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(57) ABSTRACT 

An implantable medical device, such as a pacemaker or 
implantable cardioverter de?brillator, uses digital signal 
processing channels to process sensed time varying signals 
representing cardiac activity. Each digital signal processing 
channels includes a sigma-Delta analog-to-digital converter. 
The clock rate of each sigma-delta analog-to-digital con 
verter is controlled as a function of a signal detection 
threshold for its respective digital signal processing channel. 

(21) App1_ NO; 11/536,942 For higher threshold levels, a reduced clock rate for the 
sigma-delta analog-to-digital converter results in reduced 

(22) Filed; Sep. 29, 2006 poWer consumption and longer battery life. 

C'CZK CCZK C‘C'LK 

INTEGRA TOR > QUANH'ZER : DAL‘ 

FROM 

3'2 40-J 

CCLK DSCLK 

55”’ DSCLK 

// > DMIML _>r0 05p 36 
34 FIL TER/ 

EA 

CONVERSION \48 f 45 DOWN 
CLOCK SAMPLE‘? 

6ENER/l TOR 

CONI/ MCLK 
CZK 



Patent Application Publication Apr. 3, 2008 Sheet 1 0f 2 US 2008/0079617 A1 



Patent Application Publication Apr. 3, 2008 Sheet 2 0f 2 US 2008/0079617 Al 

w .m.@ 

QM QWQ QIFAI 

M “Mu 

F F 
FMN 

@r/ 
F F 3R6 3% \N“ QWNDZTDG A| 

M “Nu 

06k TQQWFZN 

AI qvwwmqm 360$ 



US 2008/0079617 A1 

IMPLANTABLE MEDICAL DEVICE WITH 
ADJUSTABLE SIGMA-DELTA 

ANALOG-TO-DIGITAL CONVERSION 
CLOCK RATE 

BACKGROUND OF THE INVENTION 

[0001] This invention relates to implantable medical 
devices. In particular, it relates to implantable medical 
devices having signal processing channels using sigma-delta 
analog-to-digital converters. 

[0002] Implantable medical devices (IMD’s) are used for 
a variety of monitoring and therapy delivery purposes. Many 
IMD’s sense physiologic signals and provide outputs, either 
in the form of delivered therapy or in the form of monitored 
physiologic activity. For example, pacemakers and implant 
able cardioverter de?brillators (ICD) include electrodes (and 
in some cases other sensors) to sense cardiac activity. The 
sensed signals representing cardiac activity are processed in 
signal processing channels, and are used in the detection of 
cardiac arrhythmias and other conditions that require the 
delivery of therapy. The types of therapy that can be deliv 
ered include pacing pulses and cardioversion/de?brillation 
shocks delivered to the heart. 

[0003] The signal processing of physiological signals, 
such as signals representing cardiac activity, has generally 
been performed by analog circuitry. Digital signal process 
ing offers potential bene?ts over analog circuitry currently 
used in IMDs, but also poses challenges to implementation 
in IMDs. To achieve digital signal processing in an IMD, 
analog physiologic signals must be converted to digital 
form, through the use of analog-to-digital converters. One of 
the challenges presented in implementing digital signal 
processing channels in IMDs has been the amount of elec 
trical energy consumed by the analog to digital conversion 
process. IMDs typically use batteries contained Within the 
IMD housing as a sole source of electrical energy. The rate 
at Which electrical energy from the battery is used a?fects 
battery life, and therefore the usable life of the IMD. 

BRIEF SUMMARY OF THE INVENTION 

[0004] An IMD With digital signal processing channels 
uses a sigma-delta analog-to-digital converter in each chan 
nel to convert incoming signals. A master control selects a 
conversion clock rate for each sigma-delta converter based 
upon a signal threshold for the channel in Which the sigma 
delta converter operates. 

