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(57)  The invention relates to a filtering unit (100) for
compensating baseline drift in electrocardiographic re-
al-time applications, which comprises a finite impulse re-
sponse filter unit (106) configured to generate and pro-
vide a filtered digital electrocardiographic signal, and
having an impulse response h[n] consisting of a finite
sequence of between 900 and 160000 consecutive Kro-
necker delta pulses 3[n]. The impulse response is formed
by at least three consecutive sets of consecutive scaled
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Kronecker delta pulses, all scaled Kronecker delta pulses
within a respective set having a respective constant am-
plitude, wherein a modulus of the sum of the amplitudes
of every Kronecker delta pulse pulses is smaller than 0.1.
A number of the scaled Kronecker delta pulses of at least
one of the sets of Kronecker delta pulses is equal to or
higher than a minimum number of samples resulting from
multiplying the sampling frequency by a time span of 10-2
seconds.
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Description
FIELD OF THE INVENTION

[0001] The invention relates to a filtering unit for an
electrocardiographic device, to a digital signal processor,
to an electrocardiograph monitoring device and to a de-
fibrillator.

BACKGROUND OF THE INVENTION

[0002] Electrocardiographic (ECG) signals are typical-
ly subject to low frequency noise such as, for example,
from respiration that occurs at a lower rate than the heart
rate, thus resulting in baseline wander, also referred to
as baseline drift. Such an effect can render the ECG
waveform difficult to read, especially in a display device
having multiple ECG waveforms presented simultane-
ously. Presently, there are filtering techniques in exist-
ence that aggressively remove the baseline drift, but
which also result in a distorted portion of ECG waveform
(e.g., the ST segment) and/or introduce a delay in the
display presentation. If a filtering technique is aimed at
minimizing the distortion or eliminating a delay, this typ-
ically comes at the price of not aggressively correcting
the baseline.

[0003] Typically, a known method for removing signal
offsets and baseline wander implies the use of a single-
pole high-pass filter with a corner frequency or cut-off
frequency of 0.05Hz. Due to the value of the corner fre-
quency, also referred to as cut-off frequency, the filter
may need several seconds to move the ECG signal into
a predetermined display range, especially when starting
with a large offset. Thus, such afilter is usually combined
with hardware or software monitoring of a current ECG
signal level and with a signal-modification unit for accel-
erating the settling behavior if the ECG signal is outside
the display range for too long. This typically requires ad-
ditional hardware or software code and internal states
machines to control the necessary operations to reduce
the settling behavior.

[0004] US 2014/0142395 A1 describes a filter appara-
tus having a signal inputto which an input signal is applied
which contains a useful component and a noise compo-
nent, a fast signal path and a slow signal path arranged
in parallel therewith. The fast signal path and the slow
signal path are coupled to the signal input. The fast signal
path contains a filter in order to prompt fast filtering of
the input signal. The slow signal path contains a filter in
order to prompt slow filtering of the input signal. An output
of the slow signal path is coupled to the fast signal path
by means of a signal line. A signal output whichis coupled
to the fast signal path has an output signal applied to it
which essentially contains useful components of the input
signal. Disclosed therein is a method and apparatus for
real time display of filtered electrocardiogram data. Brief-
ly stated, a delayed symmetrical finite impulse response
filter (FIR) is implemented to produce a continuously ad-
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justed DC level portion of a display region. A continuous
scrolling display is thereby provided in which a first por-
tion of the display features a more recent portion of the
overall waveform data having a continuously level ad-
justed, partially corrected baseline. In addition, a second
portion of the display features an earlier portion of the
overall waveform data having a substantially corrected
baseline that scrolls at constant amplitude. As a result of
this technique, the ST segment of a displayed ECG wave-
form remains undistorted.

SUMMARY OF THE INVENTION

[0005] It is desirable to provide a filtering unit for re-
jecting unwanted low-frequency components of an elec-
trocardiographic signal requiring less expenditure for cor-
recting a baseline of the electrocardiographic signal.
[0006] According to a first aspect of the present inven-
tion a filtering unit for ECG device is presented. The fil-
tering unit comprises a digital signal input interface for
receiving a digital electrocardiographic signal sampled
at a predetermined sampling frequency that is between
300 and 8000 Hz, and thus suitable for ECG applications.
The filtering unit also comprises a storage unit that is
connected to the digital signal input interface and config-
ured to store a predetermined number of consecutive
recent samples of the digital electrocardiographic signal.
The filtering unit also includes a finite impulse response
filter unit connected to the storage unit. The finite impulse
response filter unit is configured to generate and provide
a filtered digital electrocardiograph signal using the
stored samples. The finite impulse response filter unit
has an impulse response h[n] consisting of a finite or-
dered sequence of consecutive scaled Kronecker delta
pulses d[n], wherein n is an order of a respective Kro-
necker delta pulse in the finite ordered sequence. The
total number of consecutive Kronecker delta pulses of
the impulse response is between 900 and 160000. The
impulse response is formed by at least three consecutive
sets of one or more consecutive scaled Kronecker delta
pulses, all scaled Kronecker delta pulses within arespec-
tive set having a respective constant amplitude.

[0007] The constant amplitudes of the respective sets
of scaled Kronecker delta pulses are chosen so that a
modulus of the sum of the amplitude of every Kronecker
delta pulse of the at least three sets of Kronecker delta
pulses is smaller than 0.1. The filtering unit thus allows
implementing a high-pass filtering unit for rejecting un-
wanted low-frequency components of an electrocardio-
graphic signal or a band-pass filtering unit having a lower
corner frequency for rejecting the unwanted low-frequen-
cy components of the electrocardiographic signal.
[0008] Further, a number ofthe scaled Kronecker delta
pulses of atleast one of the sets of Kronecker delta pulses
is equal to or higher than a minimum number of samples
resulting from multiplying the sampling frequency by a
time span of 10-2 seconds. In the filtering unit of the first
aspect of the invention, the storage unit is configured to
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store atleast a number of the consecutive recent samples
of the digital electrocardiographic signal that is equal to
the number of Kronecker delta pulses of the impulse re-
sponse. In a mathematical notation, the impulse re-
sponse disclosed by the present invention can thus be
represented as:

ki-l-l‘l'—l al6[n _ k]

hln] =X, ke=k;

wherein

j is a positive integer> 1;

k;and /;are positive integers, expect ky, which is zero;
Kivq = ki + I

a; € IR are real numbers corresponding to the

respective constant amplitudes and wherein at least
two values of a; are not equal to zero.

