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Abstract—This paper presents a low power reconfigurable IC 

for wearable health devices that perform bio-impedance (BioZ) 

spectroscopy, respiration and ECG signals measurement. The IC 

consists of a broadband excitation current source (I-DAC) and a 

power efficient readout circuit (RO). Both are highly scalable to 

mitigate the tradeoff among noise, dynamic range, speed, power 

and safe current limits. On circuit level, the I-DAC supports two 

broadband excitation modes based on maximum length sequence 

(MLS), a flexible selection of frequency points, bandwidth and 

current magnitude. The RO employs a low noise instrumentation 

amplifier (IA) and a reconfigurable 8-to-12 bit ADC for flexible 

sensitivity, dynamic range and speed with an automatic scaling of 

the power consumption. On system level, calibration of the entire 

circuit chain, oversampling and MLS averaging further improve 

the bandwidth, accuracy and sensitivity of BioZ spectroscopy 

beyond the intrinsic circuit performance. As a result, the BioZ 

sensor IC achieves 2mΩ sensitivity within 3.3mΩ-100Ω range and 

0.6Ω sensitivity within 3.3Ω-100kΩ range. The BioZ spectroscopy 

spans up to 125kHz while consuming 155µW. Furthermore, this 

IC can measure respiration and ECG simultaneously at a lower 

sampling rate of 20kS/s while consuming 31µW. Compared to 

prior art, to the authors’ knowledge, this IC is the only work that 

can measure BioZ and ECG simultaneously with a single readout 

channel while consuming the lowest power and offering the 

highest flexibility in performance, application range, and power 

consumption. 

 
Index Terms—bio-impedance, spectroscopy, maximum length 

sequence, calibration, ECG. 

I. INTRODUCTION 

he development of miniaturized wearable medical sensors 

has been accelerated by ever-increasing chronic diseases, 

such as emphysema, diabetes, sleep apnea and congestive heart 

failure. Long-term and continuous monitoring of patients helps 

to achieve quality and cost-effective healthcare. Thanks to the 

advances in sensor technology, system integration and signal 

processing, ultra-low power and miniaturized wearable medical 

devices enable point-of-care monitoring during patients’ daily 

routine, while still providing medical grade signal quality. 

Bio-impedance (BioZ) spectroscopy has been widely used to 

evaluate biological conditions of tissues, such as fluid overload, 

respiration, skin hydration, and body composition. The primary 

use case of BioZ spectroscopy is early detection of congestive 

heart failure, a chronic but fatal heart disease characterized by 

fluid overload [1]. Continuous examination of fluid status via 

wearable BioZ sensors enables self-management and the early 

detection of heart failure [2]. Furthermore, ECG and respiration 

patterns are also key indicators of deteriorated heart condition. 

Sensors combing both the ECG and BioZ functionalities would 

significantly improve diagnosis quality [3]. 

State-of-the-art low power ECG [4][5] and BioZ acquisition 

ICs [6]-[8] have exhibited promising performance. However, 

combining both the modalities in an ultra-low-power and area- 

efficient manner remains challenging [9]. Furthermore, prior 

BioZ spectroscopy ICs [6]-[9] measure the frequency response 

of BioZ by frequency sweep, resulting in a long measurement 

time. Conversely, broadband stimulation and direct collection 

of the BioZ response [10] shortens the measuring time at the 

cost of more power. In addition, broadband BioZ spectroscopy 

may exhibit a low precision at low frequencies due to the safe 

current limits for electromedical apparatus, i.e. maximum 1µA 

excitation current at and below 100Hz [11]. In case of equally 

distributed excitation current over frequency, the current above 

100Hz would be limited to 1µA too, resulting in an unnecessary 

limited signal-to-noise ratio (SNR) from 100Hz onwards. 

This paper, as an extension of [12], presents a low-power and 

highly reconfigurable BioZ spectroscopy IC (Fig. 1) based on 

broadband current excitation, and with simultaneous ECG and 

respiration recording capabilities. The reconfigurability allows 

to dynamically scale power with performance (e.g. sensitivity, 

bandwidth, and dynamic range) and with operating mode (e.g. 

broadband BioZ spectroscopy, ECG and respiration recording), 

while reusing the same readout. The primary tradeoff between 

energy and signal quality is scalable by multiple techniques: a 

differentiated maximum length sequence (DMLS) for better 

compliance to the safe current regulations; calibration for BioZ 

accuracy improvement and bandwidth extension; oversampling 

and averaging of MLS for improved sensitivity. On IC level, a 

reconfigurable excitation current source (I-DAC), a low-noise 

instrumentation amplifier (IA) and an 8-to-12 bit ADC provide 

scaling flexibility for noise, dynamic range, bandwidth, power 

consumption and safe current compliance. The IC can measure 

resistors from 3.3mΩ up to 100Ω with a 2mΩ sensitivity, or 
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Fig. 1. A reconfigurable sensor IC for BioZ spectroscopy and ECG 

 



resistors from 3.3Ω up to 100kΩ with a 0.6Ω sensitivity, while 

the measurement bandwidth is maximum 125kHz. In case of 

simultaneous measurement of respiratory impedance and ECG, 

the IC consumes 31µW when sampling at 20kS/s. 

