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ANTENNA MANDREL WITH MULTIPLE ANTENNAS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a device thatiges an array of small antennas on a
mandrel capable of interfacing with biomedical deg, and more particularly ophthalmic
devices, such as wearable lenses, including coletases, implantable lenses, including
intraocular lenses (IOLs) and any other type oficeeomprising optical components that
incorporate electronic circuits and associatedrargs/antenna assemblies to enable one of one-

or two-way communication with the one or more elaic components and/or power transfer.

2. Discussion of the Related Art

As electronic devices continue to be miniaturizets becoming increasingly more
likely to create wearable or embeddable microebeitrdevices for a variety of uses. Such uses
include monitoring aspects of body chemistry, adst@ming controlled dosages of medications
or therapeutic agents via various mechanisms, dnofuautomatically, in response to
measurements, or in response to external conggoals, and augmenting the performance of
organs or tissues. Examples of such devices indidm®mse infusion pumps, pacemakers,
defibrillators, ventricular assist devices and ostimulators. A new, particularly useful field of
application is in ophthalmic wearable lenses andaxi lenses. For example, a wearable lens
may incorporate a lens assembly having an elecatipiadjustable focus to correct refractive
errors and/or augment or enhance performance ayheln another example, either with or
without adjustable focus, a wearable contact leag imcorporate electronic sensors to detect
concentrations of particular chemicals in the preeal (tear) film.

The use of embedded electronics in a lens intraxlagmtential requirement for
communication with the electronics, for a method davice for powering and/or re-energizing
the electronics, for interconnecting the electrepfor internal and external sensing and/or

monitoring, and for control of the electronics dahd overall function of the lens.
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Often it is desirable to provide for communicattoror from the embedded electronics
for the purpose of control and/or data gatherimgm@wunication of this nature should preferably
be performed without direct physical connectiothi lens electronics, such that the electronics
may be fully sealed and to facilitate communicatidnle the lens is in use. Hence it is desirable
to couple signals to the lens electronics using-fiell communication technology.

Accordingly, there exists a need for an antennatire appropriate for short-range wireless
communication and capable of communicating witlopincal lens assembly containing an
antenna such as a soft contact lens.

Near-field communication (NFC) provides short ramgeeless connectivity that carry
secure two-way interactions between electronic amapts. NFC enables communication over
short distance through either inductive or capaeitioupling. This means that oscillating
electric and magnetic fields are separate and pavegrbe transferred via electric fields by
capacitive coupling (electrostatic induction) betwanetal electrodes or via magnetic fields by
inductive coupling between coils of wire. In cagige coupling, the power is transmitted by
electric fields between electrodes such as mestépl The transmitter and receiver electrodes
form a capacitor, with the intervening space aglibkectric. An alternating voltage generated by
the transmitter is applied to the transmitting @land the oscillating electric field induces an
alternating potential on the receiver plate, wrattbws power to be transferred. Capacitive
coupling is not traditionally used in low-power dipations such as the present invention
because the high voltages on the electrodes refuareansmit significant power may
potentially be hazardous. Additionally, electiields interact strongly with most materials,
including the human body, and may possibly causessive electromagnetic field exposure. In
inductive coupling, power is transferred betweeitsaaf wire by a magnetic field. The
transmitter and receiver coils together form adfarmer. The magnetic field passes through the
receiving coil, which facilitates the transfer ofeegy from one circuit to another via the mutual
inductance between the two circuits. The powersfiened increases with frequency and the
mutual inductance between the two coils, which ddpm their geometry and the distance

between them.

Antenna efficiency on-body is degraded for predantty electric-field or “E-field”

antennas. Thus, the most acceptable method of comating and recharging a battery on-body
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is through inductive coupling, whereby the coil§é}he external antenna are magnetically
coupled to an antenna embedded in the ophthalmicaleWith the existence of inductive
structures such as antennas, antenna assemblies emits appropriate for use in an optical
assembly, it is desirable to provide a device titiéizes a convenient method for aligning the

coil structure with an inductive coil structure ffficient near field coupling.

Embedding electronics and communication capadslith a contact lens presents a
number of general challenges. In general, it iBadilt to manufacture such components directly
on the lens for a number of reasons, as well astimguand interconnecting planar devices on
a non-planar surface. It is also difficult to méaaiure to scale. The components to be placed
on or in the lens need to be miniaturized and natiegl onto just 1.5 square centimeters
(assuming a lens with a 7 mm radius) of the traresgaolymer forming the lens while
protecting components from the liquid environmemtloe eye. It may also difficult to make a
contact lens comfortable and safe for the weartr thie added thickness of additional

components.

With respect to communication devices, specifidlehges include limited antenna
efficiency, which is directly related to the sizeawea for a coil antenna, and the number of coil
turns. Although, the limit of miniaturization ofegltronic devices has yet to be determined, the

sizes of some elements in electronics remain caingi by the rules of physics, and cannot
match the miniaturization demonstrated by circlaheents. Antennas needed to radiate
information remain relatively large with respectlectronics the size of a grain of salt. The size
of the antenna relates to the maximum inductanbeaable and the maximum voltage or
current that may be transferred to the device,daffierential sizing has the potential to delay or
exacerbate the ability to coarse-align and fineetalign antennas to initiate a communication
link. The primary issue is that, if any antennarnsll enough to include on a circuit embedded
in an ophthalmic device, it may not provide sufiti power levels. The received power at the
antenna must be of sufficient strength to allowtfansformation to adequate supply voltage
levels for the circuity inside the ophthalmic devjigvhen excited by a reasonable power level
from an external device. The efficiency of the powansfer between the antenna coil inside the
ophthalmic device and an external antenna is ptimoal to the operating frequency, the number

of windings, the angle and the size of the twosclative to each other, and the distance
3
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between the two coils. In some cases it may nalds@able to simply increase the power
applied to the external antenna or to alter the siznumber of turns. A larger size ratio between
the two antennas could result in non-predictablpesformance-degrading characteristics. It may
be better to closely couple an equally sized, lowgr external antenna. However, considering
the fundamental size constraints of the interntdrama, equally sized antennas would cause the
antenna coils to be extremely sensitive to alignmé&wven the slightest mis-alignment of the
coils may result in insufficient power. Moreovérist difficulty increases greatly when utilizing
micron-sized antennas, where one antenna is embéuglde an ophthalmic device, which
eliminates the possibility of any direct contactipling methods.
Accordingly, there exists a need for providing achamnically robust external antenna

assembly that meets the requirements for functityrehd performance in the volume and area
of a contact lens.

