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Abstract: - This paper reports the optimisation of the low-frequency response of a multi-stage bioelectric
amplifier intended for use in the measurement of the electrocardiogram (ECG) using un-gelled electrodes. The
frequency response was optimised to meet the International Electrotechnical Commission 60601 performance
standards for electrocardiographs [1,2]. The low frequency response of a multi-stage amplifier configuration
was optimised to meet both time and frequency domain specifications. The optimum circuit configuration was
found to be two differential stages with a gain of 20dB each and a differential-to single-ended output stage with
unity gain. The -3dB pole is placed at 0.028Hz and a zero at 0.0028Hz in the first and second stages giving an
overall -3dB bandwidth of 0.043Hz. The pole of the input ac coupling network was placed at 0.0028Hz in
order to meet the undershoot and recovery slope requirements in the response to a narrow pulse.
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1 Introduction

The low-frequency response of the bioelectric
amplifier used in recording the human
electrocardiogram (ECG) is of the utmost
importance due to the clinical significance of such
recordings. Appropriate magnitude and phase
responses are needed in order to prevent distortion
of the ECG signal profile and adverse changes in the
waveform morphology. The nature of the distortion
which can arise in the ECG signal due to poor low
frequency response in the recording amplifier has
been well documented for several decades and has
serious diagnostic implications [3, 4]. The type of
distortion which results from poor low frequency
response has a detrimental effect primarily on the T-
wave, the S-T segment and the Q-T interval.

In addition to hospital oriented ECG recorders,
there has been a substantial increase in recent years
in the number of portable ECG recorders. Many of
these are used in non-clinical scenarios such as
general practice, sports medicine, physiology and
even on the factory floor. This has led to an increase
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in battery-operated and low-power equipment with
the associated changes in instrumentation design.
Consequently trends have changed in the design of
the electronic amplifiers for ECG recording. Lower
power supply voltages have tended to make
amplifier front-end stages ac coupled rather than dc
coupled as in the past. This allows electrode
polarisation voltages to be eliminated at the input so
that they do not saturate the front-end stage of the
amplifier. Recent advances in electrode technology
have increased the magnitude of these polarisation
voltages. Ac coupling also facilitates maintaining a
high gain in the early stages of the amplifier to
preserve the signal-to-noise ratio. Low-power
technology has meant that the gain-bandwidth
product of operational amplifiers has fallen so that
the gain required in ECG amplifiers is often spread
over several stages. This has led to an increase in
multi-stage  amplifier  configurations and a
consequent increase in the complexity of the
associated frequency response at both the high and
low ends of the spectrum. The authors have
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concentrated the effort in this paper on investigating
the optimisation of the low-frequency response of a
multi-stage bioelectric amplifier intended for use in
ECG signal recording with gel-free electrodes.

2 Background

Standards for the performance requirements of ECG
recorders have been developed in the US by the
American National Standards Institute (ANSI) with
recommendations made by the American Heart
Association (AHA) and in Europe by the
International Electrotechnical Commission (IEC).
These have changed much over the decades since
they were first introduced and have taken account of
technological developments. Most recent standards
have made an effort to merge the US and EU
requirements to make them almost identical. This
has, in fact, added strength to both sets of standards
and increased the usage of the IEC 60601 standard,
which is now accepted worldwide [1,2].

2.1 Frequency domain requirements

Early standards for ECG recorder performance were
based on recommendations issued by the AHA and
the IEEE in 1967 [5,6]. These standards required
that the magnitude of the frequency response be
within = 0.5 dB of the mid-band gain within the
frequency range 0.67Hz—150Hz. The low-frequency
value was based on a practical lowest heart rate
value of 40 beats-per-minute (bpm). The phase shift
was required to be no greater than that caused by a
single-pole high-pass filter having a -3dB cut-off
frequency of 0.05Hz [5,6]. These magnitude and
phase response requirements are shown in Fig.1.
More recent standards issued by both the EU and
the US [1,2] require that the amplitude response of
an ambulatory ECG recorder shall be within +3 dB
of the response at 5Hz, within a frequency band of
0.05Hz to at least 55Hz. A phase response
requirement is not specified but the merits of a
single-pole high-pass filter having a cut-off
frequency of 0.05Hz are still cited as example.
Instead of the phase response requirement a time-
domain specification has been introduced.

