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(57) ABSTRACT

Apparatus for remote interaction with an object of interest
includes a remote station for obtaining information from the
object of interest, a base station for transmitting energy in
space to and communicating with the remote station and the
remote station having conversion means for energizing the
remote station responsive to receipt of the transmitted
energy. The energy may be of any suitable type including RF
power, light, acoustic, magnetic energy or other form of
space transmitted or “radiant” energy. The remote station
does not have to contain a source of stored energy or a wired
connection to a source of energy. The remote station receives
the energy transmission and data transmission from the base
station and transmits data to the base station. Microproces-
sor controllers may be provided for the base station and the
remote station The remote station may receive mformation
from sensors and through one or more transponders sequen-
tially communicate information to the base station An asso-
clated method 1s provided. In other embodiments which are
suited for use 1n miniaturized electronic chip systems, power
enhancement and increased effective antenna size are pro-

vided.
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APPARATUS FOR ENERGIZING A REMOTE
STATION AND RELATED METHOD

CROSS REFERENCE TO RELATED
APPLICATTION

[0001] The present application is a continuation-in-part of
U.S. Application Ser. No. 09/218,322 filed Dec. 22, 1998,

now U.S. Pat. No. 6,289,237,

BACKGROUND OF THE INVENTION
0002] 1. Field of the Invention

0003] This invention relates to apparatus and an associ-
ated method for energizing a remote station through energy
transmitted 1n space and, more specifically, it relates to such
a system wherein data with respect to an object of interest
may be obtained by the remote station and transmitted to the
base station upon interrogation by the base station.

0004] 2. Description of the Prior Art

0005] It has long been known 1n various applications to
monitor conditions of a physical system or a patient and
provide mformation in the nature of real-time readouts of
certain conditions. Such systems typically have been con-
nected by a suitable wire to a source of electricity at the
desired voltage such as line current or batteries.

0006] It has also been known to provide such systems in
the medical environment 1n respect of monitoring charac-
teristics such as patient respiration, heart beat, electrocar-
diograms and temperature, for example. See, generally, U.S.
Pat. Nos. 4,129,125; 4,308,870; 4,443,730; 4,889,131; and
5,335,551.

[0007] It has also been known in the medical environment
to monitor physiological parameters by employing sensors,
a battery powered system, and digital processing means to
effect comparison between the measured conditions and

stored values and displaying the results. See U.S. Pat. No.
4,356,825.

0008] U.S. Pat. Nos. 5,230,342 and 5,586,555 disclose
blood pressure monitors employing a pressurizable pressure
transducing bladder with particular emphasis on measuring
blood pressure 1n a supraorbital artery.

[0009] U.S. Pat. No. 4,576,179 discloses the use of a chest
motion transducer and associated heart rate monitoring
apparatus. Cooperating electronics are provided. Alarm
means may be triggered under appropriate conditions of the
individual being monitored or an indication that the battery
voltage has fallen below a preset level. There 1s an allusion
to making provision for short range radio transmission of the
signals to remote monitoring stations. See also U.S. Pat. No.

5,022,402,

[0010] U.S. Pat. No. 4,494,553 discloses a battery pow-

ered respiratory and cardiac monitor wherein a pair of
inductance coils are employed along with VHE/FM trans-
mission of signals.

[0011] It has been known to suggest the use of a wireless
communication link between a base station and transponders
in a radio frequency 1dentification system employing modu-
lated back-scattered waves separate attachment of an
antenna to a tag integrated current 1s disclosed. See Rao, an
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overview of Bulk Scattered Radio Frequency Identification
System (RFID) I EEE (1999).

[0012] It has been suggested to employ a silicon chip in a
transponder having a change pump on voltage doubler
current. Hornby, RFID Solutions for the express parcel and

airline baggage industry, Texas Instruments, Limited (Oct. 7,
1999).

[0013] In spite of the foregoing known systems, there
remains a need for a remote unit usable in various environ-
ments and at various distances from the base station which
remote unit will be adapted to be remotely energized so as
not to require hard wired systems or batteries on the remote
unit. There 15 also lacking such systems wherein the remote
unit may be miniaturized so as to have numerous potential
USes.

SUMMARY OF THE INVENTION

[0014] The present invention has met the above-described
needs. In the present invention, apparatus for remote inter-
action with an object of interest includes a remote station for
obtaining information from the object of interest and a base
station for transmitting energy in space to the remote station
and communicating with the remote station. The remote
station has conversion means for energizing the remote
station by employing the transmitted energy. The base

station may transmit the energy as RF power, light, acoustic,
magnetic, or 1n other suitable forms of space transmitted or

“radiant” energy.

[0015] A power supply is provided for energizing the base
station with first antenna means being provided on the base
station and second antenna means being provided on the
remote station. Sensor means or other information providing
means permits the remote station when energized by the
base station to transmit information to the base station
regarding the object of interest and certain conditions of the
remote station. This may be done 1n real-time. The remote
statton may be provided with a plurality of transponders
cach of which may be interrogated by the base station
sequentially to provide separate informational packets.

[0016] A method of the present invention provides for
remote 1nteraction with an object of interest, including
providing the remote station and a base station operatively
associated therewith, with energy being transmitted 1n space
from the base station to the remote station, and the energy so
transmitted being converted by the remote station into
clectrical power to energize the remote station.

[0017] The remote station may be provided with a plural-
ity of transponders each of which will be a source of
different information from the other.

[0018] The system eliminates the need for batteries on the
remote station or the use of hard wired systems.

[0019] The mvention also provides systems which employ
voltage or power enhancing units on the remote station.
When employed on electronic chips, antennas having a
oreater effective area than physical area may be employed
advantageously.

[0020] The system is adapted for use on system on a chip
(SOC) miniaturized unit.

[0021] It is object of the present invention to provide a
remote station which 1s adapted to provide information to a
base station when interrogation by the base station 1s 1niti-
ated.
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10022] It is another object of the present invention to
provide such a system wherein the remote station is not
required to contain an energy storage device, such as a
battery, or to be part of a hard wired or printed circuit
system.

10023] It 1s a further object of the present invention to
provide such a system wherein energy transmitted 1n space,
such as RF power or light, will be converted into DC power
or AC power on the remote station to operate the remote
station.

10024] It 1s a further object of the present invention to
provide such a system wherein RF power may be employed
fo 1nitiate operation of the remote station regardless of
whether light 1s present.

