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(57) ABSTRACT

The present disclosure is directed to an impedance spectros-
copy system for bio-impedance measurement. The imped-
ance spectroscopy system includes a signal generator con-
figured to generate a signal with a broadband frequency
spectrum and to generate an analog injection current from
the signal with the broadband frequency spectrum. The
analog injection current has a high pass frequency charac-
teristic. The impedance spectroscopy system also includes
an amplifier configured to measure a voltage signal in
response to the analog injection current and to simultane-
ously measure a biopotential signal. Further, the impedance
spectroscopy system includes a processor configured to
analyze the voltage signal to derive a bio-impedance spec-
trum as well to derive further information from the biopo-
tential signal.
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BIO-IMPEDANCE SPECTROSCOPY SYSTEM
AND METHOD FOR BIO-IMPEDANCE
MEASUREMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a non-provisional patent
application claiming priority to European Patent Application
No. EP 15184978.3, filed Sep. 14, 2015, the contents of
which are hereby incorporated by reference.

FIELD OF THE DISCLOSURE

[0002] This disclosure relates to the measurement of bio-
impedance, in particular complex bio-impedance values
over a broad range of frequencies, in order to implement a
spectral bio-impedance analysis.

BACKGROUND

[0003] Non-invasive wearable medical devices for life-
style and healthcare are increasingly being used for moni-
toring chronic diseases and detecting early health problems.
Congestive heart failure (CHF), a chronic heart failure
characterized by fluid overload, is one of the major condi-
tions with detrimental effects on quality of life, and poten-
tially fatal.

[0004] Bio-impedance analysis (BIA) has been clinically
used to track congestive heart failure. By injecting a low-
level AC current to a body segment, a voltage proportional
to the tissue impedance can be measured. Bio-impedance is
used to estimate various physiochemical and physiological
states, such as thoracic fluid, respiration, skin hydration and
body composition.

[0005] Electrocardiography (ECG) is often used as a diag-
nosis tool of congestive heart failure, by measuring the
electrical activity in the heart to detect coronary artery
diseases and heart attacks. Therefore, simultaneous mea-
surement of the bio-impedance and ECG can extend the
range of extracted biomedical information for improved
diagnosis accuracy.

[0006] Bio-impedance can be measured at single-fre-
quency (SF), multi-frequencies (MF), or by impedance
spectroscopy  (IS). Single-frequency measurement may
allow for a high signal-to-noise ratio (SNR). However, in
order to extract the RC components of a complex bio-
impedance network, impedance should be measured at sev-
eral frequencies.

[0007] FIG. 1A shows an equivalent model of the bio-
impedance of a cellular organism. The extra-cellular region
10 is modeled by a series (external) resistance Re in a first
branch, and the intra-cellular region 12 is modeled by a
second branch of cell wall capacitors Cm in series with an
(internal) resistance Ri. The two branches are in parallel.
FIG. 1B shows the current flowing. A low frequency current
14 flows through the extra-cellular regions and a high
frequency current 16 flows through the intra-cellular
regions.

[0008] State-of-the-art multi-frequency implementations,
relying on analog signal processing, where bio-impedance
measurement is performed separately at each frequency, can
lead to an increased acquisition time. In addition, simulta-
neous bio-impedance and ECG measurement increases the
system complexity and power by using two separate readout
circuits.
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[0009] Impedance spectroscopy (IS) can lead to shorter
acquisition time and analog hardware simplicity by measut-
ing the whole spectrum (including bio-impedance and ECG)
simultaneously. This is realized by using a wideband stimu-
lation signal, such as a chirp, square wave or pseudo-random
sequence.

[0010] A chirp often leads to a low signal to noise ratio
(SNR), as the current magnitude is spread over the whole
bandwidth. A square wave is easy to generate, but it suffers
from lower magnitudes at higher frequencies. Compared to
these, a maximal length sequence (MLS), i.e. a pseudo
random pulse sequence with an equally distributed power
spectrum, maintains an even SNR throughout the entire
frequency range, while still allocating sufficient magnitude
to each frequency bin. Besides, the MLS signal is easy to
generate. These features make the MLS stimulation source
suitable for low-power wideband bio-impedance analysis or
bio-impedance spectroscopy. This approach has for example
been disclosed in T. Sun, D. Holmes, et al, “High speed
multi-frequency impedance analysis of single particles in a
microfluidic cytometer using maximum length sequences”,
Lab on a Chip, issue 7, pp. 1034-1040, August, 2007.
[0011] A bio-impedance spectroscopy circuit should be
able to detect very small dynamic impedance variations (e.g.
<0.1Q) superimposed on a large static impedance (e.g.
10Q2-1 kQ) across a wide frequency range (e.g. 1 kHz-100
kHz), while only using a low stimulation current (e.g. <100
uA@10 kHz).

