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(57) ABSTRACT 

A System for minimizing power dissipation within an 
implantable medical device through use of adiabatic logic is 
disclosed. The System includes a first and a Second Sub 
circuit of the implantable medical device. An electrical 
connection interconnects the first and the Second Sub-cir 
cuits, the electrical connection including a capacitive ele 
ment. Circuitry, which charges the capacitive element of the 
electrical connection to generate a ramp logic Signal, is 
connected to the capacitive element. The ramp logic Signal 
includes a frequency of less than 500 kilohertz, thereby 
creating a low frequency, low power System which reduces 
energy dissipation to the Surrounding environment. 
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POWER DISSIPATION REDUCTION IN MEDICAL 
DEVICES USINGADABATIC LOGIC 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application is a Continuation-In-Part applica 
tion (CIP). This application is based upon and claims 
priority from U.S. patent application Ser. No. 09/181,460 for 
“Power Consumption Reduction in Medical Devices 
Employing Multiple Digital Signal Processors,” to Thomp 
son, filed Oct. 28, 1998, hereby incorporated by reference in 
its entirety. 

THE FIELD OF THE INVENTION 

0002 The present invention relates to power consump 
tion of integrated circuit designs. Such as circuits used in 
medical devices, particularly implantable devices. More 
particularly, the present invention relates to utilizing adia 
batic logic designs to minimize power dissipation in an 
implantable medical device. 

BACKGROUND OF THE INVENTION 

0.003 Various devices require operation with low power 
consumption. For example, hand-held communication 
devices require Such low power consumption and, in par 
ticular, implantable medical devices require low power 
capabilities. Implantable medical devices, for example, 
microprocessor-based implantable cardiac devices, Such as 
implantable pacemakers and defibrillators, are required to 
operate with a lower power consumption to increase battery 
life and device longevity. 
0004 Generally, such low power devices are designed 
using complementary metal oxide Semiconductor (CMOS) 
technology. CMOS technology is generally used because 
Such technology has the characteristic of Substantially Zero 
“static' power consumption. 
0005 The power consumption of CMOS circuits consists 
generally of two power consumption factors, namely 
“dynamic' power consumption and “Static' power con 
Sumption. Static power consumption is due to current leak 
age as the quiescent current of Such circuits is Zero. Dynamic 
power consumption is the dominant factor of power con 
Sumption for CMOS technology. Dynamic power consump 
tion is basically due to the current required to charge internal 
and load capacitances during Switching, i.e., the charging. 
and discharging of Such capacitances. The dynamic power 
(P) is equal to: CVF, where C is the nodal capacitance, 
F is the clock or Switching frequency, and V is the Supply 
voltage for the CMOS circuit. As can be seen from the 
formula for calculating dynamic power (P), Such dynamic 
power consumption of CMOS circuits is proportional to the 
Square of the Supply Voltage (V). In addition, the dynamic 
power (P) is proportional to the nodal capacitance (C) and 
the Switching or clock frequency (F). 
0006. In accordance with the formula for dynamic power 
consumption, it is effective conventionally in CMOS inte 
grated circuit designs to Scale down the Supply Voltage for 
an entire device (e.g., hybrid) or integrated circuit (IC), i.e., 
operate the circuit at low Supply Voltages, to reduce power 
consumption for Such designs. For example, in the 
Medtronic SpectraX(R), circa 1979, IC circuitry is powered by 
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one LiI cell versus two cells. This reduced the Supply Voltage 
to 2.8 volts from 5.6 volts, thus reducing overhead current. 
Voltages required to be greater than 2.8 Volts are generated 
by a voltage doubler, or alternatively by a charge pump (e.g., 
output pacing pulses). Further, for example, in the 
Medtronic Symbios(R), circa 1983, the logic circuitry is 
powered by a Voltage regulator controlling the IC Supply 
Voltage to a "Sum of thresholds' Supply. This regulator 
provides a Supply to the IC (i.e., V) of Several hundred 
millivolts above the Sum of the n-channel and p-channel 
thresholds of the CMOS transistors making up the IC. This 
regulator is Self-calibrating regarding manufacturing varia 
tions of the transistor thresholds. 

0007. Other devices reduce power consumption in other 
varied manners. For example, various device designs shut 
down analog blockS and/or shut-off clocks to logic blockS 
not used at particular times, thereby reducing power. Fur 
ther, for example, microprocessor-based devices historically 
use a "burst clock” design to operate a microprocessor at a 
very high clock rate (e.g., generally 500-1000 Kilohertz 
(kHz)), for relatively short periods of time to gain the benefit 
of a "duty cycle' to reduce average current drain. A much 
lower frequency clock (e.g., generally 32 kHz) is used for 
other circuitry and/or the processor when not in the high 
clock rate mode, i.e., burst clock mode. Many known 
processor-based implanted devices utilize the burst clock 
technique. For example, implanted devices available from 
Medtronic, Vitatron, Biotronic, ELA, Intermedics, Paceset 
ters, In Control, Cordis, CPI, etc., utilize burst clock tech 
niques. A few illustrative examples which describe the use 
of a burst clock are provided in U.S. Pat. No. 4,561,442 to 
Vollmann et al., entitled “Implantable Cardiac Pacer With 
Discontinuous Microprocessor Programmable Anti Tachy 
cardia Mechanisms and Patient Data Telemetry,” issued 
Dec. 31, 1985; U.S. Pat. No. 5,022,395 to Russie, entitled 
“Implantable Cardiac Device With Dual Clock Control of 
Microprocessor,” issued Jun. 11, 1991; U.S. Pat. No. 5,388, 
578 to Yomtov et al., entitled “Improved Electrode System 
For Use With An Implantable Cardiac Patient Monitor,” 
issued Feb. 14, 1995; and U.S. Pat. No. 5,154,170 to Bennett 
et al., entitled “Optimization for Rate Responsive Cardiac 
Pacemaker, issued Oct. 13, 1992. 
0008 FIG. 1 represents a graphical illustration of energy/ 
delay versus Supply voltage for CMOS circuits such as a 
CMOS inverter 10 shown in FIG.2 for illustrative purposes. 
The inverter 10 is provided with a Supply Voltage, V, 
which is connected to the Source of a PMOS field effect 
transistor (FET) 12. PMOS FET 12 has its drain connected 
to the drain of an NMOSFET 14 whose Source is connected 
to ground. In this configuration, an input V, applied to both 
the gates of FETs 12, 14 is inverted to provide output V. 
Simply Stated, with each clock cycle or logic level change, 
the input V, is inverted and produces output V. 
0009. As shown in FIG. 1, the circuit logic delay 
increases drastically as the Supply Voltage is reduced to near 
one volt, as represented by delay line 16 and energy/delay 
line 18. AS Such, reducing of the Supply voltage (V) 
continuously to lower levels is impractical because of the 
need for higher Supply Voltages when higher frequency 
operation is required. For example, generally CMOS logic 
circuits must periodically provide functionality at a higher 
frequency, e.g., burst clock frequency. However, as the 
Supply Voltage (VDE) is decreased, Such energy consump 
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tion is reduced by the Square of the Supply voltage (V) as 
is shown by energy consumption line 20. Therefore, Speed 
requires a higher Supply Voltage (V) which is in direct 
conflict with low power consumption. 
0010. Other problems are also evident when lower supply 
voltages (V) are used for CMOS circuit designs. When a 
lower Supply Voltage is Selected, Static leakage current 
losses may arise, particularly at lower frequencies, due to 
increased Static leakage current losses. 
0.011 Various techniques for reducing power consump 
tion in devices are known in the art, Some examples of which 
may be found in the references listed in Table 1 below. 

TABLE 1. 

Patent No. Inventor Issue Date 

4,031,899 Renirie 28 June 1977 
4,460,835 Masuoka 17 July 1984 
4,561,442 Vollmann et al. 31 Dec. 1985 
4,791,318 Lewis et al. 13 Dec. 1988 
5,022,395 Russie 11 June 1991 
5,154,170 Bennett et al. 13 Oct. 1992 
5,185,535 Farbetal. O9 Feb. 1993 
5,388,578 Yomtov et al. 14 Feb. 1995 
5,610,083 Chanetal. 11 March 1997 

0012 All references listed in Table 1 herein above are 
hereby incorporated by reference in their respective entire 
ties. AS those of ordinary skill in the art will appreciate 
readily upon reading the Summary of the Invention, 
Detailed Description of the Embodiments, and claims set 
forth below, many of the devices and methods disclosed in 
the references of Table 1 and others incorporated by refer 
ence herein may be modified advantageously by using the 
teachings of the present invention. 

SUMMARY OF THE INVENTION 

0013 Various embodiments of the present invention pro 
vide Solutions to one or more problems existing in the prior 
art with respect to circuitry designs having power dissipa 
tion, particularly with respect to implantable medical 
devices. These problems include: (a) transistor circuits, 
including CMOS circuits, having a large power consump 
tion which reduces battery life; (b) the inability to minimize 
power dissipation associated with interconnections of Vari 
ous elements or circuits, utilize low voltage Supply levels 
effectively; (c) the inability to provide adequate processing 
capabilities Such as high processing capabilities including 
telemetry uplink/downlink, morphology detection, initial 
ization of devices, while Still providing low processing 
capabilities Such as Sensing intrinsic beats, pacing, and low 
Speed telemetry, with the desired power consumption; and 
(d) the inability to provide circuit designs that operate at 
lower frequencies and thus lower power consumption as 
opposed to the use of higher Speed clockS Such as burst 
clockS. 

0.014. In comparison to known techniques for reducing 
power consumption in circuit designs, various embodiments 
of the present invention may provide one or more of the 
following advantages: (a) reduced power consumption 
through the use of adiabatic logic; (b) reduced power 
consumption due to a decreased clock frequency for circuit 
designs; (c) increased longevity of circuits, particularly 
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implantable device circuitry; (d) reduced product size and 
minimization of Static leakage current losses, i.e., Static 
power consumption; and (e) multi-processor designs, DSP 
designs, and high performance processing designs with 
additional features/function opportunities due to the ability 
to reduce power dissipation associated with chip-to-chip and 
intrachip data and/or address bus signals. 
0015. Some embodiments of the invention include one or 
more of the following features: (a) an adiabatic logic design 
producing a ramp logic Signal which minimizes power 
consumption; (b) circuitry designs which utilize an internal 
capacitance of a data and/or address buS interconnecting two 
chips or interconnecting two Sub-components of a Single 
chip; (c) a low frequency circuit design which minimizes 
power dissipation while providing a logic Signal to various 
components or circuits of an implantable medical device; 
and (d) a resident design circuit which utilizes a resistor, 
inductor, capacitor configuration to minimize power dissi 
pation to a component or circuit of an implantable medical 
device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016 FIG. 1 is a graphical illustration showing energy/ 
delay versus supply voltage for CMOS circuit operation. 
0017 FIG. 2 shows a prior art CMOS inverter that is 
used as a building block in many CMOS circuit designs. 
0018 FIG. 3 is a block diagram of a just-in-time clocking 
System according to the present invention. 