2.2 Time domain requirements

The IEC 60601 most recent standards, which are
now closely aligned and merged with those of
ANSI, have introduced two time-domain methods of
testing ECG recorder performance. These are both
shown in Fig.2. Method A was introduced in a
previous IEC standard and allows a maximum
baseline undershoot of 0.1mV in the transient
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response to a narrow rectangular pulse of 3mV
amplitude and 100ms duration with a maximum
recovery slope of 0.3mV/s between pulses, as can be
seen in Fig.2. Method B, on the other hand, uses a
triangular wave to model the QRS complex of the
ECG. An isosceles triangular wave of peak
amplitude of 1.5mV and a duration varying between
20ms and 200ms with a repetition rate of less than
1Hz is applied as input to the recorder. The
amplitude of the peak of the triangle must maintain
a variation within +0dB and -1dB (-10%) as the
pulse duration is varied between 20ms and 200ms.
This can be seen in Fig.2. In the studies carried out
by the authors, the rectangular pulse of Method A
was preferred.

3 Single-stage amplifiers
3.1 Non-inverting unity gain buffer

The simplest single-stage amplifier is the dc
coupled non-inverting unity-gain buffer. This is
implemented by providing full negative feedback
around an op-amp as shown in Fig.3. This stage has
a transfer function given as:

Vo . Ao) &)
Vi 1+ Ao)p
where A(w) is the frequency response of the op-amp
itself and B is the feedback factor so that f = 1.

>

——O
O
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1
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Phase {
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-900

Fig.3. Magnitude & phase of unity gain buffer.
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If the op-amp is taken as having a high open-loop
gain Ao at dc and a single pole wo limiting its
bandwidth then the transfer function of the buffer
amplifier becomes:

Ay
1+ j(mj
V, (T

i 1+7
1+ j(mJ
™9

With Ao >> 1 this simplifies to:

V, 1 1

Vi e ) o
1+] 1+ j| —
(AO(DOJ J(mle

Where wp1 = Aowo IS, in fact, the Gain-Bandwidth
product of the op-amp and also represents the -3dB
cut-off frequency of the unity gain buffer where the
gain has fallen to a value of V2. Bode plots of the
magnitude and phase of this transfer function are
shown in Fig.3 where it can be seen that the finite
gain-bandwidth product of the op-amp limits the
radian frequency at which the amplifier operates
effectively as a unity gain buffer to wp. It also
introduces a phase shift which begins to deviate
from zero at a frequency a decade below the -3dB
point at 0.1wp1 and reaches its final asymtotic value
of -90° at a frequency a decade above the -3dB
point at 10wp1. The phase has a value of -45° at wp.

3)

3.2 DC coupled Non-inverting amplifier

The unity gain buffer of Fig.3 can be converted into
a simple dc-coupled non-inverting gain stage as
shown in Fig.4, by including the feedback network
composed of resistors R; and Rz in order to reduce
the feedback factor B to less than unity. This stage
has a transfer function given by:

Vo — A/O

Yo_ @
A Ry 14 j(w(Rl"‘ Rz)) 1+ JLwJ
A\)wo Rl W

where Avo = (R1+R2)/R: is the dc closed-loop gain
determined by the feedback network and the pole is
located at o = Aowo/Avo. Plots of the magnitude and
phase of the transfer function are also shown in
Fig.4. From this it can be seen that the -3dB
bandwidth of the non-inverting gain stage is
determined by the gain bandwidth product of the op-

R, +R, 1
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Fig.4. Magnitude and phase of dc gain stage.

amp scaled down by a factor of the closed loop gain.
In very low-power op-amps, the gain-bandwidth
product is often extremely limited which means that
even if a moderately high gain amplifier is required
it often must be constructed of several stages. This
is particularly true in the case of bioelectric
amplifiers and also has implication for the low-
frequency response of these amplifiers.