II. SYSTEM ARCHITECTURE 

A. System Specifications 

The IC (Fig. 2) contains an (D)MLS-based I-DAC, a low 

noise IA, and an 8-to-12 bit SAR ADC. The I-DAC applies a 

µA-level AC current to body, and an AC voltage proportional 

to BioZ is amplified by the readout circuitry [13]. On system 

level, a HPF placed at the I-DAC output blocks any DC current 

flowing to the subject for patient safety. Another HPF rejects a 

large electrode offset to the IA and provides its DC biasing at 

Vdd/2. This improves the dynamic range and prevents saturation 

of the IA especially when both large BioZ signals and electrode 

offset appear at the input. Post-processing of digital signals is 

done off chip in software. 
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Fig. 2.  System diagram of the ECG/BioZ sensor IC 

To reduce system power and chip area, the IC measures BioZ 

and ECG simultaneously by making use of their difference in 

frequency bands (Fig. 3). The BioZ can be measured between 

1kHz to 1MHz, while the ECG bandwidth is less than 150Hz. 

Thus, the excitation current for the BioZ is designed to contain 

energy only above 200Hz. In this way, both ECG and BioZ can 

be measured by the same IA and ADC, allowing for separation 

by digital filters. The respiration rate can be derived from the 

time-variant BioZ at a single frequency (e.g. 1k-10kHz). 
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Fig. 3.  Principle of simultaneous ECG/BioZ/respiration measurement 

BioZ can be modeled as a static impedance (1Ω-1kΩ) and a 

series connected dynamic impedance (10mΩ-1Ω). To detect 

small BioZ changes like fluid volume, the readout should attain 

high sensitivity (<10mΩ) while being able to cope with a large 

static impedance without saturating the amplifier. This means a 

very large dynamic range (>100dB) is needed for measuring 

BioZ. In addition, BioZ spectroscopy requires a bandwidth of at 

least 100kHz to measure the entire impedance transfer function. 

Lastly, throughout the entire bandwidth, the peak magnitude of 

the I-DAC must be compliant to safe current limits [11][14].  

Ambulatory ECG specifications are often determined by the 

IEC standards [15][16], which defines necessary input referred 

noise (<50µVpp), input impedance (>10MΩ), CMRR (>60dB) 

and DC electrode offset tolerance (±300mV). A dynamic range 

of 60dB or more is beneficial when considering motion artifacts 

superimposed on the ECG. 

B. Broadband Current Excitation 

Broadband excitation can be realized in different ways (Fig. 

4). A single-frequency (SF) excitation has a high SNR, because 

the excitation power is concentrated at one frequency (Fig. 4a). 

State-of-the-art BioZ readouts employ synchronous modulation 

[8][9][17][18], where the upmodulated BioZ input signal is first 

demodulated to baseband before entering the IA. This reduces 

the required IA bandwidth and associated power. However, a 

broadband BioZ spectroscopy then needs to sweep multiple 

frequencies sequentially. This results in a long acquisition time, 

because the settling time for each frequency is accumulated. 

f

PSD Sine wave

f

PSD Square wave

fmax

2n-1
MLS

f

3f 5f

PSD

PSD Chirp

a)

b)

c)

d)

f

f

f

 
Fig. 4. Spectrum illustration of: a) sine, b) square, c) chirp and d) MLS 

 

Broadband BioZ spectroscopy reduces its measurement time 

by applying multi-frequency tones at once [19]. In [10], it takes 

only 1ms to measure 512 frequency components between 1kHz 

to 500kHz. Typical broadband excitation patterns include chirp, 

square wave, or pseudo-random sequence. A chirp is not easy 

to generate and often suffers from a low SNR, because the 

power is spread over the entire bandwidth (Fig. 4c). A square 

wave is easy to generate, but it also has a rapidly declining SNR 

at harmonic frequencies (Fig. 4b). A pseudo-random sequence 

combines the benefits of a chirp and a square wave, i.e.  

reconfigurable, easy to generate, and retains an equal SNR at 

each frequency bin. This work utilizes the maximum length 

sequence (MLS) [20], i.e., a pseudo random pulse train with an 

almost evenly distributed multi-tone spectrum (Fig. 4d). 