0019 FIGS. 4A-4C show timing illustrations for use in 
describing the just-in-time clocking system of FIG. 3. 
0020 FIG. 5 is a block diagram illustration of a multiple 
Supply Voltage System according to the present invention. 
0021 FIG. 6 is a block diagram illustrating a variable 
Supply Voltage System according to the present invention. 
0022 FIG. 7 is a block diagram of clock controlled 
processing circuitry according to the present invention. 
0023 FIG. 8 is a diagram illustrating an implantable 
medical device in a body. 
0024 FIG. 9 is a block diagram of the circuitry of a 
pacemaker for use in illustrating one or more embodiments 
of the present invention. 
0025 FIG. 10 is a schematic block diagram of an 
implantable pacemaker/cardioverter/defibrillator (PCD) for 
use in illustrating one or more embodiments of the present 
invention. 

0026 FIG. 11 is a schematic block diagram illustrating a 
variable clock/variable Supply Voltage digital Signal process 
ing System according to the present invention. 
0027 FIG. 12 is a schematic block diagram illustrating 
an implantable medical device according to the present 
invention. 

0028 FIG. 13 is a circuit diagram illustrating an embodi 
ment of the present invention utilizing adiabatic logic for use 
within the implantable medical device. 
0029 FIGS. 14A and 14B are graphs representing volt 
age versus time for various embodiments of the present 
invention. 
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0030 FIG. 15 is a circuit diagram illustrating the 
embodiment of the present invention shown in FIG. 13 
including numerous transistors. 
0.031 FIG. 16 is a circuit diagram illustrating another 
embodiment of the present invention utilizing adiabatic 
logic within the implantable medical device. 
0.032 FIG. 17 is a circuit diagram illustrating the 
embodiment of the present invention shown in FIG. 16 
including numerous transistors. 
0.033 FIG. 18 is a circuit diagram illustrating yet another 
embodiment of the present invention utilizing adiabatic 
logic within the implantable medical device. 
0034 FIG. 19 is a graph representing voltage versus time 
for the circuit shown in FIG. 18. 

0.035 FIG. 20 is a circuit diagram illustration yet another 
embodiment of the present invention utilizing adiabatic 
logic within the implantable medical device. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0.036 The present invention shall first generally be 
described with reference to FIGS. 3-7. Thereafter, the 
present invention shall be described with reference to illus 
trative configurations of implantable medical devices shown 
in FIGS. 8-20. 

0037 FIG. 3 shows a general block diagram of a just 
in-time clock system 30. The just-in-time clock system 30 
includes an integrated circuit 32 and a clock Source 34. The 
integrated circuit 32 includes a plurality of circuits C1-Cn. 
Each circuit when operable is capable of performing one or 
more circuit functions. A function is defined as any operation 
performed on one or more inputs in a plurality of cycles 
resulting in an output. Generally, the functions performed by 
the various circuits C1-Cn are performed in a predetermined 
number of clock cycles. Clock source 34 is operable for 
providing clock signals at a plurality of clock frequencies 
generally shown as clock1-clockin. 
0.038. The circuits C1-Cn of integrated circuit 32 may 
include discrete function circuits (i.e., logic circuits for 
operating upon one or more inputs to implement a particular 
function to provide one or more outputs therefrom), Such as 
circuits operating on one input from a Sensor to provide a 
representative signal to further functional circuitry, trans 
ceiver circuitry, conversion circuitry, etc. Further, the cir 
cuits C1-Cn may be data processing circuitry capable of 
performing multiple functions under program control or 
Such circuits C1-Cn may implement firmware (Software) 
functions/routines that must complete prior to Some Suc 
ceeding event or prior to the Start of the next function. For 
example, as described further herein with respect to illus 
trative embodiments of implantable medical devices, Such 
circuits may include digital Signal processing circuits, cir 
cuitry used for telemetry uplink/downlink, morphology 
detection circuitry, arrhythmia detection circuitry, monitor 
ing circuitry, pacing circuitry, microprocessors, etc. 
0.039 The functions performed by each of the circuits 
C1-Cn are typically required to be completed in a particular 
time period prior to a next functional process being under 
taken. For example, one logic circuit may perform a function 
in a predetermined time period to provide an output required 

Jan. 16, 2003 

by another circuit, or for example, a function may need to be 
performed by processing circuitry during a particular period 
of time due to the need for other processing to be performed 
by Such processing circuitry. For example, in an implantable 
medical device, processing to complete a particular function 
may need to be performed in a portion of a particular time 
interval Such as a blanking interval, an upper rate interval, an 
escape interval, or refractory interval of a cardiac cycle, or 
further, Such as during a pulse generator/programmer hand 
Shake. 

0040 Clock source 34 may be configured in any manner 
for providing clock signals at a plurality of frequencies. 
Such a clock Source may include any number of clock 
circuits wherein each provides a single clock signal at a 
particular frequency, the clock Source 34 may include one or 
more adjustable clock circuits for providing clock signals 
over a continuous range of clock frequencies, and/or the 
clock Source 34 may include a clock circuit that is operable 
to provide clock Signals at discrete clock frequencies as 
opposed to over a continuous range. For example, the clock 
Source 34 may include oscillators, clock dividers, timers, 
clock control circuitry or any other circuit elements required 
for providing clock signaling according to the present inven 
tion. Preferably, the clock Source 34 is configured as a 
continuously oscillating low frequency clock and a control 
lable on/off higher frequency clock. 

0041) Just-in-time controllable clock operation of the 
just-in-time clocking system 30 of FIG. 3 shall be described 
with reference to FIGS. 4A-4C. As shown in FIG. 4A, time 
period (x) represents the time period in which a circuit, e.g., 
one of circuits C1-Cn, is required to complete one or more 
functions. The same time period (x) is shown in FIG. 4B. 
The time period X may be equated to any number of different 
time periods. For example, the time period may be the 
amount of time a processing circuit has to perform a 
particular detection function due to the need for a detection 
output by a certain point in time, may be a time period 
required to complete a particular function by a certain logic 
circuit So as to provide a timely output to a digital Signal 
processing circuit, may be a time period to complete a 
firmware (Software) routine, etc. Further, for example, the 
time period X may correspond to a cardiac cycle or a part 
thereof. 

0042. As shown in FIG. 4B, according to conventional 
processing, circuit functions were typically performed at a 
burst cycle frequency and, as Such, the function performed 
required a time period 60. Therefore, only a small amount of 
time (i.e., time period 60) of the entire time period X was 
used to perform the one or more functions requiring in cycles 
of time to complete. In Such a case, conventionally, Such 
burst clocks were at a Substantially high clock rate, e.g., 
500-1000 kHz, for such short periods of time to gain the 
benefit of a "duty cycle' to reduce average current drain. 
However, Such high clock rates may not be required for 
carrying out Such functions, or all functions. 
0043. With just-in-time clocking according to the present 
invention, as shown in FIG. 4A, substantially the entire time 
period X is used to perform the one or more functions, which 
are completed in n cycles. In other words, the clock fre 
quency, e.g., one of clock1-clockin, for the circuit performing 
the one or more functions during the time period X is Set Such 
that the one or more functions are completed in the maxi 
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mum time available for performing Such functions, i.e., the 
clock frequency is at its lowest possible value. In other 
words, a lower frequency clock is used Such that the one or 
more functions are performed just-in-time for other circuit 
or routine functionality to be performed. In Such a just-in 
time manner, the clock frequency used to control the per 
formance of such functions by the particular CMOS cir 
cuitry is lowered resulting in reduced power consumption by 
the CMOS circuitry, e.g., according to the calculations of 
dynamic power, the lower frequency results in proportional 
power reduction. With the lowering of the clock frequency, 
the integrated circuit 32 including the various circuits C1-Cn 
can be designed to operate at a lower frequency, e.g., as 
opposed to burst frequency, and also at various other fre 
quencies depending upon need. 

0044 Preferably, as used herein, use of the substantially 
entire predetermined period of time may result in a comple 
tion of the one or more functions being performed prior to 
the end of the time period X as is represented by remainder 
time periods 55 in FIG. 4A. This remainder time period 55, 
for example, is preferably near O Seconds. 

004.5 FIG. 4C shows an illustrative timing example for 
processing circuitry, which performs multiple functions. For 
example, the cardiac cycle of a patient is represented in FIG. 
4C as time period X. During time period 71, i.e., during a 
QRS complex of the cardiac cycle, high Speed processing is 
performed at a high clock frequency relative to a lower clock 
frequency used to control operation of the processing cir 
cuitry during time period y. During the time period y, when 
the processing circuitry is operated at a lower clock fre 
quency, Such lower clock frequency may be set Such that the 
functions performed during Z cycles are performed in Sub 
Stantially the entire maximum time period available for Such 
processing, i.e., time periody. Once again, a Small remainder 
time period 75 of the cardiac cycle time period X may exist. 
Such time period may be, for example, in the range of about 
1.0 millisecond to about 10.0 milliseconds when the cardiac 
cycle is in the range of about 400 milliseconds to about 1200 
milliseconds. 

0.046 FIG. 5 shows a general block diagram of a multiple 
Supply Voltage System 100 wherein one or more Supply 
Voltages are available and tailored for application to various 
circuits in an IC. The multiple Supply voltage system 100 
includes integrated circuit 102 and Supply Voltage Source 
106. Integrated circuit 102 includes circuits C1-Cn. Supply 
voltage source 106 is operable for providing a plurality of 
Supply Voltages V1-Vn. Each Supply Voltage from Supply 
voltage source 106 is tailored to be applied to one or more 
circuits of circuits C1-Cn. AS illustrated, Supply Voltage V1 
is applied to circuit C1, Supply Voltage V2 is applied to 
circuit C2 and C3, and so forth. 

0047 The tailoring of the Supply voltages V1-Vn to the 
particular circuits C1-Cn is dependent upon the frequency at 
which the circuits C1-Cn are required to be operated. For 
example, and as previously described, the logic delay of 
such CMOS circuits C1-Cn increases drastically as the 
Supply Voltage is reduced to near 1 volt. If Such logic delay 
is tolerable, the Supply Voltage provided to a particular 
circuit will drastically reduce the power consumption for 
that particular circuit as the energy is reduced in proportion 
to the Square of the Supply Voltage (V). However, if Such 
logic delay is not tolerable, for example, if the logic circuit 
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performs a function that must be completed within a par 
ticular period of time, the reduction of the Supply Voltage 
(V) applied to Such a circuit will be limited depending 
upon the acceptable logic delay. However, the Supply Volt 
age V for any particular circuit can be reduced as low as 
possible yet meet adequate Speed requirements. 

