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ABSTRACT

Although underwater electromagnetic signals attenuate rapidly
with distance, especially above audio frequencies, the presence of the
ocean surface can reduce this attenuation a great deal in some cases.
To investigate the use of electromagnetic signals for short-range
broad-band communication, the propagation of such signals, and the
noise environment in the ocean were studied.

The signal attenuation from a submerged source transmitting
vertically to a receiver near the surface was calculated using a
numerical integration computer program and was then measured
experimentally. The fit between the theory and the data is quite
'good, although the measured signal was always slightly stronger than
predicted. The field attenuates very rapidly with distance and
increasing frequency.

The electrical noise in the ocean between 1 and 100 kHz consists
of a background level which decreases slowly with increasing frequency,
and a number of strong narrow-band sources of unknown origin.
Estimates of the channel capacity indicate that the signal attenuation
at increasing frequencies is sufficient to limit the possibility of
broad-band signal transmission underwater severely.

Another phenomenon investigated is a shift in the relative
strengths of the field components of a subﬁerged-dipolemnear the
surface. Although there was some discrepancy between the experimental
results and the theory, the effect appears to be real, and may have
applications in measuring the conductivity of sea water.

In general, the results indicate that this form of communication
has a number of severe limitations. Except in cases where the
acoustic noise is extremely bad, an acoustic communications system
will probably have greater range and bandwidth for the same
transmitted power.
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CHAPTER 1

INTRODUCTION

The use of electromagnetic fields for underwater communication
has been investigated almost since the discovery of normal radio
communications. The French used electromagnetic signals to
communicate with submarines during the First World War, and they have
been used for that purpose, in one form or another, ever since. Short
range communication with divers was investigated during World War II
by the U.S. Office of Scientific Research and Development.l

More recently, increasing oceanographic research, commercial
underwater endeavor, and sport diving have added to the need for
reliable underwater communications. In addition to government
sponsored researchers, several companies have worked on the problem of
using electromagnetic fields as a means of communication, and even a
few Amateur Radio enthusiasts have experimented with it.2 In the past
few years, two commercial firms have developed systems, one for short
range diver communication,3 and the other for an instrument release
system.

Theoréetical analysis of the problem is quite complex, and over a
hundred papers treating the'problém in one form or another have been
written since 1909 whcn Sommerfeld first studied the fields of an
antenna at the air-sea interface. The presence of the surface is
critical to the problem, a fact which many experimenters have failed

to realize.



When both the transmitting and receiving antennas are submerged
in an infinite conducting medium, radiation of plane waves decays
exponentially with distance, severely limiting the practical range
except at extremely low frequencies where the exponential decay is
slowest. This is the cause of the widespread belief that
electromagnetic communications underwater is a "dead end" if long
range or large bandwidth communications are desired. This type of
attenuation also occurs when waves are incident on the surface, and
this is the reason for the low. frequencies which are currently being
investigated for communication from the shore to submerged submarines.
The navy has done a great deal of research in the last fifteen years
on Extremely Low Frequency (ELF) transmission in the frequency range
of 30 to 300 hertz. Signals at these frequencies penetrate quite
deeply into the water, and the low frequencies allow excitation of the

space between the earth and the ionosphere as a form of resonant

cavity to increase the signal strength.s'b

If both the transmitter and receiver are submerged, but close to
the surface, a "surface wave" mode of propagation, similar to "head"
wave propagation found in seabed acoustics, becomes very important.
Depending on the parameters involved (depth, frequency, range, etc.),

a large portion of the signal propagates from the transmitter up
through the water, along the surface, and then down to the receiver.
Undef proper conditions, the attenuation of the signal goes only as one
over the distance cubed, rather than as a decaying exponential.

This surface wave phenomenon has been the focus of a great deal

of theoretical work on the problem, and considerable amount of



discussion in the literature for many years was centered around
whether or not the effect was real at all. The effects of the surface
on transmission are also responsible for a number of experimenters'
claims of transmissions at a fraction of a watt over distances of 100
meters or more.

The O.S.R.D. research during World War II concluded that
underwater communication with electromagnetic signals was quite
practical over moderate distances. The field attenuation they
measured mﬁtches with the inverse cube relationshiplpredicted by
current theory for transmission near the surface, although the
theoretical equations they presented (but did not derive in their
paper) predicted this behavior for any depth. Because the
measurements they made near the surface matched their calculations,
they predicted that the system would work just as well regardless of
the proximity of the surface.

During the mid-1960's, the problem wes brought to public
attention by a chemist, W. Minto, in a number of articles in popular
magazines claiming to have discovered an entirely new form of
communication.7 Because he had measured signals considerably stronger
than any exponential attenuation could have produced, (presumably by
transmitting near the surface), he believed that it could only be some
form of propagation other than electromagnetic waves, and he made a
number of wild claims about revolutionizing underwater commﬁnications.
The articles stopped rather abruptly, -and nothing about his "new"
communication scheme has been published since.

Interest in Minto's claims inspired the research leading to the
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Bachelor's thesis "Investigation of an Electromagnetic Underwater
Communications System.“9 Preliminary research was done to study the
effect of the surface on the field of a submerged short dipole
antenna. Several experiments were performed, but with rather
incénclusive results. This thesis is a continuation of that work.

Since 1975, further research into the literature produced a
detailed theoretical analysis of the surface problem using saddle
point methods to find asymptotic solutions to the field equations.lo
Several recent works have used numerical integration techniques and
experimental results to verify and expand on the results of the saddle
point analysis.J'l‘_’l'?’l3

One interesting result of the saddle point analysis which had
not been carefully investigated is the apparent “rotation" of the
dipole field near the surface. For a regular dipole field, the peak
radial component is twice as strong as the peak azimuthal component.
The theoretical calculations using saddle point techniques for the
fields near the surface (at moderate ranges) indicate that the
agimuthal component is twice as strong as thé radial component (see
Figure 1.1).

As part of the current thesis work, a transmitter and receiver
were constructed, and measurements comparing the two field components
were taken. Equations for the two field components at short ranges
were derived for the case of the aﬁtennas located at the surface, and
the reéults were compared with the experimental data. |

For the range of frequencies of interest (one to one hundred

kilohertz), the saddle point method breaks down for the case of
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antenna

normal dipole submerged dipole
near the surface

radial field

- - - azimuthal field
FIGURE 1.1
RELATIVE FIELD STRENGTH PATTERNS
transmission near the vertical axis, and all of the numerical and
experimental efforts until now have concentrated on the region near
the surface v.nere the surface wave phenomenon is important. Although
perhaps not as scientifically interestiné a problem as the surface
case, this is the most important mode for a great deal of practical
oceanographic work.
To investigate vertical transmission from a submerged
transmitter to a receiver near the surface, a computer program wés
developed to numerically evaluate the electric field equation.

Experimental measurements of .the vertical field attenuation were taken



i2

to compare with the numerical results. The tests were performed using
a 100 kHz waterproof transmitter and the receiver developed for the
surface field experiments.

Another area of practical interest which hasmt been thoroughly
investigated is that of the ambient electrical noise in the ocean at
audio frequencies. If a great deal of the noise is caused by distant
sources, such as electrical storms, then the high frequencies will be
attenuated in the same way as the transmitted signal's high frequency
components. It may be possible to take advantage of this sort of
constant signal-to-noise property to develop a practical |
communications system. For this reason, an evaluation of the typical
noise levels at various frequencies could be very useful. Once the
characteristics of the noise are known, quantities such as the channel
capacity can be calculated to evaluate the information-handling
capabilities of this type of communications system.

A low-noise preamplifier was constructed, and measurements of
the noise spectrum in the water were taken at several different depths
and antenna orientations. These results were then compared with the
frequency characteristics of the transmission system (calculated using
the computer program developed for the vertical field case), and
estimates of thevchannel capacity were calculated from éhannon's

channel capacity theorem.
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CHAPTER 2

THEORETICAL BACKGROUND

The theoretical problem of calculating the electromagnetic
fields associated with a dipole located in a semi-infinite conducting
medium has been studied continuously for over 60 years. In addition
to being mathematically challenging, understanding the fields has
considerable practical value.

Once the fields for a given geometry can be calculated (either
analytically or numerically), it is easy to compare the relative
ﬁerits of this form of communication with acoustic and wired systems,
in terms of range, power requirements, and bandwidth.

