US 2014028839

a9y United States
12y Patent Application Publication (o) Pub. No.: US 2014/0288393 Al

3A1

Grevious et al, 43) Pub. Date: Sep. 25, 2014
(54) CHOPPER MIXER TELEMETRY CIRCUIT (52) US.CL
CPC ... G08C 17/02 (2013.01); A6IN 1/37252
(71)  Applicant: Medtronic, Inc., Minneapolis, MN (US) (2013.01); A61M 5/172 (2013.01); A61B
5/0002 (2013.01)
(72) Inventors: John J. Grevious, Minneapolis, MN USPC ............. 600/301; 607/60; 604/151; 600/300;
(US); Timothy J. Denison, Minneapolis, 340/870.18
MN (US) ¢7) ABSTRACT
This disclosure describes a chopper mixer telemetry circuit
(21)  Appl. No.: 14/296,206 for use in a wireless receiver. The receiver may be located in
an implantable medical device IMD) or external program-
(22) Filed: Jun. 4,2014 mer. The chopper mixer telemetry circuit may include amixer
amplifier that operates as a synchronous demodulator to pro-
Related U.S. Application Data vide selective extraction of wireless signals received from a
o o transmitter while suppressing out-of-band noise that can
(63) Continuation of application No. 11/799.108, filed on  ;ndermine the reliability of the telemetry link between an
Apr. 30, 2007, now Pat. No. 8,781,595. IMD or programmer and another device. The mixer amplifier
may utilize parallel signal paths to convert thereceived telem-
Publication Classification etry signal into an in-phase (I) signal component and a
quadrature (Q) signal component and recombine the I and Q
(51) Imt.ClL signal components to reconstruct the total signal indepen-
G08C 17/02 (2006.01) dently of the phase mismatch between the transmitter and
A6IM 5/172 (2006.01) receiver. Each signal path may include a chopper-stabilized
A61B 5/00 (2006.01) mixer amplifier that amplifies telemetry signals within a
A6IN 1/372 (2006.01) desired band while suppressing out-of-band noise.
10
R "
TRANSMITTER
14
Y /
RECEIVER
G 1
| QUADRATURE | |
| CH@;‘EE&?’I—L’?—IB;I{E%ED RECONSTRUCTION | DECODER
! CIRCUITRY I 18
| 20
22 |
' |
I
| FEEDBACK CHOPPER MIXER |
| LOOP TELEMETRY CIRCUIT !
| 24 16 |
L - - - ___ o




Patent Application Publication  Sep. 25,2014 Sheet 1 of 9 US 2014/0288393 A1

10

\ 12

(

1 TRANSMITTER

14
Y (

RECEIVER
| ________________________ a
|
l QUADRATURE | |
[ CHNCI)I;'EE?;L‘?‘_?F"I'ILZQED RECONSTRUCTION | | _|DECODER
I CIRCUITRY | 18
| 2 22
| 22 |
| |
| FEEDBACK CHOPPERMIXER |
| LOOP TELEMETRY CIRCUIT |
| 2 16 |
L - g




US 2014/0288393 A1

Sep. 25,2014 Sheet 2 of 9

Patent Application Publication

i)
d3aoo3a

r—-————- _—————— -
! o _
_ TVNOIS Y9012 |
— I
are | . ] “
I —~ |
I 14 o v
reee—e—_—————-———_— I-_ IIIIIIIIIIIIIIII
I 59 I
__ L9 Z9 I (44
I ) _
— 2X A__ HOLVH9ILNI | % _
7 1 _ 5
99 | Ceo 09 | 3ISION

x

! f1%3 \_F_H_M_ \*/
(06+)TVNOIS %2012 ale <

{0) TYNOIS MD01D

|
I [=1%4
|
|

|
|
|
zL |
6S 0S _ uln
| SS V.iE
| | / |
|| 1 ¥ |
NX A_ | HOLVIDIALNI /_ |
9¢ l\ _ _ 1S [4* _ 144
T g\
(44 r—|— - %" - - - T —— - —
“ 1 @O “
v¥e
hv\ sy |
| i |
I TVYNDIS Y0019 I

- ERVERED]

~t

——— — —————————— — — — — — — — — — ————— — —— — —— — — — — — — — —

¢ 9ld

- ———— —— —

L

Yie
TVNOIS MI0T1D

€

€l
(43
IVYNOIS LNdNI

HILLIINSNVYL I

(43



Patent Application Publication  Sep. 25,2014 Sheet 3 of 9 US 2014/0288393 A1

|
: SQUARING |
| I UNIT |
Ih I
| |1 |
| |

|
lout = 1,21 |
| out in 114 |
| Q1\‘ Q3 |
| |
| |
| text |
| |
: Q2 | Q4 Q5 I
|

|
| Fixed :
| Bias I
| |
| — — — |
| - - - |
| |
L o o o o o o e e e e e e e o



Patent Application Publication  Sep. 25,2014 Sheet 4 of 9 US 2014/0288393 A1

VDD

M9 M8
BIAS P .—IiMS ;(_

—FF+34--—-——--

: A /4 :

<M A |
88 = [ Y4 " _ a |<_
INPUT A M1 M2 —> [+ M10
"'i :‘_‘ M7 —T— M6 |—
INPUT B — —
F—————— -1 Ccomp

I om

| Blas N2 M13 T I |
, |

E | C

59

BiASN @) kil |_|v|11
T e

VSS

TRANSCONDUCTOR DEMODULATOR INTEGRATOR

FIG. 4



US 2014/0288393 A1

Sep. 25,2014 Sheet 5 of 9

Patent Application Publication

IIIIIIIIIIIIIIIIIIII -
_ [
= |
3
HLvd Movaa33d
HOLVYINIO Svid _ ot JAILYO3N "\/lm_&
ANV IONIHI4TH [ |
Y
G - - - - - - -7 -7
T [ _
MWI201D I |
. ¥ P Z9 09 |
" HMOLVHOILNI | HOLYINAOW HAEITdNY |
_ "
|
— ez _ " oI
g < AMLINDHID |
¥3aqo0o3aa NOLLONYLSNOOTN | | | Mﬂ__,_mmwm__ww
JYNLVIAVYNO _ I
[ [
I _ . . |
1 7S P 44 0% | 0z
m HOLYHOIINI | HOLVINAOW HEIEIRETT )4 |
| y § _1\\
L - - - - e e I
T T T T I“
I ».| Hivd MOvaa3ad :
e —~—| JAILVOIAN |
_ |

I d3AIFOTY




65 + Liw _N_ ® L INV
ajo Va0l

p—
“
o)
&
8 -
g 9 9Old
o
<
-
—
<>
o r—Q—Ve———-_-----—-—-—--—---—-m-— m - -——-——_,__,———_——_——— 1
m | pIn |
| |
I arLi H _
b ! _
e _ gz T~—=— QI | g901
3 | et pfi - ~
7 " _ 0§ b
- I — . o _
=S | I ~— g801 \Mw ANV
< ol L 7 5
o _ | | HOLvHOALNI HOL1Y1INAOW
. urp
oy I | ~— veol 5
I _
|
|
|
|
|
|
|

L — ——

Patent Application Publication



Patent Application Publication  Sep. 25,2014 Sheet 7 of 9 US 2014/0288393 A1

134

|

THERAPY ELEMENTS

1207 7

\ R
THERAPY DELIVERY MODULE
122
PROCESSOR
124
A
TELEMETRY
ME:VI;;RY MODULE
- 126
\
POWER
SE:‘I:,’SOOR SOURCE
- 132
\ Y,
[ ] ®

FIG. 7



Patent Application Publication  Sep. 25,2014 Sheet 8 of 9 US 2014/0288393 A1

220 7

(
USER
INTERFACE
224
y
v
TELEMETRY INPUT/OUTPUT
MODULE |« PR025§’SOR «»|  MODULE
228 == 226
A
Y
POWER MEMORY
SOURCE 0
232

FIG. 8



Patent Application Publication  Sep. 25,2014 Sheet 9 of 9 US 2014/0288393 A1

250

RECEIVE MODULATED TELEMETRY SIGNAL —/

l 252

AMPLIFY MODULATED TELEMETRY SIGNAL /
TO PRODUCE FIRST AND
SECOND AMPLIFIED SIGNALS

l 254

DEMODULATE FIRST AND SECOND AMPLIFIED /
SIGNAL TO PRODUCE | AND Q SIGNALS

l 256

EXTRACT PORTIONS OF | AND Q SIGNALS TO /
PRODUCE FIRST AND SECOND OUTPUT SIGNALS

l 258

MODULATE AMPLITUDES OF FIRST AND SECOND /
OUTPUT SIGNALS

l 260

APPLY MODULATED FIRST AND SECOND OUTPUT /
SIGNALS TO FIRST AND SECOND VERSIONS OF
TELEMETRY SIGNAL USED TO PRODUCE FIRST

AND SECOND OUTPUT SIGNALS

l 262

COMBINE FIRST AND SECOND OUTPUT SIGNALS ,/
TO PRODUCE THIRD OUTPUT SIGNAL

FIG.9



US 2014/0288393 A1

CHOPPER MIXER TELEMETRY CIRCUIT

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 11/799,108, filed Apr. 30, 2007, the entire con-
tent of which is incorporated herein by this reference.

TECHNICAL FIELD

[0002] The invention relates to wireless telemetry and,
more particularly, short-range wireless telemetry.

BACKGROUND

[0003] Wireless telemetry is used to support two-way com-
munication between an IMD, such as an implantable pulse
generator (IPG), implantable drug delivery device, or
implantable sensing device, and another device, such as
another IMD, an external medical device, or an external pro-
grammer, such as a patient or clinician programmer. For
example, an external programmer may transmit information
specifying adjustment of therapy parameters or operational
features of the IMD. The transmitted information may
include adjustments to therapy parameters, such as electrical
stimulation pulse amplitude, pulse width, pulse rate, or dura-
tion, or drug delivery dosage, drug delivery rate, dosage lim-
its, lockout intervals, or the like. In addition, transmitted
information may include entire therapy programs, including
parameter sets. Also, an IMD may transmit information to
another IMD, an external medical device, or an external pro-
grammer, such as operational data, status data, diagnostic
data, fault data, sensor data, or the like. Reliable telemetry is
an important aspect of overall operation of an IMD.

