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(57) ABSTRACT

System and method for wireless, low-loss transmission in
conductive medium of a radio-frequency signal received by
a passive array of magnetic dipole elements from a source
magnetic dipole. The individual elements are separated from
one another by a distance on the order of or less than a
quarter-wavelength corresponding to resonant radio-fre-
quency. An array individual elements of which are micro-
scopically dimensioned form a neuronal transmitter that can
be configured to be implanted into neuronal tissue such that
a source dipole, disposed near a neuron, passes a signal
representative of neuronal activity along the array to an
outmost element and further to external receiver disposed
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1
VIRTUAL MAGNETIC TRANSMISSION
LINES FOR COMMUNICATION AND
POWER TRANSFER IN CONDUCTING
MEDIA

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application represents the national stage entry
of a PCT International Application No. PCT/US2016/
018400 filed on Feb 18, 2016 and claims priority from and
benefit of the U.S. Provisional Patent Application No.
62/118,339 filed on Feb. 19, 2015. The disclosure of each of
the above-mentioned applications is incorporated herein by
reference.

TECHNICAL FIELD

The present invention relates to systems and method for
wireless transmission in the radiofrequency range and, in
particular, to arrays of passive antenna elements operating
substantially losslessly in the conductive fluid environment.

SUMMARY

Embodiments of the invention provide a wireless power
transmission line that includes a source magnetic dipole
element configured to operate at a chosen frequency; and an
array of magnetic dipole elements separated from one
another by a distance defining near-field interaction between
immediately neighboring magnetic dipole element from said
array, an outmost element of said array separated from said
source by said distance. The transmission line is configured
to operate in a conductive medium.

Embodiments further include a method for wireless trans-
mission of power in a conductive environment. The method
contains steps of (i) causing a source magnetic dipole
element radiate energy by emitting a signal at a chosen
frequency; (ii) passively transferring the signal between the
source magnetic dipole element and an outer element at a
first end of an array of magnetic dipole elements, which
outer element is separated from the source magnetic dipole
element by a distance defining a near-field interaction; and
(ii1) passively transferring the signal from the outer element
to an element at a second end of the array only via near-field
interactions between elements of the array.

Embodiments additionally provide a neuronal radio-fre-
quency (RF) telemetry system that includes a microscopi-
cally-sized neuronal sensor tuned to a resonance at a chosen
radio-frequency; an electronic circuitry operably connected
to the neuronal sensor; a passive array of microscopically-
sized neuronal transmitter elements separated from one
another by a distance defining near-field interaction between
immediately neighboring transmitter element from the array,
while an outmost transmitter element of the array is sepa-
rated from the sensor by such by said distance, and a receiver
in RF communication at least with the outmost transmitter
element

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be more fully understood by referring
to the following Detailed Description of Specific Embodi-
ments in conjunction with the generally not-to-scale Draw-
ings, of which:

FIG. 1 is a diagram illustrating a network with two
accessible terminals.

10

15

20

25

30

35

40

45

50

55

60

65

2

FIGS. 2A, 2B show diagrams illustrating a dipole antenna
and a loop antenna.

FIG. 3A is a diagram illustrating schematically a trans-
mission line configured according to an embodiment of the
invention from permeable true magnetic dipoles in a sur-
rounding medium that has low impedance and/or conduc-
tivity (not metallic elements in free space) that are used as
elements of an array structured similarly to aYagi-Uda array
(that is, in contradistinction with the present embodiment,
made of metallic elements in free space).

FIG. 3B is a schematic illustration of an RF-wave guid-
ance from a source element along a chain of elements in free
space by a Yagi-Uda antenna array of related art.

FIGS. 4A, 4B illustrate idealized electric-dipole and mag-
netic dipole antennae.

FIG. 5 is a plot of data representative of the normalized
fields of the electric dipole antenna, a magnetic dipole
antenna, and an electric loop antenna.

FIGS. 6A, 6B illustrate permeability characteristic and
Heaviside magnetic conductivity, respectively, of a typical
high-frequency ferromagnetic material.

FIGS. 7A, 7B provide plots illustrating propagation of an
RF signal along a chain of microsized antennae (electric
dipoles in comparison with magnetic dipoles) tuned reso-
nantly to a chosen RF.

FIG. 8 is a plot illustrating efliciency of RF signal
propagation along an ad-hoc path through an array of
magnetic dipoles of FIG. 9.

FIG. 9 is a schematic illustration of a two-dimensional
array of magnetic dipoles configured as a transmission line
according to an embodiment of the invention.

FIGS. 10, 11, 12, and 13 are plots showing operational
parameters of RF signal propagation along passive identified
arrays structured according to alternative implementations.

DETAILED DESCRIPTION

Embodiments of the invention solve problems of high-
level dissipation of energy (accompanying the operation of
a conventional metal (or dielectric) antenna at radio fre-
quencies) in a conducting fluid medium surrounding the
antenna and/or into the material of the antenna itself by
forming an antenna from physically disconnected but mutu-
ally-coupled resonant magnetic dipoles (as opposed to elec-
tric dipoles) to allow the energy to spread along the full
length of the antenna.