For the geometry shown in Figure 2.1, the electric fields of a
dipole antenna can be described in terms of the superposition of plane
waves using Fourier integrals. This chapter will outline the basic
approach used to arrive at a formulation for the field components with
these integrals. The approach is described in great detail by Alfredo
Banos in his book "Dipole Radiation in the Presence of a Conducting
Half Sphere," and his notation will be used (including i=v/-1) to
facilitate comparison for those interested in filling in the details.
Banos treats the cases of vertical and horizontal electric and
magnetic dipoles located in the conducting medium (medium 1) and also
in the air (medium 2). The foliowing analysis was paraphrased from
- Banos, omitting material relevant only to the cases involving magnetic

sources and sources in the air.
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FIGURE 2.1
BASIC GEOMETRY
It will be assumed that the source consists of a pair of

electrodes separated by a distance A2, connected to a current source
of frequency w and value I==Ae_iwt, located at a depth h below the
surface. For the vertical transmission case, the antenna is aligned
with the z-axis, and for the horizontal case, with the x-axis. The
receiving antenna consists of a second pair of electrodes, which are
used to measure the potential difference produced by the electric
field E along the length of the antenna. Calculations involving the

-
magnetic field H are omitted wherever possible for simplicity. The

water is assumed to have conductivity 0, mhos/meter, permeability
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U henries/meter, and dielectric constant €, farads/meter. The
parameters for air are 0, ®0, U,, and €,.
By using the harmonic time dependence, Maxwell's equations can

be written in the form:

P . ->
I. VXE-iwyH =0
> > >
II. VXH+iwD = OE
> [2.1]
III. Ve (ud) =0
N .
IV. VD =¢ .
Using conservation of charge:
_). ]
Ve (OE) = iwp , [2.2]
and the relationship

> > >
D=¢€E +=J%, [2.3]

Elr-

->
where J0 is the source current density distribution, Maxwell's

equations can be rewritten in the form:

> -
I. VXE-~iwpH = 0O
> L ->
II. VXH+i(we+ io)E = JO
-+ [2.4]
ITII. V*H =0

-»> >

IV. Ve (we +i0)E = -iJo.
The plane wave propagation constant k, and the impedance [ and
admittance n of the medium, are given by:

2
k® = w2u°e+iwuoo [2.5]



16

kg = WH, and kn = we + io . [2.6]

Substituting [2.5] and [2.6] gives the equations:

> ->
I. VXE = ikgH
> > >
II. VXH = - iknE+Jo0
> [2.7]
IIT. V*H=0
>
-> ) 0
IV, V+*E = V. J .
ik
It can be verified by substitution that [2.7] has the solution:
E=w-l + k% [2.8]

where ﬁ is the electric Hertz vector, or electric polarization

potential, if ﬁ satisfies the inhomogeneous vector Helmholtz equation:

el
igo

kn [2.9]

v2+xH T = -

If the distances in the problem are large compared to AR, the source

can be modeled as an elementary electric dipole of moment:
p = IAL . [2.10]
The current density now becomes:

Jo = 8, p8(x) 8(y) 6(z+h) (i=1,2), [2.11]

g, = éx for a horizontal dipole, and

A

e, = éz for a vertical dipole.
At this point, it becomes convenient to note:

kn = = [2.12]



which gives:

(V2 +k12)ﬁlz - [ﬂ“’—gﬂ-] §(x) 8(y) 6(z +h)

ki

and:

2 2
(V7" + k2 )ﬁzz

I
o

for a vertical dipole, and

]
o
-

2 . 2
(v +k, )ﬁlz

2 2 _ _ |ipwuo
vk T = [—klz ] 50 8(y) Sz +h)

and:

I
o

2 2 2 2
(v +k2 )ﬁzz (v +k2 )ﬁzx

for a horizontal dipole.
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[2.13]

[2.14]

[2.15]

[2.16]

[2.17]

>
At the boundary (z =0), the condition that the tangential E and

>
H fields be continuous gives the relationships:

2 .2 2 ol _ 2 9ll,x
k, Hlx =k, Hzx kg Tk T
2 2
k1 le = k2 2z " and
BIllx + BIIIZ _ aHzx + 3sz
9x oz ox oz '

[2.18]

These boundary conditions hold as stated for the horizontal dipole,

and give the conditions for the vertical dipole if the x components

are set to zero.

At this point, the problem has been reduced to solving the
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partial differential equations given in [2.13] through [2.17], subject

to the boundary conditions given in [2.18].

For both the vertical

dipole and the horizontal dipole, the solution in the water can be

split into two parts. The first part corresponds to a particular

solution to the inhomogeneous equations [2.13] and [2.16], and the

second part corresponds to the solution of the homogeneous equation.

For example, the solution to equation [2.13] can be written as:

n =0+t ,
12 1Z 12

where H;; is an inhomogeneous solution, and ng is a homogeneous

solution.

[2.19]

The particular solution selected by Banos is constructed from the

Green's function for the unbounded case:

ik.R
171
G.. =& —— .

11
R1

It is also convenient at this point to define its image:

elkle

Gy, = ————
12 4
R2

where R, and R, are defined in Figure 2.1.

G, satisfies the equation:

(V2 4k 2)G, = -4T8(x) 8(y) S(h-2) .

This gives (from equation [2.13]):

] iwpu,

41Tk1

[2.20]

[2.21]

[2.22]

[2.23]

The solution for H:; for the horizontal dipole is identical, resulting
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in:
m° =m° . [2.24]
1X 1Z

The remaining problem amounts to finding the solution to the
homogeneous equation. It is shown in Banos that the Green's function
G can be expressed as the superposition of elementary plane waves

using the triple Fourier integral:

e 0]
eikR 1 ei(Ex-fny-rCz)
G = — = = - 3 > dgdndr . [2.25]
2T EC+n  +C -k
- 00
By defining the quantity:
. L
Yy = (£2+n2-k2)2————>—ik . [2.26]
g,n>0

and integrating with respect to [ using residues, G can be expressed

as:

_ 1 ([ 1 ~v|z| +i(Ex+ny)
G = o= ” v e dagdn . [2.27]

If it is assumed that the solutions to the various equations can
be expressed in terms of a Fourier integral of the sort used to
express G in equation [2.27], then the Hertz vectors of the vertical

dipole can be written as:

[=0)
iwpu0 _ .
Te = 2 [Gu +511?” g, (€,mett @~ +iEx4Y) 4 4
4k, 1 i
and: [2.28]
[e o]
iwpuo o~ .
8m k,

- 00
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By using the boundary conditions in [2.18], and the integral form for

G, from [2.27] and [2.21], this can be solved for the appropriate

weighting function g, (§,n) to get:

iwpy 5 [[ &~Y1{h=2) +i(Ex+ny)
k
Gll G12 + 2 [J

I = 4§ dn
12 2 2 2
4k, ] gt k, Y. +k; Y2
[2.29]
The integral is axially symmetric, and using the transformations:
1
X =rcosy , y=crsinyp , r = (:-:2-|-yz)/2 ’
[2.30]
. 2 23
E=AcosB, n=2AsinB, and A = (§"+n°)°,
it can be converted into a single integral in terms of A:
< h
- 2e_Y1( - 2) .
Vi, = 5 5 Jo (Ax) Aax , [2.31]
0] kz Y, t kl Y,
where:
= (A2 2% :
Y, = (A -k;) m-l'-lkl , and
[2.32]

2 . 2% .
Y, = A=k, eoor-ik,

to ensure convergence of the integral by guaranteeing only decaying
exponentials with Ré(Yl'Yz):>0’ and Jd is a Bessel function of order
zero.

The two terms Yy, and Yy, contribute four branch points to the
integrand. Y, has two branch points at plus and minus k,, and Yy, has
branch points at plus and minus.k2 (see Figure 2.2).

This completes the derivation of the expression for le, which
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» +k

+k,

b

> Re A\

FIGURE 2.2
SINGULARITIES IN THE COMPLEX A PLANE

can now be written in the final form:

iwph, )

le = 2 G, =G, Yk, . [2.33]

For the horizontal dipole, a similar analysis can be followed,

vielding (for the x component):

iwpy
= G -G _+uU . [2.34]
1x 4,"klz 11 12 11
where:
oo
u o= I 2e'Y1(h'z)Jo()\r) Ad\ [2.35]
11 0 Yl + YZ . -

The solution for the z component is slightly different, but follows
‘-along the same general lines. First, the solution is assumed to be of

the form:
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o o]
iu)pu0 -h .
I o= —— || igq, gm e ETM HLEIW gp gy
12
8Tk,
- 00
and: o [2.36]
i(upu0 _ - .
n =_-—2 ifg, (E,n)eYlh Y,z +i(Ex +ny) 4 an .
22 2. 2
8k, 1o

The term if has been included explicitly for convenience, and can be
made implicit by taking the partial derivative of the rest of the
integrand with respect to x. Using this and the boundary conditions

in [2.18], le can be written:

iwpy, oW, ,
le = 4"k12 " [2.37]
where:
a
W, =.21? 2(Yz—me'Yl(h'Z;+i(£x+ny) aEdn . [2.38]

2
k, ¥y +k Y,

- 00

By using [2.27], [2.29], and [2.30], W,, can be expressed in terms of

previously defined quantities:

) 2 2
Wy, = 3 [2G12 - (k;, +k, )Vll . {2.39]

The actual field components can now be expressed in terms of the
four functions G,,, G;,, V,,, and U,, with the application of [2.8].

The three components of the electric field for a vertical dipole are:

iwpu, 52 [ 5 ]

E = G -G +k, V

1r 11 12 2 V11 ’

41Tk12 or 9z

Ellp =0 , and [2.40]
iwpuo 82 2

_ 2
Elz_ 2 2+k1 Gy =Gy, +k, Vy, .

4mk, 9z
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The fields for a horizontal dipole are:

iwpy, 2 2 2
Elr = 5 cos Y —---5-(G“—G12+k1 Vu)-l-k1 (GII_G12+UII) ,
atk, r
iwpH
. 1 9 2 2
By =7 7 sin¥ T 57 (G, =G, +k, V) ¥k, (G),=G1,*Uyy)
4Tk | Bt
and: [2.41]
_ iwpy, 32 2
Elz = > cos | 5;7;;(G11—G12-k1 Vi1 -

4'nk1

Because of the nature of the two complex integrals V11 and U11'
no simple analytic solution to these equatiéns exists for the general
case. 1In Banos, extensive use of saddle point integration techniques
is made to provide approximate solutions to the integrals for limited
cases. 1In the following chapter (Chapter 3), a numerical integration
computer program is described which was developzd to evaluate V,, for
use in the vertical antenna problem, and Chapter 7 includes an exact
evaluation of U,, for the case of a horizontal dipole at the surface.

