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(57) ABSTRACT 

Methods and apparatus for digital demodulation of signals 
obtained in the measurement of electrical bioimpedance or 
bioadmittance of an object. One example comprises: gen 
erating an excitation signal of known frequency content; 
applying the excitation signal to the object; sensing a 
response signal of the object; sampling and digitizing the 
response signal to acquire a digitiZed response signal rep 
resenting the response signal With respect to frequency 
content, amplitude and phase; correlating, for each fre 
quency f AC of the excitation signal applied, digitiZed 
samples of the response signal, With discrete Values repre 
senting the excitation signal; calculating, using the corre 
lated signals for each frequency f AC of the excitation signal 
applied, complex Values for the bioimpedance Z(fAC); pro 
Viding, over time, a set of digital bioimpedance Waveforms 
Z(fAc,t)); separating the base bioimpedance ZO(fAC), from 
the Waveforms; and separating the changes of bioimpedance 
AZ(fAC,t), from the Waveforms. 
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METHOD AND APPARATUS FOR DIGITAL 
DEMODULATION AND FURTHER PROCESSING 
OF SIGNALS OBTAINED IN THE MEASUREMENT 

OF ELECTRICAL BIOIMPEDANCE OR 
BIOADMITTANCE IN AN OBJECT 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] Priority for this patent application is being claimed 
to European Patent Application No. EP05017871, ?led Aug. 
17, 2005, titled “Method and apparatus for digital demodu 
lation and further processing of signals obtained in the 
measurement of electrical bioimpedance or bioadmittance in 
an object”, Which is incorporated herein by this reference. 

BACKGROUND 

[0002] 1. Technical Field 

[0003] This invention is related to the ?eld of digital 
demodulation and further processing of signals obtained 
from the measurement of electrical bioimpedance or bioad 
mittance in a biological object, for instance an animal or a 
human due to cardiac and/ or respiratory activity, for instance 
in cardiometry, in particular to the monitoring through 
measurement of the change in thoracic electrical bioimped 
ance (TEB) or bioadmittance, and pertains to the processing 
of the excitation, response and/or reference signals obtained 
through sensing and measuring excitation, response and/or 
reference signals, e.g., but not limited to, a voltage resulting 
from an alternating current (AC) application. 

[0004] 2. Description of Related Art 

BACKGROUND OF THE INVENTION 

[0005] Noninvasive hemodynamic monitoring utiliZes the 
measurement of thoracic electrical bioimpedance (TEB) for 
the determination of stroke volume, cardiac output and other 
cardiopulmonary parameters in humans or animals. 

[0006] For this purpose, an alternating current of knoWn 
(e.g., constant amplitude) is applied to current electrodes, 
e.g. surface electrodes, located eg at one or both sides of the 
neck and the loWer thorax, approximately at the level of the 
xiphoid process (Sramek B.: US. Pat. No. 4,450,527; 
Osypka M. 1., Bernstein D. P.: Electrophysiological Prin 
ciples and Theory of Stroke Volume Determination by 
Thoracic Electrical Bioimpedance. MCN Clinical Issues 
1999; 10, 3: 385-399). The resulting voltage is sensed 
through sensing electrodes, e.g. other surface spot elec 
trodes, and measured. 

[0007] Alternatively, current electrodes (surface elec 
trodes) are applied to the forehead, or substituted by band 
electrodes around the circumferences of the neck and the 
loWer thorax (Kubicek W. G.: US. Pat. No. 3,340,867) or by 
current electrodes located on an esophageal catheter 
(Sramek B.: US. Pat. No. 4,836,214) or an implantable 
pacemaker or de?brillator lead, With the latter applications 
focusing on the heart rather than the overall thorax. 

