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BIOPOTENTIAL AMPLIFIERS

In general, signals resulting from physiological activity have very small amplitudes and
must therefore be amplified before their processing and display can be accomplished. The
specifications and lists of characteristics of biopotential amplifiers can be as long and con-
fusing as those for any other amplifier. However, for most typical medical applications, the
most relevant amplifier characterizing parameters are the seven described below.

1. Gain. The signals resulting from electrophysiological activity usually have amplitudes on
the order of a few microvolts to a few millivolts. The voltage of such signals must be amplified
to levels suitable for driving display and recording equipment. Thus, most biopotential
amplifiers must have gains of 1000 or greater. Most often the gain of an amplifier is measured
in decibels (dB). Linear gain can be translated into its decibel form through the use of

Gain(dB) � 20 log10(linear gain)

2. Frequency response. The frequency bandwidth of a biopotential amplifier should be
such as to amplify, without attenuation, all frequencies present in the electrophysiological
signal of interest. The bandwidth of any amplifier, as shown in Figure 1.1, is the difference
between the upper cutoff frequency f2 and the lower cutoff frequency f1. The gain at these
cutoff frequencies is 0.707 of the gain in the midfrequency plateau. If the percentile gain
is normalized to that of the midfrequency gain, the gain at the cutoff frequencies has
decreased to 70.7%. The cutoff points are also referred to as the half-power points, due to
the fact that at 70.7% of the signal the power will be (0.707)2 � 0.5. These are also known
as the �3-dB points, since the gain at the cutoff points is lower by 3 dB than the gain in
the midfrequency plateau: �3 dB � 20 log10(0.707).

3. Common-mode rejection. The human body is a good conductor and thus will act as
an antenna to pick up electromagnetic radiation present in the environment. As shown in
Figure 1.2, one common type of electromagnetic radiation is the 50/60-Hz wave and its
harmonics coming from the power line and radiated by power cords. In addition, other
spectral components are added by fluorescent lighting, electrical machinery, computers,
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4. Noise and drift. Noise and drift are additional unwanted signals that contaminate a
biopotential signal under measurement. Both noise and drift are generated within the
amplifier circuitry. The former generally refers to undesirable signals with spectral
components above 0.1 Hz, while the latter generally refers to slow changes in the baseline
at frequencies below 0.1 Hz.

The noise produced within amplifier circuitry is usually measured either in microvolts
peak to peak (µVp-p) or microvolts root mean square (RMS) (µVRMS), and applies as if it
were a differential input voltage. Drift is usually measured, as noise is measured, in micro-
volts and again, applies as if it were a differential input voltage. Because of its intrinsic low-
frequency character, drift is most often described as peak-to-peak variation of the baseline.

5. Recovery. Certain conditions, such as high offset voltages at the electrodes caused by
movement, stimulation currents, defibrillation pulses, and so on, cause transient interrup-
tions of operation in a biopotential amplifier. This is due to saturation of the amplifier
caused by high-amplitude input transient signals. The amplifier remains in saturation for a
finite period of time and then drifts back to the original baseline. The time required for the
return of normal operational conditions of the biopotential amplifier after the end of the
saturating stimulus is known as recovery time.

6. Input impedance. The input impedance of a biopotential amplifier must be
sufficiently high so as not to attenuate considerably the electrophysiological signal under
measurement. Figure 1.3a presents the general case for the recording of biopotentials.
Each electrode–tissue interface has a finite impedance that depends on many factors, such
as the type of interface layer (e.g., fat, prepared or unprepared skin), area of electrode sur-
face, or temperature of the electrolyte interface.

In Figure 1.3b, the electrode–tissue has been replaced by an equivalent resistance net-
work. This is an oversimplification, especially because the electrode–tissue interface is not
merely a resistive impedance but has very important reactive components. A more correct
representation of the situation is presented in Figure 1.3c, where the final signal recorded as
the output of a biopotential amplifier is the result of a series of transformations among the
parameters of voltage, impedance, and current at each stage of the signal transfer. As shown
in the figure, the electrophysiological activity is a current source that causes current flow ie
in the extracellular fluid and other conductive paths through the tissue. As these extracellu-
lar currents act against the small but nonzero resistance of the extracellular fluids Re, they
produce a potential Ve, which in turn induces a small current flow iin in the circuit made up
of the reactive impedance of the electrode surface XCe and the mostly resistive impedance
of the amplifier Zin. After amplification in the first stage, the currents from each of the bipo-
lar contacts produce voltage drops across input resistors Rin in the summing amplifier,
where their difference is computed and amplified to finally produce an output voltage Vout.