From the impedance point of view, electric loops and
electric dipoles are the two fundamental types of antennas.
According to Schelkunoff (Antenna Theory and Practice,
John Wiley & Sons, 1952), in order to calculate the imped-
ance of an antenna one has to solve Maxwell’s equation
subject to the specific boundary conditions of the antenna.
Notwithstanding, one can obtain some of the important
general properties of the impedance from much more basic
considerations. These properties are not limited to antennas
or electrical systems. They are common to all dynamic
systems (for example mechanical and acoustical) and they
don’t even depend on the form of the dynamical equations
as long as those equations are linear. A brief consideration of
these general properties of impedance will help to under-
stand the reason of the difference in the antennas behaviors.

For any transmitting antenna the voltage and current at the
input terminals can be written as a function of a complex
variable which can be called “p” where p=jw and w is the
frequency of oscillation. The ratio of the functions V(p) and
1(p) is called the input impedance Z(p) of the antenna and the
inverse is called the input admittance Y(p).
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The schematic in FIG. 1 shows a network with two
accessible terminals and in order to introduce the two
fundamental antenna types we can write the impedance and
admittance as stated in the figure without being interested in
their interior structure. The roots of the equation Z(p)=0 are
called the zeros of the input impedance which are the case
for which the voltage across the input impedance vanishes
while the current does not. The poles of the impedance are
the zeros of the admittance and are roots of the equation
Y(p)=0 and it is obvious that in this case the input current
goes to zero while the voltage does not which means that the
terminals of the antenna are floating or the antenna is an
open circuit.

If the terminals of an antenna are open circuited conduc-
tors, opposite charges can be placed on these conductors to
create a voltage across the input impedance and the current
will be zero therefore having p=0 as a pole of its input
impedance. Such antenna is referred to as a dipole antenna.
On the other hand, an antenna consisting of a single perfect
conductor having a steady current flowing in it would not
have loss. Such antenna is referred to as electric loops and
p=0 is a zero of the impedance of a perfectly conducting
electric loop. FIGS. 2A, 2B show the electric dipole and the
electric loop as the two general types of antennas.

This fundamental difference between electric dipole
antennas and electric loop antennas is carried through to the
case of realistic imperfect environments and materials. The
open circuit nature of an electric dipole immersed in a lossy
conducting dielectric means that the large voltage developed
between its opposite terminals drives a current directly in the
medium surrounding it, following the field lines of its near
electric field and depositing power into the medium. The
short-circuit nature of the electric loop means that it cannot
drive a current directly in the surrounding medium. Instead
currents are induced via electromagnetic induction of eddy
currents by its magnetic near field. As shown in by Diaz, R.
E. and Sebastian, T. (Electromagnetic limits to radiofre-
quency (RF) neuronal telemetry, Nature Scientific Reports,
SREP-13-03863-T.3d, 2013, the disclosure of which is
incorporated herein by reference), for example, this results
in the loop dissipating much less power into the surrounding
medium; but the fact that metal (such as copper, for
example) is not a perfect conductor means that the current in
the electric loop will cause it to heat up and dissipate power
into its own materials. The disclosure of the above-identified
publication is incorporated herein by reference in its entirety.

In other words, a metal loop antenna fares better than a
dipole antenna because the metal loop antenna acts as a
magnetic dipole and dissipates less heat into the medium
through its near field. At the same time, however, the loop
antenna is less efficient than the dipole antenna and, there-
fore, to attain a desired far-field power such loop antenna
must carry large current and, therefore, dissipate a large
amount of power through internal ohmic losses in the
antenna’s materials.

A small conventional metal (or dielectric) antenna oper-
ating in a conducting fluid medium is known to have a
sufficient drawback stemming from the fact that in such
conditions the antenna dissipates, in its near-field, several
orders of magnitude more power into the conducting fluid
that it radiates to the far field. Specifically, for micron-sized
antennae at radiofrequencies the root of the problem is the
fact that such antennae store orders of magnitude more
energy per cycle in their near field than the power they can
radiate to the far field. This ratio is known as the Quality
factor of the antenna and according to the Fano-Chu limit it
is at least of the order of Q~1/(ka)’, where k is a propagation
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4

constant of the RF wave in the medium and a is a radius of
the smallest sphere into which the antenna at hand can
dimensionally fit. For a 20 micron antenna, for example, in
the body dielectric at 2 GHz this ratio is of the order of 40
million; for an 80 micron antenna it is of the order of
600,000. Since all realistic materials are lossy, the enormous
amount of energy available per cycle in the near field ends
up being consumed as heat.

The operational problems discussed above raise the ques-
tion of whether there is another kind of antenna that can
combine the best features of the dipole antenna and the loop
antenna, one the near field of which is dominated by a
magnetic field and yet does not behave as a short circuit to
draw large currents.

