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SYSTEM AND METHOD FOR POWERING, 
CONTROLLING, AND COMMUNICATING 
WITH MULTIPLE INDUCTIVELY-POWERED 

DEVICES 

This application is a division of US. patent application 
Ser. No. 09/094,260, ?led Jun. 9, 1998, now US. Pat. No. 
6,047,214, the disclosure of Which is incorporated by ref 
erence herein in its entirety. 

TECHNICAL FIELD 

The present invention relates to techniques for enhancing 
the poWering of and Wireless data collection from arbitrarily 
oriented high-bandWidth remote sensor devices such as 
inductively poWered implant devices. 

BACKGROUND ART 

For the past three decades, biotelemetry has assisted many 
researchers and clinicians in obtaining physiological infor 
mation from both patients and animals. With the develop 
ment of neW electronic, communication, battery, and mate 
rial technologies, the capabilities of biotelemetry systems 
have expanded, bringing increased performance in the form 
of longer implantation times, greater channel counts, smaller 
siZes, and more robust communication. 

For a majority of medical applications using biotelemetry 
implants, it has suf?ced to monitor only a feW channels of 
sloWly varying DC levels such as pressure, temperature, ion 
concentration, etc. or small bandWidth signals With band 
Widths typically ranging from 100 HZ to 5 kHZ per channel 
such as EKG, EEG, EMG, etc. To date, hoWever, biotelem 
etry systems have been unable to provide the throughput 
necessary for certain applications, such as cardiac mapping 
or high-bandWidth multichannel neural recording in Which 
channel rates in excess of 1 Mbits/sec are often required, 
thus mandating large amounts of energy to poWer the 
implant. For long term studies, the energy requirement 
becomes even more prohibitive. 

Researchers are currently searching for data collection 
systems that can maximiZe usage of developing, high 
bandWidth sensor systems. Such sensor systems include 
?exible plastic substrate-based biosensor arrays for biopo 
tential recording, and silicon-based micro-electrode arrays 
for neural recording. 

Also of interest is the ability to collect physiological 
information from a variety of locations Within a subject. This 
requires a netWork of sensors placed throughout a region 
under study. In cardiac mapping, for example, several elec 
tropotential arrays may be required at different ischemic or 
infarcted areas of a heart in order to simultaneously monitor 
electrical activity during a cardiac event. A desirable imple 
mentation for this netWork has each sensor as a separate 
telemeter, thereby eliminating the need to interconnect Wires 
among the sensors. The elimination of these Wires signi? 
cantly reduces overall implant bulk and complexity While 
facilitating implantation. 
A fundamental difficulty in developing a high-bandWidth 

biotelemetry system pertains to implant poWer consumption. 
In contrast to loW-bandWidth systems, a high-bandWidth 
system must transmit many more pulses in a given time 
period, thus depleting the poWer source much faster. In 
addition, the electronics required to sample, process, and 
encode the sensor data Will also draW more energy as the 
aggregate bandWidth increases. The increased poWer 
demands require the use of larger implant batteries or 
alternative poWer sources. Apopular Widely knoWn alterna 
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2 
tive to relying exclusively on batteries to poWer an implant 
is Inductive PoWer Transfer (IPT). 

Inductive PoWer Transfer uses an AC-energiZed coil to 
create a magnetic ?eld that couples With a receiving coil of 
an inductively poWered device. The induced signal appear 
ing at the output of the inductively poWered device coil is 
then recti?ed and ?ltered to create a relatively constant DC 
poWer source. The “loosely-coupled transformer” link pro 
vides a means of eliminating and/or recharging inductively 
coupled biomedical implant batteries or capacitors. This 
technique has been used not only for biotelemetry devices, 
but also for arti?cial hearts, ventricular assist devices, vari 
ous forms of neural stimulators, and battery recharging. 
What is needed is a system Which can accurately target 

arbitrarily oriented inductively poWered devices in order to 
provide poWer to, and communicate at high data rates With, 
the arbitrarily oriented inductively poWered devices. 