[0012] To meet these targets, however, conventional bio-
impedance spectroscopy circuits utilize wideband amplifiers
(typically >100 kHz) and high-speed high-resolution ADCs,
which are both power hungry components. This is because
both the amplifier and the ADC must have a bandwidth at
least equal to the maximum frequency of the bio-impedance
spectroscopy.

[0013] Inaddition to the above, an ECG acquisition circuit
should achieve low noise (e.g. 1 pVRMS) at low frequencies
(e.g. <150 Hz), with the capability to tolerate a large
electrode offset (e.g. £300 mV). In order to minimize the
mains interference, the readout circuit should also have good
power supply rejection ratio (PSRR) and common mode
rejection ratio (CMRR).

[0014] There is therefore a need for a power-efficient
circuit for bio-impedance spectroscopy which can be imple-
mented at low cost.

SUMMARY

[0015] According to an example embodiment, there is
provided an impedance spectroscopy system for bio-imped-
ance measurement, comprising: a signal generator for gen-
erating a signal with a broadband frequency spectrum, and
generating an analog injection current from the signal,
wherein the analog injection signal has a high pass fre-
quency characteristic; an amplifier for measuring a voltage
signal in response to the analog injection current and simul-
taneously a biopotential signal; and a processor for analyz-
ing the voltage signal to derive a bio-impedance spectrum as
well to derive further information from the biopotential
signal.

[0016] This system makes use of an injection current with
a high pass frequency characteristic so that the injection
current increases with frequency. This compensates for the
typical bio-impedance behavior which typically has a low
pass characteristic. By this is meant that the impedance is
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greater at lower frequencies and therefore more easily
measured. By reducing the injection current at lower fre-
quencies using a high pass characteristic, the overall signal
to noise ratio of the system is flattened with respect to
frequency, so that a more constant signal to noise ratio is
achieved during a bio-impedance spectral analysis. The
system also derives further information from a biopotential
signal measurement, for example the further information
may comprise as ECG, electroencephalography (EEG), or
electromyography (EMG) signal.

[0017] Note that the term “biopotential signal” is used to
refer to a voltage signal that is directly generated from the
subject, such as an ECG, EEG or EMG signal. For bio-
impedance measurement, the voltage is not directly gener-
ated from the subject, but is derived from a stimulation
current which then enables the bio-impedance to be deter-
mined.

[0018] The system thus provides simultaneous multi-pa-
rameter measurements using a single voltage readout chan-
nel. An ECG signal may for example be obtained simulta-
neously with the bio-impedance spectroscopy (BIS)
information, and separated by further signal processing

[0019] According to an example embodiment, the system
also enables a lower bandwidth amplifier to be used, because
the frequency characteristic (in particular rolling off) of the
amplifier is compensated by the analog injection signal, such
that the effective bandwidth of the readout circuit can be
increased.

[0020] The generated signal for example comprises a
wideband stimulation current source which is actuated by a
pseudo-random binary sequence.

[0021] The system may comprise a digital to analog
converter for generating the analog injection current from
the signal. It may for example comprise a current injection
circuit for injecting current in dependence on a digital input.

[0022] The signal generator may comprise a maximal
length sequence generator for generating a digital maximal
length sequence signal. This type of sequence has an equally
distributed power spectrum. By additionally introducing a
high pass characteristic, the injection signal is better adapted
to the nature of the bio-impedance to be measured as well as
the amplifier characteristics.

[0023] The signal generator may further comprise a (digi-
tal or analog) differentiator for applying differentiation,
thereby to result in the high pass frequency characteristic.
The differentiation may be digital and implemented before
the digital to analog conversion. The differentiation imple-
ments the high pass characteristic and converts a two level
signal into a three level signal. This may also allow the
power of the analog signal to be reduced, if one of the three
levels is a zero level. The analog injection signal may be a
three level current signal with a zero level, a positive level
and a negative level.

[0024] The signal generator may be controllable in a first
mode to output a maximal length sequence and in a second
mode to output a differentiated maximal length sequence.
The maximum length sequence is for example used to give
better signal to noise ratio at low frequencies. The first mode
may also be used as a reference for the second mode.

[0025] The amplifier may comprise a current feedback
instrumentation amplifier or any other type of instrumenta-
tion amplifier.
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[0026] The system may comprise an analog to digital
converter for converting the output of the amplifier to a
digital signal. It may comprise a successive approximation
analog to digital converter.