[0009] The requirementj > 1 means that the impulse
response in accordance with the present invention com-
prises at least three sets of scaled Kronecker delta puls-
es. The total number of sets of scaled Kronecker delta
pulses is j + 1. Each of these sets of scaled Kronecker
delta pulses has a number of consecutive Kronecker del-
ta pulses given by /, and all Kronecker delta pulses of a
given set are scaled by a common factor a;, i.e., defining
the respective constant amplitude for each of the j + 1
sets of Kronecker delta pulses. The total number N of
Kronecker delta pulses of the impulse response is given
by:

N = Z{=0 li

[0010] The fact that the modulus of the sum of the am-
plitudes of every Kronecker delta pulse of the at least
three sets of Kronecker delta pulses is smaller than 0.1,
ensures a minimum reduction of at least 90% of a DC
component of an input signal, and thus suitably rejects
unwanted low-frequency components of an electrocar-
diographic signal. In accordance with the notation intro-
duced above, this requirement is expressed as:

|Z{=0 a; ll| < 0.1

[0011] Thefiltering unit only requires one finite impulse
response filter unit with the above-defined impulse re-
sponse und thus requires less expenditure compared to
known filtering units for an ECG device.

[0012] Further, having at least one of the sets of Kro-
necker delta pulses of the impulse response with a time
span, determined in dependency on the sampling fre-
quency, that is at least 102 seconds long further results
in a reduction of the complexity of the filtering unit, as will
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be described further below. In accordance with the no-
tation introduced above, this requirement is expressed
as:

3 i e (0) for which (; > F - 102)

[0013] Inthefollowing, embodiments ofthe filtering unit
of the first aspect of the invention will be described.
[0014] Ina particularly preferred embodiment, , the im-
pulse response of the finite impulse response filter unit
is formed by a scaled, first Kronecker delta pulse aydn]
having a predetermined first amplitude given by ag and
forming the first set of scaled Kronecker delta pulses,
and, following the first Kronecker delta pulse, at least two
consecutive sets of further consecutive scaled Kronecker
delta pulses, all scaled Kronecker delta pulses within a
respective set having a respective constant amplitudes.
[0015] The impulse response of the finite impulse re-
sponse filter is thus defined by:

j kitli—1

h[n] = ag8[n] +Z Z a,8[n — k]
=1 k=k;

wherein

>
k;and J; are positive integers;
ki=1,and ki1 = ki + |;
a; € R and a, = 0, wherein a; are the values of
the respective constant amplitudes.

[0016] The term ayo[n] corresponds to the first single
scaled Kronecker delta pulse.

[0017] The total number N of Kronecker delta pulses
of the impulse response is given by:

N = 1+Z{=1ll

[0018] In this embodiment, the modulus of the sum of
the first amplitude with the amplitudes of the scaled Kro-
necker delta pulses of the at least two consecutive sets
of further consecutive scaled Kronecker delta pulses is
smaller than 0.1.

[0019] In accordance with the notation introduced
above, this requirement is expressed as:

J
a0+zai-li <0.1
i=1

[0020] Reducing the first set of scaled Kronecker del-
tas to a single Kronecker delta as it is the case in this
embodiment, reduces the attenuation of higher-frequen-
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cy components of the electrocardiographic signal, giving
the finite-response filter unit a high-pass filter character.
[0021] In an alternative embodiment, wherein the first
setof scaled Kronecker delta pulsesis not a single scaled
Kronecker delta pulse, a number of the scaled Kronecker
delta pulses of the first set of Kronecker delta pulses is
less than a maximum number of Kronecker delta pulses
resulting from multiplying the sampling frequency by a
time span of 8x10-3 seconds. This embodiment provides
a filtered digital electrocardiographic signal compliant
with diagnostic-quality ECG.

[0022] Preferably, the predetermined amplitude of the
first scaled Kronecker delta pulse has a first sign, for in-
stance a positive sign, and the constant amplitudes a4,
ag, ... g of the at least two consecutive sets of further
consecutive scaled Kronecker delta pulses have a sign
opposite to the first sign, for instance a negative sign. In
some embodiments, some but not all of the constant am-
plitudes ay, ay,... a; are zero.

[0023] The storage unit of the filtering unit of the first
aspect of the invention has enough capacity to store at
least the number of the consecutive recent samples of
the digital electrocardiographic signal that is equal to the
number of Kronecker delta pulses of the impulse re-
sponse. In other words, the storage unit always stores
the consecutive recent samples according to a first-in-
first-out approach, corresponding to a moving window of
a fixed number of recent samples, continuously discard-
ing former samples that due to progress of time no longer
count to the defined number recent samples.

[0024] Thus, technically, it is advantageous to use a
low sampling frequency in order to minimize memory re-
quirements. In a preferred embodiment the sample fre-
quency is between 300 and 1000 Hz, preferably between
500 and 700 Hz, preferably 500 Hz for diagnostic-quality
filtered digital electrocardiographic signals. In another
embodiment, a sample frequency higher than 1000 Hz
and up to 8000 Hz is used. In all embodiments, sufficient
storage capacity is available in the storage unit.

