
 

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 

modulated output. The bio-impedance readout benefits from 

voltage to time conversion to achieve a very low power 

consumption for wirelessly transmitting the data outside the body. 

The proposed IC is fabricated in a 0.18 µm CMOS process and is 

capable of measuring the bio-impedance at 2 kHz over a wide 

dynamic range from 100 Ω to 3.3 kΩ with 1.35 Ωrms accuracy and 

1 µA maximum current injection while consuming just 1.55 µA 

from a 1 V supply.  

 
Index Terms—Analog circuit design, bio-impedance, 

impedance measurement, biosensor, cardiac tissue, CMOS, 

instrumentation amplifier, low power, programmable amplifier. 

 

I. INTRODUCTION 

 N normal subjects, the heart rate during exercise increases 

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 

respiratory parameters. Rate-adaptive pacemakers use the 

information 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 

represented by RC and RA, respectively. Taking the electrode 

 
 

areas into account, the cathode and anode capacitances are CHC 

and CHA, which are the Helmholtz capacitances multiplied by 

their respective electrode area, Ac. RFC is the faradaic resistance 

of the lead [2]. 

The tissue three-element impedance model consists of RE, 

which represents the resistance comprised by the electrolytes, 

RS, 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, Cmem, 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 

components 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 transmission 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 a low power consumption 

wireless transmission and without any digital processing in the 

implant [10], [20-21]. 
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Fig. 1.  Lead and heart tissue electrical model [2].  
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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 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 

system and detection principle. Section III describes the 

operation principle and analyzes jitter, linearity and systematic 

errors. Section IV describes the circuit implementation and 

requirements. Section V presents the measurement results. 

Finally, Section VI concludes the paper.  

II. ARCHITECTURE AND DETECTION PRINCIPLE 

Fig. 2a 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 

proposed 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. 2b 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 

modulated 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 

amplitude 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. 3a). 

The current injected into the heart tissue is modulated with the 

bio-impedance magnitude and phase (Fig. 3c). Fig. 3b shows 

the heart tissue bio-impedance with magnitude (500 Ω to 700 

Ω) and phase (-π radians to π radians) that changes with 

breathing and other physiological processes. The magnitude 

readout channel 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 

µVrms). The mixer converts the modulated voltage down and 

produces a 100 Hz baseband signal (Fig. 3d). The magnitude of 

 

 

 
Fig. 3.  Bio-impedance system level simulation. a) Semi-ramp DAC output 

signal. b) Heart tissue bio-impedance with varying magnitude and phase. c) The 

voltage produced after current injection into the heart tissue. d) The output 
signal of the mixer. e) 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.  
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Fig. 2.  (a) Architecture of the proposed bio-impedance measurement system. (b) Example of internally generated signals.  

  



the heart impedance is in the range of 50 Ω-3.3 kΩ. Higher 

impedance levels may be caused by leads displacement. The 

large range of bio-impedance requires 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 dynamic 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 signal 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 

directly 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 

readout channel with some minor differences. The input signal 

of the phase readout channel is an ideal voltage generated by 

the injected 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 embedded 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. 3c 

and 3d, respectively. Fig. 3e shows the comparator input signal 

of the amplitude channel (Y). Fig 3f, 3h and 3j show the 

reconstructed impedance of the tissue, the reconstructed phase 

of the heart tissue and the reconstructed magnitude of the heart 

tissue. Fig. 3g and 3i 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 

channel output signals. We also conduct a jitter analysis to find 

the impact of jitter on the reconstructed output signals. The 

proposed 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 

magnitude 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: 
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where a is the amplitude of semi-ramp signal and ωosc is the 

injection current angular frequency. 

The signal voltage of the magnitude channel preceding the 

comparator is 
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where GFE is the channel front-end gain, ϕ is the phase of the 

bio-impedance and ωLF is the down-converted angular 

frequency. Ztissue can be represented by the three element (Fig. 

1) model as: 
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The magnitude and the phase of the bio-impedance can be 

written as: 
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 where C is (ACmem)/2. 