[0025] It is a further object of the present invention to
provide such a remote station which will transmit dynamic
real-time measurements to a base station.

[0026] It is another object of the present invention to
provide such a system wherein the remote station may be
miniaturized and does not require frequent maintenance.

10027] It is another object of the present invention to
provide such systems wherein enhanced energy harvesting,
on a remote station 1s provided.

[0028] It 1s a further object of the present invention to
provide such a system wherein use on miniaturized Systems

on a Chip (SOC) is facilitated.

[10029] It is yet another object of the present invention to
provide such systems wherein the effective antenna area
exceeds the physical antenna area.

[0030] It 1s a further object of the present invention to
provide such systems which may be employed effectively in
Radio Frequency IDentification (RFID) devices.

[0031] It 1s a further object of the present invention to
provide such a system wherein the remote station may have
a plurality of passive imtelligent transponders.

[0032] These and other objects of the invention will be
more fully understood from the following description of the
invention on reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

10033] FIG. 1 1s a schematic illustration of a form of the
present invention showing a base station, a remote station,
and a plurality of information providing sensors.

10034] FIG. 2 is a schematic illustration of a base station
usable 1n the present invention.

10035] FIG. 3 is a schematic illustration of a remote
station and associated sensor usable 1n the present invention.

10036] FIG. 4 is a schematic illustration of an embodi-
ment of the present invention employing a plurality of
transponders 1n the remote station.

10037] FIG. 5 is a schematic illustration of the base station
interrogator and the corresponding time sequence of inter-
rogating a plurality of transponders.

[0038] FIG. 6 is a schematic view of a plurality of
electrocardiogram sensors and associated transponders, as
well as the base station, which 1s 1n space communication
therewith.
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[0039] FIG. 7 1s a schematic illustration of a base station
In space communication with a sensor and remote station
combination secured to an individual’s hand to provide
monitoring of the patient.

[0040] FIG. 8 is an example of a circuit of a voltage
doubler on change pump of an embodiment of the invention.

10041] FIG.9is anexample of a series of voltage doublers
of the present 1nvention.

10042] FIG. 10 is a schematic illustration of a chip on a
remote station and related energy transfer.

10043] FIG. 11 is a plot of power as a function of antenna
volume

[0044] FIGS. 12(a) and 12(b) respectively show a

conventional or balanced voltage doubler circuit and
a cascade form of voltage doubler circuit.

[10045] FIG. 13 illustrates a detection circuit employing a
Schottky diode.

0046]

FIG. 14 1s a voltage doubler equivalent circuit.

0047] FIG. 151s a plan view of an antenna layout for use
on an electronic microchip.

[0048] FIG. 16 is a plan view of a fabricated die chip

containing an on-board antenna of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0049] As employed herein, the term “object of interest”
means any animate or manimate item from which informa-
fion 1s to be obtained by the remote station.

[0050] As employed herein, the term “in space” means
that energy or signals are being transmitted through the air
or similar medium regardless of whether the transmission 1s
within or partially within an enclosure, as contrasted with
transmission of electrical energy by a hard wired or printed
circuit boards.

[0051] As employed herein, the term “patient” means
members of the animal kingdom including humans.

[0052] Referring to FIG. 1, there 1s shown a schematic
illustration of the apparatus of the present invention which
facilitates remote measurement and/or sensing. A base sta-
fion 2 1s within communication distance D of a remote
station 4. In a manner to be described hereinafter, the base
station 2 transmits energy which may be RF power, light,
acoustic, magnetic or other suitable forms of space trans-
mitted or “radiant” energy, for example, and 1s indicated
ogenerally by the dashed line 8 to remote station 4. Within the
remote station 4, the received energy 1s converted mto DC
power which serves to operate the remote station 4. In the
form 1llustrated, an object of interest 12 has a plurality of
sensors 16, 18, 20 operatively associated therewith, and
delivering sensor readings over lines 24, 26, 28, respec-
fively, to the remote station 4 which, in turn, in a manner to
be described herein, transmits data through space as indi-
cated by double-headed arrow 30 to base station 2. The
power delivered to remote station 4 may also energize
sensors 16, 18, 20 through wires 24, 26, 28. The RF energy
may also be employed to energize sensors 16, 18, 20 without
wires 24, 26, 28. The distance D will vary in accordance
with design parameters of the system and may, depending
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upon the application, be a few millimeters, several feet, or
several light years. Dashed arrow 30 also shows data being
transmitted from base station 2 to remote station 4.

[0053] One of the advantages of the present invention is
that the source of power for the remote station 4 1s the base
station 2 and, therefore, there 1s no need for hard wiring or
printed circuit physical connections with remote station 4.
There 1s also no need for remote station 4 to carry an
clectrical storage device such as a battery. As a result,
activation and powering of the remote station 4 will be
achieved through activation of the base station 2. As a result,
there will be no need for periodic maintenance on the remote
station 4 1n order to check battery strength and replace the
battery or other power source. This also facilitates the
remote station being encapsulated within a suitable protec-
five material, such as a resinous plastic. Homopolymers
(including thermoplastic polymers), elastomers and silicon
dioxide, for example, are suitable materials for such pur-
poses. Further, this facilitates miniaturization of the remote
station and placing the remote station 1n functionally desir-
able locations which need not be readily accessible. The
remote station, for example, could be implanted 1n a patient.

0054 It will be appreciated that the remote station 4 can
be mterrogated by the base station 2, for example, to provide
through the remote station 4 a reading of an electronic or
mechanical sensor, such as 16, 18, 20 which 1s operatively
assoclated with the remote station 4.

[0055] Referring to FIG. 2 in greater detail, there is shown
a schematic diagram of a form of base station 2 usable 1 the
present invention. The base station 2 1s, in the form shown,
energized by a 120 VAC utility power source 40, although
other power sources, such as batteries, alternators and
inverters, for example, may be employed, 1f desired. The
power source 1s 1n communication with and supplies power
to power supply 42 which, 1n turn, emits DC power at the
desired level for operation of the base station 2. If desired,
AC power could be employed to energize the remote station
4. A microcontroller 50, which may take the form of a
microprocessor or intelligent microchip, which receives
input from an analog to digital converter, a transducer
employing an electronic means (such as sound, light, tem-
perature, moisture or the like) or a program in memory, hard
wired logic, an Application Specific Integrated Circuit
(ASCI), from a wireless link, a satellite or cable, as in TV,
for example.