The IC supports two MLS modes (Fig. 5): a standard MLS 



and a differentiated MLS, namely DMLS, which is basically a 

high-passed MLS. In standard MLS mode, the I-DAC outputs 

1-bit current pulses with a peak magnitude of ±Iref. In the 

DMLS mode, a filter function is realized by applying a digital 

differentiator with a transfer function of (1-Z-1)/2 to an MLS. 

This filter, applied to a 1-bit MLS, results in a 1.5-bit DMLS 

sequence. Therefore, the I-DAC now outputs a 1.5-bit current 

pulse sequence with levels of -Iref, 0, and +Iref (Fig. 5). Both 

MLS and DMLS have 2n-1 frequency components, uniformly 

distributed at: 

( )
2 1

s

n

kf
f k 
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where fs is the (D)MLS sampling frequency, n is the (D)MLS 

order (0k2n-1). fs and n define the bandwidth and the number 

of frequency points of the BioZ spectroscopy (Fig. 4d) and they 

can be controlled digitally. 
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Fig. 5. Generation of broadband stimulation signals: MLS and DMLS 

 

 
Fig. 6. Simulated input (D)MLS signal at the input of the IA  

 

Fig. 6 shows the simulated voltage spectrum attributed to a 

(D)MLS excitation current flowing through a test resistor. The 

DMLS curve exhibits a high-pass characteristic indicating less 

excitation current below 600Hz. The rolling off above 1kHz is 

due to the I-DAC’s sinc function. 

The high-pass feature of DMLS makes it a better option than 

MLS for BioZ spectroscopy. Firstly, DMLS suits better to the 

safe current limits (Fig. 7a) [11] and enables a better SNR at 

higher frequencies by injecting more current where possible. 

Secondly, the “high-pass” DMLS current is complementary to 

the “low-pass” BioZ in frequency band (Fig. 7b). This partially 

compensates the frequency dependence of the BioZ and thus 

relaxes the dynamic range and the SNR requirements for the IA. 

Thirdly, the DMLS also counteracts the roll-off due to the IA’s 

finite bandwidth (Fig. 7c). This can be considered as bandwidth 

extension of the system transfer function (Fig. 7d) even though 

the SNR beyond the IA’s -3dB bandwidth will eventually drop. 
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Fig. 7.  The frequency characteristics of a) safe current limits [11], b) typical 
BioZ model, c) typical IA’s transfer function, and d) overall system transfer 

function 

C. Digital Signal Post-Processing 

It is possible to improve the accuracy and sensitivity of BioZ 

spectroscopy on system level (Fig. 8). Since the (D)MLS has a 

repetitive pattern, averaging multiple responses to a (D)MLS 

excitation in the digital backend can reduce uncorrelated noise. 

In addition, the ADC can be oversampled (up to 5MS/s in this 

work) to reduce its noise contribution. 
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Fig. 8. ADC oversampling and (D)MLS averaging for noise reduction  
 

Apart from averaging and oversampling, calibration with a 

reference resistor (Fig. 9) can improve the BioZ measurement 

accuracy too. This is realized by normalizing the BioZ output 

V2(f) to the reference measurement V1(f). Static system errors, 

such as the non-ideal frequency-dependent transfer functions of 

I-DAC, IA, and ADC, are compensated in the first order. 

The data processing flow for simultaneous recording of ECG, 

BioZ and respiration is illustrated in Fig. 10, where the system 

utilizes a 20kS/s, 6th-order 10µA (D)MLS current as example. 

The lowest frequency component of the (D)MLS is at 317Hz to 

avoid overlap with the ECG. The ECG is obtained by streaming 

4th-order, fs, (D)MLS=2kHz, 
Iref=100µA, RL=1kΩ.

2x



out the ADC’s outputs and filtering by a 100Hz LPF. The BioZ 

is obtained by synchronizing the ADC output with the (D)MLS 

reference, then performing FFT and finally dividing the result 

with the calibration measurement to get the complex BioZ at all 

frequency points. Respiratory impedance is derived from the 

BioZ spectroscopy over a selected frequency interval between 

7kHz and 10kHz. 
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Fig. 9. Calibration to reduce the static errors in I-DAC, IA and ADC  
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Fig. 10. Data processing flow of ECG, BioZ and respiration 

III. IC BUILDING BLOCKS 

A. Current-Steering DAC (I-DAC) 

The I-DAC (Fig. 11) is implemented in a bipolar mode, in 

which the differential outputs are driven at an opposite polarity 

[21]. A cascode NMOS current source is used to increase the 

output impedance. Three control signals (DP, DN, and DZ) 

configure the I-DAC either to a 1-bit MLS mode, or to a 1.5-bit 

DMLS mode. The output current is reconfigurable from 1µA to 

100µA and supports clock rate up to 1MHz. 

