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A 1.55 W Bio-Impedance Measurement System for
Implantable Cardiac Pacemakers in 0.18 ym CMOS

Milad Zamani

Abstract—This paper presents an implantable bio-impedance
measurement system for cardiac pacemakers. The fully integrated
system features a low power analog front-end and pulse width mod-
ulated output. The bio-impedance readout benefits from voltage to
time conversion to achieve a very low power consumption for wire-
lessly transmitting the data outside the body. The proposed IC is
fabricated in a 0.18 ;zm CMOS process and is capable of measuring
the bio-impedance at 2 kHz over a wide dynamic range from 100 2
to 3.3 k2 with 1.35 Q. accuracy and 1 A maximum current
injection while consuming just 1.55 pA from a 1V supply.

Index Terms—Analog circuit design, bio-impedance, biosensor,
cardiac tissue, CMOS, low power, impedance measurement, in-
strumentation amplifier, programmable amplifier.

1. INTRODUCTION

N NORMAL subjects, the heart rate during exercise in-
I creases proportionally to oxygen consumption, which is the
most accurate measure of human energy expenditure [1], [2].
Bio-impedance measurement provides useful information about
physiological processes, such as breathing and heart rate, which
are related to the oxygen consumption and tidal volume and in
the frequency bands of 0.1-1 Hz and 1-3 Hz, respectively, [3],
[4], [15]. The fast change of bio-impedance is mostly related
to the beating of the heart and the low change is related to the
breathing and respiratory components [5]. Thus, bio-impedance
measurement can be effectively used to extract cardiac and res-
piratory parameters. Rate-adaptive pacemakers use the infor-
mation of periodical variation of the thoracic bio-impedance to
change the rate of heart muscle stimulation [4].

Fig. 1 shows the lead and heart lumped electrical impedance
model. The lead resistances of cathode and anode are repre-
sented by R¢ and Ry, respectively. Taking the electrode areas
into account, the cathode and anode capacitances are Cy¢ and
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Fig. 1. Lead and heart tissue electrical model [2].

Cra , which are the Helmholtz capacitances multiplied by their
respective electrode area, A.. Rpc is the faradaic resistance of
the lead [2].

The tissue three-element impedance model consists of Ry,
which represents the resistance comprised by the electrolytes,
Rg, which designates the shunt resistance through which current
is able to pass through non-excitable tissue and blood outside
the desired current path, and the cellular membrane specific
capacitance, Cy,.n, , multiplied by the cathode’s area, A, divided
by two, which is assumed being proportional to the number of
cells directly surrounding the cathode [2].

Conventional bio-impedance measurement systems inject a
semi-square current waveform into the tissue and make use of a
lock-in amplifier to produce the in-phase and quadrature com-
ponents of the bio-impedance. The magnitude and phase of the
bio-impedance can be extracted from the digital output signal.
An analog to digital converter plays a key role in converting the
lock-in amplifier output into a digital format with an appropriate
number of bits [6]-[14]. The data analysis and wireless trans-
mission of digital signals are normally power hungry functions.
As digital process and the radio usually are the main sources
of system power consumption, any improvement of the power
consumption must center around the proper output data format
for alow power consumption wireless transmission and without
any digital processing in the implant [10], [20], [21].

In this paper, a novel bio-impedance measurement technique
is proposed that benefits from voltage-to-time conversion and
enables the transmission of data at very low power consumption.
The proposed system consists of two channels for magnitude and
phase measurement, the output of which are PWM signals. The
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Fig. 2.

magnitude and phase of the bio-impedance are directly related
to the pulse width of these PWM signals.

This paper is organized as follows: Section II describes the
architecture of the proposed bio-impedance measurement sys-
tem and detection principle. Section III describes the operation
principle and analyzes jitter, linearity and systematic errors.
Section IV describes the circuit implementation and require-
ments. Section V presents the measurement results. Finally,
Section VI concludes the paper.

II. ARCHITECTURE AND DETECTION PRINCIPLE

Fig. 2(a) shows the proposed bio-impedance read-out channel
which consists of two paths. One path obtains the magnitude of
the bio-impedance and another extracts the phase of it. The pro-
posed implementation employs an 8-bit current DAC to inject
a 2 kHz semi-ramp current into the heart tissue. The injected
current must meet the IEC60601-1 medical standards which
defines the maximum amplitude and frequency of the injected
current [22]. This standard ensures safe current injection for the
bio-impedance measurement with minimum negative effects on
the heart tissue.