[0056] A computer 52, which may be any sort of personal
computer or modem 1if the unit 1s on a network, through
serial interface 54 provides two-way communication with
microcontroller 50. The datalogger memory 58 1s 1n two-
way communication with the microcontroller 50 and func-
fions to provide the microcontroller 50 with any desired
comparison standards, basic data, and calibration informa-
tion. The keypad and display 60 1s 1n two-way communi-
cation with microcontroller 50 and provides for keypad
input mto the microcontroller 50 and display of information
obtained by the base station 2.

[0057] The base station 2 has an ISM (Industrial, Scien-

tific, Medical) band antenna 70 which transmits RF signals
emitted by the ISM power transmitter 72 responsive to
signals received from microcontroller 50.

|0058] This serves to transmit the RF power in space to the
remote station 4. In the event that light were to be the
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transmitted energy. The transmitted energy source may be
the sun, room light, (incandescent or fluorescent) or laser
light, for example. This one-way transmission 1s shown by

the dashed arrow line 8 in FIG. 1.

[0059] The base station 2 has data transmitter 74 which
has data transmitted by data band antenna 76 to the remote
station 4. The data transmitted may be control, configura-
tion, identification and processed versions of such data.
Microcontroller 350 controls data transmitter 74. Data
receiver 80 receives data from the remote station 4 through
data band antenna 76 and introduces the same into micro-
controller 50.

[0060] It will be appreciated that in this manner the power
supplied to the base station 2 not only serves to operate the
base station 2, but provides the means for transmitting
energy 1n space to remote station 4 to operate the same and
transmit data to and receive data from remote station 4.

[0061] Referring to FIG. 3 in greater detail, there is shown
a form of remote station 4 which, 1n the form shown,
cooperates with a measurement sensor 90 which senses an
object of interest, through a sensor interface 92, interacts
with microcontroller 94 which preferably has a non-volatile
memory and through an analog to digital converter, direct
digital measurement device or other sampling device, pro-
vides for digital mput mto the microcontroller 94. This
microcontroller 94 controls operation of the remote station
4. A dual band resonant antenna 100 receives both the power
transmissions and data transmissions from the base station 2.
The power transmission 1s received 1 the converter 102,
which converts the RF power to DC power, which serves to
energize the remote station 4. In the alternative, a device for
converting the RF power into AC power could be employed
to power the remote station 4. This substitutes for the need
to provide a hard wired system or to have a power storage
device on the remote station. The data received from the
base station 2 1s delivered by the antenna 100 to data
receiver 108 which, 1n turn, delivers the same to the micro-
controller 94. This data initiates a cycle of operation of the
remote station 4 and serves as the interrogation means. The
data could also be data for controlling other functions such
as ON/OFF switching, calibration, remote control or con-
figuration control.

[0062] Data processed by the microcontroller 94 and
recerved 1n the form shown from measurement sensor 90 1s
transmitted by data transmitter 110 through a double band
resonant antenna 100 to base station 2 as indicated by the
double-headed dashed arrow 30 mn FIG. 1. It will be
appreciated, therefore, that positioning of the remote station
4 with respect to the base station 2 will be heavily dependent
on the application intended and will mnvolve design of the
system to provide adequate RF power and sufficient antenna
capability to maintain the desired level of power for the
remote station 4 and efficient communication of data
between the remote station 4 and base station 2.

[0063] Numerous end use applications will be apparent to
those skilled in the art. For example, 1n many applications
the distance D 1ll FIG. 1 will be less than 20 feet. In medical
applications such as, for example, where the sensors 16, 18,
20 might be EKG sensors, a plurality of remote stations each
having a sensor built 1nto 1t or operatively associated there-
with may be applied to the object of interest 12 which, 1n that
case, would be a patient, such that no wires need be
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provided. In the alternative, in the form shown 1 FI1G. 1, no
wires need to be provided between the remote station 4 and
the base station 2. Many other types of medical applications
wherein sensors or information gathering apparatus 1s
employed, such as cardiac monitors, brain monitors, pulse
monitors, blood pressure monitors, oXygen monitors, as well
as monitors which monitor the performance of patient
support equipment, such as ventilators, intravenous delivery
systems, renal dialysis machines, oxygen supplementing
devices and heart bypass devices may beneficially employ
the invention. Depending upon the end use, 1t might also be
desirable to have an alarm triggered 1 addition to the visual
presentation or computer storage or hard copy presentation
of information obtained from the system.

[0064] In an alternate embodiment of the invention, uses
in manufacturing processes so as to monitor equipment
performance or product manufacture may advantageously
find uses for the present invention. The system may also be
employed for noise monitoring of equipment and providing
communication for Computer Numeric Control (CNC), for
example.

[0065] In some instances, where identification is desired,
such as for security purposes, the remote unit might provide
information to enable the base unit to confirm that an article
or an 1ndividual 1s as represented.

[0066] In retail stores, products may have remote stations
of the present invention secured thereto which at the cash
register will deliver information to a base station thereby
climinating the need for bar codes and the like. This could
be employed to total the charges for a specific customer as
well mventory control and keep records of customer pret-
erences.

[0067] There also may be applications involving outer
space wherein the remote station provides information to an
carth mounted base station.

[0068] Other uses will be apparent to those skilled in the
art. Akey feature 1s that the present system obviates the need
to depend on batteries and hard wired systems as a source of
energizing a remote station. Both power delivery to the
remote station and two-way data transmission between the
base station and the remote station are facilitated.

[0069] Referring to FIG. 4, there is shown a system
wherein the base station 120 and its associated micropro-
cessor 122, which may be a personal computer or modem,
cooperates with antenna 124 to provide for power delivery
and two-way data communication with the remote station
130. As shown 1n FIG. 4, this embodiment contemplates the
use of a plurality of transponders, such as 140, 142 which,
in the form shown, total 16 in number It 1s contemplated 1n
this embodiment that each transponder will be operatively
assoclated with a sensor receiving one type of information
and will facilitate the base station sequentially interrogating
cach transponder 140, 142 to receive real-time mnformation
therefrom with a suitable time interval between each inter-
rogation. Depending on the application, in lieu of sensor
information, the interrogation may be to determine product
codes or personal 1dentification of an individual.