DISCLOSURE OF THE INVENTION 

The present invention pertains to a system capable of 
high-bandWidth communication and omnidirectional poWer 
transfer to a netWork of arbitrarily positioned inductively 
poWered devices. Magnetic Vector Steering (MVS) and 
Half-Cycle Amplitude Modulation (HCAM) are tWo novel 
techniques Which enhance the poWering and control of 
multiple inductively poWered devices. Together, these tech 
niques enable arbitrarily oriented inductively poWered 
devices to receive poWer and command/programming/ 
control information in an ef?cient manner that preserves 
battery life and transmission time. By directing the aggre 
gate magnetic ?eld, using magnetic vector steering, from a 
near-orthogonal set of AC-energiZing coils, selected induc 
tively poWered devices can be poWered and/or communi 
cated With at desired times. Communication With individual 
inductively poWered devices can also be enhanced through 
half-cycle amplitude modulation—a technique that alloWs 
bit rate transfers up to tWice the energiZing frequency. The 
present invention combines poWer and data transmission 
circuitry more effectively than the prior art While also 
signi?cantly reducing the hardWare required of an induc 
tively poWered device such as a biomedical implant thereby 
reducing overall implant bulk. 

It is an object of the present invention to provide a system 
for remotely poWering one or more inductively poWered 
devices such that the overall bulk of such devices is signi? 
cantly reduced. 

It is a further object of the present invention to provide a 
data communication system Which can modulate a poWer 
carrier, communicating With one or more inductively poW 
ered devices, With a serial data stream at up to tWice the 
cycle rate of the poWer carrier. 

It is a still further object of the invention to alloW the use 
of a single frequency channel for both poWer and data 
transfer to arbitrarily oriented inductively poWered devices. 
Some of the objects of the invention having been stated, 

other objects Will become apparent as the description 
proceeds, When taken in connection With the accompanying 
draWings described as folloWs: 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A illustrates a cylindrical “long solenoid” magnetic 
coil as one example of a magnetic coil Which provides 
control of a magnetic vector along the Z-axis; 

FIG. 1B illustrates a cylindrical “saddle coil pair” as one 
example of a magnetic coil Which provides control of a 
magnetic vector along the x-axis; 
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FIG. 1C illustrates a cylindrical “saddle coil pair” as one 
example of a magnetic coil Which provides control of a 
magnetic vector along the y-axis; 

FIG. 2 illustrates an energiZing coil assembly integrated 
into a harness as Worn by, for instance, a dog; 

FIG. 3 illustrates one embodiment of an energiZing coil 
assembly; 

FIG. 4 illustrates a region, such as, for instance, a heart 
having multiple implant sensor devices about its periphery; 

FIG. 5 illustrates one type of inductively poWered bio 
medical implant device geometry suitable for use With the 
present invention; 

FIG. 6 illustrates a second type of inductively poWered 
biomedical implant device geometry suitable for use With 
the present invention; 

FIG. 7 illustrates a simpli?ed block diagram of the 
magnetic vector steering (MVS) system according to the 
present invention; 

FIG. 8 illustrates a more detailed block diagram of the 
magnetic vector steering (MVS) system according to the 
present invention; 

FIG. 9 illustrates a simpli?ed schematic of an energiZing 
coil having associated Half-Cycle Amplitude Modulation 
(HCAM) circuitry according to the present invention; 

FIG. 10 illustrates a more detailed circuit schematic of the 
Half-Cycle Amplitude Modulation (HCAM) system accord 
ing to the present invention; and 

FIG. 11 illustrates a harmonic spectra graph of coil current 
for varying coil Os according to the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention is described more fully hereinafter 
With reference to the aforementioned draWings, in Which 
preferred embodiments of the invention are shoWn. This 
invention may, hoWever, be embodied in many different 
forms and should not be construed as limited to the embodi 
ments set forth herein. 