Fig. 2(b) shows the signals at different nodes of the amplitude
and phase channels. The X waveform is the PWM signal from
the reference channel, originating from the voltage measured
across the reference resistor, which thus is only affected by the
phase shift of the readout channel. The Y waveform is the input
voltage of the comparator of the amplitude channel which is
the down-converted bio-impedance semi-ramp amplitude mod-
ulated signal. This signal contains the delay that originates from
the readout channel and also the bio-impedance phase. The Z
waveform is the output of the amplitude channel with the am-
plitude data embeded in the pulse width. The last waveform is
the difference of the reference signal and the PWM signal of the
amplitude channel. The phase data can be reconstructed exactly
from its pulse width.

Fig. 3 shows the signals at different nodes of the magnitude
and phase channels extracted from a system level simulation
in MATLAB. The injected current is a 2 kHz semi-ramp shape
current which has positive, zero and negative parts (Fig. 3(a)).

(a) Architecture of the proposed bio-impedance measurement system. (b) Example of internally generated signals.
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Fig. 3. Bio-impedance system level simulation. a) Semi-ramp DAC output

signal. b) Heart tissue bio-impedance with varying magnitude and phase. ¢) The
voltage produced after current injection into the heart tissue. d) The output signal
of the mixer. ) The comparator input signal. f) Reconstructed impedance of the
tissue impedance. g) The PWM output of the phase channel. h) Reconstructed
phase of the heart tissue. i) The PWM output of the magnitude channel. j)
Reconstructed magnitude of the heart tissue impedance.

The current injected into the heart tissue is modulated with the
bio-impedance magnitude and phase (Fig. 3(c)). Fig. 3(b) shows
the heart tissue bio-impedance with magnitude (500 €2 to 700 €2)
and phase (—7 radians to 7 radians) that changes with breathing
and other physiological processes. The magnitude readout chan-
nel employs an instrumentation amplifier (IA) consisting of a
transconductance (TC) and a transimpedance (TI) stage. The IA
requires a highly linear (THD below 1%) voltage gain with a low
input referred noise (lower than 2 ;Vrms). The mixer converts
the modulated voltage down and produces a 100 Hz baseband
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signal (Fig. 3(d)). The magnitude of the heart impedance is in the
range of 50 Q-3.3 k(). Higher impedance levels may be caused
by leads displacement. The large range of bio-impedance re-
quires a high dynamic range to read the produced voltage. A
programmable gain amplifier (PGA) provides 4 different gain
settings for 4 different impedance ranges to increase the dy-
namic range. The intrinsic low-pass filter of the PGA and the
subsequent 2-stage switch-capacitor low-pass filter remove any
higher frequency components of the mixer output signal. The
comparator compares the bio-impedance ramp-modulated sig-
nal with a reference voltage. The 4-bit voltage DAC generates
the reference voltage for comparison with 8 different voltage
levels, which can be set for different impedance ranges and
the minimum voltage is set by the largest bit. The output of the
comparator is a PWM signal, the pulse-width of which relates di-
rectly to the magnitude of the bio-impedance. Reading the pulse
width of the PWM signal, the magnitude of the bio-impedance
can be reconstructed.

The phase readout channel is the same as the magnitude read-
out channel with some minor differences. The input signal of the
phase readout channel is an ideal voltage generated by the in-
jected current into a reference resistor. Thus, the magnitude and
phase of the bio-impedance have no effect on this input voltage
signal. The input signal is then amplified, mixed and filtered just
like the magnitude readout channel. The comparator compares
the signal with zero to define the zero-crossings of the signal.
The X signal is the PWM signal from the reference channel and
related to the reference resistor, which thus only is affected by
the phase shift of the blocks while passing through the phase
channel. The Y signal is the input voltage of the comparator
of the magnitude channel which is the down-converted version
of the bio-impedance semi-ramp magnitude modulated signal.
This signal contains the delay that originates from the readout
channel and also the bio-impedance phase. The Z signal is the
output of the magnitude channel with magnitude data embed-
ded in the pulse width. Comparing the output PWM signal of
the phase channel and that of the magnitude channel results in
a signal that represents the phase of the bio-impedance. It can
be readily noted that the pulse width of the amplitude channel
output signal is determined by both the amplitude and the phase
of the bio-impedance, as well as the phase shift of the channel
itself. The pulse width of the phase channel output signal, used
as the reference signal, on the other hand, is only determined
by the channel phase shift. From the phase difference of the
output signals of these two channels, i.e., X.Z, the phase of
the bio-impedance is extracted. The phase data can be exactly
reconstructed from the pulse width of this signal.

