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Abstract

Underwater communication from a source underwater to a desttion in air is a
challenging problem. Acoustic waves underwater cannot csshe interface to the
air while electromagnetic waves are attenuated due to the mductivity of water. In
this work, the use of magnetic induction is investigated. Sjmi cally, to cross the
air-water boundary, a detailed derivation of the magneticnduction between two coils
is introduced: one underwater and the other, above the suda. This new model is
compared to a simpler model given by Wait. A circuit analysiss performed on both
a transmitter coil underwater and a receiver coil in the airThe ratio of the induced
voltage of the receiver over transmitter current as a funadn of frequency is analyzed
in order to nd the optimal frequency at a given coil separatn. The addition of
a passive repeater between the coils is also investigateddetermine if it improves
performance. This is found to be true only when the repeates ten times the size of
the antenna coils, or when the repeater is very close.

To further verify the model a transmitter and receiver circit is designed and
constructed. Then tests are performed in the lab in air to véy that the system
works. Sinusoidal signals are applied to the transmitter @hare then measured at
the receiver in order to measure the mutual inductance. Thdtanuation between the
transmitter and receiver coil is compared with the theory. Asimilar test is deployed
in the Dalhousie Aquatron. The experiments agree with the tlogy for distances up
to 1.6 meters, after which a noise oor is reached.
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Chapter 1

Introduction

1.1 Motivation

Marine biologists, climatologists, and marine based indtrges are among the many
elds that rely upon timely, reliable data gathered underwger. However, underwater
communication has proven to be challenging problem. It is a&w important problem

to solve since these elds are vital to maintaining a healthynarine environment and
are worth billions in revenue to coastal economies.

Currently, one can place a buoy on the surface to relay the uadvater signal to
the air. However, this approach is problematic for long termata collection due to
cost and the risk of external variables which may tamper witthe data. For example,
climate change is increasing the frequency and severity dbisn surges and tropi-
cal windstorms. Surface instruments are also vulnerable twatercraft and marine
life strikes. Additionally, this approach is more costly bemuse additional equipment,
with its own power source, is required to relay the data.

Ideally, one would want to transmit data directly from undemater equipment
across the air-water interface. While communication betwadgwo nodes in air or un-
derwater is mature, sending signals between a node under #ea surface to a receiver
antenna in the air remains challenging.

To date, the e orts have focused primarily on two methods tomable peer-to-peer
wireless communication; acoustic and electromagnetic iaton. Electromagnetic ra-
diation, which includes radio waves commonly used in air-tair links, is not feasible
since the conductivity of sea water decreases the radiatioriensity at an exponential
rate |[2]. This makes electromagnetic signals impracticat d@istances of more than
10 meters underwater. Acoustic radiation travels very far wterwater, but there are

1
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other challenges. First, acoustic noise from ships and windust be taken into ac-
count. Second, there is signi cant multipath fading, espeally in narrow channels.
But the greatest disadvantage is that underwater sound is h@ble to cross the air-
water boundary [3]. Indeed, the surface acts as a perfect sxtor for underwater
sound waves and thus makes it impossible for use as a undemvab-air communica-
tion tool.

There have been improvements in using acoustic waves to coaomitate from the
water to air. [4, [5] veri ed the idea of using sonar to make viBle ripples on the
surface that can then be detected via radio frequency in théraa process called
transnational acoustic-RF communicationor TARF. But this technology is still in its
infancy and it is susceptible to noise on the surface of water

1.2 Problem Statement

As an alternative to the above two communication methods, tkithesis explores the
viability of magnetic induction as a potential vehicle for @ta transmission. Speci -
cally, in this proposal, two inductors are employed; an undeater transmitter, and
a receiver in the air (gure[1.]). Underwater equipment is uskto apply a waveform
to the transmitter coil and record its output. The data is a sé of sinewaves which
create a changing magnetic eld, and further induces a cuméein an air inductor.

Unlike acoustic waves, this method of communicating have tlagvantage of being
able to cross the air-water boundary. It is less susceptibile noise, and has no multi-
path fading. When compared with electromagnetic signals, rgaetic induction is less
a ected by the conductivity of sea water. The only drawbackdr magnetic induction
is that the near- eld strength of the signal is reduced by thecube of the distance.
However, this would be a signi cant improvement over the usefcelectromagnetic
waves which experience exponential decay.

The objective of this thesis is to develop a new mathematicatodel to calculate
the mutual inductance between a coil underwater and anothen air. The purpose
is to develop a tool to assist engineers in designing undetemto air communication
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Figure 1.1: Model for an Ml system as part of a complete undertea acoustic system.
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systems using magnetic induction. Speci cally, the goal i® develop a model that
can be used to optimize the operating frequency of the Ml link

In this work, a mathematical model is developed based upon Maell's equations.
Then a Python script is written to compare the new mathematial model with models
in the literature where mutual inductance is employed in elter an air-air or water-
water context. A circuit is designed and built to test the prposed model. The tests
are conducted in the UWStream lab in air and at the Dalhousie Aguieon in air-
water, both at Dalhousie University. A second Python progranis written to process
the data so that test results are compared with the intendedesults.

In the model, circular coils with multiple turns were repreented by a current den-
sity vector eld with a sinusoidal current at a xed frequeng. Maxwell's equations
in the frequency domain were used to derive the magnetic elidom current density.
The model includes a complex permitivity in Maxwell's equabns, based on the con-
ductivity of the water.

Prior to obtaining the mutual inductance in air-water, the magnetic eld are found
for water only. To simplify Maxwell's equations, a vector ptential is introduced to
reduce the four equations to one. To solve the equation, ayirical coordinates are
chosen to take advantage of the presence of azimuthal symmyein the system. This
simpli es the vector potential equation to a scalar equatin. Then a series of integral
transforms are used to nd the scalar solution. This solutio is signi cant because it
can be used to nd the magnetic eld in water.

The magnetic eld solution is then extended to cross the awvater interface. This
is done by representing the magnetic eld as a superpositioof cylindrical waves.
The boundary conditions in air-water are then applied to gethe magnetic eld in
air. Mutual inductance can now be calculated by applying Faday's law to nd the
ux of the magnetic eld across the receiver coil.

The mutual inductance model is compared to research publisth by Gibson and
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Wait's model [6, [7], which treated the coils as magnetic dipes. This comparison
is undertaken by the development of a Python program which ptted the mutual

inductance from both models as a function of frequency for aansmitter coil at a

depth of 19 meters and a receiver at a height of 1 meter.

A circuit transformer model is adopted to nd the voltage raio of an air-water
coil antenna link. The proposed mutual inductance model wagpplied as a parameter
in the circuit analysis. Plots of the ratio of the receiver vibage to transmitter current
were obtained to determine the optimal frequency to resomathe system at a given
coil separation.

In [2], Domingo proposed a series of passive repeater caisricrease the receiver
induced voltage. In this work, the proposed model is extenddo examine the value
of including a repeater and identify the conditions, if anywhere their use results
in improved performance. This is undertaken through the delopment of another
Python program and compared with measurements to con rm thealidity.

All equipment is characterized prior to the experiments to aorm that limitations
identi ed though the data sheets are accurate, and that allguipment are functioning
within expected parameters. The proposed model is then test experimentally both
in the air and at the Dalhousie Aquatron. The results are exp&ed to demonstrate
to viability of mutual induction as a mode of water-air data ransmission.

1.3 Current State-of-the-Art

Use of mutual induction for underwater communication goes bk to the second world
war; however one of the earliest published work on mutual indtion for underwater-
to-air communication was by Durrani [8], who modeled the clsi as dipoles. Durrani
found the magnetic eld in terms of Sommer eld integrals whth is consistent with
more recent publications shown in this section[ ][9] increed popularity in the idea of
underwater MI communication. However interest in mutual indctance to cross the
air-water boundary started to grow signi cantly around 202 when Domingo's work
was published.



In this section, the most prominent work on Ml is presented. &tion[1.3.] dis-
cusses Domingo's analysis of the transmission loss from wmmait induction and how
it compares with other communication methods. Section 13.brie y summarizes
the theory by Guo et. al. if both coils are underwater. In seain[1.3.3, the mutual
induction from Gibson and Wait are presented. Section 1.3gummarizes the work
by Watson on using a nite-di erence time domain approach tond the induced volt-
age. Other publications on underwater magnetic communidan are found in section
1.3.5.

1.3.1 Domingo's model in water

In [2] , Domingo studies the transmission loss of a near- etdansmission model inside
both fresh water and sea water consisting of two circuits witcoils that can transmit

power via mutual induction. The author models the system usg an equivalent two-
port network to determine the transmission loss between theoils as a function of
the frequency of operation as well as the number of turns of éhcoils. The mutual

inductance that Domingo uses is given by [10]:

2 2

Here,Ntx , Nrx are the number of turns of the coils, tx; rx are the coil radii,
and d is the distance between the coils. The author studies at fregncies that are
small enough (less than 10 kHz) so tha¥l can be modeled as in (1}1). Using this
model for the mutual inductance, Domingo found the path losender no conductiv-
ity, then added a factor of PL to account for the conductivity of water. By xing
the transmitter at a depth of 4.5 m, the receiver at a height ol m, and the number
of turns in both coils to 1000, the author plots the path losssa function of both
frequency (from O to 2 kHz) and coil radius (from 0 to 2 m). The ks is greatest for
smaller coils (around 50-60 dB) and for smaller frequenciedowever for larger coils,
the loss is frequency-independent and is approximately 1@8d

Domingo compares these results with electromagnetic wav@sV) and acoustic
waves. When transmitting EM waves with antennas at the same stiances as in the
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MI case, a 50-500 MHz signal has a path loss of 50-70 dB for fsgater and 1000-4000
dB for saltwater. Meanwhile the path loss for acoustic wavesepends on the channel
depth rather than than the conductivity. For shallow water,the loss is approximately
6-10 dB when the frequency is 1-10 kHz. In deeper water, thedas 50 dB.

Domingo also introduces the idea of a series of passive cbiétween the MI an-
tennas to act as a waveguide for the magnetic elds to decreathe transmission loss.
By placing multiple coils equally spaced and all co-lineathe author nds that in
freshwater at a frequency of 500 Hz and at a distance of 500 metpath loss drops
from 120 dB to 40-50 dB if the repeaters are 4.5 m apart. In seaigr, the path
loss improves by approximately 60 dB. However the Ml is only kter than acoustic

communication when the distance is less than 50 m.

As an extension of Domingo's work/ [11], focuses on increagihe bandwidth of
an MI underwater communication system to enable better sigh transmissions at 1
MHz.

1.3.2 Guo et. al complete model for both coils underwater

Guo, Sun, and Wang[[12] present a complete model for the mutuaductance be-
tween two coils where both are submerged underwater. Theodus is a water-water
communication system with air-water and water- oor boundaes, both of which af-
fect the magnetic eld. The authors usel[13] as a reference their formulae for the
magnetic eld of a coil oriented either co-planar to the suefce or perpendicular to
it. While Guo, Sun, and Wang do not demonstrate how they got the results, they
do derive some approximations when the point at which one maaes the eldr is
much larger than both the coil and the depth from the surfaceThey nd that the
elds are proportional to €< =r2. They also show how a lateral wave from the surface
can propagate the magnetic eld much further than the directeld from the source
due to conductivity.

The authors compare their model with both a COMSOL simulatio and a lab ex-
periment where they use an aquarium to transmit power betwadgwo coils. For the
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simulation, they plot the magnetic eld strength vs distan@ from the coil at di erent

frequencies between 10 kHz and 10 MHz, where the coil is 50 cmpjd®as 5 turns
with radius of 5 cm, and a current of 1 A passes through. The aubrs' equations
and COMSOL simulation are in agreement. The elds strength eécreases quickly up
to 2 m at which point the decrease slows down. The eld strenfgtalso gets smaller

with increasing frequency.