[0070] Referring to FIG. 5 there is shown a suitable

communications protocol for use 1n the system of the present
invention. The base station 120 provides means for identi-
fying the specific transponder which is the source of the data
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being received and does so by polling each transponder 1n
sequence. The power signal sent by the base station 120 may
be employed as a means of providing a signal to 1dentily the
start of the polling operation. Depending upon the system
address of the transponder, the data sent back will be sent at
a unique time. The ISM power interrogator 148 after an
initial delay period indicated generally by the reference
number 149, ecach transponder such as transponder 140
which will be interrogated between times t; and t, and
transponder 142 will be interrogated between times t, and t,.
In this manner, the discrete data packets received from the
various transponders will be provided sequentially with
identification as to source. It 1s preferred that a short dead
time be provided between successive transponder data pack-
ets 1n order to avoid collisions. The data packets from the
transponder may contain both sensor data and status infor-
mation. The sensor data will be the information provided
from the sensor through the system described hereinbefore.
The status information may include information such as the
specific transponder address identification, the internal DC
bus voltage and, 1f desired, discrete digital mputs. The base
interrogator will use the status information to verify the
integrity of the communication links and have the capability
of altering the ISM power 1f necessary.

[0071] Referring to FIG. 6, there is shown the outline of
a patient 180 with a plurality of sensors and associated
remote stations 190, 198, 204, with a symbolic representa-
tion of the space communications as by RF signals 192, 200,
206 with the base station 184. In the R/X and X/R repre-
sentations, the “R” indicates receiving capability and the
“X” 1ndicates transmitting capability.

[0072] Referring to FIG. 7, there is shown a schematic of
a base station 220 1n space contact as by transmission of RF
power shown schematically at 230 to hand 222 which
contamns a sensor for medical mformation such as pulse,
blood pressure or temperature, for example, operatively
assoclated with the remote station 224.

EXAMPLE

[0073] In order to provide additional insight into the
invention an example will be provided.

[0074] A system of the type discussed in connection with
FIGS. 1-3 may have a base interrogator unit or base station
powered by standard commercial 120 VAC utility or equiva-
lent UPS. If the ISM power 1s limited to 16 watts, then the
total input power need not exceed 20 watts. The ISM power
transmitter 72 will preferably be capable of outputting less
than 1 watt or 1, 2, 4, 8, or 16 watts of RF energy as
determined by the microcontroller 50. This will facilitate
flexibility 1n respect of power for the program instructions
and set-up parameters. An asynchronous serial port serves to
connect the base station to the personal computer or modem
52 by way of an RS232 type interface. A suitable micro-
controller 50 would be that marketed under the trade des-
ignation “Intel 8051. "The keypad and display 60 permits
users to monitor measurement data and status from the
system’s transponders. The keypad switches allow the user
to step through a menu driven display at various parameters.
The keypad may also have a password function to provide
for security for restricted set up of the system parameters.

[0075] The datalogger memory 58 permits the base station
to have the capability to pole multiple transponder devices
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in a typical system configuration. A non-volatile memory
facilitates logging tune stamped transponder data in a file
storage buffer which can be used for data trending and
uploaded by way of the serial interface 54. The non-volatile
memory can be interfaced directly to the microcontroller bus
as SRAM module with a real-time clock. The serial interface
54 allows connection either to a personal computer or
modem. Software, firmware, ASCI or wired logic resident in
the base station may include drivers for an ASCII station
communication protocol in order that the system can be
coniigured by way of a PC GUI menu system. The modem
drivers will allow the base station to stand alone and accept,
as well as generate telephone communications. The system
firmware, non-volatile parameters and datalogger memory
arc all accessible by way of the serial interface 54. The
power supply 42 serves to convert the 120 VAC utility input
to low voltage DC to operate the control circuitry and RF
transmitter. The power supply should output a well regulated
5 VDC (£5%) for the logic circuits and a 12-24 VDC output

to operate the ISM power transmitter 72.

[0076] The remote station, as shown in FIG. 3, can be
miniaturized and preferably has maximum dimensions of
about 5 inches by 2 inches by 1 inch. The size may be
reduced to the point where the remote station may implanted
into the human body. One limiting factor in miniaturization
1s the antenna and as a result, 1t 1s preferred to raise the
operating frequency as high as practical. The transponders

may be about 0.5 mnch 1n diameter and have a thickness of
about 0.03215 inch.

[0077] The remote station contains no power storage
device as all power 1s derived from the base station. Experi-
mental results have mdicated that at least 20 mw of usable
DC power can be obtained in the remote station through the
system described heremn. The transponder has a direct-
coupled analog input for mnterfacing with the measurement
sensors. The analog to digital converter may have an input
range of 0-2.5 VDC. The ISM E-field at the remote station
may be approximately 3 V/m with the specific field depend-
ing upon the effective antenna gain. With respect to the
telemetry link, data is returned by way of a communication
link that operates outside the ISM band. The base station
data receiver may have a sensitivity on the order of 0.5 uv/m.
The remote station datalink RF output will generally be less
than 10 mw which facilitates reliable communications over
the required range. The converter serves to transform the
ISM RF power into DC bus voltage on the order of 3 VDC.
The RF energy coupled into the remote station antenna 1s an
AC voltage varying at the carrier frequency. The RF to DC
converter circuit rectifies and filters the RF AC voltage into
a usable DC form. The rectifier and filter circuit preferably
has an i1mpedance several times lower than the overall
antenna with the antenna having a characteristic impedance
on the order of 377 ohms and the rectifier circuit having an
impedance less than 10 ohms. A suitable microcontroller for
use 1n the remote station 1s that sold under the trade
designation Microchip PIC.

[0078] In a further refinement of the invention, features
which are adapted for use 1n, but not limited to, use in
miniaturized electronics and the integration of Systems on a
Chip (SOC) will be considered. In such a system inherent
problems regarding supplying adequate power and effi-
ciency of communication between a base station and a
remote station occur. An example of such systems 1s the
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Radio Frequency IDentification (RFID) where the device is
passive with the power being supplied from a remote source
which is a Radio Frequency (RF) radiator. The remote
station converts the radiator RF power to DC current to drive
commercially available electronics of a single chip system,
for example. With increased minmiaturization, the physical
arca ol any on-board antenna or energy capturing device
decreases. The present invention has structures for providing
enhanced power and antennas with an effective size greater
than their physical size which may advantageously be
employed.

