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Mixed-Signal IC with Pulse Width Modulation
Wireless Telemetry for Implantable Cardiac
Pacemakers in 0.18 um CMOQOS
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Abstract— A low power mixed-signal IC for implantable
pacemakers is presented. The proposed system features 3
independent intra-cardiac signal readout channels with pulse
width modulated outputs. Also, the proposed system is capable of
measuring the amplitude and phase of the bio-impedance with
pulse width modulated outputs for use in rate adaptive
pacemakers. Moreover, a stimulation system is embedded,
offering 16 different amplitudes from 1 to 7.8 V. A backscattering
transmitter transfers the output signals outside the body with
very little power consumption. The proposed low power mixed-
signal IC is fabricated in a 0.18 ym HV CMOS process and
occupies 2.38 mm?. The bio-potential channels extract the heart
signals with 9.2 effective number of bits (ENOB) and the bio-
impedance channels measure the amplitude and phase of the
heart impedance with 1.35 Q.ms accuracy. The complete IC
consumes only 4.2 A from a 1 V power supply.

Index Terms— ASIC, bio-impedance, bio-potential amplifier,
intra-cardiac signal, active implantable medical device, cardiac
pacemaker, wireless communication, low power.

I. INTRODUCTION

HE increasing number of patients using cardiac pacing
devices (pacemakers) make these microsystems the most
common active implantable medical devices nowadays on the
market. Implantable pacemakers improve the quality of life
and give the patients near normal life functionality [1]. Several
factors, however, make the design of a cardiac pacemaker a
challenging task. These factors are the required small form
factor, the very low power consumption, the pacemaker’s rate
adaptive feature and its data transmission [2, 3, 13].
Pacemakers are highly energy constrained and should offer
years of operation on a single battery to avoid repeated
surgery, which demands the use of low power on-chip
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circuitry, including input readout channels, digital control,
data transceiver, pulse generator and auxiliary circuitry [4].

Pacemakers consist of several blocks that have different
active times. For example, the stimulator block stimulates the
heart only in case of arrhythmias; the sense amplifiers
continuously monitor the natural activity of the heart
chambers; the bio-impedance measurement unit also measures
continuously, albeit at a lower rate; finally, the wireless
transmitter transmits recorded data on demand and at a higher
data rate. Digital signal processing, analog to digital
conversion (ADC), data storage and coding and modulation
for wireless communication usually require the majority of the
available power in biomedical devices (Fig. 1) [2], [23]. The
power consumption can be further reduced by taking a new
system-level design approach that eliminates the need of
internal digital processing, ADC, data storage, coding and
modulation  and  ensures  maximum  functionality.
Backscattering is a data transmission method that offers such a
very low power consumption [5]. Backscattering is also good
from a security perspective, as repeated attacks/requests will
not drain the battery.

The principles of measuring the bio-impedance and the
intra-cardiac electrogram (IECG) for cardiac pacemakers and
how to convert these into pulse-width modulated (PWM)
output signals are presented by the authors in [20] and [21],
respectively. From these PWM output signals, the bio-
impedance and IECG can be extracted. In a pacemaker, the
information to be extracted from the IECG signal is whether
the heart chamber has contracted naturally, i.e., without an
electrical stimulus from the pacemaker. This boils down to
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checking for the presence of an R- or a P-wave in the IECG
signal [29]. From the bio-impedance signal, in so-called rate-
responsive pacemakers, only the breathing rate has to be
extracted, which is an indication of the pacing rate of the
pacemaker. For this, the course information present in the
magnitude of the bio-impedance suffices [31-33]. Both types
of information can be readily extracted from the PWM output
signals by means of relatively simple, and thereby low-power,
circuitry that can be incorporated in the pacemaker itself.

For monitoring and diagnostic purposes, however, analysis
of the entire cardiac IECG signal and the magnitude and phase
of the bio-impedance signal might be useful. This signal
analysis is more computationally demanding [30] and, hence,
is preferably done outside the body, where, compared to the
pacemaker, there is much more electrical power and space
available, provided, of course, that the wireless
communication from the pacemaker to the outside can be done
in a low-power fashion. The PWM signals that represent the
IECG and bio-impedance signals are suitable for such a low-
power wireless link.

In this paper, a novel approach to the design of a cardiac
pacemaker is presented that employs this way of converting
the signals and eliminates the need for ADCs and data storage
by generating a proper output signal for a low power wireless
data link employing backscattering. The proposed system
provides complete pacemaker functionality. The essential
operation of the bio-impedance and IECG front-end will be
briefly explained again in this paper for a proper
understanding of the complete system.