The skin between the potential source and the electrode can be modeled as a series
impedance, split between the outer (epidermis) and the inner (dermis) layers. The outer
layer of the epidermis—the stratum corneum—consists primarily of dead, dried-up cells
which have a high resistance and capacitance. For a 1-cm2 area, the impedance of the stra-
tum corneum varies from 200 kΩ at 1 Hz down to 200 Ω at 1 MHz. Mechanical abrasion
will reduce skin resistance to between 1 and 10 kΩ at 1 Hz.

7. Electrode polarization. Electrodes are usually made of metal and are in contact with
an electrolyte, which may be electrode paste or simply perspiration under the electrode.
Ion–electron exchange occurs between the electrode and the electrolyte, which results in
voltage known as the half-cell potential. The front end of a biopotential amplifier must be
able to deal with extremely weak signals in the presence of such dc polarization components.
These dc potentials must be considered in the selection of a biopotential amplifier gain, since
they can saturate the amplifier, preventing the detection of low-level ac components.
International standards regulating the specific performance of biopotential recording systems
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laid out and constructed with care to take advantage of the op-amp’s high input impedance.
As shown in the PCB layout of Figure 1.8, the output of each channel is used to drive guard
rings that form low-impedance isopotential barriers that shield all input paths from leak-
age currents.

The selection of op-amps from the TLC27 family has the additional advantage that
electrostatic display (ESD) protection circuits that may degrade high input impedance are
unnecessary because LinCMOS chips have internal safeguards against high-voltage static
charges. Applications requiring ultrahigh input impedances (on the order of 1010 Ω) neces-
sitate additional precautions to minimize stray leakage. These precautions include main-
taining all surfaces of the printed circuit board (PCB), connectors, and components free of
contaminants, such as smoke particles, dust, and humidity. Residue-free electronic-grade
aerosols can be used effectively to dust off particles from surfaces. Humidity must be
leached out from the relatively hygroscopic PCB material by drying the circuit board in a
low-pressure oven at 40�C for 24 hours and storing in sealed containers with dry silica gel.
If even higher input impedances are required, approaching the maximal input impedance
of the TLC24L4, you may consider using Teflon2 PCB material instead of the more com-
mon glass–epoxy type.

Typical applications for this circuit include active medallions, which are electrode con-
nector blocks mounted in close proximity to the subject or preparation. The low input
noise (68 nV/ �H�z�) and high bandwidth (dc—10 kHz) make it suitable for a broad range of
applications. For example, 32 standard Ag/AgCl electroencephalography (EEG) electrodes
for a brain activity mapper could be connected to such a medallion placed on a headcap.

Figure 1.9 shows another application for the circuit as an active electrode array in elec-
tromyography (EMG). Here eight arrays were used to pick up muscle signals from 256
points. Connectors J1 in each of the circuits were made of L-shaped gold-plated pins that are
used as electrodes to form an array with a spatial sampling period of 2.54 mm (given by the
pitch of a standard connector with 0.1-in. pin center to center). The outputs of the op-amp
buffers can then carry signals to the main biopotential signal amplifiers and signal processors

10 BIOPOTENTIAL AMPLIFIERS

Figure 1.8 Printed circuit board for a high-input-impedance buffer array. The output of each chan-
nel is used to drive guard rings which form low-impedance isopotential barriers that shield all input
paths from leakage currents.