0048. The integrated circuit 102 may include various 
different circuits C1-Cn like those described with reference 
to FIG. 3. The supply voltage source 106 may be imple 
mented using a variety of components and may include any 
number of Voltage Sources wherein each provides a Single 
Supply Voltage level, may include one or more adjustable 
Voltage Sources for providing Supply Voltage levels over a 
continuous range of levels, and/or may include a Voltage 
Source that is operable to provide discrete Supply Voltage 
levels as opposed to levels over a continuous range. The 
Supply Voltage Source may include a Voltage divider, a 
Voltage regulator, a charge pump, or any other elements for 
providing the Supply voltages V1-Vn. Preferably, the supply 
Voltage Source 106 is configured as a charge pump. 

0049 Conventionally, the supply voltage (V) is gen 
erally in the range of about 3 volts to about 6 volts. 
Preferably, in accordance with the present invention, the 
supply voltages V1-Vn are in the range of about 1 volt to 
about 3 volts dependant upon the CMOS technology used. 

0050. With reduction in supply voltage (V), the thresh 
old Voltage (V) for the circuits is also reduced. For 
example, with Supply Voltages in the range of about 3 to 
about 6 volts, the threshold voltage for CMOS devices is 
generally in the range of about 0.8 volts to about 1.0 volt. 
Preferably, in implantable medical devices, lithium chemis 
tries are utilized for implantable batteries. Such lithium 
chemistries are generally in the range of about 2.8 volts to 
about 3.3 volts and generally the CMOS circuitry has an 
associated threshold voltage of about 0.75. By reducing the 
supply voltages below 2.8, the voltage thresholds for CMOS 
devices may be decreased to as low as about 0.2 volts to 
about 0.3 volts. Currently, there are various ultra low power 
logic designs operating at a Supply Voltage as low as about 
1.1, e.g., Such as logic designs for microprocessors for a 
laptop and other portable product designs. By utilizing the 
tailored supply voltages V1-Vn, low power or ultra low 
power logic designs may be used for at least Some of the 
various circuits C1-Cn of integrated circuit 102. Other 
circuits may require Supply Voltages of a higher nature. With 
use of lower threshold levels due to lower Supply Voltages, 
Static power consumption losses undesirably increase by 
Several orders of magnitude. 
0051. Therefore, multiple Supply voltage system 100 may 
further optionally include back gate bias source 130 for 
providing back gate bias voltages BV1-BVn to circuits 
C1-Cn of integrated circuit 102. Generally, the back gate 
bias voltages BV1-BVn are dependent upon the supply 
voltage V1-Vn applied to the circuits C1-Cn to adjust the 
threshold voltages for devices of circuits C1-Cn. For 
example, the threshold voltage (V) for the CMOS devices 
of the circuit may be at a lower value by providing a back 
gate bias Voltage to the particular circuits Supplied with the 
lower Supply Voltage. Further, for example, if circuit C1 is 
Supplied with a lower Supply Voltage V1, then a back gate 
bias voltage BV1 may optionally be applied to circuit C1 to 
adjust the threshold voltage (V) for the CMOS devices to 
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a higher threshold voltage (V) value. In this manner, Static 
leakage current losses can be minimized because the equiva 
lent higher threshold Voltage has been restored. Further, a 
broader range of Supply Voltages is possible because the 
back gate adjustment allows a tailoring of the threshold 
allowing high/low Speed operation and eliminating the Static 
current drain leakage. 
0.052 The back gate bias voltage may be provided by, for 
example, a fixed Voltage Source (i.e., a charge pump) con 
nected to the back gate well via a contact. Alternatively, an 
active body bias Scheme whereby the Voltage Source is 
Selectable or adjustable over an appropriate range may be 
used. 

0.053 Back gate voltages may be applied in any known 
manner. For example, the application of back gate bias 
Voltages is described in various patent references including 
U.S. Pat. No. 4,791,318 to Lewis et al., U.S. Pat. No. 
4,460,835 to Masuoka, U.S. Pat. No. 5,610,083 to Chan et 
al., and U.S. Pat. No. 5,185.535 to Farb et al., all incorpo 
rated by reference herein in their respective entireties. 
0.054 FIG. 6 shows a general block diagram of a variable 
Supply Voltage/variable clock System 150 according to the 
present invention. The system 150 includes integrated cir 
cuit 152, clock source 156, Supply voltage source 154, and 
clock/Supply Voltage interface 155. Supply Voltage Source 
154 is operable for providing a plurality of Supply Voltages 
V1-Vn to a plurality of circuits C1-Cn of integrated circuit 
152. Further, the clock source 156 of system 150 is operable 
for providing clock signals at a plurality of frequencies, 
clock1-clockin. The circuits C1-Cn are of a similar nature to 
those described with reference to FIG. 3, the clock Source 
156 is similar to the clock Source 34 as described with 
reference to FIG. 3, and the Supply voltage source 154 is 
similar to the Supply voltage source 106 as described with 
reference to FIG. 5. However, in the variable supply volt 
age/variable clock system 150, a clock/voltage interface 155 
is used to adjust the Supply Voltages V1-Vn applied to the 
circuits C1-Cn “on the fly” as required by specific timing 
functions required by the circuits C1-Cn. 
0.055 As an illustrative example, circuit C1 may be a 
particular logic circuit for performing one or more particular 
functions. However, Such functions may be required to be 
performed in a first time period at a first clock frequency and 
during a different Second time period at a Second clock 
frequency to perform Such function within the allowed time 
of the respective first and Second time periods. In other 
words, one time period is shorter than the other and, as Such, 
the functions which require performance over a certain 
number of cycles must be performed at a higher clock 
frequency if it is to be completed within a time period that 
is shorter than another time period. In Such an example, 
according to the present invention, clock/voltage interface 
155 detects the clock signal applied to circuit C1 during the 
first time period in which the higher frequency clock signal 
is used and accordingly provides Supply Voltage Source 154 
with a signal to Select and apply a certain Supply Voltage 
corresponding to the higher clock frequency. Thereafter, 
when the lower clock frequency is applied to circuit C1 
during the Second time period, clock/voltage interface 155 
Senses the use of the lower clock frequency and applies a 
Signal to Voltage Supply Source 154 for application of a 
certain Supply Voltage corresponding to the lower clock 
frequency for application to circuit C1. 
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0056 Further, for example, circuit C2 may be a CMOS 
processor, which may also have clock frequency and corre 
sponding Supply Voltage adjustments made “on the fly.” 
Such a System will be readily apparent from the discussion 
to follow with reference to FIG. 7. 

0057 FIG. 7 shows a general block diagram of a clock 
controlled processing System 200 according to the present 
invention. The clock controlled processing system 200 
includes processor 202 (e.g., a CMOS microprocessor or 
CMOS digital signal processor), clock Source 204, Supply 
Voltage Source 206, Voltage regulator 212, regulator inter 
face 210, clock control 208, and optional back gate bias 
Source 214. In a manner similar to that described with 
reference to FIG. 6, the supply voltage 206 applied to 
processor 202 is changed “on the fly as required by Specific 
circuit timing requirements. 

0058 Generally, the processor 202 is operated under 
control of clock Source 204. Depending upon the processing 
capability required, clock Source 204 might operate proces 
Sor 202 at any one of a plurality of clock frequencies. Such 
clock frequencies will be selected under the control of clock 
control 208. Clock control 208 may be part of any timing 
and control hardware and/or timing and control Software 
used to control operation of processor 202 as part of a larger 
System. For example, Such clock control may take the form 
of a digital controller/timer circuit for performing timing 
control of an implantable medical device. 

0059) Processor 202 may perform any number of func 
tions as appropriate for the device in which it is used. High 
frequency processing capabilities (i.e., about 250 kHz to 
about 10 MHz), low frequency processing capabilities (i.e., 
about 1 Hz to about 32 kHz), and processing capabilities 
with regard to frequencies between Such limits are contem 
plated according to the present invention. For Simplicity 
purposes, clock control processing System 200 operation 
shall be described with reference to processor 202 perform 
ing only two different functions, each during a predeter 
mined respective period of time. For example, with respect 
to an implantable medical device Such as a pacemaker, 
during the first period of time, a high processing function 
requiring a relatively high clock frequency may include a 
function Such as telemetry uplink/downlink, morphology 
detection, initialization, arrhythmia detection, far-field 
R-wave detection, EMI detection, retrograde conduction, 
etc. On the other hand, low frequency processing functions 
may include a function Such as Sensing intrinsic beats, 
pacing, low Speed telemetry, transtelephonic data transfer, 
remote monitoring, battery checks, etc. 
0060. When processor 202 during a predetermined time 
is to perform high frequency processing functions, a rela 
tively high clock frequency, e.g., 250 kHz to 10 MHz, may 
be Supplied by clock Source 204 for operation of processor 
202. Regulator interface 210 will detect the higher clock 
frequency applied to processor 202 for operation during the 
high processing function and apply a control Signal to 
Voltage regulator 212 for regulation of the Supply Voltage 
Source 206. Supply voltage source 206 is operable under 
control of Voltage regulator 212 to provide a Supply Voltage 
within a predetermined range, preferably between about 1.1 
volts and about 3 volts. When a high clock frequency is used 
for operation of processor 202 for high frequency processing 
functions, Supply Voltage Source 206 generally applies a 
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Supply Voltage in the upper range of the preferred Supply 
voltages to the CMOS devices of processor 202. 
0061. On the other hand, when processor 202 is to 
execute low frequency processing functions during the pre 
determined periods of time, clock control 208 signals clock 
Source 204 to apply a lower frequency for operation of 
processor 202. As such, regulator interface 210 detects the 
lower frequency being used to operate processor 202 and 
issues a control Signal to Voltage regulator 212 for regulation 
of Supply Voltage Source 206 Such that a lower Supply 
Voltage in the lower end of the preferred range of Supply 
voltages is applied to the CMOS devices of processor 202. 
0.062. It will be recognized by one skilled in the art that 
any intermediate processing capability may be achieved 
between the higher frequency and the lower frequency 
capabilities described above and that the present invention is 
in no manner limited to processing at only two clock 
frequencies and at two corresponding Supply Voltages. 
Rather, multiple levels of processing capability can be 
achieved according to the present invention with asSociated 
clock frequencies and corresponding Supply Voltages being 
applied to processor 202. 

