | 1| where total power

measurement is readily available,
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is generally noise driven indicating surface effects are definitely
secondary phenomena under normal conditions in the 43 mile Straits
of Florida channel. N(t) is steady except for irregular increases
due to shipping.

A second, more interesting channel behavior is exhibited
when the channel surface effects become evident. C(t) does not fade,
S(t) fluctuates, R(t) drastically increases and C(t), S{t), and
R(t) are all highly correlated. This type of behavior is illustrated
here in files 11, 12, 13, 14, and 15.

In the second plot an estimate of the phase-only matched filter
gain is presented in decibels relative to 1. This matched filter gain

measurement, denoted MFG is estimated by

MFG(t) = peak SNR(t)/average SNR(t)

= Sppar®/s0

where SPEAK(t) 1s measured from the threshold processed ht ).
The threshold processing is discussed in Section 4. 2. 3.

The theoretical value of MFG, where no decorrelation loss
due to multipath is incurred and additive white Gaussian noise is

assumed, is

MFG = 10 log10 2WT

= 10 log,, 63 ~ 18 dB
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A high MFG value indicates low decorrelation loss which in
turn indicates relatively little multipath. Whereas low MFG implies
high decorrelation loss and therefore high multipath activity. In
this experiment, these observations are reflected where during the
simplest multipath structure, files 11 and 13, MFG takes its highest
values, +9 to +15dB and MFG takes its lowest values, 3 to 6 dB,
during periods of extensive multipath reception.

The CW phase angle in degrees, Af(t), is presented in the
fourth plot. This plot substantiates the well-behaved nature of the
CW phase, reveals any discontinuities in the phase and displays the
short-term small variations.

The fourth and fifth plots are the channel's forward decorrela-
tion times from the CANDOR analysis. T”_*B(t) and T“_‘6(t) are in
the fifth plot with Tf3(t) < Tf6(t) for all t. Tj: g50(t) is in the last
plot. Limited computer memory forced limiting values of TE t) >
48 minutes to TE (t) = 48 minutes. The ordinates are marked in
10 minute intervals from O to 50 minutes. The TE t) plots allow
study of the channel's rate of time variation and evaluation of the
data reduction potential of the deterministic, quasi-time-invariant
CANDOR technique.

TT values are large and often limited at 48 minutes during

¢

*
files 10 through 13. That is, large T

¢

coincides with the occurrence

* + . .
T, 450 (t) was inoperative in files 9, 10, 11, and 12 due to

the Time Base Artifact, Section 3. 2.
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of high R(t), smooth C(t) and high S(t) correlation with C(t). The
channel structure is surmised to be dominated by a surface mode, due
to the high R(t); and based upon past observations and reasoning the
smooth C(t) and high correlation of the three signal powers (C, S,
and R) a very simple (non-interferring) multipath structure again
dominated by a surface modeﬂ< is strongly implied.

Otherwise, TE values are between 5 and 15 minutes most of
the time, reflecting the normal quasi-time-invariant behavior of the
MIMI channel. During these times, the signal power measurements,
C, S, R are behaving normally. C(t) displays considerable rapid
fading, caused by high multipath activity and interference. In con-
trast, S(t) is very steady and only mildly correlated with C(t). R(t)
is rather low, 3 to 6 dB above N(t) and is generally correlated with
N() rather than C(t) or S(t). Thus, normal conditions definitely
do not reflect any surface interaction and generally the narrowband
frequency selective fading of complex multipath structure is clearly
present.

Under normal conditions Tfﬁ o~ Tf3 indicating that
lptl’ tzl falls sharply so that the exact threshold value on I,ot Tt |

1’2
is not critical.

Ti4 50(t) and A(t) measure change in the multipath average

*
These conclusions are supported further in the CDR gram
presentations of ht(t).
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arrival time providing a verification of the assumption that Py (
1" "2
only needs to be evaluated at Ax = 0.

The experimental results of DUAL processing are all rela-
tively simple to compute and display. They are important because
they reveal a wealth of information about the time-spread averaged
channel and because they provide quantitative measurements of pa-

rameters that are very qualitative or not available in the ht )

display of Chapter 4.