[0005] The quantization noise of a sigma-delta ADC is a 
function of its conversion clock rate (which affects the 
oversampling ratio of the sigma-delta ADC). The poWer 
consumption of a sigma-delta ADC is also a function of its 
conversion clock rate/oversampling ratio. For a given 
threshold-to-noise ratio, those signal processing channels 
Where signal thresholds are higher can accept a higher 
quantization noise level, and therefore the master controller 
can set the conversion clock rate for the sigma-delta ADC at 
a loWer rate. This reduces poWer consumption by the sigma 
delta ADC. As a result, IMD longevity can be increased for 
patients With higher sensing thresholds by operating each 
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sigma-delta ADC and its associated signal processing chan 
nel at a conversion clock rate based upon the signal thresh 
old for that channel. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIG. 1 is a block diagram of an implantable car 
dioverter de?brillator (ICD) including digital signal process 
ing channels each having a sigma-delta analog-to-digital 
converter (ADC) operating at a conversion clock rate that is 
a function of a signal threshold value for that channel. 
[0007] FIG. 2 is a block diagram of one embodiment ofa 
sigma-delta ADC for use in the ICD of FIG. 1. 

DETAILED DESCRIPTION 

[0008] FIG. 1 is a block diagram of implantable cardio 
verter de?brillator (ICD) 10, Which includes battery 12, 
poWer supply 14, master control 16, clock circuitry 18, 
signal processing channels 20a-20d, de?brillation circuitry 
22, pacing circuitry 24, sWitch matrix 26, electrodes 28, and 
telemetry interface 30. Each of the signal processing chan 
nels 20a-20d is a digital signal processing channel that 
includes preampli?er 32, sigma-delta analog-to-digital con 
verter (ADC) 34, and digital signal processor (DSP) 36. 
[0009] Battery 12 and poWer supply 14 provide all of the 
electrical energy used by ICD 10 to perform sensing, therapy 
delivery, and communication With other devices. This 
includes supply voltages required to operate the electronic 
circuitry of ICD 10, and the energy required by pacing 
circuitry 24 to deliver pacing pulses and the voltages 
required by de?brillation circuitry 22 to provide cardiover 
sion and de?brillation shocks. 
[0010] Master control 16 controls the overall operation of 
ICD 10. It provides control inputs to each of the signal 
processing channels 20a-20d, determines the appropriate 
therapy based upon the outputs of signal processing chan 
nels 20a-20d together With stored detection criteria and 
therapy delivery programs, provides control signals to 
de?brillation circuitry 22 and pacing circuitry 24, and com 
municates With external devices through telemetry interface 
30. Master control 16 can provide information regarding the 
status and operation of ICD 10 through telemetry interface 
30 to an external device such as a programmer or a monitor, 