[0079] While for simplicity of disclosure, reference will
be made herein to the RFID device, 1t will be appreciated
that these features of the present invention may be employed
advantageously 1n other systems.

[0080] An RFID device may provide a simple electronic
replacement for the conventional printed bar code used in
many 1ndustrial and commercial environments including
customer checkout in retail stores and related inventory
control. As cost 1s a very important 1item due to the bar code
system being relatively inexpensive on a per item basis, the
RFID tags employed on the articles as a chip attached to an
antenna that 1s attached to a product container or product,
must be competitive economically. Employing an antenna of
this embodiment of the invention as an integral part CMOS
(Complementary Metal Oxide Semiconductor) contributes
to reduced cost of manufacture. As a result of the reduced
size chips, which may be on the order of about 2.2 mm by
2.2 mm 1n area, for example, attention must be directed not
only to enhanced power efliciency, but also the effective size
of the antenna as compared with its physical size.

[0081] A feature of the embodiments is the use of a voltage
doubler (charge pump) to provide sufficient voltage for
certain CMOS or other fabrication technologies to function
ciiiciently.

[0082] With reference to FIG. 8 there is shown a voltage
source V1 which represents the antenna on the remote
station for receiving the RF signal. In the form shown, the
circuit contains two diodes D1, D2 and three capacitors C1,
C2, C3, with capacitor C1 being interposed between voltage
source V1 and diodes D1 and D2. This circuit serves to
increase the voltage and power emerging from output 190.

[0083] The series connection of two or more voltage
doublers to 1ncrease the voltage even further 1s exemplified
in F1G. 9. The cumulative effect of voltage sources V1 and
V2 provides enhanced output at 194 substantially greater
than the output of the single voltage doubler in F1G. 8. The
voltage sources V1 and V2 supplies are simply the two
antennas with any necessary impedance matching.

[0084] Another feature of this embodiment of the mven-
tion 1s the use of antennas such that the effective antenna 1s
larger than the physical antenna. The use of multiple (small)
antennas 1n a given region to increase the energy harvest 1s
also provided.

[0085] If the antenna efficiency is less than or equal to
50%, 2 (or more) antennas could theoretically harvest 100%
of the energy. If they were of 25% elliciency, one may use
4 antennas and so on. This facilitates effecting the equivalent
of the fabrication of 100% efficient antennas which, at this
time, 15 a goal somewhat difficult to achieve.
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[0086] If the antenna efficiency is greater than 50%, 2
antennas could be used with 2 different frequencies from two
sources of different frequencies. This could be expanded to
3, 4, or more antennas and frequencies. A further advantage
of doing this 1s the FCC limitation on power. If one needs 2
watts, and the maximum allowed 1s 1 watt at 418 MHz or
433 MHz, then one may use 2 antennas with two 1 watt
transmitters satisfying the FCC and the power requirements
of the device that 1s being powered. This 1s essentially a
superposition of the two frequencies that theoretically could
be expanded across a whole frequency band. The limitation
on how many could be superimposed would be dependent
on the spectrum of each transmitter and the selectivity of the
tank circuit on the device receiving the energy.

|0087] Turning to the relationship between the antenna’s
cffective area and the antenna’s physical size, consider the
continuous transmission of radio frequency (RF) energy
from a transmitting antenna at a fixed-base location and
orientation. An object of interest placed 1n the energy field
of the transmitter scatters the incident energy possibly 1n
many directions. Some of the energy at the object of 1nterest
1s scattered 1n the direction of the antenna.

|0088] Consider the straight line between the “bore sight”
of the transmitting antenna and the center of the object. The
scattered energy 1n this direction i1s termed a monostatic
scattering or the backscattering of the incident energy.

[0089] In the case of a passive object, the backscatter has
an energy density that 1s a function of a number of factors
including size, shape and composition of the object. The
object 1s generally assumed to behave as an antenna with
some elfective capture area or simply effective areca, A_. The
power rellected by this object thus acts as an antenna and 1s
given by relationship (1), where W is representative of the
power transmitted by the source transmitting antenna; A_ 1s

the effective area of the object, and Py 1s the power reflected
by the object.

Pr=A W, wherein Wr is in watts per square meter (1)

[0090] The device of this embodiment “harvests” the
power received.

10091] FIG. 10 represents schematically a device for
receiving, on-chip functioning and retransmission of energy.
In FIG. 10, the source of power 1s a base station that
transmits power, P+ The remote station device receives a
certain amount of power, P, uses some of the power, P,
and retransmits power Pr. A base station, P, which may
be collocated with the original source of power, receives the
retransmitted power, Collocation would likely be the case in
radar and many Radio Frequency IDentification (RFID)
systems, for example.

10092] If the function of the device is RFID, P, 1is
important to communicate information to a base station. If
the function of the device (remote station) is strictly energy
harvesting, P, 1s to be minimized, 1.e., maximize P;. This
1s also the case when the device does not want to be
recognized, 1.€., a stealth device.

[0093] Obviously, the power leaving the device (transmit-
ted or scattered), Prp, 1s less than the mcident power, Py,
By conservation analysis, we can form equation (2).

Prp=Py, (Power Used)+Prp(Power Transmitted/Scat-
tered by the Device) (2)

Oct. 23, 2003

[0094] For power leaving the device, the power density
(watts/meter”) of the transmitted or scattered power is Wp.
The subscripts used here are to maintain consistency with

FIG. 10.

Wrp = [Prp — Pu) [ (4aR*)] = [(A Yo|Ers|®) / (87R%)] - (3)
[(Py)/(4nR*)] = [(A.YolErsl* =2 Py)/(87R?)]

[0095] Inequation (3) “R” is the distance between the base

station and the remote station “Y_” 1s the admittance of free
space and “E” and “E+g” the electric field strength 1n
volts/meters. Equation (3) assumes the device is an isotropic
radiator. The area, A_, will be discussed hereinafter. The
reflected power density from the device in the case (with
P ,=0), W_, is also given where P ,=0:

WTD=[ (leETDF)/ 2] (4)

[0096] Note that WT in (4) 1s the incident (received)
power at the device thus equating (3)and (4). In the present
case, this 1s simply another form for the source energy
density.