[0008] The voltage resulting from constant alternating 
current application, Which is proportional to the thoracic 
electrical impedance, is modulated onto an alternating volt 
age signal of the frequency of the alternating current (AC) 
applied. 
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[0009] A common approach in the acquisition of the 
thoracic impedance applies an active high-pass or band-pass 
?lter to the voltage signal obtained from the sensing elec 
trodes. Each individual signal is further demodulated 
through a diode recti?er circuit, and fed into the input of a 
differential ampli?er. The differential signal Which is pro 
portional to Z(t) in the event of a constant alternating current 
(AC) application, is then separated, in the analog domain, 
into a DC voltage proportional to the base impedance Z0 and 
the change in impedance AZ(t). Both analog signals Z0 and 
AZ(t) are then digitiZed for further processing. 

[0010] HoWever, conventional demodulation by diodes 
and subsequent loW-pass ?ltering exhibit certain draWbacks. 
Diode characteristics change With temperature. Moreover, 
even a full-Wave recti?ed sinusoidal signal is dif?cult to 
smooth; the time constant of the smoothing loW-pass ?lter 
cannot be chosen appropriately high because the bandWidth 
of the desired demodulated signal Will be limited, and 
critical Waveform detail can be lost. DigitiZation of a signal 
With ripple can produce unstable data, due to the fact that the 
values of the samples of the demodulated signal depend on 
the position of the sampling Within the period of the carrier 
signal. 

[0011] In order to improve accuracy and stability and to 
ease adaptation to changing conditions, Osypka et al. devel 
oped a technique using a phase sensitive detector, a subse 
quent integrator and a high resolution analog-to-digital 
converter (ADC), folloWed by digital signal processing 
(DSP) (Osypka M. J. and Schafer E. E., Impedance Cardi 
ography: Advancements in System Design. In: Riu P J, 
Rosell J, Brago's R, Casas O (eds.): Proceedings of the X. 
International Conference on Electrical Bio-Impedance 
(ICEBI), Barcelona, Spain, Apr. 5-9, 1998). The demodula 
tion is, hoWever, achieved With analog circuitry. The voltage 
obtained from the thorax is fed into a phase-sensitive 
detector (PSD) circuit. The reference trigger signal for the 
PSD is derived from the alternating sinusoidal current 
generator, folloWed by a phase shifter to adjust the reference 
phase for detecting the real (or imaginary) part of imped 
ance, and a comparator sWitching at the Zero-crossings of the 
applied sinusoidal current. The output of the PSD consists of 
the full Wave recti?ed carrier signal containing the informa 
tion on the real or imaginary part of the thoracic impedance, 
depending on the reference phase. The folloWing stage 
provides the smoothing of the demodulated signal by inte 
gration over an integer number of cycles of the carrier 
frequency, Which corresponds, for instance, to an integration 
time of 1 millisecond. Integration begins after the integra 
tion capacitor has been discharged by a reset signal, and ends 
prior to the start signal for the high-resolution ADC. The 
timing control is initialiZed by the reference trigger signal 
for the PSD, ensuring that the integration is performed over 
a number of complete periods of the carrier signal, and 
provides the appropriate start pulses for the ADC. By this 
process, the demodulated impedance signal Z(t) is 
“updated” every millisecond. A high resolution (220 bit) 
ADC measures the charge accumulated during the integra 
tion, Which is proportional to the thoracic impedance Z(t). 
The integration period, ie the time constant of averaging, 
can be easily changed. 

[0012] For the purpose of determining the change in 
thoracic electrical bioimpedance, the theoretical sound 
approach has signi?cant practical limitations. First, circuit 
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design Will compromise on the theoretically available reso 
lution of 20 bits. More realistic, a resolution of 14-16 bits is 
achievable. The second limitation is due to the thoracic 
bioimpedance signal itself: Z(t) consists of a portion, Which 
is quasi-constant over time and further referred to as Z0, and 
another portion AZ(t), Which changes during cardiac and 
respiration cycles: 

[0013] In particular the amplitudes of changes in bio 
impedance due to the pump function of the heart are very 
small compared to Z0. With a large o?fset (Z0) taking up 
approximately 8 bits of resolution, the remaining 6-8 bits are 
available for quantization of the dynamic portion of Z(t), 
namely AZ(t). 