Since the above-mentioned problems are related to the
operation of an isolated antenna communicating with the
outside world by direct radiation of its signal, the embodi-
ments of the present invention solve these problems by
configuring the antenna system from a chain of physically
disconnected but mutually coupled resonant magnetic
dipoles—as opposed to electric dipoles of related art—
thereby minimizing the dissipation of energy into the sur-
rounding dielectric medium and allowing the energy to
spread along the full length of the antenna system to attain
high radiation efficiency. Specifically, the idea of the present
invention stems from the realization that an antenna con-
structed of magnetically-permeable material(s) can be used
as a true magnetic dipole radiating with the use of true
magnetic current. Consequently, such antenna possesses the
low-loss operational properties of the loop antennae in the
near-field and the high efficiency operating properties of the
dipole antennae in the far-field.

According to the idea of the invention, and in reference to
FIG. 3A, the antenna system 300 (interchangeably referred
to herein as a virtual transmission line) is structured as a
spatially-reconfigurable chain of individual true magnetic
dipoles 310 (each made of a magnetically-permeable mate-
rial), the immediately adjacent neighboring of which are
disposed within the near field of one another (at a distance
of about or less then a quarter wavelength) such as to
transmit power wirelessly (contactlessly) through the low-
loss near field of the chain elements even in the presence of
conducting environment (such as the use undersea or while
embedded in a biological tissue, for example). In other
words, the antenna system is configured from the magneti-
cally-permeable material(s) not to radiate the energy out-
wards but simply to guide it from one element of the system
to another, along the array 320 of the elements 310. In
contradistinction, the related-art embodiment of the Yagi-
Uda array made of metallic elements radiates the energy
outwards, as shown schematically in FIG. 3B.

It is notable that the physical (operational) loss of one or
several antenna-elements in the chain does not render the
chain inoperable, because such loss is obviated by re-routing
the power signal through the near-field of adjacent antenna
elements. The spatial structure of the chain of the individual
antenna-elements defines the gain and directivity properties
of the antenna system.

True Magnetic Dipole

Although in the conventional practice of Antenna Theory
and Design a distinction is made between electric dipole
antennae (generally metal rods carrying an alternating elec-
tric current) and magnetic dipole antennae (generally metal
loops carrying an alternating electric current,) in reality both
of these antennae types are electric current radiators. In the
first type, the electric current is linear and couples most
efficiently to the electric dipole modes of the spherical mode
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spectrum; in the second type, the electric current is circum-
ferential and couples most effectively to the magnetic dipole
modes of the spherical mode spectrum.

Most antenna practitioners assume that the absence in
nature of observed magnetic monopoles precludes the exis-
tence of true magnetic currents and therefore whenever the
term “magnetic dipole” is used in related art, a loop antenna
is meant, and whenever the term “magnetic current” is used,
a fictitious magnetic current is meant. The latter arises in
Schelkunoff s Equivalence Theorem whenever it is desired
to summarize all the sources on one side of a closed
mathematical surface by using the tangential electromag-
netic fields existing on that surface. Thus the surface ficti-
tious magnetic current, Km (measured in Volts/meter) is
defined as the cross product of the surface normal and the
tangential Electric field on that surface.

Embodiments of the present invention utilize true (as
opposed to fictitious) magnetic current radiators. That is, in
the same way that electric current density, J,, (measured in
A/m®) flows through a medium with electric conductivity,

Je (measured in Siemens/meter, as Jo=0, E ), magnetic
current density, J , (measured in V/m®) flows through a
medium with magnetic conductivity, J . (measured in

Ohms/meter, as J, =0, E L)

Even though magnetic conductivity does not exist at zero
frequency (because of the absence of magnetic monopoles),
as far as Maxwell’s equations are concerned, it exists at any
frequency in which a material exhibits a magnetic loss
tangent. This is because the imaginary part of the complex
permittivity and complex permeability of materials,

e(m)=gq(e'~je"), and plo)=po('—u"), (14)

imply the existence of a corresponding conductivity
through the relations:

O, =wege" (1A),

Cp=op” (1B)

Therefore, in Maxwell’s curl equations the terms involv-
ing the rate of change of the flux densities imply the
existence of magnetic currents as well as electric currents, as

shown in Egs. (2A), (2B):

JjoD=joe(w)E=joey(e'-je" ) E=jwese E+

wegt "E=joe gt E+o E=joe e E+J, 2A)
JoB=jonw)H=jouq(W-ju" | H=jouq H+
oot "H=jouqu H+o, H=jouuH+J,, (2B)

Whenever a lossy permeable material is used to carry
alternating magnetic field, it behaves exactly as if it were
carrying a magnetic current measured in Volts (whereas
electric current is measured in Amps.)