The voltage produced after current injection into the heart
tissue and the output signal of the mixer are shown in Fig. 3(c)
and 3(d), respectively. Fig. 3(e) shows the comparator input
signal of the amplitude channel (Y). Fig. 3(f), 3(h) and 3(j) show
the reconstructed impedance of the tissue, the reconstructed
phase of the heart tissue and the reconstructed magnitude of
the heart tissue. Fig. 3(g) and 3(i) show the PWM output of
the magnitude channel (Z) and the PWM output of the phase
channel (X.Z), respectively. After injecting the DAC current
into the heart tissue the amplitude of the bio-impedance affects

the slope of the voltage across the tissue. The pulse width of
the comparator gives the amplitude and the comparison of the
ideal phase and the impedance phase gives the phase of the
bio-impedance.

III. SYSTEM ANALYSIS

To obtain a deep understanding of the proposed system, we
derive closed-form formulae for the magnitude and phase chan-
nel output signals. We also conduct a jitter analysis to find the
impact of jitter on the reconstructed output signals. The pro-
posed system and the conventional systems use non-sinusoidal
signals for injection to decrease the power consumption. Thus,
the systematic error must be analyzed at system level.

A. Output PWM Signal of Magnitude and Phase Channels

The signal voltage of the magnitude channel preceding the
comparator is the multiplication of the injected current, the mag-
nitude of the bio-impedance of the tissue, the front-end gain and
the demodulation clock amplitude. The input semi-ramp signal
Fourier series can be calculated as:

Z {an cos(wysent)} — Z {bn sin(wysent)} (1)

n=1

where
— —2a a(=1)"
"or2n—1)?  w(2n-1)
2a 2a(—1)"
m(2n—1)  72(2n—1)° (

where a is the amplitude of semi-ramp signal and w,. is the
injection current angular frequency.

The signal voltage of the magnitude channel preceding the
comparator is

‘/in —Compamy, —

GFE Z {a?n |Zt7'ssue(n(wLF))| COS(TLwLFt + (p(?’LCULF))}
n=1

e { % | Zusssue (2w )| sin(nwop pt + so(nwLF))}
n=1
)

where Grp is the channel front-end gain, ¢ is the phase of
the bio-impedance and wy, i is the down-converted angular fre-
quency. Ziissue can be represented by the three element (Fig. 1)
model as:

2RsRp(2Rp + R5)02w2 + Rg
1+ (2Rg + R5)202w2
Rg*Cw

_ 4
1T (2R + Rg 20202 @

Ztissue (w) =
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The magnitude and the phase of the bio-impedance can be
written as:

Rs? + 4Rp>Rg%C20w?
|Z(w)| = T 3
1+ (Rs +2Rp)" C?w

o
o -1 Rscw
p(w) = tan <1 + 2Ry (2Rp + R5)02w2) ©

where C'is (AC, ., )/2.
(3) can be rewritten as follows:

00 a,
V;nfCompAm » C7'FE Z {7 |Ztissue(n(wLF))|
p(nwrr)

s}
X {b; | Ztissue(n(wrr))| sin [nWLF (t + ‘P(WULF))] }

X COS {nwLF <t—|—

nwr,F

= Gru Y {5 Zissue(n(wrr))| cos e (t+7)] |

n=1

+GFEZ{ Zvwe (s (¢4 7)1}
n=1
™

Equation (7) shows that the signal voltage of the magnitude
channel is the multiplication of the bio-impedance magnitude
and the semi-ramp signal with a phase shift equal to the bio-
impedance phase. We can suppose that the bio-impedance am-
plitude is constant in the specific frequency range, since the
bio-impedance dependency on frequency is low at low frequen-
cies. Hence, (7) approximates the product of the semi-ramp and
the bio-impedance [4], [5].