SUMMARY

[0004] This disclosure describes a chopper mixer telemetry
circuit for use in a wireless receiver. The receiver may be
located in an implantable medical device (IMD) or external
programmer. The chopper mixer telemetry circuit may
include a mixer amplifier that operates as a synchronous
demodulator to provide selective extraction of wireless sig-
nals received from a transmitter while suppressing out-of-
band noise that can undermine the reliability of the telemetry
link between an IMD or programmer and another device. The
mixer amplifier may utilize parallel signal paths to convert the
received telemetry signal into an in-phase (I) signal compo-
nent and a quadrature (Q) signal component and recombine
the I and Q signal components to reconstruct the total signal
independently of the phase mismatch between the transmitter
and receiver. Each signal path may include a chopper-stabi-
lized mixer amplifier that amplifies telemetry signals within a
desired band while suppressing out-of-band noise.

[0005] In one embodiment, the disclosure provides a wire-
less receiver comprising a first mixer amplifier and a second
mixer amplifier. The first mixer amplifier amplifies a telem-
etry signal modulated at a clock frequency to produce a first
amplified signal, demodulates the first amplified signal at the
clock frequency to produce a first demodulated signal, and
extracts a portion of the first demodulated signal to produce a
first output signal. The second mixer amplifier amplifies the
telemetry signal to produce a second amplified signal,
demodulates the second amplified signal at the clock fre-
quency to produce a second demodulated signal that is
approximately 90 degrees out of phase with the first demodu-
lated signal, and extracts a portion of the second demodulated
signal to produce a second output signal. The wireless
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receiver further comprises a first modulator that modulates an
amplitude of the first output signal at the clock frequency, a
second modulator that modulates an amplitude of the second
output signal at the clock frequency, a first feedback path that
applies the first modulated output signal as a first feedback
signal to the first mixer amplifier, a second feedback path that
applies the second modulated output signal as a second feed-
back signal to the second mixer amplifier, and circuitry that
combines the first and second output signals to produce a third
output signal.

[0006] In another embodiment, the disclosure provides a
method comprising receiving a wireless, modulated telem-
etry signal, amplifying the modulated telemetry signal to
produce a first amplified signal, demodulating the first ampli-
fied signal at a clock frequency to produce a first demodulated
signal, extracting a portion of the first demodulated signal to
producea first output signal, amplifying the modulated telem-
etry signal to produce a second amplified signal, demodulat-
ing the first amplified signal at the clock frequency to produce
a second demodulated signal that is 90 degrees out of phase
with the first demodulated signal, extracting a portion of the
second demodulated signal to produce a second output signal,
modulating an amplitude of the first output signal at the clock
frequency to produce a first modulated output signal, modu-
lating an amplitude of the second output signal at the clock
frequency to produce a second modulated output signal,
applying the first modulated output signal as a first feedback
signal to the modulated, differential telemetry signal, apply-
ing the second modulated output signal as a second feedback
signal to the modulated, differential telemetry signal, and
combining the first and second output signals to produce a
third output signal.

[0007] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and the
description below. Other features, objects, and advantages of
the invention will be apparent from the description and draw-
ings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0008] FIG. 1 is a block diagram illustrating a wireless
communication system including a receiver that incorporates
a chopper mixer telemetry circuit configured to support wire-
less telemetry.

[0009] FIG.2isa diagram illustrating a signal flow path for
the system of FIG. 1.

[0010] FIG. 3 is a circuit diagram illustrating an example
squaring unit for use in the system of FIG. 1.

[0011] FIG. 4 is a circuit diagram illustrating a chopper-
stabilized mixer amplifier that may be used to form part ofthe
chopper mixer telemetry circuit

[0012] FIG. 5 is a block diagram illustrating an example
embodiment of the receiver of FIG. 1.

[0013] FIG. 6 is a circuit diagram illustrating an example
embodiment of a chopper-stabilized mixer amplifier as
shown in FIG. 1 in greater detail.

[0014] FIG. 7isablock diagram illustrating an IMD having
a telemetry module that includes a receiver as shown in FIG.
1.

[0015] FIG. 8 is a block diagram illustrating a medical
device programmer having a telemetry module that includes
a receiver as shown in FIG. 1.

[0016] FIG. 9 is a flow diagram illustrating a method for
wireless telemetry using a chopper mixer telemetry circuit.
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DETAILED DESCRIPTION

[0017] Wireless telemetry is used to transfer data between
an implantable medical device (IMD) and another device,
such as another IMD, an external medical device, or an exter-
nal programmer. Example IMDs include implantable pulse
generators  (IPGs), implantable drug delivery devices,
implantable sensing devices, and the like. External program-
mers for an IMD include, for example, a patient or clinician
programmer. External medical devices may include external
therapy or sensing devices that communicate with an external
programmer and/or an IMD.

[0018] An external programmer may transmit information
specifying adjustment of therapy parameters or operational
features of the IMD. The transmitted information may
include adjustments to therapy parameters, such as electrical
stimulation pulse amplitude, pulse width, pulse rate, or dura-
tion, or drug delivery dosage, drug delivery rate, dosage lim-
its, lockout intervals, or the like. In addition, transmitted
information may include entire therapy programs, including
parameter sets. Also, an IMD may transmit information to
another IMD, an external medical device, or an external pro-
grammer, such as operational data, status data, diagnostic
data, fault data, sensor data, or the like. Reliable telemetry is
an important aspect of overall operation of an IMD.

[0019] Telemetry between an IMD and external program-
mer may be performed at distances of approximately 5 cen-
timeters (cm) or less. In this case, communication ordinarily
requires placing the programmer on the skin of the patient
directly over the IMD. Correctly positioning the programmer
relative to the IMD can take time and be an inconvenience to
the patient. A wireless receiver, in accordance with some
embodiments of this disclosure may be configured to permit
reliable telemetry operation at distances of greater than
approximately 5 cm. As an example, IMDs and programmers
incorporating a wireless receiver, as described in this disclo-
sure, may provide reliable communication at distances of
greater than or equal to approximately 5 cm, greater than or
equal to approximately 10 c¢m, greater than or equal to
approximately 50 cm, or at distances between approximately
5 cm and approximately 1 meter (m), between approximately
10 cm and approximately 1 m, or between approximately 50
cm and approximately 1 m. Effective, but less reliable, com-
munication may be supported for greater distances between
an IMD and another device, e.g., up to approximately 4 m,
depending on antenna size, data rate, and local noise sources,
and given micropower considerations.

[0020] Wireless telemetry at distances on the order of 5 cm
to 1 m may generally be referred to as “arms length telemetry”
(ALT), and may eliminate the burden of placing the program-
mer directly over the IMD. ALT may be considered short-
range telemetry, given the distances described in this disclo-
sure. Extending the distance between the IMD and
programmer may require the use of telemetry circuits capable
of reliably detecting telemetry signals with very low signal
levels. The level of a telemetry signal tends to decrease as a
cubic power of distance between the IMD and programmer,
i.e., between the transmitter and receiver. As an example,
signal levels for ALT may be on the order of hundreds of
millivolts (mV) to hundreds of microvolts (V).

[0021] This disclosure describes various embodiments of a
chopper mixer telemetry circuit for use as a receiver in a
communication system that operates with very low signal
power levels over distances greater than 5 cm. Hence, the
chopper mixer telemetry circuit may be useful for an ALT
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communication system for telemetry between an IMD and
another device such as an external programmer for program-
ming and/or interrogating the IMD. The IMD may be char-
acterized by finite power resources that are required to last
several months or years. Accordingly, to promote device lon-
gevity, IMD circuitry, such as sensing and therapy circuitry, is
generally designed to consume very small levels of power.
Likewise, the telemetry circuit described in this disclosure
also may be designed to consume very small levels of power.
[0022] As an example, in some embodiments, operation of
a chopper mixer telemetry circuit may be supported by a
supply current of less than 2.0 microamps, and more prefer-
ably less than 1.0 microamp. In some embodiments, the
telemetry circuit may consume supply current in a range of
approximately 100 nanoamps to 1.0 microamps. Accord-
ingly, the telemetry circuit may generally be referred to as a
micropower circuit. Although medical devices are described
for purposes of illustration, the described micropower telem-
etry circuit may be used in a variety of medical and non-
medical wireless communication applications. In each case,
the chopper mixer telemetry circuit may be incorporated in a
receiver required to draw very low power while providing a
substantially linear output and operating at a telemetry dis-
tance of greater than or equal to approximately 5 cm, greater
than or equal to approximately 10 cm, greater than or equal to
approximately 50 cm, or at distances between approximately
5 cm and approximately 1 meter (m), between approximately
10 cm and approximately 1 m, or between approximately 50
cm and approximately 1 m.

[0023] A chopper mixer telemetry circuit, in accordance
with some embodiments of this disclosure, may include a
linear, low offset, chopper-stabilized mixer amplifier that
operates as a synchronous demodulator to provide selective
extraction of wireless telemetry signals received from a trans-
mitter while suppressing out-of-band noise. Examples of out-
of-band noise include magnetic fields induced by stimulation
currents in an IMD, cathode ray tubes, and other unwanted
signals that can undermine the reliability of the telemetry link
between the IMD and an external programmer.

[0024] A chopper mixer telemetry circuit, in accordance
with various embodiments of this disclosure, may utilize
parallel signal paths to convert a received telemetry signal
into an in-phase (I) signal component and a quadrature (Q)
signal component and recombines the I and Q signal compo-
nents to reconstruct the total signal independently of the
phase mismatch between the transmitter and receiver. Each
signal path may include a chopper-stabilized mixer amplifier
that amplifies telemetry signals within a desired band while
suppressing out-of-band noise. Chopper stabilization may be
used to substantially eliminate noise and offset from an output
signal produced by the mixer amplifier. Dynamic limitations
that could result from chopper stabilization at low power can
be substantially eliminated through a combination of chop-
ping at low impedance nodes within the amplifier and feed-
back to reduce glitching.

[0025] It may be desirable for the chopper mixer telemetry
circuit to provide a substantially linear output over a very
large signal range while suppressing out-of-band aggressors.
For example, the chopper mixer telemetry circuit may be
configured to provide a substantially linear output over a
signal range of approximately 60 to 100 dB, and more par-
ticularly approximately 80 dB. It also may be desirable that
the chopper mixer telemetry circuit to operate with low power
in order to conserve limited battery resources and thereby
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promote operational longevity, particularly within an IMD
having finite power resources. As mentioned above, it is also
generally desirable to provide a chopper mixer telemetry
circuit capable of reliable telemetry at distances of greater
than or equal to approximately 5 cm, greater than or equal to
approximately 10 cm, greater than or equal to approximately
50 cm, or at distances between approximately 5 cm and
approximately 1 meter (m), between approximately 10 cm
and approximately 1 m, or between approximately 50 cm and
approximately 1 m.