Although inductive links such as Inductive PoWer Trans 
fer (IPT) have been used extensively for both poWering of 
and communication With inductively poWered devices, there 
are several limitations With respect to their use. When 
multiple and/or arbitrarily positioned inductively poWered 
devices are energiZed by an external coil(s), a burdensome 
diversity scheme is required to ensure that a suf?cient degree 
of magnetic coupling exists betWeen the external “energiZ 
ing” coil(s) and the inductively poWered device coil(s). 
TWo approaches have typically been used. One common 

approach is to use multiple energiZing coils excited at 
different frequencies such that the collection of energiZing 
coils possess near orthogonal magnetic vector components. 
Another approach is to use a single energiZing coil and 
multiple, orthogonally-oriented, receiving coils. 

The chief draWback to the former technique is that the 
multiple energiZing coils are unsynchroniZed in operation 
(i.e. driven at slightly different frequencies), resulting in a 
magnetic ?eld spanning in all directions, thus Wasting 
source energy. The chief draWback to the latter technique is 
that an increase in implant (i.e., inductively poWered device) 
volume, and complexity must be afforded due to having 
multiple receiving coils for each device. 

The Magnetic Vector Steering (MVS) scheme of the 
present invention uses an energiZing coil assembly that 
supplies poWer to speci?c inductively poWered devices 
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4 
(stimulators, telemeters, etc.) through the superposition of 
magnetic ?elds from separate energiZing coils. Unlike pre 
vious systems, hoWever, poWer transfer is not restricted by 
the orientation of the inductively poWered devices, With only 
a single poWer-receiving coil. Moreover, the energiZing coils 
are synchroniZed and therefore operable over the same 
frequency channel eliminating the problem of having the 
energiZing coil magnetic ?eld propagate inef?ciently in all 
directions. An assembly of external coils is arranged to 
strategically maneuver a net magnetic ?eld toWard a speci?c 
inductively poWered device Within a set of such devices. 
This technique conserves source energy, since the magnetic 
vector is kept from Wandering in directions Where energy 
transfer to the inductively poWered devices is minimal. 

In one exemplary embodiment, the external coil assembly 
Was chosen to conform to a cylinder integrated into a harness 
to be Worn by an animal. The coils that comprise the 
assembly for this embodiment include a “long solenoid” and 
tWo pairs of “saddle coils”. Each of these coils has been 
shoWn to exhibit magnetic ?elds highly uniform both in 
magnitude and direction throughout the majority of their 
respective interiors. The long solenoid coil illustrated in 
FIG. 1A provides control of the magnetic vector along the 
Z-axis of the cylinder, While the saddle coils illustrated in 
FIGS. 1B and 1C provide control in the x-axis and y-axis of 
the cylinder, respectively. 

FIG. 2 illustrates a harness 20, as Worn by a dog, Which 
includes the coils of FIGS. 1A—C. The harness 20 is 
poWered, in this instance, by a battery pack source 22. Other 
coil types and harnesses, hoWever, may be used in conjunc 
tion With the present invention. That is, the combination of 
tWo saddle coils and a long solenoid coil described above 
need not be the only energiZing coil implementation. Any 
coil assembly that can direct a magnetic vector along the 
x-axis, y-axis, and Z-axis Will suf?ce. 

FIG. 3 illustrates a coil assembly Which can be integrated 
With a harness system like the one illustrated in FIG. 2. The 
coil assembly is a single unit Which includes a plurality of 
separate coils such that the collection of coils is capable of 
radiating a magnetic ?eld in the x-, y-, and Z-axes. By 
varying the energy supplied to each coil, the magnitude and 
direction of the resulting magnetic ?eld vector can be 
controlled. Using this technique together With knoWledge of 
the orientation of a set of inductively poWered devices, the 
present invention is capable of targeting a speci?c device to 
provide poWer to and moving to each device in the set in a 
prescribed or adaptive pattern. 