SUMMARY OF THE INVENTION

The antennas and/or antenna assemblies of thenpregention overcome the

disadvantages as briefly set forth above.

The present invention relates to a device thatlesatnmmunication between an
ophthalmic lens assembly containing a radiatiomel& and a physical object. The device may
be utilized to enable radio frequency for reading programming data, serial number
identification, power transfer, tracking and mamagat. More specifically the present invention
relates to methods and means of wirelessly comggaiternal antenna arrangements in
ophthalmic devices to external radiation elemeatassto propagate their radio waves. The
device preferably provides a quick and conveniegtihiod to couple electromagnetic energy
from circuit elements with built-in antennas embedith an ophthalmic lens, for example, a
contact lens so that it may be used as a mechdaistollecting medical data, transmitting
information or data to a medical administrator @nufacturer for assessment, or more

generally speaking a method for utilizing neardiebmmunication technologies.
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The present invention utilizes inductive coupliogcbnvey electrical signals and/or
energy from a circuit on one substrate to an ast@manother substrate, much like a
transformer. The secondary side of the transfoimkcated on the circuit carrier inside of the

ophthalmic device and the primary side on the ar@anandrel/antenna assembly.

In accordance with a first aspect, the presentnitior is directed to an ophthalmic lens
assembly. The ophthalmic lens assembly comprisessaconfigured for placement in at least
one of the inside and proximate to a surface a\yam the lens including an optic zone
configurable for at least one of vision correctand vision enhancement, and at least one
antenna arrangement operatively associated witbrieeor more electronic components for
providing at least one of one or two way communmacatvith the one or more electronic
components and power transfer. The antenna or @atEssembly incorporated into mechanical
devices such as ophthalmic devices may functionhrtike the secondary side of the
transformer, which produces the means for one amamway communication, and a means of
powering the electronics or recharging a poweragferdevice. The antenna mandrel/antenna
assembly of the present invention may be utilizeshductively couple the antennas on the
device to the antenna embedded in an ophthalmiceléy convey electrical signals and

energy.

An exemplary antenna mandrel/antenna array inrdaoce with the present invention
may comprise one or more submillimeter-sized ardestructures, a three-dimensional
substrate, a circuit board, an electronic ciratactive switch and a support structure. The
antenna may include a coil comprising one or moops$ of wire to create an antenna with a
coil diameter that may range from about 0.5 mmbimua 3 mm. The antenna array may
comprise a matrix of isolated submillimeter-sizeteanas with varying angular and radial
positions aligning with the peripheral and/or skishe of a lens structure. In some exemplary
embodiments, the antenna structures may be embaddetiree-dimensional substrate such as
a thin flexible polymer, flexible metallized polyide film, metallized flexible ceramic films,
flexible thin silicon- or silica- based substrateslytetrafluoroethylene (PTFE), liquid crystal
polymer (LCPS) or any other accommodating matesaitable for housing a matrix of

antennas without impacting an ophthalmic devicalternate exemplary embodiments, the
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antenna or the antenna structure may be attachedti>ad to an electrical wire. The electronic
circuit may comprise a number of electronic compisienounted on the circuit board, and the
circuit board may provide wiring traces to internent the electronic components. An active
switching mechanism may be utilized to activateviatial antennas within the antenna

structure, and to alternate between the calibratiode, receiving mode, and charging mode.

Antennas and antenna mandrels/assemblies useductive systems, such as in the
present invention preferably utilize mutual induta so that the coils are magnetically linked
together by a common magnetic flux. The amoumhwotual inductance that links one coil to
another depends very much on the relative positfdhe two coils. If one coil is positioned
next to the other coil so that their physical distis very small and they are axially aligned,
then nearly all of the magnetic flux generatedhmyfirst coil will interact with the coil turns of
the second coil inducing a relatively large electagnetic field (“emf”) and therefore
producing a large mutual inductance value. As jmasly stated, the power transferred
increases with the mutual inductance between tbectils, and that value is dependent on the
distance between the coils. For instance, ifWeedoils are farther apart from each other or at
different angles, the amount of induced magnetix ftom the first coil to the second will be

weaker, producing a much smaller induced emf amdiegh smaller mutual inductance value.

Due to the fact that there will always be some thes to leakage and position, magnetic
coupling between two coils can never reach or ekd®® percent. If some of the total
magnetic flux links the two coils, the amount afdllinkage can be defined as a fraction of the
total possible flux linkage between coils. The fimaal value is called the coupling coefficient,
k, and is generally expressed as a decimal nundgterelen O and 1 instead of a percentage. The
coupling coefficient is dependent upon the geometiye coils, and their relative positions.
Obviously,k = 0 at large distances separating the coils, andapproach the limit of 1 for

exceptionally strong coupling, where the magnaétix fully links both coils.