[0026] FIG. 1 is a block diagram illustrating a wireless
communication system 10 including a transmitter 12 and a
receiver 14 configured for arms length telemetry (ALT). Sys-
tem 10 may be used, for example, as an ALT system operating
at relatively low frequencies and low power. Receiver 14 may
be located in a patient or clinician programmer or an IMD,
such as an implantable pulse generator (IPG), an implantable
drug delivery device, or an implantable sensing device. The
IMD may be implanted within a patient and communicate, via
wireless radio frequency (RF) telemetry, with the clinician or
patient programmer, with an external medical device or with
another IMD. In a reciprocal manner, transmitter 12 may be
located in the corresponding remote device, e.g., a program-
mer when receiver 14 is located in an IMD and an IMD when
receiver 14 is located in a programmer. Alternatively, trans-
mitter 12 or receiver 14 may be located within another device,
such as another IMD or an external medical therapy or sens-
ing device. Receiver 14 and transmitter 12 form a telemetry
system that makes use of a chopper mixer telemetry circuit
having a chopper mixer amplifier 20 in accordance with vari-
ous embodiments of this disclosure.

[0027] In general, system 10 may be configured for ALT,
which refers to reliable telemetry at distances of greater than
or equal to approximately 5 cm, greater than or equal to
approximately 10 cm, greater than or equal to approximately
50 cm, or greater than or equal to approximately 100 cm. ALT
generally eliminates the burden of placing a programming
device directly over an IMD for communication. However,
the signal level of an ALT signal may be on the order of
hundreds of microvolts as a result of the signal level dropping
off as a cubic power of distance between the programming
device and the IMD. Consequently, ALT requires highly sen-
sitive telemetry circuitry to extract the transmitted signal
while suppressing or rejecting out of band aggressors, i.e.,
noise.

[0028] Transmitter 12 may be configured to transmit telem-
etry signals at a frequency in a range of approximately 10 kHz
to 1 GHz, and more particularly in a range of approximately
150 kHz to 200 kHz for biomedical applications. In an
example embodiment, telemetry signals produced by trans-
mitter 12 may be on-off-keyed (OOK)) signals in the 175 kHz
industrial-scientific-medical (ISM) band with a 4.4 kilobits
per second (kbps) data transmission rate. Such telemetry sig-
nals are representative of those that may be used for wireless
telemetry for an IMD. However, such telemetry signals are
described for purposes of example and illustration and should
not be considered limiting of various aspects of a chopper
mixer telemetry circuit, as broadly embodied and described in
this disclosure.

[0029] Data carried by the telemetry signals may be framed
with a fixed interval of 228 ps to provide a 4.4 kbps rate. The
duty cycle of the signal within the frame represents whether
the data bit is a one or a zero. It should be understood that
system 10 is not limited to the above protocol. Instead, this
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protocol is one of many example protocols that may be used
for ALT. Accordingly, system 10 should be viewed as an
example to illustrate mixer amplifier 20 for synchronous
demodulation of signals for ALT and, therefore, should not be
considered limiting in any way.

[0030] As shown in FIG. 1, receiver 14 includes a chopper
mixer telemetry circuit 16 and a decoder 18. In the example of
FIG. 1, chopper mixer telemetry circuit 16 includes a chop-
per-stabilized mixer amplifier 20, quadrature reconstruction
circuitry 22, and feedback path 24. Receiver 14 and, more
particularly, chopper mixer telemetry circuit 16 may be con-
figured to operate as a synchronous demodulator that pro-
vides selective extraction of the received telemetry signal
while suppressing out-of-band aggressors. In general, chop-
per-stabilized mixer amplifier 20 amplifies the received
telemetry signal and demodulates the amplified signal from
the carrier frequency to baseband. During this process, noise
that enters the signal path of amplifier 20, i.e., 1/f noise,
popcorn noise, and offset, is modulated up to the carrier
frequency. However, the desired signal, which has already
been mixed up to the carrier frequency at the transmitter, is
mixed down to baseband. In addition, other out-of band noise,
such as induced electromagnetic interference, is up-con-
verted out of the baseband. In this manner, amplifier 20 seg-
regates the desired baseband signals from the up-converted
noise signals and substantially reduces or eliminates compo-
nents located at the carrier frequency, i.e., the 1/f noise, pop-
corn noise, and offset. In this way, amplifier 20 provides a low
noise output.

[0031] Mixeramplifier 20 demodulates the received telem-
etry signal by converting the received signal into an in-phase
(1) signal component and a quadrature (Q) signal component
using parallel signal paths. As described in this disclosure,
each of the parallel signal paths of amplifier 20 uses chopper
stabilization to substantially eliminate noise and offset from
the respective I or Q output signal and includes an amplifier,
a chopper, and an integrator. The amplifier, chopper, and
integrator may be implemented as an amplifier that has a
modified folded cascode architecture that provides switching,
e.g., via CMOS switches, at low impedance nodes, e.g., as
shown in FIG. 4. Switching at low impedance node enables
chopping at higher frequencies where the only limitation
would be the charge injection offset.

[0032] Ingeneral, amplifier 20 may have limited bandwidth
because it operates under the constraints of a micropower
system, e.g., within an IMD having limited power resources
The limited bandwidth can cause glitching, i.e., ripple or
spikes, in the output signal. For this reason, feedback loop 24
may be coupled between the output and input of mixer ampli-
fier 20. Feedback loop 24 provides negative feedback to keep
the signal changes at the input to mixer amplifier 20 relatively
small. More particularly, feedback loop 24 keeps changes at
the inputs to the amplifiers of each of the parallel chopper-
stabilized signal paths relatively small. Feedback loop 24
may have a differential configuration that substantially elimi-
nates glitching in the output of amplifier 20 by driving the net
input signal to mixer amplifier 20 toward zero. In this way,
feedback loop 24 keeps the signal change at the input of mixer
amplifier 20 relatively small in steady state. As a result, mixer
amplifier 20 achieves a stable, low noise, low distortion out-
put while operating at low power.

[0033] Quadrature reconstruction circuitry 22 uses the out-
put of the parallel signal paths, i.e., the I and Q signal com-
ponents, to reconstruct the total signal independent of the
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phase mismatch between transmitter 12 and receiver 14.
Decoder 18 converts the reconstructed signal, which is an
analog waveform, into a digital bitstream. In an example
embodiment, quadrature reconstruction circuitry 22 may
comprise a translinear circuit and reconstructs the total signal
using the root of the sum of the squares of the I and Q signal
components. In this manner, synchronous demodulation is
kept synchronous.

[0034] The nonlinear mixing process not only translates
frequencies by the reference carrier, but also scales the refer-
ence carrier by the cosine of the phase difference between the
transmitted signal and a reference carrier. Because the trans-
mitter and the receiver are at different physical locations, at
least some phase asynchrony may exist. In a worst case, a 90
degree phase shift can results in a signal null such that the
transmit signal is not received, regardless of transmit signal
strength.

[0035] In operation, it is more likely that the frequency
mismatch results in some degree of phase rotation less than 90
degrees, causing a beat frequency that undermines digital
slicing of the transmit signal. In effect, parallel chopper-
stabilized signal paths, presented by amplifier 20, and quadra-
ture reconstruction circuitry 22 apply trigonometric identities
to reconstruct the net waveform independent of the clock
phasing. The parallel signal paths have reference clocks with
a 90 degree phase shift, providing a “sine” and a “cosine”
scaling, so that the transmit signal can be reconstructed using
the root of the sum of the squares, which extracts the net
hypotenuse.

[0036] Chopper mixer telemetry circuit 16 and, particu-
larly, chopper-stabilized mixer amplifier 20, may provide
certain advantages. For example, as previously described,
mixer amplifier 20 may provide substantially linear output
over a large range of signal levels while operating at low
frequency and power. This is a result of the basic architecture
of mixer amplifier 20. As another advantage, on-chip, poly-
poly capacitors may be used to implement capacitors in feed-
back loop 24. Poly-poly capacitors enable fast switching
dynamics and can be formed on-chip with other amplifier
components. A poly-poly capacitor may be formed on chip
with other devices by combining two polysilicon electrodes
and an intervening silicon dioxide dielectric. In addition, the
gain of mixer amplifier 20 can be set by the ratio of capacitors
in feedback loop 24 to capacitors at the input of receiver 14
and centered around a selected reference voltage. Further, by
modulating the input signal at transmitter 12, the common
mode input voltage can swing from rail to rail and mixer
amplifier 14 is still able to extract a differential voltage. These
advantages are merely exemplary of those that may be pro-
vided in some embodiments of a chopper mixer telemetry
circuit. Additional advantages are discussed in this disclosure
or may occur to those skilled in the art upon consideration of
this disclosure. Moreover, such advantages may not coexist in
every embodiment.

[0037] FIG. 2 is a block diagram illustrating a signal path
flow for system 10 which incorporates linear micropower
mixer amplifier 20 in receiver 14. As previously described,
system 10 includes transmitter 12 and receiver 14, which may
be configured to support ALT. In one example embodiment,
transmitter 12 may be located in an external programmer and
receiver 14 may be located in an IMD in communication with
transmitter 12. In another example embodiment, transmitter
12 may be located in an IMD and receiver 14 may be located
in an external programmer in communication with the IMD.
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Alternatively, one of transmitter 12 and receiver 14 may be
located in a different IMD or a different external medical
device.

[0038] Thesignal flow depicted in FIG. 2 begins with trans-
mitter 12, which includes modulator 30. Modulator 30
receives an input data signal 32 and chops (modulates) the
input signal at a chopping (carrier) frequency defined by
clock signal 31A to produce an output signal 33 for RF
transmission to receiver 14. Clock signal 31A, like other
clock signals described in this disclosure, may be a square
wave signal that effectively multiples the signal by plus 1 and
minus 1 at a desired clock frequency. Modulator 30 may, in
some embodiments, comprise a pair of complementary metal
oxide semiconductor (CMOS) single pole, double throw
(SPDT) switches that are driven by clock signal 31 A to modu-
late (chop) input signal 32 to the RF carrier frequency. The
CMOS SPDT switches may be cross-coupled to each other to
reject common mode signals.

[0039] Additional amplifier or filter components may be
provided to generate data signal 32. Generally, input data
signal 32 is an electrical signal encoded with data. More
specifically, transmitter 12 may convert a digital bit stream
into an analog waveform represented by data signal 32. Data
input signal 32 may be encoded, for example, using on-off-
keying and modulated to 175 kHz for transmission over a
wireless channel via transmit antenna 13. The data may be
framed with a fixed interval of 228 ps to provide a 4.4 kbps
data rate. The duty cycle of signal 33 within the frame signi-
fies whether the data bit is a zero or a one. In this way,
transmitter 12 produces telemetry signal 33 for transmission
over a wireless channel via transmit antenna 13. The wireless
channel, in this case, is the path that telemetry signal 33
travels from transmitter 12 to receiver 14.