3.2 The Time Base Artifact of Data Files 9, 10, 11, and 12

From 18:46 hours on November 17 until 11:18 hours on Novem-
ber 25, the time base references at the transmitter and receiver were
out of synchronism by approximately 1.7 millihertz. Data files 9,

10, 11, and part of 12 are during this time. Although the time base
error was too small to have noticeable effects on power measure-
ments, the artifact is reflected in the CDR grams, the carrier phase
angle measurement, etc., as a constant rate of change in the propa-
cation time of the channel. This rate measured from the CDR grams
is approximately 14. 3 milliseconds per hour or from the correspond-
ing A(t) approximately 6 cycles of carrier phase per hour. These
two measurements agree with each other and correspond to a 1. 7 mHz
reference offset.

Although this artifact is very noticeable in the phase striping

patterns of CDR grams 9, 10, 11, and 12, the basic multipath
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structure is not lost. Thus, these grams are still useful and, there-

fore, retained.

3.3 Summary - A Preliminary Channel Model

A simple model of the UWAP channel in the Straits of Florida
that reflects current knowledge and is consistent with MIMI measure-
ment results and techniques provides a preliminary basis for more
detailed modeling discussion later. To date, the surface effects
have been modeled as a simple amplitude modulation. A simple model
for the channel, which allowed for some reception unaffected by the
surface, can be expressed as

ht, A) = af(t) hl ) + h2 )
t t

The surface modulation is represented by af(t), a narrow band-
pass, 0.2 Hz bandwidth centered at 0. 2 Hz, random process. The
reverberation measurement, R(t), is nominally a measurement of

the power of a(t). The two components hl () and 112 (n), of multi-
t t

path structure are quasi-time-invariant linear time- spread channels.

The time dependence of hlt (A) and hzt(h) is implicit in the notation.
The component of the multipath structure undergoing surface modu-
lation is h1t (A). In some sense hlt (A) must therefore be a surface
channel. The unmodulated component of the channel is hzt(k) . Gen-
erally, in MIMI measurements of ht()\) these two components are
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not separated so that ﬂt(h) g fll ) + fxz (A\). The time variation re-
t t
maining in hl (A) and h2 (A) 1is due to slowly varying phenomena
t t
such as tides, internal waves, heating and cooling, currents, mean-

ders, etc. This model will be expanded in more detail later.



CHAPTER 4

THE CDR GRAM DISPLAY

4.1 Introduction

In the discipline of signal processing, optimum filters re-
ceive extensive and intensive investigation with regard to theoret-
ical, computational and implementation aspects. However, the
weakest aspect of signal processing system is displays. Displays
are also probably the most ignored aspect of signal processing sys-
tems. This is unfortunate because in problems of practical interest
displays are as important as the receiver. This is because in prac-
tice many parameters of the signals and noise are unknown so that
decision regions are difficult to determine. Therefore, when the
situation allows, displays are often used. Because the human eye
and brain provide a very adaptive or versatile pattern recognizer,
the display-observer decision making mechanism usually provides
better performance and much simpler system implementation than is
otherwise practical. Thus, the display and observer often become
an integral part of the signal processor, SO that an optimum system
implies optimum display as well as optimum filtering. A good dis-
play should be simple to generate, simple to interpret, and it should
provide a maximum of information that is relevant to the objective

at hand. In signal processing research, displays provide an additional

70
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vital function, namely information obtained from the display provides
qualitative data about the signals. This type of preliminary informa-
tion provides the basis for the design of feasible decision- making
equipment. That is, even when a display is not included in the final
system, it can be an invaluable design tool.

Although this thesis is strongly supported by theoretical chan-
nel characterization and the well designed and implemented MIMI
experiment, the new element of this thesis are the results
obtained by the use of a unique display technique for channel propaga-
tion studies. Although the application is original, the display tech-
nique (or format) is due to a very creative individual, Charles L

Black of Texas Instruments Incorporated.