In Guo, Sun, and Wang's lab test, two 10 cm square coils with &ins each are
placed in an aquarium. They measure the induced voltage asun€tion of the sepa-
ration between the coils (up to 1 m) and compare the results thi both their model
and with COMSOL. They nd that the experimental results are msaligned from both
their theoretical predictions and the COMSOL simulations ¥ as much as 5 dB. They
suggest that this is due to the limitation of an aquarium whemnepresenting in nite
water. The models and COMSOL expect that the mediums are inite, where as
an aquarium is a small channel which acts as a waveguide. A pey analysis of the
magnetic eld in a small tank is required to verify this claim

Guo et. al. also analyze the e ect of a randomly oriented coih the system,
which is an important consideration in the real world deplojment of an Ml system
underwater.

1.3.3 Gibson and Wait's approximation

In [6], Gibson analyzes a magnetic induction system for use deployment in sub-
terrain communication. Their work is relevant to this inqury because the ground
is also a conductor which can a ect the strength of the magniet eld induced by
two coils. The author's objective is to nd an optimal frequécy of operation for a
two-coil magnetic induction system at a given distance, wbh is important in min-
ing applications where miners must communicate to crew memis on the surface.
Gibson applies an equation from Wait([[7], which gives the magtic eld from a coill
underground in the vertical direction (i.e. perpendicularto the boundary). When



the coil is small enough to be modelled as a dipole:

xE+" x2+j2 ghf

x3e s
p Ji Xx— dx 1.2
o X+ X2+j2 ohf = h (12)

Z
H _ NTX|TX '2|')< !
Gibson — 2d3

The radius for the coil is tx with turns Ntx. The transmitter is at a depth d
underground. The conductivity is and the frequency of operation i$ .

Gibson creates MATLAB simulations of the induced voltage on eeceiver coil by
a magnetic eld given by (1.2) from a transmitter undergroun at a depth from 50 m
to 1 km and a ground conductivity of 0.01 S/m. For 50 m, the opthal frequency is
approximately 100 kHz and the voltage is approximately -30 dBAt 1 km deep, the
optimal frequency is only 200 Hz and the induced voltage is afgximately -160 dB.

1.3.4 Watson's nite-di erence time domain simulations

Watson [14] models the air-underwater coil system by using ite-di erence time
domain (FDTD) simulations for the induced electric and magne elds. The author
places the coils only 1 to 4 meters apart to reduce the extemsicomputational labour
required to run the simulations and to operate at a short rargfrequencies of 5 kHz
to 5 MHz. The current of the transmitter is xed to 1 A, and the induced voltage in
the receiver is evaluated and compared to Gibson and Wait'sgaiction. In all four
di erent distance con gurations, the simulations are in ageement with Gibson and
Wait.

In order for the FDTD to yield accurate results, the size of theree cells have to be
smaller than the wavelength of the eld, which is inversely pportional to frequency.

Thus the computational complexity becomes greater at largérequencies. The author
had to wait three days to simulate the communication systemtdéhe 1-10 MHz range.

This is a disadvantage as the FDTD method. It's advantage is #t it can analyse

any waveform, not just sinewaves. The simulations can thusngplify the analysis of

more arbitrary signals.
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Figure 1.2: Simulation results using Watson's nite-di erence time domain (FDTD)
model compared to Gibson and Wait.
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1.3.5 Other Publications

The reason for attenuation in a conducting medium is due to thpresence of eddy
currents. In [15], a methodology to analyse these eddy cunte and their e ect on
the communication system is described. The authors modeledconducting system
with a series of coils in a non-conducting medium and develeg a circuit model for
the complete system. They followed up with experiments.

More recently, [16] also developed and tested an air-waterl Mommunication
system. Again, dipoles were assumed and they derived a simitasult to Gibson
and Wait using Hertz potentials. The authors performed an exgriment where they
transmitted frequency-shift keying signals.

1.4 Thesis Organization

This thesis is organized as follows. In Chaptél 2, a detaileterivation of the mutual
induction between a coil underwater and another in the air isbtained though the fol-
lowing steps. First, Maxwell's equations are simpli ed in tems of a vector potential.
Then the potential is solved for a coil in an in nite medium. This gives rise to the
elds in an in nite medium. This is followed with an extensionto cross the air-water
boundary using boundary conditions. Finally, the mutual indiction is derived, and
the end, a circuit model is developed.

In Chapter [3, an overview of the testing equipment is presesd, followed by an
explanation of three experiments undertaken to test the mad which forms the basis
of this thesis. The rst is an air test in the lab to measure thanutual inductance as
a function of distance. The second tests a claim in chaptef Bdt a capacitor added
to the receiver will improve the signal measured near a givamesonance frequency.
The third is conducted at the Dalhousie Aquatron to con rm tha the MI air-water
model works, and is in agreement with the proposed theory.

Chapter [4 begins with the methodology and a detailed data atysis. The the
results of the three experiments are then presented and dissed.
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Chapter[§ concludes the thesis with a summary of ndings and er suggestions
for future inquiries and explorations.



Chapter 2

Derivation of the Mutual Inductance and Circuit Analysis

In this chapter, the mathematical models for the electromaggtic elds by a coil car-
rying a sinusoidal current at a given frequency are derivedifthe cases of air, water,
and air-water. Then these elds are used to obtain a completeequency-dependent
formula for the mutual inductance. The formula is applied taa circuit system.

Section 2.0 presents a brief summary of the notation used ihi$ chapter; then, in
section2.1, Maxwell's Equations in Air and Water are summazed and used to derive
a vector potential which is easier to use to solve for the ekl Two methods to solve
the vector potential are given in sectionf 2|2 (Green's fution) and (Transforms),
the latter being a new method. In section 2]4 the magnetic db are extended to
cross the air-water interface. The mutual induction in thre scenarios are found and
presented in section 2|5 along with suitable approximatien Finally, in section[2.6,
a detailed analysis of the circuits associated to the coilseapresented and how the
mutual inductance a ects the circuits is discussed.

2.0 Notation

In the rest of this work, the following notation is adopted:
" (x;y;z) are used to denote Cartesian coordinates,
(s; ;z) are used for cylindrical coordinates® = x? + y?; tan = y=x), and

~ (r;; ) are used for spherical coordinates{ = x?+ y?+ z?; tan = s=2).

The vectorr = x&X + y§ + z2 represents a point relative to a given origin where
we want to calculate a eld.

Unit vectors X;%;2;8;":4;" are oriented in the direction of increasing value of
the coordinate of the same letter.

13
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" The di erential operator r is used to denote the divergencdiv(V)=r V,
the curl curl(V)=r V, and the Laplacianlapl(V) = r 2V. Their meanings
are given in AppendixA.

The electric and magnetic elds used in this text areE and H respectively, in-
stead ofE and B since that is the standard in Electrical Engineering. Note tht for a
general mediumB = o(H + M), whereM is a magnetization eld that is induced by
current sources. Since this text only considers air and watavhich are not magnetic
mediums,M =0 and thus B = gH.

Recall that o = 8:85 10 12 A2 s*=kg m® is the permittivity of free space, also
0o=4 10 7 kg m=A? & is the permeability of free space, and = 1P 55 =
3:00 10° m/s is the speed of light in free-space.

2.1 Maxwell's Equations in Air and Water

In this section the Maxwell equations are used to derive a spier equation, in terms
of a vector potential A, that will give the electric and magnetic elds for an arbitrary
current source. This simpler equation will be solved for a tdn the next section.
Section[2.1.1l goes over this derivation and sectipn 2]1.2 kea a comment on the
wavenumber which is a new quantity that appears once the edi@n for A is found.

2.1.1 Derivation of the Vector Potential Equation

In this section, the vector potential A is de ned and derived. For this purpose,
Maxwell's equations describing the relationship betweerhé¢ elds E, H and the
sources , J will be utilized

The time dependant Maxwell's equations in any non-magnetimedium are given
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as [17]:
r D(r;t)= (r;t) (2.1a)
rOED= oY (2.10)
r H(;t)=0 (2.1c)
ro H(r;t)=J(r;t)+ %t(r;t) (2.1d)

See AppendiX A for a review on the meaning of divergence and lcudere, (r;t)
is the electric charge density andi(r;t) is the current density. The relationship
betweenH and J is illustrated in gure D(r;t) is a vector eld, often called
the electric displacement eld, that depends orkE(r;t). The relationship betweenD
and E depends on the nature of the medium. In the case of air, the a¢ibnship is
simply D(r;t) = (E(r;t). In a frequency-dependent and isotropic linear medishe

relationship in the frequency domain is

D(r;f)= (f) E(r;f) (2.2)

H

Figure 2.1: Drawing of the current densityJ and its relation to H as described in

equation (2.7).

where (f) is the permittivity of the medium. This occurs when the indwed electric
eld in the medium depend on the frequency of the source and isdependent on
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location. In air, (f)= o and in water (providedf is no larger than 6 GHz according
to [1], see Figuré 2]2), (f) is given by:

water () = (2.3)

+j—
Yolof
For water, , =81 g and =4 S. In this work, it is assumed that the medium is
either air, water, or both separated by a boundary.

100

— Real Part
- |maginary Part
= = Approxamation

Dielectric (dim)

00 25 50 75 100 15 150 175 2.0
Frequency (GHz)

Figure 2.2: Plot of the permitivity versus frequency of sea war at 14 C given by [1].
The dotted red line is the approximation =2f with = 3:61 S/m seen in equation

@3

In a frequency-dependent and isotropic media (like air andater), it is best to
express Maxwell's equationg (2/1) in the frequency domaifThis can be done using
the Fourier transform. Speci cally, the frequency dependg magnetic eld can be
obtained from H (r;t):

Z 1

H(r;t) = H(r:f)e2™" df: (2.4)
1

The E, D, , and J are also obtained using the Fourier transfom. Also, in this
work it is assumed that there are no free charges (i.e.= 0) since the sources that
are used are coils which are current sources only. Note thateltio the continuity



17

equation of charge( J = %t), this means that the current density must have a
divergence of zero. Thug (2]1)) and[((2}2)) reduce to:

r E(r;f)=0 (2.5a)
r E(:f)= j2f oH(r;f) (2.5b)
r H(r;f)=0 (2.5¢)
r H(r;f)=J(r;f)+j2f (f) E(r;f) (2.5d)

In this text, from now onwards, the functional dependence af and f will be
assumed and will no longer be specied). To solvé (2.5), theector potential A =
A(r;f), is introduced via the following two relations:

r A= gH (26)
r A=0 2.7)

As derived in [17], Eqs[(2)6) and[(2]7) satisfy Eq[((2.5)) pvided the following
two conditions are true and the charge density is zero:

E= j2f A (2.8a)
r2A+ kA = oJ (2.8b)

Here,k? = 4 2f2 , is the wavenumberwhich depends on both the frequency and
the medium. A visual representation of these equations arévgn in gures[2.3 and
[2.4. Equation (2.8b) is used to get the vector potentiah, given a current density
vector J. Then (2.6) and {2.84) are used to ndH and E from A.

The vector potential are solved using two methods. In Sectig2.3, equation
(2.8H) are solved using the Green's function, whereas, inc8ien 2.3 equation [2.8b)
are solved by decomposing as a superposition of waves.

2.1.2 Note on the Wavenumber k

In air, the wavenumberk is simply:

2f

Ko = T; (2.9)
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Figure 2.3: Visual representation the relationship betweds and A given by equation

(2.8d). E and A are parallel.
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Figure 2.4: Visual representation the relationship betwedd and A given by equation
(2.6). A circulates aroundH. The right-hand rule gives the orientation.

wherec s the speed of light. However in water, the wavenumber is a cpiax number.
Usingk? =4 %f2 5 and from equation (2.3), one obtains:

ke = Kw+] w (2.10a)
9 2f
Kw= o 1+ 162 of +1 (2.10Db)
V
P.. 4° >
9 2f {
= + .
w c 1 T2 o (2.10¢)

In (2.10), K, determines the wavelength of 2K, and e ectively the speed of
2f= K. Meanwhile, ,, is a measure of the attenuation. By de nition, theskin
depth 1= ,,, determines when a wave travelling in the water has its amplide re-
duced by a factor of e

Since the frequencies used are less than 1 GHz, in salt water ,2f , the
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wavenumber can be approximated as:

Kw w f o (2.11)

Thus the far-eld (i.e. Kyr 1), which is where radiation occurs, and the atten-
uation regime (i.e. r 1), which means the signal decays exponentially, always

apply.