[0040] Telemetry signal 33 is received by receiver 14 via
receive antenna 15. Antenna 15 of the wireless channel may
be realized, in some embodiments, by a resonant circuit hav-
ing a tuned center frequency f; and resonant quality factor Q.
Summing node 34 represents the introduction of noise 36 into
telemetry signal 33 to produce noisy modulated input signal
35. Noise 36 includes out-of-band aggressors that are intro-
duced by the environment and noise introduced by amplifier
20. Example out of band aggressors include parasitic mag-
netic fields induced by stimulation currents in the IMD, cath-
ode ray tubes, and other similar electromagnetic phenomena.
Noise introduced by amplifier 20 includes low frequency 1/f
noise, popcorn noise, and offset. At node 34, however, the
desired data has already been chopped (modulated) to a
higher frequency band (carrier frequency) by modulator 30 of
transmitter 12. Thus, the low frequency noise 36 is segregated
from the modulated data at the input of mixer amplifier 20.
[0041] For antenna 16, when tuned to the telemetry fre-
quency with significantly high Q factor, out of band aggres-
sors having significant transient components can generate
aggressor signals at the tuned frequency. These aggressors
may then be mixed down to the baseband causing interference
to the desired telemety signal. In some embodiments, to take
advantage ofthe aggressor rejection of the mixing process, an
antenna 15 of moderate Q may be tuned above or below the
telemetry frequency by a margin to yield a damped natural
response (ringing) at a frequency that will be mixed suffi-
ciently away from the telemetry baseband signal.

[0042] Feedback summing nodes 42, 43 will be described
below in conjunction with two feedback paths 24 A, 24B that
collectively form feedback path 24 for the parallel signal
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paths of chopper mixer telemetry circuitry 16. Mixer ampli-
fier 20 receives noisy modulated input signal 35 from sum-
ming nodes 42, 43 via series input capacitors (Cin) 37A, 37B,
respectively. In the example of FIG. 2, mixer amplifier 20
includes parallel signal paths that convert noisy modulated
input signal 35 into I and Q components. For purposes of
description, the upper or top signal pathway converts input
signal 35 into the I signal component and the bottom or lower
signal pathway converts input signal 35 into the Q signal
component. Thus, the upper signal path (I) includes a gain
amplifier 50, modulator 52, and integrator 54 that amplify,
modulate and integrate a first version of the received telem-
etry signal, and the lower or bottom signal path (Q) includes
a gain amplifier 60, modulator 62, and integrator 64 that
amplify, modulate and integrate a second version of the
received telemetry signal.

[0043] The received signal 35 is applied to inputs of both
amplified 50 and amplifier 60. Amplifiers 50 and 60 amplify
signal 35 to produce amplified signals 55 and 65, respectively,
and may have differential inputs. Modulators 52 and 62
demodulate amplified signals 57 and 67 to baseband to gen-
erate demodulated signals 57 and 67, respectively. In this
operation, the desired signal components at the carrier fre-
quency are modulated down to baseband and low frequency
noise 36 is modulated up to the carrier frequency in demodu-
lated signals 57 and 67. In this manner, the noise can be
filtered out of the resulting signal, leaving the desired transmit
signal. Modulators 52 and 62 are driven by clock signals 31B
and 31C, respectively, and operate at the same frequency as
modulator 30 driven by clock signal 31A. However, modula-
tors 52 and 62 are 90 degrees out of phase with each other. In
this way, modulators 52 and 62 convert the received telemetry
signal into in-phase (I) and quadrature (QQ) components 59
and 69, respectively. Modulators 52, 62 may not be synchro-
nized with the phase of modulator 30 of transmitter 12. How-
ever, the combination parallel I and Q paths with quadrature
reconstruction circuitry 22 permits synchronization.

[0044] In some embodiments, clock signals 31B and 31C
may be derived from the same clock, such as a clock operating
at 700 Hz. In such embodiments, additional circuitry may be
provided to downsample the output of this clock to obtain a
good (stable) duty cycle and phase at 350 Hz. Then, this
downsampled clock signal can be sampled again to produce
acceptable 175 kHz signals that can be used for clock signals
31B and 31C.

[0045] Demodulated signals 57 and 67 are received by inte-
grators 54 and 64, respectively. Integrators 54 and 64 suppress
components in the demodulated signals that are not at base-
band, thereby producing output signals 59 and 69, respec-
tively, that are substantially free of noise 36. In other words,
integrators 54, 64 serve to remove the high frequency noise
components that were chopped up to the modulation fre-
quency, and retain the low frequency signal components that
were chopped down to the baseband frequency. Output sig-
nals 59 and 69 are also referred to in this disclosure as the I
and Q signal components. Integrators 54 and 64 provide
compensation and filtering. In other embodiments, compen-
sation and filtering may be provided by other circuitry. How-
ever, the use of integrators 54 and 64 as described in this
disclosure may be desirable. F1G. 4 provides a detailed circuit
diagram of an example embodiment of the a signal path for
use as one of the parallel signal paths of mixer amplifier 20.
[0046] Quadrature reconstruction circuitry 22 reconstructs
the total received signal using I and Q components or output
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signals 59 and 69. In an example embodiment, quadrature
reconstruction circuitry may be implemented using a trans-
linear circuit. In FIG. 2, quadrature reconstruction circuitry
22 includes squaring units 56 and 66, summing unit 70, and
root unit 72. Squaring unit 56 squares the output of integrator
54. Squaring unit 56 squares the output of integrator 64.
Summing unit 70 adds the squared outputs of integrators 54
and 64 to produce a summed signal. Root unit 72 produces a
square root of the summed signal.

[0047] The total signal can be reconstructed using the root
of the sum of the squares of the I and Q components. In other
words, using a “sine” and “cosine” scaling of the received
signal, the net hypotenuse of the total signal is extracted
independent of phase mismatch between transmitter 12 and
receiver 14. In this manner, phase synchronization can be
achieved relative to transmitter 12. Each squaring unit 56, 66
may be formed in a variety of ways, e.g., using any of a variety
of translinear circuits known to those skilled in the art. FIG. 3,
discussed below, illustrates one example squaring unit circuit
for squaring units 56, 66. In some embodiments, square root
unit 72 may not be necessary as the level for triggering the
demodulator data could be based on the squared signal, which
contains both the vector inputs of the received signal. Accord-
ingly, square root unit 72 may be optional. If included, square
root unit 72 may be formed using any of a variety of translin-
ear circuits known to those skilled in the art, e.g., such as
circuits similar to that shown in FIG. 3 for squaring unit 56.

[0048] Itshould be understood that other quadrature recon-
struction techniques are possible and may be implemented
using circuitry other than that illustrated in FIG. 2. Accord-
ingly, FIG. 2 describes an example for reconstructing the total
signal using quadrature components, but it is recognized that
those skilled in the art may apply other reconstruction tech-
niques and circuits for implementing these techniques.

[0049] The output of quadrature reconstruction circuitry 22
is reconstructed signal 75 which is passed to decoder 18.
Decoder 18 produces a digital bitstream 77 from signal 75 by,
for example, comparing the amplitude of signal 75 to a
threshold value. When the signal exceeds the threshold value,
the output bit may be determined to be a 1. When the signal
does not exceed the threshold value, the output bit may be
determined to be a 0.

[0050] InFIG. 2, feedback loop 24 includes an upper or top
feedback path 24 A and a lower or bottom feedback path 24B.
These feedback paths 24 A, 24B provide negative feedback to
the input of mixer amplifier 20 and, more particularly, to gain
amplifiers 50 and 60, respectively, to reduce glitching in
output signals 59 and 69. In particular, the feedback paths
drive noisy modulated input signal 35 toward zero in steady
state. In this way, the feedback paths keep the signal change at
the input to mixer amplifier 20 small, thereby reducing unde-
sirable glitching. Feedback path 24A applies feedback to the
version of the input signal 35 applied to amplifier 50, and
feedback path 24B applies feedback to the version of the input
signal applied to amplifier 60.

[0051] In the example of FIG. 2, the upper feedback path
includes modulator 49 and feedback capacitor (Ctb) 47. The
lower feedback path includes modulator 48 and feedback
capacitor (Ctb) 46. Modulators 49 and 48 modulate output
signals 59 and 69, respectively, to produce feedback signals
45 and 44 that are added to the signal path at the input of gain
amplifiers 50 and 60 via summing nodes 43 and 42, respec-
tively.
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[0052] Each of the feedback paths may provide capacitor
scaling versus the input capacitance of mixer amplifier 20 to
produce attenuation and thereby generate gain at the output of
amplifier 20. Accordingly, feedback capacitors 47 and 46
may be selected to produce the desired gain given the value of
the input capacitance of mixer amplifier 20.

[0053] Clock signals 40, 41 drive modulators 48, 49,
respectively, to modulate output signals 69, 59 at the carrier
frequency, e.g., 175 kHz. Clock signals 40,41 may be derived
from the same clock as clock signals 31B, 31C. More specifi-
cally, clock signal 40 may be synchronized with clock signal
31C and clock signal 41 may be synchronized with clock
signal 31B. Thus, clock signals 40, 41 may be approximately
90 degrees out of phase with each other.

[0054] However, because output signals 59 and 69 of the
upper and lower feedback paths are single ended, upper and
lower feedback paths may each include two feedback paths
thatapply negative feedback to the positive and negative input
terminals of gain amplifiers 50 and 60, respectively, which
may be differential amplifiers. A single feedback path is
shown for the upper and lower feedback paths in FIG. 2 in the
interest of simplicity.

[0055] The two feedback paths, referred to as differential
feedback paths, for each of the upper and lower feedback
paths should be approximately 180 degrees out of phase with
each other. One of the differential feedback paths for each of
the upper and lower feedback paths should modulate synchro-
nously with modulators 52 and 62, respectively. This ensures
that a negative feedback path exists during each half of the
clock cycle.

[0056] As an alternative, in some embodiments, mixer
amplifier 20 may be configured such that each of the parallel
signal paths generates a differential output signal, rather than
a single-ended output signal. A differential output signal may
provide positive and negative outputs. In this case, the upper
and lower feedback paths can apply negative feedback to the
positive inputs of gain amplifiers 50 and 60, respectively, and
apply negative feedback to the negative inputs of gain ampli-
fiers 50 and 60. For a differential output signal, the upper and
lower feedback paths would modulate each of the positive and
negative output signals. However, the positive and negative
output signals could be modulated in-phase, rather than out of
phase. Although differential output signals are possible, a
feedback path configured to convert a single-ended output to
differential feedback will be described herein for purposes of
illustration.