[0027] The system may comprise two electrodes for cur-
rent injection and two electrodes for capture of a signal for
amplification by the amplifier. However, the system may be
scaled with one pair of current injection electrodes and
multiple pairs of signal readout electrodes at different loca-
tions.

[0028] The analog injection current may have no compo-
nent below 100 Hz and the system further comprises an ECG
monitor which comprises a low pass filter at the amplifier
output.

[0029] The bio-impedances changes which are of interest
are caused by physiological behaviors at high frequencies.
At very low frequency (<1 kHz) or at very high frequency
(>1 MHz), the bio-impedance is almost constant regardless
of the physiological behaviors. There are many artifacts or
aggressors at low frequency during a bio-impedance mea-
surement, such as motion artifacts, 1/f noise, mains inter-
ference (50/60 Hz) and the ECG signal, and these signifi-
cantly reduce the impedance measurement accuracy. Bio-
impedance is thus not measured in these frequency ranges.
However, the same single readout channel may be used for
ECG measurements for example.

[0030] Examples in accordance with another aspect pro-
vide a bio-impedance measurement method, comprising:
generating a signal with a broadband frequency spectrum;
generating an analog injection current from the signal,
wherein the analog injection current has a high pass fre-
quency characteristic; measuring voltages in response to the
analog injection signal; and measuring biopotential signals
from the subject; analyzing the voltages to derive a bio-
impedance spectrum and analyzing the biopotential signals
to obtain further information.

[0031] This method provides an impedance spectroscopy
method for bio-impedance measurement in which a signal is
generated with a broadband frequency spectrum, and an
analog injection current is derived from the signal, wherein
the analog injection signal has a high pass frequency char-
acteristic. The voltages and biopotential signals measured
provide multi-parameter analysis including bio-impedance
spectrum analysis as well as biopotential analysis such as
ECG or EEG and/or EMG analysis. The method may
comprise: generating a digital maximal length sequence
signal; applying digital differentiation; and performing digi-
tal to analog conversion, thereby to result in the high pass
frequency characteristic.

BRIEF DESCRIPTION OF THE FIGURES

[0032] Examples are described with reference to the
accompanying drawings, in which:

[0033] FIGS. 1a and 15 show a model of the impedance of
a cellular organism and the currents flowing, according to
example embodiments.

[0034] FIG. 2 shows an impedance spectroscopy system,
according to example embodiments.

[0035] FIG. 3 shows the injection current source in more
detail, according to example embodiments.

[0036] FIG. 4 shows the instrumentation amplifier in more
detail, according to example embodiments.

[0037] FIG. 5 shows the analog to digital converter in
more detail, according to example embodiments.
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[0038] FIG. 6 shows the high pass frequency characteristic
applied to the analog injection current, according to example
embodiments.

[0039] FIG. 7 shows the measured impedance as a func-
tion of frequency, according to example embodiments.
[0040] FIG. 8 shows how the system may perform simul-
taneous ECG monitoring, bio-impedance measurement and
respiration tracking, according to example embodiments.
[0041] FIG. 9 shows how an ECG signal and bio-imped-
ance signal of interest occupy different frequency bands,
according to example embodiments.

[0042] FIG. 10 is a graph to show how respiration tracking
and ECG monitoring are performed, according to example
embodiments.

[0043] FIGS. 11a and 115 are used to explain a calibration
process, according to example embodiments.

DETAILED DESCRIPTION

[0044] Some embodiments provide an impedance spec-
troscopy system in which a signal is generated with a
broadband frequency spectrum, and an analog injection
current is derived from the signal. The analog injection
current has a high pass frequency characteristic. An ampli-
fier is used for measuring a voltage in response to the analog
injection signal, but also containing biopotential information
(e.g., ECG, EMG or EEG), from which a bio-impedance
spectrum as well as other parameters may be obtained.

[0045] An amplifier is used for measuring a biopotential
impedance spectrum in response to the analog injection
signal.

[0046] This system makes use of an injection current with

a high pass frequency characteristic so that the injection
current increases with frequency. This compensates for the
typical bio-impedance behavior so that the signal to noise
ratio of the system is more uniform over frequency.