Due to the miniaturization of the components theeexed range of k is€k <0.002,

however k may be maximized utilizing the followirgjationship,
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where gmarand gerepresent the radii of the antenna coils, and ipeubound for k is based
on the area ratio for two co-planar spiral condigctdigned about their center. Additionally, the
limited space within an ophthalmic device restrimgh radii from exceeding submillimeter-
sized ranges to maximize the coupling coeffici@hierefore, a relatively small misalignment of
the coils causes the coupling coefficient to charigeen a 0.2 mm misalignment of the coils
could then result in insufficient power to the sedary coil because more of the magnetic field
from the first coil misses the second coil. Higb#iciencies may be achieved if the coils are
closer together, and the coils’ axes are alignedoviercome this limitation and enable higher
power transfer, the present invention mimics thegshof the lens structure so that the antennas
are closer together and the coils’ axes may béyeasrse-aligned. The antennas occupy an
area of approximately 40 square millimeters. Tiesmdhas an inner diameter of 7 millimeters
and an outer diameter of 10 millimeters, and idigoned to interface with an antenna on the
concave or convex side of the lens. Geometricallyching the antenna structure to the lens,
and concentrating the antennas on the substrateiite aforementioned area, may reduce the
complexity of trying to coarse-align micron-sizagtennas to initiate coupling. The antenna
mandrel may be coarse-aligned with the lens stracto that multiple antennas on the mandrel
may be positioned closely to the same region aartkenna embedded in the ophthalmic
device. In some embodiments, the present invemtiay comprise a robotic vision system to
facilitate and expedite the coarse-alignment aeditie-tune alignment process. For example,
the robotic vision system may be configured to mowveotate about one or more of the planes
in three-dimensional space, in order to locatestitEmillimeter-sized antenna embedded in the
ophthalmic device. In another embodiment, the rigchosion system may be fixed and
connected to a moveable base that rotates or naingeg one or more planes in three-
dimensional space to allow a vision system to fattgn the ophthalmic device for the
submillimeter-sized antenna. Once the antennas I coarse aligned, fine-tuning or final
alignment may be quickly completed by making sradjustments to the orientation of the
mandrel via electrical or mechanical movementtations about one or more planes in three-

dimensional space. Electronically interrogating mimatrix of antennas on the antenna mandrel
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through a controller and/or the ability searchapéthalmic device for the submillimeter-sized

antenna may expedite the communication process.

Antennas and antenna mandrels/assemblies designetkdlical devices such as
ophthalmic devices may be utilized or configureddavide variety of applications.
Applications include transmitting/receiving dat&rom the ophthalmic device, sensing
information from the environment in which the opdithic device is placed, charging batteries
or other power sources associated with the ophibalevice and actuation or activation of
other devices. Data flow to and from the ophthaldggices may include communication with
key fobs, smart phones or other hand-held devicdsiéreless networks, cases for holding the
ophthalmic devices, e.g. cleaning cases for cofgases that utilize chemical or UV based
disinfection systems, as well as any other typegewgices capable of receiving text information,
video information, telemetry information, graphissftware, or code for reprogramming or
updating, and the like via RF or inductive wirelésk. The data or information to be
transmitted or received may include tear film as&lyintra-ocular pressure, heart rate, blood
pressure and the like. The ophthalmic device maytitized to sense any number of parameters
depending on the device application, for exampl&rg muscle contraction for an
accommodating lens. Relatedly, the output fromethienna or antenna system may be utilized
to actuate or activate secondary devices for cingnitjie optics of the device and/or to dispense
drugs and/or therapeutic agents. The antennasraedra assemblies may be utilized, as stated
above, to recharge batteries or for continuous pogdrom a remote source. This may be in
the form of inductive powering rather than chargifilge antennas may also be utilized to
communicate between ophthalmic devices, such agseto detect eye convergence during

reading or to synchronize behavior for three-dinred holographic realization.

The antennas and antenna mandrels/assemblies npdny&ieally realized in any
number of ways. Physical realizations include catigta traces on a circuit incorporated in a
device, and/or turns or wire embedded in three-dsimnal substrate conductive traces printed

in/on the device, and/or as a layer in a stackeggsembly.
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BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantagtsohvention will be apparent from
the following, more particular description of prefl embodiments of the invention, as

illustrated in the accompanying drawings.

Figure 1A is a planar view of an ophthalmic dewioataining miniaturized circuit

elements with a built-in antenna.

Figure 1B illustrates the dimensional constraiotstiie circuit elements within the

ophthalmic device.

Figure 1C illustrates the antenna coil on top efchcuit elements embedded in the

ophthalmic device.

Figure 2A - 2C illustrate the distribution of thegnetic fields between transmitter

antenna coils and receiver antenna coils.
Figure 3A — 3B illustrate an exemplary antenna ladar view of an antenna structure.
Figure 4 is a diagrammatic representation of aor&dinsmitter system incorporating an
antenna structure that may be utilized for both mmmication and power transfer in accordance

with the present invention.

Figure 5 is a planar view of an exemplary threeatisional antenna mandrel

implemented to interface with an antenna facingctirevex side of the lens.

Figure 6 is a planar view of an exemplary threeatisional antenna mandrel

implemented to interface with an antenna facingctirecave side of the lens.
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Figure 7 illustrates a planar view of an alterragxemplary three-dimensional antenna

mandrel.

Figure 8 illustrates a planar view of an alterratxemplary three-dimensional antenna

mandrel implemented to interface with an antenoaépthe concave side of the lens.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring to Figure 1A, there is illustrated atfiesemplary embodiment of an
ophthalmic device 100. Although illustrated as ataot lens, it is important to note that the
present invention may be utilized in conjunctiothaany number of devices having medical and
ophthalmic applications as well as any devicesnpa@ting lenses, such as cameras, binoculars
and microscopes. The exemplary ophthalmic devi€ecbdnprises a circuit element 135 with
built-in submillimeter-sized antenna 140 positiomedside of the optic zone 120 in the
peripheral zone 130. As utilized herein, the cirelément 135 may comprise one or more
electric components embedded on any suitable sbsincluding copper traces on a polyimide,
aluminum or copper on silicon oxide or silicon ioié, or other conductors on insulators. Circuit
element 135 may be configured with the necessawctretal components to execute any number
of applications for the ophthalmic device. The ange140 may be formed from any number of
suitable conductive materials and constructedzuid any number of techniques. In other
exemplary embodiments, the antenna traces mayelged directly within the contact lens or an
optic insert. The lens molding process may allowirigertion of an antenna or deposition of an
antenna within the polymer of the contact lens.afitenna may be deposited as a printed,
curable trace during manufacture. An insert, comgi the antenna, may be added to the contact
lens during molding. An antenna may be fabricate@m optic insert by selectively depositing
metal, broadly depositing then selectively removimgtal, depositing a liquid curable conductor,

or other means.