4.2 Description of Display

4,2.1 Display Format. The major objective of the display is

to very compactly illustrate a complex function of two independent
discrete variables, h(t, -), where t is time and the second variable
may be A, time delay, or f, frequency or another independent vari-
able. For the cdr (t, A) the second independent variable is time
delay. Figure 4.1 illustrates the basic format of the display, where
the independent variables are the usual displacements in the plane
(paper. CRT screen, etc.) and the display intensity, shade, or color
at coordinate t, A is a memoryless mapping of h(t, A). The dis-

play device used in this work, a Hathaway 731 recorder, has intensity
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modulation on white paper, where writing intensity may vary from

If o is the norm operator (or a vari-

white through gray to black.
ation), then the display format is a very conventional one commonly
used in oceanography, seismology, sonar, speech research, ete.

.) is often a spectrum h(t, -) = S(t, f). Table

In these areas hft,

4-1 lists some conventional mapping functions, gft, ).
Table 4-1. Conventional Display Mappings
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Conventional displays have always mapped the complex function
h(t, -) into the positive reals. This display has been very valuable
in many areas of application; however, it has the disadvantage of

eliminating all the phase information in the generally complex-valued

ht, -).

The inclusion of phase as well as magnitude into the display
is a new technique providing very valuable, additional information.
The display mapping function used is I, A) = <hx t, A), hy(t, A)) +
(b, b) where hX and hy denote the real and imaginary parts of h
and b is a constant gray scale bias. That is, the display intensity
function is now an ordered pair of real values with h = (0, 0) ~ gray
display, whereas in the conventional display Ift, A) was a positive
real value with h = (0, 0) ~ a white display. Finally, the ordered
pair (Ix = hX + b, Iy hy + b) are plotted side by side on the A axis.
Figure 4. 2 illustrates the mapping g(h[t, A|) used in this thesis
which encodes both amplitude and phase information of the complex-
valued function h(t, A) into the otherwise conventional display.

Let us refer to this display as the OP (Ordered Pair) gram
and the conventional display will be called the PR (Positive Real)
egram. Since the intensity perception of the eye is approximately
logarithmic (that is, relatively insensitive to small changes in light
intensity) the dynamic range (with respect to intensity amplitude) of

the display is rather limited. In the conventional display the many
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")

variations of g(t, -) around the norm operator (e.g., the logarithm

of the norm) are an attempt to map the dynamic range of the infor-
mation function into the natural dynamic range of the display. Ob-
viously, similar variations of the OP gram could be of interest for

the same reasons, e.g.

hx-loglhxl h loglh_|
i n = (L6 0 e ) - (- vy Py >+ ®

| hy | lhyl

would preserve the information phase while compressing the range
the information amplitude. Such dynamic range compression tech-
niques are not used in this thesis.

A display technique incorporating amplitude and phase

of
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information as opposed to the conventional amplitude-only display
has been described. The value of this added dimension in the display
is great and its value in channel propagation studies will become
clear in the subsequent material.

4.2.2 Amplitude and Phase Information in the CDR Gram.

The value of the OP gram in displaying cdr (t, A) is in the tremen-
dous quantity of qualitative and gross quantitative information avail-
able in a compact space. Typically, a gram of 6 to 12 hours of cdr
(t, ») is plotted onto an area less than 8-1/2 by 11 inches. Although
quantitative amplitude measurements cannot be made from the CDR
gram, relative amplitudes can be observed so that high-energy re-
ception is distinguishable from low-energy reception, thus, primary
multipath can be identified on the gram. (To relieve the observer

of the task of this discrimination, thresholding based upon measured
SNR is used, thus, allowing the observer to concentrate on the ex-
traction of information and features from the primary multipath. )
Likewise, at best, phase can only be measured to the nearest quad-
rant. However, trends of constant phase (in t or A or both) can
easily be observed as well as phase rates of change. This phase in-
formation tells much about the time invariance, randomness, station-
arity, and correlatedness of the channel (reception). In one glance
at a typical gram with its myriad of random patterns in t and A

the channel CDR is clearly stochastic. In addition, the majority of
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primary multipath will have constant "phase patterns' of at least 5
to 15 minutes duration (i.e., on the t axis) indicating that the sto-
chastic channel process is very narrowband (remember the channel
being studied is over 50 Hz wide so that the channel random pro-
cess could change much faster than it does). If cdr (, A) = r(t, A)
cdr'(A) where cdr'(r) is time invariant and r(, A) is a class of
very narrowband random processes the channel could be modeled as
quasi-time-invariant. In other words, the 100 second comb filter
used to obtain a high SNR representative CDR could easily be ex-
tended to 5 to 15 minutes without degrading the instantaneous CDR
measurement,