and may also receive doWnloads of information, including 
control settings, from an external programmer through 
telemetry interface 30. 
[0011] Master control 16 may include, for example, a 
microcontroller, memory for data storage, memory for stor 
ing softWare and ?rmWare, and memory for storing control 
settings and other information that may be provided via 
telemetry interface 30. 
[0012] Clock circuitry 18 provides master clock (MCLK) 
signals to master control 16, as Well as to signal processing 
channels 20a-20d. In the embodiment shoWn in FIG. 1, each 
signal processing channel 20a-20d derives from master 
clock MCLK the necessary clock signals to operate circuitry 
Within that channel, including sigma-delta ADC 34. 
[0013] Electrodes 28 may be carried by leads that extend 
from the housing of ICD 10 to locations in or near the heart. 
For example, electrodes 28 may be carried by leads that 
extend into the right atrium, into the right ventricle, and 
through the coronary sinus into a coronary vein adjacent the 
left ventricle. In addition, electrodes 28 can also be carried 
by the housing of ICD 10. 
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[0014] Electrodes 28 are used to sense electrical activity of 
the heart, as Well as to deliver pacing pulses or cardiover 
sion/de?brillation shocks to the heart. SWitch matrix 26 
connects di?ferent electrodes to different components of ICD 
10 depending on the sensing or therapy delivery function 
required. 
[0015] De?brillator circuitry 22 delivers high voltage 
shocks to the heart under the control of master control 16. 
The shocks are provided from de?brillation circuitry 22 
through sWitch matrix 26 to selected electrodes 28. Simi 
larly, master control 16 provides control signals to pacing 
circuitry 24, to cause pacing pulses to be delivered through 
sWitch matrix 26 to selected electrodes 28 in order to deliver 
pacing therapy. 
[0016] Although in the embodiment of ICD 10 shoWn in 
FIG. 1 electrodes 28 are used to provide signals representing 
cardiac activity, other forms of sensors may also be used to 
provide sense signals that are processed by one or more of 
signal processing channels 20a-20d. 
[0017] Each of signal processing channels 20a-20d com 
prises a digital signal processing channel for receiving input 
signals, converting those signals to digital form, processing 
those digital signals, and delivering the results of the signal 
processing to master control 16. The use of digital signal 
processing channels 20a-20d has signi?cant advantages. 
Because most of the signal processing occurs in the digital 
rather than the analog realm, the same basic architecture and 
components can be used to provide a variety of different 
signal processing features. Changes in the signal processing 
can be made by changing instructions to master control 16, 
Which in turn controls digital signal processor 36, rather than 
requiring redesign or replacement of analog components or 
circuits. In addition, the use of digital signal processing 
o?‘ers the potential of using high density digital integrated 
circuitry to implement signal processing functions. 
[0018] As illustrated the input signal received by pream 
pli?er 32 is an analog signal, Which must be converted to 
digital form in order to perform digital signal processing 
functions. Preampli?er 32 is, in this embodiment, a variable 
gain preampli?er, although other types of preampli?er cir 
cuits may be used in other embodiments. Alternatively, 
preampli?er 32 could be omitted entirely in embodiments 
Where electrodes 28 and/or sWitch matrix 26 are adapted to 
provide appropriate signals directly for conversion to digital 
form. Master control 16 provides control settings to pream 
pli?er 32 to select the appropriate gain for that particular 
signal channel. 
[0019] Sigma-delta ADC 34 receives the output of pream 
pli?er 32 and converts the analog signal at its input to a 
digital value that is then provided to digital signal processor 
36. Sigma-delta ADC 34 also receives the master clock 
MCLK signal from clock circuitry 16, and a clock rate 
control signal from master control 16. Based upon the clock 
rate control signal, sigma-delta ADC 34 divides master 
clock MCLK to an appropriate conversion clock (CCLK) 
rate to perform sigma-delta analog-to-digital conversion. 
Typically, conversion clock CCLK has a number of different 
phases that are used Within sigma-delta ADC 34 in the 
conversion process. 
[0020] Sigma-delta ADC 34 can make use of a single stage 
or multiple stages of integration in the conversion process, 
and can provide a digital output in a single-bit or a multi-bit 
form. An advantage of sigma-delta ADC 34 is a relatively 
loW energy consumption in the conversion process. 
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[0021] Both the quantization noise and the poWer con 
sumption of sigma-delta ADC 34 are a function of the 
conversion clock (CCLK) rate; reducing the conversion 
clock rate reduces the oversampling ratio of sigma-delta 
ADC 34, Which increases quantiZation noise and reduces 
poWer consumption. In an implantable medical device such 
as ICD 10, the input signal thresholds in the di?ferent signal 
processing channels can dilfer greatly, and each channel 
operates independently of the others. Each sensing channel 
Will have a threshold-to-noise ratio requirement. If the 
threshold is higher, a higher quantiZation noise value is 
acceptable to achieve the same threshold-to-noise ratio 
requirement, and thus the conversion clock rate (and over 
sampling ratio) can be reduced so that less poWer is con 
sumed. 
[0022] Master control 16 maintains information regarding 
the threshold for each signal processing channel 20a-20d. 
The threshold information may be supplied to master control 
16 by a programmer through telemetry interface 30. The 
threshold levels may be established, for example, during 
tests that are performed to establish the threshold for each 
signal level. These tests may be performed in conjunction 
With a programmer, or may be performed periodically by 
master control 16 to adjust thresholds as appropriate. 
[0023] Using the threshold information for each signal 
processing channel, master control 16 selects the conversion 
clock rate/oversampling ratio Which is appropriate for the 
sigma-delta ADC 34 in each signal processing channel. The 
conversion clock rate information is supplied by master 
control 16 to each sigma-delta ADC 34 to establish the 
conversion clock rate that Will be used. 
[0024] As an example, With signals representing cardiac 
activity, signal level detection thresholds may range from 
about 150 microvolts to about 11 millivolts. When the 
threshold is very small (such as a 150 microvolt threshold), 
the quantiZation noise generated by sigma-delta ADC 34 is 
a much larger concern than When the sensing threshold is 
very large (such as 11 millivolts). As a result, a faster 
conversion clock rate/higher oversampling ratio may be 
needed for the very loW signal detection threshold, as 
compared to the very high signal detection threshold. With 
a high threshold, it is possible to use a much sloWer 
conversion clock/lower oversampling ratio, since the thresh 
old level is much higher than the level of quantiZation noise, 
even at a sloWer clock rate/loWer oversampling ratio. 