As an embodiment of the above system-level approach, in
this paper, an Application-Specific Integrated Circuit (ASIC)
is presented with some unique features (Fig. 2):

1) 3 channels that provide the IECG bio-potential readout
for a 3-lead pacemaker. The bio-potential readout system
features voltage to frequency conversion. The output of these
channels are frequency-shift-keying and  pulse-width

modulated (FSK-PWM), which provides data transmission
with very little power consumption [14].

2) A bio-impedance measurement readout channel with
amplitude and phase branches that monitors the biophysical
properties. This system benefits from a semi-ramp signal
instead of a pure analog sinusoidal signal, the former of which
can be synthesized in a less power-hungry fashion. The output
of this channel is PWM for both amplitude and phase, which
yields a power efficient method for signal transmission.

3) A stimulator that generates pulses with programmable
voltage amplitude and pulse duration. The stimulator uses 1.8
V for voltage multiplication and 1 V as the reference input to
stimulate the heart muscle with 16 different pulse amplitude
levels ranging from 1to 7.8 V.

4) A multichannel transmission system that benefits from
back-scattering and uses frequency-division multiple access
(FDMA) via two inductive coils. Since the output signals of
the above two channels are PWM, the modulation is done
using switching circuitry by means of on-off keying (OOK).

This paper is organized as follows: Section Il describes the
ASIC architecture and its sub-blocks. Section 11l presents the
principle of the proposed bio-potential measurement system.
Section 1V discusses the bio-impedance measurement method
and the current injection mechanism. Section V discusses the
stimulator system blocks and requirements. Section VI
presents the details of the data transmission method. Section
VIl shows the measurement results and system functionality,
Section VIII provides recommendations for future work and,
finally, Section IX concludes the paper.

Il. ASIC ARCHITECTURE

The ASIC (Fig. 2) consists of four major building blocks: 1)
a sense amplifier, comprising three readout channels for
acquiring IECG signals, 2) phase and amplitude bio-
impedance readout channels for extracting intra-cardiac bio-
impedance, 3) a high voltage output pulse generator to
stimulate the heart muscle, and 4) a transmitter for
transmitting the sense channel and the bio-impedance channel
outputs. In addition to these major building blocks, the ASIC
also includes a band-gap voltage reference, an 8 bits current
digital to analog converter (current DAC), a digital controller,
a 16 bits shift register, a 16-1 multiplexer (MUX), a 2 MHz
oscillator, a bias generator for the high voltage (HV) blocks
and a bias generator for the low voltage (LV) blocks. The LV
bias generator block provides the necessary biasing voltage
and current for the low voltage blocks and the HV bias
generator provides the necessary biasing voltage and current
for the high voltage blocks in the stimulator. By separating the
low voltage and high voltage bias generators, the low voltage
blocks (bio-potential front-end, bio-impedance front-end and
transmitter) and the high voltage block (stimulator) are
working together with sufficient isolation.

The operation of the ASIC for each major building block
can be described as follows: The IECG readout channel
extracts the bio-potential signal and converts the voltage to the
frequency of an FSK-PWM signal. This FSK-PWM output
signal is ready to be transmitted without the need for an ADC
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Fig. 4. Voltage to frequency conversion concept. a) The input voltage is a
ramp waveform. b) The charge-pump capacitor voltage slope changes
proportionally. Thus, the Schmitt trigger output is a FSK-PWM (c).

and digital modulation. In addition, an 8 bits current DAC
drives the electrode-tissue interface with a semi-ramp signal.
The bio-impedance readout channel continuously monitors the
motion induced signal artifacts on this semi-ramp signal and
also produces a PWM signal. This PWM output signal is ready
to be transmitted via switching circuitry generating an OOK
pattern without the need for an ADC and digital modulation.
Moreover, a high voltage output pulse generator stimulates the
heart muscle (for example during cardiac arrhythmias).
Finally, the transmitter block prepares the outputs of the sense
and bio-impedance channels for transmission via back-
scattering.

I1l. BIO-POTENTIAL MEASUREMENT

The key requirements of a pacemaker are the extraction,
analysis and wireless transmission of IECG signals with very
low power consumption [3].