The comparator compares the bio-impedance semi-ramp
modulated signal with a reference voltage. The pulse width
of the PWM output signal can be written as

1 _ ’/Tv;‘ef
4fLF 4\/§fLF ‘Zt'i,ssue (m) |I(m)GFE

where m is the mth sample of the current DAC.

The phase channel output signal is the multiplication of
the injection current, the reference resistor, the front-end gain
and the demodulation clock. The input signal of the phase
channel is:

00

Z {an

HI —Comp, r
Py 2

n=1

- Z { .5€TL5 Sln(nwLFt)} (9)

n=1

T, (m) = @®)

sens COS(nWLFt)}

where R, is the reference resistor.

The phase channel provides a similar delay as that of the
magnitude channel to compensate for the magnitude read-out
phase shift. The comparator produces a pulse depending on
the zero-crossing of its input signal. The time difference of the

: : :
0 05 1 15
Time(mS)

Fig. 4. Semi-ramp and semi-square input signals.

magnitude channel and phase channel pulses is related to the
phase of the bio-impedance as:

I1

phase

(;):(X-Z)®Z:X-Z (10)

p

2
0= T, () (an

where X and Z represent the output signals of the phase and
magnitude channels, respectively, T}, is the output pulse width
and ® is a logical XOR.

The PWM output of the magnitude channel and the phase
channel can be written as [16]:

1 71-‘/(:om,p

@ mp(t) =7 —
) = T 2 Zureere m) L) G
i km kﬂ-z‘/(‘omp
+ EZ ( >sm(4 4ﬁ|zmw,;(m>u<m)cm)
T x cos(kwp pt)
(12)
1) 2= (/1Y . [ke(t
Op}msc (t) = SOQLTF) + ; Z {(k‘) Sin (Sg()> cos(kwLFt)}
k=1
(13)

where wy  is down-converted angular frequency, m is the mth
sample and V., is the comparator reference.

Equations (12) and (13) are used for bio-impedance amplitude
and phase reconstruction. The accuracy of reconstructed ampli-
tude and phase can be derived from these two equations since
they contain non-ideal and non-sinusoidal components. The lin-
earity and systematic error of the system are the deviation of
the reconstructed amplitude and phase from the theoretically
correct values. The following section describes the analysis of
these linearity and systematic errors.

B. Linearity

Most of recent bio-impedance measurement systems use
semi-square signals for injection to eliminate the need for power
hungry sinusoidal oscillators and analog multipliers [10]. The
input signal of such a system is a three-level pulse (semi-square)
waveform. See Fig. 4.

As previously explained and shown in Fig. 2 and Fig. 3 the
proposed bio-impedance measurement system works as follows:
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Magnitude spectrum of the semi-ramp signal and the semi-square

a semi-ramp current is injected into the tissue and by compar-
ing the resultant semi-ramp voltage (which contains both the
magnitude and phase information of the tissue bio-impedance)
with the injected signal-level (in the magnitude path), and also
comparing the output pulse of the so-called magnitude chan-
nel with the original (or reference) injected signal that is only
phase-shifted by the measurement/phase path both magnitude
and phase information of the tissue bio-impedance are extracted.

The output errors come mainly from three sources: 1) the
non-sinusoidal injected current, 2) the inaccuracy of the injected
current and 3) the systematic error.

1) Error Due to the Non-Sinusoidal Injected Signal: The
first source of non-linearity is the injected signal. To calculate
the impedance at a single frequency a pure sinusoidal source is
needed. Using other signals causes an error in the bio-impedance
measurement.