0063 FIG. 4C illustrates one embodiment of the clock 
control processing System 200. AS shown therein, during the 
overall cardiac cycle of predetermined time period X, a high 
frequency is used for controlling operation of processor 202 
during time period 71 of the cardiac cycle time period X, e.g., 
during processing of the QRS complex. Thereafter, a lower 
clock frequency is used during time period y for controlling 
operation of processor 202 to perform any of a number of 
other different functions, Such as cardiac event/EMI differ 
entiation functions. During operation of the processor 202 at 
the higher clock frequency during time period 71, a higher 
Supply Voltage from Supply Voltage Source 206 is applied to 
the CMOS devices of processor 202. Likewise, during 
operation of the processor 202 at the relatively lower clock 
frequency, a lower Supply Voltage from Supply Voltage 
Source 206 is applied to the CMOS devices of processor 202 
during time period y of the overall cardiac cycle time period 
X. 

0064. Further, as shown in FIG. 7, an optional back gate 
bias 214 may be used to dynamically adjust the threshold 
voltage (V) of CMOS devices of processor 202 as a 
function of the clock frequency applied to processor 202 by 
clock source 204. The regulator interface 210 detects the 
clock frequency used to control operation of processor 202 
and controls the voltage level of back gate bias 214 to be 
applied to the CMOS devices of processor 202. The dynamic 
adjustment of the threshold Voltage may be implemented as 
an adjustable or Selectable Voltage Source utilizing, for 
example, a charge pump and a regulator. The back gate 
Voltage and the “normal” gate Voltage provide a gate bias or 
Voltage to the transistor. By adjusting the back gate Voltage, 
the "apparent Voltage is increased with a resultant reduction 
in leakage current. 
0065 FIG. 8 is a simplified diagram of an implantable 
medical device 260 for which the present invention is useful. 
The implantable device 260 is implanted in a body 250 near 
a human heart 264. The implanted medical device is con 
nected to the heart by leads 262. In the case where the device 
260 is a pacemaker, leads 262 are pacing and Sensing leads 
to Sense electrical Signals attendant to the depolarization and 
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repolarization of the heart 264 and provide pacing pulses in 
the vicinity of the distal ends thereof. Implantable medical 
device 260 may be any implantable cardiac pacemaker Such 
as those disclosed in U.S. Pat. No. 5,158,078 to Bennett et 
al., U.S. Pat. No. 5,312,453 to Shelton et al., or U.S. Pat. No. 
5,144,949 to Olson, all hereby incorporated herein by ref 
erence in their respective entireties and which can all be 
modified according to the present invention. 
0066 Implantable medical device 260 may also be a 
pacemaker/cardioverter/defibrillator (PCD) corresponding 
to any of the various commercially-available implantable 
PCDs, one of which is summarily described herein with 
reference to FIG. 10 and described in detail in U.S. Pat. No. 
5,447,519. In addition to the PCD described in U.S. Pat. No. 
5,447,519, the present invention may be practiced in con 
junction with PCDs such as those disclosed in U.S. Pat. No. 
5,545,186 to Olson et al., U.S. Pat. No. 5,354,316 to Keimel, 
U.S. Pat. No. 5,314,430 to Bardy, U.S. Pat. No. 5,131,388 to 
Pless, or U.S. Pat. No. 4,821,723 to Baker et al., all hereby 
incorporated herein by reference in their respective entire 
ties. Those devices may be employed using the present 
invention in that Such devices may employ or be modified 
with circuitry and/or Systems according to the present inven 
tion. 

0067. Alternatively, implantable medical device 260 may 
be an implantable nerve Stimulator or muscle Stimulator 
Such as those disclosed in U.S. Pat. No. 5,199,428 to Obel 
et al., U.S. Pat. No. 5,207,218 to Carpentier et al., or U.S. 
Pat. No. 5,330,507 to Schwartz, or an implantable monitor 
ing device such as that disclosed in U.S. Pat. No. 5,331,966 
issued to Bennet et al., all of which are hereby incorporated 
by reference herein in their respective entireties. The present 
invention is believed to find wide application to any form of 
electrical device which uses CMOS circuit design and is 
believed to be particularly advantageous where low power is 
desired, particularly in implantable medical devices. 
0068. In general, the implantable medical device 260 
includes a hermetically-Sealed enclosure that includes an 
electrochemical cell such as a lithium battery, CMOS cir 
cuitry that controls device operations, and a telemetry trans 
ceiver antenna and circuit that receives downlinked telem 
etry commands from and transmits Stored data in a telemetry 
uplink to an external programmer. The circuitry may be 
implemented in discrete logic and/or may include a micro 
computer-based System with A/D conversion. 

0069. It is to be understood that the present invention is 
not limited in Scope to particular electronic features and 
operations of particular implantable medical devices and 
that the present invention may be useful in conjunction with 
various implantable devices. Further, the present invention 
is not limited in Scope to implantable medical devices 
including only a single processor but may be applicable to 
multiple-processor devices as well. 
0070 FIG. 9 shows a block diagram illustrating the 
components of a pacemaker device 300 in accordance with 
one embodiment of the present invention. Pacemaker device 
300 has a microprocessor-based architecture. However, the 
illustrative pacemaker device 300 of FIG. 9 is only one 
exemplary embodiment of such devices and it will be 
understood that it could be implemented in any logic-based, 
custom integrated circuit architecture, if desired, as can any 
microprocessor-based System. 
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0071. In the illustrative embodiment shown in FIG.9, the 
pacemaker device 300 is most preferably programmable by 
means of an external programming unit (not shown in the 
figures). One Such programmer Suitable for the purposes of 
the present invention is the commercially available 
Medtronic Model 9790 programmer. The programmer is a 
microprocessor-based device which provides a Series of 
encoded signals to pacemaker device 300 by means of a 
programming head which transmits radio frequency (RF) 
encoded signals to antenna 334 of pacemaker device 300 
according to a telemetry System Such as, for example, that 
described in U.S. Pat. No. 5,127,404 to Wyborny et al., the 
disclosure of which is hereby incorporated by reference 
herein in its entirety. It is to be understood, however, that any 
programming methodology may be employed So long as the 
desired information is transmitted to and from the pace 
maker. 

0072 Pacemaker device 300 illustratively shown in FIG. 
9 is electrically coupled to the patient's heart 264 by leads 
302. Lead 302a including electrode 306 is coupled to a node 
310 in the circuitry of pacemaker device 300 through input 
capacitor 308. Lead 302b is coupled to pressure circuitry 
354 of input/output circuit 312 to provide a pressure signal 
from sensor 309 to the circuit 354. The pressure signal is 
used to ascertain metabolic requirements and/or cardiac 
output of a patient. Further, activity Sensor 351, Such as a 
piezoceramic accelerometer, provides a Sensor output to 
activity circuit 352 of input/output circuit 312. The sensor 
output varies as a function of a measured parameter that 
relates to metabolic requirements of a patient. Input/output 
circuit 312 contains circuits for interfacing to heart 264, to 
activity sensor 351, to antenna 334, to pressure sensor 309 
and circuits for application of Stimulating pulses to heart 264 
to control its rate as a function thereof under control of 
Software-implemented algorithms in microcomputer unit 
314. 

0.073 Microcomputer unit 314 preferably comprises on 
board circuit 316 that includes microprocessor 320, system 
clock circuit 322, and on-board random access memory 
(RAM) 324 and read only memory (ROM) 326. In this 
illustrative embodiment, off-board circuit 328 comprises a 
RAM/ROM unit. On-board circuit 316 and off-board circuit 
328 are each coupled by a communication bus 330 to digital 
controller/timer circuit 332. 

0.074 According to the present invention, the circuits 
shown in FIG. 9 are powered by an appropriate supply 
voltage Source 301 (e.g., a voltage Source generally shown 
in FIGS. 1-7). For the sake of clarity, the coupling of Supply 
Voltage Source 301 to various circuits of pacemaker device 
300 is not shown in the figures. Further, the circuits operable 
under control of a clock signal shown in FIG. 9 are operated 
according to the present invention under clock Source 338. 
For the Sake of clarity, the coupling of Such clock signals 
from the clock Source 338 (e.g., a clock Source generally 
shown in FIGS. 1-7) to such CMOS circuits of the pace 
maker device 300 is not shown in the figures. 
0075 Antenna 334 is connected to input/output circuit 
312 to permit uplink/downlink telemetry through RF trans 
mitter and receiver unit 336. Unit 336 may correspond to the 
telemetry and program logic disclosed in U.S. Pat. No. 
4,556,063 issued to Thompson et al., hereby incorporated by 
reference herein in its entirety, or to that disclosed in the 
above-referenced Wyborny et al. patent. 
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0076 V and bias circuit 340 generates a stable voltage 
reference and bias currents for circuits of input/output circuit 
312. Analog-to-digital converter (ADC) and multiplexer unit 
342 digitize analog signals and Voltages to provide “real 
time' telemetry intracardiac Signals and battery end-of-life 
(EOL) replacement function. A power on reset circuit 341 
functions as a means to reset circuitry. 
0077 Operating commands for controlling the timing of 
pacemaker device 300 are coupled by bus 330 to digital 
controller/timer circuit 332, where digital timers and 
counters establish the overall escape interval of the pace 
maker device 300 as well as various refractory, blanking, 
and other timing windows for controlling the operation of 
the peripheral components disposed within input/output 
circuit 312. 

0078 Digital controller/timer circuit 332 is preferably 
coupled to sense circuitry 345 and to electrogram (EGM) 
amplifier 348 for receiving amplified and processed signals 
sensed by electrode 306 disposed on lead 302a. Such signals 
are representative of the electrical activity of the patient's 
heart 264. Sense amplifier 346 of circuitry 345 amplifies 
Sensed electrocardiac signals and provides an amplified 
Signal to peak Sense and threshold measurement circuitry 
347. Circuit 347 in turn provides an indication of peak 
Sensed Voltages and measured Sense amplifier threshold 
voltages on path 357 to digital controller/timer circuit 332. 
An amplified Sense amplifier Signal is also provided to 
comparator/threshold detector 349. Sense amplifier 346 may 
correspond to that disclosed in U.S. Pat. No. 4,379,459 to 
Stein, which is hereby incorporated by reference herein in its 
entirety. 
0079 The electrogram signal provided by EGM amplifier 
348 is employed when the implanted device 300 is being 
interrogated by an external programmer (not shown) to 
transmit by uplink telemetry a representation of an analog 
electrogram of the patient's electrical heart activity. Such 
functionality is, for example, shown in U.S. Pat. No. 4,556, 
063 to Thompson et al., previously incorporated by refer 
CCC. 