3.3 AC coupled unity gain high-pass filter

In biomedical applications the dynamic signal of
interest is often superimposed on a large dc or very
low-frequency baseline and consequently ac
coupling is required to suppress the latter. AC
coupling can be added to the unity gain buffer by
simply including the network consisting of resistor
Rs; and capacitor C; at the input as shown in Fig.5.
This effectively creates a simple 1%-order unity-gain
high-pass filter. This configuration was used as the
reference standard in the early performance
specifications [5,6] where the -3dB cut-off
frequency was set at 0.05Hz. It is still cited as a
comparative reference in more recent specifications
[1,2]. If the gain bandwidth of the op-amp is
considered as unlimited for convenience in this case
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then the steady-state transfer function of this stage is

given as:
jL J
V, JoC4R, ®p;

V, 1+ ) ®)
i + JwC4Ry 1+J—(60J

®py

where the radian pole frequency is wp1 = 1/CsRa.
There is also a theoretical zero located at ® = 0.
Idealised Bode plots of the magnitude and phase of
the frequency response are also shown in Figure 5.
The high-frequency pass-band gain is unity.
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Fig.6. Narrow pulse response of 0.05Hz HPF
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The pole at radian frequency we1 = 1/CsRs3
corresponds to the -3dB cut-off frequency of the
high-pass response. The response of this filter in the
time domain to the narrow input pulse which is
defined in Fig.2 can be seen in Fig.4. The
undershoot in the response is 0.093mV and the
recovery slope is 29uV/s. This indicates that this
filter meets the required international performance
criteria for ECG amplifiers in the time domain.

3.4 Inverting AC Coupled HPF Gain Stage
The next stage of interest is the 1%-order amplifier
stage having a high-pass response as shown in Fig.7.
This stage is ac coupled but has a gain in the pass
band and is also an inverting stage. This stage has a

C1 R: R
o— | — —
A I

>

Vo

Mag.
R2
R:1

-20dB/dec

Phase
90°

459

00

0 0.1op1 pP1 10wp1 ®

Fig.7. Magnitude & phase of inverting amplifier
steady-state transfer function given by:

Vo__ 0GR, Ry joGiR

V, (1+joCR,) R, (1+ jwCR,)

(6)

This stage can be seen to have a frequency response
almost identical to the ac coupled unity-gain buffer
as shown by the magnitude and phase Bode plots
given in Fig.7. The transfer function of this stage is
of the form:
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j v
\% Wpy

>=Ay

where Avo = - Rz/Rl and ®p1 = l/ClRl.

This response characterises a single-pole high-
pass filter which provides in-band amplification but
with inversion. Note that the 180° phase shift
associated with this inversion is omitted from the
phase plot of Fig.7.

(")

3.5 Non-Inverting High-Pass Gain Stage

The inverting amplifier stage can be modified to be
a non-inverting stage if the input signal is applied to
the non-inverting input of the op-amp instead of to
capacitor C; as shown in the circuit of Fig.8.

Cs R1 R2
:'7_H e+

\/
|

Vi Vo

Mag.
(Ri+R2)

20dB/dec

0 wz1 ®P1 ®

Phase

90°

459

OO

10wp1 ®

0.10z1 071 Jozop P1

Fig.8. Magnitude & phase of non-inverting amp

The transfer function of this stage is given as:

. 1+ JLJ
Vo _ [1+ joCi(R +R,)] _ Wzy ®)
Vi (1+ jowCiRy) 1+ J(wj
Wpy

where wp1 = 1/C1R1 and w1 = 1/C1(R1+R2)
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Bode plots of the magnitude and phase of the
transfer function are included in Fig.8. It can be
seen that the in-band high-frequency gain is given
for ® — o as Avo = (R1 + R2)/R1. The pole location
op1 defines the -3dB cut-off frequency for the high-
pass filter response. However, it should be noted
that at the location of the zero, ®.1, the magnitude of
the gain becomes unity and remains at this down to
dc. This means that there is no rejection of low-
frequency artefact or baseline drift. Conversely it
does allow a dc bias voltage level to be maintained
and passed on to a subsequent amplifier stage. It
should also be noted that the ratio of the locations of
the pole and zero frequencies is equal to the closed-
loop mid-band gain of the amplifier, i.e. ®p/®x =
Avo.

The phase can be seen to be zero at low
frequencies, then to rise at a rate of 45°/dec from a
frequency of 0.1w,1 a decade below the location of
the zero. It reaches its maximum value at a
frequency of Vo,mp which is the geometric mean
of the pole and zero locations. The phase then
decreases thereafter at a rate of -45°/dec returning to
zero at a frequency of 10wp: a decade above the
location of the pole. If the pole and zero locations
are separated by more than two decades the phase
will reach a plateau at 90° between the frequencies a
decade above the location of the zero, 10w, and a
decade below the location of the pole, 0.1wp;.

3.6 AC coupled high-pass gain stage

The final single-stage amplifier of interest is an
amplifying stage with a 1%-order high-pass
frequency response which includes ac coupling on
the input in the form of the resistor R; and the
capacitor Cs to block dc voltages and suppress low-
frequency artefact and baseline drift. The schematic
diagram of this stage is shown in Fig.9. This stage
has a steady-state transfer function of the form:

Vo _ JoC3Rs[1 + JowCy (R + R, )]
(1+ joC3R; )1+ joCyR,)

v (9)

I
It can be seen that this stage has an in-band high-
frequency gain of Ay = (R1 + R2)/R1. The -3dB pole
in the high-pass response is again located at a radian
frequency of wp1 = 1/CiR1. As for the previous
circuit, there is a zero in the response located at a
frequency of wz1 = 1/Ci(R1 + Ry). There is also,
however a second pole introduced by the input
coupling network and located at a frequency given
by we, = 1/C3Rs. The transfer function of this stage
can therefore also be can be written as:
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Bode plots of the magnitude and phase of this stage
are also shown in Fig.9. If the input ac coupling
network Cs-Rs; were omitted, the gain of this stage
would level out at unity, at the zero in the frequency
response which is located at a radian frequency of
wz1 = 1/C1(R1 + Rz) = wpi/Avo as shown by the
dashed line in the magnitude response of Fig.9. The
zero would also have the effect of restoring the low-
frequency phase back to zero as w — 0, as again
shown by the dashed line in the phase response of
Fig.9.

The effect of the second pole introduced by the
coupling network is to ensure that the magnitude
attenuation continues down through low frequencies
to dc which blocks these components. It also means
that the low-frequency phase shift levels out at 90°
and does not return to zero. This can be seen from
the solid line plots of Fig.9. In order to get an
overall response in the form of an ideal high-pass

(10)

<
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filter, the lower frequency pole, wez, of the input
network is arranged to cancel the zero in the
response of the feedback network by a choice of
time constants such that CsR; = C1(R1 + Ry). In this
case the transfer function of the stage becomes:

Vo _ JoCsRs _ jwCy(Ry +Ry)

- = 11
V, (1+jwCiR;)  (1+ joCiR,) (11)

This is depicted by the solid line responses in Fig.9.

It was decided to explore whether or not the
frequency response of the single high-pass stage
could be improved by not implementing an exact
cancelation of the pole and zero, but to allow a
degree of mismatch in their locations. In particular
the effect on the phase of varying the location of the
second pole on either side of the zero was of
interest. Fig.10 shows plots of the magnitude and
phase responses of a single-stage high-pass
amplifier having a non-inverting gain of 20dB.