The electric fields of both a vertical and a horizontal
submerged antenna have been formulated in terms of the infinite medium
Green's function and its image (both in the form of spherical waves) ,
and in terms of two complex integrals. The Green's function
corresponds to a particular solution to the inhomogeneous vector
Helmholtz equation governing the problem. The homogeneous solution
(consisting of the image term and the integral terms) was derived by
matching boundary conditions for the various components of the vector
potential by assuming the solution could be written as a superposition

of plane waves in the form of a Fourier integral. After matching the



boundary conditions, the Fourier integrals were then split into the
sum of image and integral terms from which the components of the
electric fields could then be computed. Although the complex
integrals cannot be analytically evaluated for the general case,
saddle point method solutions can be calculated for some\special
cases, and numerical solutions can be computed to allow comparison
with experimental results and to facilitate the evaluation and

design of possible communications systems.

24



CHAPTER 3

THE VERTICAL TRANSMISSION CASE AND COMPUTER ANALYSIS

The case of vertical transmission in the ocean, either from a
submerged instrument to the surface or vice versa, is one of great
practical importance. A method of predicting the field behavior for
this case would be very useful for determining the value of such a

communications system.
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In his book, Banos spends considerable effort on the computation

of the fields near the vicinity of the vertical axis using the method
of steepest descents, or saddle point method, to evaluate the complex
integrals involved in the field equations. This technique requires
the term-by-term integration of a function involving a powers series.
The power series expansion has a finite radius of convergence
dependent upon the particular function being integrated and its
parameters. (For a discussion of this technique, see Banos Chapter
3.)

Unfortunately, for the field integrals near the vertical axis,
and the physical parameters and frequencies of interest, the series
converges very slowly and is therefore of little practical value for
finding the fields in the ocean (see Banos Section 5.3). For this
reason, numerical techniques were used to evaluate the integral
involved in the vertical field calculations.

Because the field of a static dipole is strongest in the axial

‘direction, it was decided to analyze the case of vertical transmission
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from a vertical dipole. Using the approach outlined in the preceding
chapter, the following expression can be derived for the z component
of the electric field of a vertical electric dipole (using the
geometry of Figure 2.1}:

iwpu, a2 2

2
E = + k (G -G12-+L2 Vll) ' [3.1]

z 41Tk12 322 J

where:

i =/-1 (to be consistent with Banos),

"p is the dipole moment of the source (assuming an e_lmt

time dependence),

H, is the permeability of the water (assumed to be equal

to that of air),

k, and k, are the homogeneous plane wave propagation

constants for sea water and air respectively,

ik R
6, = —, [3.2]
1
eik R,
GlZ = ’ [3.3]
o0
eV1Bh=2)5 00 ar
v - ] , -
) k, Y1 + k%,
Y = ()\ -k )lé (for m=1,2), [3.5]
m m )

Rl, Rz' r, h, and z are as defined in Figure 2.1, and

Jo(Ar) is a Bessel function of order =zero.
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The term G corresponds to the Green's function for the
unbounded conducting medium, and has the form of an elementary
spherical wave. G,, is the image function of G,,. This image term
and the V | term form the solution to the homogeneous Helmholtz
equation. The three terms form the complete solution to the
inhomogeneous Helmholtz equation governing the problem (G11 beipg a
particular solution to the inhomogeneous equation). It is the
evaluation of the V., integral which' is the primary difficulty in
finding Ez'

Before the analysis was begqun, a number of simplifying
assumptions were made. First, if the analysis is restricted to
examining only the field in a direct vertical line with the source,
then r =0, the Bessel function takes on the value 1, and it can be
removed from the integral. From Figure 2.1, this also allows R1 and

R, to be expressed only in terms of h and z:

R, = h+2 , and
[3.6]
R2=h—z .
Next, by examining the propagation constants:
K 2 _ 2 . a
, TW U e+ 10l g, ., an [3.71
2 _ 2 .
k2 = W ]JOEO + 1¢uu0 ' [3.8]

where:

Y is the permeability in henries/meter for both media,
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€, and €, are the dielectric constants in farads/meter for

sea water and air respectively, and

g, and g, are the conductivity in mhos/meter of sea water

and air respectively,

it can be shown that (for the frequencies of interest):

k12 Y iU)uocl iT , and [3.9]

A . [3.10]

2 2
k, w0l &

For mathematical reasons, it is necessary to assume that k22 has a
small but finite imaginary part, but this has no effect on the actual
calculations.

The last assumption made was that the dipole strength (equal to
the antenna current times its length) is unity. This simplifies the
calculations, and because the field is linearly proportion to p, the
results are easily scaled for other values of p.

Equation [3.1] can now be split into two parts, one
corresponding to the Green's functions, and one corresponding to the
integrél. EZ can be expressed (using [3.9] and .[3.10]) as the sum of

E21 and Ezz given by:

1 32
B T Tmo [ > T lT] (G,, -G,,) » and [3.11]
1 9z
2
_ A d
Fz2 = mo ( 2 * 1T] Viaf - [3.12]
1 oz

V,, can now be written (using A and T) as:
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o T
A(A" -imy2 iT(AZ—A) 2
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1 e
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1 2
[3.14]
iklR1 1k1R2
e
+[*‘“-r‘ “‘T} » and
R, R,
- 2 l/z
a /\3e-()\ =1iT) “(h - z) ax (3.15)
22 27o 2 L 2 L - )
1 A(A" ~ip)2 4 iT(A" - a)
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By taking the Positive root of k12 in equation [3.9]) (to avoid growing

1 1s given by:

1 L
_.%_T".gz
k, = (i7)2 = (5} + i 5 .

the evaluation of Ez

exponential Solutions), g

[3.16]
Using this,

i is a relatively straightforward
Problem.

» attention canp be directeq to the e

in equation [3.15].

nature of the integrangd Mmust be examined with regard to itg

singularities in the complex ) Plane,

components involving e

Y2), it is necessary to require:

: 2 .y .
Yl = (A - iT) 'A'To-b =1 (i7) + and [3.17]
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1 1
2-A)2—+-i(A)2. [3.18]

This guarantees the Re-PYl,Yé} >0 for A on the real A axis. Next, a
cut A plane must be chosen in which the integrand is a single vaiued
analytic function of A. The integrand has branch points at tk, from
Y,r and *k, from Y, as shown in Figure 3.1. The branch cuts are taken
from the branch points to infinity along paths which do not cross the
real )\ axis (the path of integration). In addition, it must be
assumed (as was mentioned earlier) that k22 has a small positive
imaginary part to force it off the real axis and to avoid the
mathematically questionable process of integrating through a branch

point. For the parameters of interest, the real and imaginary parts

Im A
+k,
1:+k2
— Pyt RE A
'sz path of integration

FIGURE 3.1
SINGULARITIES AND BRANCH CUTS IN THE COMPLEX A PLANE
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of the Yy, term in the denominator of [3.15] are always much larger
than the contribution to the denominator from a small imaginary part
added to k12==A, and the effect of this assumption is completely
negligible in the calculation of the integral.

It is possible, depending on how Y, and Y, are evaluated, for
the denominator of the integrand to go to zero, thus forming a pole.
However, this pole only exists on two of the four Riemann sheets of
the complex A plane. 1In effect, if the roots of Y, and Y, are
evaluated to give the same sign for the two terms (either plus or
minus), they will add, and the integrand will not go to zero. If the
signs of the two terms are opposite, then they will cancel to zero for
some values of A, creating a pole in the integrand. Because of the
selection in signs in equations [3.17] and [3.18], this pole will not
be present on the Riemann sheet of interest. (For a detailed
discussion of this problem, see Banos, Section 2.64.)

The integrand is now a well-defined single-valued function along
the path of integration, and the problem of numerically integrating
the function remains.

The APL computer language was selected, primarily for reasons of
availability and familiarity. APL also has the advantage that complex
numbers can be easily manipulated in the form of two-element vectors
using the extensive library of primitive vector functions available in
the language.

The first step in evaluating the field was the implementation of
a routine to generate values of the integrand (separated into its real

and imaginary parts) for any given values of frequency (F),
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transmitter depth (TD), receiver depth (RD), conductivity (C), and
integration variable (L). The implementation of this routine (called
FUNC) is described in detail in the appendix.

Before the integral was computed, the behavior of the integrand
for various values of F, L, and TD was examined to determine how to
perform the integration in as simple and efficient a manner as
possible. The behavior of the real part of the integrand for
C=4 mhos/m, F=100 kHz, RD=1, and TD=7 is shown in Figure 3.2, and
the behavior for TD=3 is shown in Figure 3.3.

On the scale of the graphs in Figures 3.2 and 3.3, the integrand
appears to be a smooth function which converges rapidly to zero for
values of L greater than 4 or 5. However, examination of the behavior
of the integrand in the vicinity of L=vA, where Y, changes from a
complex to a real number (shown in Figure 3.4 for the same parameters
as Figure 3.2), shows a dramatic "doublet." Fortunately, for the
range of frequencies being considered, the size of this doublet is
almost undetectable on the scale of the rest of the integrand, and its
overall contribution to the integral will be quite insignificant,
considering its overall height and width.

Because the integrand is a fairly smooth function (ignoring the
doublet at Va), a simple constant step-size trapezoidal integration
algorithm was selected to perform the numerical integration. After
examining the behavior of the real and imaginary parts of the
integrand for various parameter values over the range of interest, two
empirical'formulas were developed to calculate an appropriate step-

size (H) and upper integration limit (LM) as a function of T and R,.
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These formulas were chosen to be as conservative as possible without

unnecessary iterations, and are given below:

H=.005 + .025%x/T , and [3.19]
=1+ 12x2E .
R,

The operation of the final program (called VFIELD) is described in the
appendix.