As used herein, the term “electric loop” refers to a metal
loop with no core, “electric dipole” refers to a copper sphere
model of a linear conventional electric dipole, and the true
magnetic antennae or true magnetic dipoles are referred to as
“magnetic dipoles”. The terms “true magnetic dipole” and
“magnetic dipole” as used herein refer to and designate a
magnetic dipole radiating through an oscillating magnetic
polarization in a permeable material. In particular, the terms
“true magnetic dipole” and “magnetic dipole” refer to (i) an
antenna constructed from high complex permeability mate-
rials (e.g. DC permeability>30 and preferably greater than
100), with no particular restriction on the ratio of real to
imaginary part of the permeability at any give frequency,
which antenna radiates predominantly through the magnetic
current density (dB/dt) flowing inside the permeable mate-
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rial. These terms as used do not refer to or encompass loop
antennae even though a metallic loop may be used to drive
(feed) the magnetic current in the magnetic dipole.
Idealized Antenna Models and Microscopic Implementa-
tions Thereof

In the following disclosure, antenna elements sized to
operate inside the brain are described as an example,
assumed to be spherical with 10 pum in radius. FIGS. 4A, 4B
provide schematic diagrams of the idealized antenna models
represented by these dipoles. Spherical geometry is chosen
for convenience and simplicity of calculations.

The electric dipole can be imagined as a hollow sphere cut
in half and fed by a distributed electric voltage source, V,
at the equator such that the total electric current flowing
depends on the self-impedance of the antenna (measured in
Ohms) according to Eq. (3):

Ve
Ir = ; current moment= [g a
ZE self

The magnetic dipole can be imagined as a solid permeable
sphere with a conducting belt around its equator, said belt
fed by a current source. The current flowing through the belt
in Amps is the magnetic Voltage, V,,, and the total magnetic
current flowing depends on the magnetic self-impedance of
the antenna (measured in Siemens) according to (4):

VM
= ; eurrent moment= [, a
ZM self

The complete duality in Maxwell’s equations that is
evident once magnetic currents were introduced by O.
Heaviside, allow the engineer to translate conventional
results of electrically conducting antennas driven by an
electric voltage at a gap into the results for magnetically
conducting antennas driven by a current flowing in a metal
feed loop surrounding the permeable material.

Conventional metal antennas have an Impedance given by
the ratio of the applied Voltage, V, to the current that flows
in the metal, Ze measured in Ohms. The current, I, can be
measured by performing the circulation integral of Ampere’s
law around the metal wire, that is

=$ E, dl

In the same way, permeable antennas have a dual mag-
netic impedance, Zm measured in Siemens, given by the
ratio of the applied Current, 1, in the feed loop to the
electromotive force around the permeable rod

v-$ E,.di

This is why Zm has the inverse units of Ze. Zm is nothing
but the electric admittance, in Siemens, measured by the
source driving the current in the permeable antenna’s feed
loop.

In an ensemble of spheres, the mutual coupling between
spheres is represented by the mutual impedance. For electric
and magnetic dipoles located on the same x-y plane, all
polarized along the z-axis, these are given by Egs. (5) and

(6):

6]

Wl oo

@

Iu

[PSYI=

§ & o o ®
3 1 1
L, = Zr::) (jk It 2]
jkr
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-continued
§a287j}:r 1 (6)
Z .
Mo LR~ (J r jkrz]

7. is the mutual impedance between the m” and n*
sphere. Setting r=a (the radius of the sphere) yields Z,,,,, the
self-impedance. (See the Methods section of the incorpo-
rated Diaz-Sebastian reference for the details.) With this
formulation it is straight-forward to solve self-consistently
the problem of the excitation of an ensemble of spheres by
any incident field or in particular by one member of the
ensemble. Focusing on the simplest case of two spheres, the
Voltage at the feed of each antenna depends on the currents
on itself and the other antenna, satisfying an equation of the
form:

Vi=l,Z,+LZ,, M

Thus, under the assumption that the two spheres share the
same equatorial plane, the problem of an array of two
spheres is represented by a matrix equation of Eq. (8), where
all the terms of the Impedance matrix, Z, are known from
equations (5) and (6).

Zi
Zny

Zy;
Iy

_ ( (®)
Z- 1=V -

(1 Vi
][ b ] B ( Va ]
To maximize the power transfer from the source to the
antenna (and from the antenna to its receiver) we assume
that the antennas have been tuned to resonance at the
operating frequency either by aid of a matching circuit or the

natural resonance of its constitutive materials. This simply
means that the self-reactance has been cancelled.

Zse[f,med:me_’Re(me) ©)

To the first order, the input impedance of an electrically
small material antenna (as opposed to the idealized perfectly
conducting antenna) can be obtained by simply adding in
series with the conventional antenna model, the internal
impedance of the material. The same argument can be
applied to analyze the imperfectly conducting antenna. In
the simplest case of a small metal spherical antenna, its
external impedance can be approximated by the capacitance
of its external near field in series with its radiation resis-
tance. In a lossy dielectric medium the near field capacitance
is complex and thus adds extra resistance to the antenna. To
resonate (that is to tune) such an antenna the common
practice is to add a series inductor such that the series sum
of the added inductive reactance and the external capacitive
reactance equals zero.