[0047] FIG. 2 shows an example of an impedance spec-
troscopy system for bio-impedance measurement. The sys-
tem comprises an electrode array 20 for application to tissue
22 to be analyzed. There is a further electrode (now shown)
for grounding the tissue 22. A first signal processing portion
24 is provided on chip (as an application specific integrated
circuit, ASIC) for locally processing the signals delivered to
and captured from the tissue. It implements analog signal
processing and analog to digital conversion and digital to
analog conversion. A second, off-chip, signal processing
portion 26, for example a field programmable gate array
(FPGA), is also provided for digital signal processing. The
analog signals are thus kept as close to the electrode array as
possible.

[0048] The second signal processing portion 26 comprises
a signal generator 28 for generating a digital signal 29 with
a broadband frequency spectrum. The broadband frequency
spectrum for example includes the range 1 kHz to 100 kHz.
The first signal processing portion 24 has a current source 30
for generating an analog injection current from the digital
signal 29. Digital to analog conversion is effectively imple-
mented by the current source 30. The analog injection
current is driven so that it flows between a first pair of
electrodes 32 of the electrode array 20. The analog injection
current has a high pass frequency characteristic, by which is
meant the current amplitude tails off at low frequencies.
[0049] The first signal processing portion has an amplifier
34 for measuring a biopotential value in response to the
analog injection current. It comprises a low noise instru-
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mentation amplifier with a variable gain, for example with
three possible gain settings (e.g. G=4, 17 or 70). An analog
to digital converter 36 generating a digital signal which is
coupled back to the second signal processing portion 26
where digital signal processing takes place. The analog to
digital converter (ADC) for example comprises a power
efficient 12 bit successive approximation ADC.

[0050] The digital signal processing comprises spectral
analysis using a Fast Fourier Transform (FFT) which is
controlled in synchronism with the original digital signal 29
generated by the signal generator 28, by way of the sync unit
40. From the spectral analysis, a complex impedance is
derived as a function of frequency, in unit 42. The magnitude
and phase of the bio-impedance is thereby determined. The
first signal processing unit portion also includes test termi-
nals 44.

[0051] The example of FIG. 2 is a four-electrode system
(plus ground), using two stimulation electrodes 32 for cur-
rent injection, and two recording electrodes 46 for bio-
impedance acquisition, and these may also be used for ECG
acquisition as explained further below.

[0052] A four electrode configuration reduces the mea-
surement error induced by electrode-tissue impedance
(ETI), which is the major issue of a two electrode system in
which the same electrodes are used for current injection as
for signal measurement. In such a case, the electrode-tissue
impedance is also measured, and thus cannot be distin-
guished from the bio-impedance.

[0053] However, the approach of some embodiments may
also be applied to a two electrode system. Similarly, the
system can be extended to include multiple pairs of record-
ing electrodes and associated amplifiers but with a shared
pair of current injection electrodes.

[0054] An external floating high pass filter 48 (1 M2 and
22 nF) at the current source output blocks any DC current
flowing to the tissue 22, while another high pass filter 50 (10
MQ and 100 nF) provides biasing to the amplifier and blocks
electrode offset to prevent saturation of the readout circuit.
[0055] In one example, the digital signal 29 comprises a
maximal length sequence (MLS). This has a flat frequency
spectrum. In order to implement the high pass frequency
characteristic explained above, the current source 30 sup-
ports two modes of operation. A first mode is the standard
MLS mode, and a second (new) mode is a differentiated
MLS mode (which will be termed “DMLS™). The differen-
tiation is implemented in the digital domain in the second
signal processing portion 26.

[0056] In normal MLS mode, the current source 30 out-
puts 1-bit MLS current pulses with magnitude +Iref. The
MLS sequence has frequency components at fsk/(2n-1),
where fs is the MLS sampling frequency, n is the MLS order
and 0<k<2n-1. Thus, by simply choosing the MLS sample
rate fs and the MLS order n, the stimulated bandwidth and
the number of frequency points can be selected conveniently
in the digital domain. The magnitude of the MLS current
(Iref) can be set in a range of 1-100 pApp, where “pp”
denotes peak to peak, and results in uniformly spread
frequency components with equal magnitude, due to the
properties of MLS.

[0057] The bio-impedance is typically measured at high
frequencies (10 kHz-100 kHz) where current starts penetrat-
ing into the cell as shown in FIG. 1. The dynamic bio-
impedance (0.1Q-10Q) at high frequencies can be several
orders of magnitude less than the baseline static bio-imped-
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ance (10Q-1 k). To accommodate this very large dynamic
range, the voltage gain of the amplifier should be limited and
a high-resolution ADC 36 is normally required, resulting in
increased power consumption.