Figure 1B illustrates additional details of thefpreed area 145 in the peripheral zone
1300f the ophthalmic device 100, which the IC ocwit element with built-in antenna 150
(hereinafter “internal submillimeter-sized antennaay occupy. The internal submillimeter-

sized antenna 140 should be placed in just 40 squdiimeters between an area with a 7 mm
10
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inner diameter 160 and a 10 mm outer diameter Bsbpreviously stated, the components to be
placed in the lens have to be miniaturized andynatied onto just 1.5 square centimeters

(assuming a lens with a 7 millimeter radius) of ttamsparent polymer.

Figure 1C illustrates a more detailed view of tkemeplary embodiment of the antenna
140. The exemplary antenna 140 comprises one o mtarconnects 190 and wiring traces 180
on a substrate 175. The antenna 140 may be forgpneddéor more turns of wire or conductive
traces 180 on top of the miniaturized circuit elatael 35 illustrated in Figure 1A. Embedded on
the substrate 175, the antenna 140 is arrangexdrtodn electromagnetic structure having
predetermined characteristics for operation aswenaa, such as directivity, efficiency and/or
gain when worn in a body or in-eye, or as an inolufir magnetic coupling to another inductor.
In some exemplary embodiments, the antenna may rigeg multi-turn loop antenna, a spiral
antenna, coil antenna or a single antenna thathayilized for one or both communication and
power transfer. The antenna may be electronicallypled to the electronic circuit. In some
exemplary embodiments, the electronic circuit mapyjgle a transmittal signal to the antenna in
order to transmit an outgoing electromagnetic digpard on the transmit signal while in
alternate exemplary embodiments, the antenna necajyveean incoming electromagnetic signal
and provide some received signal to the electroinotiit. In yet another alternate exemplary
embodiment, the antenna may be utilized to tranandtreceive signals. In yet another
exemplary embodiment, the antenna may be utiliaedductively charge a storage element or
battery. In some exemplary embodiments, a singiensma may also be utilized for both
communication and power transfer. As stated althneeantenna may be fabricated from any
number of suitable conductive materials and alloyduding copper, aluminum, silver, gold,
nickel, indium tin oxide, graphene and platinunefBrably, the antenna is fabricated from a
non-reactive material. The substrate may be forfreed any suitable, insulating-material such
as silicon, silicon dioxide, silicon nitride, ahpolymer, polyimide film, ceramic,
polytetrafluoroethylene(PTFE), liquid crystal polgm(LCPS) or any other accommodating

materials suitable for housing an antenna withaytacting an ophthalmic device.

Figures 2A — 2C illustrate the possible magnegtdfdistribution between two antenna

coils. When the transmitter and receiver coil faitnansformer, an alternating current through

11



10

15

20

25

30

the transmitter coil creates an oscillating magnild which passes through the receiving coil.
The magnetic field induces an alternating EMF, Whiceates an AC current in the receiver.
The power transferred between the coils increassfrgquency and the mutual inductance
between the coils, which depends on the geometiydetance between the coils. The magnetic
field lines illustrated demonstrate the distribatgtuation of the magnetic field, where the solid
lines indicate how much of the magnetic field flayencircled by the receiver, being higher if a
high density of the lines are projected throughrdeeiver. Generally, the amount of inductive
coupling that exists between two antenna coilxBessed as a decimal number between 0 and
1, where 0 indicates zero or no inductive couplarg] 1 indicating full or maximum inductive
coupling. Therefore, when a large amount of themséig field lines diverge from the receiver,
as illustrated by the dashed magnetic field linthg coupling between the two coils is reduced
causing a reduction in the coupling coefficientueal However, the objective is to increase the
coupling coefficient between the two coils becatiséfects the ability to transfer power and the

power transfer efficiency.

Referring now to Figure 2A, there is illustratee tfistribution of the magnetic field 200
between receiver coil antenng)R10, and a larger transmitter coil antenn@ PR5. As
exemplified by the number of solid magnetic figltek 225 projected through the receiver, the
ratio of the radii of the two coils (RR) may be causing the coils to be loosely coupld.
larger transmitter coil may lead to higher powansfer efficiency, but a lower transfer of power
because the amount flux constrained to the depaédof the receiver is minimal, resulting in
excessive loss or magnetic field leakage, as itiestl by the dashed field lines 220. Therefore,
utilizing a larger coil radius for the transmiteertenna may not improve the coupling coefficient

at a fixed distance.

In Figure 2B, there is illustrated the distributioitthe magnetic field 230 between
receiver coil antenna (R235 and an equally sized transmitter coil antgiitga240.The number
of solid magnetic field lines 247 illustrate theakaess of the coupling coefficient. Although the
radii are geometrically equivalent, the coils aoé spatially aligned and the reflected impedance
from the secondary coil to the primary coil, agstrated by the dashed field lines 245 is less

12
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than the initial impedance of the primary coil hesa of the reduced coupling coefficient.

Therefore, both the transfer efficiency and tranptever will decrease.

Referring now to Figure 2C, there is illustrated thstribution of the magnetic field 250
between receiver coil antenng)R55 and antenna structure transmitter 290. Thenaa
structure 290 may comprise a matrix of equally-giaetennas 260, 265 and 27)(R
concentrically aligned with the lens structure. fEfiere, the ratio of the radii of the coils of the
antennas on the transmitter antenna structure 29@he receiver antenna coil 255 are
equivalent (R= R). The magnetic field lines 275, 280, and 285 tHat® that the distribution of
the magnetic field 250 may vary depending uporsgiadial alignment of the two coils. As
previously stated, a relatively small misalignmehthe coils causes the coupling coefficient to
change. The receiver coil antenna 255 and tratemeibil antenna 260, are strongly coupled
which indicates that the reflected impedance froengecondary coil to the primary coil is
identical to the initial impedance of the primanilcAs exemplified by the number of solid lines
275 projected directly through the receiver, tleasfer power may arrive at the maximum value,
and transfer efficiency may possibly reach 50%e distribution of the magnetic field lines
between the receiver antenna coil 255 and trarsnaittl antennas 265 are not evenly
distributed, and the ratio between the solid arehdd magnetic field lines 285 reveal a stronger
concentration of magnetic flux density occur onbanthe edges of the colil closest to the
receiver coil (denoted by the solid magnetic figie¢ 281). The transmitter antenna coils 270
are loosely coupled with the receiver antenna egiijlustrated by dashed magnetic field lines
285.