PROBLEM UNDERLYING THE INVENTION 

[0014] It is an object of the present invention to propose a 
method and an apparatus for digital demodulation and 
further processing of signals obtained in the single and 
multi-frequency (f AC) measurement of electrical bioimped 
ance 

[0015] or electrical bioadmittance 

[0016] in a biological object in Which the amplitude of 
changes or rate of changes in electrical bioimpedance, 
AZ(fAC,t), or bioadmittance, AY(fAC,t), due to biological 
functions of the biological object, such as plants or as 
animals or humans, With the latter for instance due to 
respiratory or cardiac functions including the pump function 
of the heart, can be determined With a higher amplitude 
resolution than before. 

SUMMARY 

[0017] The method and apparatus according to the present 
invention as de?ned in the appended claims employs digital 
demodulation by means of correlation, also called correla 
tion or matched ?lter technique, and further digital signal 
processing folloWed by a calculation of a complex value for 
the bioimpedance or bio admittance, respectively, for each 
frequency f AC of an excitation signal of knoWn frequency 
content, preferably an alternating current (AC), applied, 
providing, over time, a set (spectrum) of bioimpedance 
Waveforms, Z(fAOt), or bioadmittance Waveforms, Y(fAc,t), 
With 

[0018] to Which a ?rst ?lter, preferably a loW pass ?lter, is 
applied to separate the base impedance, ZO(fAC), or the base 
admittance, YO(fAC), therefrom, and a second ?lter, prefer 
ably a high pass ?lter, is applied to separate the change in the 
electrical bioimpedance overtime, AZ(fAC,t), or the change 
in the electrical bioadmittance over time, AY(fAC,t). 

[0019] AZ(fAC,t) or directly Z(fAC,t), or AY(fAC,t) or 
directly Y(fAc,t), can be input to a dilferentiator in order to 
obtain the rate of change of the changes in bioimpedance, 
d(AZ(fAC,t))/dt, or the rate of change of the bioimpedance 
(Waveforms), dZ(fAC,t)/dt, respectively, or the rate of 
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change of the changes in bioadmittance d(AY(fAC,t))/dt or 
the rate of change of the bioadmittance (Waveforms), 
dY(fAC,t)/dt, respectively. 
[0020] In the claims the term excitation signal as used is 
intended to encompass a voltage signal, a current signal and 
an electro-magnetic ?eld signal for application to the object. 

[0021] The term signal of knoWn frequency content means 
that the signal is de?ned as regards to a single frequency or 
a composite frequency composed of a number of superim 
posed frequencies. In the embodiment in Which the excita 
tion signal is measured the amplitude and phase of the 
excitation signal must not be knoWn a priori. 

[0022] The term correlating includes several meanings: a) 
correlation of said digitiZed excitation signal With said 
digitiZed response signal; b) correlation of said digitiZed 
excitation signal delayed by 90° With said digitiZed response 
signal; c) correlation of said digitiZed excitation signal With 
the digital values of an ideal sinusoidal signal (sin, cos) 
(reference signal to the excitation signal), and d) correlation 
of said digitiZed response signal With the digital values of an 
ideal sinusoidal signal (sin, cos) (reference signal to the 
excitation signal). 