[0058] To mitigate this tradeoff, the current source 30 is
configurable to the differentiated DMLS mode, where a
digital differentiator (1-7-1)/2 is applied to the normal
MLS before the actual digital to analog conversion (as
implemented by the current source 30), resulting in the
desired high pass frequency characteristic. The current
source 30 is in this way adjusted to support tri-level outputs:
zlref and 0. It may be considered to have a 1.5 bit output.
The DMLS compensates for the bio-impedance behavior
that tends to have a low-pass frequency characteristic.
[0059] In this way, the DMLS improves sensitivity at
higher frequencies and relaxes the dynamic range require-
ments, thus saving power. Furthermore, the DMLS spectrum
has low current magnitudes at low frequencies, which com-
plies with bio-excitation limits that restrict low-frequency
excitation current to the body. On the other hand, the DMLS
spectrum has a higher magnitude at high frequencies, which
compensates the bandwidth roll-off of the instrumentation
amplifier and improves the signal to noise ratio above the
bandwidth of the amplifier.

[0060] FIG. 3 shows the current source 30. It comprises a
current source 60 and a switching arrangement 62 for
coupling the current source to the two excitation electrodes
32 in the two possible current flow directions. The current
source is connected to one of the excitation electrodes by
one switch and the other is connected to one of a pair of
power supply terminal 33 by another switch. In the DMLS
mode, there is another branch 63 for providing a zero current
level.

[0061] FIG. 4 shows an example of instrumentation ampli-
fier circuit. It uses a current feedback architecture, for
example as described more fully in R. F. Yazicioglu, P.
Merken, et al., “A 60 uW 60 nV/y Hz Readout Front-End for
Portable Biopotential Acquisition Systems,” IEEE J. Solid-
State Circuits, pp. 1100-1110, May 2007. A transconduc-
tance input stage 70 converts the input voltage into current,
which is mirrored to a transimpedance (TI) stage 72 and
converted to the output voltage via an output resistor Ro. As
a result, the instrumentation amplifier gain is determined by
a ratio of an output resistance to an input resistance, Ro/Ri.
By making the input resistance Ri programmable, for
example from 10 kQ to 175 kQ, and Ro fixed, for example
to 700 kQ, there is a variable gain setting of 4, 17 and 70,
while maintaining a constant bandwidth.

[0062] The maximum input dynamic range is determined
by Rilb, which is 15 mV at the highest gain of 70. On system
level, thanks to a calibration resistor measurement (dis-
cussed further below) and the DMLS mode, bio-impedance
measurements up to 125 kHz are possible, well bevond the
bandwidth of the amplifier of 35 kHz in this example.
[0063] FIG. 5 shows the analog to digital converter 36 in
more detail. It comprises an asynchronous successive
approximation (SAR) ADC. It is for example similar to the
design described in P. Harpe, et al., “A 7-to-10b 0-to-4 MS/s
flexible SAR ADC with 6.5-16 fl/conversion-step”, Digest
ISSCC pp. 472-474, February 2012, but features a higher
resolution of 12 b, and a higher sampling rate (0-5 MS/s). As
a result of the dynamic circuitry, its power consumption
scales proportionally to the sampling rate to accommodate
system configurability. The internal DAC 80 for example
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utilizes a monotonic switching scheme and metal finger
capacitors of 0.5 fF to save power and chip area. Further,
redundancy in the DAC and a 2-mode comparator 82 are
used to tolerate DAC settling and comparator decision
errors, leading to further power reduction. On system-level,
the small overall input capacitance of 1 pF relaxes the
driving requirements for the amplifier while maintaining a
sufficiently low kT/C sampling noise in the ADC.

[0064] FIG. 6 shows an MLS spectrum as plot 90 and a
differentiated MLS spectrum (i.e. the DMLS signal as
explained above) as plot 92, both for a 6th order sequence
with f5=250 kHz and with an identical injection current Iref.
At low frequencies, the high-pass characteristic of the
DMLS results in about 25 dB less energy than MLS. This
may reduce the precision for DMLS at low frequencies. For
higher frequencies, the DMLS has similar energy compared
to the MLS as expected. The slow roll-off at higher frequen-
cies for both signals is due to the DAC’s sinc function. The
high-pass function of the DMLS signal means that a higher
injection current Iref could be used to improve the measure-
ment performance while still meeting the low frequency
current stimulation regulations.

[0065] In the digital second signal processing portion 26,
the measured bio-impedance spectrum is normalized to data
obtained from a reference resistor measurement. In this way,
all gain, phase and frequency dependencies of the entire
system can be compensated and a higher measurement
accuracy and bandwidth can be obtained.