This program was used to evaluate the attenuation of a signal
with depth for comparison with experimental results, and it was also
used to calculate the frequency dependence of the received signal for
use in the noise analysis. After calculating the field strength for
a variety of parametérs, and comparing the results with the magnitude
of Ezl for each case, it was found that the only appreciable
contribution to the actual field comes from the two Green's function
terms, and not from the integral term. The complete program was used
to evaluate the fields discussed later, but neglecting the integral
term in future work will produce idehtical results (to three or four
decimal places) over the frequencies and ranges treated here. The
only case where the integral becomes important.is when the source is
sufficiently close to the surface that the source and image Green's
functions are close to cancelling each other.:- With the source placed
at the depths used in the experimental tests, this is not a problem.
Although it could become important for the case of transmission from
the surface down to a submerged receiver, this case can easily be

treated by using reciprocity.



CHAPTER &

VERTICAL FIELD MEASUREMENTS

In order to provide experimental verification of the computer
analysis of the vertical field covered in the preceding chapter, a
100 kHz transmitter and receiver were constructed, and measurements
were taken of the attenuation of the field as the transmitter was
lowered into the water. 100 kHz was se’=2cted as the operating
frequency to obtain a sufficiently fast decay that reflected signals
from the bottom and any nearby structures could be ignored. The
receiving antenna was located above the transmitter to avoid passing
the receiving antenna cable directly past the transmitter on its way
to the surface.

The actual tests were done in the large "well" in the Woods
Hole Oceanographic Institution dock area. This is an open space
approximately 4 meters wide and 10 meters long over water about 15
meters deep. The nearest support pilings were at least 4 or 5 meters
away .from the receiver location.

A diagram of the arrangement of the equipment is shown in Figur
4.1. The antenna electrodes were made of 1.5 inch long sections of
1.5 inch diameter copper pipe, which were fastened with plastic bolts
to sections of acrylic rod. A styrofoam float was used to support th
weight of the transmitter and a 4 pound lead ballast weight, in
addition to holding the receiving antenna at a fixed depth. The line

(with depth markings) was passed through all four antenna electrodes
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to hold the antennas in a coaxial orientation. The receiving

equipment was located in a nearby wooden rowboat.

receiving antenna

transmitting antenna

2
|+—H—+1
3

!.
|«<—2—]
g

ballast

FIGURE 4.1
VERTICAL FIELD EXPERIMENTALISETUP
The antenna's impedance was roughly two ohms at 100 kHz.
In order to eliminate problems resulting from variations in this
impedance, the receiver was designed to have a very high iﬁput
resistance, and the transmitter was constructed to operate as a

current source.
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The "receiver" consisted of a tuned pre-amplifier and a portable
oscilloscope. A schematic of the pre-amp is shown in Figure 4.2. The
input stage consists of a 1:100 transformer driving an F.E.T. casccde
stage with a tuned load. This stage has a bandwidth of about 7 kHz to
cut down out-of-band noise. Including the transformer, this input
section has a gain of roughly 5,000. The next stage provides a gain
of 2 to give an overall gain of 10,000 at the lowest switch setting.
The next stage has a selectable gain of either 10 or 100, followed by
an output buffer. Power was provided by two 9 volt "transistor"
batteries. In order to prevent the input from saturating on
out-of-band transients, the cascode was operated from the full 18 volt
supply, which necessitated the unorthodox grounding arrangement. A

photograph of the preamplifier is shown in Figure 4.3.

FIGURE 4.3
TUNED PREAMPLIFIER
(shielded enclosure for input section on left)
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The schematic for the transmitter is shown in Figure 4.4. The
upper part of the circuit consists of a C.M.0.S. astable multivibrator
and a Colpitts oscillator. The oscillator operates at 100 kHz, and is
gated on and off at five second intervals by the astable. This allows
easy comparison of the signal and noise levels. The power amplifier
is a one ampere r.m.s. feedback current source circuit using the .4 Q
resistor for the. current sense. The LM318 operational amplifier was
chosen for its high frequency performance, which is required to obtain
a reasonable loop transmission at 100 kHz and still provide enough
volitage gain to avoid wasting power in the current sense resistor.

The power output stage is a complementary push-pull arrangement, with
relatively small crossover distortion. The driver circuit was
originally designed for much higher gain transistors than those
indicated, but they could not be obtained in time for the experiments.
As a result, considerable extra power was dissipated in the bias
resistors. This could be corrected by replacing the output
transistors with a complementary Darlington connection, but heat sink
space was too limited to make this modification. The two diodes on
the output and the 1.5 k2 resistor on the inverting input of the LM318
are designed to prevent transient damage when the current source is
open cifcuited. Power was supplied by two packs of six Gates sealed
. rechargeable lead-acid D-cells. A photograph of the transmitter
circuit is shown in'Figure 4.5.

- The housing for the transmitter was constructed out of a 15 inch
length of 4 inch schedule 80 P.V.C. pipe. The end cap sﬁpporting most

of the circuitry had a %-inch thick aluminum disk mounted on it to
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FIGURE 4.5
100 KHZ 1A TRANSMITTER CIRCUITRY
(power transistors mounted underneath main board)

serve as a heatsink. All four of the power transistors were fastened
on the inside of the heatsink through a hole in the end cap. The end
caps and heatsink were all sealed with O-rings. The other end cap
held the output transformer, the power switch, and the output
connector. The output switch was sealed with a silicone rubber
toggle-switch boot. The output connector was made with a female phono
jack epoxied into the end cap, and mated to a phono plug potted onto
the cable. The connection was sealed with a short piece of flexible
tubing clamped over the two connectors. The entire housing was
pressure tested at 4 atmospheres for one hour with no sign of leakage.

A photograph of the housing assembly is shown in Figure 4.6.
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FIGURE 4.6
TRANSMITTER HOUSING

The first series of measurements was taken with the receiving
antenna 1 meter below the surface. The field was measured first as
the transmitter was lowered into the water, and then again as it was
raised. Figure 4.7 shows a plot of the experimental data, and
theoretical curves for conductivities of 4.2 rhos/m and 3.57 mhos/m.
From the water temperature.on the day of the .experiment, and the
yater density on the previous day (density for the day of the
experiment was not available, but the two should be quite close), the

14,15 to be approximately 4.2 mhos/m. From

conductivity was calculated
the plot, it is clear that 3.57 mhos/m fits the data much more
closely. The shape of the curves appears to be a very good fit, but

there is a definite discrepancy between the. experimental and
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From the water temperature on the day of the experiment, and the
water density on the previous day (density for the day of the
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closely. The shape of the curves appears to be a very good fit, but

there is a definite discrepancy between the experimental and
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theoretical values. It seems exceedingly unlikely that the
conductivity calculation could be off by enough to make up the
difference.

A second series of measurements was taken under identical
conditions except that the receiver was located only %-meter below
the surface. The results of this test are shown in Figure 4.8 along
with curves for conductivities of 4.2 and 3.57 mhos/m. The curve for
3.57 mhos/m has shifted down slightly, and no longer fits the
experimental values as well as before.

Because the discrepancy between the predi&ted and experimental
values increases as the receiver is moved closer to the surface, it
was thought that the difference could be the result of using a
receiving antenna length comparable to the antenna depth. The
potential difference between the antenna electrodes is equal -to the
line-integral of the electric field along the length of the antenha.
If the eléctric field_is close to being a linear function of distance
over the space between the electrodes, then the field at the center of
~ the antenna can be accurately approximated by dividing the voltage
between the electrodes by the distance between them. However, if the
strength of the field changes in a rapid nonlinear manner over the
length of the aﬁtenﬂa, this approximation will gi?e-inaccurate
results. |

In order to check this possibility, the computer program was
used to calculate the strength of the field at the ends of the antenna
for both antenna deptﬁ§ These results were compared with the field

strength at the center of the antenna to determine how nonlinear the
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field was over the distance between the electrodes. For all of the
values of t:ansmitter and receiver depths, the field varied only
enough to introduce about a 5% increase in the theoretical values that
should have been méasured on the antenna. Therefore, the discrepancy
cannot be the result of the large receiving antenna size. Because
the error changes with receiver depth, the problem cannot be
completely attributed to some error in evaluating the conductivity,
either.

The error makes very little difference on a practical level.
For example, at'7%ineters transmitter depth and the receiver at
1 meter depth, the discrepancy amounts to only %—of a meter additional
depth to get the same signal strength. It is interesting to note that
the actual measured signal is always greater than that predicted by
theory. |

Because there is no surface wave phenomenon to strengthen the
field (see Chapter 6), the field attenuates very rapidly down into the
water. For the experimental setup used here, increasing the power by
a factor of 25 (by increasing the current by a factor of 5) will .
increase the field by 5; and gain approximately 1 meter of range
(assuming a fixed receiver sensitivity). Unless low ffequencies and
high power levels are used, the range of any vertical transmission

system using this approach will be quite limited.
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CHAPTER S

NOISE MEASUREMENTS

The design of a practical communications system requires a
thorough knowledge of the gé;éral characteristics of the noise present
in the “éhannel.“ Informati&n coﬁcerning its strength, dependence on
frequency; and origin canlbg used to develop optimum communications
equipment for a particular appliGak e -

The purpose of the noise measurements was to determine the
properties of the signal present on an antenna near the surface, such
és might be used for receiving signals from a submerged instrument
package. Tests were done to measure the strength and spectral
dependen&e as a function of depth and antenna orientation between
1 kHz and 100 kH=z.