In the same sense a small spherical permeable antenna of
radius a, has an external impedance dominated by the
magnetic capacitance of its near field. Thus its dual magnetic
input impedance is approximately

1 1

+ Ry = (10

I + Ry

JwG, . :
JWpy - a
Z

Mext

Here, Rm is the magnetic dipole’s (dual) radiation resis-
tance. Now, assuming the flux inside the permeable sphere
is uniform, the internal capacitance can be roughly approxi-
mate by a term of the form:
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Therefore the total impedance of the material antenna is:

1 1 12
+ R + - = (12
] 7a
J‘Uﬂoﬂr((u)g

From Eq. (12) a skilled artisan would realize that internal
and external capacitances add in series and it is clear that
when the real part of the relative permeability of the mate-
rial, p(m), gets close to the value -3, the reactance is
cancelled and the antenna is resonant. At resonance the input
impedance of the antenna is purely resistive, consisting of
the radiation resistance, the loss resistance of the antenna
metal components and the body dielectric, and the loss
contributed by the permeable material’s imaginary part of
the permeability. Because ferromagnetic metal laminates
(materials commonly used in the magnetic read-head Indus-
try) have a strong Lorentz-like resonance near 1 GHz this
resonance can be tuned to the desired frequency.

In the most general case where the m™ sphere in the array
is excited and the rest are passive the currents on all antennas
are obtained by setting V, =1, all other V, =0 and inverting
the matrix:

The case of the electric loops is solved similarly and the
details of the derivation can be found in the methods section.
The final step before solving the case of interest is to define
the medium in which the antennas are immersed. As in
reference 1, a good approximation below 3 GHz to the FCC
accepted model for the human head is the a medium of unity
relative permeability and relative permittivity given by the
following multi-Debye relaxation model including a DC
conductivity of 0.68 S/m (with the frequency written in
GHz):

&(f) = (14
g, 18 T 18 . 0.68
E —Jjg = _
! T T | w0036,
10185 79 Sy}

The propagation constant and medium impedance appear-
ing in equations (5) and (6) become:

2 15
ko=%akmgd=kov.sr(f),no=377arzmd=no/v8m 4

The mutual impedances are, then:
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Zelecrri c _
mutual

1
e A,
kmedr (kmedr)

electric loops

These closed form equations are easy to use and have the
pleasing feature that to get the self-impedance we simply set
r=a. However for the magnetic dipole case, the self-imped-
ance has an additional series term due to the material
properties of the core.

1 (19)

Lon intemal = >

oty (@) - 1)
Jopg (@) = 1=~

So that for the magnetic dipoles the total self-impedance
at resonance is given by Eq. (20).

1 (20)

Znm self = Re 7 + Re[Zzz;gurflﬁc (r=a)

. | na
Jopg(pw) - )g

The first term on the left, the real part of the internal
impedance, represents the loss inside the permeable core.
This turns out to be inversely proportional to the Heaviside
magnetic conductivity of the material

2a )
O pna?

and thus is minimized when the material has a very large
initial permeability (500 in our example) and when the
operating frequency is chosen as the resonant frequency of
the material. This choice also maximizes the input imped-
ance.

(R {ossm =

Having defined all the relevant parameters, the current
induced on a second antenna as a function of the current in
the source antenna and the separation between them can be
calculated. For example, assuming there are two spheres (or
loops) each of radius a=10 pm, separated from each other by
a distance d, we let the distance d range from 5 mm to 4 cm
in steps of 5 millimeters. The results, plotted as the ratio of
the induced current to the source current, are shown as
points in FIG. 5. The advantage of the operational magnetic
dipole antenna by about 4 orders of magnitude is startling.
This corresponds to an 8 order of magnitude increase in
power transmission that is, +80 dB gain over the conven-
tional alternatives.

To emphasize that the nature of the receiving antenna is
as important as that of the transmitting antenna, FIG. 5 also
displays, as curves, the ratio of the principal field at the
distance r=d to the maximum value of that field at the
surface of the antenna r=a.
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By examining this graph, a skilled artisan appreciates a
significant difference in the behavior of the magnetic
antenna. All the normalized fields lie on top of each other
and 4 centimeters away the normalized field has dropped
down by a factor of 3x10™"° compared to the field at the
surface: =190 dB down. Electric dipole to electric dipole
mutual coupling follows this same trend being slightly larger
by a factor of 3, while the electric loop to electric loop
coupling follows the same trend but stronger by about a
factor of 10. The magnetic dipole coupling exceeds the field
ratio by almost 5 orders of magnitude.

The materials used, according to the idea of the invention,
for a typical magnetic dipole antenna have the permeability
parameters shown in FIGS. 6A, 6B. These magnetic mate-
rials already exist and having a high p_ .. . is an important
factor which will result in having a strong magnetic con-
ductivity. The efficiency of the magnetic dipole antennas are
much higher than the other two alternatives which are the
electric dipole antenna and the electric loop antenna because
the magnetic material used for these antennas changes both
the dipole moment and the input impedance. To illustrate the
importance and role of the high permeability material, two
more data points were added to FIG. 5 at the distance of 4
cm showing that for p,;,..,/=50 and ;.. =200 the advantage
is not as significant as the p,,,,;,~450.