Compared with a monopolar mode I-DAC with both sinking 

and sourcing currents [6]-[9], the bipolar I-DAC offers a higher 

output dynamic range. Secondly, the mismatch between ±Iref is 

minimized because they share the same tail current. When both 

currents are switched off, the third branch (DZ=1) maintains 

the DC bias of the tail current source for dynamic linearity. 

In terms of flexibility, the clock rate of the I-DAC sets the 

overall excitation bandwidth and the tail current determines the 

excitation amplitude. 
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Fig. 11.  1b/1.5b current DAC (I-DAC) 

B. Instrumentation Amplifier (IA) 

The IA utilizes a current balancing architecture (Fig. 12) [22] 

for a high input impedance and a reconfigurable voltage gain. 

The input resistor Ri converts the differential input voltage into 

current through PMOS current mirrors, and then the differential 

output voltage is obtained via output resistor Ro. Thus, the IA 

gain is defined by Ro/Ri, where Ri is reconfigurable from 10kΩ, 

41kΩ and 175kΩ. This sets multiple gain settings of 4, 17 and 

70V/V to measure the ECG and BioZ simultaneously. An input 

dynamic range of more than 15mVpp is sufficient to tolerate 

motion artifacts and mains interferences. The actual measured 

IA gain is reduced to 4, 15 and 56V/V due to the on-resistance 

of switches connected to Ri in series. The IA has a bandwidth of 

35kHz while consuming 7.4µA. For power reduction purpose, 

the bandwidth is chosen around the typical BioZ measurement 

frequency of 50kHz, but high-frequency BioZ measurements 

up to 125kHz are still possible by means of calibration and the 

DMLS excitation mode. 
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Fig. 12. Schematic of the current balancing IA. 
 

C. 8-to-12 bit SAR ADC 
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Fig. 13. 8-to-12 bit asynchronous SAR ADC 

 



A reconfigurable ADC offers improved flexibility of resolution, 

speed, power and chip area [23]. The asynchronous 8-to-12 bit 

ADC (Fig. 13) is an extension of a previous 7-to-10 bit ADC 

[24], but with a higher ENOB and a maximum sampling rate of 

up to 5MS/s for broadband BioZ spectroscopy. 8-to-10 bit 

resolution modes reduce the ADC and DSP power when the 

requirement on sensitivity or dynamic range is relaxed (e.g. 

respiration rate detection or ECG-only measurement). Thanks 

to the dynamic circuitry, the ADC power scales inherently with 

the actual sample rate. Moreover, the comparator and DAC are 

reconfigurable to adjust the dynamic range and resolution. Four 

resolution modes are illustrated in Fig. 13. In 12-bit mode, the 

maximum dynamic range and best sensitivity are achieved by 

enabling all bits of the DAC and using the comparator in a 

setting with lowest noise. Two 10-bit modes are supported by 

either disabling the 2 MSBs or the 2 LSBs of the DAC (Fig. 14), 

thus either reducing the full-scale or reducing the sensitivity by 

2 bits. Lastly, 8-bit operation can be achieved by omitting both 

the MSBs and LSBs. Dependent on the selected mode, power 

can be saved in the DAC by disabling some of the switched 

capacitors or in the comparator (Fig. 15) by relaxing the noise 

performance. A two-stage dynamic comparator (Fig. 15) [25] 

consists of a reconfigurable preamplifier and a latch with 

rail-to-rail output. The load capacitor of the preamplifier poses 

a tradeoff between power and noise [26], which are optimized 

by configuring this capacitor between 0-70fF. The tail current 

can be increased to compensate speed reduction due to a large 

load capacitance. 
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Fig. 15. Comparator with reconfigurable capacitance and tail current 

 

The switching power of the DAC may constitute a significant 

portion of the ADC’s total power dissipation. Key approaches 

to reduce the switching power are to use an energy-efficient 

switching scheme [27] and to reduce overall DAC capacitance. 