[0066] Since bio-impedance is usually measured above 1
kHz, the injected MLS signal can be adjusted to only contain
energy above 1 kHz (or only above a lower threshold such
as 300 Hz or 100 Hz). In that way, the readout circuit can
simultaneously measure a low-frequency ECG signal and a
high-frequency bio-impedance signal. Furthermore, the
time-variance of the measured bio-impedance can also
acquire respiration simultaneously.

[0067] FIG. 7 shows the Cole-Cole plot of an ideal RC
bio-impedance model (as shown in FIG. 1A) as plot 100 and
shows the MLS and DMLS based measurements. The solid
circles 102 show the MLS measurements and the open
circles 104 show the DMLS measurements. For the bio-
impedance, Ri=33Q, Re=33Q and Cm=220 nF are selected
as typical bio-impedance values measured on chest. A 250
kS/s 6th-order MLS/DMLS stimulation current is used to
cover a wide frequency range from 4 kHz to 125 kHz, and
50 uApp current is selected for precision.

[0068] The ADC 36 is sampled at 2 MS/s and a reference
measurement uses a 33€2 resistor. For compensating gain,
phase and frequency dependencies as mentioned above.
[0069] The MLS-based measurement confirms that the
circuit is able to capture complex impedances over a wide
frequency range. The DMLS-based measurement shows less
precision at low frequencies because the stimulation current
is about 25 dB lower compared to MLS (as seen in FIG. 6).
However, the DMLS has similar performance as the MLS
above 20 kHz, while injecting much less low-frequency
current. The measurement time is only 125 ms (including
averaging 256 measurements for noise reduction), and the
power consumption of the first signal processing portion 24
(implemented as an ASIC) is 155 pW, including 91 pW from
the current source DAC 30, 12.6 uW for the amplifier 34 and
51 uW for the ADC 36 sampling at 2 MS/s.

[0070] The DMLS mode of operation is used for high
frequency measurement with low current injection, while
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the MLS mode is used for low frequency measurement for
better accuracy, or when the current injection amplitude is
not limited.

[0071] When input signal is large, the gain of the instru-
mentation amplifier is desired for the best use of the output
dynamic range. For example ECG measured at the chest has
a larger amplitude (about 5 mV) than measured at wrist
(about 1 mV), while the bio-impedance measured between
wrists (about 100 Ohm) is higher than measured at the wrist
(about 10 Ohm). For this reason, the amplifier gain is
adjustable between a set of values. This example has three
different gain settings, but this is merely by way of example.
[0072] To record ECG and respiration simultaneously
in-vivo, a data extraction process as shown in FIG. 8 may be
used.

[0073] The raw data is delivered by the ADC 36 in step
110 for example at 20 k samples per second. A 6th-order 10
pwApp DMLS current is for example used for long-term and
low power stimulation. The lowest AC component of this
signal is at 317 Hz to avoid overlap with the ECG. The ECG
is recovered after a 100 Hz low pass filtering step in step
112. The filtered signal is used for ECG monitoring in step
114.

[0074] The same raw data undergoes the processing of the
second signal processing portion 26, namely the synchroni-
zation, correlation and FFT analysis using the DMLS signal
as the reference. This is all shown as step 116. The con-
struction of the bio-impedance spectrum is shown as step
118.

[0075] The bio-impedance is derived from correlation
with the DMLS reference signal, resulting in one FET per
MLS sequence (317 FFTs/s). Respiration is derived from
bio-impedance modulation at high frequencies. Averaging
over a range 7 k-10 kHz is performed in step 120 so that the
slower respiration variations remain, before extracting the
respiration information in step 122.

[0076] FIG. 9 shows the power density spectrum (PSD) of
the captured signal. The ECG signal occupies a lower
bandwidth region 130 and the bio-impedance signal occu-
pies a higher bandwidth region 132. The two measurements
are taken at the same time, but located at different band-
width. The separation of two types of signals is performed
in the digital domain when all the signals are digitized, using
digital low pass filter 112.

[0077] FIG. 10 shows the simultaneous recording of ECG
and respiration, where stimulation electrodes were placed on
the left and right wrists, and two recording electrodes were
laced on the chest. Bio-impedance variation (2 Qpp) due to
respiration and ECG are detected simultaneously. The top
plot shows the modulus of the measured impedance (as
averaged over the frequency range 7 kHz to 10 kHz) and the
bottom plot shows the ECG signal. The effect of the ECG
waveform can also be seen in the top respiration plot.
[0078] The system thus provides a single channel output
(the 20 kS/s digital signal) which is then processed to
provide multi-parameter analysis. One example is given of
ECG signals and biopotential signals. Another example is
EEG signals, in which biopotentials are measured on the
scalp. These biopotential signals may for example be ana-
lyzed to determine the biospectral index (BIS) which is used
for determining the depth of anesthesia.