[0023] Like conventional approaches for bioimpedance or 
bioadmittance measurements in cardiometry, the excitation 
signal is preferably an alternating current of knoWn fre 
quency or frequencies fAC With related amplitude(s) and 
phase(s), preferably of constant magnitude, and is applied to 
the object, eg a human thorax, or a portion of it, or arm, or 
limb, or heart, or trachea, or the esophagus via electrodes 
located on the skin surface, or tracheal or esophageal cath 
eters or probes, or implantable pacemaker or de?brillator 
leads, 

[0024] Unlike conventional approaches, the response sig 
nal, i.e., the voltage resulting from the current application, 
Which, in the event of an AC application With constant 
magnitude, is proportional to the bioimpedance or reciprocal 
to the bioadmittance, is sampled and digitiZed as early as 
possible, prior to any demodulation. The demodulation is 
accomplished by digital signal processing (DSP) directly or 
indirectly correlating the measured With digitiZed signal 
Waveforms representing the response signal, particularly the 
voltage signal measured across the object, and the excitation 
signal, particularly the alternating current (AC) applied 
across the object, for example, the human or animal thorax, 
or a portion of it (direct correlation) or a reference signal to 
the excitation signal (indirect correlation). 

[0025] With the sampling rate being signi?cantly higher 
than the highest frequency component of the excitation 
signal, particularly an alternating current (AC), applied, the 
method and apparatus according to the invention provides 
measurement results at not only a suf?cient resolution but a 
very high amplitude resolution. Unlike common approaches 
proposed for the display of multi-frequency bioimpedance 
(Withers P.O.: US. Pat. No. 5,280,429) and in a real-time 
electrical impedance tomography system (BroWn B. H. and 
Barber D. C.: US. Pat. No. 5,311,878), bioimpedance or 
bioadmittance cardiometry requires a high resolution and 
accuracy of correlation results because the changes related 
to the cardiac cycle are signi?cantly smaller in amplitude 
than the quasi-constant portion. If the in?uence of respira 
tion or ventilation is suppressed, or the corresponding e?fect 
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on the impedance respectively admittance signal is ?ltered 
out, only the cardiac-induced pulsatile impedance or admit 
tance component remains. By magnitude, AZ(fAC,t) for 
instance is approximately 0.3% to 0.5% of ZO (Osypka M. J. 
and Bernstein D. P.: Electrophysiologic Principles and 
Theory of Stroke Volume Determination by Thoracic Elec 
trical Bioimpedance; AACN Clinical Issues 1999: 10, 3: 
385-399). 
[0026] Furthermore, the method and apparatus according 
to the invention separate for one or more frequencies f AC of 
the excitation signal, eg the alternating current (AC) 
applied, the change in electrical bioimpedance, AZ(fAC,t), 
from the offset, or base impedance Z0, or the change in 
electrical bioadmittance, AY(fAC,t), from the offset, or base 
admittance Y0, and determine AZ(fAC,t), or AY(fAC,t), 
respectively, AZ(fAC,t) or directly Z(fAC,t), or AY(fAC,t) or 
directly Y(fAc,t), as they are differentiated, eg by inputting 
to a dilferentiator in order to obtain the rate of change in 
bioimpedance, dZ(fAC)/dt, or the rate of change in bioad 
mittance, dY(fAC)/dt, respectively, With high resolution. 

[0027] Unlike common approaches proposed for the dis 
play of multi-frequency bioimpedance (Withers P.O.: U.S. 
Pat. No. 5,280,429), Where the complex Fourier transform of 
the complex cross-correlation signal (as a function of time 
delay betWeen the excitation and response signals) is deter 
mined, the method and apparatus according to one embodi 
ment of the invention perform the correlation separately for 
each frequency f AC, of the excitation signal applied (in the 
description further referred to as indirect correlation), cor 
relating digitiZed samples of the measured, sampled and 
digitiZed response signals With digital samples of ideal 
sinusoids being reference signals to the excitation signal. 

[0028] The method and apparatus according to the inven 
tion propose embodiments With and Without incorporation 
of a calibration impedance in connection With the suppres 
sion of the in?uence of electrical circuit properties and its 
in?uence on the measurement. 

[0029] Furthermore, signal curve ?tting is envisaged as an 
option for signals in noisy environments. 