2.2 Solution using Green's Function

In this section, the magnetic eld of a coil in both air and waer is solved using Green's
function. This method is found in elementary texts in elecwdynamics [17[18]. The
advantage of this method is that the solution has an intuitie interpretation and is
easier to simplify in extreme distances relative to the wawember. However this
solution is not ideal when a boundary is introduced.

2.2.1 General Form

Equation (2.8h) can be decomposed into three equations inrtes of the Cartesian

components:
r2A,+ KA, = oJy (2.12a)
r2Ay+ K°Ay = ody (2.12b)
r2A,+ k2A, = oJ, (2.12¢)

Here, the solution for thex-component is demonstrated. Similar procedure can be
used for the other two components.

First, the current density can be represented as a 3-dimensal point source as:

Z

Ju(r) = . (r9 3 r9ad3?° (2.13)
All Space

Then, Green's function, G,(r r9, can be expressed as:

Z

Ay(r) = I (r9G(r  r9d3° (2.14)
All Space
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Substitute (2.13) and [2.14) into [2.1Pa) to get:
r2Ge(r r9+ k3G,(r r9= o3 r9 (2.15)
The structure of this equation does not change if rCis replaced byr, such that:
r 2Ge(r) + K2Ge(r) = o 3(r) (2.16)

To solve [2.16), note that whenr 6 0, the right-hand side is zero. The solution in
this case is of the form:

ejkr jkr
Gy(r)= C=—+D

. r=jjrjj>0 (2.17)

whereC and D are constants that are to be determined. Note that the rsttem is an
outwards moving wave from the origin that decays to zero at inity (when accounting
for the possible complex form ok) whereas the second term grows to in nity at
increasing distances from the origin. Thus on physical grods, it is required that
D =0. To nd C, substitute (2.17) back into [2.16) and evaluate a volume fagral
over a sphere of a radius of any size to nd thaC = (=4 . Therefore:

Gy(r) = o€ (2.18)
4 r
Substitute this into (2.14) to get:
Ay (r) = _OZ J (r%ékjjr i d3r© (2.19)
g 4 All Space § jjI’ l'(]j .

Similar equations exist forA, and A,. Recombining the three solution to get the
vector form: 7

A(r)= -2 J(r9= .
( ) 4 All Space ( C§”r rq]

This last expression shows how to calculat#& if one knows the value ofl every-

gkiir 1Y%
d3r© (2.20)

where in space.

2.2.2 Solution for a Caoil

As shown in Figure[2.5, the current density of & -turn coil centered at the origin,
parallel to the xy plane, and of radius , provided the thickness of the coil is much
smaller than the radius, is:
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Figure 2.5: Coil con guration

J(s;:z)=NI (s ) " (2.21)

wherel is the current. In Cartesian coordinates:

J«= NI (s ) (2)sin (2.22a)
Jy=NI (s ) (z)cos (2.22b)
J,=0 (2.22¢)

Note that A, = 0. Also by symmetry, A(r; ; ) = A(r; 0; ) Substitute (2.23) into
(2.20) and, after some simpli cations:

0N| 2/\22 .C‘OS Oeikpr2+ 2 2r cos Ysin

A(r, )= d?° 2.23
() 4 o rZ+ 2 2r cos %sin (2.23)
This equation can be further simpli ed if the conditionr is assumed. Then
using Taylor expansion in=r :
1 2
[r’+ 2 2r cos %in ] ¥ = - 1+ - cos %in + 0O = (2.24)

P __h |
gh r7r 7 2 cos%sin = gkt 9 i cog Osin + O - (2.25)
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(2.23) simpli es to:
(2.26)

The distinction between the near- eld and far- eld is more @parent with (2.26). In
the near-eld (kr  1):
NI 2sin A
A = o > 2.27
42 ( )
This is the same vector potential from a static magnetic dige. There is no frequency
dependence nor any attenuation. The vector potential is imrsely proportional to the
square of the distancer, from the coil. In the far-eld (kr  1):

A =
4r

(2.28)

Here,jjAjj is now proportional tof . In air, jjAjj falls o by 1=r. However in water,
there is exponential drop-o with distance ¢ *"=r).

2.3 Solution using Transforms

An alternative solution using transforms is presented herenidetail. Here, the use
of Fourier and Hankel transforms are used to nd the vector pential in (2.8D).
This results in a more complex expression for the vector patigal, but this version is
needed when the air-water boundary is introduced. This is a&w technique developed
for this thesis and is derived with the aid of([13].

2.3.1 General Procedure

It is known from (2.23) that A has only a -component and has asymutal symmetry,
ie. A(s;:z) = A(s;2"(). If ( is decomposed in cylindrical components
instead of Cartesian, one can ignore both thé&s and A, equations. Also set all
partial derivatives with respect to to be zero. The result will be (see equation

AT

@A 1@A 1. @A ., _

@ s@s Pt AT NG )@ (2.29)
(Here,J = NINI (s ) (z) as stated in (2.21))
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First, the order-1 Hankel transformin the s-coordinate is evaluated. The order-1

Hankel transform is de ned by:

Z 1
A(ks;z) = Hi[A] = A(s; z)J1(ksS)s ds (2.30)
0
The corresponding inverse transform is:
z 1
A(s;2)= H,' A = A(Ks; 2)J1(ksS)ks dKg (2.31)

One can show that:

" @sts@s T KA (2:322)
@A _ @A

Hi @ - @z (2.32b)

Hi[ (s )= J (ks ) (2.32c)

After applying the order-1 Hankel transform on |(2.29), one olkins a new equation
in terms of A(ks; z) with only derivatives in z:

K2A + @A +k?A = oNIJ (ks ) (2) (2.33)

@z
Now a Fourier transform in thez-coordinate is applied in order to eliminate the other

partial derivative:

Z 1
Alks;k,))=F A = A(ks; 2)e k27 dz (2.34a)
1
Z 1
A(ks;z) = F [A]= Zi A(ks; kp) €22 dk, (2.34b)
1
Note that:
@a _ ,
F @—% = kZA (235a)
FI(2]=1 (2.35b)

Equation (2.33) now becomes after a Fourier transform:
K2A KA+ K*°A = (NIJ y(ks ) (2.36)

Or more simply:
oNIJ 1(ks )

A(k31 kZ) = kg + kg k2

(2.37)
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Now inverse transforms are taken to get back(s; z):

Aks;2) = F 1[A]
2,

~ A(ks, kz)ékzz dkz
2

vA 1 jkzz
_ oNI1J 1(ks ) grzz dk, (2.38)
2 1 K2+ k2 Kk
It should be noted that for the integral in (2.38), the polesk, = K, (where
K, P k2 k2) can be real numbers ifk is real (i.e. no conductivity like in air).

This makes the integral unde ned. To avoid this problem, it vill be assumed thatk is
always complex and then, if necessary, let Irkf ! 0 after the integration is complete.

The integral in (2.38) can be evaluated by extending the vaable of integration
k, to be a complex numbek; = k, + k? and interpreting ) as a contour integral.
The following contours are de ned:
Il rr;=fksj Rk, Rg; Line along the real axis from R to R. (2.39a)
(R)= fREYjO t O; Semicircular arc centerd at the origin with
radius R. Oriented counter-clockwise (2.39b)

C(R)= I rr1+ ( R); Total closed contour (2.39¢)

Figure[2.6 shows a plot of the contours that will be used to s@the integral in (2.38).

Rewrite the integral in (2.38) as:

Z . Z .
teerdk TRk dkg
1 K2 KZZ_R!l r K2 K2
ikzz e
= lim —elz dic
Ril I[ RR ] k—; KZZ |
o Z o :
- im e|kzz dk—; e|kzz dk}
RI1 | cr) K K 2 (R) K K2
jkzz Kk jkzz K
= lim grdke lim g de (2.40)

2 2
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G = ket kS
R

1
1
1

1

1

1

1

1

1
1

1

1

1
1

(R)

[
~

‘ C(R)= I rrit ( R)

Figure 2.6: Contour plot, C(R), used to evaluate the integral in___. C(R) consists
of a linear path from R to R (denoted|; r.r;) and a counter-clockwise oriented
semicircle frorBR back to R (denoted (R)). The red curves are where the poles

K= K,= k? k2 are located.
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The rst integral in (2.40) can be solved using the residue #orem. AsR !'1 , the

polek; = K, k2 k2 will be inside the contour.
|
| - o :
. gkzz dk; . gkzz
lim ——2=2] Res v, —>——
RIL cr k™ K? K~ K2
. elkeaz
=) K (2.42)
z
Meanwhile, for the second integral:
Z L o
lim e _ oy @0 (Rl d
R (R k~22 K2 R1 o (Ret)2 K2
N

R

As long asz 0O, this integral goes to zero aR ! 1 . Putting these results back

into (2.40): 7z _
Pl e ) (2.43)
A |

To nd the solution in the case ofz < 0, a similar procedure is used except the

semicircular is chosen to be{R) = fRe ' jO t g instead of (R), which
would be below thek,-axis in gure @ The other polek, = K, would be used
instead for the residue theorem. The result would be:

Z, dkez gk, . e JKzz

L ifz<0 (2.44)

ke k2 T,

Z

The two results can be combined into one by replacingwith jzj:

Z, o
gk2z dk, . elK:id
= 2.4
L koKUK (2.45)
When substituting back into (2.38):
NIJ 1(ks )gKzid
Aks;Z) = j > 2.4
( S’Z) 2KZ ( 6)
Finally, the inverse order-1 Hankel transform, is taken:
A(s;2)= H,* A
NI = K
0 > _Ji(ks )J1(kss)dX 2sNiigkg (2.47)

T, Kk
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Remember thatK, = P k2 k2. This integral cannot be simpli ed further without

making suitable assumptions to approximate the integral. Ne that the denomina-
tor in (R.47) will be zero in the case when the coil is in air. Ithat is the case, one
needs to split the integral in two parts in order to properly galuate numerically (2.47)

By rewriting (R.47) in spherical coordinates instead of cildrical and assuming
thatr = s?2+ 22 , one get:

NI

A(s;2)= j——— —

( ) J 4r2 0 | d k2r2 X2

(The substitution x = ks was made). This equation agrees with the near- eld (2.27)
and far eld (2.28) equations when the assumptions &fr 1 andkr 1 are made

Z - Prror—z
1X2gcos k2r2 x

Ji(x sin )dx (2.48)

respectively.

The general magnetic and electric eld formulas can now beudnd from (2.47)
using jH=r A andE = j2f A. The magnetic eld is:

H=H®S +ZHZZ (2.49a)
1
Hs = % kle(ks )Jl(kss)eiK ij]dks (2'49b)
iNI 2. k2 K Wi
Ho= =5 22 du(ks )o(kss)e dks (2.49¢)
p__°
K,= k2 k2 (2.49d)
The electric eld is:
Z1
E= oNIf K—SJl(ks )J1(kss)EX Wiz dk (2.50)
0 z

Assumingz > 0, (2.49) and [2.5D) can be rewritten as:
Z

1
E= Ei(K)J1(kss)&X 22" dks (2.51a)
0
Z

H = ! Ei(ks)

f
0 0
whereE;(k) =  oNIf Kk—ZJl(ks )exp(jK d). These equations show explicitly the

K ,J1(KsS)€X 228 + jkJ o(ksS)€X 222 dks (2.51b)

wave structure. This will be important in the next section.
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2.4 Solution with the Air-Water Interface

In this section, the solutions for the magnetic will be exteshed to account for an
air-water boundary as shown in Figuré 2]7.

Air
Water z=d

Figure 2.7: Air-water coil con guration

Maxwell's equations are linear irE and H. Therefore the general solution to[ (2]5)
in a given medium can be written as a linear combination of a hmogeneous solution
and a particular solution:

E

Ehomo * Epart (2.52a)
H = Hnomo + Hpart (2.52b)

H homo @nd Epomo Will solve (2.8) with J = 0.

For the solutions {2.49) and [(2.50), one can show thgtHjj! 0 andjjEjj! 0as
r!1 . Thus these are valid solutions if the colil is in a medium, aior water, that
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extends to in nity in all directions, since we can simply seH ,omo = 0 and Eomo = 0.
This is a unrealistic scenario, but if other mediums are fameugh away, this gives a
valid approximation for the elds of a coil.