The conventional fully bi-directional square wave (semi-
square) stimulation current Fourier series can be written as [12]:

Loone (£) = % i {(M) sin(2n — 1)wt)}. (14)

n=1

Our system uses a semi-ramp input signal. The input semi-
ramp signal (Fig. 5) Fourier series can be calculated as:

I(t) = ap + Z {a, cos(wtn)} — Z {bn sin(wtn)} (15)
n=1 n=1

where

ag =0,a =1,

" B —2a a(—1)"
n—1= m@2n—1)?  w2n-1)
2a 2a(—1)"
by -1 = — 9 2"
m(2n—1)  72(2n—1)

2) Error Due to the Inaccuracy of the Injected Current: The
accuracy of injected signal is another source of error. Any dif-
ference from an ideal ramp, e.g., due to a gain error of current

DAC, changes the output of the reconstructed bio-impedance.

1
Tpnnn - (m = Afrp
- 71—V;‘ef
AV2fLr| Ziissue (M)|(I(m) £ AI(m))Grp
W‘/;“ef

X Gainerror -

Py 4\/§fLF |th'ssue (m) |I(m)GFE

Based on the above equations, a gain error below 0.8% doesn’t
have significant effect on the reconstructed output which is a
very easy goal. Also, the linearity of the front end is not the lim-
iting factor since the required dynamic range in the pacemaker
application is small.

3) Systematic Error: To estimate the systematic error of the
system due to the semi-ramp waveform injected we use a sim-
plified three-element heart model with a real value [18].

1
Z issue — R ase T Rmem -~ | = 600
! ’ l: H ]Cmemw:| (

70 x 103 (3.5 x 1073w

(1+ (3.5 x 103)2w2)> T 35 x 10920
(16)

+

The quality of the semi-ramp signal and the accuracy of the
comparison with the reference voltage define the systematic er-
ror of the proposed bio-impedance measurement system. The
modulated input semi-ramp waveform is multiplied by the de-
modulation clock and subsequently filtered.

To estimate the effect of the multiplication and the effect of
the low-pass filter, the first 7 harmonics of the filtered output
are used. The time domain difference of the semi-ramp signal
and the input filtered semi-ramp signal of the comparator is the
systematic error of the system.

4) Total Error: To calculate the total error due to the injected
signal and the system error, the amplitude and the phase of the
bio-impedance are extracted from the proposed system and from
the conventional lock-in amplifier bio-impedance system [10],
[12], respectively.

The conventional stimulation current and demodulation clock
signals are considered to be fully bi-directional square (semi-
square) waves. The output of the in-phase channel modulator
and quadrature channel modulator can be written as [12]:

8GFE Isf, mlk Rmcm

‘/'i,,con,'zm (t) = GFE Ist ‘/clk Rba,se + B}

™

0 1 1
X E X
{nl |:(2n - 1)2 (1 + (27’L - 1)2w2Rmem20mem

J)

17)
8GFE Is t ‘/clkWRmem 2 Cmem
V;],(tonv.(t) == ! B)
m
o0 (_1)71, +1 < 1 )
X X .
{nz:l [(211 - ]‘) 1+ (2’11 - 1)2W2RmemQCmemQ
(18)

Authorized licensed use limited to: TU Delft Library. Downloaded on May 15,2020 at 07:17:42 UTC from IEEE Xplore. Restrictions apply.



216 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 12, NO. 1, FEBRUARY 2018
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O Conventional System|:

Fig. 6.
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Fig. 7. Normalized phase error of proposed and conventional system.

Fig. 6 shows the total normalized amplitude error of the pro-
posed ((12)) and the conventional system ((17) and (18)) in
comparison with the theoretically correct value. Fig. 7 shows
the total normalized phase error of the proposed ((13) and the
conventional system ((17) and (18)) in comparison with the
theoretically correct value.

C. Jitter Analysis

Jitter in the comparator affects the pulse width of the PWM
output of both the magnitude and the phase channel. The pulse
width relates directly to the reconstructed output signal. Thus,
the jitter affects the reconstructed magnitude and phase signals.
Its relation to the system parameters in the magnitude and phase
channels is analyzed as follows.

1) Magnitude-Channel Jitter Analysis: The deviation of the
pulse width in the magnitude channel is due to the jitter of the
magnitude channel which originates from the electronic noise
of the circuits, including that of the clock oscillator blocks. The
deviation can be written from (8) as:

B deF _ 71—d‘/comp
4fLF2 4\/§fLF|Ztissue|I(m>GFE
n 7T"/;ompdfs
4\/ifLF2 |Ztissue |I(m)GFE
7rvcompdl(m)
+ ; :
4\/§fLF |Zt’issue ‘I (m)GFE

a7, (m) =

19)

The deviation of the comparator voltage originates from the
comparator input noise voltage and the noise of the front-end.