[0057] FIG. 3 is a circuit diagram illustrating an example
squaring unit for use in the system of FIG. 1. FIG. 3 illustrates
squaring unit 56 for processing an I component produced by
integrator 54 (FIG. 2). In the example of FIG. 3, squaring umt
56 includes NPN bipolar transistors Q1, Q2, Q3, Q4, Q5. The
emitter of transistor Q1 receives the output of integrator 54,
whichis labeled I, in FIG. 3 to designate an electrical current
value associated with the signal produced by integrator 54.
Squaring unit 66, which processes the output of integrator 64,
may be identical to squaring unit 56. With further reference to
FIG. 3, the base and emitter of transistor Q1 are coupled to
one another and to the base of transistor Q3. The emitter and
base of transistor Q2 are coupled to the collector of transistor
Q1. The collector of transistor Q2 is coupled to ground.
Transistor Q3 receives an electrical current I, via the emitter
and has a collector coupled to the emitter of transistor Q4 and
the base of transistor Q5. The base of transistor Q4 is coupled
to a fixed bias potential, and the collector of transistor Q4 is
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coupled to ground. The collector of transistor Q5 is coupled to
ground. The emitter of transistor Q5 produces the squared
output current value I, =1, */1,, which then can be applied to
summer 70 and square root unit 72 with the corresponding
output of squaring unit 66.

[0058] FIG. 4 is a circuit diagram illustrating an example
embodiment of mixer amplifier 20 in greater detail. More
specifically, FIG. 4 is a circuit diagram illustrating one of the
signal paths of mixer amplifier 20, such as the upper signal
path or lower signal path. Both signal paths are not illustrated
in the interest of simplicity. Thus, with respect to FIG. 2, the
circuit diagram in FIG. 4 can be viewed as a circuit diagram
for gain amplifier 50, modulator 52, and integrator 54.
[0059] In the example of FIG. 4, the upper signal path of
mixer amplifier 20 is a modified folded-cascode amplifier
with switching at low impedance nodes. The modified folded-
cascode architecture allows the currents to be partitioned to
maximize noise efficiency. In general, the folded cascode
architecture is modified in FIG. 4 by adding two sets of
switches. One set of switches is illustrated in FIG. 4 as
switches 80A and 80B (collectively referred to as “switches
80”) and the other set of switches includes switches 82A and
82B (collectively referred to as “switches 82”).

[0060] Switches 80 are driven by chop logic to support the
chopping of the amplified signal for demodulation at the chop
clock frequency. In particular, switches 80 demodulate the
amplified signal down to baseband and modulate front-end
offsets and 1/f noise up to the clock frequency. Switches 82
are embedded within a self-biased cascode mirror formed by
transistors M6, M7, M8 and M9, and are driven by chop logic
to up-modulate the low frequency errors from transistors M8
and M9. Low frequency errors in transistors M6 and M7 are
attenuated by source degeneration from transistors M8 and
M9. The demodulated signal is at baseband, allowing an
integrator 54, formed by transistor M10 and capacitor 83
(Ccomp), to stabilize the upper feedback path (not shown in
FIG. 4) and filter modulated offsets.

[0061] The upper signal path of mixer amplifier 20 and,
thus, the circuit diagram in FI1G. 4 has three main blocks: a
transconductor, a demodulator, and an integrator. The core is
similar to a folded cascode. In the transconductor section,
transistor M5 is a current source for the differential pair of
input transistors M1 and M2. In an example embodiment,
transistor M5 may pass approximately 800 nA, which is split
between transistors M1 and M2, e.g., 400 nA each. Transis-
tors M1 and M2 are the inputs to gain amplifier 50. Small
voltage differences steer differential current into the drains of
transistors M1 and M2 in a typical differential pair way.
Transistors M3 and M4 serve as low side current sinks, and
may each sink roughly 500 nA, which is a fixed, generally
nonvarying current. Transistors M1, M2, M3, M4 and M5
together form a differential transconductor.

[0062] Inthis example, approximately 100 nA of current is
pulled through each leg of the demodulator section. The alter-
nating current (AC) current at the chop frequency from tran-
sistors M1 and M2 also flows through the legs of the demodu-
lator. Switches 80 alternate the current back and forth
between the legs of the demodulator to demodulate the mea-
surement signal back to baseband, while the offsets from the
transconductor are up-modulated to the chopper frequency.
As discussed previously, transistors M6, M7, M8 and M9
form a self-biased cascode mirror, and make the signal single-
ended before passing into the output integrator formed by
transistor M10 and capacitor 83 (Ccomp). Switches 82 placed
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within the cascode (M6-M9) upmodulate the low frequency
errors from transistors M8 and M9, while the low frequency
errors of transistor M6 and transistor M7 are suppressed by
the source degeneration they see from transistors M8 and M9.
Source degeneration also keeps errors from Bias N2 transis-
tors 86 suppressed. Bias N2 transistors M12 and M13 form a
common gate amplifier that presents a low impedance to the
chopper switching and passes the signal current to transistors
M6 and M7 with immunity to the voltage on the drains.
[0063] The output direct current (DC) signal current and
the upmodulated error current pass to the integrator, which is
formed by transistor M10, capacitor 83 (Ccomp), and the
bottom NFET current source transistor M11. Again, this inte-
grator serves to both stabilize the upper feedback path and
filter out the upmodulated error sources. The bias for transis-
tor M10 may be approximately 100 nA in an example
embodiment, and is scaled compared to transistor M8. The
bias for lowside NFET M11 may also be approximately 100
nA (sink). As a result, the integrator is balanced with no
signal. If more current drive is desired, current in the integra-
tion tail can be increased appropriately using standard inte-
grate circuit design techniques. Various transistors in the
example of FIG. 4 may be field effect transistors (FETs), and
more particularly CMOS transistors. The output of the circuit
in FIG. 4 is output signal or I component 59, which is passed
to quadrature reconstruction circuitry 22. The lower signal
path of mixer amplifier 20 may be implemented using a
circuit similar to the circuit depicted in FIG. 4.

[0064] FIG.5isablock diagram illustrating receiver 14. It
should be understood that FIG. 5 is merely exemplary and
should not be considered limiting. FIG. 5 illustrates the
operation of receiver 14. In FIG. 5, receive antenna 15
receives the telemetry signal, i.e., telemetry signal 33, gener-
ated by transmitter 12 (not shown) that carries the data
encoded output signal at a carrier frequency over a wireless
channel. Noise, e.g., 1/f noise, popcom noise, and offset,
enters the signal path of mixer amplifier 20 to produce the
noisy modulated input signal at the input to mixer amplifier
20. The noise may also include out-of-band aggressors, such
as parasitic magnetic fields induced by stimulation currents in
the IMD, cathode ray tubes, and other similar phenomena. In
addition, some of the noise may be produced within mixer
amplifiers 50, 60, e.g., as 1/f noise, offset, or popcorn noise.
Thus, the signal processed by mixer amplifier 20 includes the
data modulated up to the carrier frequency and noise compo-
nents at baseband.

[0065] As previously described, mixer amplifier 20 may be
implemented using parallel signal paths that convert the
received noisy signal into I and QQ components. The parallel
signal paths may be implemented using the modified folded-
cascode amplifier architecture illustrated in FIG. 4 for each
signal path. Mixer amplifier 20 is illustrated in FIG. § as
including amplifiers 50 and 60, demodulators 52 and 62, and
integrators 54 and 64, forming respective parallel I and Q
chopper mixer paths.

[0066] Quadrature reconstruction circuitry 84 combines
the output of mixer amplifier 20, i.e., l and Q components 59
and 69, to reconstruct the received signal. As previously
described, in an example embodiment, quadrature recon-
struction circuitry 22 includes circuitry for reconstructing the
signal using the root of the sum of the squares of the I and Q
components. The circuitry may be implemented using a trans-
linear circuit and include components that correspond to the
components depicted in FIG. 2.
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[0067] Decoder 18 produces a digital bitstream based on
the output of quadrature reconstruction circuitry 22. For
example, decoder 18 may include a slicer formed from a
comparator that detects a level of the output signal produced
by quadrature circuitry 22. The comparator may have a
dynamic level adjustment to account for variations in the
background noise floor. Mild hysteresis may be added to the
slicer to prevent multiple triggers in the digital waveform for
small amplitude transitions over short periods of time.
[0068] InFIG. 5, feedback path 24 includes an upper nega-
tive feedback path 24A and lower negative feedback path
24B. To provide a differential-to-single ended conversion,
each of feedback paths 24A and 24B may include two sym-
metrical feedback path branches, referred to as differential
feedback branches, to provide feedback to respective positive
and negative differential inputs of mixer amplifier 20, i.e.,
positive and negative inputs of amplifiers 50 and 60.

[0069] Negative feedback paths 24A and 24B apply nega-
tive feedback to keep the signal change small at the input to
mixer amplifier 20, and thereby reduce glitching. Fach of the
differential feedback path branches of negative feedback
paths 24A and 24B modulates the corresponding output sig-
nal of mixer amplifier 20, i.e., output signals 59 and 69, with
a reference voltage provided by reference and bias generator
94. To ensure that a negative feedback path exists in negative
feedback paths 24A and 24B at all times, the chop frequency
applied to the differential branches of negative feedback paths
24A and 24B should be 180 degrees out of phase with each
other. Additionally, one of the differential feedback path
branches for each of negative feedback paths 24 A and 24B
should be synchronized with the modulator in the corre-
sponding signal path.

[0070] For example, with respect to FIG. 5, one of the
differential branches ofnegative feedback path 24 A should be
synchronized with modulator 52 and one of the differential
branches of negative feedback path 24B should be synchro-
nized with modulator 62. In this way, one of the differential
branches of negative feedback paths 24 A and 24B is applying
negative feedback during each half of the clock cycle. As a
result, the differential signals at the input of mixer amplifier
20 are small and centered about the reference voltage. Nega-
tive feedback paths 24A and 24B substantially reduce or
eliminate the dynamic limitations of mixer amplifier 20, i.e.,
glitching in the output signals produced by integrators 54 and
64 (output signals 59 and 69 with respect to FIG. 2).