[(leETmlz)/ 2J=l (ALY, |ETE-|2_ u) (SﬂRz)] (5)
(4JER2)YD|ETE|2=AEYD Erp *-2P U (6)
AY, |ETB|2=(4JT'R2)YD Ep|+2Py (7)
A =[(4nR*|E (o V|E gl F (2P )Yy |Ers |2)] (8)

[0097] As more and more power, Py, is used by the device,
the ratio, |E|*/|Erg|, Will approach zero. From the stand-
point of the effective area of the device, from (8), the
following inequality can be seen to be true.

AE g[(21311)/(}7{] |ETE|2)] (9)

[0098] The effective area can be calculated by measuring
R, E; (E+p) and E;. A remote device that (1) consumes a
certain amount of the power received, Py, and (2) transmits
the balance of the received power, P, through a second
antenna on the device will be considered.

[0099] The receiving antenna on the remote device is
termed the harvesting antenna, and the second antenna 1is
termed the transmitting antenna. This type of device has
been termed an Active Remote Sensor or ARS device

'ARS].

0100] Consider equation (8) in relation to inequality (9).
For 100% conversion, Py;=Px, and |E|=0. Thus, in (8)

Ae=(2PRD)/ (YD |ETB|2)
[0101] giving

2P RD=AEYD |ETE~-.|2

Pyrp=A(Yo/2)|E1s|”
[0102] From (1),
Pr=Prp=A.Wr
[0103] substituting for WT,

P RD=AE[YD|ETE|2/ 2]

0104] which is a consistent result.

0105] From (9), the lower bound on the effective area can
be calculated by knowing the power used, Py; and the field
strength of the transmitted power, |E |
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[0106] The focus of this embodiment is the effective area
of the harvesting antenna. The lower bound on the effective
area will be considered. Jn particular, A, in (9) can be

==

calculated simply from, P, and |E_|. The value to obtain
in (9) is E1g.

EXAMPLE

[0107] An antenna termed Delta 1 was fabricated using the

AMI ABN process through MOSIS [ C]. The total die size
was 2200 uMx2200 uM with a square spiral antenna slightly

more than 3 inches 1n total conductor length, 1.€., ¥4 wave-
length at 915 MHz.

[0108] Experiments were completed where the power
measured at the chip, at a variety of orientations, was on the
order of 5 mW. The 5 mW value was the power used, Py;, by
the remote device (object). The electric field at the Delta 1
antenna was determined through simulation to be 55.52

volts/meter. In the relationship (9), there are three variables
A_, Py and E,.

[0109] From the experiments, we have:

[0110] (a) A P, measured value of 5 mW

[0111] (b) A calculated/simulated value of Ex=55.52
volts/meter

[0112] (c) An unknown value for A_

[0113] In addition, the transmitted power, P, from the
base station antenna was known. From the antenna radiation

pattern and the directive gain, the power density at the
device antenna can be calculated.

[0114] (d) Power Density at the remote station or
device=5.989 watts/meter”

[0115] First, (a) and (d) were employed in a straightfor-
ward manner to determine an effective area, A_, (¢) assum-
ing the energy 1s harvested at 100% efliciency.

AE=(5;<1U_3 watts)/(5.989 watts/meter~)=8.349x10~*

meter (10)
[0116] Next, using (a) and (b) to determine the effective
area (c)

A.Z[(2*5*107° watts)/(0.00265 mhos|ETB[*)]=12.242x
10~ meter” (11)

[0117] Next, using (10) and (b), to calculate an electric
field strength from (9) as a check on (b).

|Ergl® = (25 %10 watts) / (0.00265 mhos = 8.349 x 107 meter®)] = (12)

4519 volts?

|E15|=[4519 volts]Y*=67.2 volts (13)
[0118]

Case 1 Case 2

12.242 x 10~* meter”
67.2 volts

8.349 x 10~ meter”
55.52 volts

Effective area, A,
Electric Field Strength,

E gl
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[0119] Based on the relatively close agreement of the
above results, the antenna effective area 1s at least 8.349x
10~* meter®. From the chip dimensions, the total antenna
area is actually 2.4x10.6 meter”. Thus, the effective area, A_,

is 8.349x10™" meter:/2.4x107° meter*=347.8 times the
physical antenna area.(14)

[0120] From (14), it is clear that the effective area of the
antenna 1s much greater than the physical area and within
these parameters 1s more than 300 times greater. This
facilitates effective use of the present mmvention on micro-
chips on remote stations.

[0121] From the relationship in (8), it 1s assumed that the
power used and the power radiated by the device can be
considered as separable, P;; and P The device 1s simulta-
neously receiwving and radiating power. The received power
1s consumed on the device with the radiated power giving
some sort of an effective area or aperture as in the case of
backscatter. In essence, there are two areas involved, A_(Py,)
and Ae(Prp). There is a separability of areas, i.c.,

Ae=A(Py)+A(Prp). (15)

[0122] As an optimization problem, it i1s desirable to
increase A_(Py,;) and decrease A_ (Prp). As a result, the more
power used, the less of an RF signature that will be pro-
duced. However, as a stealth device, this may not be desired
as the infrared (IR) signature will be increased.

[0123] Invery small antennas, certain physical advantages
are not gleaned from Maxwell’s Equations. A Y4 wavelength
whip antenna with ground plane was compared with the
small die/antenna on the basis of simply physical volume
occupied. The volume around the ¥4 wavelength antenna and
ground plane in this case occupies 1.897x107> meter’. The
die/device occupies 1.473x107° meter As a result, the vol-
ume reduction 1s greater than 6 orders of magnitude. The %
X antenna harvests” about 50 mW of power compared to
about 5 mW of power for the Delta 1 die/antenna, which 1s
a decrease of 1 order of magnitude. The reduction in size 1s
obviously a benefit in numerous applications.

[0124] This comparison is based on a die antenna fabri-
cated with a CMOS process where the dielectric 1s strictly a
function of the process available with no opportunity for size
adjusting 1n separating the antenna from the ground plane.

[0125] The % wavelength antenna used i1s a widely used
commercial device. The Delta 1 die antenna was designed
with a number of tools for producing an integrated tank
circuit, but the fabrication was strictly a straightforward
submission to MOSIS using the AMI-ABN 1.5 u process.
The distance and dielectric between the antenna (Metal 2)
and the ground plane (bottom of the silicon substrate) were
not controlled. However, with this fabrication, the relative
volume comparison made i FIG. 11 supports the achieving

a harvest of sufficient power to perform useful functions on
a CMOS or MEMS device.