[0030] The method and apparatus determine, for one fre 
quency, or several frequency components, of the excitation 
signal, particularly the alternating current applied, the com 
plex bioimpedance, or complex bioadmittance, i.e. the real 
part (in-phase portion) and the imaginary part (quadrature 
portion) of the impedance, or admittance, at a high ampli 
tude resolution, Which is required to separate the change in 
electrical bioimpedance, AZ(fAC,t), from the offset, or base 
impedance, ZO(fAC), or the change in electrical bioadmit 
tance, AY(fAC,t), from the offset, or base admittance, 
YO(fAC), and determine AZ(fAC,t), or AY(fAC,t), respec 
tively, and dZ(fAC,t), or dY(fAc,t) respectively, With high 
resolution. 

[0031] Theoretically the correlation process is derived 
from the Fourier transform for periodical signals s(t): 

Feb. 22, 2007 

Where 

do 

2 

[0032] designates the offset, 
[0033] (no is the basic frequency, 

[0034] v is the number of the harmonic of the base 
frequency 000, and 

2 N 

av : sncos(vwoln), v = 0, 1, , V 

represents the quadrature portion, or imaginary part, of 
each frequency component of s(t), and 

[0035] represents the in-phase portion, or real part, of each 
frequency component of s(t). 

[0036] N represents the number of samples obtained at 
equidistant time intervals at points in time tn(N>2V+1). The 
samples of s(t) are referred to as sn. 

[0037] Because the frequency of the alternating current 
(AC) applied is knoWn a priori (v=1), the Fourier transform 
is reduced to 

[0038] Aband pass ?lter is applied to s(t) for suppression 
of noise. 

[0039] The application of digital demodulation has 
already been proposed for the multi-frequency measurement 
of impedances (Osypka M., Schmerbeck A., Gersing E., and 
Meyer-Waarden K.: Determination of electric impedances of 
tissue at a frequency range of 5 HZ to 20 kHZ by digital 
correlation technique. In: Nikiforidis G., Pallikaridis N., 
Proimos B. (eds.): Proceedings V. Mediterranean Confer 
ence on Medical and Biological Engineering (MEDICON 
89), Aug. 29-Sep. 1, 1989, University of Patras, Greece; 
Withers P.O.: U.S. Pat. No. 5,280,429) and for an electrical 
impedance tomography system (Osypka M., Gersing E., and 
Meyer-Waarden K.: Komplexe elektrische ImpedanZto 
mogra?e im FrequenZbereich von 10 HZ bis 50 kHZ. Z. Med. 
Phys. 3 (1993), 124-132; Osypka M. and Gersing E.: Par 
allel signal processing and multi-electrode current feeding in 
a multi-frequency EIT system. Innovation et Technologie en 
Biologie et Medicine, Vol. 15, Special Issue 1, 1994, pp. 
56-61; BroWn B. H. and Barber D. C.: U.S. Pat. No. 
5,311,878). Application for determination of the base imped 
ance, ZO(fAC), the change in electrical bioimpedance 
AZ(fAC,t), and the rate of change in electrical bioimpedance, 
dZ(fAC)/dt or the base admittance, YO(fAC), the change in 
electrical bioadmittance AY(fAC,t), or the rate of change in 
bioelectrical admittance dY(fAC)/dt, With high resolution 
Was not considered. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] Preferred embodiments of the apparatus of the 
invention are described in the following with respect to the 
drawings. However, this description is of exemplary nature 
and does not limit the spirit and scope of the invention as 
de?ned in the claims and equivalents thereof. 