0080) Output pulse generator and amplifier 350 provides 
pacing Stimuli to the patient's heart 264 through coupling 
capacitor 305 and electrode 306 in response to a pacing 
trigger Signal provided by digital controller/timer circuit 
332. Output amplifier 350 may correspond generally to the 
output amplifier disclosed in U.S. Pat. No. 4,476,868 to 
Thompson, also incorporated by reference herein in its 
entirety. The circuits of FIG. 9 which are CMOS circuitry 
capable of operation according to the present invention 
include processor 320, digital controller timer circuit 332, 
RAM 324, ROM 326, RAM/ROM unit 328 and ADC/Mux 
342. 

0081 FIG. 10 is a functional schematic diagram from 
U.S. Pat. No. 5,447,519 to Peterson, which shows an 
implantable PCD 400 in which the present invention may 
usefully be practiced. This diagram is an illustration to be 
taken only as an exemplary type of device in which the 
invention may be embodied, and not as limiting to the Scope 
of the present invention. Other implantable medical devices 
as previously described having functional organizations 
wherein the present invention may be useful may also be 
modified in accordance with the present invention. For 
example, the present invention is also believed to be useful 
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in conjunction with implantable PCDs as disclosed in prior 
U.S. Pat. No. 4,548,209 to Wielders et al., U.S. Pat. No. 
4,693,253 to Adams et al.; U.S. Pat. No. 4,830.006 to 
Halluska et al.; and U.S. Pat. No. 4,949,730 to Pless et al.; all 
of which are incorporated herein by reference in their 
entireties. 

0082) The illustrative PCD device 400 is provided with 
six electrodes 401, 402, 404, 406, 408, and 410. For 
example, electrodes 401 and 402 may be a pair of closely 
Spaced electrodes positioned in the Ventricle of the heart 
264. Electrode 404 may correspond to a remote, indifferent 
electrode located on the housing of the implantable PCD 
400. Electrodes 406, 408, and 410 may correspond to large 
Surface area defibrillation electrodes located on leads to the 
heart 264 or epicardial electrodes. 
0083) Electrodes 401 and 402 are shown as hard-wired to 
the near field (i.e., narrowly spaced electrodes) R-wave 
detector circuit 419 comprising band pass filtered amplifier 
414, auto threshold circuit 416 (for providing an adjustable 
Sensing threshold as a function of the measured R-wave 
amplitude), and comparator 418. A Rout signal 464 is 
generated whenever the Signal Sensed between electrodes 
401 and 402 exceeds a sensing threshold defined by auto 
threshold circuit 416. Further, the gain on amplifier 414 is 
adjusted by pacer timer and control circuitry 420. The sense 
Signal, for example, is used to Set the timing windows and 
to align Successive waveshape data for morphology detec 
tion purposes. For example, the Sense event Signal 464 may 
be routed through the pacer/timer control circuit 420 on bus 
440 to processor 424 and may act as an interrupt for the 
processor 424 Such that a particular routine of operations, 
e.g., morphology detection, discrimination functions, is 
commenced by processor 424. 
0084 Switch matrix 412 is used to select available elec 
trodes under control of processor 424 via data/address bus 
440 Such that the selection includes two electrodes 
employed as a far field electrode pair (i.e., widely spaced 
electrodes) in conjunction with a tachycardia/fibrillation 
discrimination function (e.g., a function to discriminate 
between tachycardia, i.e., an abnormally fast heart rate, and 
fibrillation, i.e., uncoordinated and irregular heartbeats, So as 
to apply an appropriate therapy). Far field EGM signals from 
the Selected electrodes are passed through band pass ampli 
fier 434 and into multiplexer 432, where they are converted 
to digital data Signals by analog to digital converter (ADC) 
430 for storage in random access memory 426 under control 
of direct memory access circuitry 428. For example, a Series 
of EGM complexes for several seconds may be performed. 
0085. According to the present invention, the circuits 
shown in FIG. 10 are powered by an appropriate supply 
voltage Source 490 (e.g., a voltage Source generally shown 
in FIGS. 1-7). For the sake of clarity, the coupling of Supply 
voltage source 490 to various circuits of the PCD device 400 
is not shown in the figures. Further, the circuits operable 
under control of a clock signal shown in FIG. 10 are 
operated according to the present invention under clock 
Source 491. For the sake of clarity, the coupling of Such 
clock signals from the clock Source 491 (e.g., a clock Source 
generally shown in FIGS. 1-7) to such CMOS circuits of the 
PCD device 400 is not shown in the figures. 
0.086 The occurrence of an R-wave sense event or detect 
Signal Rout 464 is communicated to processor 424 to initiate 
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morphology analysis on waveforms by processor 424 for use 
in selection of a therapy for heart 264. For example, the 
processor may calculate the cumulative beat-to-beat vari 
ability of heart 264, time intervals Separating R-wave Sense 
events, and various other functions as Set out in numerous 
references including any of the references already listed 
herein and various other references with regard to implant 
able PCDS. 

0087. Other portions of the PCD device 400 of FIG. 10 
are dedicated to the provision of cardiac pacing, cardiover 
Sion, and defibrillation therapies. With regard to cardiac 
pacing, the pacer timing/control circuit 420 includes pro 
grammable digital counters which control the basic timing 
intervals associated with cardiac pacing, including the pac 
ing escape intervals, the refractory periods during which 
Sensed R-waves are ineffective to restart timing of escape 
intervals, etc. The durations of Such intervals are typically 
determined by processor 424 and communicated to pacer 
timer/control circuit 420 via address/data bus 440. Further, 
under control of processor 424, pacer timing/control circuit 
also determines the amplitude of Such cardiac pacing pulses 
and pace out circuit 421 provides Such pulses to the heart. 
0088. In the event that a tachyarrhythmia (i.e., tachycar 
dia) is detected, and an anti-tachyarrhythmia pacing therapy 
is desired, appropriate timing intervals for controlling gen 
eration of anti-tachycardia pacing therapies are loaded from 
processor 424 into pacer timing and control circuitry 420. 
Similarly, in the event that generation of a cardioversion or 
defibrillation pulse is required, processor 424 employs the 
counters and timing and control circuitry 420 to control 
timing of Such cardioversion and defibrillation pulses. 
0089. In response to detection of fibrillation or a tachy 
cardia requiring a cardioversion pulse, processor 424 acti 
vates cardioversion/defibrillation control circuitry 454, 
which initiates charging of the high Voltage capacitorS 456, 
458, 460 and 462 via charging circuit 450 under control of 
high voltage charging line 452. Thereafter, delivery of the 
timing of the defibrillation or cardioversion pulse is con 
trolled by pacer timing/control circuitry 420. Various 
embodiments of an appropriate System for delivering and 
Synchronization of cardioversion and defibrillation pulses, 
and controlling the timing functions related to them is 
disclosed in more detail in U.S. Pat. No. 5,188,105 to 
Keimel, which is incorporated herein by reference in its 
entirety. Other Such circuitry for controlling the timing and 
generation of cardioversion and defibrillation pulses is dis 
closed in U.S. Pat. No. 4,384,585 to Zipes, U.S. Pat. No. 
4,949,719 to Pless et al., and in U.S. Pat. No. 4,375,817 to 
Engle et al., all incorporated herein by reference in their 
entireties. Further, known circuitry for controlling the timing 
and generation of anti-tachycardia pacing pulses is described 
in U.S. Pat. No. 4,577,633 to Berkovits et al., U.S. Pat. No. 
4,880,005 to Pless et al., U.S. Pat. No. 4,726,380 to Voll 
mann et al., and U.S. Pat. No. 4,587,970 to Holley et al., all 
of which are incorporated herein by reference in their 
entireties. 

0090 Selection of a particular electrode configuration for 
delivery of the cardioversion or defibrillation pulses is 
controlled via output circuit 448 under control of cardiover 
Sion/defibrillation control circuit 454 via control bus 446. 
Output circuit 448 determines which of the high voltage 
electrodes 406, 408 and 410 will be employed in delivering 
the defibrillation or cardioversion pulse regimen. 
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0091. The components of the PCD device 400 of FIG. 10 
which are CMOS circuitry capable of operation according to 
the present invention include processor 424, control circuits 
420 and 454, RAM 426, DMA 428, ADC 430, and multi 
plexer 432. 

0092 According to the present invention, the pacemaker 
device 300 illustrated in FIG. 9 and the PCD device 400 
illustrated in FIG. 10 may both be implemented in accor 
dance with the generalized embodiments previously 
described herein with reference to FIGS. 1-7. First, for 
example, with respect to the pacemaker device 300 of FIG. 
9, the voltage supply source 301 of the pacemaker device 
300 may be implemented in a manner previously described 
with reference to FIGS. 1-7 and, likewise, clock source 338 
of pacemaker device 300 may be implemented in such a 
manner as described with reference to FIGS. 1-7. Likewise, 
clock Source 491 of the PCD device 400 of FIG. 10 and the 
voltage supply source 490 of the PCD device 400 of FIG. 
10 may be implemented in accordance with the generalized 
embodiments previously described herein with reference to 
FIGS 1-7. 

0093. As one illustrative example, the ADC/mux 342, the 
RF transmitter/receiver 336, digital controller timer circuit 
332, and various other CMOS circuits may be individually 
operated at different clock frequencies available from clock 
Source 338. Likewise, Such circuits may be operated at 
corresponding Supply Voltages, which may be different for 
each of the circuits. Further, for example, RF transmitter/ 
receiver 336 may be operated during a particular time period 
(e.g., when uplinking) at a particular clock frequency avail 
able from clock Source 338 and at a particular Supply Voltage 
available from Voltage Supply Source 301 corresponding to 
the particular clock frequency. On the other hand, during a 
different time period (e.g., during downlink), the circuit 336 
may be operated at a completely different clock frequency 
and Supply Voltage. Automatic adjustment of telemetry 
parameters under certain circumstances is described in U.S. 
Pat. No. 5,683,432 to Goedeke et al. 

0094) Further, with respect to FIG. 10, A/D converter 
circuit 430, cardioverter/defibrillator control circuit 454, and 
various other circuits Such as RAM 426, DMA 428, and 
multiplexer 432 may also be operated at different clock 
frequencies available from clock source 491 and at different 
corresponding Supply Voltages available from Supply Volt 
age source 490. Further, a telemetry circuit (not shown) may 
be used with the PDA of FIG. 10 and may also be operated 
at different clock frequencies available from clock Source 
491 and at different corresponding Supply Voltages available 
from supply voltage source 490. In addition, processor 424 
may be operated at different clock Speeds depending upon 
the function being performed by the processor 424, Such as 
described with reference to FIG. 7 herein. For example, 
morphology detection Sensing at typical physiologic rates 
(i.e., 50 to 150 BPM) may be performed at a first clock 
frequency and corresponding Supply Voltage while arrhyth 
mia detection may be performed at a different clock fre 
quency and corresponding Supply Voltage. 