[0126] Note in FIG. 11, that the Delta 1 antenna is
comparable with the volume of Smart Dust when compared
with the commercial antenna. Smart Dust 1s a combination

MEMS/Electronic device on the order of 1 mmx1 mmx1
mim.

[0127] Turning again to the power enhancement through
the use of a voltage doubler circuit, comparisons will be
made between incident power and output voltage. Also, the
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use of multiple voltage doublers will be considered in
further detail. Many RF products such as portable RIFD tags
are too small to contain a battery. Their small demand for
power, however, makes 1t possible to power them with
ambient RF energy which may come from a base station
interrogator and be captured by an antenna on the remote
station. It 1s important, however, in converting the RF power
into DC power at the remote station, to enhance the effi-
ciency as the amount of RF energy captured by the antenna
may be limited due to the antenna’s relatively small size.

[0128] The voltage doubler presents a way of getting high
DC output voltage from an AC source. It has two forms,
which may be the conventional form is shown in FIG. 12(a)
or the cascade form as shown in FIG. 12(b). In both forms,
shown in FIGS. 12(a) and 12(b) the RF wave is rectified by
D,, C, 1n the positive cycle and by D,, C, 1n the negative
cycle. When the load R; 1s large, the output voltage 1is
roughly two times the peak voltage V, of the RF source
minus the turn-on voltage V, of the diode.

[0129] A voltage doubler circuit, therefore, may be con-
sidered to be two single diode detector circuit in series
connection.

10130] For RF applications, Schottky Diode is often
employed as the detector diode as a result of its low turn-on
voltage and small junction capacitance. It 1s modeled as an
ideal exponential diode with the junction capacitance C, in
serics with a resistor Ry as shown 1n F1G. 13. The 1deal
diode 1s supposed to satisty the exponential 1-v relationship.

= tfonf )1

[0131] wherein I is the reverse saturation current, n is
diode 1deality factor, A=q/(kT), q is electronic charge, k is
Boltzmann’s constant, T 1s temperature 1n Kelvin degrees.

[0132] It is apparent that three key parameters of the
diode, I, C; and Ry, determine the power conversion
etficiency of the voltage doubler circuit. The larger I helps
to lower down V, and increases output voltage as Vi, 1S
approximately equal to Vg minus V. Junction capacitance
diverts the diode current only to produce voltage drop on Rg,
in order that large C; and Rg will reduce the output voltage,
particularly when frequencies are high. The parameters I,
C and Rg are related to each other due to physical properties

of the diodes.

A ~ (17)
Io| = BRy Prnc | =
IV, R,+RJA A
(l+ f_s + RLIS).exp{ 1 + R ”VH+ERSIH}
10133] I, is the zero-order modified Bessel function of the

first kind, R, 1s the source impedance, Ry 1s the output load
resistance, I 1s bias circuit current for the circuit which is
equal to O 1n power conversion applications.

[0134] Equation 17 describes the relationship between
incident power P inc on the detector Circuit and the output
voltage V.
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10135] In FIG. 14, which is a voltage doubler equivalent
circuit, equation 17 can be applied. It will be seen that the
output voltage of the voltage doubler 1s two times that of a
detector circuit with one half the original load.

[0136] Equation 17 1s a good approximation of output
voltage of a voltage doubler when C; 1s small or the

operating frequency 1s low.

[0137] For some applications the output voltage of a single
voltage doubler may not be adequate to operate the remote
device. One may employ multiple RF sources and add them
together to achieve higher output voltage. If each indepen-
dent source, with the voltage double circuit dedicated to 1t 1s
seen as a battery with an open circuit output voltage V, and
an 1mternal resistance R;, the output voltage on a load with
resistance RL will be

nV, 1 (18)

0138] when n of them are put together.

0139] As seen in equation 18, the output voltage V_ , 1s
determined by the total of capital R/R; and 1/n if V, 1s
fixed. When the load 1s close to or smaller than the internal
resistance of the voltage doubler R,/R; becomes dominant
when 1ncreasing n will not assist much 1n getting higher
output voltage.

[0140] In summary, it is desirable to increase the I and
reduce the C; of the Schottky Diode 1n order to increase the
power conversion efficiency of a voltage doubler. Adding
multiple voltage doublers 1n series 1s a way of getting higher
output voltage subject to the gain decreasing when the load
becomes heavy.

10141] With reference to FIG. 14, it will be noted that a

further advantage of the present invention 1s that in connec-
tion with miniaturized electronics chips, the antenna may be
provided within the rather small dimensions of the chip but
have an effective antenna size greater than the physical
antenna size. FIG. 14 shows such an antenna and FIG. 15
shows the antenna incorporated into an electronic micro-
chip. Another advantage of the present system 1s that the
system has the ability to incorporate an LC “tank”™ circuit 1n
the antenna designs This 1s accomplished through the use 1n
the antenna of inter-electrode capacitance and inductance to
form the LC tank circuit.

[0142] It will be appreciated, therefore, that the present
invention provides an effective means for establishing a
system wherein a base station cooperates with a remote
station by exchanging data 1n both directions with the base
station serving to provide transmitted energy which serves to
energize the remote station to permit functioning thereof. As
a result, there 1s no need to have a wired system connecting,
the remote station with a source of power or for 1t to carry
a power storage unit. This permits low or no maintenance
remote systems which may be implanted 1n individuals, used
for other medical purposes, used 1n space, industry, security
and a wide range of other uses. All of this 1s accomplished
in a simple, efficient manner employing the apparatus and
methods of the present imnvention.
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10143] While for simplicity of disclosure primary atten-
fion herein has been directed toward a system employing RF
power as the source of energy delivered to the remote
station, and such 1s currently the preferred approach, 1t will
be appreciated that alternate sources of power may be
employed. A light beam, for example, with suitable means
for receiving the light on the remote station and converting
it to responsive electrical output, such as an appropriate DC
voltage may be employed. The converter devices, such as
CMOS or TTL, could provide voltages at desired levels and
currents on the order of milliamps to power the device.

|0144] Whereas particular embodiments of the invention
have been described above for purposes of illustration, it
will be appreciated by those skilled in the art that numerous
variations of the details may be made without departing
from the invention as described in the appended claims.