2 2 2
(d‘/;fomp) =0 wv.¢ +o UnFE " (20)
The front-end output noise can be written as:
2
2 2 2, o 8G rE
O vupp = |0 incpac X |Zt’iSSU€| T 0 0, i 2
(2D

where i,, cpac is the current noise of the current DAC and
Uy irn 18 the input referred noise voltage. From (21) one can
rewrite (20) as follows:

2 2 2 2
(d‘/;z)mp) = Su,c Bu + |00, cpac X | Ztissuel” + 070, 1,

2
x Si% (22)
where B,, is the bandwidth of the comparator and S, ¢ is the
power spectral density of the comparator which has a white
spectrum.

As (19) shows, the variation of f has a direct relation with
that of the output pulse width. From [17] the time deviation
of the frequency (which is the jitter of the mixer clock) that
originates from an oscillator is

Af?
fOSC

where A f is the offset frequency at which the VCO phase noise
of the mixer clock has been measured, S¢(f) is the oscillator
phase noise spectrum and f,. is the oscillator frequency.
Making use of (21), (22) and (23), one can rewrite (19), which
is the total jitter, as:
dT;, (m)

UQf,g =S (f)

(23)

TU sc

W\/S”n c Bﬂ + (O—Q'ivz.(‘D_AC |Zt77857w|2 + O—QUn,n'n) X 807:21”5
4\/§fLF |Ztissue| I(m)GFE

Sw(fOSC)% SS’(f(’“)%
Afp? N2 fLF | Ziissue| I(M)GrE
W‘/;:ompo'in CcDAC
+ 2 :
4\/i,fLF ‘Ztissue| I (m)GFE

The jitter caused by the channel noise is inversely proportional
to the oscillator frequency (7,s.) while the jitter caused by
the variation of the oscillator frequency has a direct square
root relation. At high frequencies the jitter of the demodulation
clock is the dominant factor. At lower frequencies the circuit
noise including those of the comparator and the current DAC is
dominant. Moreover, a higher front-end gain results in a larger
effect of the current DAC noise and the input referred noise.
These considerations are utilized to design a low jitter system.

2) Phase-Channel Jitter Analysis: The deviation of the
pulse width in the phase channel originates from the front-end
jitter, the inverter jitter, AND gate jitter and the jitter of the

'/T‘/;omp

(24)
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Fig. 8.  Current DAC architecture and the DAC controller.
magnitude channel. Hence
or V02 Amp +0%Fp +02anD + 02Ny
TOSC TOSC
2 2 2 2
07 =0 Amp +0 rE +307 NV (25)

where we suppose that the jitter of the AND gate is twice as
large as that of an inverter.

At higher frequencies, the current DAC noise, the compara-
tor noise and the inverter noise dominate the total jitter of the
phase channel, which can be decreased at the expense of higher
power consumption. Based on (24) and (25) the jitter is inversely
proportional to the current. Therefore, the effect of the jitter is
optimized with a power-jitter trade off.

IV. CIRCUIT IMPLEMENTATION

Fig. 8 shows the 8-bit current DAC. The current DAC con-
sists of PMOS and NMOS transistors to generate the current
source and sink, respectively. The PMOS and NMOS current
mirrors consist of 8-bit binary weighted sized transistors which
are driven by a 4 nA precise current reference circuit. The max-
imum output current of the current DAC is 1 g A, which is con-
trolled by a controller unit. An external 1 MHz oscillator is used
to feed the required clock of the controller. The controller con-
sists of an 9-bit up-counter and peripheral gates to produce the
required ramp shape. The 2 kHz chopping signal, f.,, is derived
from the 1 MHz clock signal by means of a (divide by 512)
frequency divider.

Fig. 9 shows the external circuit elements, comprising a ca-
pacitor Cj, to remove the lead-heart offset, the heart tissue that
is represented by the three-element model, the reference resis-
tor (Rsense) for the phase channel and a high-pass filter that
removes the unwanted ECG signal and any DC offset voltage.
Off-chip capacitors C; are biased with two 5 M() resistors at
the output of the current source. Their values are chosen much
greater than the tissue impedance, so that the accuracy of the
bio-impedance measurement is not affected.