[0041] FIG. 1a is a basic diagram ofan embodiment ofthe 
apparatus for application of a single or multi-frequency 
alternating current (AC) as the excitation signal, employing 
a single multiplier/accumulator (MACC) for digital 
demodulation of the resulting response signal, a voltage 
signal; 
[0042] FIG. 1b is a basic diagram ofan embodiment ofthe 
apparatus for application of an alternating current containing 
3 frequency components as the excitation signal, employing 
a multiplier/accumulator (MACC) for parallel digital 
demodulation of each frequency component of the resulting 
response signal, a voltage signal; 

[0043] FIG. 1c-1g illustrate the details of embodiments 
employing a multi-frequency alternating current (AC) appli 
cation; 
[0044] FIG. 2a is a ?owchart of one embodiment of a 
correlation method; 

[0045] FIG. 2b provides charts for a graphic description of 
the correlation method of FIG. 2a; 

[0046] FIG. 3 is a systematic overview of the modes of 
measurement of the embodiments of FIG. 4-9; 

[0047] FIGS. 4a and 4b form jointly a ?owchart of a ?rst 
embodiment of the invention for the determination of the 
complex object impedance (ZOBJ), i.e., the impedance of 
interest, by measurements of the alternating current (AC) as 
an excitation signal and the alternating voltage as the 
response signal, and the use of a calibration impedance, and 
by application of indirect correlation; 

[0048] FIG. 5 is a ?owchart of a second embodiment for 
the determination of the complex object impedance (ZOBJ), 
i.e., the impedance of interest, by measurements of the 
alternating current (AC) as the excitation signal the alter 
nating voltage as the response signal, and the use of a 
calibration impedance, and by application of direct correla 
tion; 
[0049] FIG. 6 is a ?owchart of a third embodiment for the 
determination of the complex object impedance (ZOBJ), i.e., 
the impedance of interest, with the measurement of the 
alternating voltage but without the measurement of the 
alternating current (AC) applied and with the use of a 
calibration impedance; 

[0050] FIG. 7 is a ?owchart of a fourth embodiment for 
the determination of the complex object impedance (Z), i.e., 
the impedance of interest, by measurements of the altemat 
ing current (AC) and the alternating voltage, without the use 
of any calibration impedance, and by application of indirect 
correlation; 
[0051] FIG. 8 is a ?owchart of a ?fth embodiment for the 
determination of the complex object impedance (Z), i.e., the 
impedance of interest, by measurements of the alternating 
current (AC) and the alternating voltage, without the use of 
any calibration impedance, and by application of direct 
correlation; 
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[0052] FIG. 9 is a ?owchart of a sixth embodiment for the 
determination of the complex object impedance (Z), i.e., the 
impedance of interest, with the measurement of the alter 
nating voltage but without the measurement of the altemat 
ing current (AC) applied and without the use of any cali 
bration impedance. 

DETAILED DESCRIPTION 

[0053] FIG. 1a illustrates a preferred embodiment of the 
apparatus according to the invention. 

[0054] The embodiment is suitable for determining with 
high resolution the thoracic electrical impedance 

[0056] Z(fAC,t) is the thoracic electrical impedance (TEB), 
over time, for a particular frequency f AC of the alternating 
current (AC) applied, 

[0057] ZO(fAC) is the base impedance, i.e., the quasi 
constant portion, or offset, of Z(fAC,t), and 

[0058] AZ(fAC,t) is the change of thoracic electrical 
impedance, i.e., the portion of Z(fAc,t) which is related to 
impedance changes during the cardiac cycle and respiration 
or ventilation cycle, 

[0059] A single or multi-frequency alternating current 
(AC) of known frequency and phase and having as an 
excitation source a constant amplitude is applied to an object 
10 via a ?rst pair of electrodes comprising a current elec 
trode 12 located at the object’s left side of the neck and a 
current electrode 14 located at the object’s left side of the 
thorax, approximately at the level of the xiphoid process. 
Furthermore, a second pair of electrodes comprises a voltage 
sensing electrode 16, which is located below current elec 
trode 12, and a voltage sensing electrode 18, which is 
located above current electrode 14. The second pair of 
electrodes 16 and 18 serves measuring the response signal 
across the object due to excitation with the alternating 
current (excitation signal) by means of the ?rst pair of 
electrodes 12 and 14. 