[0025] In a particular embodiment, the finite impulse
response filter unit is implemented using non-program-
mable digital hardware comprising a multi-stage digital
delay line having a number of series-connected single
delay units equal to a total number of consecutive Kro-
necker delta pulses of the impulse response. Each output
of a respective signal delay unit and an input of the first
single delay unit is branched out and fed to a respective
multiplying unit for multiplication with a corresponding
scaling factor for obtaining a partial product. All obtained
partial products are added at an addition unitfor providing
the filtered digital electrocardiographic signal. This cor-
responds to a causal finite impulse response (FIR) filter
of order N which is characterized by having a transfer
function:

H(z) = SN oh ] 2™

10

15

20

25

30

35

40

45

50

55

which corresponds with a Z-transform of the impulse re-
sponse h[n]. Each of the series-connected single delay
units corresponds to a z*! operator.

[0026] In a time-domain, the input (x[n])-output (y[n])
relation of the FIR filter is defined by the discrete convo-
lution of the input with the impulse response:

yll = ) hmlx[n - m]

[0027] The input x[n] corresponds to the digital elec-
trocardiographic signal sampled at the predetermined
sampling frequency (Fs) and the output y[n] corresponds
to the filtered digital electrocardiographic signal.

[0028] In another embodiment, the filtering unit of the
first aspect of the present invention comprises a finite
impulse response filter unit that includes a sparse FIR
filter and an integrator. FIRfilters are referred to as sparse
filters when a significant part of their coefficients are equal
to zero. This means that although the filter may have a
high order and therefore storing of a relatively long history
of pastinput samples is required (i.e., as many input sam-
ples as the number of Kronecker delta pulses of the im-
pulse response), only a few of the past input samples are
actually used in the calculation of each output value. The
filtering unit of the first aspect is particularly suitable for
implementation using this structure. The number of mul-
tiply and addition operations per output sample is mini-
mized. Those delayed input samples that are multiplied
by the difference of two consecutive amplitudes of equal
value result in a value of zero and are not used by the
calculation. Therefore, only a number of multiply-accu-
mulate operations equal to the number of times the am-
plitude values of the consecutive Kronecker delta pulses
varies is needed.

[0029] In a preferred embodiment, the finite impulse
response filter unit comprises a processor having a stor-
age device for storing the ordered sequence of consec-
utive scaled Kronecker delta pulses of the impulse re-
sponse h[n] and wherein the generation of the filtered
digital electrocardiographic signal is performed based on
a dedicated software code stored in the processor for
calculating and providing, for every sample of the filtered
digital electrocardiographic signal y[n], the convolution
of the digital electrocardiographic signal x[n] with the im-
pulse response h[n]:

y[n] = Zm=o hlmlx[n —m]

[0030] Typically, ECG signals are small AC signals,
usually in the frequency band between 0.67 Hz and 150
Hz and having a voltage AC-component with a range of
+/- 5mV. Due to the electrochemical behavior of the in-
terface between adhesive electrodes and patient’s skin,



7 EP 3 666 173 A1 8

large DC components of up to several hundred mV may
be present. It is advantageous to reduce the DC compo-
nent of the ECG signal, preferably completely, to keep
the ECG signal within a predetermined display range,
which is typically, but not necessarily +/- 5mV.

[0031] In an embodiment of the filtering unit of the first
aspect of the invention, the modulus of the sum of the
amplitude of all Kronecker delta pulses of the impulse
response is smaller than 0.01. This embodiment thus en-
sures a minimum reduction of at least 99% of a DC com-
ponent of an input signal. In a preferred embodiment, the
sum of the amplitude of every Kronecker delta pulse of
the at least three sets of Kronecker delta pulses is equal
to zero. Therefore, this preferred embodiment with a van-
ishing sum is advantageously configured to completely
remove the DC component of the digital electrocardio-
graphic signal.

[0032] Correspondingly, in another embodiment
wherein the first set of Kronecker delta pulses is formed
by a scaled first Kronecker delta pulse agd[n], the mod-
ulus of the sum of the amplitude a of the first Kronecker
delta pulse and the amplitude of every further Kronecker
delta pulse of the at least two consecutive sets of further
consecutive scaled Kronecker delta pulses is smaller
than 0.01, and in a particular embodiment, preferably ze-
ro.

[0033] With a sampling frequency between 300 and
8000 Hz and a number of consecutive Kronecker delta
pulses of the impulse response being between 900 and
160000, the impulse response has a total time span
based on the sampling frequency and defined as a quo-
tient of the number of consecutive Kronecker delta pulses
and the sampling frequency that is between 3 and 20
seconds long. In an embodiment, impulse response has
a quotient of the number of Kronecker delta pulses and
the sampling frequency that corresponds to a total time
span of the impulse response between three and ten sec-
onds, and, in another embodiment, more preferably be-
tween 3 and 5 seconds. Thus, the total number of scaled
Kronecker delta pulses of the impulse response N is be-
tween Fs X 3 and Fs X 20, between Fs X 3 and Fs X
10 and between Fs X 3 and Fs X 5 respectively.
[0034] The scientific publication "Recommendations
for standardization and specifications on automated
electrocardiography: bandwidth and digital signal
processing. A report for health professionals by an ad
hoc writing group of the Committee on Electrocardiogra-
phy and Cardiac Electrophysiology of the Council on Clin-
ical Cardiology, American Heart Association" by J.J. Bai-
ley at al, Circulation, 1990; 81(2): 730-9 recommends
restrictions on the behavior of high-pass or band-pass
filters for diagnostic ECG purposes. The recommended
restrictions are now part of current ECG standards like
IEC 60601-2-25. The restrictions are in the form that after
a defined testimpulse, which is supposed to simulate the
energy content of the largest R-wave the ECG monitor
will encounter, the displacement of the signal from the
baseline caused by the filter must not exceed a certain
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value, and the slope of the signal must also be lower than
a given limit. Based on the requirements for diagnostic-
quality ECG, as recommended by J.J. Bailey et al. and
currently implemented by the IEC 60601-2-25 standard,
the shortest possible time span of the impulse response
of a filter that is still compliant is 3.15 seconds. The
number of samples of such an impulse response de-
pends on the sampling frequency and is Fs X 3.15. The
same standards also require a maximum recovery time
of 5 seconds after the ECG monitoring equipment is sub-
jected to defibrillator pulses and similar disturbances.
The number of samples of such an impulse response
depends on the sampling frequency and is Fs X 5.
[0035] Thus, this preferred embodiment has a total
number of scaled Kronecker delta pulses of the impulse
response N is between 3.15 X Fs and 5 X Fs. In this
particular advantageous embodiment of a filtering unit in
accordance with the first aspect of the invention, that is
compliant with the recommendations of J. J. Bailey et al,
and thus also with current ECG standards like IEC
60601-2-25, the time span of the impulse response of
the proposed filter is between 3.15 and 5 seconds.
[0036] One property of an ECG signal that is important
for the diagnosis of pathological conditions like myocar-
dial damage is whether a segment between an S-wave
and a T-wave (called the S-T-segment) is shifted up or
down compared to a voltage value just before a start of
agiven QRS complex. Shifts greater than 0.1 mV in either
direction are clinically significant and would be interpret-
ed as pathological by a cardiologist or by automated ECG
analysis software. Thus, an excessive distortion is de-
fined as adistortion resulting in a shift of the S-T- segment
greater than 0.1 mV in either direction. A time span of
theimpulse response of 3.15 seconds results in the short-
est settling time that still complies with the ECG standard
in term of excessive distortion. However, impulse re-
sponse time spans of more than 3.15 can be chosen to
give the filtering unit other desirable properties, for ex-
ample lower displacement of the S-T-segment, lower
slopes, or lower ripple in the frequency band.