FIG. 4 illustrates a sphere 40 Which could represent, for 
instance, the heart of an animal. About the sphere 40 are a 
plurality of arbitrarily oriented inductively poWered coil 
devices 42. These devices 42 can take the form of biomedi 
cal implants Which monitor various characteristics of the 
animal’s heart. Upon suf?cient coupling With an outside 
source such as the coil assembly of FIG. 3, these implants 
Will be able to poWer themselves and even transmit data 
back to an external receiving device (not shoWn) for diag 
nostic processing. The system can be programmed With the 
locations of each implant so the coil assembly can be 
energiZed at speci?c levels such that each implant device is 
coupled With the energiZing coil assembly. The program can 
be “adaptive”, monitoring the energy status of inductively 
poWered devices and scheduling time-slots or dWell times 
for energy transfer. 

FIGS. 5 and 6 illustrate tWo examples of inductively 
poWered devices suitable for biomedical implantation appli 
cations. Referring noW to FIG. 5, the implantable device 50 
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appears key-like in shape and has a reference electrode 52 
positioned near the tip of the device 50. AnetWork of sensor 
sites 54 span the tip and “key” area and are electrically 
connected to an integrated circuit chip 56. Integrated circuit 
chip 56 in turn is connected to a coil/antenna 58 Which 
serves to couple With an external energizing coil (not shoWn) 
in order to receive poWer and also to send data out to a 
receiving device (not shoWn). Referring noW to FIG. 6, 
implantable device 60 is circular in shape having its coil 61 
Wrapped about the outer periphery of the circular area. 
Telemetry and poWer conditioning circuitry 62 connects via 
metal interconnection traces 63, to coil 61 and signal pro 
cessing electronics 65. Lastly, a poWer supply ?ltering 
capacitor or a small battery 66 is shoWn coupled to the coil 
61. The poWer supply ?ltering capacitor or a small battery 66 
can charge itself and poWer the implant for a period of time 
should the external energiZing coil (not shoWn) be tempo 
rarily de-activated or de-coupled. 
A simpli?ed block diagram of the magnetic vector steer 

ing system is illustrated in FIG. 7. A reference poWer source 
70 is used to provide a stable clock source that generates a 
poWer carrier frequency signal. The signal from the refer 
ence poWer source 70 is fed to both amplitude control 72 and 
phase control 74 blocks. The output of the amplitude control 
block 72 is passed to a poWer ampli?er 76 in order to provide 
sufficient drive capabilities for an energiZing coil 78. The 
energiZing coil 78 then sends feedback to both the amplitude 
72 and phase 74 control blocks in order to stabiliZe the 
system. A similar con?guration is used for each of the coils 
that comprise the coil assembly. 

For the present magnetic vector steering (MVS) system, 
amplitude control ranges over a factor of ten (10), While 
phase ranges from nearly —180° to 180°. Phase shift results 
While changing the pulse Width of the driving Waveforms. 

Referring noW to FIG. 8, popular compensation tech 
niques such as those described beloW are either undesirable 
or impractical for the present invention. Altering the driver 
reference frequency Will not accommodate variations in 
resonant frequencies of all coil circuits, both eXternal and 
implanted. Tuning diodes (varactors) are undesirable, since 
they are highly non-linear over large voltage sWings and 
their biasing is impractical. Likewise, transductor-based 
compensation is also undesirable on account of similar 
non-linearity problems as Well as increased Weight, siZe, and 
poWer consumption (a strong DC current is required to alter 
a transductors inductance). 

The present invention, hoWever, stabiliZes coil currents in 
both magnitude and phase through the use of tWo feedback 
loops. One feedback path acts to compensate for magnitude 
variations through automatic gain control. The other feed 
back path nulls-out phase errors by using a delay-locked 
loop (DLL). 