In the claims:
1. Apparatus for remote interaction with an object of
interest comprising,

a remote station for obtaining information from said
object of interest,

a base station for transmitting energy in space to and
communicating with said remote station,

said remote station having conversion means for energiz-
ing said remote station responsive to receipt of said
transmitted energy,

said remote station not having a power storage device for
energlzZing

sald remote station after termination of base station
energy transmission to said remote station,

first antenna means operatively associated with said base
station for transmitting signals to and receiving signals
from said remote station,

second antenna means operatively associated with said
remote station for receiving signals from said first
antenna means and transmitting signals to said first
antenna means, and

said second antenna means having at least one antenna
having an effective antenna area greater than its physi-
cal area.

2. The apparatus of claim 1 including said remote station
having an electronic chip on which said second antenna
means 1s formed.

3. The apparatus of claim 2 including,

said second antenna means mncluding a plurality of said
second antennas.

4. The apparatus of claim 3 including

at least two of said second antennas structured to receive
different frequencies.
5. The apparatus of claim 4 including

said first antenna means having a separate antenna for
transmitting at each said frequency.
6. The apparatus of claim 2 including

said base antenna having means for transmitting said
energy as RE power.
7. The apparatus of claim 6 including

said remote station having at least one voltage doubler.
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8. The apparatus of claim 7 including

saild remote station having at least two said voltage
doublers 1n series.
9. The apparatus of claim 7 mcluding

cach said voltage doubler having at least one capacitor
clectrically interposed between said second antenna
means and a diode.

10. The apparatus of claim 3 including,

sald second antennas formed on said electronic chip.
11. The apparatus of claim 10 including

an L.C link circuit formed 1n said second antenna means.
12. The apparatus of claim 2 including

said remote station 1s an RFID tag.
13. The apparatus of claim 1 including

said effective antenna area 1s at least 300 times the

antenna’s physical area.

14. The apparatus of claim 2 including said chip 1s a
devise selected from the group consisting of a CMOS device
and a MEMS device.

15. The apparatus of claim 2 including a power supply for
energizing said base station.

16. The apparatus of claim 2 including

first controller means for controlling operation of said
base station.

17. The apparatus of claim 16 including

said first controller means having microprocessor means.
18. The apparatus of claim 1 including

sald remote station having means for converting said
transmitted energy mto DC power for energizing said
remote station.

19. The apparatus of claim 18 including

said remote station having second controller means for
processing information received from said base station
and for transmitting information to said base station.

20. The apparatus of claim 19 including

said second controller means having means for receiving

information from sensor means monitoring said object
ol 1nterest.

21. The apparatus of claim 19 including

said object of interest being a patient.
22. The apparatus of claim 21 including

said sensor means having apparatus to monitor a body
condition or body function of said patient.

23. The apparatus of claim 1 mncluding

said remote station not having a power storage device
physically secured thereto.
24. The apparatus of claim 1 mncluding

said base station and said remote station having no wired
connection therebetween.

25. The apparatus of claim 18 including

said base station transmitting both power signals and data
signals to said remote station.

26. The apparatus of claim 2 including

said remote station having converter means for converting,
said RF power mto DC or AC power.
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27 The apparatus of claim 1 including

said remote station being sealed within a resinous plastic
material.
28. A method for remote interaction with an object of

interest comprising,

providing a remote station and a base station operatively
assoclated therewith,

transmitting energy in space from said base station to said
remote station,

converting said energy received by said remote station
into electrical power to energize said remote station,

cifecting said energy received by said remote station 1nto
clectrical power to energize said remote station,

cifecting said remote 1nteraction without requiring such
remote station to have a power storage device secured
thereto for energizing said remote station after termi-
nation of said base station transmission and said energy
conversion,

employing antenna means for communication of said
clectrical power 1n space between said base station and
said remote station,

said antenna means having first antenna means opera-
tfively associated with said base station and second
antenna means operatively associlated with said remote
station, and

said second antenna means having at least one antenna
having an effective antenna area greater than the physi-
cal area.

29. The method of claim 28 including

said remote station employing an electronic chip on which

sald second antenna means 1s formed.
30. The method of claim 29 including

employing a plurality of second antennas as said second
antenna means.

31. The method of claim 31 including

at least two of said second antennas structured to receive

different frequencies.
32. The method of claim 31 including

said first antenna means having antennas for transmitting,
at each said frequency.

33. The method of claim 29 including

transmitting said energy from said base station as RF
POWET.

34. The method of claim 33 including

employing 1in said remote station at least one voltage
doubler.

35. the method of claim 34 including

employing 1n said remote station at least two said voltage
doublers 1n series.

36. The method of claim 34 including

providing 1n each said voltage doubler at least one capaci-
tor electronically interposed between said second
antenna means and a diode.
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37. The method of claim 30 including

sald second antennas formed on said electronic chip.
38. The method of claim 37 including

providing an LC link circuit in said second antenna.
39. The method of claim 29 including

employing as said remote station an RFID tag.
40. The method of claim 28 including

said effective antenna area 1s at least 300 times the
antennas physical area.
41. The apparatus of claim 29 including

employing as said chip a device selected from type group
consisting of a CMOS device and a MEMS device.
42. The method of claim 28 including

transmitting said energy as RF power.
43. The method of claim 28 including

energizing said base station by a power supply.
44. The method of claim 43 including

converting said transmittal energy to DC power at said
remote station.

45. The method of claim 28 including

employing said method on an object of interest which 1s

a patient.
46. The method of claim 28 including

scaling said remote station within a resinous plastic
material.

4’7. The method of claim 45 including

employing said method to monitor a body condition or

body function of said patient.
48. The method of claim 28 including

transmitting both power signals and data signals from said
base station to said remote station.

49. The method of claim 48 including

transmitting data signals from said remote station to said

base station.
50. The method of claim 36 including

employing a said remote station not having a power

storage device.
51. The method of claim 50 including

employing first microprocessor means to control opera-

tion of said base station.
52. The method of claim 51 including

employing second microprocessor means to control said
remote station.

53. The method of claim 45 including

positioning said remote station within 20 feet of said base
station.

54. The method of claim 38 including

employing said method to confirm idenfification of an

object of interest.
55. The method of claim 54 including

employing said method 1n a security system.
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