However, if a second medium is close enough to the coil to haignscant impact
on the eld, (2.49) and (2.50) are not su cient solutions as n this caseH nomo and
Enomo Cannot be zero. The boundary will introduce an additional & ective' compo-
nent.

First a general structure ofEnomo and Hpome IS derived while maintaining the
assumption of cylindrical symmetry. Letm be an index to indicate which medium.
m = O for air and m = w for water. The general structure of the homogeneous
solution in a given medium with permittivity o, is found by solving [2.5) withp = 0
and J = 0, which is equivalent to nding a family of solutions to the wave equations:

r 2Eh0m0 + krzn Ehomo = 0 (2.53&)
r 2H homo + krzn H homo = 0 (2.53b)
K2=@2F)m o (2.53c)

Equation (2.51) implies that cylindrical transverse-elgdc waves (i.e. cylindrical
waves whereE are parallel to the boundary) are the only non-zero solutianto the
wave equations for a coil that at a depttd in the water and is parallel to the boundary.

Z 1
Ehomo = Em(ks)Jl(ksS)eiK a2h dks (2.54a)
4 En(k)
H homo = 2”’ f K J1(ksS)EX 7 28 + jkJ o(ksS)EX <22 dks (2.54b)
0 0
Here K" = P k2 k2 and kp, is the wavenumber for either air fn = 0) or water

(m = w). The coecients Ey(k) for m = 0 and m = w must be found via the
boundary conditions.

Since the air has no source§ and H are only given by the homogeneous solution
(2.54) with m = 0. In the water (i.e. z < 0), E and H are given by combining |(2.54)
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with m = v%/ and (2.51):
1

E=  [Ei(K) + Ey(K)] Ja(kss)e ¥ 2" dk, (2.55a)
0
LR Ewk)

H =
. 2 of

KYJ;(kss)€X 228 + jkJ o(ksS)EX <22 dKs (2.55b)

The boundary conditions can be found from the integral formfdMaxwell's equa-
tions. They are summarized here for a boundary a = 0:

ES* w=E5" o (2.56a)
ter _ .

EJer = E2F (2.56b)

Hwater - Hair (256C)

Apply this to get the following relations:

Kw(k) Ko(k)
Kw(k) + Ko(k)
2K w(k)
Kw(k) + Ko(k)
Substitute these equations back into[ (2.55) and (2.54) to géhe complete solution
for the H-eld in air ( z > 0):

z 1 ks KW h K 0 ik O I
i WJl(ks )€X2d K0T, (kss)EX 228 + jk sJo(ksS)EN 222 dKs
(2.59)

Ew(k) = Ei(k) (2.57)

Eo(k) = Ei(k) (2.58)

H = NI

2.5 Mutual Induction

In this section, mutual inductance is de ned (subsectiofi 8.1) and its formula is
derived for two coils in a single medium (subsectign 2.5.2nd in air-water (subsection
[2.5.3) just like in gure P.8. The relationship between mutal induction and the
induced voltage in the receiver is discussed in subsectjos.4. Finally, a comparison
with Wait and Gibson is presented in subsectiop 2.5.5.

Subscripts TX and RX are added to denote parameters for the transmitter or
receiver coils respectively.
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Figure 2.8: Air-water coil con guration for use in deriving the mutual inductance.
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2.5.1 Mutual Inductance De nition

Mutual induction is de ned as:

M (f) = (I)Tx”” (2.60)

where . IS the magnetic ux across the coil and is given by:
ZZ
coil — H da (2.61)
coil cross-section
This equation can be written in a simpler form ifA is known by using ¢H=r1r A
and Stoke's theorem: 7

coil — i A dl (262)

0 cail

Equation (2.62) can be used when there is only one medium, sthe vector potential
is known via equation ).

2.5.2 Mutual Induction in a Single Medium

To obtain the mutual inductance of two coils in the same medm (air or water),
substitute A with (2.47) and integrate over the receiver coiNrx times. Sets= gy
and z = d, the distance between the coils. If one de nes the constantim,

Mg = oNTx Nzx TX RX (2.63)
and the MI ratio function,
Z4 t QR
M(xy)=j pﬁJl(Xt)‘Jl(yt)é Cdt (2.64)
0
the mutual inductance is:
M = MM  kd; —%; 2% (2.65)

d d

wherek = ko for air and k = k(! ) for water. This formula can take a simpler form if
suitable conditions are met. In the limitkd 1 (or 1), Equation (2.64) reduces

to: Z,

M(ixy) M@Oxy)=  Ji(xt)di(yt)e 'dt (2.66)
0
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If also tx: grx d M xy=2 and:

N N 2 2
M ONNTXINRX  TX RX (267)

2d3

This is the near- eld dipole approximation obtained by calalating the mutual in-
duction to equation (2.27). The strength of the mutual indution in this scenario
is inversely proportional to the distance cubed, regardlef the conductivity of the

medium.

Alternatively, one can start with the assumption that tx; grx d to simplify
(2.64):

M (xy) %M () (2.682)
1 3 )
M= pzitzé TPt (2.68b)
0
In the limit 1 (i.e. kd 1), M reduces to equation[(2.67) as expected. If

instead 1 (i.e. kd 1)
M () 2 e (2.69)

This reduces the mutual inductance to become:

M ] okNTx ggzx 2% Bx oikd (2.70)
This is the far- eld result from calculating the mutual induction to equation (2.28).
In air wherek is real, M is inversely proportional to the square of the distance du®t
eld radiation. However in water, k is complex which maked decay exponentially
due to the conductivity of water. This suggests that when séhg up a loop MI sys-
tem, one wants to remain in the near- eld to avoid conductiuy losses.

To quickly verify the approximations derived above, a numeacal evaluation of the
reduced Ml ratio function M () in air with coil separation d = 20 meters with the
near and far- eld limits are shown in gure[2.9. This plot shaevs that the near- eld
approximation applies if the frequency is less than 200 kHz drthe far- eld applies
when the frequency is greater than 10 MHz.
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Figure 2.9: Plot of the reduced Ml ratio functionM () de ned from equation (2.68a)
in air with the near- eld and the far- eld radiation approxi mation. The distance
between the coils isd =20 m

2.5.3 Mutual Induction with an Air-Water Interface

Since the magnetic eld of the air-water con guration is knavn (equation )) and
not the vector potential, equation [2.61) is applied to nd the mutual inductance. In
this case, the transmitter is at a depthd and the receiver is at a heighth. De ne
Mo as in equation [2.6B), except replacd with d+ h. Also de ne the new Ml ratio
function:

Z, P . P
L e . o Ja(xt)Jdq(yt) LT e N T
M w oXYy;H)=2j ) p : t2+P (2) 5 0 dt
(2.71)
Then the mutual induction becomes:
h
M = MoM  ky(d+ h);ko(d+ h);dl—xh;d'j—xh;a (2.72)

This reduced to [2.65) wherk,, = ko andh = 0. If jkyj(d+ h) 1andke(d+h) 1
equation (2.71) reduces to (2.66) as if there is no medium. Téthe in uence on the
water conductivity and the boundary only applies in the far eld.
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If it can be assumed that the coils are far apart from each-o#h ( tx; rx
d+ h), then M can be replaced with:

M wi 0XyiH ) %M( wi oH) (2.73a)
M(w oH)=] lp tsp eﬁpWHFHp%tzdt
0 2 t2+ 0 2 g2
(2.73b)

As expected, this equation reduces to the near- eld modg¢l @) with d replaced with
d+ h whenj j = jkyj(d+ h) 1and o= ko(d+ h) 1. In the opposite limit
jkwj(d+ h) 1 andke(d+ h) 1, one gets a di erent far- eld model:

k2k3NTx Nrx 24 3y
M . OKWROINTX NRX TX  RX 4 (kwd+koh) 2.74
2(kw *+ ko)(kwh + kod)? ¢ ( )

This model reduces to the far- eld model in only one medium ¢piation (2.70)) if
kw = ko and h = 0. Sincek,, is complex, this model has exponential decay with the

depth d of the transmitter, but not with the height h of the receiver which behaves
as an inverse squared relation as if there is radiation. Thubke elds decay in the
water but then acts like a radiation eld when they cross the bundary to the air.

Note that from equation ),j wl = P 8123+ (=2f)2 81, o Which
implies that jkyj ] Kkoj. Thus there exists a third intermediate- eld when Hk,j
d+h 1=k (orj wj land o 1). Inthis new intermediate- eld, the mutual
induction from (2.72) can be approximated by:

. okwONTx Nerx 5 &x jkud
Mo o d (2.75)

Note that the receiver coil heighth behaves like a 'near- eld' with the inverse cube,
but the transmitter depth d behaves like a 'far- eld' with the exponential decay term.

A sample plot of the reduced MI ratio functionM from equation (2.73&) versus
frequency for a transmitter of depthd = 19 meters and a receiver of height = 1 meter
(thus d+ h = 20 meters) is shown in gure[2.1D along with all three apprdmations
presented in this section. The near- eld applies as long &< 1 kHz after which the
decay from the conductivity of water takes in e ect. Both theintermediate- eld and
the far- eld in this scenario are indistinguishable and bdt model the system when
f> 4 MHz.
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Figure 2.10: Plot of the reduced Ml ratio functionM ( ; o;H ) de ned from equa-
tion (2.734) in air with the near- eld, the far- eld, and the intermediate- eld approx-
imations. The TX depth isd =19 m and the heighth =1 m.

2.5.4 Induced Voltage

When analysing the e ect of the mutual inductance, what is imprtant is the induced
voltage on the receiver from the changing magnetic eld créad from the transmitter.
In the frequency domain, the relationship between the inded voltage Vinq in the
receiver from a transmitter with xed current |1x is:

Vina (F) = J2fMI x (2.76)

Here, M is the mutual inductance. If the system is in a medium with caductivity,
then M is a complex number and is a function of frequendy. The real part of M
is responsible for power delivery from the transmitter to th receiver whereas the
imaginary part behaves like an extra impedance term which skipates power.

Asf ! 0O;Vig ! 0 as one would expect since there would be no induction
with static currents. In air-water, the exponential decay o ensures that ad !
1;Vig ! O aswell. Therefore there is a frequency where the inducedtage is at a
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maximum. This maximum would depend on the coil separatiod; h and is predicted
to get smaller as the separation is larger.

De ne the function F (f) by:

M (f) (d+ h)2

|\/IO TX RX

F(f)= 2f (2.77)

Thus jVing=ltxj = F (f) and can be interpreted as a normalized voltage-to-current

ratio. This is plotted as a function of frequency in gureg 2.1 using equation[(2.7R) for
the mutual inductance with the receiver at a heighh = 1 meter and the transmitter

at depthsd = 10, 25, 50, and 100 meters. One can see that the frequency pémtion

to maximize Ving=ltx gets smaller very quickly as the transmitter coil goes deepe
underwater.

50

d=10m
d=25m
d=50m
d=100m ...

40 L

w
=]
T

Function # (dB)

10

0 1 L I I
10° 10t 102 10% 104

Frequency (Hz)

i
10° 108

Figure 2.11: Plot of the normalized induced voltage over tramitter current F

function de ned in equation (2.77) versus frequency for a &d RX coil height of
1 meter and various TX coil depths.
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2.5.,5 Comparison with Gibson's Results

In this section, the model from Wait and Gibson([6] will be comared with the full
mutual inductance model derived in equation[ (2.72):

1 x0+" x2+j2  ohf

x3e
P .
0o X+ XxX2+j2 ohf

2 2
_ oNtxNrx Tx &x
I\/IGibson - 2d3

dx (2.78)

In this situation, the receiver coil is placed 1 meter abovehe surface and the trans-
mitter coil is 19 meters deep underwater. Both the new modehd Wait's model for
the magnetic induction agree with the near- eld model at frguencies much less than
1 kHz. The new model begins to decay much sooner than Wait-Gdys model, which
remains constant until approximately 1 MHz before it beginsa decay exponentially.
This suggests that the Wait-Gibson model does not apply to th air-water antenna

system.