Automatic gain control 82 is achieved by detecting the 
amplitude 84 of a particular energiZing coil current and 
comparing 86 it to a pre-selected value, Vm. The resulting 
error term modulates a pulse Width of a pulse-Width modu 
lator 88 (PWM), thereby changing the amplitude of the ?rst 
harmonic at its output. The pulse-Width modulator drives a 
Class-D poWer ampli?er 90, Which in turn drives a resonant 
coil netWork 92. The magnitude of the output resonant 
circuit is related to the amount of ?rst harmonic in the PWM 
poWer signal. Hence, changes in the amplitude error signal 
spur counter changes in the amplitude of the resonant coil 
netWork 92. 

With regard to the phase compensation circuit 100, a 
delayed locked-loop (DLL) corrects for phase shifts by 
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6 
comparing the phase of the reference frequency With that of 
the coil current. Phase error is used to drive a voltage 
controlled delay line (VCDL) 104, thus varying the phase of 
the PWM input signal, the poWer driver circuit, and hence, 
the resonant coil netWork phase. In this Way, changes in the 
phase error signal bring about counter changes in the reso 
nant coil netWork phase. 
As shoWn in FIG. 8, this dual-feedback system requires 

that both feedback mechanisms operate in conjunction With 
one another Without making the system unstable. This is 
because the gain compensation block 82 uses the output 
signal from the phase correction block 100 as its input 
reference frequency. 
The delay locked-loop portion of the phase control block 

100 is a familiar block seen in other delay locked-loop 
applications. It comprises a phase detector 102, a loW-pass 
?lter 106, and a voltage-controlled delay line (VCDL) 104. 
Asummation node 108 has also been added in order to alloW 
for user adjustment of the phase. 
The phase detector 102 most suitable is an XOR-type 

detector, augmented With lead/lag detection. This type of 
detector can indicate phase differences from —pi to +pi 
radians. Because the output of this detector is comprised of 
digital logic pulses of varying Width, as Well as a lead/lag bit, 
it must be used in conjunction With a loW-pass ?lter 106 that 
removes the AC component of the XOR output signal. The 
lead/lag bit controls the polarity of the gain. Under real 
circumstances, hoWever, a small ripple penetrates the loW 
pass ?lter 106, thus contributing to unmodeled error in the 
system. 
The output of the phase detector 102 and loW-pass ?lter 

106 is fed to a summation node 108, Where a phase offset 
component can be added. Such an input is desirable for 
setting the bias level of the voltage control delay line 
(VCDL) 104 that folloWs, so that VCDL operation can occur 
at its center or most linear region of operation. The voltage 
controlled delay line (VCDL) 104 delays the reference 
signal by a phase that is proportional to an input control 
voltage. 

The Magnetic Vector Steering (MVS) system described 
above is capable of poWering one or more inductively 
poWered implant devices such as, for instance, certain 
biomedical implants using a ?Xed or adaptive scheduling 
algorithm. If the total energy requirements of a set of implant 
devices can be met by an energiZing coil assembly, then a 
standard round-robin scheduling method can be employed to 
inductively poWer each implant device With the energiZing 
coil assembly dWell time on each implant device being 
proportional to its energy requirements. Another standard 
method Would be to create ?Xed energiZing coil assembly 
dWell time segments, and to allocate a number of these 
speci?c segments to each implant device. 

Adaptive scheduling may also be used to poWer the 
implant devices in cases When the energiZing coil assembly 
can not meet the poWer needs of all of the implant devices. 
If each implant device can communicate its stored energy 
status to the energiZing coil assembly, then the implant 
devices With the highest priority can be scheduled for dWell 
time on an as needed basis. Such an adaptive scheduling 
system Would be highly effective in applications for Which 
the energy requirements for individual implant devices are 
time-varying. 