Looking at Figures 2A, 2B and 2C there are somaradédferences in the magnetic field
distributions. As expected, the coupling coeffitiaray increase under two conditions: (1) the
ratio of radii of the receiver and transmitter amiz coils approach unity; and (2) the primary and
secondary coils are axially aligned. As known tosthskilled in the art, one potential
explanation for the increase could be the magietxcdistribution is associated with the
innermost radius of the windings. The magnetiaifiatensity of the transmitter coil with the
smaller radius may have a higher coupling coefficieecause the field lines are radiated directly

through the receiver. Whereas the magnetic fiedtridution of the coil with a relatively large
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radius decreases evenly and slowly from the perjpteethe center increasing the magnetic flux

leakage and decreasing the coupling coefficient.

Figure 3A illustrates an exemplary transmitter antecoil 300. Transmitter antenna coil
300, as illustrated, comprises one or more eladtmterconnects 320 and one or more turns of
wire or conductive traces 330 formed on a threeedisional substrate 310. In Figure 3B there is
illustrated an exemplary planar view of an antestnacture 340 that may be utilized with a radio
transmitter or radio transmitter circuit. The amta structure 340, as illustrated, comprises a
matrix of transmitter antenna coils 370 embedded three-dimensional substrate 350 in such a

manner as to be concentrically aligned with thécaptine 360 of a lens structure.

Embedded on a three-dimensional substrate 310%2Mdl8 transmitter antenna coils
300 and 370 respectively, are arranged to fornmestremagnetic structure having
predetermined characteristics for operation aswenaa, such as directivity, efficiency and/or
gain when worn in a body or in-eye, or as an inolufir magnetic coupling to another inductor.
As stated above, the antennas 300 and 370 maybedafeed from any number of suitable
conductive materials and alloys, including coppérminum, silver, gold, nickel, indium tin
oxide and platinum. Preferably, each antenna isdaied from a non-reactive material. The
three-dimensional substrates 310 and 350 may iedng suitable insulating-material such as
silicon, silicon dioxide, silicon nitride, a thiroflymer, polyimide film, ceramic, glass,
polytetrafluoroethylene (PTFE), liquid crystal polgr (LCPS) or any other accommodating

materials suitable for housing an antenna withaytaicting an ophthalmic device.

The antenna 300 and antenna structure 340 illestiatFigures 3A and 3B respectively
may be utilized for any number of suitable applmad. Antennas or antenna structures may
serve as a means for receiving signals, as a nfieatransmitting signals, as an inductive
coupling means, or any combination thereof. Thetion of the antenna determines its design as
well as it supporting circuitry. For example, artearma may be coupled to a receiver circuit, a
transmitter circuit, an inductive charging circortto any combination thereof. Basically, an
antenna is an electrical device that converts e gnetic waveforms into electrical signals,

electrical signals into electromagnetic wavefororsglectrical signals into different electrical
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signals. The discussion below focuses on the diffieuses of an antenna and its associated

circuitry.

Figure 4 illustrates a radio transmitter system #@0rporating an antenna structure. The
radio transmitter system 400 comprises a radicstratter circuit 410, one or more control lines
415, one or more radio frequency lines 420, a $M&5, and an antenna structure 440. As
known to one of ordinary skill in the art, the mdiansmitter system 400 may comprise one or
more suitable electrical components necessarydout& various applications, which utilize
radio communication technologies. The radio trattemcircuit 410 may be designed to
wirelessly transfer data or power to an ophthaldecice. For example, if the radio transmitter
system 400 is configured to transfer data, theorerdinsmitter circuit 410 may comprise an
antenna match circuit, a transmitter circuit, atoafer, a battery, power management circuit and
a sensor. In this exemplary embodiment, the swifimay be utilized to select the optimal
antenna and alternate between calibration andwiagainode. Additionally, the antenna
structure 440 may be adapted to receive a matchpgniit electrical signal and broadcast or
radiate a transmit electromagnetic signal baseth@transmit electrical signal. In another
exemplary embodiment, the radio transmitter syst@thmay be configured to power an
ophthalmic device; the radio transmitter circuif4fiay comprise all the standard elements as is
known in the artFor this exemplary embodiment the switch 425 mautilized to select the
optimal antenna and to alternate between calibratra charging mode, and the antenna

structure 440 may be utilized to create a magffiefid from the system’s current.

The radio transmitter circuit 410 may comprise onenore complex electrical circuits
depending on what is needed for the particulariegipdn. The switch 425 is connected to the
radio transmitter circuit 410 via the control lir€k5 and the radio frequency lines 420. The
switch 425 comprises one or more selective switdi3@s which may be utilized to selectively
activate an antenna 450 on the antenna struct@réof4he desired application and to alternate
between modes (e.g. calibration and charging).sititch controls each antenna 450 on the
antenna structure 440 via a conducting cable @lestrical wire 435. The antenna 450
comprises one or more electrical interconnectstd&dconnect to the selective switch 430 via

the conducting cable or electrical wire 435.
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For example, the radio transmitter system 400 neagdsigned to transfer data to an
ophthalmic device with an embedded antenna. Thenaatstructure 440 may be placed over the
convex or concave surface of the ophthalmic devidee antenna structure may be electrically
interrogated by the radio transmitter circuit te séhich antenna has the highest coupling
coefficient to the antenna on the lens. The sallemtdéenna may then be used to communicate

with the lens.