This ADC utilizes a charge-redistribution DAC with monotonic 

switching [26] and custom designed metal finger capacitors [24] 

of 0.5fF to save power and chip area. These metal finger 

capacitors (Fig. 14), implemented on both metal layers 4 and 5, 

achieve a unit-element capacitor of 0.5fF. This value is 

achieved by sizing the dimensions of the metal structure 

manually, and using regular RC-extraction tools to estimate the 

nominal capacitor value. A shielding plate on metal layer 1, 

placed underneath the capacitor array, minimizes noise 

coupling to the substrate. To further reduce the power, the DAC 

utilizes a 3-step conversion [28], in which two redundant bits 

(B8a, B8b and B5a, B5b) are used (Fig. 14), enabling to save 

comparator power in the first 2 steps of the conversion, similar 

to [24]. Note that the DAC topology is parasitic insensitive: 

parasitics at the output node (Cp≈100fF) only cause a gain 

factor, while parasitics at the logic side of the capacitors only 

cause increased power consumption, without changing the 

DAC transfer function. 

On system level, the ADC’s low input capacitance of 1.2pF 

(per side) eliminates the need of a dedicated ADC driver to save 

power. The ADC’s total noise is 0.27mVrms and further reduced 

to 4.82µVrms when referred to the IA’s input (GIA=56V/V). In 

addition, oversampling can further average the in-band ADC 

noise down to a fraction of the above-mentioned numbers. For 

instance, when the ADC is sampled at 2MS/s, the noise in a 

100Hz bandwidth is only 50nVrms referred to the IA’s input. 

In terms of flexibility, the clock rate of the ADC can be used 

to adjust the MLS bandwidth or to improve the SNR (by means 

of oversampling), while the resolution is between 8-to-12 bit. In 

all cases, the power scales automatically according to the active 

setting. 

IV. PARAMETER ANALYSIS 

The tradeoffs of performance matrix and power consumption 

are summarized and discussed in this section. Key parameters 

can be improved by the proposed reconfigurations (TABLE I). 

Among these parameters, frequency points and safe current 

limits were discussed previously. 

A. Bandwidth 

The bandwidth of BioZ spectroscopy is initially limited by 

the IA’s bandwidth of 35kHz. Beyond this frequency, the SNR 

is reduced. Nevertheless, enabling either the DMLS mode or 

the calibration can compensate the frequency dependencies of 

the overall transfer function, improving the SNR beyond 35kHz. 

In this work, BioZ spectroscopy combining both DMLS and 
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Fig. 14. Half DAC with optional MSBs/LSBs, monotonic switching, metal finger capacitors, and redundant bits 
 



calibration, can measure BioZ up to a frequency of 125kHz (see 

Section V.D). This is roughly a factor of 3.5x improvement 

compared to the IA’s initial bandwidth. On the other side, the 

lowest frequency bin of the BioZ spectroscopy can be reduced 

towards the ECG bandwidth of 150Hz by increasing the MLS 

order or by reducing the MLS clock rate (see eqn. (1)).  

 
TABLE I: IC RECONFIGURATION FOR PARAMETER ADAPTABILITY 

Parameters Range  Proposed Reconfiguration 

Bandwidth < 125kHz Enable DMLS to expand 

Enable Calibration to expand 

(D)MLS sampling frequency (↑) 

ADC sampling frequency (↑) 

Meas. Time ~1ms (D)MLS order (↓) 

Oversampling and averaging (↓) 

Frequency 

Points 

2n-1 

n: MLS order 

(D)MLS order (↑) 

ADC sampling frequency (↑) 

Impedance 

Range 

3.3m-100Ω 

3.3-100kΩ 

IA gain (↓) 

I-DAC magnitude (↓) 

ADC resolution (↑) 

Impedance 

Sensitivity 

2m-0.6Ω Enable MLS mode 

I-DAC magnitude (↑) 

ADC resolution (↑) 

IA gain (↑) 

Oversampling and averaging (↑) 

Enable Calibration 

Safe 

Current 

< 100µA 

at 10kHz 

Enable DMLS 

I-DAC magnitude (↓) 

Power 

Dissipation 

< 200µW I-DAC magnitude (↓) 

Oversampling and averaging (↓) 

ADC resolution (↓) 

ADC sampling rate (↓) 

 

B. Measurement Time 

The measurement time of single BioZ spectroscopy with a 

(D)MLS excitation is determined by its lowest frequency bin. 

However, the actual measurement time can be m times larger by 

repeating the sequence m times and averaging the results for a 

better accuracy. Ideally, the non-correlated measurement errors 

can be reduced by the square root of m. 

When implementing broadband BioZ spectroscopy through 

frequency sweeping rather than (D)MLS, it could contain the 

same number of frequency points (2n-1). However, frequency 

sweeping will take much more time than broadband excitation, 

as the different frequencies are applied sequentially rather than 

simultaneously. 