An ideal op-amp model was used in MultiSim
for circuit simulations so that its properties would
not influence the results. The heavy curves in Figure
10 represent the case where CsRs; = C1(R: + R2) with
precise pole-zero cancellation. Moving the location
of the second pole above that of the zero increases
the phase above the phase of the perfect cancellation
curve, and also raises the -3dB cut-off frequency,
which does not improve the response. Moving the
location of the second pole below that of the zero,
on the other hand, lowers the phase compared with
the perfect cancellation curve by a small amount at
in-band frequencies and lowers the frequency at
which the gain falls from 0dB. However, even when
the frequency of the second pole is lowered
significantly, there is only a small reduction of the
phase at in-band frequencies. The very small
benefits gained in phase may be outweighed by the
increased initialisation time of the amplifier due to
the time-constants involved. Fig.10 also shows the
effect of varying the second pole location on the
response to the narrow pulse of 3mV amplitude and
100ms duration. It can be seen that lowering the
frequency of the pole location gives a slight
reduction in undershoot and recovery slope of the
pulse response, which are again only marginal and
not a highly significant improvement.

4 Multi-stage amplifiers

4.1 Two-stage differential amplifier

The schematic diagram of a simple differential
amplifier is shown in Fig.11. This has a single
cross-coupled input stage with differential input
voltages V1 and V.. This is followed by the standard
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Fig.10 Response of 1-stage amp to 2" pole placing

differential-to-single-ended conversion stage which
provides the output voltage, Vo. The A and B
designation of components will nominally have the
same values. The steady-state transfer function of
this amplifier structure is given for a differential
input V1 — V. as:

Vo _ Rg [1+ jwCi(Ry +2R;)]jwC3R,
Vi-V, Ry (1+ joCiR;)(1+ joC3R3)

(12)

Very often Rs = R4 so that the output stage has unity
gain, to maximize the CMRR.
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Fig.11 Schematic diagram of differential amplifier

In this case the in-band differential gain of this stage
is given as Aw = (R1 + 2R3)/R1. The -3dB cut-off
frequency is again located at we; = 1/C1R; while the
zero is located at wzi = 1/C1(R1 + 2R;) = wpi/Ave.
The pole due to the input ac coupling network,
which is identical at each input terminal, is again
located at a frequency wp2 = 1/(CsR3). The same
pole-zero cancellation as implemented in the single
stage amplifier can be obtained in the differential
amplifier by choosing CsRs = C1(R1 + 2Ry). Plots of
the magnitude and phase of the two stage
differential amplifier are shown in Fig.12. Varying
the location of the pole wp2 has the same effect as in
the equivalent single stage amplifier. The curves
therefore show only two unmatched locations for
the second pole, one at the geometric mean of the
main pole we1 and the zero wz: that is at a frequency
o = Vwpiwz1 and the other below the zero by the
same factor as the geometric mean is above it. The
pulse response of Fig.13 shows the detail at the
lower end of the trailing edge of the pulse. It can be
seen that there is little benefit to be gained from
lowering the location of the second pole and it has
negligible effect on the undershoot and recovery
slopes. Increasing the frequency of the pole location
causes the undershoot to exceed 100uV and the
recovery slope to exceed 300uVs?, thereby
violating the performance requirements. It therefore
makes most sense to apply the exact pole-zero
cancellation principle as in the case of the single-
stage amplifier and choose CsRs = C1(R1 + 2Ry).