The radio transmitter system illustrated in Figdn@ay be incorporated into a number
of suitable devices including the exemplary embaatita of the devices illustrated in Figures 5
through Figure 8. As stated, the existence afighige structures such as antennas, antenna
assemblies and/or coils appropriate for use inpica assembly, it is desirable to provide a
convenient method for aligning the coil structuriéhvan inductive coil structure for efficient
near field coupling. Figure 5 and Figure 6 illugtran exemplary embodiment of an antenna
mandrel implemented to interface with an antencaépeither the concave or convex side of
the lens. Figure 5 illustrates an exemplary embedinof the antenna mandrel implemented to
interface with an antenna facing the concave sidieeolens whereas Figure 6 illustrates an
exemplary embodiment of the antenna mandrel imphkedeto interface with an antenna facing
the convex side of the lens. Figure 7 illustratesléernative exemplary embodiment of an

antenna mandrel.

Referring now to Figure 5, there is illustrateddessiew of an exemplary three-
dimensional antenna mandrel device comprising @ tagnsmitter system as illustrated in
Figure 4. As illustrated, the antenna mandrel de%i@0 comprises an antenna structure 510
which is held in place to a base 540 by one or rhase support(s) 520. The base 540, the
support 520, and mechanical actuators 550 mayrbeefbfrom any suitable metal, ceramic or
plastic suitable for housing the structure withiot#rfering with the desired functionality. More
specifically suitable radio frequency transmissivaterials may include Tuff Span Fiberglass,
Lexan XL-1 polycarbonate plastics, polystyrene deand/or functionalized graphene
nanoribbon films. As shown in this exemplary embeght, the antenna structure 510 is formed

to take the shape of a contact lens and orientedddace with an antenna facing the concave
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side of the lens. However, antenna or antennardsss may be embedded in the ophthalmic
device where the antenna coils may face the conmagenvex side of the lens. Therefore, the
antenna mandrel may be oriented to interface witardenna facing the convex side of the

ophthalmic device via one or more mechanical aotsd50, as illustrated in Figure 6.

As illustrated in Figure 5, the individual anten®®&§ may be electronically interrogated
by the radio transmitter system connected to thersra mandrel via the connection cable 590 to
determine which antenna is spatially aligned wligh antenna in the ophthalmic device on the

concave side of the lens.

Whereas Figure 5 illustrates the exemplary embouliokthe antenna mandrel device
implemented to interface with an antenna facingctivecave side of the lens, Figure 6 illustrates
an exemplary embodiment of the antenna mandretdeniplemented to interface with an
antenna facing the convex side of the lens. Astilated, the antenna mandrel device 600
comprises an antenna structure 610, which is Ingbibice to a base 640 by one or more base
support(s) 620. The base 640 and the base suafrteand mechanical actuators 650 may be
formed from any suitable metal, ceramic or plastitable for housing the mandrel without
interfering with the desired functionality. Moreegjifically suitable materials may include Tuff
Span Fiberglass, Lexan XL-1 polycarbonate plaspiol;styrene boards and/or functionalized
graphene nanoribbon films. The individual anter8&® may be electronically interrogated by
the radio transmitter system connected to the aatemandrel via the connection cable 690 to
determine which antenna is spatially aligned wiigh antenna in the ophthalmic device on the

convex side of the lens.

As is known to one of ordinary skill in the artt@mnas initiate communication when the
internal antenna (antenna embedded in the ophtbaevice) and the external antenna (antenna
on the antenna mandrel) are spatially aligned eatth other. This configuration between the
antennas permits all the field lines from one améecoil to go into the field lines of the other
antenna coil. It is important to note, the anteamdedded inside of an ophthalmic device
ranges from less than 30 microns to more than lldmaters, which may increase the difficulty

and efficiency upon which the spatial alignment roagur. However, the matrix of antennas
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560, 660 on the antenna structure 510,610 mayexetelthis process due to the concentration of
the antennas in the same geographical region #sabéen prescribed for the antenna embedded
in the ophthalmic device. As mentioned previouiig, antenna structure comprises a matrix of
transmitter antenna coils embedded on a three-diimeal substrate in such a manner as to be
concentrically aligned with the optic zone of adestructure. In some embodiments, the antenna
structures may be embedded in a three-dimensiom&ngional substrate such as a flexible
polymer, flexible polyimide film, ceramic films,dkible silicon- or silica- based substrates,
polytetrafluoroethylene (PTFE), liquid crystal palgr (LCPS) or any other accommodating

materials suitable for housing a matrix of antenmglout impacting an ophthalmic device.

The radio transmitter system illustrated in Figdnmay be incorporated into the alternate
exemplary three-dimensional antenna mandrel deasaustrated in side view in Figure 7. The
exemplary antenna mandrel device 700 comprisesediad/or frame 760 having one or more
tiered, furcated connection cables 780, one or rantennas 790, and a radio transmitter system
connection cable 715. The tiered, furcated conoeaables 780 each comprise one or more
branches which may be formed from multiple condrgctbat act as a pedestal for one or more
antennas 790. In the preferred embodiment, thediercated connection cables 780 extend to a
rest point that allows the antenna 790 to be pnaith the base and/or frame 760. The base
and/or frame 760 may be designed to allow the omeave connection cables 780 to rotate and
move about one or more planes in three-dimensgpaate to scan the geographical region that
has been prescribed for the antenna embedded apttibalmic device. In some embodiments
the antenna mandrel device 700 may be configurednioect to a robotic vision system 735 via
connection cable 740 to assist or facilitate trerse-alignment. The antennas 790 may be
electronically interrogated by the radio transmigtgstem connected to the antenna mandrel via
the connection cable 715 to determine which antenspatially aligned with the antenna in the

ophthalmic device.