[0037] In another embodiment wherein the first set of
Kronecker delta pulses is formed by the scaled first Kro-
necker delta pulse, a respective number of the further
scaled Kronecker delta pulses of each of the at least two
consecutive sets of further consecutive scaled Kronecker
delta following the first Kronecker delta pulse is equal to
or larger than a minimum number of the Kronecker delta
pulses that equals a product of the sampling frequency
and a time span of 0.1 second.

[0038] Thus, each of the at least two consecutive sets
of further Kronecker delta pulses has a respective time
span, determined as a quotient of a total number of Kro-
necker delta pulses of the impulse response and the sam-
pling frequency that is at least 100 milliseconds.

[0039] In another embodiment, wherein preferably but
not necessarily every set of further Kronecker delta puls-
es has a respective time span, that is at least 100 milli-
seconds, the impulse response of the finite impulse re-
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sponse filter unit comprises no more than fifty sets of
Kronecker delta pulses. Preferably the finite impulse re-
sponse filter unit comprises no more than ten sets of Kro-
necker delta pulses and more preferably the finite im-
pulse response filter unit comprises no more than six sets
of Kronecker delta pulses.

[0040] Increasing the number of sets of Kronecker del-
ta pulses, or using sets of Kronecker delta pulses with
shorter times span allows for a finer control over the fre-
quency response of the finite impulse response filter unit
at the cost of higher computational effort.

[0041] In some embodiments, the impulse response is
formed by 3151 scaled Kronecker delta pulses. In one
such embodiment, a scaled first Kronecker delta pulse
has a predetermined first amplitude equal to
12000/12000. Following that first Kronecker delta pulse,
the impulse response has a first set of 2850 consecutive
Kronecker delta pulses with a constant amplitude of -
4/12000. Following thatfirst set of consecutive Kronecker
delta pulses, the impulse response has a second set of
100 consecutive Kronecker delta pulses with a constant
amplitude of -3/12000. Following that second set of con-
secutive Kronecker delta pulses, the impulse response
has a third set of 100 consecutive Kronecker delta pulses
with a constant amplitude of - 2/12000. Following that
third set of consecutive Kronecker delta pulses, the im-
pulse response has a fourth set of 100 consecutive Kro-
necker delta pulses with a constant amplitude of -
1/12000. For a digital electrocardiographic signal sam-
pled at a predetermined sampling frequency (F) of 1000
Hz, the impulse response results in a total time span of
3.151 seconds which is the shortest impulse response
that fulfills the slope and displacement requirements ac-
cording to the recommendations of J. J. Bailey et al, stat-
ing that a 1 (mV*sec) impulse input should neither pro-
duce a displacement greater than 0.3 mV after the input
nor a slope exceeding 1 mV/sec. This filtering unit results
in a gain of 25% at a frequency of 0.22 Hz, which may
cause amplification of undesired low-frequency interfer-
ence by up to 25%. Thus, this particular embodiment is
suitable when the impulse response is required to be as
short as the possible within the recommendations and
wherein the gain at low frequencies is not of particular
concern.

[0042] In alternative embodiments, the impulse re-
sponse is formed by 3570 scaled Kronecker delta pulses.
In one such embodiment, the scaled first Kronecker delta
pulse has a predetermined first amplitude equal to
12014/12014. Following that first Kronecker delta pulse,
the impulse response has a first set of 1995 consecutive
Kronecker delta pulses with a constant amplitude of
-4/12014. Following that first set of consecutive Kroneck-
er delta pulses, the impulse response has a second set
of 1005 consecutive Kronecker delta pulses with a con-
stant amplitude of -3/12014. Following that second set
of consecutive Kronecker delta pulses, the impulse re-
sponse has a third set of 450 consecutive Kronecker delta
pulses with a constant amplitude of -2/12014. Following
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that third set of consecutive Kronecker delta pulses, the
impulse response has a fourth set of 119 consecutive
Kronecker delta pulses with a constant amplitude of
-1/12014. For a digital electrocardiographic signal sam-
pled at a predetermined sampling frequency (Fs) of 1000
Hz, the impulse response results in a total time span of
3.57 seconds. This embodiment of the filtering unit thus
has a longer time span of the impulse response as the
previous embodiment. However, this embodiment does
fulfill a recommendation by Baileys et at, that states that
the gain of low-frequency components should not exceed
20% at 0.22 Hz. Thus, this particular embodiment is suit-
able when the impulse response is required to be as short
as the possible but wherein the gain at low frequencies
is of particular concern.