As the digital and radio blocks are the main source of power
consumption [2], it is important to reduce the battery drainage
while maintaining reliable communication. Conventional bio-
potential systems use the digital output from an ADC for
digital modulation, which is a power hungry operation. The
dominant power consumption part can be removed if the
digital signal processing is done externally and the output
signal of the front-end is ready for transmission without any
further manipulation and processing. The proposed bio-
potential front-end [20] benefits from voltage to frequency (or
time) conversion which is very low power, precise, accurate,
simple and can be transmitted using backscattering [6].

Fig. 3 shows the architecture of the bio-potential
measurement system. The proposed implementation employs
an instrumentation amplifier (1A) with capacitive coupling and
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Fig. 5. Programmable transfer function of the bio-potential channel.
TABLE
BIO-POTENTIAL DESIGN SPECIFICATION AND MEASUREMENT SUMMARY
Target Specification Measurement
Operating voltage v v
Gain 14-28-44 dB 14-28.5-44 dB
BW 10 -120 Hz 8-120 Hz
Input Dynamic Range ~ +50uVpp/ £10mVpp  +£50uVpp/ £9mVpp
CMRR >90 dB >90 dB
Input Referred Noise <5 uVpp Over 2uVms Over
@ 44dB Gain 150Hz 150Hz
Output Freq. Range Up to 512 kHz Up to 512 kHz
Power Consumption <05 W 0.5 pW
per channel
Rmem
Rbase W R X
(@  Cmem (b)

Fig. 6. a. Three-element bio-impedance model of cardiac tissue. b.
Simplified equivalent circuit.

feedback to eliminate the input offset and also to benefit from
programmability with three different gain settings (equal to
C41/Cy) to increase the input dynamic range. The input referred
noise of the 1A is the dominant noise source of the overall bio-
potential channel. The total noise of the 1A is related to the
noise of the operational transconductance amplifier (OTA) and
also the loop gain [7], [8]. The IA amplifies the intrinsic
cardiac voltage and provides three different gain settings (14-
28-44 dB). A sample of the input voltage is held in a sample
and hold block in front of the transconductance amplifier
(Gm) block. The differential output voltage of the IA is
transformed into a current by means of a trans-conductance
amplifier with a G, of 1 pS. The output current of the trans-
conductance amplifier feeds a charge pump that produces a
saw-tooth waveform by injecting the current into a capacitor
via two controlled switches. These switches control the time
interval of the charge pump that sinks or sources the output
capacitance. A Schmitt trigger is responsible for comparing
the saw-tooth waveform with a high voltage reference and a
low voltage reference. The combination of a charge-pump and
a Schmitt trigger makes a current controlled oscillator (CCO)
function. The output of the Schmitt trigger comparator
provides the switching signal of the charge pump as well as
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Fig. 7. Bio-impedance measurement system architecture [21].

the output of the bio-potential system [20].

Fig. 4 shows the voltage to frequency conversion method.
As the input voltage goes higher, the output current of the
trans-conductance amplifier increases. Hence, the output
current of the Gn block charges and discharges the output
capacitor of the charge pump faster and, consequently, the
Schmitt trigger produces a PWM signal with a higher
frequency. Counting the number of pulses as a function of
time, the input voltage can be reconstructed from the output
PWM signal.

The momentary output PWM signal frequency can be
written as:

AIAGm
2C_V

ch.p ~ Hys

v, (0), 1)

out 0

where Aa is the gain of the input instrumentation amplifier,
Gnm is the gain of the trans-conductance amplifier, Ccnp is the
output capacitance of the charge pump, fo is the mean
frequency of the output signal, which is related to the dc
current of the Gy, and is necessary for reading negative input
voltages, and Vwys is the hysteresis voltage of the Schmitt
trigger. The output frequency range can be adapted to the
instrumentation amplifier input signal range by adjusting its
programmable gain.

Fig. 5 shows the transfer function of the bio-potential
channel. To increase the readout dynamic range, 3 different
gain settings are utilized to change the slope of the output
frequency according to (1). The output frequency of each
range is bounded to 32-512 kHz to decrease the power
consumption and maintain enough resolution and linearity.
The reconstruction of the input signal from the output
frequency is based on (1) by counting the zero-crossings of the
output PWM signal in a specific time interval. The
reconstruction process is the averaging of the frequency in
each interval. Using a moving average technique one can
show that the reconstructed transfer function is a low pass
filter, the cut-off frequency of which depends on the counting
time interval of the zero crossing events. Table | shows the
key specifications of the system that meets the IECG
requirements [20].