Another limitation of prior art inductively poWered link 
systems is the limited bandWidth of the energiZing coils. 
Ordinarily, medium-Q to high-Q coils are resonated to 
maXimiZe coupling ef?ciency and remove undesired har 
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monics. The Q of a coil represents the resonant peak of 
circuit response. NarroWband coils, hoWever, restrict the 
communication rate of the link, due to the increase in 
response time With coil Q. For example, it can be easily 
shoWn that for the magnitude of an energizing coil current 
to settle Within 5% of its ?nal value (indicative of a complete 
bit transition in AM), it Would take a number of cycles of the 
poWer carrier roughly equal to the Q of the coil. Hence for 
a nominal energiZing coil Q of 50, ?fty poWer carrier cycles 
Would be required to register a bit transition. This response 
time can greatly reduce system throughput if inductively 
poWered devices are required to transmit information upon 
command of the external energiZing coil assembly. 

The present invention, hoWever, alloWs bit transitions to 
occur up to every half-cycle of the poWer carrier using a 
technique knoWn as Half-Cycle Amplitude Modulation 
(HCAM). This greatly decreases the time required to send 
command information to, or otherWise communicate With, 
inductively poWered devices. 

The principle behind half-cycle amplitude modulation is 
that current can be made to circulate Within all or a fractional 
number of turns of an energiZing coil or coils, thus amplitude 
modulating the magnetic ?eld. HoWever, When a portion of 
the coil is instantaneously removed or sWitched out from the 
RLC circuit, the circuit dynamics are changed. The removal 
of a coil section decreases the inductance of the circuit, 
Which in turn shifts the band-pass ?lter spectra toWard 
in?nity. As a result, the driving frequency no longer coin 
cides With the RLC resonant frequency, and changes in both 
current amplitude and phase manifest. These changes must 
also “settle” according to the band-pass characteristics of the 
RLC netWork, thus requiring a settling time. 

If, hoWever, an inductor With equivalent impedance (both 
real and imaginary) to the removed section is substituted or 
sWitched in for the removed section, the circuit dynamics 
Will remain the same. The key to the substitution (or 
sWitching) is to perform it at a strategic instant When it can 
be made undetectably. In this Way, there are no step changes 
in netWork dynamics experienced by the RLC network; 
hence, there is no time lost to transition recovery. 

The instant to sWitch the inductors Would be When the 
inductor current is Zero. This occurs tWice during a given 
cycle of the poWer carrier; hence, it becomes possible to 
transmit tWo bits of data per cycle. A nominal inductive link 
With a 1 MHZ poWer carrier frequency can support an 
in-link data transfer rate of 2 Mbps Which has not been 
achieved in prior art systems. 

To recover the poWer carrier signal, synchronous AM can 
be used. Band Width limitations of the signal-receiving coil 
can be eliminated if the coil is not resonated. The voltage 
gain experienced through resonation is irrelevant in this 
circumstance due to the inherent strength of the transmitted 
signal. 
A Class-D ampli?er is best suited for this type of 

application, since it achieves much higher poWer conversion 
ef?ciency than the most efficient linear-type ampli?ers 
(Class-C). One draWback, hoWever, of a Class-D ampli?er is 
that harmonic generation is prevalent. Fortunately, the band 
pass ?ltering performed by the resonant energiZer-output 
circuit removes most harmonic content, particularly at much 
higher frequencies, Where it is potentially detrimental due to 
con?icts With telemeter transmissions. 

Half-cycle amplitude modulation maintains the linear 
system behavior of the energiZing resonant circuits 
(comprised of an energiZing coil and associated resonating 
capacitor), While instantaneously modulating the amplitude 
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of the emanating magnetic ?eld. This is done by sWitching 
out a section of the energiZing coil, While substituting in its 
place an equivalent inductor that does not contribute mag 
netic ?eld to the link. The substitution must be accomplished 
at Zero crossings of the coil current When the inductor stored 
energy is Zero. 