The plot of the induced current in the electric loop, shown
in FIG. 5, illustrates the normalized induced current in the
electric loop at 4 cm (far enough to get to the surface of the
head from almost everywhere inside the brain) is stronger
than the normalized induced current in the electric dipole
and, at 3x107°, it is about an order of magnitude stronger
than the normalized field. But the current induced in the
magnetic dipole is 2x107°, almost five orders of magnitude
larger than the field ratio.

The behavior of an antenna depends on the quality or the
“Q” of its resonance and the signal that the antenna receives
is directly proportional to its ability to resonate at the
receiving frequency and the Q is inversely proportional to
the damping. So if we have a strongly damped antenna we
almost respond one to one and the response is a direct
proportion to the field strength. Electric dipoles at this size
are strongly damped because of the near field direct loss in
the body, and at this size electric copper loops are also very
much damped because of the required large current that
dissipates a large amount of energy into their own conduc-
tivity. Therefore the response of electric dipoles and electric
loops follow the field. But since the magnetic dipole has low
body currents and low metal currents they are much less
damped. The excess loss of the metal antennas will also
result in a reduced receiving and transmitting cross sections
when compared to the more efficient magnetic dipoles.

The magnetic dipole antenna is fed by a loop but the effect
of the permeable core is to change the character of the
antenna from the short circuit of the electric loop, which has
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a high current, to an antenna that tends to an open circuit at
resonance which as mentioned before is typical of dipoles,
since dipoles are open circuits. Therefore its damping is
dominated not by the copper loss but by the constitutive
properties of its core. The ferromagnetic metals developed
for the magnetic read-head industry on purpose combine
high permeability with low damping and this is evidenced in
the Lorentz line shape of their frequency dependent perme-
ability; they are by design high Q materials.

The discussion and results above, especially the +80 dB
gain in power transfer efficiency over electric dipoles and
electric loops, prove the feasibility of use of magnetic dipole
antennas for neuron-by-neuron RF telemetry inside lossy
dielectric media (such as bodily/neural tissue).

To verify the correctness of the chosen approach, an
additional set of calculations was performed in which we set
the surrounding medium to free space. Such change of
surrounding medium removes the advantage of the magnetic
dipoles over the electric dipoles and loops and, indeed, all of
the antenna types showed the exact same induced current.

From the presented discussion it is recognized that the use
of magnetic materials with high permeability and high
resonant frequency for constructing the magnetic dipole
elements of the present invention is preferred. Given the
small size of the antennas involved and the level of maturity
of magnetic read-head industry it can be anticipated that the
development and production cost of these materials would
not be an obstacle to their use. Magnetic read-head industry
materials include multi-layers of “Permalloy” or other alloys
with transition metals (such as FeCoHTf thin film) that have
permeability values in the hundreds and resonance frequen-
cies as high as a few GHz. The magnetic properties of these
materials can further be controlled by patterning their layers
to control the formation of domains and alter the magnetic
anisotropy. Typical dimensions for these design features are
in the 0.2 pm range, which is fully compatible with an
antenna structure of the assumed 10 um size.

It can be seen, therefore, that the use of coupled magnetic
dipole antennas (FIGS. 3A, 3B) as microscopic links in an
in-vivo telemetry system provides a solution to the tissue
damage problem caused by electric dipole antennas through
SAR deposition and the electric loop antennas through heat
conduction. If the head is modeled as a sphere having a
radius of several centimeters, communication between a first
transmitting microscopic antenna disposed anywhere inside
the brain and an identical second antenna one used as a
repeater node located just under the skull would potentially
result in the +80 dB in gain seen in FIG. 5 as compared to
conventional antenna alternatives.

Embodiments of In-Vivo Neuronal Telemetry According to
an Idea of the Invention.

Here, elements of an embodiment of an antenna struc-
tured according to the idea of the invention are assumed to
be spherical sized to operate, in one example, inside the
brain and, therefore, have a radius of 10 microns (or a
similar value, for example, 20 microns). Defining a distance
separating immediately neighboring individual magnetic
dipole antenna elements as one-quarter wavelength of the
RF frequency at which the array of magnetic dipoles trans-
mits reveals that for micro-sized antennae at 2 GHz such
distance is about 5 mm. Calculating the propagation of a
signal along a chain of tuned to resonance 20 micron
diameter antennae the immediately neighboring of which are
separated by 1 mm distance, and with the central antenna
element transmitting, the recovery of power transmitted by
magnetic dipoles is +50 dB compared to the power trans-
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12
mitted by electric dipoles (as seen from the comparison of
curves E, M of FIGS. 7A, 7B).

The optimization of such operation may require the
dipoles that have three possible states: a) resonant connected
to its internal source, b) resonant but source terminals
shorted, c¢) non-resonant. The array of dipoles has to be
governed with an external command (delivered from outside
the bodily tissue in which the array is embedded) configured
to trigger a change of state of any particular dipole. In one
possible configuration, the resonant node of the array is
connected to its internal source and acts as the source
magnetic dipole element for the whole array.