Fig. 10 shows the transconductance (TC) and transimpedance
(TT) stages, together forming an instrumentation amplifier (IA),
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Fig. 9.  Off-chip circuit components of the proposed system. It consists of the
heart tissue three element model, HPF components and phase reference resistor
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Fig. 10.  Architecture of the transconductance and transimpedance stages, to-
gether forming an instrumentation amplifier (IA), with internal mixing circuitry.

with internal mixing circuitry. The internal chopper modulator
acts as a mixer to lower the output frequency. The TA benefits
from dummy switches to minimize the effect of clock feed-
through and charge injection. The input differential amplifier
stage is followed by a current mirror and then a telescopic ampli-
fier with its resistive output load, together providing the voltage
gain (shown in Fig. 2). The input referred noise of the system
can be written as:

2
9 m3

Im19m5s mb

0 8kT m
V2in = — [’71 4 BIms

o 9dm1 9m1
+ [4]€T"/(gm1 +Ggm1+ ...+ ng) + SIIH) ]
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kT 3Yms: 2m‘ m
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Fig. 11.  Architecture of the PGA, the two-stage SC RC filter, the 4-bit voltage
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Fig. 12.  Chip micrograph.

where k, v, g, , and Sy, denote Boltzmann’s constant, the ther-
mal noise factor, trans-conductance of the devices in Fig. 10,
and the current reference noise, respectively.

Fig. 11 shows the programmable gain amplifier, the cascade
of two first-order SC low-pass filters, the voltage DAC to pro-
duce the reference voltage for the comparator and finally the
comparator. The PGA makes use of resistive feedback and a
variable input resistor providing 4 different gain settings. The
main core of the PGA is a differential input single output am-
plifier. The low-pass cut-off frequency of the PGA is set by a
resistance and a capacitance. Cascading two stages of the 1st-
order SC low-pass filter and PGA results in a —3 dB bandwidth
of 900 Hz. The voltage DAC consists of 4 different capacitors.
The largest capacitor provides the minimum reference voltage
and the other capacitors make 8 different small voltages that are
added to the minimum voltage. The comparator uses a two-stage
amplifier with large input device sizes for low input offset. Two
inverters provide the final outputs.

V. MEASUREMENT RESULTS

The proposed bio-impedance measurement system is fabri-
cated in a 0.18 yum CMOS process and occupies 0.595 mm?.

TABLE I
DESIGN SPECIFICATION AND MEASUREMENT SUMMARY

Parameter Target Specification Measurement
Operating voltage 1V 1V

Gain 40-49-55-62 dB 39-48.5-55.5-62 dB
BW 0.5-10 Hz 0.1-10 Hz
Input Dynamic Range 3.3 mV 3.3 mV

Input referred Noise < 2 iVims 0.7 tVims
CMRR >90 dB 95 dB

THD 1%@ < 1kQ @Q10Hz 1%@Q < 1 kQ @10 Hz
Injection Current 0.5—1pA 0.5—1pA
Output Freq. Range Up to 100 Hz Up to 100 Hz
Tissue Impedance Range 100-3000 €2 100-3300 €2
Power Consumption <2 uW 1.55 W

Input Reffered Noise (V/v/Hz)

10" 10
Frequency (Hz)

Fig. 13.

Bio-impedance channel input referred noise (Gain = 40dB).

65

60

55

50

35

30

Bio-impedance Analog Part Transfer Function (dB)

15 - H I H - I
10° 10' 10° 10° 10

Frequency (Hz)

Fig. 14.  Transfer functions of the PGA with its filtering characteristic.

Fig. 12 shows the chip micrograph. Table I shows the design
specification summary of the system.

The input referred noise of the bio-impedance readout channel
measured over a bandwidth of 0.1 Hz-10 Hz is 0.7 pV,
as shown in Fig. 13 (chain gain is 40 dB) and the equivalent
sensitivity of impedance measurement channel is calculated as
0.2 Qrms/\/m (for a total gain of 62 dB). Fig. 14 shows the

Authorized licensed use limited to: TU Delft Library. Downloaded on May 15,2020 at 07:17:42 UTC from IEEE Xplore. Restrictions apply.