C. Dynamic Range 

The maximum input dynamic range of the BioZ readout is 

achieved when the IA has the lowest gain of 4, the ADC is 

configured to the 12 bit mode and the current excitation is at 

1µA. Nevertheless, the maximum dynamic range is also limited 

by the current balancing IA’s input stage: 

,max
i b

BioZ

ref

R I
R

I




 

 

(2) 

where Ri=175kΩ, Ib=1.5µA, and Iref=1µA is the minimal output 

current of the I-DAC. This defines the theoretical maximum 

BioZ range of 262.5kΩ. In practice, it is reduced to 100kΩ to 

maintain linearity and proper biasing conditions for the input 

transistors. 

D. Sensitivity 

The sensitivity of BioZ spectroscopy, based on a single MLS 

sequence, is determined by the system noise: 
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where Rsen is the BioZ sensitivity, Iref is the output current of the 

I-DAC, Ioutn,DAC is the current noise density of the I-DAC, RBioZ 

is the BioZ resistance, and Vin,RO is the total input referred noise 

of the readout circuit including the IA and the ADC.  

In case Iref=100µA, GIA=56, RBioZ=1kΩ, fs,ADC=400kS/s and 

the BioZ spectroscopy has a bandwidth of 25kHz. The input 

referred noise of the IA and the ADC are Vin,IA=6.8µVrms and 

Vin,ADC=1.8µVrms (in 25kHz BW) respectively. This results in a 

BioZ sensitivity of 70mΩrms for a single MLS measurement. 

This sensitivity is very close to the actual measured value of 

80mΩrms with the same system parameters (see Section V.D). 

In addition, it can be further improved by approximately (m)1/2 

by averaging the (D)MLS sequences m times (see Table II in 

Section V.D). 

E. Power Consumption 

The I-DAC consumes most of the system power. However, 

reducing I-DAC current is subject to the BioZ sensitivity, the 

dynamic range of the readout, and the safe current regulation. 

Power can be saved by reducing the ADC sampling rate and 

resolution, but this is in conflict to oversampling and averaging 

of multiple (D)MLS sequences, again reducing the sensitivity. 

Thanks to the flexibility, the actual settings can be selected for 

application requirements or the actual use case. 

V. MEASUREMENT RESULTS 

The 2.6mm2 sensor IC was implemented in a 0.18µm CMOS 

technology (Fig. 16). The I-DAC, IA and ADC occupy a chip 

area of 0.02mm2, 0.11mm2 and 0.15mm2, respectively. 
 

 
 

Fig. 16. Chip photograph 
 

A. IA Performance 

Fig. 17 shows the IA gain measured at the analog test output 

and at the ADC output. The former shows a 3.2kHz bandwidth 

limited by external load capacitance at the test output, while an 

improved bandwidth of 35kHz is measured at the ADC output.  



 
Fig. 17. IA gain measured from analog test output (with external load capacitor) 

and from ADC output (without external load capacitor) 
 

In Fig. 18, the IA shows 40nV/√(Hz) input referred noise at 

1kHz when GIA=56. The 1/f noise is acceptable because the 

integrated noise over 150Hz bandwidth in all gain settings still 

meets the IEC noise requirement (<50µVpp, or ~7.5µVrms) [15]. 

The CMRR and PSRR of the IA (with the external HPF) are 

60dB (Fig. 19) and 75dB (Fig. 20), respectively. 
 

 
Fig. 18. Input referred noise of the IA at various gain settings 

 
Fig. 19. Differential (blue) and common-mode gain of the IA 

 
Fig. 20. PSRR of the IA 

B. ADC Performance 

In 12b mode, the ADC achieves an ENOB of 10.4b (Fig. 

21) for input signals up to 50kHz and sampling rates of 100kS/s 

and 5MS/s at 1.8V supply. In Fig. 22, the ADC’s power 

dissipation scales linearly with the sampling rate up to 128W 

at 5MS/s and down to 8nW due to leakage. At 100kS/s, the 

FoM is 20fJ/conv. 

 

Fig. 21. ENOB of the ADC versus input frequency in 12b mode 

 

Fig. 22. Power consumption of the ADC versus sampling rate in 12b mode 

 

The resolution versatility of the 8-to-12 bit SAR ADC is 

demonstrated in Fig. 23 and Fig. 24, where the ADC is sampled 

at 100kS/s. Both the ENOB and the ADC’s power dissipation 

scale monotonically with the resolution. The power also scales 

with VDD2 when the supply is reduced from 1.8V down to 

0.6V. Hence, various resolution modes can be selected based 

on the design specifications of sensitivity, dynamic range, and 

power budget. 