IV. BIO-IMPEDANCE MEASUREMENT

Measurement of the electrical bio-impedance of organs and
heart tissue has become the most suitable method for
monitoring their biophysical properties [3], [9]. Various
methods are used to extract the real and imaginary parts (i.e.,
the Cartesian coordinates) of the (complex) bio-impedance
[9]. Another promising alternative method is measuring the
magnitude and the phase (i.e., the polar coordinates) of the
(complex) bio-impedance [10].

For electrical bio-impedance measurement, an excitation
current is injected into the tissue with a bipolar lead. Fig. 6a
shows a three-element model of cardiac tissue with two
resistances and one capacitance, of which the parallel
resistance and capacitance are related to the cell membrane
characteristics. Fig. 6b shows a simplified equivalent circuit of
the tissue with ideal components. In reality, the resistance and
capacitance depend on the frequency. This equivalent model
as a complex impedance Z=R+jX is valid as an approximation
within a limited frequency range around the measurement
frequency [9], [16]. The real and imaginary parts of the bio-
impedance provide the following useful information [9], [17]:
1) information on the fast bio-impedance fluctuations due to
the beating of the heart and 2) information of the slow bio-
impedance fluctuations due to the movement of the chest due
to respiration.

Fig. 7 shows the architecture of the impedance
measurement system [21]. The proposed implementation
employs an 8 bits current DAC to inject current into the tissue.
The current injection circuit must meet specific features such
as low-power operation, frequency range and amplitude in
agreement with the IEC60601-1 medical standard [18]. We
propose a semi-ramp waveform at 2 kHz as the tissue injection
current with an increasing magnitude (500 nA-1 pA). The
2kHz chopping signal, fcn, is derived from the 1 MHz clock
signal by means of a (divide by 512) frequency divider.

To calculate the impedance at a single frequency, obviously
and by definition, a pure sinusoidal source is needed. Using
other signals causes errors in the bio-impedance measurement.
However, sinusoidal oscillators tend to be power hungry [3],
[26-27]. On the other hand, using a square signal instead of a
sinusoid causes a significant error in the impedance
measurement [9], [28]. A three-level injection signal is as easy
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a semi-ramp signal. Using a semi-ramp signal results in almost
the same accuracy as when using a three-level signal and
allows for the generation of a PWM output signal directly,
without the need for an ADC, which is the main advantage of
the proposed system.

Each bio-impedance channel employs a cascade of a trans-
conductance (TC) amplifier and a trans-impedance (TI)
amplifier with an internal mixer driven by the demodulation
frequency (fdem) to extract the amplitude and phase,
respectively. Each channel then continues with a
programmable gain amplifier (PGA) to increase the input
dynamic range. Also, in each channel, a 2-stage switched
capacitor low-pass filter is utilized. Finally, two comparators
compare the voltage of each branch with the reference voltage
produced by a 4-bit voltage DAC and ground, respectively.

Fig. 8 shows the signals at different nodes of the magnitude
and phase channels extracted from a system level simulation
in MATLAB [21]. The injected current is a 2-kHz semi-ramp
shape current which has positive, zero and negative parts (Fig.
8a). The time varying bio-impedance magnitude (500 Q to
700 Q) and phase (-t radiance to m radiance) (Fig. 8b)
modulate the amplitude and phase of the semi-ramp signal at
2kHz (Fig. 8c). The magnitude readout channel employs an
instrumentation amplifier (1A) to provide the required voltage
gain (Fig. 8d). After mixing with the clock signal, the filtered

Fig. 9. 4-stage voltage multiplier. An internal ring oscillator produces the
required clock for the multiplier stages. The output off-chip capacitor is a
source of power for the other stimulator parts.

output voltage (Fig. 8e) benefits from the ramp shape and
easily provides a PWM signal after comparison with the
reference voltage. Fig. 8f is the reconstructed impedance of
the tissue. The pulse widths of the phase (Fig. 8g) and the
amplitude (Fig. 8i) channels are directly related to the bio-
impedance phase and amplitude, respectively. The Z signal is
the output of the magnitude channel. The magnitude of the
impedance can be extracted from the pulse width of the output
PWM signal (Fig. 8j). Thus, the X.z waveform is the
difference of the reference signal and the PWM signal of the
magnitude channel. The phase data can be reconstructed from
the pulse width of this signal exactly (Fig. 8h) [21].