—100F e

—200 |

—300+

Mutual Inductance (Henrys)

—400 +

— Forget's Model
— Gibson's MModel

500 i i i i i i
10° 10! 102 2 104 10° 10°

Frequency (Hz)

Figure 2.12: Plot of Magnetic Induction in air-water from eqation (2.72) and from

Wait's (R.78).
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2.6 Circuit Analysis

In this section, circuits for the transmitter (subsectior] 26.1) and receiver (subsection
2.6.2) are included to analyze the voltage ratio expected ing the models for the
mutual inductances above. It is assumed that the mutual indttance is given by the
models described by equation$ (2.§5-2]|72), depending onalvmedium the coils are
in. Subsection[ 2.63 investigates the in uence of a capagitadded to the receiver.
Finally, subsection2.6.14 brie y discuses whenever a passitepeater can improve the
voltage ratio.

2.6.1 Transmitter Circuit Model

The goal of the transmitter circuit is to have as close as pabke to a frequency-
independent relationship with the currentl+yx powered in the circuit. This is be-
cause the power transferred to the receiver is directly proptional to the current in
the transmitter. At large frequencies, the self-inductare of the coil behaves like a
large impedance and reduces the maximum possible current.

The circuit diagram for the transmitter is given in gure [2.13. All components
are chosen to be in series. The TX colil is assumed to have a-gatffuctanceLtx and
a parasitic resistanceRrxpar . The coil is powered by a voltage source which will be
assumed to be sinusoidal with amplitud®&/,, and frequencyf. A xed resistor Rrx
is added to measure the current and to in uence the current prle as will be shown
shortly.

It is assumed that the coils are far enough apart such that theduction from the
receiver back to the transmitter is negligible. Thus the ection for the transmitter

circuit is:
Vin  (Rrx + Rrxpar +]2fL 1x)l7x =0 (2.79)
Solving forltx gives:
I DC
lrx = Lf (2.80)
1+ | feut

where the DC limit current is de ned by IP¢ = Vi=(Ryy + Rrxpar ) @and the cut-o
frequency isfcuw = (Rrx + Rrxpar )J=2L 1x. The relationship between the current
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§ I:QTXpar

I—TX

0000

VAV

= Rrx

Figure 2.13: Circuit diagram for the transmitter coil.

and the frequency is a low-pass Iter with the maximum posslb current beingl 2%
and the cuto frequency beingf .. Because of the presence of parasitic resistance in
the coil, the DC current limit can be no larger thanVi=Rrxpar . By increasingRrx ,
the maximum current goes down, but the cuto frequency incrases which means one
can operate at larger frequencies. Figufe 2]14 demonstrathe relationship between
I+x with f and howRtx a ects the shape of the plot.

Current jlrx]j (Iog)A

18—y
|_||_3>((: ! ngh Rrx

fout fout ’ Frequencyf (log)

Figure 2.14: Plot showing the relationship between the amplide of the transmitter
current jl rx j with frequency and how it is a ected by the presence of a resis Rrx .
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2.6.2 Receiver Circuit Model with no Capacitor

In the following, a receiver with a load resistanc®grx is considered and the analysis
conducted of how a transmitter with currentltx induces a voltage across the load
Vout- Figure [2.15 shows the circuit diagram of a receiver coil inrées with a load
resistance. The coil receives an induced voltagg 2 fM| 1x from the transmitter,
but has an impedance from its self-inductancerx and parasitic resistanceRgrxpar -

RRXpar §

L rx %

§ RRX Vout

Figure 2.15: Circuit diagram for the receiver coil.

The load voltageV,, is related to the receiver current rx in two ways:
Vout = RRrx Irx (2.81a)
Vour = J2MI 1x  (j2L rx *+ Rrxpar )Irx (2.81b)

De ne the voltage across the transmitter xed voltage to beVgr,, = Ryxltx.
Solving for V,,: and the divide by Vg,, to get the voltage ratioV (f ):

V(f)= = _ (2.82)
VRTx 1+ ff_l
where the constant termA (in units of seconds) is de ned by:
2MR
A= 2 TX (2.83)
1 + RXpar
RRrx
and the frequency termf, is de ned by:
gz R g Rexpar (2.84)

2L RX RRX
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As gure shows,V is a high-pass Iter with cuto -frequency f;, and maximum
value of f|A. If f f,, the voltage ratio is linear with frequency whereas iff fi,
the voltage ratio is xed at the maximum value. Ideally one wats Rrx = 0, but
that is unrealistic as one wants to connect a load to the syste If possible, choose

frequencies larger tharf,.

Voltage RatiojV j (Iog)A

FUA cmmm

f) ' Frequencyf (log)

Figure 2.16: Plot showing the relationship between the amplide of the voltage ratio
V from equation (2.82) with frequency.

The key observation to make is that the constanf\, which determines the max-
imum voltage ratio, is proportional to the mutual inductane M. One can measure
M from the maximum ofV .

2.6.3 Receiver Circuit Model with a Capacitor

To improve the measured voltage, one can consider adding gaaitor Cry in parallel
to the load. The new circuit diagram looks like gurg 2.17: Thk load is nowZgx =
Rrx jj(1=j2fL rx ). Replace Rrx with Zrx in equation to obtain the new
voltage ratio:

Tewe (2.85)
|

This equation looks like |(2.8R) except it now has a new term ithe denominator. A
is the same as in[(2.§3). Howevdt is now de ned by:
1 + RR)(par

fi=2 Rex (2.86)

L rx
Rt Rrxpar Crx
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RRXpar §

L rx %

— Cgrx § Rrx Vout

Figure 2.17: Circuit diagram for the receiver coil with a capator in parallel.

The resonance frequency is given by:

s
1 + RRXpar

1 R
fo= — — —RX 2.87
7 2 Lgx Crx (2.87)

Near the resonance frequency the voltage ratio will be largtran if no capacitors are
present. However at frequencies far away from the resonanceguency, the voltage
ratio is smaller. Thus adding a capacitor is useful if theresia speci c frequency in
particular one wants to operate.

2.6.4 Repeater Circuit

Domingo [2] proposes to use a sequence of passive repeatés cobetween the an-
tenna arrays in order to create a waveguide for the induced maetic elds and thus

improve the performance. But having too many repeater coitdefeats the purpose of
having a coil antenna system. Thus the feasibility of using single repeater coil is
investigated.

Consider a repeater coil a distanced, above the transmitter and thusd d, below
the receiver as in gure[2.1B. The repeater coil has a radius and hasN, turns.

Under what conditions does the repeater help with the transrssion loss?

It should be noted that the repeater cannot be a simple coil Wi no components.
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Figure 2.18: Air-water repeater con guration.
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—_— 0O

Lrg §R,

Figure 2.19: Circuit diagram for the repeater coil.

Faraday's law states that the voltage in the repeater will alays be 180 out of phase
relative to the transmitter. If there are no capacitors in the repeater, the current
in the repeater will also be 1800out of phase and thus creates a magnetic eld that
reduces the eld of the transmitter. Therefore a capacitors needed in the repeater

to change the phase.

The circuit for the repeater is given by gure[2.1IP. The selinductance isL,, the
capacitance isC;, and the resistor isR, (which is simply the resistance of the wire).
Dene Z, = R, +j2fL , j=2fC ..

Denote Mt for the mutual inductance between the transmitter and the reeiver,
M+, for the mutual inductance between the transmitter and the rpeater, andM g
for the mutual inductance between the receiver and the repea. The circuit equation

for the repeater is:

Z: j2fM 1/ ltx  j2fM rlrx =0 (2.88)
The circuit equation for the receiver, now with a repeater, écomes:

Zex lrx  j2fM trltx  j2fM rI, =0 (2.89)

Here,Zrx = JZfL Tx T If I Tx is xed and VRTX = Rrxltx is how

1
T o~ .
Rrx +j2fC Rx
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to measure the current, the new voltage ratio is:
Rix( 4 22M1 Mg j2fZ ;MTR)
$+j2fc rx  (ZiZrx +4 2f2M3)

Vwith Repeater (f) = (2.90)

This reduces to the old voltage ratio with capacitors from agtion (2.85) ifjZ,j ! 1
(i.e. the repeater becomes an open circuit).

To verify if the repeater makes a di erence or not, a numeridacontour plot of
the ratio of equation (2.90) with {2.85) as a function of bottthe repeater position
d. between the antenna coils and the repeater coil radius is created. The distance
between the TX and RX is chosen to be 25 meters and the frequgns xed to 1 kHz
since gure[2.1] suggest that 1 kHz gives the best performanftg antenna coils 25
meters apart. C,; Crx are chosen to resonate the system at 1 kHz, and the resistances
are chosen to beRtx =1 ;R, =0:1 ;Rgrx =1k. Knowledge of L, is not needed
since at resonance the impedance frol} will be cancelled byC,. Lrgx needs to be
known and will be related to parameters to the RX coil. The vale of Lgx will be
estimated using the following formula from(]19]:

8
Lrx = ONéx rRx N R 2 (2.91)
arx

Here,arx is the radius to the wire used. Itis chosen to be 1 mm. At 1 kHz fgeiency,

the system is in the near- eld and the properties of the medias can be ignored.

The contour plot of the ratio of voltage ratios [2.9D) with [285) is given in gure
[2.20. If the repeater is around the same size or smaller thametantenna coils, there is
no di erence. For a change in the voltage ratio, the repeatenust be at least 10 times
larger than the antenna coil, and be very close to the transttér. If the repeater
is further away, it must be 100 times larger and no further tha half-way between
the coils. If the repeater is too close to the receiver, the Nage ratio is worse than
having no repeater.

In conclusion, the use of a single passive repeater is not gtieal since either the
coil would have to be very close to the transmitter to improvehe power transfer
(which could be easily achieve by increasing the turn ratiof ahe antenna coils), or
the coil must unreasonably large.
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Chapter 3

MI Link Measurements

This chapter provides an overview of the equipment and how ivas used in the
experiments. Sectiofi 3]1 details the equipment, sectipri?3explains how the mutual
induction measurements were performed in air at the lab, ansection[3.B presents
the setup at the Dalhousie Aquatron for the air-water test.

3.1 Equipment

The equipment consisted of a transmitter coil, a receiver gpan impedance ana-
lyzer, resistors, capacitors, power supplies, a power amgl, a signal generator, an
oscilloscope, a low-noise ampli er, and an inverting ampdr.

3.1.1 Transmitter and receiver coils

The transmitter coil is shown in gures[3.]1 and 32. There ar¢hree independent
coils that are mutually orthogonal, which allows the choicef orientation to induce

a magnetic eld. All coils are wrapped around a green plastichell with groves to

hold the coils in place. A larger black plastic shell is madeotcover and seal the
coil from water with a small opening for the wires. The transiiter wires are long

and covered by a thick cable to protect them from water. Eachod is color coded
blue, green, or yellow, to mark which pair of wires correspdrto which coil. Colored

green and yellow tapes on the exterior shell help nd the caect orientation and

the corresponding wire with the same color. The blue wire aasponds to the coill
oriented along the seal.

The coils have a diameter of 13 centimeters and have approxtely 35 turns.
The impedances of the three coils were measured using a Hewdtickard 4192A LF
Impedance Analyzer (gure[3.B), and are summarized in Table.B Table[3.2, and

48



49

Figure 3.1: Image of the transmitter with the exterior open.

Figure 3.2: Image of the transmitter with the exterior closedThe yellow and green
tapes show the coil orientations.
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Table[3.3.

Figure 3.3: Image of the Hewitt-Packer 4192A LF Impedance Analgr used to mea-
sure the impedances of all coils and capacitors.

The receiver coil is shown in gurg 3J4. It is a single coil wgped around green
plastic housing, and similar to transmitter, the signal traels a long water-resistant
cable. Since the receiver will not be underwater, an exterhaase is not needed.
The impedance is measured with the same impedance analyzsrim gure 3.3. The
resulting data is shown in tabld 3.4.

3.1.2 Resistors and Capacitors

There are three independent copies of the circuit designed a gure .13, which
allows each transmitter coil to operate independently of @another. The resistors in
each circuit are all at 5 Ohms and are designed to carry a cunteof 1 to 2 Amperes
without risk of damage due to a large heatsink to dissipate éhheat. The location of
the power ampli er is also shown.