A considerable amount of work has been done on the design of low
noise electrode-pair antennas for submarine communications. One of
the major noise sources in Extremely Low Frequency (ELF)
cbmmunications with this sort of antenna appears to be the result of
motion modulating the corrosion currents present on the electrodes.16
Copper electrodes were found to have a low impedance due to coﬁducting
oxides which form on the surface of the electrode (which makes them
useful for transmitting), but the Velocity Induced Electrode Noise
(VIEN) was fairly high compared to other metals. Fortunately, VIEN
is proportional to length (L), velocity to the fifth power (Vs), and

frequency to the inverse fourth power (m-‘l').'l7 By using a one-half
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meter antenna at frequencies greater than 1 kHz in slow~moving water,
the VIEN should be reduced significantly to allow the use of copper
electrode material. The actual antenna used consisted of two pieces
of l-;— inch diameter copper pipe l% inches long, fastened with nylon
bolts to a half-meter plastic rod. The antenna cable consisted of
approximately five meters of shielded audio cable soldered to the
electrodes. The impedance of the antenna at 1 kHz was 2 ohms.

The preamplifier used was a special low-noise design shown in
Figure 5.1. By using an input transformer and low-noise
semiconductors, the noise of the amplifier (referred to the input) is
considerably lower than the Johnson noise of the 2 ohm source
impedance, .179 nanovolts per root hertz (nv/V/Hz) .

The input transformer T1 has a high turns ratio (1:100) to get
as much "noise free" voltage gain as possible. In order to obtain a
flat frequency response over the required range, it was necessary to
use two layers of 2 mil polyester tape between secondary winding
layers, and to ground the inside layer of the secondary in order to
keep the interwinding and interlayer capacitances down.

The initial amplification stage consists of an F.E.T. with a
current source load. This gain stage is incorporated in a feedback
loop including the first operational amplifiexr. The F.E.T. is biased
at about one milliampere. Under these conditions, the incremental
drain impedance is about 8 kf!, and the F.E.T. stage has a voltage gain
of about 50. The voltage noise of the F.E.T. is around 2 nv//ﬁ;, so
the noise véltage from the F.E.T. at the point A is 100 nv//ﬁg. The

noise voltage referred to point A from the operational amplifier is
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5 nV//ﬁ;. The noise voltage at point A from the current source is

the transistor noise voltage (2 nV/YHz) times its gain to point A
(about 4), or 8 nV/VHz. Assuming that the three sources are
uncorrelated, this gives a total noise at the point A of only

slightly more than the noise from the F.E.T. alone. When this voltage
is referred to the input of the transformer, the result is a total
input noise of about .02 nV//E;, or around 12% of the Johnson noise at
the input.

The large feedback loop around the input circuitry provides a
gain of about 1,000. The remaining amplifiers provide additional gain
and buffering for the output. The gain of the entire circuit can be
selected at either .98 X 105, .95 X% 106, or 4.5X% 106.

The overall frequency response is flat to within minus ten
percent at 1 kHz to plus ten percent at 100 kHz. The low frequency
cutoffs of the input transformer and the a.c. coupling between stages
were chosen to reject 60 Hz signals as much as possible. The power
source used for the actual measurements consisted of four 6-volt
lantern batteries to allow isolation from the power lines. An
internal copper shield isolating the input was required to prevent
spurious oscillations (see Figure 5.2).

Originally, it was thought that the 60 Hz noise level near shore
would be sufficiently high to overd:ive the input stage, and that it
would be necessary to take the measurements off shore. Fortunately,
tests showed that the 60 Hz rejection of the amplifier was sufficient
to allow doing the experiments directly off.the W.H.O0.I. dock. 1In

order to avoid electrical noise generated by work géing on at Woods
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FIGURE 5.2
LOW-NOISE PREAMPLIFIER
(input section with transformer on left)
Hole, the'measurements were done between the hours of 5 and 9 a.m. on
a Sunday morning.

The spectral characteristics of the amplified signal were
measured using a Rockland FFT 512/S real-time spectrum analyzer. This
instrument measures the signal present in 400 digitally-filtered bands
over the frequency ranée of the measurement (up to 100 kHz). The
noise voltage in volts per root Hz (V/YHz) is obtained by dividing the
voltage by the square root of a single pass-band width. For example,
if the full-scale frequency is 100 kHz, each band is 250 Hz wide, and
the noise voltage is the display voltage times .063. The spectrum

analyzer can also average many individual spectra. Connections are
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FIGURE 5.2
LOW-NOISE PREAMPLIFIER
(input section with transformer on left)

Hole, the measurements were done between the hours of 5 and 9 a.m. on
a Sunday morning.

The spectral characteristics of the amplified signal were
measured using a Rockland FFT 512/S real-time spectrum analyzer. This
instrument measures the signal present in 400 digitally-filtered bands
over the frequency range of the measurement (up to 100 kHz). The
noise voltage in volts per root Hz (V/VHz) is obtained by dividing the
voltage by the square root of a single pass-band width. For example,
if the full-scale frequency is 100 kHz, each band is 250 Hz wide, and
the noise voltage is the display voltage times .063. The spectrum

analyzer can also average meny individual spectra. Connections arc



53

available for easy interfacing with an X-Y plotter, and a Hewlett-
Packard 135 AM plotter was used to produce graphs of the measurements.
Before the actual experiments were run, a measurement of the
preamplifier noise was performed by putting a 2{2 carbon film resistor
on the input. The resulting spectrum is shown in Figure 5.3. The
vertical scale has been calibrated in nV//ﬁE) and the plot is of the
average of 32 separate spectra from O to 100 kHz. The theoretical
noise from a 2§ source is .18 nV//ﬁE} which matches quite well with
the measured value. A similar test was done with a resistor connected
to the antenna and cable, with identical results. There were no
noticeable signs of interference from manmade sources, or of noise

being added to the measurement by the electronics.
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FIiGURE 5.3
NOISE FROM 2{) SOURCE RESISTOR
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The first series of actual measurements was done with the
antenna in a horizontal position. The spectra were plotted at 1, 2,
3, and 4 meters depth. The results at 1 and 4 meters are shown for
comparison in Figures 5.4 and 5.5. The plots are averages of 256
spectra taken consecutively at 4 milliseconds per spectrum.

A number of interesting observations can be made concerning the
general character of the noise from these plots. First, the noise
above 30 kHz appears to have a moderately flat spectrum except for
several strong narrow-band signals. The background noise is
considerably stronger than the Johnson noise associated with the
antenna impedance, and it does not attenuate appreciably at high
frequencies. If the noise was propagating from distant sources as a
plane wave, it should fall off with distance and frequency at a rate
determined by the skin depth 6==(wou/2)-%. This lack of attenuation
is particularly puzzling when the behavior of the narrow band signals
as a function of depth is considered. If the signals are propagating
down into the water from some manmade source above the surface, they
should be severely attenuated as the depth increases from 1 to 4
meters. For example, at 95 kHz, the skin depth is .82 meters, and the
signal at that frequency should be attenuated by exp((dl—dz)/ﬁ) = .026.
The signal is reduced in amplitude by only about a factor of 2, but
the signals at 90 kHz and 93 kHz are actually stronger at 4 meters
than at 1 meter.

The signals appear to be narrow band, and their frequencies were
constant throughout the course of the expe;iments, which would tend to

indicate that they are manmade. The signals maintained roughly the
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same amplitude from measurement to measurement, except for the signal
at 53 kHz at 1 meter depth, which was only present during the
measurements at 1 and 2 meter depths. There are no public or private
radio sources licensed to operate on the frequencies received,l
although the military does operate stations in this frequency range.
However, this would still not explain the lack of attenuation at
increasing depth.

The absence of attenuation would tend to support the theory that
the signal sources were in the water, either of a biological nature,
or perhaps some sort of unusual V.I.E.N. phenomena. Fish are known to
produce electrical signals at various frequencies, but in the form of
pulses and "chatter"18 whizh would tend to be more broadband than thé
signals measured. If the flow of water past the antenna exci =d a
small high frequcncy moaulation of the corrosion currents present on
the electrodes, signals similar to those observed could be produced.
However, it is unlikely that either of these sources would abruptly
"turn off" -he way the 53 kHz signal did. One possible source which
would fit the measurements is acoustically generated V.I.E.N.
resulting from nearby narrow band sound sources which may have been in
use around the W.H.0.I. dock area.

The next set of measurements was taken with a vertical antenna
at 1, 2, 3, and 4 meters depth. The spectrum plots for 1 and 4 meters
are shown in Figures 5.6 and 5.7 respectively.

The overall characteristics of the spectrum are very close to
those for the horizontal antenna, indicating that the noise field is

omnidirectional. With the exception of the 53 kHz signal, all of the
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narrow-band signals are present with approximately the same strength
as before. There is no appreciable difference in the signal strengths
between 1 and 4 meter depths.

All of the preceding measurements suffer from an apparent
increase in the noise level at low frequencies. This was thought to
be an artifact of the spectrum analyzer characteristics in the
presence of a very strong 60 Hz signal, possibly the result of side
lok2 leakage in the digital filtering process. Because of this
problem, a more detailed measurement of the low frequencies was done
over several of the spectrum analyzer's lower frequency ranges. The
results of these measurements are shown in Figures 5.8 through 5.11
(again averaged over 256 spectra)..