[0060] The alternating current (AC) can be switched to the 
object 10 or to a calibration impedance 20 via an electronic 
switch 30 and an electronic switch 32. Accordingly, a 
differential ampli?er (A) 50 can be switched to the object 10 
or the calibration impedance 20 via an electronic switch 34 
and an electronic switch 36. 

[0061] In the preferred embodiment, the alternating cur 
rent (AC) is generated by the use of discrete samples of full 
sinusoidal waveforms or of portions thereof, the reference 
signal to the excitation signal, stored in an addressable sine 
table 70, which is connected to a digital-to-analog converter 
(DAC) 40. The samples in the sine table 70 are addressed in 
such a way that the digital-to-analog converter (DAC) 40 
outputs a voltage signal of a desired frequency content and 
a desired voltage amplitude. The application of appropriate 
low pass ?ltering following the digital-to-analog converter 
(DAC) 40 in order to smooth possible ripples at its output is 
known to the art and not further described. A timing control 
62 provides the addresses and clock signals required there 
fore. A processing unit 60 initialiZes the timing control 62 
and the sine table 70. 
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[0062] The output of the digital-to-analog converter 
(DAC) 40 drives an excitation means embodied by a volt 
age-controlled current source (V CCS) 42, Which generates 
an alternating current (AC) of the desired frequency content 
and of a constant AC amplitude. Typical, but not limited to, 
are AC frequencies in the range of 10 kHz to 200 kHz, and 
AC amplitudes in the range of 0.01 mA, preferably 2 mA, 
to 5 mA, the AC amplitudes of Which are limited depending 
on the frequency of the alternating current (AC) applied. A 
current monitor (CM) 44 monitors the alternating current 
(AC) signal for the purpose of detection of saturation of the 
(excitation) current source due to overload or open circuitry 
and provides an analog signal re?ecting the alternating 
current (AC) Which is connected to a second fast analog 
to-digital converter (ADC 2) 46. The alternating current 
(AC) applied from the excitation source is sampled and 
digitized by the second analog-to-digital converter (ADC 2) 
46 at a sampling rate Which is controlled by the timing 
control 62. The samples, further referred to as the Current 
Samples, are stored into a second buffer (Buffer 2) 48. The 
current monitor (CM) 44 and the second analog-to digital 
converter (ADC 2) 46 together form a 2D01 measuring means, 
i.e. the measuring means for the excitation signal from the 
excitation source. 

[0063] The application of the alternating current (AC) to 
the thorax causes a voltage betWeen the response signal 
(voltage) sensing second pair of electrodes 16, 18. The 
differential ampli?er 50 senses this voltage superimposed by 
the electrocardiogram (ECG), and ampli?es it. 
[0064] The current electrode 12 and the voltage sensing 
electrode 16, and the current electrode 14 and the voltage 
sensing electrode 18 may be each combined in a single 
double purpose electrode Which serves to feed a current 

(excitation) signal and to retrieve a response signal. 

[0065] The differential ampli?er 50 is connected to a ?rst 
fast analog-to-digital converter (ADC 1) 52, Which digitizes 
the output of the differential ampli?er 50 at a sampling rate 
preferably equal to the sampling rate of the second analog 
to-digital converter (ADC 2) 46, both being controlled by 
the timing control 62. The digital samples obtained by the 
?rst analog-to-digital converter 52, further referred to as the 
Voltage Samples, are stored into a ?rst buffer (Buffer 1) 58. 
Correlation, i.e., the process of multiplication and accumu 
lation, is performed by a multiplier/accumulator (MACC) 
80. The differential ampli?er 50 and the ?rst analog-to 
digital converter (ADC1) 52 form a 1st measuring means. 

[0066] For obtaining a value proportional to the in-phase 
portion of a frequency f AC of the alternating current (AC) 
applied, the multiplier/accumulator (MACC) 80 correlates 
the Current Samples With samples of an ideal sinusoid of the 
frequency f AC, Which is obtained from the sine table 70 and 
represents the corresponding component of the alternating 
current (AC) applied. This process, also referred to as 
indirect correlation, is reiterated for each frequency f AC of 
the alternating current applied. 