The radio transmitter system illustrated in Figdnmay be incorporated into the alternate
exemplary antenna mandrel device as illustratesidie view in Figure 8, which is implemented
to interface with an antenna facing the concave sfdhe lens. Although the antenna mandrel

device 800 is illustrated to interface with an amig facing the concave side, the device may be
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configured to interface with an antenna facingdbevex side of the lens. The exemplary
antenna mandrel device 800 comprises a base 8d@ger 815, a first substrate 840, and a
second substrate 830. The ledger 815 further asegpone or more mechanical actuators 820,
and the second substrate 830 configured for moveargror rotation about one or more planes
in a three-dimensional space in relation to thet Bubstrate 840. The base 840, the ledger 815,
and the one or more mechanical actuators 820 m&yrimed from any suitable metal, ceramic,
or plastic suitable for housing the structure withimterfering with the desired functionality.
More specifically suitable radio frequency transsive materials may include Tuff Span
Fiberglass, Lexan XL-1 polycarbonate plastics, piyisene boards and/or functionalized
graphene nanoribbon films. As shown in this exenypéenbodiment, the first substrate 840 is
formed to take the shape of an ophthalmic deviceasiented to interface with an antenna
facing either the concave or convex side of the.ldn other exemplary embodiments, the first
substrate 840 may be formed to hold the ophthatieiece 880 in a fixed position or to allow
movement or rotation about one or more of planghrige-dimensional space in relation to the
second substrate 830. The first substrate 840seomhd substrate 830 may be formed from
materials such as a flexible polymer, flexible pwiige film, ceramic films, flexible silicon- or
silica- based substrates, polytetrafluoroethyldWe=E), liquid crystal polymer (LCPS) or any
other accommodating materials suitable for houaingatrix of antennas without impacting an

ophthalmic device.

As shown in Figure 8, the first substrate 830 dnedsecond substrate 840 may have one
or more arrays of submillimeter-sized antennasé&tbedded in a substantially annular
arrangement. In other exemplary embodiments, reftieefirst substrate 830 or the second
substrate 840 will have one or more arrays of slliometer-sized antennas 860 embedded in the
same spatial region that has been prescribed éaaritenna 890 embedded in the ophthalmic
device 880; and further comprise the robotic visgstem, as illustrated in Figure 7. The robotic
vision system 735 may be connected via the cororectibles 875 to facilitate and expedite the
coarse-alignment and the fine-tune alignment pdesr example, the robotic vision system
may be configured to move or rotate about one aernbthe planes in three-dimensional space,
in order to locate the submillimeter-sized anteeméedded in the ophthalmic device. In

additional embodiments, the robotic vision systeayine fixed and connected to a moveable
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base that rotates or moves about one or more piankesee-dimensional space to allow a vision
system to fully scan the ophthalmic device forgbbmillimeter-sized antenna.

As described herein, the antennas may take onwamper of forms, including traces on
a circuit board, turns of wire embedded in the |@msted on a circuit board, turns of wire

embedded in the lens. Associated with the antearsaantenna related circuits.

Any antenna designed preferably is designed to workody and be embedded in a
saline environment with limited area and volumeilat#e. Accordingly, small magnetic loop
devices are preferred, as monopoles and dipoleglhgas similar antennas are not good on-body

or in saline.

The antennas set forth herein, as well as any atitenna design may be realized using a
fractal design, as is known in the relevant arggmize performance, including size,
efficiency, input impedance, bandwidth, and mulidbasage. Essentially, a fractal antenna is
any antenna structure that uses a fractal, selfagiohesign to maximize the length or increase
the perimeter of a material that is able to transmd/or receive electromagnetic radiation within

a given total surface area or volume.

Antenna tuning units are generally not requiredufee with fractal antennas due to their
wide bandwidth and complex resonance. As set feetkin and as it known in the art, antennas
function by transmitting and/or receiving electrgnatic waves. There are a number of key
factors which must be addressed in any antenngrdasd they include, gain, efficiency,
impedance, bandwidth, polarization, directionadihd radiation pattern. These factors are all
important and can be varied depending on the agpit. For example, if an antenna is to be
utilized in a contact lens, the antenna is prefgrdbsigned as a directional antenna with the
bulk of radiated power travelling out of the ey& away from the head. Desired frequency and
bandwidth may be selected or chosen dependingailabiity and desired functionality.
Impedance, i.e. the voltage to current ratio airtpet of the antenna may also be determined by
the specific design.
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Although shown and described is what is believeletthe most practical and preferred
embodiments, it is apparent that departures froeeiBp designs and methods described and
shown will suggest themselves to those skilledhenart and may be used without departing from
the spirit and scope of the invention. The pregargntion is not restricted to the particular
constructions described and illustrated, but shbeldonstructed to cohere with alll

modifications that may fall within the scope of #ygpended claims.
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WHAT IS CLAIMED IS:

1. An antenna array for electrically coupling withieast one sub-millimeter-sized antenna

embedded in a biomedical device, the antenna amanprising:

a base;

a first substrate supported by the base, whereifit substrate has a first shape
configured to interface with a biomedical deviceihg one or more shapes, one of
which is complimentary to the first shape; and

one or more arrays of isolated, submillimeter-siaeténnas configured to
provide optimized near-field coupling between asteone of the isolated, submillimeter-
sized antennas in the array and at least one dubgiir-sized antenna in the biomedical
device, wherein at least one of the array of ialasubmillimeter-sized antennas and the

biomedical device are movable relative to eachrothe

. The antenna array according to Claim 1, whereirbtbmedical device comprises an

ophthalmic device.

. The antenna array according to Claim 2, whereirogitehalmic device comprises a

contact lens.

. The antenna array according to Claim 3, whereirctmact lens further comprises an

optic zone, a peripheral zone surrounding the qatiee, and a skirt zone surrounding the

peripheral zone.

. The antenna array according to Claim 3, whereirctmact lens comprises a soft contact

lens.

. The antenna array according to Claim 2, whereirogitehalmic device comprises an

intraocular lens.
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7. The antenna array according to claim 2, whereirofitehalmic device further comprises
an optic zone, and a peripheral zone surroundi@@fpitic zone.

8. The antenna array according to Claim 1, whereirbts® is configured for mechanical

movement on one or more planes in three-dimensgpzae.

9. The antenna array according to Claim 1, wheregrbtise is configured to be electrically

steerable for movement on one or more planes @ettlimensional space.

10.The antenna array according to Claim 1, whereirbt#s® is configured to be fixed.

11.The antenna array according to Claim 1, whereirb#®e is configured to connect to a

robotic vision system.

12.The antenna array according to Claim 11, wheredrrdbotic vision system is configured
to coarse-align the one or more arrays of isolaedmillimeter-sized antennas with the

one or more isolated, submillimeter-sized antenrthe biomedical device.