A direct comparison of these plots is somewhat difficult because
of the different scale factors required by the changing filter
bandwidth. A check of the noise levels indicated for 9 kHz shows
a reading of about 6 nV//Hz on the 50 kHz spectrum plot, as compared
to 6.3 nV//Hz on the 20 kHz plot and 6.5 nV//Hz on the 10 kHz plot.
This shows that the increase in noise at low frequencies is real,
which is reasonable considering the attenuation of high frequencies in
a dissipative medium. The difference, however, is not very large.

The average background noise level around 100 kHz is about 3.4 nv//Hz
as compared to about 10 nV//Hz around 2 kHz. Although this amounts to’
roughly a factor of ten drop in power, it is far less than the
difference one would expect if the signals had propagated any great
distance, which implies that the high frequency noise must originate

at or near the antenna electrodes.
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FIGURE 5.8
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FIGURE 5.9
VERTICAL ANTENNA NOISE AT 4 METERS FROM 0 TO 20 KHz
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FIGURE 5.10
VERTICAL ANTENNA NOISE AT 4 METERS FROM 0 TO 10 KHz
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FIGURE 5.11
VERTICAL ANTENNA NOISE AT 4 METERS FROM 0 TO 5 KHz
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The overall noise appears to be the sum of a moderately flat
backgronnd noise component and a large number of stronger narrow-band
signals. Because the narrow-band signals do not seem to vary in
frequency a great deal, it should be possible to design communications
systems which avoid these strong sources of interference even if their

exact nature is not fully understood.
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CHAPTER 6

CHANNEL CAPACITY ANALYSIS

Using the results of the noise measurements described in Chapter
5, estimates can be made of the characteristics of a communications o
"channel" implemented with the type of signaling system under
consideration. Because the analysis and experiments have been
restricted to transmitting short single tones, no information is
available concerning the dispersion and fading characteristics of the
channel, and they will be neglected in this analysis. Mathematical
techniques exist for handling these more complex cases,zo should they
prove to be a problem.

Over the range of 1 to 100 kHz, the background noise (avoiding
sources of narrow band interference) is moderately frequency
independent, especially when viewed over a band small compared to its
center frequency. If the ocean is modeled as a simple additive
Gaussian white noise channel (for lack of any better model, and for
computational ease), then the channel capacity can be calculated using
the Shannon capacity theorem:21

P

R < Wlog,|l+ —>| , [6.1]

WD%

where:

R is the maximum transmission rate for reliable

communication in bits per second,
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W is the bandwidth of the signal in hertz,

Py is the average power in the received signal in watts,

and

N. is the "noise power" of the Gaussian white noise in

0

watts per hertz.

N, is defined to be equal to twice the power spectral density
sw(f) of the signal at the antenna. Sw(f) is proportional to Vn
(the noise voltage at the antenna in nV/V/Hz squared) with the same
proportionality factor which relates the power of the signal Py to the
square of the signal voltage at the antenna, Vs2 (in (nV)2).

This allows the channel capacity to be rewritten in the
following form (after cancelling the proportionality constant from
Pg and N,):

2
\'4

R < Wlog, |1+ ——| . [6.2]
: 2WVn

This allows calculation of the channel capacity in terms of known
variables, assuming the signal voltage is obtained for the same
antenna design with which the noise voltage was measured.

Before calculations of the channel capacity can be done, the
frequency characteristics of the channel must be considered. Figure
6.1 shows the attenuation as a function of frequency for vertical
transmission at two different ranges. The transmitter was assumed to
be a 1 ampere source driving a vertical l-meter antenna, and the

2

. 1 .
receiver was assumed to be a E-meter vertical antenna at 1 meter
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depth. The upper curve is for a transmitter depth of 10 meters, and
the lower curve for a transmitter depth of 12 meters. The fields were
calculated using the numerical integration program described earlier
in Chapter 3.

The frequency characteristics of the channel are not very "flat"
and vary considerably with range. The 3 db point at 10 meters depth
is on the order of 3.5 kHz, as compared to about 3 kHz at 12 meters
depth. The channel capacity theorem can be reformulated for a
frequency-dependent channel by modeling the dependence with a linear
filter, but because of complexity of modeling the frequency dependence
of the ocean (which is in turn a function of range), an approximate
calculation was made for narrow-band transmissions.

If the bandwidth of the transmitted signal is chosen to be a
fixed small fraction of the center frequency (fc) of the band, then
the signal voltage (Vs) can be taken at fc without introducing much
error from the freqﬁency dependence of the channel. Then, using the
noise voltage at fc, the channel capacity can be calculated as a
function of the transmission bandwidth (which is directly prdportional
to fc){

Figure 6.2 shows a graph of the channel capacity of a 1 ampere
r.m.s. source at a depth of 10 meters transmitting to a receiver at a
depth of 1 meter (both %-meter antennas). The channel capacity was
calculated assuming the signal bandwidth to be equal to one tenth of
the center frequency.

The channel capacity can be separated into two different regions

as a function of bandwidth. Below a bandwidth of 1 kHz (corresponding
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to a center frequency of 10 kHz), the channel capacity is bandwidth
iimited, and the capacity can be increased by increasing the bandwidth
(and center frequency) of the signal. Increasing the transmitted
power in this region gives only a small increase in capacity. For
bandwidths greater tha~ about 2 kHz, increasing the bandwidth (and
center frequency) decreases the channel capacity because the signal
strength falls off so rapidly with frequency. This region is "power
efficient," and the channel capacity increases roughly proportional

to Py or Vsz, although it takes a very large increase in power to

make up for the loss as higher frequencies are used.

For a fixed range, there will be an optimum bandwidth and center
frequency where a further increase in frequency reduces the channel
capacity, but also where the channel is sufficiently power efficient
to allow improving performing by increasing the transmitter power if
it is required. For the case shown in Figure 6.2, this corresponds to
a bandwidth of 2 kHz and a center frequency of 20 kHz, and results in
a channel capacity of about 5 thousand bits per second.

Although this may seem to be a reasonable transmission rate, the
channel capacity is the maximum theoretical limit assuming "optimum
receivers." A practical system does well to reach a quarter of this
calculated capacity, and considering the limited range, it is not very

impressive.



68

CHAPTER 7

INVESTIGATION OF THE FIELDS AT THE SURFACE

From a theoretical standpoint, the study of the fields observed
with the source and receiver near the surface is quite complex, and it
has been the focus of a great deal of research. Because of surface
wave propagation effects, it is possible to send signals over
distances of several hundred meters at frequencies of 100 kHz or more.

In his book, Banos derives approximate expressions for the
fields near the surface using saddle point integration techniques
(see Banos Chapter 4), which are valid for radial distances at least
several times the wavelength of the signal in water. These results
are summarized in Chapter 7 of Banos, and the equations for the radial
and azimuthal fields of a horizontal electric dipole near the surface

are given below (for the geometry shown in Figure 2.1):

E, = peosy ik, (h-2) 4 (7.1}
2ﬂ01r
Enp N Es:.nslp elkl (h - 2) , [7.2]
ﬂOlr
where:
i= "1 ?

p is the dipole moment of the source,

h is the transmitter depth,



-z is the receiver depth,
0 is the conductivity of the water,
r is the transmitter-receiver separation,

Y is the angle between the axis of the transmitting

antenna and the receiver, and

k1 is the propagation constant for water.

The source is assumed to have a harmonic time dependence of frequency
w.

Several interesting conclusions can be drawn from these two
results. First, as long as both the source and receiver are close to
the surface, the signal falls off only as the inverse of the radial
separation cubed. The exponential attenuation of the signal usually
associated with the propagation of fields in lossy media is absent.

This lack of exponential attenuation is probably the cause of a

€9

number of the promising claims made by various experimenters. If they

performed their communications tests close to the surface (that being

the easiest location to work at), they could have been severely misled

by their findings.
The other interesting feature which equations [7.1] and [7.2]
contain is an apparent "rotation" of the antenna pattern. Although

the general features of the field dependence on angle are the same as

m

for a simple static dipole, the peak azimuthal field (for Y = 1:5-) is

twice as strong as the péak radial field (for Y=0 or m). This is
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exactly the opposite of the relative peak strength of the radial and

azimuthal components of a simple dipole in air (see Figure 7.1).

antenna

regular dipole submerged dipole
near the surface

radial field

- - - azimuthal field
FIGURE 7.1
RELATIVE FIELD STRENGTH PATTERNS FOR NEAR SURFACE CASE
To allow measurements at shorter ranges than allowed for

equations [7.1] and [7.2] to be valid, and to provide an alternate
theoretical check, the fields were calculated for the case of both the
transmitter and receiver at the surface (h=z=0), using a "quasi-
static" approach. This is done by setting the propagation constant
for air (kz) equal to zero, and is equivalent to assuming that the
fields in air are quasi-static and satisfy Laplace's equation.

For a horizontal electric dipole, the field components can be
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written in the following form (see Chapter 2):

iwpu, d 2
Elr_ 2cosl1) — Gy, =Gy, +k, TV,

4mk, 2 [7.3]

,
2
+ k1 .LGI1 —G12+U11] , and

e 19 2
Eyy =-41rk 7 sin T 57 “Gn "Gtk VY
1 [7.4]

2
+ k) LG11-G12+U11] ’

,

where:

H, is the permeability of free space (and sea water),

1K Ry
G, 6= —— , . [7.51
11 Rl
G — ikl..R_z ['7 6]
12 R,
[e o]
Cf2e V12 g a0 an
Vi, = 3 > ’ [7.7]
0 k2 Yl + kl YZ
e o)
g o[22 5000 ar (7.8]
e Yl + Y2 )
02 2)%
Yo = [A —km] , m=1,2, and [7.91

Jo(Ar) is a Bessel function of order zero.