[0043] In yet other alternative embodiments, the im-
pulse responseis formed by 4001 scaled Kronecker delta
pulses. In one such embodiment, the scaled first Kro-
necker delta pulse has a predetermined first amplitude
equal to 12075/12075. Following that first Kronecker del-
ta pulse, the impulse response has a first set of 1400
consecutive Kronecker delta pulses with a constant am-
plitude of -4/12075. Following that first set of consecutive
Kronecker delta pulses, the impulse response has a sec-
ond set of 1400 consecutive Kronecker delta pulses with
a constant amplitude of -3/12075. Following that second
set of consecutive Kronecker delta pulses, the impulse
response has a third set of 1075 consecutive Kronecker
delta pulses with a constant amplitude of -2/12075. Fol-
lowing that third set of consecutive Kronecker delta puls-
es, the impulse response has a fourth set of 125 consec-
utive Kronecker delta pulses with a constant amplitude
of -1/12075. For a digital electrocardiographic signal
sampled at a predetermined sampling frequency (Fs) of
1000 Hz, the impulse response results in a total time
span of 4.001 seconds. This embodiment of the filtering
unit thus has a longer time span of the impulse response
as the two previous exemplary embodiments. However,
in this embodiment does fulfil the gain of low-frequency
components remains below 15%. This shows a trade-off
between the time span of the filter response and the gain
at low frequencies, e.g., 0.22 Hz.

[0044] In an embodiment, wherein any one of the pre-
viously described exemplary impulse responses or other
suitable impulses responses are implemented using a
sparse form FIR filter followed by an integrator, the divi-
sion by the respective common factor of the amplitudes
(e.g., 12000, 12014 and 12075 in the exemplary embod-
iments described above) is advantageously performed
after an integration step by the integrator. In this way,
possible round-off errors are avoided before the integra-
tion step.

[0045] Typical finite impulse response (FIR) filters of
order N, N+ 1being the number of samples of the impulse
response of said filter, require N multiply-accumulate op-
erations per output sample of the filtered digital electro-
cardiographic signal. However, the filtering unit of the
first aspect of the invention, which has finite impulse re-
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sponse filter unit with an impulse response having a first
Kronecker delta pulse and then sets of scaled Kronecker
delta pulses, wherein all scaled Kronecker delta pulses
within a respective set have a respective constant am-
plitude, the computational effort will only depend on a
number of times a value of the impulse response, i.e. the
amplitude of the scaled Kronecker delta pulses, changes.
Thus, for an impulse response value that changes four
times, the determination of an output sample of the fil-
tered digital electrocardiographic signal only requires
four multiply-accumulate operations, regardless of the
order of the FIR filter.

[0046] Diagnostic ECG imposes special requirements
on filters, band-pass or high-pass, applied to the ECG
wave. One property of the ECG wave that is important
for the diagnosis of pathological conditions like myocar-
dialdamageis whether the segmentbetween the S-wave
and the T-wave (called the S-T-segment) is shifted up or
down compared to the voltage just before the beginning
of the QRS complex. Shifts greater than 0.1 mV in either
direction are clinically significant and would be interpret-
ed as pathological by a cardiologist or by automated ECG
analysis software. High-pass filtering usually introduces
a small shift in the S-T-Segment that is typically propor-
tional to the size of the R-wave in the QRS complex.
There are ways to remove the low-frequency contents of
the signals without such a shift, but they have drawbacks
like being incapable of being used in real-time (for exam-
ple using forward-backward filtering), introducing laten-
cy, or being non-linear operations. The filtering unit of
the present invention is suitable for filtering the ECG sig-
nal to remove the low-frequency contents while allowing
its use in real-time applications.

[0047] According to a second aspect of the present
invention, a digital signal processor is described. The dig-
ital signal processor comprises a filtering unit in accord-
ance with the first aspect of the invention or of any of its
embodiments. The digital signal processor further com-
prises an analog-to-digital converter configured to re-
ceive an analog electrocardiographic signal, to sample
the analog electrocardiographic signal at the predeter-
mined sampling frequency, and to provide to the digital
signal input interface of the filtering unit the digital elec-
trocardiographic signal sampled at a predetermined
sampling frequency and thus formed by a sequence of
sampled values of the analog electrocardiographic sig-
nal.

[0048] The digital signal processor of the second as-
pect thus shares the advantages of the filtering unit of
the first aspect or of any of its embodiments.

[0049] Accordingto a third aspect of the presentinven-
tion, an electrocardiograph monitoring system is de-
scribed. The electrocardiograph monitoring system com-
prises a digital signal processor according to the second
aspect of the invention. It further comprises a signal ac-
quisition unit configured to detect and provide, to the an-
alog-to-digital converter of the signal processing unit an-
alog electrocardiographic signals and a user output in-
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terface connected to the digital signal processor and con-
figured to receive the filtered digital ECG signal and to
provide a visually or acoustically perceivable output sig-
nal indicative thereof. The electrocardiograph monitoring
system thus shares the advantages of the filtering unit
of the first aspect of the invention or of any of its embod-
iments.

[0050] In an embodiment of the electrocardiograph
monitoring system, the signal acquisition unit comprises
a set of electrodes. Also, in an embodiment, the user
output interface is a display unit.

[0051] In a particular embodiment, the signal acquisi-
tion unit and the analog-to-digital converter are part of a
first device of the electrocardiographic monitoring sys-
tem, which is configured to generate and provide the dig-
ital electrocardiographic signal formed by a sequence of
sampled values of the analog electrocardiographic signal
to the digital signal input interface of the filtering unit,
which forms in turn part of a second device of the elec-
trocardiographic monitoring system. The provision of the
digital electrocardiographic signal is in a particular em-
bodiment performed via a wired connection. In another
embodiment the provision of the digital electrocardio-
graphic signal is performed wirelessly in accordance with
a predetermined wireless communication protocol.
[0052] According to a fourth aspect of the present in-
vention, a defibrillator comprising an electrocardiograph
monitoring system according to the third aspect is dis-
closed. The defibrillator of the fourth aspect also shares
the advantages of the filtering unit of the first aspect of
the invention or of any of its embodiments.