[0025] By storing a threshold value for each signal pro 
cessing channel 20a-20d, master control 16 can tailor the 
conversion clock rate of each signal processing channel 
20a-20d to the particular type of input signal being pro 
cessed. Where a high conversion clock rate is not required, 
a loWer conversion clock rate is used, resulting in loWer 
poWer consumption. 
[0026] FIG. 2 shoWs an example of one embodiment of 
sigma-delta ADC 34. In this embodiment, sigma-delta ADC 
34 is a single stage integration converter that includes 
integrator 40, quantiZer 42, digital-to-analog converter 
(DAC) 44, digital ?lter/doWn sampler 46, and conversion 
clock generator 48. 
[0027] Sigma-Delta clock generator 48 receives master 
clock MCLK and the conversion clock rate command from 
master control 16, and produces all of the necessary phases 
of conversion clock CCLK and doWn sample clock DSCLK. 
As shoWn in FIG. 2, integrator 40, quantiZer 42, DAC 44, 
and digital ?lter/doWn sampler 46 all operate in response to 
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the conversion clock CCLK, Which is based upon master 
clock MCLK from clock circuitry 18 and the conversion 
clock rate provided to sigma-Delta ADC 34 by master 
control 16. In other embodiments, integrator 40 may be 
operated Without the need for a CCLK input. 
[0028] The analog input signal, as ampli?ed by preampli 
?er 32, is received at one input of integrator 40, and the 
output of digital-to-analog converter 44 is received and the 
other input. Integrator 40 compares the difference betWeen 
the output of DAC 44 and the input signal from preampli?er 
32 and integrates that difference. 
[0029] QuantiZer 42 checks the output of integrator 40 
relative to a reference value, and changes its digital output 
as a function of the integrator output. A change in the output 
of quantiZer 42 results in a change in the output of DAC 44, 
Which is fed back to integrator 40. 
[0030] The output of quantiZer 42 is also provided to 
digital ?lter/doWn sampler 46, Which doWn samples the 
quantiZer output and provides a ?ltered output to digital 
signal processor 36. The purpose of doWn sampling is to 
provide DSP 36 With digital input at a clock rate that is the 
same, regardless of the conversion clock rate being used by 
sigma-delta ADC 34. 
[0031] Accordingly, by individually controlling the con 
version clock rate (and thus the oversampling ratio) used by 
the sigma-delta ADC 34 of each signal processing channel 
20a-20d, poWer consumption for the analog-to-digital con 
version process is reduced. The conservation of poWer 
increases battery life, Which can extend the usable life of the 
implantable medical device. 
[0032] Although the present invention has been described 
With reference to preferred embodiments, Workers skilled in 
the art Will recogniZe that changes may be made in form and 
detail Without departing from the spirit and scope of the 
invention. For example, although the present invention has 
been described in the context of a particular type of implant 
able medical device (ICD 10), it is also applicable to other 
types of implantable medical devices in Which time varying 
physiological signals may be sensed, converted to digital 
form, and then processed and used to provide data moni 
toring, control of delivery of therapy, or other functions. 

What is claimed is: 
1. An implantable medical device comprising: 
a plurality of sensing devices for providing a plurality of 

time-varying physiologic signals; 
a plurality of digital signal processing channels for pro 

cessing the time-varying physiologic signals, each 
channel including a sigma-delta analog-to-digital con 
verter; and 

a master control for controlling a conversion clock rate of 
the sigma-delta converter of each channel as a function 
of a signal threshold for that channel. 