By setting k2 equal to zero, noting that h=z =0 and R, =R, at the
surface (for the geometry in Figure 2.1), and making use of the

formula:

k2~ iwp, 0, [7.10]
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a number of terms will drop out of the equations for the field

components. The results are listed below:

- B 9 |, 2 2

1r A0 cos 3r2 [kl Vi, | +k;p Uy, , and [7.11]
- P 19 |, 2 2 '

1y = amo sin¥ag 57 _kl Vi * R Ui [7.12]

The integrals have also been simplified to the following forms:

o)
vy, = I 31"—0‘;)—‘” , and [7.13]
ok
(o]
_ 2AJp (Ax) dA
U, = I = [7.14]
0

Equation ([7.13] can be evaluated directly, giving:

(7.15]

An exact solution of the integral u,, (originally developed by van der

Pol) is given in Banos as:

ik, x ik.r
2 1 3 [erf2 e 1
Uny —k2_k2 r 3r r  r : [7.16]
1 2
Setting k, to zero reduces [7.16] to:
g o2 L [1_etr [7.17]
11 2 r 9r |r r ’ )

k)
Substituting [7.15] and [7.17] into [7.11] and [7.12], and performing
the indicated partial differentiations gives these final expressions

for the field components:

1 eiklr
Elr = Eﬁa‘cosdl ;5 + rz {- - 1k1] , and [7.18]
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P 1 e1k1r 1
Elll) =5 sin y r—3- 2r2 [—i.--lkl] . [7.19]

For k,r much greater than one, the quasi-static field components
reduce to the field components derived by Banos using the saddle point
integration technique (equations [7.1] and [7.2]). The factor of 2
appears in the azimuthal term rather than the radial term, as
indicated before.

During the summer of 1975, a measurement of the attenuation of
the radial field at the surface was performed off the dock area at
W.H.0.I., using equipment very'similar in design to the transmitter
Aand receiver used for the vertical transmission experiment described
in Chapter 4. The antennas were both one meter long, and the
transmitter produced an antenna current of 1 ampere peak-to-peak at
a frequency of 1 kHz. From density and temperéture data for the
water on the day of the experiment, the conductivity was calculated to
be 5 mhos/meter. A graph of the measured radial field and the
theoretical quasi-static radial field are shown in Figure 7.2 for
comparison. Although the curve is close to the experimental points,
and the overall shape appears to be about right, the measured field
is always stronger (by as much as a factor of two) than the
theoretical value. This is similar to the results obtained in the
vertical field experiment. Unfortunately, no measurements of the
azimuthal field were made at the time.

In order to measure the ;elative field strengths at the surface,
a pair of %-meter antennas (similar to thosé used for the experiment

described in Chapter 4) were fastened 3.5 meters apart on a narrow
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board using plastic cable clamps in such a manner that they could be
easily rotated. With the antennas aligned coaxially (see Figure
7.3a), the peak radial field could be measured, and with the antennas
rotated to a "broadside" configuration, the peak azimuthal field
could be measufed (see Figure 7.3b). The board supplied both a rigid
structure to hold the antennas in a fixed orientation and sufficient

flotation to hold the electrodes just beneath the surface.

< 3.5m 3

orientation for radial field measurement

(a)

orientation for azimuthal field measurement

(b)

FIGURE 7.3
ANTENNA POSITIONS FOR PATTERN MEASUREMENT
10 kHz was selected as an operating frequency to ensure a strong
signal and a wavelength of sufficient size to guarantee the validity
of the short dipole model. The receiver used for the measurements was

the same as used for the vertical field experiment, but modified for
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use at 10 kHz. The necessary component changes are indicated on the
schematic in Figure 4.2. The bandwidth of the circuit is about

700 Hz, and the gain is about a factor of 10 lower than at 100 kHz
because of the lower Q of the tank circuit.

Because of the difficulty of handling the 100 kHz transmitter,
and the need to- keep the heatsink end of the housing immersed, a new
transmitter was éonstructed using a pA 791 power operational
amplifier. This integrated circuit has a peak output capability of
1 ampere, and adequate frequency response to be used at 10 kHz. A
schematic of the transmitter is shown in Figure 7.4. The oscillator
and gating circuitry are similar to those used in the 100 kHz
transmitter, with the addition of the 15 k{) resistor and 4.7 ufd
capacitor. This low-pass network was necessary to avoid a destructive
transient from over-driving the current source each time the
oscillator turned on. The current source was the standard non-
inverting type, and was set to operate at %—ampere-r.m.s. The 2-to-1
output transformer then provided 1 ampere to the antenna. Power was
supplied by four 6-volt lantern batteries. A photograph of the
completed unit is shown in Figure 7.5.

Using the values 0=4, f= 104, r=3.5, and p =% in equations
[7.18] and [7.19] gives values of 1.38 mV/m and 1.49 mV/m for the
radial and azimuthal fields respectively. When the measurements were
first performed, the resulting fields were: E = 1.88 mv/m, and

lr

Elw = 1.62 mV/m. It was thought that the antennas might be large

enough compared to their separation to affect the measurement, so they

were both reduced to .25 m length. The measurements were repeated in
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FIGURE 7.5
10 KHZ 1 A R.M.S. TRANSMITTER
(power amp and heat sink are under circuit board)

the same location (the large well in the W.H.O.I. dock), and the
result was exactly half the field (in both orientations) that was
recorded earlier. As a further test, and to eliminate the possibility
of field distortion from the well and a nearby ship, the experiment
was performed a third time several days later off the end of the dock
and further away from any ships, with identical results.

The value of 4 mhos/m for the conductivity was calculated from
temperature and water density data for the first two tests, as was
done for the vertical field experiments. Once again, a much closer
match between the experimental and theoretical results can be achieved

by assuming that the conductivity was actually lower than calculated.
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FIGURE 7.5
10 KHz 1 A R.M.S. TRANSMITTER
(power amp and heat sink are under circuit board)
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recorded earlier. As a further test, and to eliminate the possibility
of field distortion from the well and a nearby ship, the experiment
was performed a third time several days later off the end of the dock
and further away from any ships, with identical results.

The value of 4 mhos/m for the conductivity was calculated from
temperature and water density data for the first two tests, as was
done for the vertical field experiments. Once again, a much closer
match between the experimental and theoretical results can be achieved

by assuming that the conductivity was actually lower than calculated.
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In this case, a conductivity of 3.2 mhos/m gives values of 1.81 mV/m
and 1.72 mV/m for the radial and azimuthal fields respectively. This
gives a much better fit to the data, but a 20% variation in the
conductivity is very hard to believe. The air temperature was quite
low on both davs when measurements were taken, and it was very windy.
This would tend to reduce the temperature and therefore the
conductivity of the water at the surface, but it would take roughly a
10°C temperature drop to make the difference measured.22 Because the
tests were done with the two different antenna lengths with identical
results, the antenna length must also be discarded as a possible
culprit. The quasi-static form of solution developed for the problem
should hold over the distances involved without appreciable error, and
the other parameters of the system (range, frequency, and
permeability) were determined with sufficient accuracy to neglect them
as a possible source of error. Any systematic error in the
measurements (such as an error in the gain of the preamplifier) should
still have produced the same ratio of radial to azimuthal field
strength, and certainly not have exchanged the relative magnitudes of
the two fields.

The experiment done in 1975 tends to support the accuracy of the
radial equation, but the discrepancy between the measured and
theoreticél values is sufficiently large to prevent any guesses as to
whether the radial equation is any more or less accurate than the
azimuthal equation. It would have been useful to have compared the
two field strengths at several different distances, but deteriorating

weather conditions prevented further experimentation.
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Even though the theory may not be completely accurate, it is
interesting to note that in going froim 0=4 mhos/m to 0= 3.2 mhos/m,
the ratio of Elr to Elw changed from slightly less than 1 to slightly
more than 1. This redistribution of the field strengths is dependent
on the three parameters £, g, and r. It may be possible to use this
phenomenon to construct a conductivity sensor by varying the frequency
(for a fixed geometry) until the two field components are of equal
strength. Although calculating the conductivity from the frequency

would be complex, this approach should be independent of the electrode

contamination problems which most non-inductive conductivity

instruments have.
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CHAPTER 8

SUMMARY OF RESULTS

A theoretical calculation of the axial field of a vertical
dipole antenna was performed using a numerical integration computer
program. Experimental measurements of the field at 100 kHz were taken
using a submerged transmitter located below the receiving antenna.
Although the theoretical curve appears to be about the right shape,
the measured field was uniformly stronger than the theoretical field
strength by roughly a factor ofll% to 2, for receiving antenna depths
of %—meter and 1 meter.

It was found that the contribution of the integral to the total
field (which consists of the integral term and two Green's function
terms) was quite small for transmitter depths greater than a few
meters. It should be possible to calculate the field strength fer a
deeply submerged transmitter by ignoring the integral entirely. The
case of a transmitter near the surface commﬁnicating with a deeply
submerged receiver can then be treated by using the reciprocity
theorem.