[0053] It shall be understood that the filtering unit of
claim 1, the digital signal processor of claim 7, the elec-
trocardiograph monitoring system of claim 8, and the de-
fibrillator of claim 9, have similar and/or identical pre-
ferred embodiments, in particular, as defined in the de-
pendent claims.

[0054] It shall be understood that a preferred embod-
iment of the present invention can also be any combina-
tion of the dependent claims or above embodiments with
the respective independent claim.

[0055] These and other aspects of the invention will be
apparent from and elucidated with reference to the em-
bodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0056] In the following drawings:

Fig. 1 shows a schematic block diagram of an em-
bodiment of a filtering unit.

Fig. 2 shows a representation of an impulse re-
sponse of a finite impulse response high-pass filter
unit of an embodiment of a filtering unit.

Fig. 3A shows a schematic block diagram of a dis-
crete-time FIR filter in direct form.

Fig. 3B shows a schematic block diagram of an im-
plementation of a high-pass filter using a sparse FIR
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filter followed by an integrator.

Fig. 4A shows a schematic block diagram of an em-
bodiment of an electrocardiograph monitoring sys-
tem comprising a digital signal processor.

Fig. 4B shows a schematic block diagram of another
embodiment of an electrocardiograph monitoring
system comprising a digital signal processor.

Fig. 5A und 5B show voltage versus time diagrams
of filtered ECG signals using a filtering unit in accord-
ance with the invention and a typical high-pass filter
with a corner frequency of 0.05Hz.

DETAILED DESCRIPTION OF EMBODIMENTS

[0057] Fig. 1 shows a schematic block diagram of a
filtering unit 100. The description of the filtering unit will
be done with further reference to Fig. 2, which shows a
representation of an impulse response of a finite impulse
response high-pass filter unit of an embodiment of a fil-
tering unit.

[0058] The filtering unit 100 comprises a digital signal
input interface 102 for receiving a digital electrocardio-
graphic 101 signal sampled at a predetermined sampling
frequency Fs between 300 and 8000 Hz. It also compris-
es astorage unit 104 that is connected to the digital signal
input interface and configured to store a predetermined
number of consecutive samples of the digital electrocar-
diographic signal.

[0059] The filtering unit 100 includes a finite impulse
response filter unit 106 connected to the storage unit 104
and configured to generate and provide a filtered digital
electrocardiographic signal using the stored samples, the
finite impulse response filter unit having an impulse re-
sponse h[n]. An exemplary impulse response is shown
in Fig. 2. In general, a suitable impulse response consists
of a finite ordered sequence of consecutive Kronecker
delta pulses dn]. The total number of consecutive Kro-
necker delta pulses of the impulse response is between
900 and 160000, and n is an order of a respective Kro-
necker delta pulse in the finite ordered sequence.
[0060] The impulse response formed by at least three
consecutive sets of consecutive scaled Kronecker delta
pulses, all scaled Kronecker delta pulses within a respec-
tive set having a respective constant amplitude given by
ap, ay, ap, ... a. In the impulse response of Fig. 2, the
first set of scaled Kronecker delta pulses is formed by a
single scaled, first Kronecker delta pulse a; qn] having
a predetermined first amplitude a,.. Following the first
Kronecker delta pulse, the exemplary impulse response
shown in Fig. 2 comprises j consecutive sets of further
consecutive scaled Kronecker delta pulses, all scaled
Kronecker delta pulses within a respective set having a
respective constant amplitude of aq,... aj., wherein jis a
positive integer, in this case greater than five, but gen-
erally greater than 1. In this particular example the value
of the constant a, is zero.

[0061] Intheimpulseresponse h[n]ofthe finiteimpulse
response high-pass filter unit 106, the modulus of the
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sum of the amplitude of each of the Kronecker delta pulse
of the impulse response is smaller than 0.1. This relation
can be described using the following expression:

|a0 +Z{=1 a; - ll| <01

[0062] Further,anumberofthe further scaled Kroneck-
er delta pulses of at least one of the sets of Kronecker
delta pulses (4, I, I3, I4...])) is equal to or higher than a
minimum number of samples resulting from multiplying
the sampling frequency Fs by a time span of 102 sec-
onds. For a sampling frequency of 300 Hz, at least one
of the sets of Kronecker delta pulses is required to have
at least three Kronecker delta pulses. For a sampling
frequency of 8000 Hz, at least one of the sets of Kro-
necker delta pulses is required to have at least eighty
Kronecker delta pulses.

[0063] Also, the storage unit 104 is configured to store
at least a number of sample values equal to a total
number of Kronecker delta pulses of the impulse re-
sponse, which, as stated above, ranges between 900
and 160000.

[0064] Fig. 3A shows a schematic block diagram of a
discrete-time FIR filter in direct form. In a particular filter-
ing unit, the finite impulse response high-pass filter unit
is implemented using non-programmable digital hard-
ware comprising a multi-stage digital delay line 302 hav-
ing as many series-connected single delay units 304 as
the total number of consecutive Kronecker delta pulses
of the impulse response, wherein each output of a re-
spective signal delay unit and as well as the input of the
first single delay unitis branched out and fed to a respec-
tive multiplying unit 306 for multiplication with a corre-
sponding scaling factor a; for obtaining a partial product
and wherein all obtained partial products are added at
an addition unit 308 for providing the filtered digital elec-
trocardiographic signal. This corresponds to a causal fi-
nite impulse response (FIR) filter of order Nwhich is char-
acterized by having a transfer function:

H(z) = SNoh ] 2

which corresponds with a Z-transform of the impulse re-
sponse h[n]. Each of the single delay units corresponds
to a z-'operator.