[0067] For obtaining a value proportional to the quadra 
ture portion of a frequency f AC of the alternating current 
(AC) applied, the multiplier/accumulator (MACC) 80 cor 
relates the Current Samples With samples of an ideal sinu 
soid of the frequency f AC shifted by —90 degrees in phase, 
Which is obtained from the sine table 70. This process is 
reiterated for each frequency f AC of the alternating current 
applied. 
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[0068] For obtaining a value proportional to the in-phase 
portion of the sensed voltage at a frequency fAC of the 
alternating current (AC) applied, the multiplier/accumulator 
(MACC) 80 correlates the Voltage Samples With samples of 
an ideal sinusoid of the frequency fAC, Which is obtained 
from the sine table 70. This process is reiterated for each 
frequency f AC of the alternating current applied. 

[0069] For obtaining a value proportional to the quadra 
ture portion of the sensed voltage at a frequency f AC of the 
alternating current (AC) applied, the multiplier/accumulator 
(MACC) 80 correlates the Voltage Samples With samples of 
an ideal sinusoid of the frequency f AC shifted by —90 degrees 
in phase, Which is obtained from the sine table 70. This 
process is reiterated for each frequency f AC of the alternating 
current applied. 

[0070] Alternatively, in a single-frequency alternating cur 
rent (AC) application, the multiplier/accumulator 80 corre 
lates Current Samples With Voltage Samples directly, a 
process further referred to as direct correlation. 

[0071] Alternatively, if the alternating current is kept at 
knoWn constant amplitude, the measurement of the altemat 
ing current and the second analog-to-digital-converter (ADC 
2) 46 and the second buffer (Buffer 2) 48 can be avoided. 
Then the samples of an ideal sinusoid obtained for each 
frequency from the sine table 70 (as the reference signal to 
the excitation signal) and used for correlation represent, for 
each frequency, the alternating current applied. 

[0072] The differential ampli?er 50 is connected to a ?lter 
54 With band-pass characteristics and its output to a third 
analog-to-digital converter (ADC 3) 56, Which samples the 
electrocardiogram (ECG). This separate ECG channel is 
advantageous not only for the detection of the intrinsic QRS 
complexes but also for the detection of cardiac pacemaker 
pulses if desired. The samples are acquired by the processing 
unit 60. The processing unit 60 applies one or more digital 
?lters to the digitized electrocardiogram and provides this 
signal to a R-Wave detector 68, Whose output is received by 
the processing unit 60. 

[0073] In the preferred embodiment, the addresses of the 
sine table 70, the digital-to-analog converter (DAC) 40, the 
analog-to-digital converters (ADC) 46, 52, 56, and the 
buffers are synchronized With clock signals provided by the 
timing control 62. Because the current applied and the 
voltage measured are knoWn exactly in frequency, amplitude 
and phase, errors due to system properties, such as propa 
gations delays or phase shifts, can be effectively eliminated. 
Utilization of a calibration impedance, preferably a preci 
sion ohmic resistor, to Which the system periodically 
sWitches, alloWs calibration before and in betWeen measure 
ments. 

[0074] For each frequency f AC of the alternating current 
(AC) applied, the output of the correlation process is the 
digital demodulated Waveform of the in-phase or quadrature 
portion of the thoracic electrical bioimpedance Z(fAC,t) 

[0075] In the preferred embodiment, the second analog 
to-digital converter (ADC 1) 46 and the ?rst analog-to 
digital converter (ADC 2) 52 are clocked at a rate signi? 
cantly higher than the highest frequency of the alternating 
current (AC). As an example for a single-frequency (SF) 
alternating current (AC) application, but not limited to, the 
AC frequency is set to 50 kHz and the ADC sampling rates 






























