Finally, the analog MUX working at 2 MHz is used for
multiplexing both phase and magnitude channels to transmit
their data simultaneously. See Fig. 1. Table Il shows the key
specifications of the system that meets the bio-impedance
measurement requirements [21].

V. STIMULATOR SYSTEM

Pacemakers monitor the heart rate and rhythm and provide
electrical stimulation whenever the heart fails to produce a
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Fig. 10. 4-bit high-voltage DAC. 4 bits adjust the output voltage of the DAC
with 16 different amplitudes. The pulse width of output voltage is set by 2
switching signals from the controller.

heartbeat itself. To stimulate the heart tissue artificially, a high
voltage pulse is delivered through the lead [12]. The amplitude
and pulse width of the stimulating signal must be
programmable. The amplitude and the pulse width are set by
the physician depending on the patient physical condition,
tissue condition and the lead connection.

The primary voltage source of the system is the battery,
which delivers 1.8 V at its end-of-life. Therefore, a voltage
multiplier is required to produce the required higher voltages.
The pacing can be from 1 up to 8 volt [1]. Fig. 9 shows the
high voltage multiplier. From a 1.8 V supply, only 4 stages are
needed to generate the required output voltage, which is the
supply voltage of the high-voltage digital to analog converter
(HV-DAC). This helps to improve the efficiency of voltage
multiplier. Its basic stage is a two-phase charge-pump voltage
doubler [11]. During the first clock phase, Con charges to the
input voltage and during the second cycle cycle, Cin charges
to the input voltage. The required clock phases are generated
by a ring oscillator working at around 2 MHz. The output
voltage of each stage is the input voltage of that stage plus the
clock voltage, which is the same as the first stage input
voltage. Using 4 doubler stages and high voltage transistors to
avoid breakdown, the output voltage can reach 8 V. The
output voltage equals:

C
Vout =Vin + 4AV =Vin + 4Vc|k ’ -
c+C

par

4R, | B

Out " Out ?

where C is the intermediate capacitance in each section that is
connected to the clock, Vis is the input reference voltage, Cpar
is the parasitic capacitance of the intermediate capacitors
(bottom plate parasitic capacitance and transistor parasitic
capacitance), Ve is the clock voltage and R is the voltage
multiplier load resistance.

Output current I, of the voltage multiplier is only delivered
during pacing. Thus, in the multiplication phase this output
current is zero. The transistors of the voltage multiplier and
the driver stage must be carefully dimensioned so that the
power transfer in each cycle is efficient. When the pacemaker
is not pacing, the high voltage DAC is off. However, the high
voltage multiplier is working to provide a fast settling time.
Not being loaded by the high voltage DAC, its only power
loss is switching loss, which is negligible.

Fig. 9 shows the 4-stage voltage multiplier with its internal
oscillator. To provide the consecutive charging and
discharging operation of the capacitances in the voltage

TABLE I
TARGET AND MEASUREMENT SPECIFICATIONS OF THE STIMULATOR SYSTEM
Target Specification ~ Measurement
Operating voltage 18V 18V
Pulse amplitude 1-8V 1-78V
Voltage DAC royt 1kQ 1kQ
Max. Power efficiency >50% 55%
Clock frequency 2 MHz 2 MHz
Settling time <30 ps 35 pis
Gain error <10% 3%
Number of bits 4 4

Reader Implant

Radiated Wave
VT

Radiated Wave

From Receive
Antenna
AL

Negligible
Backscattering
Wave

T

Fig. 11. Backscattering communication with a PWM signal as input to the
switching circuitry.

multiplier, an on-chip ring oscillator generates a high
frequency clock to alleviate the requirement of big capacitors
at the internal nodes. The multiplier starts producing the high
voltage after enabling the ring oscillator. An off-chip capacitor
(100 nF) is selected based on the current requirement of the
stimulator.

Fig. 10 shows the 4-bits high-voltage DAC to stimulate the
heart muscle. During the pre-charge phase, all ¢ switches are
closed and the input voltage is stored on C,. During the output
phase all ¢, switches are closed to form a feedback loop. The
high voltage opamp provides a gain of C,/Ci. C, can be
adjusted by means of 4 switches and provides 16 different
output voltages for stimulation. The input voltage of the high
voltage DAC is 1 V and it provides an output voltage ranging
from 1 to 7.8 V. The duration of the stimulation can be set by
output switch signal ¢.