Although the amplitude and phase of cdr (t, 7) are grossly
quantified in the gram display, the basic nature of the reception 1is
retained. And, although the gram greatly compresses a large
quantity of information into a small region, much of the adaptive
recognition potential of a human observer is retained. This is very
important because, due to the unknown and complex nature of the
channel, rote application of electronic averaging, whether coherent
or incoherent, while greatly compressing the quantity of information,
will also mask much of the information unless the averaging process
is "matched' to the information process. (Even if matched elec-
tronic averaging was used to remove excessive redundancy the quan-
tity of data remaining would still be enormous and again a gram

display may be the best available means of displaying the averaged
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information. )

4,2.3 Thresholding for Clutter Suppression. Often very low-

energy multipath reception is readily detectable in the CDR gram by
distinctive phase patterns. Although there is enough dynamic range
in the gram to distinguish high-energy (primary) multipath reception
from low-energy (secondary) reception, to do so requires consider-
able concentration. Thresholding of cdr (t, A) based upon mea-
sured broadband signal and noise power, cleans up the gram, thus,
relieving the observer of the distracting task of discriminating sig-
nificant reception from insignificant reception. The result is that
the general characteristics of the significant reception can be observed
in a glance. In some cases, such as file 7, it greatly enhances the
presence of a high strength reception that was not nearly so distinct
in the unprocessed gram due to very strong phase patterns of the
low-energy reception.

The thresholding introduces a quantitative energy measure
into the gram which allows ready measurement and observation of
the channel time-delay spread factor, L. If L was judged from
the unprocessed gram it would be two to three times its values as
estimated from the distinctive phase patterns and the large extent of
very low level but coherent reception.

The threshold operation is based upon the broadband signal

and noise measurements as expressed by
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if 20 1og101cdr(t, A)l > max {S(t) - 6dB, N(t)+6dB},

then cdr(t, A) cdr(t, A)

Il

otherwise cdr(t, A) = (0, 0).
That is, the instantaneous power of cdr(f, A) must exceed S(t) - 6dB
and N(t)+6dB to be considered primary reception.

Although the threshold processing is not always necessary, in
much of the data it considerably enhanced the significant multipath

reception and made possible valid interpretation of the cdr(t, A)gram.

4.3 Experimental Results

This section, consisting of the presentation and subsequent
discussion of approximately 133 hours of cdr(t, A) data, is divided
into four parts:

1. The CDR and threshold processed CDR gram displays,

and discussions of

2. Parameter extraction from the CDR gram

3. Time invariance,‘ correlatedness, and stationarity of

h, @)
4, Identification of two physical propagation modes.

4.3.1 CDR Data Presentation. There are 19 data files each

containing approximately 12 hours of CDR data. Table 3.1 and
Figure 3.1 summarize the chronology of the data. Each data file is
presented in a CDR gram and in a threshold processed CDR gram.

The unprocessed grams are presented first, followed by the threshold
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processed grams.

The CDR grams begin and end with a series of alternating
black and while bars along the time spread axis, A. There are 63
bars, 32 black and 31 white, each representing the 20 millisecond
duration of the transmitted digit. Due to display device blooming, the
black bars over extend into the white regions. Nevertheless, the time
spread of the channel can readily be measured in units of 20 msec.
Every 120 minutes a scan of this alternating black and white bar pat-
tern is imposed. Along the time, t, axis in the margin the times,
ti’ and time gaps, & are annotated corresponding to the chronology
summarized in Table 3.1, to provide a time element. Note that al-
though the data is displayed in chronological order, events, &y de-
note the occurrence of time intervals where data was not obtained due
to experiment down times.

Although the threshold processed CDR gram is the point of
reference in subsequent discussion, both grams are presented in order
to:

1. Provide a complete and unretouched representation of the

channel.

2. Allow the reader to evaluate the threshold processing

effects.