 
Fig. 23. ADC’s ENOB versus resolution mode and supply at 100kS/s 
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Fig. 24. ADC’s power consumption versus resolution mode and supply at 

100kS/s 
 

C. I-DAC Performance 

The (D)MLS excitation currents are verified by measuring 

the voltage across a load resistor of 1kΩ. Both modes have the 

same I-DAC settings. The measured (D)MLS voltages (Fig. 25) 

closely fit to the ideal simulation results (Fig. 6). 

 

 
Fig. 25. Measured (D)MLS signal across a 1kΩ load resistor 
 

D. System Performance 

This section shows the system performance by measuring 

discrete resistors and a RC complex impedance. 

To determine the dynamic range, linearity and sensitivity, 

test resistors (1mΩ to 220kΩ) are measured. The resistor tests 

combine two IA gains (4x, 56x) and two current levels (1µA, 

100µA) to explore the maximum dynamic range (Fig. 26, Table 

II). The I-DAC outputs a 25kS/s 4th-order MLS, while the ADC 

is 16x oversampled at 400kS/s in the 12b mode. The lowest test 

frequency (i.e. 25kHz/15) is used to determine the resistor 

value. For each of the two measurement ranges, a single 

calibration measurement is done as explained in Section II.C. 

Moreover, 2083x MLS sequences were averaged for improved 

sensitivity. Although more averaging could be used, this was 

limited by the test setup’s buffer length. In total, 500k ADC 

samples (MLS length of 15, 16x oversampled, and 2083x 

averaged) are used to determine the resistor value, leading to a 

large gain in dynamic range. In Fig. 26, when the lowest current 

(1µA) is combined with the lowest IA gain (4x), the linear 

dynamic range is roughly 3.3Ω-100kΩ. When the highest 

current (100µA) is combined with the highest IA gain (56x), 

the linear dynamic range is roughly 3.3mΩ-100Ω. In Fig. 27, 

the absolute resistor accuracy is derived from Fig. 26. While the 

accuracy is modest, this is acceptable for the intended BioZ 

applications. Some examples are measurements of impedance 

cardiography (ICG), respiration rate and body fluid volume, 

where key physiological features are represented by the relative 

BioZ change over time while the absolute BioZ may anyhow 

suffer from reproducibility errors due to daily intra-individual 

variability [1]. 

 
Fig. 26. Resistor measurement to explore the maximum dynamic range (after 

averaging 2083x MLS sequences) 

 

The best sensitivities of 0.6Ω and 2mΩ for two different 

ranges are both achieved by averaging 2083x MLS sequences. 

As shown in Table II, in case of a low excitation current (1µA) 

and a low IA gain (4x), the standard deviation (noise) of the 

measured resistance is 28Ω. This is achieved from one MLS 

sequence oversampled 16x by the ADC. Further averaging a 

total number of 2083x MLS sequences reduces the standard 

deviation to 0.6Ω, which is roughly a factor of √2083 better 

with respect to 28Ω as expected. Similarly, in case of a high 

current (100µA) and a high IA gain (56x), standard deviation of 

the measured resistance is 82mΩ for a single MLS sequence 

and it reduces to 2mΩ after averaging. As shown in Fig. 26 and 

Fig. 27, 2mΩ and 0.6Ω are also close to the levels where the 

measured resistors become inaccurate (>10%). The difference 

in non-averaged sensitivity between the two cases is 341x. This 

is also expected as the excitation current is increased with 100x 

and the IA has about 4x lower input referred noise. 

 

 
Fig. 27. Measured absolute accuracy of resistors (after averaging 2083x MLS 

sequences) 
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TABLE II: MEASURED RESISTANCE STANDARD DEVIATION 

System parameters 

MLS frequency and order fs=25kS/s, 4th-order  

ADC resolution and  

sampling rate 

12b, 400kS/s  

(16x oversampling of MLS) 

IA voltage gain  4 (lowest) 56 (highest) 

Stimulation current 1µA (lowest) 100µA(highest) 

Input noise @1kHz 162nV/√(Hz) 40nV/√(Hz) 

Measurement results 

Standard deviation 

(1x MLS,  

0.6ms measurement time) 

28Ω 82mΩ 

Standard deviation  

(averaging 2083x MLS,  

1.2s measurement time) 

0.6Ω 2mΩ 

 

Combining both ranges leads to an overall linear dynamic 

range from 2mΩ to 100kΩ. Although BioZ is typically <1kΩ, a 

large impedance tolerance of up to 100kΩ is still beneficial for 

two-electrode BioZ measurements, where the skin-electrode 

impedance is measured in conjunction with BioZ. 