In order to stimulate effectively, the high voltage stimulator
needs to stimulate the heart only with a very short duty cycle.
In addition, in case of natural pacing, the stimulator is off.
Besides these specifications, the programmability of the
amplitude and the pulse width of the stimulation signal are the



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 7

Fig. 12. Two inductive data links. A backscatterer is used inside the body
with two coils operating at different frequencies. The reader is outside the
body with two coils operating at the same frequencies as the backscatterer

R C]_ Rl

s1

+
VSl(w1)<§ Vor L1
M
Re C2 Ry IMlZ 34I Ry
+
Vs2(w2) Vo L, " L, Cs
- 24

Fig. 13. Electrical model of the four inductive coils that are used in the two
data links.

main considerations [1]. A summary of the pulse generator
parameters is given in Table I11.

|

VI. DATA TRANSMISSION

A backscatter radio link communicates by modulating the
scattered electromagnetic wave incident from the reader. The
scattered wave is modulated by changing the electrical
impedance presented to the antenna (Fig. 11) [14]. A
backscatterer does not use a radio transmitter. It is one of the
best solutions for minimizing the power consumption of the
pacemaker that is implanted inside the body with a limited
power source. The use of a backscatter link means that the
modulation switching circuitry in the backscatterer only needs
to operate at modest frequencies comparable to the data, not
the carrier frequency [6].

Fig. 12 shows the configuration of the implant and the
reader that is outside of the body. Since the output of the sense
channel and the multiplexed bio-impedance channels are both
PWM signals, two different modulation switching circuits are
used to transmit the data at different frequencies.

Fig. 13 illustrates the model of the inductive data link with
two spiral inductors inside the body and two spiral inductors
outside of the body. L; and L, are related to the reader
inductors and Ls and L. are related to the implant. Ls reflects
the transmitted power of Vs; (the power source of the first

transmitter) and L4 reflects the transmitted power of Vs, (the
power source of the second transmitter). For simplicity the
effect of the reflected power from the undesired backscatterer
is ignored (which is expected to be low as it is at a different
frequency). With this assumption the transfer function that
shows the relation of this reflected power can be written as:

Vo =Va(@)H, (@) +V, (0,)H,, (0,)

Vi =V (@) H (@) +V,, (@,)H,, (0,) o

Hii1 represents the reflected power from the backscatterer
when the related source transmits the power. Also, Hy, is the
transfer function of the other data link.

The transfer function of the reflected power of the first data
link is:

H, =1-(Rs, +1/(C,jo))/ (ZM '
+M23M24M34w13 (_Zi)+st242w12 (4)
+Z,M 0 +2,2,2,) ] Aw,))

The transfer function of the other data link is

H, =(Rs,+1/(C,jw,)) x

><((l\/l 13M 24M 346023 + M13M 23w2224i
M M,0,°Z,i-M0,2,Z, -M_M ‘0, (5)

127727374

+M M, M,0,°)/ A(,))

where A4(w1), mutual inductance M and coupling factor K are
equal to:
Alo,)=
_2M12M13M24M34_2M12M14M23M34 J
+M132M242 _2M13M14M23M24 + '\/I]AZ,\/IZS2
ZAM12M13M23(_2i) + Z3M12M14M24(_2i) Jw3 n
+Z,M M M, (=2i)+ZM, M, M, (-2i))
2 2 2 2
ZSZ4M12 +ZZZAM13 +ZZZBM14 +leAM23
+leSM242 + leZM342
Z1ZZZ3Z4
M = :UONTdTZNRd;”
2«/(d§ +2°%)°
a’b?

:\/E(\/a%ZZ)S’

4

o, +

o’ +

(6)

K
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Fig. 14. External (reader) and internal (backscatterer) coils with their
dimensions.
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Fig. 15. Simulated normalized voltage of two data links related to bio-
potential and bio-impedance channels. The output of each voltage is the sum
of two transfer functions related to the power of reader transmitters. The
power of bio-potential reader is hardly seen by the bio-impedance reader and
vice versa in their frequency.
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Fig. 16. ASIC chip micrograph.

where a, b, Z, dr and dr are the coil parameters (Fig. 14). Also,
H2, and Ha; are calculated with the same method.

Fig. 14 shows the two coils of the backscatterer and the
reader with their dimensions. The maximum distance between
the two coils is assumed to be 20 mm [13, 19].