The receiver circuit is designed to replicate guré 2.17. Tdresistances are each
5 Ohms or 120 Ohms and a capacitor can be added in parallel. Alslbown is the
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f (kH2) [jZjO) | (raians) [ R() | X() |L(H)
1.0 4.9 0.352 | 4.60 | 1.69 | 269
1.6 53 | 0532 | 457 | 2.69 | 267
2.5 6.2 0.743 | 457 | 419 | 267
4.0 8.1 0.971 | 457 | 6.61 | 266

6.3 11 1.16 439 | 10.1 255
10 17 1.30 455 | 16.4 261
16 27 1.40 459 | 26.6 265
25 42 1.45 5.06 | 41.7 265
40 67 1.49 5.41 | 66.8 266
63 110 1.51 6.68 | 110 277

100 170 1.52 8.63 | 170 270
160 310 1.53 12.6 | 310 308
250 640 1.54 19.7 | 640 407

Table 3.1: Table of the impedance values of the TX coil labelggreen. The frequency
isf, the impedance iZ = jZjexp( )= R+ jX , and the self-inductance id..

f (kHz) [jZj() | (radians) [ R() | X() |L( H)
1.0 4.9 0.347 | 461 | 1.67 | 265
1.6 5.3 0.525 | 459 | 2.66 | 264
2.5 6.2 0.735 | 4.60 | 4.16 | 265
4.0 8.1 0.964 | 4.62 | 6.65 | 265
6.3 11 115 | 449 | 100 | 254
10 17 130 | 455 164 | 261
16 27 139 | 4.89 | 26.6 | 264
25 42 145 | 506 | 41.7 | 265
40 67 149 | 541 | 66.8 | 266
63 110 151 | 6.68| 110 | 277
100 | 170 152 | 863 | 170 | 270
160 | 310 153 | 12.6 | 310 | 308
250 | 650 154 | 20.0 | 650 | 414

Table 3.2: Table of the impedance values of the TX coil labelgellow. The frequency
is f, the impedance iZ = jZjexp( )= R+ jX , and the self-inductance i4d..
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f (kHz2) [jZj() | (raians) [ R() | X() |L( H)
1.0 4.7 0.359 | 4.40 | 1.65 | 263
1.6 5.1 0.541 | 4.37 | 2.63 | 261
2.5 6.0 0.752 | 438 | 410 | 261
4.0 7.9 0.980 | 4.40 | 656 | 261

6.3 11 1.17 429 | 10.1 | 256
10 17 1.31 438 | 164 | 261
16 27 1.40 459 | 26.6 | 265
25 41 1.46 453 | 40.7 | 269
40 66 1.49 533 | 65.8 | 262
63 100 1.51 6.08 | 99.8 | 252

100 170 1.52 8.63 | 170 270
160 300 1.53 12.2 | 300 298
250 620 1.54 19.1 | 620 395

Table 3.3: Table of the impedance values of the TX coil labelélue. The frequency
isf, the impedance iZ = jZjexp( )= R+ jX , and the self-inductance id..

Figure 3.4: Image of the Receiver.



f (kHz) | jZj() (raians) | R() [ X() |L( H)
1.0 3.6 0.553 3.06 | 1.89 | 301
1.6 4.2 0.779 299 | 295 | 294
2.5 5.6 0.995 3.05| 470 | 299
4.0 8.0 1.18 3.05| 740 | 294
6.3 12 1.32 298 | 116 | 294
10 19 1.41 3.04 | 188 | 298
16 30 1.46 3.32 | 29.8 | 297
25 47 1.50 3.32 | 46.7 | 298
40 75 1.52 381 | 749 | 298
63 120 1.53 4.89 | 120 303
100 190 1.53 7.75 | 190 302
160 330 1.54 10.2 | 330 328
250 610 1.54 18.8 | 610 388
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Table 3.4: Table of the impedance values of the RX coil. Theeguency isf, the

impedance isZ = jZjexp( )= R+ jX , and the self-inductance id .

series of operational ampli ers in order to measure the sigh

The choice of capacitor in the receiver is 15F which allows for a resonance

frequency of 8 kHz. The capacitor value is veri ed using the ipedance analyser.

Tables 3.5 gives the measured impedance of the capacitorngsthe HP impedance

analyzer in gure 3.3.

f (kHz2) [jZj() | (radians) [R() | X() |C( F)
1.0 110 156 | 1.19 | -110 | 1.45
1.6 66 155 | 1.37 | -66.0| 1.51
2.5 42 155 |0.873| -42.0| 1.52
4.0 26 154 |0.801| -26.0| 1.53
6.3 17 152 | 0.863| -17.0| 1.49
10 11 -1.49 | 0.888| -11.0| 1.45
16 6.6 -1.45 | 0.795| -6.55 | 1.52
25 4.2 -1.39 | 0.755| -4.13 | 1.54

Table 3.5: Table of the impedance values of the 15 capacitor used to resonate at
8 kHz. The frequency isf, the impedance isZ = jZjexp( ) = R+ jX , and the

capacitance isC.
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3.1.3 Power supply, power ampli er, and signal generator in the
transmitter

The purpose of the power ampli er is to provide a consistentutrent in the range of
1 A, regardless of what source is used to generate sinewavesFigure 3.5, and??
the power ampli er (APEX EVALG8 rev. B) used for this experimen. It is chosen
because it provides linear ampli cation for an output currat as high as 1 Amp in
the frequency band of interest. A RIGOL DP832A DC power supplis used to
power the circuit and the RIGOL DG4162 signal generator is esl to apply the
transmitter with a sinewave at a given frequency. The powernapli er accept a DC
power supply voltage of 15 Volts, and can accept a peak-peak voltage from the
signal generator of up to 5 Volts and a frequency less than 25k, after which the
power ampli er introduces nonlinear signals in the circuit The internal resistance of
the power ampli er varies between 3 to 5 Ohms depending of tHeequency.

Figure 3.5: Image of the APEX EVALG68 rev. B power ampli er used tdboost the
current in the transmitter.

3.1.4 Receiver Ampli ers

The readings of the voltage across the load resistance in theceiver is very small.
Thus a series of operational ampli ers are used to increase toltage in order to
measure the signal from the receiver coil.
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The rst operational amplier is a LT1167 low-noise ampli er with a external
resistor Ry of 60 or 120 Ohms, depending on the amount of gain needed. Thenfula
for the gain is given in the data sheet [20]; however it is mocurate to measure
the gain directly across the whole chain as will be discusdda

The second and third (not used) operational ampli ers are LM41 ampli ers con-
gure as inverting ampli ers with an expected gain of 50 each

The actual gain of the complete ampli cation chain is meased and recorded in
table 3.6 where the low-noise ampli er has aR, of either 60 or 120 Ohms. FoRy =
120 Ohm, the gains are consistently around 72 dB when the freggncy is no less than
25 kHz, but depends linearly to 60 dB at 120 kHz. WheRy = 60 Ohm, the gain
started at 74 dB for 1 kHz and rose to 105 dB at 15 kHz, but then drqyed to 63 dB
at 120 kHz.

3.1.5 Oscilloscope

Figure 3.6 shows the Agilent Technologies In niVision DSO-X 3XA digital oscil-
loscope used to get the sinewaves across the whole systeme Gheen signal is the
voltage across the transmitter resistanc®rx which is used to measure the current
in the transmitter. The blue signal is the voltage output of he receiver coil with the
gains from the both the low-noise ampli er and the invertingampli er. All data is
recorded on a USB stick in a CSV (i.e. comma separated) le thatan be opened
with any spreadsheet software.

3.1.6 Summary

A summary of the order of operation is given in gure 3.7. Theiccuits are represented
in gures 2.13 and 2.17. The signal generator sends a sinewaf a xed frequency to
a power ampli er which powers the transmitter circuit and cd. Power is sent from
the transmitter to the receiver by mutual induction. The induced voltage is ampli ed
with a low-noise ampli er followed by an inverting ampli er.



Frequency (kHz)

Gain for Rg = 120 (dB)

Gain for Rg = 60 (dB)

90
100
110
120

73.0
73.2
73.4
73.5
73.5
73.5
73.5
73.4
73.4
73.3
73.0
72.8
72.3
71.8
70.5
69.5
68.4
67.1
65.8
64.5
63.2
61.8
60.5

74.2
76.5
78.8
80.9
82.8
84.7
86.4
88.1
89.8
91.5
105
96.6
90.5
86.6
81.9
78.3
75.3
72.8
70.5
68.4
66.6
64.9
63.6

Table 3.6: Table of the measured gains in the chain of receaiampli ers.
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Figure 3.6: Image of the Agilent Technologies In niVision DSOx 3034A digital
oscilloscope used to record the signals. The green signahes from resistoiRryx and

the blue signal comes from the receiver after the chain of ap&onal ampli ers
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Figure 3.7: Schematic of the equipment.

3.2 Air Tests in the Lab

To ensure that the system works as expected, two experimerase performed in air
at the UWStream lab. A wooden cart shown in gure 3.8 is made to edy move the
receiver at a given distance from the transmitter. Wood is @sen for the cart instead
of metal to minimize the risk that conducting material may a ect the measurements.
The receiver is tied to a vertical piece of wood screwed on tleslge of the cart.
The transmitter coil and all of the equipment are xed on a talle and placed as far
away from both coils as possible. The circuit in the receivés also placed on the table.

The experiments in the lab comprise of two tests. In test 1 (&s$ection 3.2.1), the
mutual induction is measured for various coil distances anthien compared with the
models. In test 2 (subsection 3.2.2), the distance is xed dra capacitor is added to
verify the claim that a capacitor in the load improves the regived signal.

3.2.1 Testl - Verify Mutual Inductance Formula

The objective of this experiment is to verify the mutual indetance from formula
(2.66) where the system is in the near eld, but when the coilsan be close together.
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Figure 3.8: Image of the wooden cart used to perform air tests.

To do so, one measures the mutual inductandd for multiple coil distancesd up to
4 meters and plots it against the expected curve from equatiq2.68a).

Since the coil radius 1x = rx = =6:5cm and the turn ratiosNtx = Ngrx =
N = 35 are the same for this and subsequent experiments, the fiaula from (2.66)
will be rewritten as follows:

M = Mol d (3.1a)
Mo = oN 2 (31b)
Z 1
| (x)= X JZ(xt)e ‘dt (3.1c)
0
Note that when d(orx 1),1 (x) x3=2and henceM becomes the near- eld

dipole approximation from equation (2.67). Since = 6:5 cm, it is expected thatM
is inversely proportional tod® whend 20 cm.

To measure the mutual inductance at a xed distance, the trasmitter is powered
with a sinewave current of a given frequency and the voltagemss the transmitter
resistorRrx and in the receiver are measured. This is repeated for mullgother fre-
guencies between 1 and 25 kHz spread out in a logarithmic scaldis gives a pro le
of the voltage ratioV as a function off similar to equation (2.82). A least-squares
t using equation (2.82) is applied to calculate the constanterm A, which then can
be used to obtain the mutual inductanceVl. The load resistanceRgrx in this series
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Name Symbol Value
Distances d Between 0.16 m and 4 m
Frequencies of Operation f 1 kHz to 25 kHz
Transmitter Radius X 65 05cm
Receiver Radius RX 65 05cm
Number of Turns in Transmitter NTx 35 6
Number of Turns in Receiver Ngrx 35 6
Transmitter Resistance Rx 5
Receiver Resistance Rrx 10
Transmitter Impedance from Self-Inductance Z, See Table 3.1
Receiver Impedance from Self-Inductance | Z, See Table 3.4
Mutual Inductance M Equation (3.1a)

Table 3.7: Summary of the parameters used in the mutual indtemce measurements
in the air.

of tests is chosen to be 10 to ensure thaf, = 7:4 kHz, which is within the range of
frequencies and thus the pro le will look like gure 2.16.

Once a series of values ®fl are obtained for various distancesl, the dataset is
plotted and compared with equation (3.1a). Another least-sgares t can be pre-
formed to getM which can be compared to the expected value in (3.1b).