0.095 FIG. 11 shows a variable clock/variable supply 
Voltage digital Signal processing System 500 which may be 
used in conjunction with and/or in the alternative to certain 
circuits shown in FIGS. 9 and 10. For example, the digital 
signal processing system 500 according to FIG. 11 may be 
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used in place of activity circuit 352, pressure circuit 354, 
sense amplifier circuit 346 (for P-wave, R-wave- and/or 
T-wave sense amplifiers), and further may be provided with 
additional functionality with use of a pseudo EKG signal 
502. Generally, any number of analog signals 499, for 
example, Such as pseudo EKG signals 502, activity Sensor 
signal 503 and pressure and onset sensor signal 504, are 
provided through respective amplifiers 505-507. The ampli 
fied signals are presented to multiplexer 510 which provides 
them to analog to digital converter (ADC) 516 in a cycled 
fashion. The signals 502-504 can be cycled at different rates 
by cycling through the outputs of the Several amplifierS/ 
preamplifiers 505-507 Such as described in pending U.S. 
patent application Ser. No. 08/801,335, Medtronic Docket 
No. P4521, entitled “Method for Compressing Digitized 
Cardiac Signals Combining LOSSleSS Compression and Non 
linear Sampling,” which describes variable compression via 
ADC Sampling and which is incorporated herein by refer 
ence in its entirety. The ADC may also have variable 
conversion rates as described in U.S. Pat. No. 5,263.486 and 
U.S. Pat. No. 5,312,446 which are also incorporated herein 
by reference in their entireties. 
0096. Input/output interface 514 and program registers 
512 are utilized under control of a timing circuit (not shown) 
to control application of the analog signals from multiplexer 
510 to ADC 516 which provides such converted digital 
signals to digital filter 518 to provide a waveform for 
analysis to waveform analysis processor 520 (i.e., a digital 
signal processor (DSP)). To reduce power, the waveform 
analysis processor 520 is clocked at different speeds, i.e., 
controlled “on the fly, according to the present invention, 
depending upon the processing needs. For example, only 
during a QRS complex will the waveform analysis processor 
520 be in a high Speed processing mode at a relatively high 
frequency, while during the remainder of the cardiac cycle 
the processor 520 may be “idling along” at a much lower 
clock frequency. Such a processing cycle has been previ 
ously described with reference to FIG. 4C. In addition to the 
lower clock speed utilized for different portions of the 
cardiac cycle, one skilled in the art will recognize that in 
accordance with the other aspects of the present invention, 
as the speed is reduced, the Supply Voltage level (V) may 
also be reduced accordingly. Thus, reduced power consump 
tion is attained as previously described. 
0097 FIG. 12 is a schematic block diagram illustrating 
implantable medical device 600 according to the present 
invention. Implantable medical device 600 further includes 
integrated circuit 602, integrated circuit 604, sensors 606, 
and output integrated circuit 608. Integrated circuit 602 
further includes memory 610, microprocessor 612, clock 
614, timer 616, miscellaneous logic 618, digital signal 
processors 620A-620E, analog-to-digital converters 622, 
and analog circuitry 624. Integrated circuit 604 further 
comprises memory 628, microprocessor 630, clock 632, 
timer 634, and miscellaneous logic 636. 
0.098 Implantable medical device 600 is implanted into a 
patient in proximity to heart 640 by employing techniques 
such as those previously described with references to FIGS. 
8 and 9. Implantable medical device 600 can be embodied 
as any one of a variety of implantable medical devices, Such 
as those previously discussed, including a pacemaker or a 
defibrillator. Implantable medical device 600 is connected to 
heart 640 via leads 642. Leads 642 can be pacing or sensing 
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leads that provide electrical Stimulation to the heart in 
accordance with the present invention. 
0099. Output integrated circuit 608 provides two specific 
functions. First, heart 640 is stimulated by output integrated 
circuit 608, which provides a Voltage pulse signal in a range 
of 0.5-10 volts. Second, output integrated circuit 608 pro 
tects various elements of implantable medical device 600, 
such as integrated circuit 602 and 604 and their sub 
components, from defibrillation and electrocautery pulses 
picked up from lead 642. Without such protection, defibril 
lation and electrocautery pulses from lead 642 would dam 
age integrated circuits 602 and 604, which operate at low 
Voltage levels. The various Sub-components of integrated 
circuits 602 and 604 are not designed to operate with Such 
large Voltage levels present in the defibrillation and electro 
cautery pulses (i.e., greater than 15 volts). In one preferred 
embodiment, output integrated circuit 608 includes amplifier 
644 and Zener diode 646. Amplifier 644 amplifies the signal 
from integrated circuit 602 provided to heart 640 via leads 
642. Zener diode 646 prevents large Voltages (i.e., greater 
than 10 volts) from returning to integrated circuit 602 after 
lead 642 has been energized. In one embodiment, output 
integrated circuit 608 is implemented in CMOS technology, 
which has a very high breakdown Voltage and drive capa 
bility (i.e. greater than 3 micron technology). 
0100 Sensors 606 can be any of a variety of sensors, such 
as an accelerator Sensor, pressure Sensor, temperature Sensor, 
oxygen Saturation Sensor, etc. Sensors, or any combination 
thereof, depending upon the type of implantable medical 
device and the needs of the patient. Analog circuitry 624 
includes amplifiers 648 and 650 which amplify signals from 
Sensors 606 and, when necessary, Signals from leads 642, 
respectively. Analog circuitry 624 also includes various 
Sub-components, Such as reference Voltage 652, current 
Sources 654, charge pumps 656, telemetry drivers 658, 
telemetry receivers 660, and power on reset (POR) 662. 
0101 Analog circuitry 624 is connected to analog-to 
digital converter 622 via bus 626F. In one preferred embodi 
ment, bus 626F is a standard 8-bit bus. However, it is 
understood that bus 626F can be any of a variety of buses 
without varying from the present invention. Analog-to 
digital converter 622 receives an analog input signal and 
provides a digital output Signal representative of the Signal 
amplitude. In one preferred embodiment, analog-to-digital 
converter 622 can be replaced by a plurality of analog-to 
digital converters. 
0102 Analog-to-digital converter 622 is connected to 
digital signal processors 620A-620E, via bus 626E. In one 
preferred embodiment, bus 626E is a standard 8-bit bus. 
However, it is understood that bus 626E can be any of a 
variety of buses without varying from the present invention. 
Digital signal processors 620A-620E perform a variety of 
parallel functions, Such as Sensing atrial and Ventricular 
Signals, detect arrythmias, proceSS Sensor Signals, etc. 
0103 Memory 610, microprocessor 612, clock 614, timer 
616, miscellaneous logic 618, and digital Signal processors 
620A-620E are all interconnected via buses 626A-626D. 
These components provide various functions necessary for 
implantable medical device 600 to operate properly. More 
specifically, memory 610 may be used to store various bits 
of information Such as a program code, parametric variables, 
and diagnostic data in memory components Such as RAM 
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650, ROM 652, flash memory 654, analog memory 656, and 
EPROM 658. Microprocessor 612 is a standard component 
which processes information received from memory 610 or 
heart 640. Clock 614 generates a clock signal and provides 
the clock signal to various Sub-components of implantable 
medical device 600, such as microprocessor 612 and timers 
616. 

0104 Timers 616 are resident devices, which provide 
proper timing Sequences to various Sub-components of 
implantable medical device 600, such as microprocessor 
612. Miscellaneous logic 618 includes various logic com 
ponents including clock powered dynamic Supplies and 
clocks. Miscellaneous logic 618 provides interface and 
control between microprocessors, timers, analog clocks, and 
DPSs. Memory 628, microprocessor 630, clock 632, timer 
634, and miscellaneous logic 636 of integrated circuit 604 
provide Similar functions to their counterpart components of 
integrated circuit 602. In one preferred embodiment, inte 
grated circuit 604 includes expanded memory functions for 
Storing information related to the programming of implant 
able medical device 600 and information received from 
sensors 606 for a 24-hour period. Integrated circuit 602 is 
connected to integrated circuit 604 via bus 660. Similar to 
previously discussed buses, in one preferred embodiment, 
bus 660 is a standard 8-bit bus, but can be any of a variety 
of buses known in the art. 

0105 Minimization and control of power dissipation is 
one of the Significant aspects of the present invention. 
Specifically, efficient implementation of power Systems in 
implantable medical device 600 enables conservation of 
Space and Volume in addition to reduction in weight while 
maintaining a desired output. Low efficiency results in 
higher costs, primarily because of a waste of energy and the 
need for larger power Supplies. For example, dynamic power 
(P) of a given circuit of implantable medical device 600 is 
equal to: %CVF, where C is the nodal capacitance of the 
circuit, F is the clock frequency of the circuit, and V is the 
supply voltage for the circuit. Medical device 600, according 
to the present invention, utilizes a relatively low System 
clock frequency to generate various logic Signals. Use of a 
relatively low System clock frequency, preferably less than 
500 kHz, enables Substantial reduction in power dissipation. 
0106 Battery life is a major factor in implantable medical 
device 600. However, battery life extension often requires 
the use of large and heavy batteries. Large batteries are not 
conducive to use in implantable medical devices because 
they adversely impact the Size and weight of the implanted 
device. 

0107. In addition, dissipated energy is released in the 
form of heat. Accordingly, prior art devices with consider 
able power dissipation often require cooling mechanisms, 
Such as heat Sinks, to protect heat Sensitive System compo 
nents from damage or malfunction. Generally, heat SinkS add 
to the cost, size, and weight of a device and are one of the 
most significant limitations of the prior art. 
0108. The invention incorporates adiabatic logic at vari 
ous points within implantable medical device 600 to mini 
mize power dissipation, thereby producing a more efficient 
device. The term “adiabatic' is defined herein as a thermal 
dynamic process that has no energy exchange with the 
Surrounding environment, and therefore no dissipation 
energy is released in the form of heat. In the embodiments 
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shown in FIGS. 13 and 15-17, various circuits are shown 
which create a Stepwise Voltage ramp across an internal 
capacitance associated with a Standard bus. In one embodi 
ment, the Standard bus is positioned between two or more 
integrated circuit chips (i.e., chip to chip), and in another 
embodiment, the Standard bus is positioned between Specific 
components of a single integrated circuit. The embodiments 
shown in FIGS. 13 and 15-17 can be used in conjunction 
with an internal capacitance associated with a variety of 
buses, Such as buses 626A-626F, 638, and 660 illustrated in 
FIG. 12. As shown in FIG. 12, buses 626A-626F and 638 
are buses within a Single integrated circuit interconnecting 
various components of integrated circuit 602 or integrated 
circuit 604. Conversely, bus 660 interconnects integrated 
circuit 602 with integrated circuit 604. 
0109 AS will be discussed in more detail below, various 
circuits in medical device 600 minimize energy dissipation 
by using adiabatic logic during a change in a Signal State. For 
example, FIGS. 13 and 15-17 illustrate various embodi 
ments in which a stepwise Voltage ramp is used to prevent 
excessive leakage current during a Switching operation. 
Alternatively, FIG. 18 illustrates circuitry which provides a 
constant current ramp to charge and discharge a nodal 
capacitor. Also, FIG. 20 illustrates circuitry which provides 
minimal power dissipation through use of a Series inductor 
with an internal capacitance associated with a clock drive 
buffer. 