4,3.2 Parameter Extraction. Using a threshold processed

CDR gram, several valuable parameters of the channel can be
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measured, some rather quantitatively, others qualitatively. Some
illustrative examples follow.

L

A very important channel parameter is the time-delay spread
coefficient (or multipath extent), L. In the data here, L is clearly
less than Tp, the signal period. This condition, Tp > L, 1s re-
quired to avoid distorted measurements of the channel. * From the
threshold processed grams, the channel has an L value of approxi-
mately 600 msec. If unprocessed grams are used, then L. mea-
surements are significantly affected by the preponderance of very
low energy, but coherent, reception that is very detectable in the
CDR gram. This unprocessed gram would imply L estimates more
like 1200 msec. Since this insignificant (with respect to energy con-
tent) reception can influence L measurements so greatly, CDR
grams must be threshold processed to obtain reliable L. estimates.

Arrival Time Tracking, Path, or Mode Fading, and

Multipath Resolution

Before this work, no information about the long-term time
behavior of path propagation times has been ever measured. The
behavior of path (or path group) arrival times is readily observable
in the CDR gram (particularly if threshold processed). When paths

are time resolvable on the gram, the individual arrival time of each

* ~
Section 2. 3. 5. BL Effects on h (t, A) Measurements.
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path is easily observed. As illustrated in the CDR grams such paths
have essentially constant arrival times for several hours. Typically,
the arrival (or travel) time may change 10 milliseconds in 6 hours.
The reception in files 9, 10, 11, and 12 appear to be moving more
rapidly (and steadily). The time base in these files contains equip-
ment induced accumulative error. * It can be seen that two-path ar-
rivals butted side to side as in file 12 can be resolved and identified
as two distinct paths in the CDR grams due to the phase discontinuity
at the interface of the two arrivals. In previous CDR displays the
resolution of such paths is observable on the basis of phase discon-
tinuity and often an amplitude notch at the interface. However, pre-
vious presentations spanned very short periods of time, 5to 15
minutes. It is important that the ability to resolve mildly interfer-
ring paths has not been lost in the CDR gram.

In high-interference reception, paths can be individually iden-
tified for only very short intervals (minutes), tracking of individual
path arrivals is very difficult and probably pointless. The approach
here is to be only concerned with the average arrival time of the very
complex-looking gob of reception. This type of reception will be
called clustered mode reception. Only the trend of this clustered
mode travel time is of interest, since small random perturbations

in a short-time average-travel-time measurement are simply

*
See Section 3. 2.
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reflections of the highly interactive behavior of individual paths in

the cluster. Generally the average arrival times of the cluster modes
in the data here are constant for very long periods (hours). This ob-
servation is consistent with the previously observed behavior of indi-
vidual paths. However, it cannot be concluded, only surmised, that
the individual paths within the cluster have constant travel times. As
a group of paths, they have a constant travel time, but as individual
paths, they may be moving around within the cluster.

Thus, for the first time, based upon the CDR gram, statements
can be made about the long term behavior of propagation path (or
mode) travel times. It could be interesting to pursue this question
in more detail. For example, individual path travel times could be
correlated with each other and with large driving forces such as the
tide, etc.

The CDR grams of data files 16, 17, 18, and 19 illustrate
the ability of the observer to identify the superimposed reception of
several distinct simple paths on a background of a cluster mode ar-
rival. In addition, the individual path arrivals can actually be tracked
(visually) in time through the cluster mode arrival. This type of
reception, simple paths superimposed on cluster mode, has not been
previously recognized or identified, and to do so with previous tech-
niques would be virtually impossible.