[0079] The system described above has been imple-
mented, and the performance and results will now be out-
lined. At the highest gain of 70, the amplifier achieved 40
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nV/A/ Hz input referred noise density above 1 kHz, corre-
sponding to a 40 mQ/y Hz sensitivity (with 1 pA excitation
current at each MLS frequency). In the bio-impedance
measurement mode, the amplifier is only connected to the
on-chip ADC, which has only 1 pF input capacitance. The
amplifier consumed 7.3 pA current and has CMRR and
PSRR (including the external high pass filter) of 62 dB and
75 dB, respectively. At 1.8V supply, the ADC achieves a
10.4 b effective number of bits (ENOB) for input signals up
to 50 kHz and sampling rates of 100 kS/s and 5 MS/s. For
higher input frequencies, the ENOB gradually degrades. The
power consumption of the ADC scales linearly with the
sampling rate up to 128 uW at 5 MS/s and down to 8§ nW
leakage power. At 100 kS/s, the achieved Figure of Merit
(FoM) was 20 fl/conversion-step.

[0080] When implementing the system of FIG. 8, the
overall power consumption was 31 uW, including 18.1 uW
from the current source DAC, 12.6 W for the amplifier and
0.5 pW for the ADC sampling at 20 kS/s.

[0081] It has thus been demonstrated that the approach
described above is able to measure bio-impedance from 1Q
to 10 kQ with a 0.1Q resolution, and covers a frequency
range up to 125 kHz. In addition, the realized implementa-
tion of the system can simultaneously record ECG and
respiration while consuming only 31 uW from a 1.8V
supply.

[0082] As mentioned above, a calibration process, as
shown in FIG. 11, prior to real bio-impedance measurement
enables better measurement accuracy. During the calibra-
tion, a well-defined test resistor (or more generally imped-
ance) Rref'is first measured as a reference as shown in FIG.
11A. This gives rise to a test frequency response shown as
140. After this, the bio-impedance is measured as shown in
FIG. 11B giving the frequency response shown as 142.

[0083] The calibration compensates the non-ideal transfer
function of the system, including the current source digital
to analog converter, the bio-impedance electrode interface
and the readout channel. The calibration involves setting the
product of the measured impedance spectrum with the actual
impedance spectrum as a constant. This product is known
from the analysis of the known reference impedance.

[0084] Calibration with a resistor and MLS/DMLS stimu-
lation enables a frequency range beyond the instrumentation
amplifier bandwidth, leading to a low power system. In
long-term measurements, power can be saved in the DAC
and ADC by trading measurement speed or precision, as a
result of the digital configurability.

[0085] Some embodiments have been described above as
implementing an MLS sequence. However, other pseudo
noise sequences may be shaped to provide the desired high
pass frequency characteristic. This may be achieved by
implementing digital weighting or analog signal transfor-
mation (using a high pass filter).

[0086] In the example above, a first order filter may be
used to generate the MLS sequence, and digital differentia-
tion implements the high pass frequency characteristic.
However a higher order digital filter may be used to generate
a shaped sequence thereby implementing the high pass
frequency characteristic at source. Instead of a pseudo-
random sequence, a broad frequency spectrum signal may be
implemented based on a chirped signal. One example of
DAC, ADC and instrumentation amplifier has been given
above. Certain embodiments can be applied with any DAC,
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ADC and amplifier design, and the above detailed imple-
mentation is purely by way of example.

[0087] The high pass frequency characteristic of the injec-
tion current may have a smooth function with respect to
frequency as shown in FIG. 6, but it may also be stepped.
For example a chirped signal may have discrete frequency
steps, each associated with a particular current level.
[0088] High pass filtering has been shown above imple-
mented in the digital domain. It can also be implemented in
analog domain after the digital to analogue converter. In
addition, the excitation signal is not only limited to MLS,
other type of signals are also possible, such as multi-sine
signals, where multiple-frequency sine waves with the same
amplitude are injected at the same time, or a chirp, where
high-pass filtering can be performed between the fmin and
fmax (or the flat band) of a chirp signal.

[0089] Some embodiments allow for the simultaneous
measurement of a bio-impedance spectrum as well as the
analysis of biopotential information, by which is meant
electrical signals generated by the body without the need for
a stimulus. ECG, EEG and EMG are common non-limiting
examples of information which can be derived from such
biopotential signals.