Table 3.7 summarises the parameters used for the the rst tes

3.2.2 Test2 - Capacitor Performance

This experiment tests the premise in section 2.6.3 that a capitor Crx added to the
receiver in parallel increases the voltage ratio near thesenance frequency given by
fo=1=2 P Lrx Crx . The capacitor chosen is the 15F given in table 3.5 which

allows the receiver to resonate at 8 kHz.

The distance is xed to be 1 meter. Two sets of voltage measunents are taken
as a function of frequency. The rst set has the capacitor adal and the second set
will not. For the set with no capacitor, the dataset is compagd with equation (2.82).
However since the load resistance is ndRgx =240 , the cuto frequency f, is less
than the frequencies of operation and thuy  Af . For the case of the capacitor
added, equation (2.85) is used.
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Table 3.8 summarises the parameters used for the the secoedtt

Name Symbol Value
Distances d 1m
Frequencies of Operation f 1 kHz to 25 kHz
Resonance Frequency fo 8 kHz
Transmitter Radius TX 65 05cm
Receiver Radius RX 65 05cm
Number of Turns in Transmitter Ntx 35 6
Number of Turns in Receiver Ngrx 35 6
Transmitter Resistance Rtx 5
Receiver Resistance Rrx 240
Transmitter Impedance from Self-Inductance Z, ., See Table 3.1
Receiver Impedance from Self-Inductance | Z, ., See Table 3.4
Impedance from Capacitance Zc See Tables 3.5
Mutual Inductance M Equation (3.1a)

Table 3.8: Summary of the parameters used in the voltage ratmeasurements with
a capacitor.

3.3 Air-Water Tests in the Dalhousie Aquatron

This test is performed at the Dalhousie Aquatron on May 2021.td objectives are
to con rm that a signal can be received from a coil underwaterand verify that the
mutual inductance agrees with the theory (equation (3.1a))Figure 3.9 shows a dia-
gram of the setup on the water. Figure 3.10 shows a photo takehtbe setup.

The tanks of water contain a pontoon that was used to move theystem away
from the walls to minimize the e ects from boundaries. The stem consists of two
wooden sticks tied to the pontoon with rope. The use of any matare kept to a
minimum to avoid magnetic noise in the system. The sticks anglaced next to each
other. One is anchored next to the pontoon and can not be movedhile the other
can be moved vertically to change the distance between theatrsmitter and receiver.
In this test, the transmitter is lowered 1 meter. The receiveis placed on the xed
stick 1 m above the water surface. The transmitter is placedt ahe bottom of the
movable stick. To keep the transmitter level, a weight is tié onto the transmitter as



Figure 3.9: Diagram of the Aquatron test setup.

Figure 3.10: Photograph of the Aquatron test setup.
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shown in gure 3.11.

Figure 3.11: Closer look at the underwater transmitter with aveight tied onto.

The electrical equipment is placed on the shore, and connedtby wire to both
the transmitter and receiver as seen in gure 3.12. The sameh&matic from gure
3.7 applies here.

Table 3.9 summarises the parameters used for the measuretaen the Aquatron.
Since the frequencies of operation are below 25 kHz for thetidbe system is in the
near- eld and thus the conductivity of water has no e ect. Egation (3.1a) is used
to estimate the mutual inductance. Distances are xed and aapacitor is used to
resonate at 8 kHz.

As in the air experiments, a series of voltage measurementstire receiver (with
gains) and the xed transmitter resistanceRryx are recorded for a given frequency
between 1 and 25 kHz. The resulting voltage ratio plot vs fregmcy should resemble
equation (2.85). A least-squares t is used to determine thewutual inductance and
then compared with equation (3.1a).
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Figure 3.12: Image of the equipment used to power the transri@t and measure the
receiver.

Name Symbol Value
Transmitter depth below the boundary d 1.0 O01m
Receiver height above water h 10 O01lm
Resonant Frequency fo 8 kHz
Frequencies of Operation f 1 kHz to 25 kHz
Transmitter Radius TX 65 05cm
Receiver Radius RX 65 05cm
Number of Turns in Transmitter Ntx 35 6
Number of Turns in Receiver Ngrx 35 6
Transmitter Resistance Rtx 5
Receiver Resistance Rrx 240
Transmitter Impedance from Self-Inductance Z, ., See Table 3.1
Receiver Impedance from Self-Inductance | Z, ., See Table 3.4
Impedance from Capacitance Zc See Table 3.5
Mutual Inductance M Equation (3.1a)

Table 3.9: Summary of the parameters used in the Dalhousie Aafnon measurements.



Chapter 4

Results and Discussion

In this chapter, an analysis of the data for both air and Aquaton trials is performed
and the results are discussed. Section 4.1 details how thdleced sinewave measure-
ments are processed to obtain voltage ratios, which are usedperform least-square
ts to nd the mutual inductance. The section 4.2 presents ad discusses the data
obtained from the rst experiment in the air (subsection 3.21) where the mutual in-
ductance is measured versus distance. Section 4.3 discsiske results for the second
test (subsection 3.2.2) where a capacitor is added. Finallgdion 4.4 goes over the
ndings from the Aquatron experiment.

4.1 Data Analysis

This section presents how the data collected from an osc#lmpe is used and the
mutual induction tests are processed to obtain a series ofopd of voltage ratios vs
frequency. These plots are then tted to equations (2.82) ah(2.85) to measure the

mutual induction.

The oscilloscope records two voltages of the system as a fimt of time and
outputs as a CSV le. The name of the le is of the format "t XXXpXkHz.csv"
where the X's are replaced with the frequency in kilohertz ot AC signal sent by
the signal generator to the system (the "p" represents the danal point). These
les are grouped in a series of directories named via the tesame followed by the
parameters used (i.e. distance value or if a capacitor is a§e Figure 4.1 shows
visually how the data is stored.

In each CSV le there are three columns of data. Figure 4.2 is aaxample of how
each CSV le is structured. The rst column is the time at which the oscilloscope
took a voltage measurement. The second column is the voltageross the xed
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Figure 4.1: Image representation of the directory structurased to store the measured
voltages.

resistor Rrx . The last column is the measured voltage in the receiver aftpassing

through the two ampli ers. The peak-to-peak voltage for edtof the voltage columns
is evaluated in order to make voltage ratio plots. This is danby passing each CSV
into a Python code that does basic signal process on the colasn

Figure 4.3 illustrates how the code takes the waves and gets egk-to-peak volt-
age. The signal is rst passed through a Butterworth bandpas Iter to remove any
noise. Such a Iter needs a upper and lower cuto frequency. le script can get the
frequency of operation directly from the CSV lename and the take 1% of that
value for the cuto s. This leaves a clean wave, but with artécts at the start time val-
ues and thus the code only takes the latter part of the Iteredignal. A least-squares
sine function t of the form V(t) = Asin(Bt + C)+ D is applied to the lItered signal
with A;B; C, and D the constants to be calculated. The relevant constant neediés
A which is the half of the peak-to-peak voltage. 4.4 shows a spi& process of the
Itering and curve- tting. Once each peak-to-peak voltageis found, it returns the

ratio of the two.
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Figure 4.2: Sample view of a CSV le containing the measured Kages from the
oscilloscope.

Figure 4.3: Flowchart of the process of taking the voltages ma&ed from a CSV le
to a peak-to-peak voltage.

4.2 Results of Air Test 1 - Mutual Induction vs Distance

In this section, the results of experiment 1 from subsectiod.2.1 are presented, fol-
lowed by a discussion of the ndings.
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Figure 4.4. Sample image of the analysis of the measured signaA bandpass Iter
is used followed by a best- t sinewave.

4.2.1 Results

To proceed, the steps are to rst x a distanced and measure the voltages to obtain
the voltage ratio as a function of frequency. This is then regated for multiple dis-
tances. As demonstration, the following shows the plot for thvoltage ratio atd = 1
m.

Table 4.1 shows a sample dataset for the voltage ratios megsul for a coil sepa-
ration of 1 m. Figure 4.5 shows the resulting plot along with tl best- t curve using
equation 2.82. Using the data from table 3.7, the expected autfrequency isf, = 7:4
kHz. The best-t givesf| = 7:3 0:1 kHz, which is within the expected value. The
best- t value for the constant A from equation (2.83) isA = (2:2 0:1) 10 ® ms,
which gives rise to a mutual inductance oM =29 4 nH.

After repeating for multiple distances, the measured mutuahductances are pre-
sented in table 4.2 and the plot is shown in gure 4.6. The theetical value for the
mutual induction given by equation (3.1a) is also shown in & plot.



Frequency (kHz)

Voltage Ratio (dB)

1.0
1.3
1.6
2.0
2.5
3.2
4.0
6.3
7.9
10
13
16
20
25

-93.6
-91.1
-89.5
-87.6
-85.8
-83.9
-82.3
-79.6
-78.6
-77.7
-77.1
-76.8
-76.1
-76.6
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Table 4.1: Sample voltage ratio data obtained for a mutual guction system with

the coils 1 m apart.

Figure 4.5: Sample plot of the voltage ratio vs frequency olteed from the mutual
induction system with coils separated 1 m apart.
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Distance (m) | Mutual Inductance (nH)
0.16 0.01 4200 600
0.20 0.01 2600 400
0.25 0.01 1500 200
0.32 0.02 830 100
0.40 0.02 390 60
0.50 0.02 220 30
0.63 0.03 110 20
0.79 0.04 57 7
1.00 0.05 29 4
1.30 0.06 13 2
1.60 0.07 6.3 1
2.00 0.08 6.3 1
2.50 0.09 45 0.7
3.20 0.10 28 04
4.00 0.12 22 0.3

Table 4.2: Table with the measured mutual inductances as arfation of distance.

Figure 4.6: Plot of the measured mutual inductance as a funotn of distance in the
rst experiment (subsection 3.2.1) along with the expectedurve given by equation
(3.1a).
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4.2.2 Discussion

First note that for the voltage ratio plot for d = 1 m as shown in gure 4.5, the pro le
behaves like a high-pass lIter with cuto frequency of 7.4 kHz This is the expected
result and is consistent with all of the other distances.

Figure 4.6 shows that the mutual inductance follows the corce trend that the
theory (equation (3.1a)) predicts for distances up to 1.6 mThe relationship of M
being proportional to 1=c® is seen in the data between 0.32 and 1.6 meters. Thus
for coils of = 6:5 cm, it is reasonable to use equation (2.67) or (2.70) depamgl
on how far away the coils are, or if the frequency is large erglu The model does
overestimate the measured values below 1.6 m, but is stillthvin the expected error
range. The primary cause of error for the model is from the numer of turnsN of the
coils. Since in this experimenM is proportional to N 2, a miscount of the number of
turns can cause signi cant errors in the mutual induction.

At distances of 2 m or above, the measureM is signi cantly over what the
model predicts. The reason for this is clear when investigag the measured voltages
at these distances. Figure 4.7 shows a sample voltage readiragn the receiver for
d=4 mand f =10 kHz. The noise oor distorts the signal too much for a Iter
to recover the signal properly. This suggests that at distares larger than 2 m, one
should perform the mutual induction tests in a more open areahere there are fewer
electrical disturbances than presents is in the lab. Themfe, due to the limitations
in the testing environment, the results ford 2 m are inconclusive.

4.3 Results of Air Test 2 - Capacitor in the Receiver

In this section, the results of the test 2 from subsection 32 is presented and dis-
cussed where the distance between the coils are xed at 1 metinstead of measuring
M, this test veri es the claim in equation (2.85) that adding acapacitor Crx in par-
allel to the load resistanceRrx improves the reading in the oscilloscope near the
resonance frequency dfy, = 1=2 P Lrx Crx .
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Figure 4.7: Plot of the measured voltage across the receivevith gains) atd =4 m
andf =10 kHz along with the least-square t to the Itered sinewave
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4.3.1 Results

Note that unlike in the rst test, the load resistance is nowRrx = 240 . This means
that when there is no capacitor, the cuto frequencyf, from (2.82) is 80 kHz. This
is beyond the 25 kHz limit in the testing equipment and thus edaation (2.82) can be
approximated as:

V(f)= Af (4.1)

Therefore in a log-decibell plot, the voltage ratio will lok like a straight line with
slope of 1.