ZAMANI et al.: 1.55 W BIO-IMPEDANCE MEASUREMENT SYSTEM FOR IMPLANTABLE CARDIAC PACEMAKERS IN 0.18 M CMOS 219
TABLE II
PERFORMANCE COMPARISON
This Work [10] [11] [19]
Technology (pm) 0.18 0.5 0.18 0.18
Supply voltage (V) 1 2 1.8 1.2
Injection current 0.5-1 pA 50-5.5 nA 1040 A 27-117 pA
Injection frequency 2 kHz 1 kHz 2 kHz 20 kHz
Modulation Semi-ramp Square Square/Pseudo-sine Pseudo-sine
Accuracy (Qyms) 1.35 12-63 0.033-0.132 0.0098
Input referred noise* <0.7 1tVims 1.7 14 Vims 0.46 14 Vims 0.612 14 Vims
Bio-impedance Range (2) 0.1~3.3k 0.1~10k 0.1~4.4k n.a.
Overall system size (mm?) 0.7 x 0.85 4.6 x4.5 5x5 35%1.4
Power Consumption** 1.55 pW 6.5 pW 50.16 uW 58 uW
FOM*** 0.17p <55p 02p 029 p
“Measured over a bandwidth of 0.1-10 Hz.
** Injected current is included.
“ FOM([11] = Power/ (19 x 10D #/20 x f)
4000 v 1 BO0OW/ 2 5004 23608 10.00% $
élooggg;sx 13.5215 A A\ A Ad A A A A A A top"
@3500 Max Error 3.12%
-;;3000 L - - — - — = — f— —
o
2 2500
%2000 LL)— — e e — — L
’ 1500
4
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& s00
% 500 1000 1500 2000 2500 3000 3500
Input Impedance (Q)
Fig.15.  Characterization of the bio-impedance channel for different resistance 2]
values. )
1 T
g Fig. 17.  Pulse width modulated output with linear increasing input (Gain =
0
2 62 dB).
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Fig. 16.  Characterization of DNL and INL. % 600 \ \ / \ :
B\ \ \/
|- = S :
transfer function of the PGA with its filtering characteristic for % smo
four different gains (40-49-55-62 dB). To extract the system Z:z
transfer characteristic (when the mixer is always on) we set : T (seconds) 10
the HPF corner frequency to 10 Hz while the actual frequency
corner is 1 kHz in the bio-impedance measurement. Fig. 18. Measured respiration signal on a human body using the proposed
system.

Fig. 15 shows the characterization and overall verification of
the bio-impedance measurement channel for various resistances.
The reconstructed output of the magnitude channel shows a
linear transfer function while sweeping the measured resistance
from 100 2 to 3.3 k2. The maximum error equals 3.12%, which
happens in the high resistance range. The high resistance range is
not so important since such a high value implies lead relocation
that is indicative of lead replacement. The accuracy of the bio-
impedance channel is 1.35 €2, .

After the reconstruction, the proposed system is similar to an
analog to digital converter. Using the same definition of ADC
parameters, we can extract the DNL and INL of the proposed
system. Fig. 16 shows the DNL and INL characterization graph.

Fig. 17 shows the output pulse width modulated waveform
for a linearly increasing input impedance. A higher impedance
gives a higher pulse width. As the experiment was not conducted
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on a real implant, the functionality of the bio-impedance mea-
surement system is validated with respiration measured on the
body as shown in Fig. 18.

Table II shows the comparison of the measurement results
with those of some state-of-the-art designs. The proposed sys-
tem features the lowest supply voltage and also power consump-
tion with only 1.55 uW.

VI. CONCLUSION

A 1.55 pA bio-impedance measurement IC is presented. The
proposed system consists of two channels for magnitude and
phase measurement, the output of which are pulse width mod-
ulated (PWM) signals. The magnitude and phase of the bio-
impedance are directly related to the width of the PWM signal.
The proposed system converts voltage to time and enables the
transmission of its output PWM data at very low power con-
sumption. The proposed system is capable of measuring bio-
impedance signals with 1.35 ,,,,5 accuracy.
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