0110 Adiabatic logic circuitry 680, shown in FIG. 13, is 
one embodiment of a charging circuit implemented to mini 
mize power dissipation during a Switching operation of a 
clock through use of adiabatic logic. Circuitry 680 operates 
at a relatively low clock frequency, Such as less than 500 
kilohertz. Circuitry 680 can be used in conjunction with any 
of the buses shown in FIG. 12. Depending upon the par 
ticular bus connection, circuit 680 is capable of Supplying a 
logic signal in either direction (e.g., with respect to bus 660, 
a logic Signal can be sent from integrated circuit 602 to 
integrated circuit 604 or vice versa). As shown in FIG. 13, 
circuit 680 includes capacitor 682, Switch 684, controller 
688, Switches S-SN, and voltages V-VN. In one preferred 
embodiment, capacitor 682 is not a separate physical com 
ponent, but rather is an internal capacitance comprising the 
total capacitance of the internal nodes connected to a bus, 
Such as bus 660. 

0111 Controller 688 is a standard controller known in the 
art. Controller 688 controls the operation of Switches S-SN 
and Switch 684 by logic level changes. Circuitry 680 charges 
capacitor 682 through Several intermediate Steps to thereby 
produce ramped logic Signal 686, which is transmitted to 
various sub-components of implantable medical device 600. 
Ramped logic Signal 686 is adiabatic in nature, which 
minimizes power dissipation thereby increasing the useful 
lifetime of the battery and implantable medical device 600. 
Ramped logic Signal 686 provides timing Sequences to 
various sub-components of implantable medical device 600, 
such as microprocessors 612 and 630. Prior art devices 
change in a single abrupt State, which produces dissipation 
energy in the form of increased current drain of the device. 
By contrast, the timing Sequences provided by ramped logic 
Signal 686 according to the invention cause the Sub-com 
ponents receiving ramped logic Signal 686 to gradually 
change States to thereby reduce dissipation energy over prior 
art designs. 
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0112 Supply voltages V-VN are used to charge capacitor 
682. In one preferred embodiment, Supply Voltages V-VN 
are evenly distributed between ground and VN So that the 
Voltage difference between any two adjacent Supplies is the 
Same. Each of the Supply Voltages is Selectively applied to 
capacitor 682 by NSwitches including the first switch S and 
N-1 additional Switches. To reset the Voltage on capacitor 
684 to an initial condition, Switch 684 is closed. To charge 
the load, Switch 684 is opened and Supply Voltages V-VN 
are connected to capacitor 682 in Succession by Selectively 
closing the Switches, that is, by momentarily closing Switch 
S, opening Switch S, momentarily closing Switch S, etc. 
To discharge the load, the Supply Voltages, V through V. 
are Switched in reverse order. Switch 684 is then closed, 
connecting the output to ground. 

0113. If N steps are used, the dissipation energy per step 
is calculated using the following formula: 

Estep-2CLV 
0114 where C is the capacitance at capacitor 682 and V 
is the Supplied Voltage. The dissipation energy is calculated 
in joules. To charge capacitor 682 all the way to Supply 
Voltage V, N StepS are used. A full charge-discharge cycle 
will result twice the dissipation energy of the charging only. 
Thus, according to this analysis, charging by Several Steps 
reduces the dissipation energy per charge-discharge cycle, 
and thereby the total power dissipation, by a factor of N. 
0115 FIG. 14A is a timing diagram illustrating voltage 
versus time at capacitor 682 shown in FIG. 13. As shown in 
FIG. 14A, the voltage at capacitor 682 is gradually ramped 
up from Zero Volts to Supply Voltage V. Similarly, the Voltage 
is then ramped down from Supply Voltage V to Zero Volts. 
With the transition of ramped logic signal 686 from low to 
high and high to low in a gradual manner, minimal energy 
is released in the form of dissipated power during a Switch 
ing operation. 

0116. Alternatively, circuit 680, shown in FIG. 13, pro 
duces a similar but different timing diagram from that shown 
in FIG. 14A. In one embodiment, capacitor 682 is charged 
from Zero volts to Supply Voltage V in the Same manner as 
previously discussed. However, in order to provide a dis 
charge portion of the cycle, Switch 684 is closed, which 
discharges the Voltage at capacitor 682. An exponential 
discharge effect is produced for capacitor 682. The timing 
diagram for this alternative scenario is shown in FIG. 14B. 
It should be noted that this exemplary embodiment assumes 
a Smaller, higher resistance Switch 684 than the previous 
examples. 

0117 FIG. 15 is a schematic diagram illustrating the 
embodiment of the invention shown in FIG. 13 including 
numerous transistors. Circuitry 700 is similar to circuitry 
680 shown in FIG. 13, with the exception of transistors 
T-TN replacing Switches S-SN. In one preferred embodi 
ment, transistors T-TN are either N channel or P channel 
CMOS devices. Circuitry 700 operates similar to circuitry 
680 shown in FIG. 13. For example, circuitry 700 provides 
ramped logic signal 706 to circuitry within implantable 
medical device 600. Further, in one preferred embodiment, 
circuitry 700 operates at a frequency of less than 500 
kilohertz. Further, Supply Voltages V-VN are evenly dis 
tributed between ground and VN So that the Voltage differ 
ence between any two adjacent Supplies is the same. Each of 
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the voltages is selectively applied to capacitor 682 by N 
transistors including first transistor T and N-1 additional 
transistors. AS in the previous circuit, transistors T-TN and 
transistor 702 are controlled by controller 688. Transistor 
702 can be used to set an initial, known condition on 
capacitor 682. To charge the capacitor 682, transistor 702 is 
open and Supply Voltages V-VN are connected to capacitor 
682 in Succession by Selectively turning on the transistors, 
that is, by momentarily closing transistor T, opening tran 
Sistor T, momentarily closing transistor T, etc. To dis 
charge the load, the Supply Voltages V-V are applied to the 
load in reverse order. Transistor 702 is then closed, con 
necting the output to ground. The above-discussed Sequence 
would produce a timing diagram Such as illustrated in FIG. 
14A. 

0118. As with circuitry 680 shown in FIG. 13, circuitry 
700 shown in FIG. 15 alternatively produces a similar but 
different timing diagram from that shown in FIG. 14A. For 
example, capacitor 682 can be charged from Zero Volts to 
Supply Voltage V in the same manner as previously dis 
cussed. However, in order to provide a discharge portion of 
the cycle, transistors T-T are opened and transistor 702 is 
closed, thereby creating a resistive path to ground. An 
exponential discharge effect is produced for capacitor 682. 
The timing diagram for this alternative Scenario is shown in 
FIG. 14B. 

0119) Circuitry 710, shown in FIG. 16 discloses another 
embodiment of the present invention that utilizes adiabatic 
logic to minimize power consumption within an implantable 
medical device. Circuitry 710 provides ramped logic signal 
714 to circuitry within implantable medical device 600. 
Circuitry 710, is similar to circuitry 680 shown in FIG. 13, 
operating at a frequency of less than 500 kilohertz. However, 
capacitors C-CN-1 replaces Voltage Sources V-VN con 
nected between ground and Switches S-SN, respectively. 
In one preferred embodiment, capacitors C-CN- are tank 
capacitors with a capacitance much larger (e.g., in order of 
magnitude) than capacitor 682. Once again, in one preferred 
embodiment, capacitor 682 represents an internal capaci 
tance comprising the total capacitance of the internal nodes 
connected to a bus. In one preferred embodiment, capacitors 
C-CN have identical values to produce a Symmetrical 
logic Signal 714. 
0120 Circuitry 720, shown in FIG. 17, is similar to 
circuitry 710, shown in FIG. 16, with the exception that 
transistors T-TN replace Switches S-SN. AS previously 
discussed, capacitors C-CN can be tank capacitors and 
transistors T-T and 702 can be controlled by control 704. 
In one preferred embodiment, transistorST-TN can be either 
N channel or P channel devices. Circuitry 720 provides 
ramped logic Signal 722 to circuitry within implantable 
medical device 600. 

0121 The embodiments shown in FIGS. 16 and 17 
produce a similar logic signal to that shown in FIGS. 14A 
and 14B. Depending upon the operation of the circuitry, 
both circuits produce either a step-up and Step-down ramp 
logic Signal or produce a step-up and exponential down logic 
Signal. In either case, the use of adiabatic logic reduces 
power dissipation during a Switching operation. 

0.122 FIG. 18 discloses yet another embodiment of the 
present invention. Circuitry 730, shown in FIG. 18, provides 
exponential logic signal 740 to circuitry within implantable 
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medical device 600. Once again, capacitor 682 represents an 
internal capacitance comprising the total capacitance of the 
internal nodes connected to a bus, Such as buses 626A-626F, 
638, and 660. Circuitry 730 also includes voltage source V, 
current Sources 734 and 736, and Switch 738. Current Source 
734 is connected between voltage source V and Switch 738, 
while current source 736 is connected between Switch 738 
and ground. The position of Switch 738 determines whether 
capacitor 682 is charging or discharging. Due to the charging 
and discharging capabilities of capacitor 682, circuitry 730 
will produce exponential logic signal 740 as shown in FIG. 
19. As can be seen in FIG. 19, circuitry 730 produces an 
exponentially increasing first portion of exponential logic 
Signal 740, while also producing an exponentially decreas 
ing Second portion of exponential logic Signal 740. In one 
preferred embodiment, current source 734 and 736 would 
have identical values, such as in the range of 10-1000 pA. 

0123 FIG. 20 is yet another embodiment which dis 
closes an adiabatic logic System which minimizes power 
dissipation of a continuously Switching clock signal. While 
the embodiment shown in FIGS. 13 and 15-18 are used in 
conjunction with a bus within implantable medical device 
600, circuitry 750, shown in FIG.20, is used within implant 
able medical device 600 in conjunction with a clock signal. 
For example, circuitry 750, shown in FIG. 20, can be used 
within clocks 614 or 632, or in conjunction with timers 616 
or 634 shown in FIG. 20. As shown in FIG. 20, circuitry 
750 includes buffer circuit 752, inductor 754, and inverter 
circuit 756. Buffer circuit 752 further includes transistors 
758 and 760, Voltage Sources V and Vss, and resistor 762, 
which represents an output resistance of buffer 752. Inverter 
circuit 756 further comprises inverter element 764 and 
capacitor 766, which represents an internal nodal input 
capacitance of inverter circuit 756. 
0124 FIG. 20 represents circuit 750. The major seg 
ments of circuit 750 include inductor 754 in series with 
buffer circuit 752 and inverter circuit 756. Buffer circuit 752 
includes transistors 758 and 760 set across voltage sources 
V and Vss. The transistors are in Series with resistor 762, 
which is in turn serially connected to inductor 754. Simi 
larly, inverter circuit 756 includes inverter element 764 
connected in series with inductor 754. Capacitor 766 rep 
resents an internal capacitance between an input of inventor 
element 764 and ground. 