[0071] In some embodiments, clock 96 may comprise one
or more clocks. In one example embodiment, clock 96 may be
a single clock and includes circuitry for deriving the clock
signals for mixer amplifier 20 and feedback paths 24A and
24B. In an example embodiment in which transmitter 12
modulates the input signal to 175 kHz, clock 96 may be a
clock operating at approximately 700 kHz and additional
circuitry may be used to down sample the 700 kHz clock to
obtain the required clock signals. The additional circuitry
may, for example, sample the output of the clock to obtain a
stable duty cycle and phase at 350 kHz. From these signals,
the 175 kHz clock signals required for mixer amplifier 20 and
feedback paths 90 and 92 can be obtained. Hence, the 700
kHz signal may be downsampled to 350 kHz, and then to 175
kHz for application to modulators 52, 62, and application
within negative feedback paths 24A, 24B.

[0072] Reference and bias generator 94 supplies bias volt-
ages to mixer amplifier 20 and negative feedback paths 24 A
and 24B. With respect to mixer amplifier 20, reference and
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bias generator 94 may supply bias voltages for biasing the
transistors as shown in FIG. 4. Reference and bias generator
94 may also supply the reference voltages that are mixed with
the signals in negative feedback paths 24A and 24B. Bias
voltages of 0 volts to 1.2 volts (bandgap) or O volts to 0.6 volts
(half bandgap) may be used as bias points.

[0073] FIG. 6 is a circuit diagram illustrating an example
embodiment of one signal path of chopper mixer telemetry
circuit 16 of receiver 14. In particular, the circuit diagram in
FIG. 6 depicts input and feedback circuitry for a portion of
chopper mixer telemetry circuit 16 of receiver 14. The portion
depicted in FIG. 6 includes the upper signal path of mixer
amplifier 20 and positive and negative differential branches of
negative feedback path 24A. The lower signal path of mixer
amplifier 20, quadrature circuitry 22, and decoder 18 are not
illustrated in the interest of simplicity. However, those skilled
in the art will recognize that the lower signal path of receiver
14 may also generally conform to the circuit diagram in FIG.
6.

[0074] As shown in FIG. 6, gain amplifier 50 receives
telemetry signal 33, i.e., amodulated differential input signal,
via input capacitors (Cin) 106A, 106B. Input capacitors
106A,106B may correspond to input capacitor 37A of FIG. 2.
Input capacitor 106 A feeds a positive end of the differential
antenna signal (ANT+) to the positive input of gain amplifier
50. Input capacitor 106B feeds a negative end of the differ-
ential antenna signal (ANT-) to the negative input of gain
amplifier 50.

[0075] Resistors 108A, 108B (collectively referred to as
“resistors 108”) may be provided to set the inputs of mixer
amplifier 14 to set an input bias impedance. That is, resistors
108 provide a DC conduction path that controls the voltage
bias at the input of gain amplifier 50. Thus, resistors 108 are
selected to provide an equivalent resistance that is used to
keep the bias impedance high. Resistors 108 may, for
example, be selected to provide approximately a 5 GQ
equivalent resistor, but the absolute size of the equivalent
resistor is not critical to the performance of gain amplifier 50.
In general, increasing the impedance improves the noise per-
formance and rejection of harmonics, but extends the recov-
ery time from an overload. To provide a frame of reference, a
5 GQ equivalent resistor results in a referred-to-input (RTT)
noise of approximately 20 nV/rt Hz with an input capaci-
tance, provided by input capacitors 106 A, 106B, of approxi-
mately 25 pF. Therefore, one reason for keeping the imped-
ance high is the rejection of high frequency harmonics which
canalias into the signal chain due to seftling at the input nodes
of gain amplifier 50 during each half of a clock cycle.
[0076] It is important to note that resistors 108 are merely
exemplary and serve to illustrate one of many different bias-
ing schemes for controlling the signal input to gain amplifier
50. In fact, the biasing scheme is flexible because the absolute
value of the resulting equivalent resistance is not critical. In
general, the time constant of resistors 108 and input capaci-
tors 106A, 106B may be selected to be approximately 100
times longer than the reciprocal of the chopping (carrier)
frequency.

[0077] As previously described, operating at low power
tends to limit the bandwidth of gain amplifier 50 and creates
distortion (ripple or glitching) in the output signal, i.e., output
signal 59. The upper signal path of mixer amplifier 20 and
feedback path 24A operate as previously described. That is,
gain amplifier 50, modulator 52, integrator 54 and feedback
path 24A may provide a substantially linear output over a
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large change in signal level, e.g., from hundreds of millivolts
to hundreds of microvolts, while substantially eliminating the
dynamic limitations of chopper stabilization through a com-
bination of chopping at low-impedance nodes and AC feed-
back. Consequently, mixer amplifier 20 can provide synchro-
nous demodulation and substantially reduce or eliminate out
of band aggressors in the output signal 59. As a result, mixer
amplifier 20 outputs a signal that is an amplified representa-
tion of received telemetry signal.

[0078] Without the negative feedback provided by feed-
back path 24 A, output signal 59 could include spikes super-
imposed on the desired signal because of the limited band-
width of the amplifier at low power. However, the negative
feedback provided by feedback path 24A can suppress these
spikes so that the output signal in steady state is an amplified
representation of the received telemetry signal with very little
noise.

[0079] Feedback path 24A in FIG. 6 includes two feedback
paths, i.e., differential branches of feedback path 24A, that
provide a differential-to-single ended interface. The top
branch modulates output signal 59 to provide negative feed-
back to the positive input terminal of gain amplifier 50. This
branch includes capacitor 112A and switch 114A. Similarly,
the bottom branch of feedback path 24A includes capacitor
112B and switch 114B that modulate output signal 59 to
provide negative feedback to the negative input terminal of
gain amplifier 50. Capacitors (Cfb) 112A and 112B are con-
nected at one end to switches 114A and 114B, and at the other
end to the positive and negative input terminals of mixer
amplifier 20, respectively. With respect to FIG. 2, capacitors
112A and 112B correspond to capacitor 47.

[0080] Switches 114A and 114B toggle between a refer-
ence voltage (Vref), which may be provided by reference and
bias voltage generator 94 shown in FIG. 5, and output signal
59 to place a charge on capacitors 112A and 112B, respec-
tively. The reference voltage may be, for example, a mid-rail
voltage between a maximurn rail voltage of amplifier 20 and
ground. For example, if the amplifier circuit is powered with
asource of 0 to 2 volts, then the mid-rail Vref voltage may be
on the order of 1 volt. Importantly, switches 114A and 114B
should be approximately 180 degrees out of phase with each
other to ensure that a negative feedback path exists during
each half of the clock cycle. One of switches 114 should also
be synchronized with modulator 52 so that the negative feed-
back suppresses the amplitude of the input signal to gain
amplifier 50 to keep the signal change small in steady state.
By keeping the signal change small and switching at low
impedance nodes of mixer amplifier 20, e.g., as shown in the
circuit diagram of FIG. 4, the only significant voltage transi-
tions may occur at switching nodes. Consequently, glitching
(ripples) is substantially eliminated or reduced in output sig-
nal 59.

[0081] Switches 114, as well as the switches at low imped-
ance nodes of mixer amplifier 20, may be CMOS single pull
double throw (SPDT) switches. CMOS switches provide fast
switching dynamics that enables switching to be viewed as a
continuous process. The transfer function of the upper signal
path of mixer amplifier 20, and similarly for the lower signal
path, may be defined by the transfer function provided in
equation (1) below, where Vout is the voltage of output signal
59, Cin is the capacitance of input capacitors 106, AVin is the
differential voltage at the inputs to gain amplifier 50, Ctb is
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the capacitance of feedback capacitors 112, and Vref is the
reference voltage that switches 114 mix with the output of
mixer amplifier 20.

Vout=Cin(AVin)/ Cfb+Vref [0y

From equation (1), the gain of instrumentation amplifier 20 is
set by the ratio of input capacitors Cin and feedback capaci-
tors Ctb, i.e., capacitors 106 and capacitors 112 with respect
to FIG. 6. The ratio of Cin/Cfb may be selected to be on the
order of 100. Capacitors 112 may be poly-poly, on-chip
capacitors or other types of MOS capacitors and should be
well matched, i.e., symmetrical.

[0082] As shown in FIGS. 4 and 5, chopper telemetry cir-
cuit 20 may include an I path having first mixer amplifier 50
that amplifies a telemetry signal modulated at a clock fre-
quency to produce a first amplified signal, a modulator 52 that
demodulates the first amplified signal at the clock frequency
to produce a first demodulated signal, and an integrator 54
that extracts a portion of the first demodulated signal to pro-
duce a first output signal. In addition, chopper telemetry
circuit 20 may include a Q path having second mixer ampli-
fier 60 that amplifies the telemetry signal to produce a second
amplified signal, a modulator 62 that demodulates the second
amplified signal at the clock frequency to produce a second
demodulated signal that is approximately 90 degrees out of
phase with the first demodulated signal, and an integrator 64
that extracts a portion of the second demodulated signal to
produce a second output signal.

[0083] A first modulator 52 modulates an amplitude of the
first output signal at the clock frequency, and a second modu-
lator 62 modulates an amplitude of the second output signal at
the clock frequency. A first feedback path 24 A applies the first
modulated output signal as a first feedback signal to the first
mixer amplifier 50. A second feedback path 24B applies the
second modulated output signal as a second feedback signal
to the second mixer amplifier 60. Quadrature reconstruction
circuitry 22 combines the first and second output signals to
produce a third output signal.

[0084] Asshownin FIG. 6, each mixeramplifier 50, 60 may
have first and second differential inputs. The first feedback
path 24 A includes a first feedback path branch coupled to the
first input of the first mixer amplifier and a second feedback
path branch coupled to the second input of the first mixer
amplifier. Similarly, the second feedback path includes a third
feedback path branch coupled to the first input of the second
mixer amplifier and a fourth feedback path branch coupled to
the second input of the second mixer amplifier. First modu-
lator 52 may include a modulator in the first feedback path
branch, e.g., formed by switch 114A, and a modulator in the
second feedback path branch, e.g., formed by switch 114B
that modulate the amplitude of the first output signal out of
phase with each other. Second modulator 62 may include
similar first and second modulators in the third feedback path
branch and fourth feedback path branch, respectively. Each
feedback path branch may include a feedback capacitance
(Ctb). The inputs of mixer amplifiers 50, 60 may receive the
telemetry signal via an input capacitance (Cin). As a result,
the gain of each mixer amplifier 50, 60 may be at least par-
tially dependent on a ratio of the first feedback capacitance to
the first input capacitance

[0085] FIG. 7 is a block diagram illustrating various com-
ponents of an implantable medical device (IMD) 120 includ-
ing a receiver that may incorporate a chopper mixer telemetry
circuit as described in this disclosure. Accordingly, IMD 120
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may be configured to communicate via ALT with an external
programmer, another IMD, or another external medical
device. In the example of FIG. 1, IMD 120 includes therapy
delivery module 122, processor 124, memory 128, telemetry
module 126, sensor 130, power source 132, and therapy ele-
ments 134. In general, IMD 120 includes a chopper mixer
telemetry circuit as part of telemetry module 126.