[0065] In a time-domain, the input (x[n])-output (y[n])
relation of the FIR filter is defined by the discrete convo-
lution of the input with the impulse response:

y[n] = Zm=o hlmlx[n —m]

[0066] Typical FIR high-pass filters of order N, N + 1
being the number of samples of the impulse response of
said high-pass filter, require N + 1 multiply-accumulate
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operations per output sample of the filtered digital elec-
trocardiographic signal. However, in a filtering unit which
has a finite impulse response high-pass filter unit with an
impulse response such as the one described with refer-
ence to Fig. 2. i.e. an impulse response having a first
Kronecker delta pulse and thenj sets of scaled Kronecker
delta pulses, the computational effort will only depend on
a number of times a value of the impulse response, i.e.
the amplitude of the scaled Kronecker delta pulses,
changes. Thus, for an impulse response value that
changes, for instance, four times, the determination of
an output sample of the filtered digital electrocardio-
graphic signal y[n] only requires four multiply-accumulate
operations, regardless of the order of the FIR high-pass
filter. This is shown in Fig. 3 based on the fact that the
individual and consecutive multiply-accumulate units
310a and 310b, are identical.

[0067] In other filtering units (not shown), the finite im-
pulse response high-pass filter unit comprises a proces-
sor having a storage device for storing the ordered se-
quence of consecutive scaled Kronecker delta pulses of
the impulse response h[n] and wherein the generation of
the filtered digital electrocardiographic signal is per-
formed based on a dedicated software code stored in the
processor for calculating and providing, for every sample
of the filtered digital electrocardiographic signal y[n], the
convolution of the digital electrocardiographic signal x[n]
with the impulse response h[n].

[0068] Fig. 3B shows a schematic block diagram of an
implementation of a high-pass filter using a sparse FIR
filter followed by an integrator. FIR filters are referred to
as sparse filters when a significant part of their coeffi-
cients are equal to zero. This means that although the
filter may have a high order and therefore storing of a
relatively long history of past input samples is required
(i.e. as many input samples as the number of Kronecker
delta pulse of the impulse response), only a few of the
past input samples are actually used in the calculation
of each output value. The fast-settling filtering unit design
is particularly suitable forimplementation using this struc-
ture. The number of multiply and addition operations per
output sample is minimized. Those delayed input sam-
ples that are multiplied by the difference of two consec-
utive amplitudes, e.g. aj- agq, of equal value result in a
value of zero and are not used by the calculation. There-
fore, only a number of multiply-accumulate operations
equal to the number of times the amplitude values of the
consecutive Kronecker delta pulses varies is needed.
[0069] Figs. 4A and 4B show schematic block dia-
grams of two different electrocardiograph monitoring sys-
tems 400a, 400b comprising a digital signal processor
402a,402b. Both electrocardiograph monitoring systems
400a and 400b comprise a filtering unit 100, as described
with reference to Fig. 1. The different electrocardiograph
monitoring systems 400a and 400b comprise a signal
acquisition unit 404 configured to detect and provide, to
a respective digital signal analog-to-digital converter
406a, 406b, the analog electrocardiographic signal: In
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the electrocardiograph monitoring system 400a, the an-
alog-to-digital converter 406a and the filtering unit 100
are internal units of a digital signal processor device 408.
In the electrocardiograph monitoring system 400b, the
analog-to-digital converter 406b shares a housing signal
acquisition unit 404 forming a signal acquisition device
405 configured to output a digital electrocardiographic
signal sampled at the predetermined sampling frequency
(Fs). This signal is transmitted in an exemplary electro-
cardiographic monitoring system via a wired connection.
In an alternative electrocardiographic monitoring system,
the transmission of the digital electrocardiographic
(ECG) signal is performed wirelessly in accordance with
apredetermined wireless communication protocol. Thus,
in the exemplary electrocardiographic monitoring system
400b, the digital signal processor 402b is not necessarily
embedded in a single device.

[0070] The electrocardiographic monitoring systems
400a and 400b further comprise a user output interface
410 connected to the digital signal processor and con-
figured to receive the filtered digital ECG signal and to
provide a perceivable output signal indicative thereof.
The user output interface comprises in an exemplary
electrocardiographic monitoring system a display device
configured to visually represent the filtered digital elec-
trocardiographic signal within predetermined signal
threshold values. Alternatively, or additionally, the user
output interface comprises a warning system, for in-
stance optical or acoustical, configured to receive filtered
digital ECG signal, to determine whether or not the re-
ceived filtered ECG signal fulfils predetermined signal
parameters and to provide a perceivable warning signal
indicative of a non fulfilment of the signal parameters.
[0071] Figure 5a and 5b show a ECG voltage vs. time
graphs 500a, 500b comparing a filtered digital ECG sig-
nal 502a, 502b obtained using a filtering unit with a filter
response having a time span at the corresponding sam-
pling frequency of 3.15 seconds and afiltered digital ECG
signal 504a, 504b obtained with a commonly-used 0.05
Hz single-pole high-pass filter. Both filtered ECG signals
are shown after being subject to an offset stepinthe ECG
wave of 3mV in Fig. 5a and of 30 mV in Fig. 5b. Lines
506 represent the typical displayable voltage range for
ECG applications, which is from +5mV to -5 mV. The
digital filtered ECG signals 502a and 502b settle quickly
and after a constant time corresponding to its impulse
response time span. The ECG signals filtered using the
single-pole 0.05 Hz high-pass settle slowly. Obtaining a
similar response, suitable for real applications, requires
a specific software configured torecognizes thatthe ECG
signal is outside the displayable range and then to ac-
celerate the settling of the single-pole filter by modifying
theinternal register contents or briefly switching to a high-
er corner frequency and then back to 0.05 Hz corner fre-
quency. Other variations to the disclosed embodiments
can be understood and effected by those skilled in the
art in practicing the claimed invention, from a study of
the drawings, the disclosure, and the appended claims.
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[0072] A filtering unit according in accordance with the
present the invention can be identified by the character-
istics of its impulse response. In particular, use of the
finite impulse response filter unit of the filtering unit de-
scribed in the context of the embodiments of the present
invention can be detected by feeding, as a test input sig-
nal, a testimpulse representing a single Kronecker delta
pulse. If use of the present invention is made, the re-
sponse to this particular test input signal will consist of
at least three consecutive sets of one or more consecu-
tive scaled Kronecker delta pulses, all of the scaled Kro-
necker delta pulses within a respective set having a re-
spective constant amplitude.