Ignoring the discrepancy between the measured and calculated
values, the attenuation with increasing depth is extremely fast, and
it is doubtful that even a very low frequency communications system
could be constructed without using verv large amounts of power. For

the case of a 100 kHz transmission system, an increase in power by a

factor of 25 only increases the range by about one meter (at any



82

range). Measurements were done or the noise spectrum as a function of
antenna orientation and depth, with several interesting results. The
noise between 1 and 100 kHz is constant with depth and antenna
orientation. The noise level decreases only slightly with increasing
frequency, despite the more rapid attenuation of propagating high-
frequency signals in sea water. The noise was characterized by a
constant background level and a number of unidentif:.ed stronger
narrow-band sources. The background noise level was approximately

20 nV/m/Hz at low frequencies, falling off to about 10 nV/m/Hz at
higher frequencies.

Using the computer program developed for the vertical
transmission case, the channel capacity was calculated for a
cormunications system using a submerged transmitter and a receiver
near the surface. The channel capacity cannot be calculated exactly
for this problem because of the frequency-dependent nature of the
channel. Simple calculations of an approximate channel capacity show
that the loss of average signal power with increasing bandwidth can
offset the advantage gained just by increasing the bandwidth,
resulting in an overall loss in channel capacity for some cases. For
this reason, it appears that data transmission at rates higher than a
few thousand bits per second may be impractical for ranges greater than
. a few hundred feet and power levels less than several hundred watts.

Experimental measurements were taken to investigate the
relationship between the peak radial and azimuthal fields of a
horizontal dipole near the surface. Theory predicts that at short

ranges the radial component will be stronger, slowly falling off until
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the azimuthal component becomes twice as strong as the radial
component: as the range is increased.

The experimental results actually indicated that the radial
field was slightly stronger than the azimuthal field under conditions
for which the theory predicts the reverse. Until this discrepancy
can be accounted for, it is difficult to make definite claims about
the theoretical predictions. Although it is difficult to come up
with an "intuitive" explanation for the change in relative strengths
of the two fields, the effect does appear to be real, and may have
practical applications for measuring conductivity once the
discrepancies between the theory and the measurements are corrected.
The general form of the theoretical curve for the radial component
matches the data well, supporting the general results reported in the
literature, but much more careful measurements will be required to
determine the exact nature of the discrepancy.

In general, it is likely (as was suspected) that this method of
communication will be limited to a low-frequency, low-data-rate, high-
power, short-range system which could probably be easily replaced with
an acoustic éystem unless the acoustic noise environment is
exceedingly bad.

Throughout the course of the experiments, all of the measured
fields (for three different frequencies, several different
orientations, and several different sets of experimental equipment)
were stronger than those predicted theoretically by factors varying
from 1.5 to 2. Although not enough of an error to make a great deal

of practical difference, it does indicate that there is something
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amiss. All of the data fit the calculations better‘if the
conductivity was assumed to be somewhat lower than the values
calculated from temperature and density data, and it is possible that
the "effective" conductivity of sea water may be somehow slightly

lower for the kind of electromagnetic propagation measured.

et ek

et | e ' i
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' APPENDI X

DESCRIPTION OF COMPUTER PROGRAMS

The equation for the z component of the electric field of a
vertical dipole of unit strength is described in Chapter 3. In terms
of the capital letter variables used in the APL computer program, the
equation is:

2
0 . '
, = T -——32+1T [GII—G12+AV“ , [A.1]
2

=
|
|-

where:

C is the water conductivity in mhos/meter,

iT = i.ZTrF]JOC k ’ [A.2]

F is the transmitter operating frequency in hertz,

U, is the magnetic permeability of the air and water in

henries/meter,

ik [h+z]

oiky|h-z]
G12 = Ih_zl ’ [A.4]
A= @) yu,e, = k2, [A.5]

€, is the dielectric constant of air in farads/meter,

-z is the receiver depth in meters,
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h is the transmitter depth in meters,

v _ 2Le-G1 (h—Z) dL [A 6]
11 - AG, +iTG, ' ]
2 .5 iy B
G, =Y, = (" -iD) 5o -i(iT)° , and [A.7]
2 4 . a8
G, =Y, = (L~ -A) L_+B+ -i(Ap)”° . [a.8]

The electric field can be broken into two parts, which can be

written (after taking the indicated partials):

' 1, Gy G2
av “3mc (MR " Tarz] T TR-z]
\

[A.9]
Gy Gy,
(h+2) (h - 2z)
Lo o]
I W I bl [2.10]
z2 27C AG, + iTG, - -
0

For the transmitter located beneath the receiver, the distance

between the two is:
Rl = |h+z| = TD-RD , [A.11]

where TD is the transmitter depth and RD is the receiver depth. The

distance between the receiver and the transmitter image is:
R2 = |h-z| = TD+RD . [A.12]
If the positive root is chosen for k1 to ensure decaying

exponentials in G,, and G,,, then:

5 ()%
k, = (iT)2 = H + 1[5] = K1(L+1i) . [A.13]
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The first step in writing the program was the implementation of
a routine to evaluate the value of the integrand (separated into its
real and imaginary parts) for any given values of frequency (F),
transmitter depth (TD), receiver depth (RD), conductivity (C), and
integration variable (L). This routine (called FUNC) is listed below

(Program 1) :

vV FUNC
[1]  T<«O02xFx(Cx1.257E 6
[2]  R2<TD+RD
£31] A«((02xF)*2)x1.1129E 17
(4]  Q1«((T*2)+L*4)*0.5
[5] Gie(2%x 0.5)x((Q14L*2)*0.5),-(Q1-L*2)*0.5
Lel Q2«+(L*x2)-A
[7] DE«(AxG1)+((Q2<0),-@2>0)xTx(|Q2)*0.5
(8] NU<((L*3)x*x-R2xG1[1])x(20-R2xG1[2]) ,10-R2xG1[2]
£al IN<((NU+.xDE),(NUL21xDE[1])-NUL11xDE[2])+DE+.xDE

PROGRAM 1
ROUTINE " FUNC"

The first three lines evaluate the variables T, R2, and A in
order. Lines [4] and [5] célculate a two-element vector corresponding
to the real and imaginary part of G, (using the sign chosen in
equation [A.7]). Line [6] defines a variable Q, equal to G22. Line
[7] evaluates the denominator of the integrand (as a two-element
vector DE), including choosing either a real or imaginary root of the
correct sign for G, depending upon the sign of Q,- Line [8] computes

a vector (NU) for the numerator of the integrand after splitting



the exponential into its magnitude and phase components.
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Line [9]

completes the evaluation of the integrand by calculating the real and

imaginary parts from DE and NU.

Before this function was integrated, its behavior for various

values of F, L, and TD was examined to determine how to perform the

integration in as simple and efficient a manner as possible.

examining the integrand (see Chapter 3), a simple trapezoidal

integration method was settled on, with the step size (H) and the

integration limit (LM) determined by the empirical formulas:

2)

H =

IM =1 +

1
.005 + .025 (T) 2% , and

1
12 (T)°
R2 ‘

After

[A.14]

The final program (called VFIELD) is displayed below (Program

£1]
[2]
[3]
[u]
[5]
[6]
[7]
(8]
[a]
[10]
[11]
[12]
[13]

V MEZ<F VFIELD R
T<02xFxCx1.257E 6
R1«R[2]-R[1]
R2«R[21+R[1]
K1<(T+2)%0.5
E1<(*R1x-K1)x((20K1xR1) ,10K1xR1)
E2+(%R2x-K1)x((20K1xR2) ,10K1xR2)
T1<(E2:R2%2)-E1+R1%2 '
T2+(E1:R1%3)-E2:R2*3
EZ1<(202xC)xT2+(-K1xT1[11+71[2]) ,K1xT1{1]1-T1[ 2]
A«((02xF)*2)x1.1129E 17
H<0.005+0.025xT*0.5
LM«1+12%x(T*0.5)*R2
LI«S5<«2pL+K<0

e e e e e e e s i ot e e 1S b
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(14] B:L«L+H

{151 @Q1«((T%2)+L*4)*0.5

[16] Gl«(2+ 0.5)x((Q1+L*2)*0.5),-(Q1-L*2)*0.5

[17] Q2«(L*2)-A

[18] DE<(AxG1)+((Q2<0),-Q2>0)xTx(|Q2)%0.5

[19] NU<((L*3)xx-R2xG1[11)x(20-R2xG1[2]),10-R2xG1[ 2]
[20] IN<((NU+.xDE),(NULZIxDEL11)-NUL11xDE[21)+DE+.xDE
£21] S«S+(H#2)xIN+LI

[22] LI<«IN

[23] +((200>K<K+1)AL<LM)/B

[24] EZ<«EZ1+(A+02xC)xS

[25] MEZ<(EZ+.xEZ)*0.5

-

PROGRAM 2
COMPLETE VERTICAL FIELD PROGRAM

The program operates as a dyadic function on the frequency F,
and a depth vector R= (TD,RD), and returns a number equal to the
magnitude of the field at the receiver depth.

Lines [1], [31, [10], and [15] through [20] are taken directly
from the routine FUNC, and are used to evaluate the integrand for
each iteration of the loop (lines [14] through [23]). Lines [4]
through [9] compute the value of Ezl given by equation [A.9]. Lines
[11] and [12] generate values for the step size and intégration limit,
and line [13] initializes the variables used in the integration loop.
The loop starts at line [14] by incrementing the value of L, then
computes the value of the integrand for the new L. Line [21] computes
the actual integral of the real and imaginary parts of IN from the
present and last value of IN. The value of IN is stored for use in

the next iteration by line [22], and line [23] is the branch test used




90

to continue or terminate the loop. Line [24] computes the total value
of the real and imaginary components of Ez, and then line [25]

calculates the magnitude of Ez.
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