[0086] IMD 120 may be dedicated to therapy, suchas deliv-
ery of electrical stimulation or drug delivery. Alternatively,
IMD 120 may be dedicated to sensing or a combination of
therapy and sensing. In embodiments in which IMD 120
includes a sensor 130, the sensor may include any type of
sensor or combination of sensors. For example, sensor 130
may be a pressure sensor, accelerometer, activity sensor,
impedance sensor, electrical signal sensor or other sensor
configured to monitor heart sounds, brain signals, and/or
other physiological signals. Although illustrated in FIG. 7 as
contained within IMD 120, a portion of sensor 130 may be
located outside of IMD 120. For example, a sensor transducer
or one or more electrodes may be located on a distal tip of a
lead implanted at a target site within the patient and electri-
cally coupled to IMD 120 via conductors. Alternatively, a
sensor transducer or one or more electrodes may be provided
on or within a housing of IMD 120. For example, an accelet-
ometer may be provided within an IMD housing or within a
lead that extends from the IMD. To sense electrical signals,
sensor 130 may include two or more electrodes arranged on a
lead, an electrode on a lead and an electrode on an IMD
housing, two or more electrodes arranged on an IMD housing,
or other electrode arrangements. Sensor circuitry associated
with sensor 130 may be provided within sensor 130 in the
housing of IMD 120.

[0087] In general, sensor 130 provides a measurement of a
physiological signal or parameter by translating signal or
parameter to an output voltage or current. The output of
sensor 130 may be received by processor 124. Processor 124
may apply additional processing, e.g., convert the output to
digital values for processing, prior to storing the values in
memory 128, and/or transmitting the values to an external
programmer via telemetry module 126. Telemetry module
126 may include a receiver with a chopper mixer telemetry
circuit as described in this disclosure. In addition, telemetry
module 126 may include a transmitter that transmits data. For
example, telemetry module 126 may include receiver 14
which incorporates linear micropower amplifier 20. Proces-
sor 124 may also control delivery of therapy to the patient
based on the output of sensor 130.

[0088] IMD 120 may deliver therapy to a patient via one or
more therapy elements 134, which may be within or on, or
extend from, a housing associated with IMD 120. In other
embodiments, IMD 120 may be dedicated to sensing and may
not include therapy delivery module 122. Therapy delivery
elements 134 may be electrodes carried on one or more
implantable leads, electrodes on the housing of IMD 120, one
or more fluid delivery devices, or any combination thereof.
For delivery of electrical stimulation, therapy delivery mod-
ule 122 may include an implantable stimulation generator or
other stimulation circuitry that generates electrical signals,
e.g., pulses or substantially continuous signals, such as sinu-
soidal signals, to the patient via at least some of the electrodes
that form therapy elements 134 under the control of processor
124.

[0089] The stimulation energy generated by therapy deliv-
ery module 122 may be formulated as stimulation energy for
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treatment of any of a variety of cardiac or neurological dis-
orders, or disorders influenced by patient neurological
response. Example stimulation therapies include cardiac pac-
ing, cardiac defibrillation, deep brain stimulation (DBS), spi-
nal cord stimulation (SCS), peripheral nerve field stimulation
(PNFES), pelvic floor stimulation, gastrointestinal stimulation,
muscle stimulation, and the like.

[0090] Therapy delivery module 122, processor 124,
telemetry module 126, memory 128, and sensor 130 receive
operating power from power source 132. Power source 132
may take the form of a small, rechargeable or non-recharge-
able battery, or an inductive power interface that transcutane-
ously receives inductively coupled energy. In the case of a
rechargeable battery, power source 132 similarly may include
an inductive power interface for transcutaneous transfer of
recharge power.

[0091] Inembodimentsin which one or more fluid delivery
devices are part of therapy elements 134, therapy delivery
module 122 may include a one or more fluid reservoirs and
one or more pump units that pump fluid from the fluid reser-
voirs to the target site through the fluid delivery devices. The
fluid reservoirs may contain a drug or mixture of drugs. The
fluid reservoirs may provide access for filling, e.g., by percu-
taneous injection of fluid via a self-sealing injection port. The
fluid delivery devices may comprise, for example, catheters
that deliver, i.e., infuse or disperse, drugs from the fluid res-
ervoirs to the same or different target sites.

[0092] Processor 124 may include a microprocessor,
microcontroller, digital signal processor (DSP), application
specific integrated circuit (ASIC), field programmable gate
array (FPGA), discrete logic circuitry, or a combination of
such components. Processor 124 may be programmed to
control delivery of therapy according to a selected parameter
set stored in memory 128. Specifically, processor 124 con-
trols therapy delivery module 122 to deliver electrical stimu-
lation, drug therapy, or a combination of both. For example,
processor 124 may control which drugs are delivered and the
dosage of the drugs delivered.

[0093] Processor 124 may also control therapy delivery
module 122 to deliver electrical stimulation with pulse ampli-
tudes, pulse widths, and frequencies (i.e., pulse rates) speci-
fied by the programs of the selected parameter set. Processor
124 may also control therapy delivery module 122 to deliver
electrical stimulation or drugs according to a different pro-
gram of the parameter set. In some embodiments, processor
124 may control therapy delivery module 122 to deliver a
substantially continuous stimulation waveform rather than
pulsed stimulation.

[0094] Memory 128 may store parameter sets that are avail-
able to be selected by the patient for delivery of electrical
stimulation and/or drug therapy. Memory 128 may also store
schedules. Memory 128 may include any combination of
volatile, non-volatile, removable, magnetic, optical, or solid
state media, such as read-only memory (ROM), random
access memory (RAM), electronically-erasable program-
mable ROM (EEPROM), flash memory, or the like.

[0095] Processor 124 may control telemetry module 126 to
exchange information with an external programmer, such as a
clinician programmer and/or patient programmer, by wireless
telemetry. Processor 124 may control telemetry module 126
to communicate with the external programmer on a continu-
ous basis, at periodic intervals, or upon request from the
programmer. In addition, in some embodiments, telemetry
module 126 may support wireless communication with one or
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more wireless sensors that sense physiological signals and
transmit the signals to IMD 120.

[0096] Telemetry module 126 may operate as a transceiver
that receives telemetry signals from an external programmer
and transmits telemetry signals to an external programmer. A
portion of telemetry module 126 is configured operate as a
transmitter to transmit signals from IMD 120 to an external
programmer or to another IMD or external medical device.
The receiver portion of telemetry module 126 may include
receiver 14 and, more particularly, linear micropower ampli-
fier 20. Accordingly, telemetry module 126 may support ALT
and may communicate with an external programmer at dis-
tances of greater than or equal to approximately 5 cm, greater
than or equal to approximately 10 cm, greater than or equal to
approximately 50 cm, or at distances between approximately
5 cm and approximately 1 meter (m), between approximately
10 cm and approximately 1 m, or between approximately 50
cm and approximately 1 m. ALT may eliminate the burden of
placing the external programmer directly over IMD 120
within the patient.

[0097] FIG. 8 is a block diagram illustrating various com-
ponents of an example patient or clinician programmer 220
that allows a patient or clinician to communicate with IMD
120. Similar to IMD 120, programmer 220 includes a receiver
that incorporates a chopper mixer telemetry circuit, such as
that described herein with respect to receiver 14. In general, a
patient or clinician may interact with programmer 220 to
program or control therapy parameters, e.g., electrical stimu-
lation, drug therapy, or a combination of both. In addition, a
programmer may be equipped to interrogate an IMD to
retrieve information, such as status, operational, diagnostic or
faultinformation. In the illustrated example, programmer 220
includes processor 222, user interface 224, input/output 226,
telemetry module 228, memory 230, and power source 232.
Programmer 220 may include a chopper mixer telemetry
circuit as part of telemetry module 228.

[0098] A patient or clinician, referred to as a user herein,
may interact with processor 222 via user interface 224 in
order to control delivery of electrical stimulation, drug
therapy, or a combination of both. User interface 224 may
include a display and a keypad, and may also include a touch
screen or peripheral pointing devices as described above.
Processor 222 may also provide a graphical user interface
(GUI) to facilitate interaction with the user, as will be
described in greater detail below. Processor 222 may include
a microprocessor, a controller, a DSP, an ASIC, an FPGA,
discrete logic circuitry, or the like.

[0099] Programmer 220 also includes memory 230. In
some embodiments, memory 230 may store parameter sets
that are available to be selected by the user for delivery of
therapy. Memory 230 may also store schedules. Hence,
parameter sets and schedules may be stored in IMD 120,
programmer 220, or both. Programmer 220 also includes a
telemetry module 228 that allows processor 222 to commu-
nicate with IMD 120, and, optionally, input/output circuitry
module 226 that allows processor 222 to communicate with
another programmer.

[0100] Processor 222 may receive parameter set selections
made by the user via user interface 224, and may either
transmit the selection or the selected parameter set to IMD
120 via telemetry circuitry 228 to deliver therapy according to
the selected parameter set. Where programmer 220 stores
parameter sets in memory 230, processor 222 may receive
parameter sets from another programmer via input/output
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module 226 during programming by a clinician. For example,
a patient programmer may receive parameter sets from a
clinician programmer.

[0101] Telemetry module 228 may include a transceiver for
wireless communication, appropriate ports for wired commu-
nication or communication viaremovable electrical media, or
appropriate drives for communication via removable mag-
netic or optical media. If wireless communication is used,
telemetry module 228 may support both wireless communi-
cation with IMD 120 and wireless communication with
another programmer.

[0102] Similartotelemetry module 126 of IMD 120, telem-
etry module 228 operates as a transceiver for transmitting and
receiving signals to and from IMD 120 and possibly another
programmer. The receiver portion of telemetry module 228
includes a chopper mixer telemetry circuit, as described in
this disclosure, producing a baseband signal that can be pro-
cessed to recover the transmitted signal. In addition, telem-
etry module 126 includes a transmitter.

[0103] Power source 232 provides power to programmer
220. That is, power source 232 provides power to processor
222, user interface 224, input/output module 226, telemetry
module 228, and memory 230. Because the linear
micropower amplifier in telemetry module 228 operates at
very low power, the life of power source 232 may be
increased.

[0104] Power source 232 may take the form of a small,
rechargeable or non-rechargeable battery, or an inductive
power interface that transcutaneously receives inductively
coupled energy. In the case of a rechargeable battery, power
source 232 similarly may include an inductive power inter-
face for transcutaneous transfer of recharge power.