4.2 Three-stage differential amplifier

The final configuration of interest is the 3-stage
differential amplifier shown in Fig.14. This has a
high-pass input stage with a differential-to-single-
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170m

ended output stage identical to the two stage
amplifier. There is a second differential stage which
is dc coupled to the first so that the output dc bias
potentials of the first stage will carry through to the
second stage. The ac coupling of the first stage is
sufficient to block any dc polarisation potentials at
the input. The steady state transfer function of this
three stage amplifier is given as:

Vo _Rs

Vi-V, R,

[1+ joCi(Ry +2R,)][1+ jowC;r(R; +2Rg )]ljwC5R,
(1+ joCyRy )(1+ jwCqR; )(1+ joC3Rs)

(13)
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where, Rg, R7 and C; are the components in the
second differential stage. It can be seen that the dc
coupling in the second differential stage adds an
additional pole and zero to the transfer function. If
the output stage has unity gain and the overall gain
is shared equally between the two differential stages
then the poles and zeros of both of these stages are
identical so that wp1 = 1/(C1R1) = wp3 = 1/(C7R7)
and wz = U[Ciy(R1 + 2Ry)] = wei/Avi = wz =
U[C/(Ry + 2Rg)] = wes/Av. The gains of the
individual differential stages were maintained at
20dB, as for the two-stage amplifier, so that the
overall gain of the three-stage amplifier is 40dB. On
the basis of the results of Fig.10 and Fig.11 for the
two-stage amplifier the pole-zero cancellation was
maintained in the first differential stage by the
choice C3R3 = Cy(R1 + 2Ry). If the intention, in the
first instance, is to maintain the -3dB frequency of
the three-stage amplifier at the same location as for
the two-stage amplifier then it can be shown that:

W_34B2 =V \/E -1 w348 =0.645 w_34p;

where w.gs2 is the -3dB frequency of a single
differential stage in a two-stage cascade having
identical stages and w.3qg: is the -3dB frequency of a
single-stage differential amplifier in isolation. The
overall -3dB frequency of the two cascaded
differential stages should be equal to the -3dB high-

(14)

Csa
| +A1
Raa -
Vi1
—
Roa

\#
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pass cut-off frequency required in the amplifier as a
whole. From eg.14, it can be established that with
fsa1 = 0.05Hz then f.3e2 = 0.032Hz to maintain an
overall -3dB frequency of 0.05Hz in the three-stage
amplifier. However, while this choice will satisfy
the frequency-domain performance requirements it
does not meet the narrow pulse response
requirements as indicated in Fig.2. In order to
accomplish the latter, it is necessary to lower the
overall -3dB frequency of the three-stage amplifier
to 0.043Hz which corresponds to a -3dB frequency
for the individual differential stages of 0.028Hz.
When this is done, the undershoot in the pulse
response is maintained at 98uV and the recovery
slope at 15uVs™. Fig.10 shows the magnitude and
phase responses of the 3-stage ECG as illustrated by
the upper blue curves. The lower heavy grey curves
represent the corresponding responses of a single-
stage amplifier with a -3dB frequency of 0.05Hz
shown for comparison. The time-domain response
to the narrow 3mV-100ms pulse expanded in the
region of the undershoot is shown in Fig 11. Again
the heavy blue curve indicates the response of the 3-
stage ECG amplifier while the heavy grey curve
indicates the response of a single-stage amplifier
with a -3dB cut-off frequency of 0.05Hz for
comparison. These responses fall within the limits
specified by international performance standards for
ECG recording equipment.
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Fig.14 Schematic diagram of a 3-stage ECG amplifier.
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5 Conclusion

A 3-stage ECG amplifier for use with un-jelled
electrodes has been designed which satisfies the IEC
60601 specification. The undershoot in the pulse
response is less than 100pV and the recovery slope
less than 300pVs™. The -3dB low cut-off frequency
of two identical cascaded differential stages must be
set at 0.028Hz in order to accomplish this. The
magnitude, phase and narrow pulse responses of this
amplifier have been contrasted against those of a

E-ISSN: 2224-2902

133

M. J. Burke, K. Kofler

single-stage amplifier having a -3dB cut-off
frequency of 0.05Hz. These principles can be
applied in the design of very low power ECG
amplifiers intended for use with dry un-gelled
electrodes such as those previously reported [7-10].
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