(3) can be rewritten as follows: 
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 (7) 

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 

amplitude is constant in the specific frequency range, since the 

bio-impedance dependency on frequency is low at low 

frequencies. Hence, Equation (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
( )

4 4 2 | ( ) | ( )
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V
T m

f f Z m I m G
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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: 
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where Rsens 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 

magnitude channel and phase channel pulses is related to the 

phase of the bio-impedance as: 
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where X and Z represent the output signals of the phase and 

magnitude channels, respectively, Tp 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]:  
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Fig. 5. Magnitude spectrum of the semi-ramp signal and the semi-square 

signal. 

  

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

  



where ωLF is down-converted angular frequency, m is the mth 

sample and Vcomp is the comparator reference.  

 Equations (12) and (13) are used for bio-impedance 

amplitude and phase reconstruction. The accuracy of 

reconstructed amplitude and phase can be derived from these 

two equations since they contain non-ideal and non-sinusoidal 

components. The linearity 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: a semi-ramp current is injected into the tissue and by 

comparing 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 channel 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]: 
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Our system uses a semi-ramp input signal. The input semi-

ramp signal (Fig. 5) Fourier series can be calculated as: 
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2) Error due to the inaccuracy of the injected current  

The accuracy of injected signal is another source of error. 

Any difference from an ideal ramp, e.g., due to a gain error of 

current DAC, changes the output of the reconstructed bio-

impedance.  
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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 limiting 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 

 
Fig. 6.  Normalized amplitude error of proposed and conventional system. 

  

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

 



semi-ramp waveform injected we use a simplified three-

element heart model with a real value [18].  
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The quality of the semi-ramp signal and the accuracy of the 

comparison with the reference voltage define the systematic 

error of the proposed bio-impedance measurement system. The 

modulated input semi-ramp waveform is multiplied by the 

demodulation 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]: 
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Fig. 8.  Current DAC architecture and the DAC controller. 
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Fig. 11.  Architecture of the PGA, the two-stage SC RC filter, the 4-bit voltage 

DAC and the comparator. 
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Fig. 10.  Architecture of the transconductance and transimpedance stages, 

together forming an instrumentation amplifier (IA), with internal mixing 

circuitry. 
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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 Rsense. 
  



Fig. 6 shows the total normalized amplitude error of the 

proposed (Equation (12)) and the conventional system 

(Equations (17) and (18)) in comparison with the theoretically 

correct value. Fig. 7 shows the total normalized phase error of 

the proposed (Equation (13) and the conventional system 

(Equations (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: 
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The deviation of the comparator voltage originates from the 

comparator input noise voltage and the noise of the front-end.  
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The front-end output noise can be written as: 
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where in,CDAC is the current noise of the current DAC and Vn,irn 

is the input referred noise voltage. From (21) one can rewrite 

(20) as follows:  

, ,

2
22 2 2

2

8
( )

nC n CDAC n irn

FE

comp v n i tissue v

G
dV S B Z 


     

   (22) 

where Bn is the bandwidth of the comparator and SvnC is the 

power spectral density of the comparator which has a white 

spectrum.  

As (19) shows, the variation of ƒs 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 
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where ∆ƒ is the offset frequency at which the VCO phase noise 

of the mixer clock has been measured, Sφ(ƒ) is the oscillator 

phase noise spectrum and ƒosc is the oscillator frequency.  

Making use of (21), (22) and (23), one can rewrite (19), 

which is the total jitter, as: 
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Fig. 12.  Chip micrograph.   

  

TABLE I 

DESIGN SPECIFICATION AND MEASUREMENT SUMMARY 

Parameter Target Specification Measurement 

Operating voltage 1 V 1 V 

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 µVrms 0.7 µVrms 

CMRR >90 dB 95 dB 

THD 1%@ <1 kΩ @10 Hz 1%@ <1kΩ @10Hz 

Injection Current  0.5-1 µA 0.5-1 µA 

Output Freq. Range Up to 100 Hz Up to 100 Hz 

Tissue Impedance Range 100-3000 Ω 100-3300 Ω 

Power Consumption <2 µW 1.55 µW 
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The jitter caused by the channel noise is inversely 

proportional to the oscillator frequency (Tosc) 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 magnitude channel. Hence 

2 2 2 2

2 2 2 2
3

Amp FE AND INV

osc osc

Amp FE INV

T T





   

   

  


  

      (25) 

 
 

Fig. 13.  Bio-impedance channel input referred noise (Gain = 40dB).   