2. The implantable medical device of claim 1, Wherein the 
physiologic signals are representative of cardiac activity. 

3. The implantable medical device of claim 2, Wherein the 
plurality of sensing devices comprise electrodes. 

4. The implantable medical device of claim 3, Wherein the 
electrodes are carried on leads extending into or near a 

patient’s heart. 
5. The implantable medical device of claim 1, and further 

comprising: 
a therapy delivery device controlled by the master control 

as a function of outputs of the digital signal processing 
channels. 
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6. The implantable medical device of claim 1, and further 
comprising: 

a telemetry interface connected to the main control. 
7. The implantable medical device of claim 6, Wherein the 

master control receives signal threshold information for each 
channel from the telemetry interface. 

8. The implantable medical device of claim 1, Wherein the 
master control provides conversion clock rate information to 
each sigma-delta analog-to-digital converter. 

9. The implantable medical device of claim 1, Wherein 
each channel includes: 

a preampli?er that ampli?es one of the physiologic sig 
nals and supplies the ampli?ed physiologic signal to the 
sigma-delta analog-to-digital converter; and 

a digital signal processor that receives a digital output of 
the sigma-delta analog-to-digital converter and sup 
plies a processor output to the master control. 

10. The implantable medical device of claim 9, Wherein 
the preampli?er has a gain that is controlled by the master 
control. 

11. The implantable medical device of claim 1, Wherein 
the sigma-delta analog-to-digital converter includes an inte 
grator, a quantiZer, a digital-to-analog converter, and a 
digital ?lter, Wherein the integrator integrates a difference 
betWeen an input signal based upon one of the physiologic 
signals and an analog output of the digital-to-analog con 
verter, the quantiZer compares an output of the integrator and 
a reference value to produce a digital value, the digital-to 
analog converter converts the digital value to the analog 
output, and the digital ?lter produces a digital converter 
output based upon the digital value. 

12. The implantable medical device of claim 11, Wherein 
the quantiZer, the digital-to-analog converter and the digital 
?lter receive clock signals based upon the conversion clock 
rate. 

13. The implantable medical device of claim 12, Wherein 
the digital ?lter doWn samples the digital value to produce 
the digital converter output at a constant rate irrespective of 
the conversion clock rate. 

14. An implantable medical device comprising: 
a sensor for providing a time-varying physiologic signal; 
a sigma-delta analog-to-digital converter for converting 

the physiologic signal to a digital signal at a conversion 
clock rate; 

a digital signal processor for processing the digital signal; 
and 

a master control for controlling a conversion clock rate of 
the sigma-delta converter as a function of signal thresh 
old information. 

15. The implantable medical device of claim 14, Wherein 
the physiologic signal is representative of cardiac activity. 

16. The implantable medical device of claim 14, Wherein 
the sensor comprises at least one implantable electrode. 

17. The implantable medical device of claim 14, and 
further comprising: 

a therapy delivery device controlled by the master control 
as a function of the output of the digital signal proces 
sor. 

18. The implantable medical device of claim 14, and 
further comprising: 

a telemetry interface connected to the main control. 
19. The implantable medical device of claim 18, Wherein 

the master control receives signal threshold information 
from the telemetry interface. 
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20. The implantable medical device of claim 14, Wherein 
the sigma-delta analog-to-digital converter includes an inte 
grator, a quantiZer, a digital-to-analog converter, and a 
digital ?lter. 

21. The implantable medical device of claim 20, Wherein 
the quantiZer, the digital-to-analog converter and the digital 
?lter receive clock signals based upon the conversion clock 
rate. 

22. The implantable medical device of claim 21, Wherein 
the digital ?lter doWn samples the digital value. 

23. A method of processing a time-varying physiologic 
input signal in an implantable medical device, the method 
comprising: 

converting the input signal to a digital signal With a 
sigma-delta analog-to-digital converting operating at a 
conversion clock rate that is controlled as a function of 
a signal threshold for the input signal; and 
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digital signal processing the digital signal from the sigma 
delta analog-to-digital converter. 

24. The method of claim 23, and further comprising: 
preamplifying the input signal prior to converting the 

input signal to a digital signal. 
25. The method of claim 23, and further comprising: 
controlling the conversion clock rate based upon stored 

signal threshold information. 
26. The method of claim 25, and further comprising: 
transmitting the signal threshold information to the 

implantable medical device by telemetry. 
27. The method of claim 23, Wherein the input signal is 

representative of cardiac activity. 
28. The method of claim 23, Wherein the input signal is 

derived from at least one implanted electrode. 

* * * * * 