A simpli?ed circuit schematic of the HCAM system is 
illustrated in FIG. 9. A square Wave voltage signal 110 is fed 
through gate drive circuitry 112 and a pair of poWer MOS 
FETs 114. The output of the poWer MOSFETs is sensed and 
passed through modulation control circuitry 116 before 
driving a resonant RLC circuit Where inductor 118 repre 
sents the energiZing coil. A secondary coil 120 is connected 
to the energiZing coil at a tap point such that the inductance 
of the secondary coil is equivalent to the tapped out portion 
of the energiZing coil. A pair of bi-lateral sWitches 122 are 
included, one connected to the energiZing coil 118 and the 
other connected to the secondary coil 120. The sWitches 122 
are also connected to the modulation control circuitry 116. 

A more detailed circuit schematic used to implement the 
HCAM concept is shoWn in FIG. 10. It comprises a sWitch 
controller (U1), MOSFET driver circuitry (U2—U4), and 
poWer MOSFETs (M1—M4) for coil driving and current 
steering. U4 is an H-bridge driver chip designed to drive 4 
n-channel poWer MOSFETs. TWo H-bridge channels are 
used to drive a half-bridge (M6 and M7) Which in-turn 
generates the square-Wave voltage Waveform for the ener 
giZing circuit. A simple TTL-level clock signal is presented 
to pin 6 of U1 for driving the output at the desired frequency. 
Each of the implemented bilateral sWitches comprise an 
n-channel and p-channel MOSFET and four diodes. The 
complementary MOSFETs are needed so that current can 
pass in either direction through the sWitch. With respect to 
the left-most sWitch (indicated by the signal “HighReturn”), 
diodes D5 and D6 act to protect MOSFETs under severe 
reverse bias conditions. Diodes D1 and D3 block current 
from passing through the reverse direction, in the case When 
a MOSFET is turned off. The “LoWReturn” sWitch operates 
in an identical manner. 

N-channel MOSFETs in the bilateral sWitches are driven 
by the tWo remaining channels of U1. In order to drive the 
p-channel devices, level shifting must be achieved, as they 
are turned-on by negative voltages. The negative driving 
voltages are generated through a MOSFET driver chip (M3) 
that is referenced to —Vss, rather than ground. Level-shifted 
control signals are generated by the multiplexers of U2 that 
convert the TTL-level inputs doWn to —Vss (loW) and 0 volts 
(high). 
The driving signals are generated by the GAL U1. When 

presented With the phase polarity of the energiZing current 
Waveform, a data bit, and a clocking signal (derived from the 
energiZing-current Waveform), the programmed ?nite-state 
matching algorithm causes the bilateral sWitch MOSFETs 
accordingly. To avoid the need for exact sWitch timing, the 
MOSFETs are sWitched during the half-cycle before they 
Will be used. For example, if a high-to-loW transition is to be 
achieved in the radiated magnetic ?eld, then sometime 
during the high, positive phase When M1 is active, M4 Will 
be turned on. Thus current is steered automatically as the 
data transitions from high to loW. Once current is ?oWing 
exclusively through M4, M1 can be turned off (unless it is 
needed for a “high” signal immediately folloWing the cur 
rent phase). 

For the ideal case of a sinusoid alternating betWeen tWo 
magnitudes (A1 and A2) every half cycle, one can obtain the 
frequency spectra according to the folloWing: 
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[6(a) + m0) — 6(a) — (00)] + 

2 _ 

n:2,4,6. .. n 1 

The equation above is comprised of three parts: a DC term, 
a ?rst harmonic term, and higher-order harmonics. One 
should note the fall-off in harmonic amplitude With respect 
to frequency is related to 1/(n2—1). Therefore, harmonic 
poWer falls-off even more rapidly as the square of this 
quantity. LoW-harmonic content of the poWer carrier signal 
at telemeter transmission frequencies is important since 
implant device transmissions could potentially go undetec 
ted due to the overpowering presence of poWer carrier 
harmonics. The higher the Q the more harmonic rejection of 
the square Wave Will occur as illustrated in the frequency 
spectra graphs of FIG. 11. 