0125 Circuitry 750, shown in FIG. 20, utilizes one-half 
of the energy to power an equivalent logic circuit used in a 
Standard clock signal compared to a prior art design. Buffer 
752 via large P-type transistor 758 produces a fast rising 
edge of a Standard Square wave. The falling edge output of 
buffer 752 is produced by a much smaller N-type transistor 
760. This pairing of large, P-type transistor 758 and small, 
N-type transistor 760 substantially decreases the crowbar 
current in buffer 752. The falling or trailing edge of logic 
signal 768 is produced by allowing circuitry 750 to simply 
ring with the negative cycle. Thus, circuitry 750 reduces the 
power consumption of a Standard circuit by one-half, while 
enabling generation of logic Signal 768 for transmission to 
a sub-component of implantable medical device 600. 

0.126 The present invention is compatible with various 
fabrication technologies Such as Silicon on insulator (SOI), 
silicon on Sapphire (SOS) CMOS technologies as well as 
conventional silicon CMOS technologies. In one embodi 
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ment of the invention, adiabatic logic permits more func 
tions to be performed by the DSPs due to the reduced power 
dissipation. Further, multiple processor based designs may 
also be implemented including adiabatic logic to reduce 
power dissipation as Supply Voltages and clocking frequen 
cies are reduced for various functions performed by the 
processors. 

0127. In addition, as the power consumption is reduced 
by incorporating adiabatic logic of the invention into 
devices, further functionality can be added to the devices, 
thus taking advantage of the power conservation aspects of 
the present invention. For example, morphology detection 
functions may be added without increasing energy dissipa 
tion. Specifically, differentiation of retrograde P-waves and 
antegrade P-waves of EGM waveform; differentiation of 
P-waves from far field R-waves; differentiation of AF-A 
flutter-AT from sinus tachycardia; differentiation of VT 
VF-V flutter from SVT, and differentiation of cardiac signals 
from electromagnetic interference may be implemented 
using the detection circuits of the present invention. 
0128. The preceding specific embodiments are illustra 
tive of the practice of the invention. It is to be understood, 
therefore, that other expedients known to those skilled in the 
art or disclosed herein may be employed without departing 
from the invention or the Scope of the appended claims. For 
example, the present invention is not limited to the use of 
clock Source providing discrete clock frequencies, but Such 
clock frequencies may be varied in a continuous manner. 
Further, the Supply Voltage Source may include not only 
discrete Supply voltages, but may be a voltage Source that is 
varied continuously over a particular voltage range Such as 
with a voltage regulator. The present invention is also not 
limited to use in conjunction with pacemakers or PCDs, but 
may find further application in other relevant areas Such as 
telecommunications where low power consumption is 
desired. The present invention further includes within its 
Scope methods of making and using the just-in-time clock 
ing and/or multiple Supply Voltage concepts described herein 
above. 

0129. In the claims, mean plus function clauses are 
intended to cover the Structures described herein as perform 
ing the recited function and not only Structural equivalents 
but also equivalent Structures. Thus, although a nail and a 
Screw may not be structural equivalents in that a nail 
employs a cylindrical Surface to Secure wooden parts 
together, whereas a Screw employs a helical Surface, in the 
environment of fastening wooden parts a nail and a Screw 
are equivalent Structures. 
What is claimed is: 

1. A System for generating a logic Signal which is pro 
Vided to a portion of an implantable medical device and 
which minimizes power dissipation within the implantable 
medical device, the System comprising: 

a capacitive element associated with a bus within the 
implantable medical device, wherein the capacitive 
element is operatively coupled to a first potential; 

N Voltage Supplies, 
NSwitches corresponding to the N Voltage Supplies, each 

Switch being operatively coupled between a corre 
sponding one of the N Voltage Supplies and the capaci 
tive element; 
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a first Switch operatively coupled in parallel with the 
capacitive element between the NSwitches and the first 
potential; and 

a controller operatively coupled to the NSwitches and to 
the first Switch to control the N Switches and the first 
Switch. 

2. The System of claim 1, wherein the capacitive element 
includes an internal capacitance within the bus between a 
first electrical component and a Second electrical component 
of the implantable medical device. 

3. The System of claim 2, wherein the logic Signal 
generated acroSS the capacitive element is provided to the 
first electrical component. 

4. The System of claim 2, wherein the logic Signal 
generated acroSS the capacitive element is provided to the 
Second electrical component. 

5. The System of claim 1, wherein the logic Signal 
generated acroSS the capacitive element operates at a fre 
quency of less than 500 kilohertz. 

6. A System for generating a logic Signal which is pro 
Vided to a portion of an implantable medical device and 
which minimizes power dissipation within the implantable 
medical device, the System comprising: 

a first Switch operatively coupled to a first voltage poten 
tial; 

a capacitive element associated with a bus within the 
implantable medical device operatively coupled to a 
Second Voltage potential; 

a Second Switch operatively coupled to the Second voltage 
potential in parallel with the capacitive element; 

N parallel capacitorS operatively coupled to the first 
Voltage potential; 

N parallel switches corresponding to the N parallel 
capacitors, each Switch being operatively coupled 
between a corresponding one of the N capacitors and 
the capacitive element; and 

a controller operatively coupled to the first Switch, the 
second Switch, and the N parallel Switches to control 
the first Switch, the second Switch, and the NSwitches. 

7. The system of claim 6, wherein the capacitive element 
has an internal capacitance within the bus between a first 
electrical component and a Second electrical component of 
the implantable medical device. 

8. The system of claim 7, wherein the logic signal 
generated acroSS the capacitive element is provided to the 
first electrical component. 

9. The system of claim 7, wherein the logic signal 
generated acroSS the capacitive element is provided to the 
Second electrical component. 

10. The system of claim 6, wherein the logic signal 
generated acroSS the capacitive element operates at a fre 
quency of less than 500 kilohertz. 

11. A System for generating a Voltage Signal which is 
provided to a portion of an implantable medical device and 
which minimizes power dissipation within the implantable 
medical device, the System comprising: 

a first current Source operatively coupled to a first voltage 
potential; 

a Second current Source operatively coupled to a Second 
Voltage potential; 
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a capacitive element associated with a bus within the 
implantable medical device operatively coupled to the 
Second Voltage potential; 

a Switch operatively coupled between the capacitive ele 
ment and the first and Second current Sources for 
operatively coupling one of the first and Second current 
Sources to the capacitive element; and 

a controller operatively coupled to the Switch to control 
the Switch. 

12. The system of claim 11, wherein the capacitive 
element has an internal capacitance within the bus between 
a first electrical component and a Second electrical compo 
nent of the implantable medical device. 

13. The System of claim 12, wherein the Voltage Signal 
generated acroSS the capacitive element is provided to the 
first electrical component. 

14. The System of claim 12, wherein the Voltage Signal 
generated acroSS the capacitive element is provided to the 
Second electrical component. 

15. The system of claim 11, wherein the voltage signal 
generated across the capacitive element operates at a fre 
quency of less than 500 kilohertz. 

16. A System for generating a logic Signal which is 
provided to a portion of an implantable medical device and 
which minimizes power dissipation within the implantable 
medical device, the System comprising: 

a clock having an output clock signal; 
an inverter having an input, an output, and a resistance, 

wherein the output clock signal of the clock is opera 
tively coupled to the input of the inverter; 

an inductive element operatively coupled to the output of 
the inverter; 

a buffer having an input, an internal input capacitance, and 
an output, wherein the input is operatively coupled to 
the inductive element; and 

wherein the logic Signal is generated at the output of the 
buffer and is provided to a portion of the implantable 
medical device. 

17. The system of claim 16, wherein the logic signal 
generated at the output of the buffer operates at a frequency 
of less than 500 kilohertz. 

18. An implantable medical device having an adiabatic 
Scheme which is provided to a portion of an implantable 
medical device and which minimizes power dissipation from 
a Sub-component of the implantable medical device, the 
implantable medical device comprising: 

a first Sub-circuit; 
a Second Sub-circuit; 
an electrical connection between the first and Second 

Sub-circuits, the. electrical connection including a 
capacitive element; 
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means for generating a logic Signal having a frequency of 
less than 500 kilohertz, the logic Signal including a 
plurality of repeating cycles, each cycle further com 
prising: 
a first cycle portion where the ramped logic Signal is at 

a first voltage; 
a Second cycle portion where the ramped logic Signal is 
ramped from the first voltage to a Second Voltage; 

a third cycle portion where the logic Signal is at the 
Second Voltage; 

a fourth cycle portion where the logic Signal is ramped 
from the Second Voltage to the first voltage; and 

means for Supplying the logic Signal to one of the first and 
Second Sub-circuits. 

19. A method of generating a logic Signal for a portion of 
an implantable medical device which minimizes power 
dissipation within the implantable medical device, the 
method comprising: 

charging a capacitive element associated with a bus to 
generate a logic Signal including a plurality of repeating 
cycles, each cycle comprising: 
a first cycle portion where the logic Signal is at a first 

Voltage; 
a Second cycle portion where the ramped logic Signal is 
ramped from the first voltage to a Second Voltage; 

a third cycle portion where the logic Signal is at the 
Second Voltage; 

a fourth cycle portion where the logic Signal is ramped 
from the Second Voltage to the first voltage; and 

Supplying the logic Signal to the portion of the implant 
able medical device. 

20. The method of claim 19, wherein the step of charging 
a capacitive element further comprises the Step of: 

charging an internal capacitance within the bus between a 
first electrical component and a Second electrical com 
ponent of the implantable medical device. 

21. The method of claim 20, wherein the step of Supplying 
the logic Signal further comprises the Step of: 

Supplying the logic Signal to the first electrical compo 
nent. 

22. The method of claim 20, wherein the step of Supplying 
the logic Signal further comprises the Step of: 

Supplying the logic Signal to a Second electrical compo 
nent. 

23. The method of claim 19, wherein the step of charging 
a capacitive element further comprises the Step of: 

charging a capacitive element associated with a bus to 
generate a logic Signal which operates at a frequency of 
less than 500 kilohertz. 
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