Fig. 15 shows the simulated normalized reflected voltage of
the first and second reader based on Hii, Hio, Ho1 and Haz. The
effect of the bio-potential channel and the bio-impedance
channel signals on each other is reasonably low for proper
near-field data transmission.

Fig. 17. AIC test board.
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Fig. 18. Bio-potential channel input referred noise (Gain=44 dB).
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Fig. 19. Bio-impedance channel input referred noise (Gain=40 dB).

VII. MEASUREMENTS

The proposed ASIC has been fabricated in a 0.18 pm HV
CMOS process and occupies 2.38 mm? as shown in Fig. 16.
Fig. 17 shows the test board for measuring the proposed
system parameters and functionality by sending the various
PWM signals of the proposed system via USB to the computer
for reconstruction. The USB connection is for comparison of
the receiver output with the on-chip data to calculate the BER
of the radio link.

Without taking into account the stimulation current from
the current DAC, the entire ASIC consumes only 4.2 pA from
a 1 V supply. The stimulation system consumes very little
power since it only stimulates the tissue occasionally and
during a very short period of time (as it works at a duty cycle
of appropriately 0.01%). The transmitter circuitry is passive,
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Fig. 20. Example of a measured and reconstructed ECG using the ASIC. a)
The reference ECG stored in the function generator. b) The reconstructed
ECG.
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Fig. 21. Measured respiration signal on a human body using the proposed
ASIC.
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Fig. 22. Characterization of the bio-impedance channel for different
resistances.

so the only power consumption stems from the switches that
work at a low frequency (up to 512 kHz) and that consume
very little dynamic power.

The input referred noise of the IECG readout channel
measured within the signal bandwidth of 50 mHz -150 Hz is 2
MVrms. The common-mode rejection ratio (CMRR) of the 1A is
greater than 90dB. Its power spectral density (PSD) is shown
in Fig. 18. The input referred noise of the bio-impedance
readout channel measured over a signal bandwidth of 0.1 Hz-
10 Hz is lower than 0.7 pVrms (when the front-end gain is 40
dB). Its PSD is shown in Fig. 19. The frequencies of the
multiplexer are set to 1 kHz and 3 kHz; the effective number
of bits of both channels is 9.2 bits and 8.4 bits, respectively.

To illustrate the functionality of the bio-potential system, a
human ECG signal (data collected from the MIT-BIH
Database [24]) is put into a function generator and is
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Fig. 23. High-voltage monophasic stimulator output waveform.
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Fig. 24. Bio-potential transmitter output.
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Fig. 25. Bio-impedance transmitter output.

reconstructed using the chip (Fig. 20). Furthermore, as the
experiment was not conducted in a real pacemaker, usually
implanted under the clavicle, either at left or at right, and its
leads attached to the heart tissue, the functionality of the bio-
impedance channel was validated on a human body. Thereto,
four Ag/AgCl electrodes were placed on the thorax of a
volunteer. Two electrodes are constructing the current loop
and the other two are used for the input of the magnitude
channel, revealing the respiration signal as shown in Fig. 21.
Fig. 22 shows the characterization of the bio-impedance
measurement channel wusing different resistances. The
reconstructed output of the magnitude channel shows a linear
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TABLE IV
SUMMARY OF ASIC SPECIFICATION
1.4mm>*1.7 mm @ 0.18 pm HV CMOS
Brief summary 4.2 pW
Supply: 1.8 V, 1V Core
Temperature: 27°C
. . Input Referred .
Gain (dB) Bandwidth (Hz) Noise (1V;me) THD Dynamic Range ENOB
Bio-potential channel 14-28-44 10-120 2 1%@ full swing @100 Hz 50 V-9 mv 9.2
Bio-impedance channel | 40-49-55-62 0.1-10 0.7 1%@ <1 kQ @10 Hz 100-3.3kQ -
) Min. Voltage Max. Voltage Osc. Frequency Number of Bits Settling time Power efficiency
Stimulator 1 78 2 MHz 4 35 s 55%
] Modulation Bio-potential carrier Bio-impedance carrier Distance BER
Data transmitter 00K 13.56 MHz 21 MHz 20 mm <107
TABLE V
PERFORMANCE COMPARISON
This Work [1] [2] [3] 6]
Technology (1m) 0.18 0.5 0.5 0.18 0.18
Supply voltage (V) 1.8 (1V core) 2.8 2 1.8 1.25
Type of sensors IECG, Bio-Imp. IECG ECG, Bio-Imp. IECG, Bio-Imp. ECG
Number of sense channels 3 1 1 3 1
Sense resolution (ENOB) 9.2 8 10.6 9.4 8
Sense channel input referred noise 2 15 1.1 22 16.8
(MVrms) . . .
Bio-impedance measurement Y N Y Y N
Injection current 0.5-1 A - 50-5.5 nA 10-40 pA -
Bio-impedance frequency 2 kHz _ 1 kHz 2 kHz -
Bio-impedance modulation Semi-ramp - Semi-square Square/Pseudo-sine -
Bio-impedance accuracy (Qms) 1.35 - 12-63 0.033-0.132 -
Bio-impedance input referred <0.7 R 1.7 0.46 R
noise (Vims) ) ' i
Bio-impedance range (Q) 0.1~3.3 k - 0.1~10 k 0.1~4.4 k -
Modulation (TX) 00K - - - OO0OK
Stimulator resolution (bit) 4 3 - - -
DATA TX frequency (MHz) 13.56/21 - - - 13.56/402
Overall system size (mm) 1.4%1.7 77 4.6%4.5 5%5 1.9%2
Power consumption (injected 42 W 8 uW 30 W 50.6-116.6 pW 9.7 uW