In one embodiment, only the short-circuited resonant
nodes act to guide the signal wave. (Were other resonant
nodes allowed to remain connected to their internal sources
they would absorb the wave instead of guiding it.) The
non-resonant nodes cannot respond to the wave. Under these
conditions, the signal from the source dipole should be
transmissible to the nearest point of the surface of the head
through an array of the magnetic dipole elements (whether
linear or 1D, 2D, or 3D). The energy is guided along the ad
hoc path with the same efliciency as if such path were an
isolated straight line, see FIG. 8. An example of a 2D array
of magnetic dipoles the individual elements of which are
separated by a distance defining near-field interaction
between them is shown in FIG. 9, with the element 910
indicated to be a source for the whole array.

Macroscopic Embodiment of Wireless Transmission Line.

FIG. 10 provides an illustration facilitating designs of the
transmission line in sea-water or ice-water medium. The
dielectric properties of such media are approximately:

105 24)
e 249+ ———
1+jL
3 KHz
40+ 75.1 . 4
Er-sea = - I
2
L+ ! feo
16.8 GHz

With an assumption of an acceptable -85 dB of transmis-
sion loss of a signal, the thickness of a medium through
which the transmission of radiation from a single antenna
would be successful is approximately 10 skin depths which,
at 1 GHz and for dsea=1 cm, is about 10 cm of water. A large
antenna with 30 dB directive gain would only buy us three
more skin depths. At 10 MHz 10 skin depths would take us
to 1 meter away but the only reasonably sized antenna is
now a dipole so no extra directive gain can help us. At 1 KHz
the skin depth is 8 meters and 10 skin depth values is about
80 meters.

In comparison, FI1G. 11 illustrates the performance of an
array of 2-inch diameter dipoles in sea water. The dipoles are
spaced at 1 foot center to center distance and operate with a
3 KHz carrier (communication channel of about 300 bps).
Curve L corresponds to loop antennas, curve E represents
electric dipoles (configured as a chain or individually), curve
M corresponds to magnetic dipoles (made with Co,Z hexa-
ferrite, unaligned, as permeable core). Curve I represents the
exponent €7¥/r. it is readily apparent that, for the -85 dB
loss threshold, the transfer of energy along the array of
magnetic dipoles can reach 115 m. It is notable that the
magnetic dipoles are passive: they form a virtual transmis-
sion line.

In comparison with FIG. 11, FIG. 12 illustrates that, while
loop antennae can also couple signal to one another, they
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have to be a lot bigger than magnetic dipoles with corre-
sponding and comparable performance. For instance, curve
L illustrates the performance of 8 inch diameter loop anten-
nas separated, center-to-center, by a 1 foot distance tend to
guide a 10 KHz signal. Curve E illustrates electric dipoles
(configured as a chain or individually), while curve M
corresponds to magnetic dipoles (that use Co2Z hexaferrite,
unaligned, as permeable cores). Curve I represents the
exponent ¢7¥/r.

As follows from FIG. 13, providing plots for operational
performance of the arrays of FIG. 13 at 100 Hz. Notably, for
really low data rates, using a 100 Hz carrier, an array of 1
inch diameter magnetic spheres 1 foot apart constitute an
almost lossless transmission line. Shown are the results of
simulating of a chain of 500 spheres reaching out, in terms
of transmission of a signal, to 150 m

What has been discussed, therefore, is transmission lines
made of magnetically-permeable materials which, although
conventionally considered lossy, are employed as true mag-
netic dipoles in a conducting/lossy environment. While such
lines may be configured to employ a structure of the Yagi-
Uda array antenna, they are devoid of metallic elements.
With the use of this structural principle, the lines create a
high directivity beam(s) by coupling the power from one
source dipole antenna into a chance of electromagnetically-
coupled passive antenna elements. Such coupling is effec-
tuated through the near-field interaction and is efficient even
in a conductive environment.

In particular, the use of the idea of the invention produces
a wireless power transmission line configured to operate in
a conductive medium. Such line includes a source magnetic
dipole element configured to operate at a chosen frequency;
and an array of magnetic dipole elements that are separated
from one another by a distance defining near-field interac-
tion between immediately neighboring magnetic dipole ele-
ments of the array. The outmost element of the array is
separated from the source by such distance as well. The
array of magnetic dipole elements may include at least one
of a one dimensional array, two-dimensional array and a
three-dimensional array. The transmission line can be
complemented with electronic circuitry configured to tune at
least one of a configuration of elements of the transmission
line and the chosen frequency and, in a specific case, the
electronic circuitry may be configured to tune the chosen
frequency. In a specific implementation, the magnetic dipole
elements of the array include spherical elements with diam-
eters not exceeding 1.5 inches and/or elements having a
longest dimension that does not exceed one half wavelength
in a conducting medium in which the transmission line is
embedded.