Figure 4.8 shows the measured voltage ratios as a function fduency along with
the tted curve from equation (4.1). The constant isA =3:5 0:1 milliseconds.

Figure 4.8: Plot of the voltage ratio in test 2 (subsection 3.2) with no capacitor
along with the best- t function from equation (4.1).

For the case with a capacitor, Figure 4.9 shows the measuredtage ratios as a
function of frequency along with the tted curve from equaton (2.85). The constant
isA =3:0 0:2 milliseconds, which is very close to the same value in the capacitor
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scenario. Using the formulas, the predicted resonance freqey and cuto frequencies
arefo =7:2kHz andf, = 15 kHz. The best-tgivesfo =6:8 0:2kHz andf, =15 2
kHz, which matches the theoretical predictions within the eor tolerances.

Figure 4.9: Plot of the voltage ratio in test 2 (subsection 3.2) with a capacitor along
with the best- t function from equation (2.85).

Finally, the two plots are compared. Figure 4.10 is the resultfalividing the data
from gure 4.9 by gure 4.8. This plot determines if the capaitor has an improvement
on the measured voltage ratio.

4.3.2 Discussion

As gure 4.10 demonstrates, the capacitor does improve the lt@age ratio near the
resonance frequency by about 6 dB. At frequenciés fo and f,, the curve levels
0. This is to be expected when comparing equations (2.82) thi (2.85). In both

cases,V is proportional to f and thus should cancel when taking their ratios. At
large frequencied fo and f|, Viocaps IS @ constant, butVcaps is proportional to

1=f hence the drop-o shown in gure 4.10 beyond the resonanceefjuency.
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Figure 4.10: Plot of the ratio of gure 4.9 to gure 4.8.

The curve stays within 1 dB from the maximum within 500 Hz from he peak.
DecreasingRrx would increase the peak at the expense of a shorter bandwidtFhe

choice of 240 seems to be a reasonable one.

4.4 Aguatron Results

In this section, the voltage ratio obtained from the Aquatronis presented and dis-
cussed. It is noted that the same capacitor as in the lab testi2 used, and that the
case ofRg = 120 is used in the low-noise ampli er.

Figure 4.11 gives the resulting measured voltage ratios ofethest in the Aquatron
along with the theoretical prediction using equation (3.1ato calculate M and (2.85)
to get the curve. Tow tted functions are shown; the dashed lbick curve uses all of
the data points, whereas the dashed blue curve excludes tlastl two points which

appears guestionable.

The expected curve is only about 2 dB over the measured datahieh corresponds
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Figure 4.11: Plot of the measured voltage ratio obtained frorthe Aquatron along
with two best- t functions and the predicted result.

to a mutual inductance ofM =13 nH. Using the tted functions, M =10 2 nH for
the t with all points and M =8 1 nH for the better t with the last two points
removed. This suggest that the model from equation (3.1a) &curate for a air-water
coil system with the transmitter underwater at a single degt value of 1.5 m. More
depths are needed to conclusively show that the model workklowever, the results
thus far are promising, and merit further exploration.

For the other parameters, the cuto frequencie$, are 11 1 kHz for the 'bad’ t
and 16 2 kHz for the 'good' t. The predicted value is 15 kHz and thus thegood
t is closer. The resonance frequencigy are 8.7 0.6 kHz for the 'bad' t and 7.8

0.2 kHz for the 'good' t. The theory predicts 7.2 kHz, which is &se to the result
from the 'good’ t.



Chapter 5

Conclusion

5.1 Conclusion

This thesis explores a new mathematical model for the detemation of mutual in-
ductance in communication systems deployed in an air-wateontext. The proposed
model provides more accuracy than other models based on nuical simulations
and comparisons with known approximate models in extremeefjuencies and/or dis-
tances. The new model is also faster to compute than simulagj the elds directly
from Maxwell's equations as it only requires evaluating arsgle integral as opposed
to numerically solving a system of partial di erential equéions. Under given condi-
tions, the general model derived can be approximated to singplknown equations.
The experimental results verify the model at the near- elddr air context and suggest
it works as well in water. Experimental veri cation for the far- eld in an air-water
context is not accomplished due to the restrictions for diahces and frequencies in
the testing environment.

The model also gives the best frequencies to operate at a givEX depth. As
shown in subsection 2.5.4, the optimal frequency for maximuinduced voltage at a
xed transmitter current gets smaller very quickly which m&es MI communication
more di cult at greater distances. The maximum itself also gts signi cantly smaller
with increasing coil separation. Referring to gure 2.11,0r 100 m, the best frequency
is approximately 50 Hz, which signi cantly limits the chanrel capacity. Improvements
to this simple coil antenna model must be proposed to allow adher frequency of
operation at distances greater than 50 m.

On a related note, this thesis uses the proposed model to istigate the possibility
of adding a passive repeater coil to improve performance. cdua coil is placed in
between the transmitter and receiver and the best locationna size are determined
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and compared with no repeater. The nding of this thesis indiates that adding a
single passive repeater is not a good method for improvingelperformance of signal
transmission. The analysis indicates that the repeater muge 10 times the size of
the other coils, or must be close to the other coils.

5.2 Future Work

The results of this inquiry are promising and support additinal research in four areas.
First an error and noise analysis to mitigate potential soues of error in a Ml system.
Second, conduct an ocean trial to overcome the limitationggsent at the Dalhousie
Aquatron. Additionally, other signals and coil con gurations should be explored.

The error analysis should consider three factors. First, danisalignment should
be examined. [21] has already made extensive analysis foiflscm air. This research
should be extended to a study of coil misalignment in an airater context. Second,
the noise present in the equipment used in Ml communicatiorhsuld be quanti ed
in order to develop mitigation strategies. Third, an extenge analysis of external
magnetic interference should be conducted. Potential saas to investigate include
the earth, ships, water current, marine life and sea oor.

An ocean trial would enable testing the proposed MI model at gater distances
than provided in the Aquatron. A depth of 20 meters is more usef to real world
deployment of MI communication systems. An ocean environmiewill allow one to
determine the maximum distance or frequency beyond which ¢hattenuation due to
conductivity takes place.

Once a successful error analysis is completed and sea traifl$vil are conducted,
research into employing other signals can follow. In partidar, digital signals such as
phase-shift keying would be useful to investigate. This wédiinclude a study on the
channel capacity of the Ml communication system.

Finally, there are other possible coil con gurations to conder. Examples include,
the use of multiple active transmitters in an array, and the ge of a multiple-input
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multiple output (MIMO) setup. While the use of a repeater was ot found to be useful,
the use of metal surfaces near the transmitter to improve thsystem performance
could be explored.



Appendix A
Vector Calculus Review

A scalar eld is a function that takes a spatial position ;y;z) and possibly timet

and returns a real number. The charge density(x;y; z; t) of an object is an example
of a physical quantity that can be modeled as a scalar eld. Bgontrast, a vector

eld is a rule that accepts a coordinateX;y;z) and possibly timet and returns a
vector at that coordinate. Electric E(x;y;z;t) and magneticH(x;y;z;t) elds are

examples of vector elds.

Vector elds obey the same operations as regular vectors @ton '+', scalar

multiplication, negation ' ', dot product ' ', cross product ' ') provided that the
operation is done with matching coordinates (i.eV (x;y; z;t)+ U(x;y; z; t) is ok, but

V(x;y;z;t)+ U(x%y%z%19 is not).

Unit vector elds based on the Cartesian coordinate%;¥;2 are de ned to have
unit length and are oriented towards the increasing value dhe corresponding coor-
dinate. An arbitrary vector eld V (x;y;z;t) can be written as follows:

V(X y;z;t) = V(X y; 2, )% + V(X y; Z; 1)) + V(X y; Z; )2 (A.1)

Here, Vi;V; V, are scalar elds called thecomponentsof V. They represent the
contributions of V that are oriented in the corresponding coordinate. Similaunit
vectors exist for cylindrical 6; ;z) and spherical ¢; ; ) coordinates. The position
vectorr = x& + y§ + z2 is de ned to denote the point ;y; z) as a vector eld.

There are three major di erentiation operations in vector alculus. All three can
be represented in terms of the following operator:

_, @ @ @
" =*ax Yay %ex:
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This is not a vector eld, but can be treated as one to easily oonstruct the following
three operations:

A.1 The gradient

The gradient of a scalar eldf (r) creates a vector eld de ned as:

grad(f)(r)=r f(r) = @@(rx)’)‘( + @ngy + @@(rz)z

At a point r, the orientation of r f (r) gives direction of fastest rate of increase 6f(r)

(A.3)

and the rate of change in that direction igr f (r)j. Possible minimum and maximum
points of f (r) are located where f (r) = 0.

Equation A.3 gives the gradient in Cartesian components. Inytndrical compo-

nens el . 1@, @)
_ r 1@1r)a r
rf(r)= @Sé+ s @ + @zz (A.4)
And in spherical components:
iz @, 1 @0~ 1@I0. (A.5)

@r rsin @ s @

An arbitrary vector eld V is calledirrotational if there exist a scalar eldf (r)
such that V(r) = r f(r). Electric elds from static charges is an example of an
irrotational eld since the electric potential V is related byE = r V. Section A.2
gives a condition on when a vector eld is irrotational. All ofthe information of an
irrotational eld can be described by its corresponding sdar eld.

A.2 The curl

The curl of a vector eld V gives another vector eld de ned as:

curl(V)(=r V()= @é(;) @(g;) X + @é(;) @é(;) g
@yr) @M , (A6)

@x @x
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Corresponding versions for cylindrical and spherical corapents can be found in [18].

jr V(r)j gives how muchV (r) ‘circulates' around the pointr. The orientation
ofr  V(r) is given by the right-hand rule.

Points wherer V (r) = 0 are where there is no circulation. Note that, for
a scalar eld f(r), it is always true thatr r f(r) =0. Thusif r V(r) =0
everywhere, thenV (r) is irrotational and thus there is a scalar eldf (r) such that
V()= r f(r).

A.3 The divergence

The divergenceof a vector eld V gives a scalar eld de ned as:

@Wr) . @Wr) . @Mr)
@x+ @y+ @z (A1)

Corresponding versions for cylindrical and spherical corapents can be found in [18].

div(V)(r)=r1 V()=

r V(r) gives the ux per unit area of V (r) across an in nitesimally small box
centered atr. If r  V (r) > 0, more vectorsV diverge away fromr. If r  V(r) < 0O,
more vectorsV converge towards. If r  V (r) =0, the point r is not a sink nor a
source forV (r).

Note thatr (r V(r)) =0 forany vector V(r). Thusifr U(r) =0 for some
vector U (r), then there is a vectorV (r) such thatU(r)=r  V(r).

A.4 The Laplacian

The Laplacian is a second-order di erential operator that is de ned in tems of the
previous three operators. Is it de ned for both a scalar eldand a vector eld.

For a scalar eld f (r), the Laplacian is given by:

Lapl(f(r))=r 2f(r)=r r f(r) (A.8)



82

In Cartesian coordinates:

@f(r) , @f(r) @f(r)
@3 + @9 + @3 (A.9)

Corresponding formulas for cylindrical and spherical codinates can be found in [18].

r2f(r) =

For a vector eld V (r), the Laplacian is de ned by:
Lapl(V(r)) = r2V(r)=r(r V() r (r V() (A.10)

In Cartesian Coordinates:
FAV () = (1 2Vi(r )X + (1 2V ()Y +(r 2W(r)9 (A.11)

Thus the Laplacian of a vector eld can be found by computing th Laplacian of its
Cartesian components, which are scalar elds and thus onercase equation (A.9).
The formulas for cylindrical and spherical coordinates arewuch more complex and
can be found in [18]. The formula for cylindrical coordinateis given here as it is
used in this thesis. IfV (r) = Vs(r)8+ V (r)" + V,(r)?2, then:

@v() , 1@w) 1 1@%(N 2@MD, @%(n

V= a3 ts @s 2 g @7 2 @ @2
L, @v() 1o 1y (" + 1@v(), 2@, @V () «

@3 s @s s2 2 @2 2 @ @z
L @V(r)  1eMr) | 1@Vi(r) | @Vi(r) (A12)

@3 s @s 2 @2 @2
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