current is included)

transfer function for varying the resistance from 100 Q-3.3
kQ. The maximum error is less than 3.12%, a percentage that
occurs for the higher resistance range. The accuracy of the
bio-impedance channel is 1.35 Qs

Fig. 23 shows high-voltage monophasic stimulator output
with 15 different amplitudes. Its output changes from 1 V to
7.8 V. The voltage multiplier benefits from the 2 MHz
oscillator to hold the high reference voltage of the DAC at a
7.8 V level. The ASK data of the transmitter and also the
transmitted data are shown in Fig. 24 and Fig. 25 for the bio-
potential channel and the bio-impedance channel, respectively.
The bio-potential channel and bio-impedance channel data are
modulated on 13.56 MHz and 21 MHz carriers, respectively.
The bit error rate of the data link extracted by comparing the
radio link reconstructed output and the USB reconstructed

output is better than 107 for each channel.

Table IV shows the specification summary of the proposed
system at room temperature. Table V compares the
performance of the proposed system with state of the art
designs. Unlike other designs, the proposed ASIC provides not
only the basic functions, such as bio-potential sensing, bio-
impedance measurement, stimulation and data transmission,
but also incorporates programmable stimulation and a novel
output channel signal format that is suitable for low power
transmission for biomedical applications.

VIII. FUTURE WORK

The proposed system can be extended further to feature

some interesting additional functionalities, useful either for
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cardiac pacemakers or other types of wearable or implantable
monitoring, diagnostic or therapeutic medical devices, such as
electroceuticals. Some of these extensions are discussed here.

Simultaneous wireless power transmission and data
communication might help the implant to receive part or all of
its power wirelessly from the external reader. This allows for
reduction of the size of the (rechargeable) battery.

The bio-potential channel has the capability of changing its
sampling rate. By adaptively changing the sampling rate of the
ASIC and using an algorithm that changes the averaging
interval in the reader, the average data rate across the wireless
link is reduced, which, in turn, can lead to further reduction of
the power consumption.

Thermal energy harvesting from body temperature
differences is another interesting possibility to reduce the
power consumption.

Currently, the size of the implant is dominated by the size
of the coils in the backscatterer. To reduce the implant size,
the transmitter can either use concentric coils for two channels
or single-channel multiplexing of the bio-impedance and
IECG signals can be applied, in a similar fashion as is
currently being done for the magnitude and the phase of the
bio-impedance.

IX. CONCLUSION

A 4.2 pA analog signal processor IC is presented for
measuring bio-potentials, bio-impedance, and offering
stimulation. A 0.5 pAJ/channel bio-potential measurement
technique is presented for measuring cardiac signals making
use of a voltage to frequency converter. The proposed system
also consists of two channels for bio-impedance magnitude
and phase measurement, which consumes only 1.55 pW, and
the output of which are pulse width modulated (PWM)
signals. It consumes little power by making use of pulse width
modulation for transferring data via a backscattering
transmitter. The proposed system is capable of measuring the
bio-potential and the bio-impedance signals with 9.2 ENOB
and 1.35 Qms accuracy, respectively. Thanks to these features
the proposed pacemaker system will have a smaller core and
less transceiver power consumption and the entire pacemaker
can last longer on its battery.
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