Another implementation of the idea of the invention
results in a method for wireless transmission of power in a
conductive environment. Such method includes a step of
causing a source magnetic dipole element radiate energy by
emitting a signal at a chosen frequency; a step of passively
transferring said signal between said source magnetic dipole
element and an outer element at a first end of an array of
magnetic dipole elements, which outer element is separated
from the source magnetic dipole element by a distance
defining a near-field interaction between these two. A
method further includes a step of passively transferring the
signal from the outer element to an element at a second end
of the array only via near-field interactions between ele-
ments of the array. Alternatively or in addition, the method
includes a step of disposing the source magnetic dipole
element and the array in the conductive medium and/or
disposing the array in the conductive medium such that each

20

25

40

45

50

60

65

14

of elements of the array are embedded in the conductive
medium. In one specific case, the array is disposed under the
surface of a sea

Furthermore, the implementation of the idea of the inven-
tion results in a neuronal radio-frequency (RF) telemetry
system. Such system includes a microscopically-sized neu-
ronal sensor tuned to a resonance at a chosen radio-fre-
quency (RF): an electronic circuitry operably connected to
said sensor. The system further includes a passive array of
microscopically-sized neuronal transmitter elements sepa-
rated from one another by a distance that defines a near-field
interaction between immediately neighboring elements of
such passive array. An outmost transmitter element of the
array is separated from the neuronal sensor by a distance that
defines a near-field interaction between the sensor and the
outmost element at the chosen radio-frequency. The system
further includes a receiver in RF communication at least
with the outmost transmitter element. In one embodiment,
the neuronal sensor includes a source magnetic dipole
element and said transmitter elements include passive mag-
netic dipole elements. The passive array may be configured
as at least one of a one dimensional array, two-dimensional
array and a three-dimensional array, while the telemetry
system can be complemented with electronic circuitry con-
figured to tune at least one of (i) a configuration of elements
of the telemetry system and (ii) the chosen frequency. The
microscopically-sized neuronal transmitter elements may
include antenna elements having a longest dimension not
exceeding one half wavelength of an RF wave in the
surrounding medium

It is appreciated that control of operation of an embodi-
ment of the invention may require a processor controlled by
instructions stored in a memory. The memory may be
random access memory (RAM), read-only memory (ROM),
flash memory or any other memory, or combination thereof,
suitable for storing control software or other instructions and
data. Those skilled in the art should also readily appreciate
that instructions or programs defining the functions of the
present invention may be delivered to a processor in many
forms, including, but not limited to, information perma-
nently stored on non-writable storage media (e.g. read-only
memory devices within a computer, such as ROM, or
devices readable by a computer I/O attachment, such as
CD-ROM or DVD disks), information alterably stored on
writable storage media (e.g. floppy disks, removable flash
memory and hard drives) or information conveyed to a
computer through communication media, including wired or
wireless computer networks. In addition, while the invention
may be embodied in software, the functions necessary to
implement the invention may optionally or alternatively be
embodied in part or in whole using firmware and/or hard-
ware components, such as combinatorial logic, Application
Specific Integrated Circuits (ASICs), Field-Programmable
Gate Arrays (FPGAs) or other hardware or some combina-
tion of hardware, software and/or firmware components.

While the invention is described through the above-
described exemplary embodiments, it will be understood by
those of ordinary skill in the art that modifications to, and
variations of, the illustrated embodiments may be made
without departing from the disclosed inventive concepts,
which may be combined in ways not listed above. Accord-
ingly, the invention should not be viewed as being limited to
the disclosed embodiment(s).

What is claimed is:
1. A neuronal radio-frequency (RF) telemetry system
comprising:
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a microscopically-sized neuronal sensor tuned to a reso-
nance at a chosen radio-frequency;

an electronic circuitry operably connected to said neu-
ronal sensor,

a passive array of microscopically-sized neuronal trans-
mitter elements separated from one another by a dis-
tance that defines near-field interaction between imme-
diately neighboring neuronal transmitter elements of
the passive array, wherein an outmost transmitter ele-
ment of said array is separated from the neuronal sensor
by the distance, and

areceiver in RF communication at least with the outmost
transmitter element.

2. A telemetry system according to claim 1, wherein said
neuronal sensor includes a source magnetic dipole element
and said transmitter elements from the passive array include
passive magnetic dipole elements.

3. A telemetry system according to claim 1, wherein the
passive array includes at least one of a one-dimensional
array, a two-dimensional array, and a three-dimensional
array.

4. A telemetry system according to claim 1, further
comprising electronic circuitry configured to tune at least
one of (i) a configuration of elements of said transmission
line and (ii) the chosen frequency.

5. A telemetry system according to claim 1, wherein said
microscopically-sized neuronal transmitter elements include
antenna elements having a longest dimension that does not
exceed one half wavelength corresponding to said chosen
frequency in a medium surrounding the telemetry system.

6. A telemetry system according to claim 1, configured to
operate in a conductive medium.
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