Thresholding introduces enough quantitative amplitude mea-

sure into the CDR grams to provide observation of path and, even,



103

cluster mode fading in the CDR gram. This phenomenon has been
surmised in the past fromi DUAL measurements but never observed
before. Narrowband frequency selective fading of the CW signal has
been observed for a long time. This is a phenomenon associated with
multipath interference. However, path fading is a broadband phenom-
enon rather than narrowband and cannot be generally associated with
multipath interference. Although extensive quantitative measure-
ments have not been made of the total broadband power in a single
path, broadband energy fading does not appear to be nearly as ex-
treme as in the CW case so that in the broadband case energy fluc-
tuation is a better term than fading. Although the CDR gram repre-
sents the UWAP channel more comprehensively than DUAL measure-
ments, DUAL does provide quantitative data and the CDR gram is used
now to note correlation between DUAL process behavior and channel
structure observable in the CDR gram. In gram 13 the reception con-
sists only of two distinct time resolved paths. The C(t) and S(t) curves
in the associated DUAL plots indicate significant broadband power
variation. The high correlation of C(t) and S(t) here is rather un-
usual and is a reflection of the lack of multipath interference, i.e.,
cluster mode reception is not present. Furthermore, the distinct
absence of CW fading during this time is also a reflection of the ab-
sence of multipath interference. In other words, high correlation of

C(t) and S(t) together with wide S(t) fluctuation and the absence of
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CW fading are strong indications that the reception is of the simple
type.

The art of extending DUAL measurements to hypothetical
channel structure is subtle and is subject to complications. This is
only an introduction to the concept which is implicitly developed
throughout much of the remainder of this thesis.

The number of paths in simple reception is generally small,
typically one to three paths. While cluster mode reception consists
of many paths in a bundle or group, which may be spread over as
much as 600 milliseconds of time delay, resulting in highly interactive
and random multipath interference. This is reflected in DUAL mea-
surements by CW fading and constant S(t) measurements.

Usually, reception consists of combined simple reception
plus cluster mode reception, for example, grams 1, 2, 3, 9, 10, 14,
16, 17, 18, and 19. Let us call this complex type reception. Grams
4, 5, 6, 16, 17, and 18 also illustrate two simultaneous cluster
modes. Simple type reception is reflected in the distinctive behavior
of the DUAL measurements C() and S(t). However, in complex
reception, the cluster mode component dominates the S() and C(t)
measurements so that the presence of the simple component is not
detectable in the DUAL measurements. CDR gram 1 is a particular-
ly interesting example of complex reception where the two paths in
the simple component are strongly fluctuating. The two paths are

fading and building completely out of phase with each other. This
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dramatic behavior so clearly represented in the CDR gram is not
reflected in the DUAL measurements due to: (1) cluster mode
masking and (2) the out of phase fluctuations average each other out.
Averaging and masking effects on DUAL parameters could be avoided
by making measurements on individual paths or modes. Possibilities
of such measurements are discussed in Section 6. 3.

The application of CDR grams for arrival time tracking, multi-
path resolution and path or mode fading has brought exciting new ob-
servations and aspects to UWAP channel studies.

4. 3.3 Time Invariance, Correlatedness, and Stationarity

of E(t, A). The general UWAP channel has been modeled as a linear,
stochastic, doubly spread system with a channel digit response

h(t, x) where A is the time delay parameter. MIMI measurements
filter out the frequency spread component of h(t, A) = af(t) h1 € A+

h,(t, A). Thus, the MIMI measurements provide a singly (delay)

5
spread system for study. This system is denoted by ﬁ(t, A) =

hl(t, A) + h(t, ).

2
In abstract channel modeling or characterization, additional
assumptions of uncorrelatedness and wide-sense stationarity of the
channel are highly desirable for mathematical convenience. Verifi-
cation of such assumptions is no mean task. An in-depth study of
these questions for the UWAP channel is not the objective of this

work, but some preliminary efforts have been made. The purpose

here will be only to show that these assumptions are reasonable.
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Time Invariance

At normal transmission levels fl(t, A) measurements using
one minute integration provide reliable (higch SNR) estimates. Con-

~

tinuous measurements show that kAl(t, A) = ﬁtl(k), tl L L t2 with
t2 - tl approximately 5 to 15 minutes, i.e., for time intervals of
5 to 15 minutes the UWAP is a time invariant channel. This has been
reported in MIMI references spanning several experiments [ 2], [ 15],
| 16|, [ 17]. Using previous display techniques to determine time
invariance durations was feasible but somewhat awkward. Therefore,
the measurement technique CANDOR presented in 2. 3. 4 was imple-
mented. However, the CDR gram provides a less quantitative but
comprehensive means to judge not only durations of total channel time
invariance, but durations of time invariance of individual components
(paths and modes) of the CDR. That is, simple reception time in-
variance durations are significantly greater than for cluster modes
or the components of the cluster mode microstructure. This behav-
ior is apparent in CANDOR measurements only during simple mode
reception. During complex reception such behavior is quite observ-
able in the CDR gram, although not so in CANDOR measurements.