[0073] In summary the invention relates to a filtering
unit for compensating baseline drift in electrocardio-
graphic real-time applications, which comprises a finite
impulse response filter unit configured to generate and
provide a filtered digital electrocardiographic signal, and
having an impulse response h[n] consisting of a finite
sequence of between 900 and 160000 consecutive Kro-
necker delta pulses §[n], the impulse response formed
by at least three consecutive sets of consecutive scaled
Kronecker delta pulses, all scaled Kronecker delta pulses
within a respective set having a respective constant am-
plitude, wherein a modulus of the sum of the amplitudes
of every Kronecker delta pulse pulses is smaller than 0.1,
a number of the scaled Kronecker delta pulses of at least
one of the sets of Kronecker delta pulses is equal to or
higher than a minimum number of samples resulting from
multiplying the sampling frequency by a time span of 10-2
seconds.

[0074] In the claims, the word "comprising" does not
exclude other elements or steps, and the indefinite article
"a" or "an" does not exclude a plurality.

[0075] A single unit or device may fulfill the functions
of several items recited in the claims. The mere fact that
certain measures are recited in mutually different de-
pendent claims does not indicate that a combination of
these measures cannot be used to advantage.

[0076] A computer program may be stored/distributed
on asuitable medium, such as an optical storage medium
or a solid-state medium, supplied together with or as part
of other hardware, but may also be distributed in other
forms, such as via the Internet or other wired or wireless
telecommunication systems.

[0077] Anyreference signs in the claims should not be
construed as limiting the scope.

Claims

1. Afiltering unit(100)foran electrocardiograph device,
the filtering unit comprising:

- a digital signal input interface (102) for receiv-
ing a digital electrocardiographic signal sampled
at a predetermined sampling frequency (F) be-
tween 300 and 8000 Hz;
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- a storage unit (104) connected to the digital
signal input interface and configured to store a
predetermined number of consecutive recent
samples of the digital electrocardiographic sig-
nal;

- a finite impulse response filter unit (106) con-
nected to the storage unit and configured to gen-
erate and provide a filtered digital electrocardi-
ographic signal using the stored samples, the
finite impulse response filter unit having an im-
pulse response h[n] consisting of a finite ordered
sequence of between 900 and 160000 consec-
utive Kronecker delta pulses d[n], wherein n is
an order of a respective Kronecker delta pulse
in the finite ordered sequence, the impulse re-
sponse formed by

- at least three consecutive sets of one or more
consecutive scaled Kronecker delta pulses, all
of the scaled Kronecker delta pulses within a
respective set having a respective constantam-
plitude, wherein

- a modulus of the sum of the amplitude of all
the Kronecker delta pulses of the impulse re-
sponse is smaller than 0.1;

- a number of the scaled Kronecker delta pulses
of at least one of the sets of Kronecker delta
pulses is equal to or higher than a minimum
number of Kronecker delta pulses resulting from
multiplying the sampling frequency by a time
span of 10-2 seconds; and wherein

- the storage unit is configured to store at least
a number of the consecutive recent samples of
the digital electrocardiographic signal that is
equal to the number of Kronecker delta pulses
of the impulse response.

2. Thefiltering unit(100) of claim 1, wherein the impulse
response is formed by:

- a scaled first Kronecker delta pulse ayd[n] hav-
ing a predetermined firstamplitude ay and form-
ing a first set of the sets of scaled Kronecker
delta pulses; and

- following the first Kronecker delta pulse, at
least two consecutive sets of further consecutive
scaled Kronecker delta pulses, all of the scaled
Kronecker delta pulses within a respective set
having respective constant amplitudes.

3. The filtering unit of claim 1, wherein the modulus of
the sum ofthe amplitude of all Kronecker delta pulses
of the impulse response is zero.

4. The filtering unit of claim 1, wherein the impulse re-
sponse has a quotient of the number of Kronecker
delta pulses and the sampling frequency that corre-
sponds to a total time span of the impulse response
between three and ten seconds.
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5. The filtering unit of claim 2, wherein a respective
number of the further scaled Kronecker delta pulses
of each of the at least two consecutive sets of further
consecutive scaled Kronecker delta pulses following
the first Kronecker delta pulse is equal to or larger 5
than a minimum number of the Kronecker delta puls-
es that equals a product of the sampling frequency
and a time span of 0.1 second.

6. The filtering unit of claim 1, wherein the impulse re- 10
sponse of the finite impulse response filter unit com-
prises not more than fifty sets of Kronecker delta
pulses.

7. Adigital signal processor comprising: 15

- a filtering unit in accordance with claim 1; and

- an analog-to-digital converter configured:

- to receive an analog electrocardiographic sig-

nal; 20
- to sample the analog electrocardiographic sig-

nal at the predetermined sampling frequency;

and

- to provide to the digital signal input interface

of the filtering unit the digital electrocardiograph- 25
ic signal formed by a sequence of sampled val-

ues of the analog electrocardiographic signal.

8. An electrocardiograph monitoring system compris-
ing: 30

- a digital signal processor according to claim 7;

- a signal acquisition unit configured to detect

and provide, to the analog-to-digital converter

of the digital signal processor, the analog elec- 35
trocardiographic signal; and

- a user output interface connected to the digital
signal processor and configured to receive the
filtered digital electrocardiographic signal and to
provide a visually or acoustically perceivable 40
output signal indicative thereof.

9. A defibrillator comprising an electrocardiograph

monitoring system according to claim 8.
45
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