[0105] FIG. 9 is a flow diagram illustrating a method for
wireless telemetry using a chopper mixer telemetry circuit.
The method shown in FIG. 9 may be implemented using
circuitry as described in this disclosure. As shown in FIG. 9,
a method may comprise receiving a wireless, modulated
telemetry signal (250), amplifying the modulated telemetry
signal to produce a first amplified signal and a second ampli-
fied signal (252), demodulating the first and second amplified
signals at a common clock frequency, but 90 degrees phase
shifted, to produce I and Q signal (254), extracting portions of
the I and Q signals to produce first and second output signals
(256), modulating the amplitudes of the first and second
output signals (258), applying the first and second modulated
output signals to the first and second versions of the modu-
lated telemetry signal, respectively. used to produce the first
and second output signals (260), and combining the first and
second output signals to produce a third output signal (262).
The third output signal then may be decoded.

[0106] Various embodiments of the invention have been
described. These and other embodiments are within the scope
of the following claims.

1. A wireless receiver comprising:

a first mixer amplifier that amplifies a telemetry signal
modulated at a clock frequency to produce a first ampli-
fied signal, demodulates the first amplified signal at the
clock frequency to produce a first demodulated signal,
and extracts a portion of the first demodulated signal to
produce a first output signal;

asecond mixer amplifier that amplifies the telemetry signal
to produce a second amplified signal, demodulates the
second amplified signal at the clock frequency to pro-
duce a second demodulated signal that is approximately
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90 degrees out of phase with the first demodulated sig-
nal, and extracts a portion of the second demodulated
signal to produce a second output signal; and

circuitry that produces a third output signal based on the
first and second output signals.

2. The receiver of claim 1, further comprising:

a first modulator that modulates an amplitude of the first
output signal at the clock frequency:;

a second modulator that modulates an amplitude of the
second output signal at the clock frequency;

a first feedback path that applies the first modulated output
signal as a first feedback signal to the first mixer ampli-
fier; and

a second feedback path that applies the second modulated
output signal as a second feedback signal to the second
mixer amplifier.

3. The receiver of claim 2, wherein the first mixer amplifier
includes first and second differential inputs, and the second
mixer amplifier includes first and second differential inputs,

wherein the first feedback path includes a first feedback
path branch coupled to the first input of the first mixer
amplifier and a second feedback path branch coupled to
the second input of the first mixer amplifier, and

wherein the second feedback path includes a third feed-
back path branch coupled to the first input of the second
mixer amplifier and a fourth feedback path branch
coupled to the second input of the second mixer ampli-
fier.

4. The receiver of claim 3,

wherein the first modulator includes a modulator in the first
feedback path branch and a modulator in the second
feedback path branch that modulate the amplitude of the
first output signal out of phase with each other, and

wherein the second modulator includes a modulator in the
third feedback path branch and a modulator in the fourth
feedback path branch that modulate the amplitude of the
second output signal out of phase with each other.

5. The receiver of claim 4,

wherein each of the first and second feedback path
branches includes a first feedback capacitance, each of
the first and second inputs of the first mixer amplifier is
coupled to receive the telemetry signal via a first input
capacitance, and a gain of the first mixer amplifier is at
least partially dependent on a ratio of the first feedback
capacitance to the first input capacitance, and

wherein each of the third and fourth feedback path
branches includes a second feedback capacitance, each
of the first and second inputs of the second mixer ampli-
fier is coupled to receive the telemetry signal via a sec-
ond input capacitance, and a gain of the second mixer
amplifier is at least partially dependent on a ratio of the
second feedback capacitance to the second input capaci-
tance.

6. The receiver of claim 1, wherein the receiver resides

within an implantable medical device.

7. The receiver of claim 6, wherein the implantable medical
device includes one of a cardiac pacemaker, a cardiac defibril-
lator, an electrical neurostimulator, and an implantable drug
delivery device.

8. The receiver of claim 1, wherein the first mixer amplifier
includes a first integrator that integrates the first demodulated
signal to extract the portion of the first demodulated signal to
produce the first output signal, and wherein the second mixer
amplifier includes a second integrator that integrates the sec-
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ond demodulated signal to extract the portion of the second
demodulated signal to produce the second output signal.

9. The receiver of claim 1, wherein the circuitry comprises
quadrature reconstruction circuitry that combines the first and
second output signals to produce the third output signal, the
third output signal being an amplified representation of the
telemetry signal.

10. The receiver of claim 9, wherein the quadrature recon-
struction circuitry comprises a first squaring unit that squares
the first output signal, a second squaring unit that squares the
second output signal, a summing unit that sums the squared
first and second output signals, and a root unit that produces
a square root of the sum as the third output signal.

11. The receiver of claim 10, further comprising a decoder
that decodes the third output signal.

12. The receiver of claim 1, further comprising an antenna
that receives the telemetry signal and presents the telemetry
signal to the first and second mixer amplifiers.

13. A method comptising:

receiving a wireless, modulated telemetry signal,

amplifying the modulated telemetry signal to produce a

first amplified signal,

demodulating the first amplified signal at a clock frequency

to produce a first demodulated signal;

extracting a portion of the first demodulated signal to pro-

duce a first output signal;

amplifying the modulated telemetry signal to produce a

second amplified signal,

demodulating the second amplified signal at the clock fre-

quency to produce a second demodulated signal that is
90 degrees out of phase with the first demodulated sig-
nal;

extracting a portion of the second demodulated signal to

produce a second output signal; and

producing a third output signal based on the first and sec-

ond output signals.

14. The method of claim 13, further comprising:

modulating an amplitude of the first output signal at the

clock frequency to produce a first modulated output
signal,

modulating an amplitude of the second output signal at the

clock frequency to produce a second modulated output
signal,

applying the first modulated output signal as a first feed-

back signal to a version of the modulated telemetry
signal used to the produce the first amplified signal; and
applying the second modulated output signal as a second
feedback signal to a version of the modulated telemetry
signal used to produce the second amplified signal.

15. The method of claim 14, wherein amplifying the modu-
lated telemetry signal to produce a first amplified signal com-
prises applying the modulated telemetry signal as a first dif-
ferential input signal to first and second differential inputs of
a first mixer amplifier that amplifies the first differential input
signal to produce the first amplified signal, and amplifying the
modulated telemetry signal to produce a second amplified
signal comprises applying the modulated telemetry signal as
a second differential input signal to first and second differen-
tial inputs of a second mixer amplifier that amplifies the
second differential input signal to produce the second ampli-
fied signal, the method further comprising:

applying the first feedback signal to the first input of the

first mixer amplifier via a first feedback path branch of a
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first feedback path, and to the second input of the first
mixer amplifier via a second feedback path branch of the
first feedback path; and

applying the second feedback signal to the first input of the
second mixer amplifier via a third feedback path branch
of asecond feedback path, and to the second input of the
second mixer amplifier via a fourth feedback path
branch of the second feedback path.

16. The method of claim 15:

wherein modulating the amplitude of the first output signal
comprises modulating the amplitude of the first output
signal in the first feedback path branch and modulating
the amplitude of the first output signal in the second
feedback path branch out of phase with the modulation
in the first feedback path branch, and

wherein modulating the amplitude of the second output
signal comprises modulating the amplitude of the sec-
ond output signal in the third feedback path branch and
modulating the amplitude of the second output signal in
the fourth feedback path branch out of phase with the
modulation in the third feedback path branch.

17. The method of claim 16,

wherein each of the first and second feedback path
branches includes a first feedback capacitance, each of
the first and second inputs of the first mixer amplifier is
coupled to receive the telemetry signal via a first input
capacitance, and a gain of the first mixer amplifier is at
least partially dependent on a ratio of the first feedback
capacitance to the first input capacitance, and

wherein each of the third and fourth feedback path
branches includes a second feedback capacitance, each
of the first and second inputs of the second mixer ampli-
fier is coupled to receive the telemetry signal via a sec-
ond input capacitance, and a gain of the second mixer
amplifier is at least partially dependent on a ratio of the
second feedback capacitance to the second input capaci-
tance.

18. The method of claim 13, further comprising receiving
the wireless, modulated telemetry signal in an implantable
medical device.

19. The method of claim 18, wherein the implantable medi-
cal device includes one of a cardiac pacemaker, a cardiac
defibrillator, an electrical neurostimulator, and an implant-
able drug delivery device.

20. The method ofclaim 13, wherein extracting a portion of
the first demodulated signal comprises integrating the first
demodulated signal to produce the first output signal, and
extracting a portion of the second demodulated signal com-
prises integrating the second demodulated signal to produce
the second output signal.

21. The method of claim 13, wherein producing the third
output signal based on the first and second output signals
comprises:

combining the first and second output signals to produce

the third output signal.

22. The method of claim 21, wherein combining the first
and second output signals comprises squaring the first output
signal, squaring the second output signal, summing the
squared first and second output signals, and producing a
square root of the sum as the third output signal.

23. The method of claim 22, further comprising decoding
the third output signal.
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24. The method of claim 13, further comprising receiving
the telemetry signal via an antenna and presenting the telem-
etry signal to the first and second mixer amplifiers.

25. An apparatus comprising:

means for receiving a wireless, modulated telemetry sig-

nal;

means for amplifying the modulated telemetry signal to

produce a first amplified signal;

means for demodulating the first amplified signal ataclock

frequency to produce a first demodulated signal;
means for extracting a portion of the first demodulated
signal to produce a first output signal;

means for amplifying the modulated telemetry signal to

produce a second amplified signal,

means for demodulating the second amplified signal at the

clock frequency to produce a second demodulated signal
thatis 90 degrees out of phase with the first demodulated
signal;

means for extracting a portion of the second demodulated

signal to produce a second output signal; and

means for producing a third output signal based on the first

and second output signals.
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26. The apparatus of claim 25, further comprising:
means for modulating an amplitude of the first output sig-
nal at the clock frequency to produce a first modulated
output signal;
means for modulating an amplitude of the second output
signal at the clock frequency to produce a second modu-
lated output signal;
means for applying the first modulated output signal as a
first feedback signal to the modulated, differential
telemetry signal; and
means for applying the second modulated output signal as
a second feedback signal to the modulated, differential
telemetry signal.
27. The apparatus of claim 25, wherein the means for
producing the third output signal comprises:
means for combining the first and second output signals to
produce the third output signal.
28. The apparatus of claim 25, further comprising means
for delivering medical therapy.
29. The apparatus of claim 25, further comprising means
for sensing one or more physiological conditions.
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