Fig. 28 shows the bode plots of a complex impedance under 

different current excitation scenarios, where the MLS and the 

DMLS utilize different current levels, i.e. 2.5µA for the MLS 

and 50µA for the DMLS. In this way, their excitation currents 

are identical at 4kHz to fulfill the safe current requirements (Fig. 

7a). As a reference test, the impedance was also measured with 

a 50µA MLS current, even though this would not meet the safe 

current regulation.  

 

 
Fig. 28. Measured magnitude and phase of a complex impedance with the same 

and different (D)MLS currents 

 

Fig. 28 verifies that the 50µA MLS ensures the best accuracy 

over a 125kHz bandwidth but it violates the safe current limits. 

Reducing the MLS current to 2.5µA solves the safety issue at 

the cost of less accuracy at high frequencies due to the limited 

IA bandwidth and the decreased BioZ. As a solution, utilizing a 

50µA DMLS current meets the safe current limits and achieves 

better accuracy, except for the very lowest frequencies. There, 

the performance is degraded due to a much lower excitation 

current. Overall, DMLS performs best over most of the 

bandwidth, while MLS can be better for very low frequencies. 

Fig. 29 shows Cole-Cole plot of another complex impedance 

to mimic the BioZ on the chest. The (D)MLS have the same 

current magnitude at the highest frequency, similar as shown in 

Fig. 25. The measurement took only 1ms, including 8x ADC 

oversampling and 4x averaging of (D)MLS sequences. The 

total power dissipation is 155µW (or 155nJ per measurement), 

including 91μW from the I-DAC, 12.6μW from the IA and 

51μW from the ADC sampling at 2MS/s. 
 

 

Fig. 29. The Cole-Cole plot of a complex impedance measured with the same 

(D)MLS current 

E. ECG/BioZ Measurement 

For simultaneous measurement of BioZ and ECG across the 

body (Fig. 1), two excitation electrodes were placed on the left 

and right wrists, and two recording electrodes were placed on 

the chest across the heart. The system parameters and signal 

processing are the same as described in Fig. 10. A respiratory 

impedance of about 2Ωpp is shown in Fig. 30. A 9.5Ω baseline 

impedance represents the static tissue resistance between two 

recording electrodes on the chest. The periodical “spikes” on 

the measured BioZ reflect the impedance change due to blood 

movement in the thoracic cavity, also known as the impedance 

cardiography (ICG). 

 
Fig. 30. Respiratory impedance with wrist excitation and chest recording 
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The simultaneously measured ECG and ICG with the same 

4-electrode setup are shown in Fig. 31. The ECG exhibits clear 

P wave, QRS complex, and T wave, while the ICG shows the 

key features of the cardiac cycle, including B-point (represents 

the opening of the aortic valve), X-point (represents the closing 

of the aortic valve) and C-point (represents the maximal speed 

of blood ejection). The total power dissipation in simultaneous 

ECG and BioZ/respiration mode is 31μW, including 18.1μW 

for the I-DAC, 12.6μW for the IA and 0.5μW for the ADC 

sampling at 20kS/s. 

 
 

Fig. 31. Simultaneous measurement of ECG and ICG with the same recording 
electrodes on the chest  

 

Table III compares this work with recently published BioZ 

acquisition ICs. The work advances over other designs in terms 

of the most reconfigurable parameters, e.g. excitation modes, 

measurement bandwidth, I-DAC magnitude, frequency points, 

dynamic range and ADC resolution. Reference calibration and 

averaging of the (D)MLS sequences in post signal processing 

helps the IC to 2mΩ sensitivity over 100Ω range. In addition, 

the proposed IC consumes the lowest power of only 31µW for 

simultaneous ECG/ICG, BioZ and respiration measurement. 

VI. CONCLUSION 

This paper presented a power-efficient and reconfigurable 

sensor IC simultaneous BioZ, ECG and respiration recording. 

The scaling between circuit performance and power is realized 

on both system and circuit levels. The (D)MLS excitation with 

calibration enables a BioZ spectroscopy up to 125kHz, a factor 

of 3.5x beyond the IA’s intrinsic bandwidth. The 8-to-12 bit 

SAR ADC, with several low-power and dynamic techniques, 

enables a sample rate up to 5MS/s and thus facilitates the use of 

oversampling and averaging the (D)MLS sequences for noise 

reduction. This IC achieves the best BioZ sensitivity of 2mΩ 

while consuming 155µW. In another configuration, respiration, 

ECG and ICG were measured simultaneously while consuming 

only 31µW. 
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