13.The antenna array according to Claim 11, wheredrdbotic vision system is configured
to fine-align at least one antenna in the one areraorays of isolated, submillimeter-
sized antennas with the one or more isolated, dlimaier-sized antenna in the

biomedical device.
14.The antenna array according to Claim 11, wheredrdbotic vision system is configured
to be electrically steerable for movement on onmore planes in three-dimensional

space.

15.The antenna array according to Claim 1, whereirfiteesubstrate is configured to rotate

about one or more planes in three-dimensional space
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16.The antenna array according to Claim 1, whereirotieeor more arrays of isolated,

submillimeter-sized antennas are embedded in thiesfibstrate.

17.The antenna array according to Claim 16, wheredrotie or more arrays of isolated,
submillimeter-sized antennas are embedded onmtestibstrate to extend to a region

corresponding to the peripheral zone.

18.The antenna array according to Claim 16, wheredrotie or more arrays of isolated,
submillimeter-sized antennas are embedded onmtestibstrate to extend to a region

corresponding to the skirt zone of the ophthalnecick.

19.The antenna array according to Claim 16, wheredrotie or more arrays of isolated,
submillimeter-sized antennas are embedded onmtestibstrate to extend to a region

corresponding to the optic zone of the ophthalnenick.

20.The antenna array according to Claim 16, whereratinay of isolated, submillimeter-
sized antennas are embedded on the first substrigem a substantially annular

arrangement.

21.The antenna array according to Claim 1, whereiffiteesubstrate comprises a polymer.

22.The antenna array according to Claim 1, whereirfiteesubstrate comprises a

polyimide film.

23.The antenna array according to Claim 1, whereirfithiesubstrate comprises a silicon-

based substrate.

24.The antenna array according to Claim 1, whereirfiteesubstrate comprises a silica-

based substrate.
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25.The antenna array according to Claim 1, whereirfiteesubstrate comprises

polytetrafluoroethylene.

26.The antenna array according to Claim 1, whereirfiteesubstrate comprises liquid

crystal polymer.

27.The antenna array according to Claim 1, whereiratitenna array further comprises a

ledger.

28.The antenna array according to Claim 27, wheresrlgbger further comprises one or

more mechanical actuators.

29.The antenna array according to Claim 28, wheresothe or more mechanical actuators

are configured to rotate about one or more plamésree-dimensional space.

30.The antenna array according to Claim 28, wheresothe or more mechanical actuators

are configured for movement on one or more plangsree-dimensional space.

31.The antenna array according to Claim 1, whereiratitenna array further comprises a

second substrate.

32.The antenna array according to Claim 31, wheresrsbtond substrate is affixed to at

least one of the one or more mechanical actuators.

33.The antenna array according to Claim 32, wheresrothe or more mechanical actuators
affixed to the second substrate is configured tateoabout one or more planes in three-

dimensional space.

34.The antenna array according to Claim 31, wheresrothe or more arrays of isolated,

submillimeter-sized antennas are embedded in tendesubstrate.
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35.The antenna array according to Claim 34, wheresrothe or more arrays of isolated,
submillimeter-sized antennas are embedded on tumdesubstrate to extend to a region

corresponding to the peripheral zone.

36.The antenna array according to Claim 34, wheresothe or more arrays of isolated,
submillimeter-sized antennas are embedded on tumdesubstrate to extend to a region

corresponding to the skirt zone of the ophthalnezice.

37.The antenna array according to Claim 34, wheresrothe or more arrays of isolated,
submillimeter-sized antennas are embedded on tumdesubstrate to extend to a region

corresponding to the optic zone of the ophthalneiace.

38.The antenna array according to Claim 34, wheresratinay of isolated, submillimeter-
sized antennas are embedded on the second sulbstiate a substantially annular

arrangement.

39.The antenna array according to Claim 31, wheresrsbtond substrate is configured for

movement on one or more planes in three-dimensgpwae.

40.The antenna array according to Claim 31, wheradrsttond substrate comprises a

polymer.

41.The antenna array according to Claim 31, wheragrstttond substrate comprises a

polyimide film.

42.The antenna array according to Claim 31, wheragrsttond substrate comprises a

silicon-based substrate.

43.The antenna array according to Claim 31, wherasrsttond substrate comprises a
silica-based substrate.
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44.The antenna array according to Claim 31, wheradrstttond substrate comprises
polytetrafluoroethylene.

45.The antenna array according to Claim 31, wherasrsttond substrate comprises liquid

crystal polymer.

46.The antenna array according to Claim 1, whereiratitenna array further comprises one
or more tiered, furcated connection cables.

47.The antenna array according to Claim 46, wheregrotie or more tiered, furcated

connection cables are configured to be electricsttierable.

48.The antenna array according to Claim 46, wheragrotie or more arrays of isolated,
submillimeter-sized antennas are connected torieeoo more tiered, furcated connection

cables.

49.The antenna array according to Claim 46, wheregrotie or more tiered, furcated
connection cables are enclosed in the ledger.

50.The antenna array according to Claim 1, whereirotieeor more arrays of isolated,
submillimeter-sized antennas comprise one or moeg/s0f isolated, single-turn

submillimeter-sized loop antennas.

51.The antenna array according to Claim 50, wheresrothe or more arrays of isolated,
submillimeter-sized antennas comprise conductivierdces.

52.The antenna array according to Claim 1, whereirotieeor more arrays of isolated,

submillimeter-sized antennas comprise one or moags of isolated multi-turn

submillimeter-sized loop antennas.
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53.The antenna array according to Claim 52, wheresrothe or more arrays of isolated

multi-turn submillimeter-sized antennas compriseduative wire coils.

54.The antenna array according to Claim 1, whereirotieeor more arrays of isolated,
submillimeter-sized antennas comprise one or moeys of isolated spiral

submillimeter-sized antennas.

55.The antenna array according to Claim 54, wheresrothe or more arrays of isolated

spiral submillimeter-sized antennas comprise cotideigvire coils.

56. The antenna array according to Claim 1, whereirotieeor more arrays of isolated,

submillimeter-sized antennas further comprise anaare electrical interconnects.

28