  

 
Fig. 16.  Characterization of DNL and INL.   

  

 
 

Fig. 17. Pulse width modulated output with linear increasing input (Gain = 
62dB).   

  

 
Fig. 18. Measured respiration signal on a human body using the proposed 

system.   
  

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

  

 
Fig. 15. Characterization of the bio-impedance channel for different resistance 
values.   

  



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 

comparator 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 equations (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 

consists 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 

maximum output current of the current DAC is 1 µA, which is 

controlled by a controller unit. An external 1 MHz oscillator is 

used to feed the required clock of the controller. The controller 

consists of an 9-bit up-counter and peripheral gates to produce 

the required ramp shape. The 2 kHz chopping signal, ƒch, 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 

capacitor Cb to remove the lead-heart offset, the heart tissue that 

is represented by the three-element model, the reference resistor 

(Rsense) for the phase channel and a high-pass filter that removes 

the unwanted ECG signal and any DC offset voltage. Off-chip 

capacitors Cb are biased with two 5 MΩ 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 (TI) stages, together forming an 

instrumentation amplifier (IA), with internal mixing circuitry. 

The internal chopper modulator acts as a mixer to lower the 

output frequency. The IA 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 amplifier 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: 
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where k, γ, gm, and SIbn denote Boltzmann’s constant, the 

thermal 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 

produce 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 

amplifier. 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.  

TABLE II 
PERFORMANCE COMPARISON 

 This Work [10] [11] [19] 

Technology (µm) 0.18  0.5  0.18  0.18 

Supply voltage (V) 1  2  2.2  1.2 

Injection current  0.5-1 µA 50-5.5 nA 10-40 µA 27-117 µA 

Injection frequency 2 kHz 1 kHz 2 kHz 20 kHz 

Modulation Semi-ramp Square Square/Pseudo-sine Pseudo-sine 

Accuracy (Ωrms) 1.35 12-63 0.033-0.132 0.0098 

Input referred noise µVrms 

(0.1-10 Hz) 
<0.7 1.7 0.46 0.612 

Bio-impedance Range (Ω) 0.1~3.3 k 0.1~10 k 0.1~4.4 k n.a. 

Overall system size (mm2) 0.7˟0.85 4.6˟4.5 5˟5 3.5*1.4 

Power Consumption (Injected 

current is included) 
1.55 µW 6.5 µW 50.16 µW 58 µW 

FOM* 0.17 p <5.5 p 0.2 p 0.29 p 

/20[11] / (1 10 )DRFOM Power f     

 



V. MEASUREMENT RESULTS 

The proposed bio-impedance measurement system is 

fabricated in a 0.18 µm CMOS process and occupies 0.595 

mm2. 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 

µVrms
 as shown in Fig. 13 (chain gain is 40 dB) and the 

equivalent sensitivity of impedance measurement channel  is 

calculated as 0.2 Ωrms/√𝐻𝑧 (for a total gain of 62 dB). Fig. 14 

shows the transfer function of the PGA with its filtering 

characteristic for four different gains (40-49-55-62 dB). To 

extract the system transfer characteristic (when the mixer is 

always on) we set the HPF corner frequency to 10 Hz while the 

actual frequency corner is 1 kHz in the bio-impedance 

measurement. 

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 Ω to 3.3 kΩ. 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 Ωrms. 

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 on a real implant, the functionality of the bio-

impedance measurement 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 

system features  the lowest supply voltage and also power 

consumption with only 1.55 µW.  

VI. CONCLUSION 

A 1.55 µA 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 

modulated (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 

consumption. The proposed system is capable of measuring 

bio-impedance signals with 1.35 Ωrms accuracy.  
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