In all measurements and discussions of time invariance, the
structure of interest is in the CDR phase while pure gain variation
is normalized out. Besides general curiosity, the great interest in
channel time invariance is motivated by the tremendous practical

need to minimize data quantities for meaningful channel representation.
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For example, by using S(t) and a single normalized cdr (t, A) from
each time invariant interval, the quantity of data required to repre-
sent ;l(t, A) is reduced by an order of magnitude. This translates
into an order of magnitude savings on data storage requirements and
post-processing times. Thus, studies that would be a practical im-
possibility become feasible.

Correlatedness

The cdr (t, A) = ﬁ(t, A) is a family of random processes
with indices t and A. In this section properties of the channel with
respect to the A parameter are of major interest. The time param-
eter will be demoted to the role of subscript in the notation to em-
phasize A, lAl(t, A) A l;t(k).

Since ensemble averages are not available, ergodicity and
stationarity assumptions on flt(A) allow the correlation properties
of flt(/\) to be studied using time averages. Since ﬁt(h) are zero

mean, * the normalized auto-covariance of the CDR is estimated by

,

Y ho* (-
/7\1 ht()t)ht (u-2A) Ax

C()vht(p) = -
i h () i

The auto-covariance analysis fulfills two purposes: to study

the A-correlatedness of the channel and to investigate an alternative

* ~ RN
The mean of h,(A) is estimated Mh = L ht()\) and subtracted
to assure zero mean ht ). A
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statistical representation of the channel. Here only A-correlatedness
is the topic. The complete Covht (1) analysis of the CDR data is
presented in gram format with a discussion of Covht(u) as a represen-
tation of the channel in Chapter 5.

The gram display of Covht (t) is inadequate for highly quanti-
tative measurements. However, two preliminary observations are
immediately obvious:

° Covht (u) is nominally "constant' for several hours at a

time

. ht()\) is approximately uncorrelated most of the time
Covht(,u) is nominally "constant' means the width of the significant
portion of Covht (1) is "constant' and no significant changes in Covht
(4) are apparent for large durations of t. This condition implies
that time averaging of Covht (4) is a reasonable method of obtaining
better statistical estimates of Covht (u).

Under normal conditions, cluster mode reception, Covht(u)
quickly falls well down from Covht (o) withing two digit durations,
i.e., Covht “4)~ 0.1 Covht(o) . To be considered completely uncor-
related Covht (i) should fall within one digit duration. However,
considering 1, ~ 300 to 600 msec, or 15 to 30 digits, h () s
approximately uncorrelated under normal conditions. The paths in
simple mode reception often appear to be well correlated.

In files 9, 10, and 11 several resolved paths are present and

spread widely in time delay. The Covht(u) grams of this reception
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indicate considerable correlation between paths. However, based on
past experience, this type of reception is rather anamolous and has
only been observed in November and December.

Although more detailed and quantitative investigation are
desirable, those efforts have been left for later work. The prelim-
Inary conclusion here is that the MIMI channel under normal condi-
tions is approximately uncorrelated.

Stationarity

The concept of wide-sense stationarity involves 1st and 2nd
moment statistical properties of the channel. In our notation the

UWAP channel is WSS with respect to t, if and only if

Eh(t, A) = MQ)
and

Eh(t, A) h*(s, A) = Rit-s, A)

These conditions are impractical to verify. The assumption that the
UWAP channel is quasi-stationary appears very reasonable for inter-
vals of time necessary for DUAL and ﬂ(t, A) measurements as in-
dicated by experimental results showing channel durations of time
invariance on the order of 5to 15 minutes. For these orders of
time, physical arguments that the ocean is a very high inertia system
must further support such an assumption.

However, for longer periods of times the UWAP is generally

assumed to be non-stationary. The attitude prevails that one minute
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of stationarity was all that was needed to make measurements, why
push it further ?