The foregoing descriptions of MVS and HCAM are 
complementary of one another and can be integrated into a 
single system such as those for biomedical applications. In 
cardiac mapping, for instance, Magnetic Vector Steering 
(MVS) can be used to provide poWer to and communicate 
With biomedical implants placed in regions of interest about 
the heart of a patient such as ischemic or infarcted areas. 
Half-Cycle Amplitude Modulation (HCAM) can then be 
used to communicate at higher bandWidth data rates With the 
biomedical implants poWered under MVS. 

The preferred embodiment of the present invention is 
intended for biomedical applications, such as, but not lim 
ited to, cardiac mapping. It is, hoWever, suitable for any 
inductively poWered application requiring remote poWering 
of a device and/or data exchange With a remote device. As 
such, this applies to virtually any situation in Which battery 
less devices are to operate Within a restricted environment. 

In the claims, means-plus-function clauses, to the extent 
they are recited, are intended to cover the structures 
described herein as performing the recited function and not 
only structural equivalents but also equivalent structures. 
Therefore, it is to be understood that the foregoing is 
illustrative of the present invention and is not to be construed 
as limited to the speci?c embodiments disclosed, and that 
modi?cations to the disclosed embodiments, as Well as other 
embodiments, are intended to be included Within the scope 
of the appended claims. The invention is de?ned by the 
folloWing claims, With equivalents of the claims to be 
included therein. 
What is claimed is: 
1. A system for inductively poWering, controlling, and 

communicating With a plurality of biomedical implants 
comprising: 

(a) a plurality of inductively poWered biomedical implants 
positioned about a region of interest; 

(b) an external coil assembly for the purpose of directing 
a magnetic ?eld toWard an implant of interest; and 
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(c) half-cycle amplitude modulation means coupled to 

said external coil assembly for transmitting data at up 
to tWice the coil assembly poWer carrier frequency; 

Wherein said external coil assembly targets individual 
inductively poWered implants using a steerable mag 
netic vector to direct the magnetic ?eld of the energiZ 
ing coil assembly to the inductively poWered implant of 
interest. 

2. The system of claim 1 Wherein said external coil 
10 assembly comprises: 

(a) an energiZing coil for inductively poWering said 
implants; 

5 (b) magnetic ?eld sensing means coupled to said ener 
1 giZing coil for determining the strength and phase of 

said energiZing coil’s magnetic ?eld; 
(c) a pulse Width modulation phasing circuit having: 

(i) gain compensation means for maintaining a pre 
scribed current Within said energiZing coil; and 

(ii) phase compensation means for maintaining a ?xed 
phase delay betWeen said energiZing coil and a clock 
source; and 

(d) a poWer ampli?er coupled to said pulse Width modu 
lation phasing circuit for amplifying the pulse Width 
modulation phasing circuit output signal in order to 
drive said energiZing coil. 

3. The system of claim 2 Wherein one or more energiZing 
coils are linked together such that said implants may be 
arbitrarily oriented about said region of interest, and are 
poWered by said one or more energiZing coils at the same 
frequency and phase or phase :II. 

4. The system of claim 3 Wherein said half-cycle ampli 
tude modulation means comprises: 

25 

35 (a) an energiZing circuit comprised of said energiZing coil 
coupled to a resonating capacitance driven by an AC 
poWer source, Wherein said energiZing coil is tap-able; 

(b) a second inductive coil coupled to a tap point on the 
tap-able energiZing coil, said second inductive coil 
having an effective inductance equivalent to a tapped 
section of the tap-able energiZing coil; 
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(c) a ?rst bi-lateral sWitch coupled to the tap-able ener 
giZing coil; 

45 (d) a second bi-lateral sWitch coupled to the second 
inductive coil; 

(e) modulation control means coupled to said sWitches for 
current steering; and 

(f) current sensing means coupled to said modulation 
control means for detecting Zero crossings of the ener 
giZing current Waveform, such that bit transitions occur 
With every half-cycle of a poWer carrier reference 
signal When the magnetic ?eld is modulated at instants 
When the energiZing coil current is Zero. 
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