[0090] Various other modifications will be readily appar-
ent to those skilled in the art.

What is claimed is:

1. An impedance spectroscopy system for bio-impedance

measurement, comprising:

a signal generator configured to generate a signal with a
broadband frequency spectrum and to generate an
analog injection current from the signal with the broad-
band frequency spectrum, wherein the analog injection
current has a high pass frequency characteristic;

an amplifier configured to measure a voltage signal in
response to the analog injection current and to simul-
taneously measure a biopotential signal; and

a processor configured to analyze the voltage signal to
derive a bio-impedance spectrum as well to derive
further information from the biopotential signal.

2. The impedance spectroscopy system according to claim

1, further comprising a digital to analog converter config-
ured to generate the analog injection current from the signal
with the broadband frequency spectrum.

3. The impedance spectroscopy system according to claim

2, wherein the signal generator comprises a pseudo-random
sequence generator.

4. The impedance spectroscopy system according to claim

3, wherein the signal generator further comprises a differ-
entiator configured to apply differentiation to result in the
high pass frequency characteristic, and wherein the differ-
entiator comprises a digital differentiator configured to apply
digital differentiation before a digital to analog conversion.

5. The impedance spectroscopy system according to claim

4, wherein the signal generator is controllable in a first mode
to output a maximal length sequence and in a second mode
to output a differentiated maximal length sequence.

6. The impedance spectroscopy system according to claim

1, wherein the analog injection current is a three level
current signal with a zero level, a positive level, and a
negative level.

7. The impedance spectroscopy system according to claim

1, wherein the amplifier comprises an instrumentation
amplifier.
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8. The impedance spectroscopy system according to claim
1, further comprising an analog to digital converter config-
ured to convert an output of the amplifier to a digital signal.

9. The impedance spectroscopy system according to claim
8, wherein the analog to digital converter comprises a
suiccessive approximation analog to digital converter.

10. The impedance spectroscopy system according to
claim 1, further comprising two electrodes for current injec-
tion and two electrodes for capture of a signal for amplifi-
cation by the amplifier.

11. The impedance spectroscopy system according to
claim 1, wherein the analog injection signal has no compo-
nent below 100 Hz, and wherein the impedance spectros-
copy system further comprises an electrocardiography
(ECG) monitor that comprises a low pass filter at an output
of the amplifier.

12. A bio-impedance measurement method, comprising:

generating a signal with a broadband frequency spectrum;

generating an analog injection current from the signal,
wherein the analog injection current has a high pass
frequency characteristic;

measuring voltages in response to the analog injection

current;

measuring biopotential signals from a subject simultane-

ously;

analyzing the voltages to derive a bio-impedance spec-

trum; and

analyzing the biopotential signals to obtain further infor-

mation.

13. The bio-impedance measurement method according to
claim 12, further comprising:

generating a digital maximal length sequence signal;

applying digital differentiation; and

performing digital to analog conversion to result in the

high pass frequency characteristic.

14. The bio-impedance measurement method according to
claim 13, further comprising:

generating, in a first mode, a maximal length sequence;

and

generating, in a second mode, a differentiated maximal

length sequence.

15. The bio-impedance measurement method according to
claim 12, wherein the analog injection current has no
component below 100 Hz, and the bio-impedance method
further comprises electrocardiography (ECG) monitoring by
low pass filtering the amplifier output.

16. The bio-impedance method according to claim 12,
wherein generating the analog injection current from the
signal comprises generating a pseudo-random sequence.

17. The bio-impedance method according to claim 12,
wherein generating the analog injection current from the
signal comprises applying digital differentiation before a
digital to analog conversion to result in the high pass
frequency characteristic.

18. The bio-impedance method according to claim 12,
wherein measuring the voltages in response to the analog
injection current and measuring the biopotential signals
from the subject simultaneously is performed by an ampli-
fier.

19. The bio-impedance method according to claim 18,
further comprising converting an output of the amplifier to
a digital signal.

20. A bio-impedance spectroscopy circuit for bio-imped-
ance measurement, comprising:
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a signal generator configured to generate a signal with a
broadband frequency spectrum and to generate an
analog injection current from the signal with the broad-
band frequency spectrum, wherein the analog injection
current has a high pass frequency characteristic;

an amplifier configured to measure a voltage signal in
response to the analog injection current and to simul-
taneously measure a biopotential signal; and

a processor configured to analyze the voltage signal to
derive a bio-impedance spectrum as well to derive
further information from the biopotential signal.
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