However, the question of what is the full extent of the quasi-
stationary behavior of the UWAP channel is important. Although
answering this question is not the purpose of this work, preliminary
bases for extending the quasi-stationarity assumption to several
hours are presented in the hope of motivating further thought on this
subject because an answer to this question could have tremendous
effects on future propagation experiments and models.

With a little thought, it should be clear that simply because
C(t), S(), and other DUAL parameters are not constants does not
mean the channel is non-stationary. Moreover, the channel could be
stationary to within a pure (broadband) time-varying gain. Or some
modes or parameters, rather than the total process, may be station-
ary in some sense. For example, possibly the cluster mode recep-
tion is stationary but the simple mode reception is not. Or perhaps,
just a parameter such as arrival times of either modes or paths are
stationary. The point is that many possibilities exist and just because
one approach hits a dead end, the search should not be given up. The
following discussion presents, possibly disconnectedly, several pre-
liminary results supporting the possibilities of some long term quasi-

stationarity in the channel.
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Quasi-Stationarity of Structure

Given the channel structure at any particular time, say com-
plex with a single cluster mode and two simple paths, the most fun-
damental notion of quasi-stationarity must include "'constant' struc-
ture for long periods. More specifically, if the complex structure
of a cluster mode and two paths remains, and parameters, such as
arrival times and delay spread, are constant, some underlying notion
of quasi-stationarity must be present, if not in the structure process,
then at least in some of the key parameters of the structure.

The "constant'' structure of the channel is also illustrated in
the auto-covariance grams by the long periods of 'constant' decor-
relation time. It is intuitively agreeable that the basic nature of a
high-inertial system, such as the ocean where the most significant
driving force, the tide, has a 12 hour period, has been observed to
be very slowly changing.

The most obvious mechanisms disrupting the structure of the
channel are the variability (coming and going, and S(t) variation) of
the simple paths.

Quasi-Stationary and Some Average Channel Parameters

Practical considerations of storage, display, and computation
often dictate averaging of the time delay, X, aspects of the channel.
The discussion here centers on speculation about the stationary na-
ture of the channel based upon A-averaged measurements.

The preliminary report | 1| on the experiment from which the
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data in this thesis was obtained, contained sample mean and standard
deviation analyses of the DUAL parameters C(), S(t), R(), and
N({t). The samples used to compute these statistics represented 102
second coherent measurements of the channel and they were taken
continuously from contiguous 102 second intervals. Then, the sam-
ple statistics were computed using three hour sliding averages on the
mean and 25-minute sliding averages for the standard deviations.

Generally, the mean statistics are constant over periods of
several hours. During those exceptions to this statement the chan-
nel structure consisted of the simple type where variations are wide
and C(t), S(t), and R(t) are highly correlated.

The standard deviation measurements are discussed individ-
ually. The C() standard deviation, T, displayed considerable
fluctuation about a constant average level. This fluctuation rate was
driven by the deep CW fades, which occur throught the experiment
except during conditions of simple type channel structure. The S(t)
standard deviation, o, was quite constant throughout, R(t) and N(t)

standard deviation measurements, o, and o were relatively

R N’
constant throughout, except for shipping noise spikes. More details
and a presentation of this statistical data is available in Reference
| 1]. Except for shipping interference and during simple type struc-
ture these results support hypotheses of long term (several hours)

quasi-stationarity of the channel.

Another A-averaged channel measurement, which supports the
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quasi-stationary hypothesis, is the CANDOR measurement. CANDOR
involves the computation of the normalized cross-correlation coeffi-

cient of fl(t, M),

“- .
Dbt A) hx(t-s, A) Ax
pt, t-s) =

ol

llht(x)llz llht_s(x)ll

where |lh ()11 = Y ih ()12 An .

L'

In an average-A-sense p(t, t-s) = p(s) implies WSS of hft,
A) where any pure (broadband) time varying gain is normalized out.
Although p(, t-s) was computed for all t with At = 102 seconds
and all s-t in [0, 48 minutes| with A(s-t) = 102 seconds, the con-

dition p(t, t-s) = p(s) was not fully tested. However, the -3 db

and -6 dB decorrelation times, TJ_F3 and T

_g were plotted for all
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