2Teflon is a trademark of the DuPont Corporation.

c01.qxd  11/18/2004  11:40 AM  Page 10

iRhythm, Inc. / Welch Allyn, Inc. 
Exhibit 1028 

Page 5



Supply voltage to the AD521 must be symmetrical and within the range �5 V (mini-
mum) to �18 V (absolute maximum). D1 and D2 provide protection against incorrect sup-
ply voltage polarity, and capacitors C3–C6 are used to decouple and filter the power
supply. With a quiescent maximal supply current of 5 mA, a pair of 9-V alkaline batteries
constitute a suitable power supply for most applications.

To minimize electrical interference the circuit should be built with a compact layout on
an appropriate PCB or small piece of strip board. The construction of the circuit is straight-
forward, but care must be taken to keep wiring as short and clean as possible. Preferably,
leads to the bioelectrodes should be low-loss low-capacitance coaxial cables, whose
shields are connected to the subject ground terminal of the circuit. The construction of
systems incorporating this circuit is simple, but care must be taken to keep all wiring
as short and as clean as possible. When connected to a test subject, the circuit must always

48 BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS
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Figure 2.5 This is a classic medium-impedance (10-MΩ) instrumentation biopotential amplifier based on the popular Analog Devices’
AD521 ICIA. The gain is adjustable between 10 and 1000 and maintains a CMR of at least 110 dB. The 40-kHz signal bandwidth makes
this front end suitable for recording EMG or ECG signals or as a general-purpose high-impedance ac-coupled transducer amplifier.
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presented by the authors for reference purposes only and is not necessarily what Electronic
Design & Research places within their “black boxes.” No external components (besides
power supply and reference signal source) are needed to use these modules. These mod-
ules are definitely recommended for applications that can tolerate their size (3.9 in. 	 2 in.
footprint, 1 in. height) and cost ($221 for the EDR-82534 and $324 for the EDR-82534A
in single units).

SWITCHED-CAPACITOR FILTERS

Lately, many designers have opted for switched-capacitor filters as substitutes for contin-
uous-time active filters. Switched-capacitor filters allow sophisticated, accurate, and tun-
able analog filter circuits to be manufactured without resistors. The advantage of this is that
resistors take up considerable room on integrated circuits and that it is next to impossible
to maintain a consistent absolute resistance value from manufacturing run to manufactur-
ing run.

In Chapter 1 we showed how a sampling capacitor CS, which switches continuously
between an input voltage and a hold capacitor CH with a clock period T, acts as a low-pass
filter with a �3-dB cutoff frequency defined by the capacitor ratio

�
C

C

S

H
� ��

2πf�

1

3dBT
�

Capacitor ratios are much easier to maintain from batch to batch of an IC than are precise
resistor values. In addition, resistor values that would be prohibitive for integration can
easily be synthesized through the resistor equivalence of the switched capacitor. Finally,
equivalent resistor values can be tuned simply by changing the switching frequency.

Commercial switched-capacitor ICs based on the same principle offer complete or
nearly complete high-order filters in small, inexpensive packages. By switching the capac-
itor at around 100 times the corner frequency, these filters can attain a good approximation
of theoretical performance. Switched-capacitor ICs are available as complete filters or as
universal building blocks that require few external capacitors or resistors. Driving clocks
may be internal or external to the filter itself. Varying clock frequency permits program-
ming filters “on the fly.”

If you are not sure which filter transfer function will work best in your application,
switched-capacitor filters can help you try out various possibilities without rewiring your
circuit. This is because switched-capacitor manufacturers offer filters with the various
transfer functions in pin-compatible packages. For example, the Maxim MAX290 family
of low-pass filters offers interchangeable chips that implement Bessel, Butterworth, and
elliptic-response transfer functions.

Switched-capacitor filters do have disadvantages. For one, since a switched-capacitor
filter is a sampling device, it can result in aliasing errors. Frequency components near and
above half the sampling frequency must be eliminated to ensure accuracy. In addition, the
output of a switched-capacitor filter usually needs to be low-pass filtered with a continu-
ous-time filter to eliminate clocking signals that always manage to feed through.

The use of switched-capacitor filters can present other traps to the designer of biopotential
amplifiers. This is because high-speed clock signals can easily couple to the high-impedance
inputs and ground lines. Furthermore, the internal amplifiers within switched-capacitor
filter ICs can generate noise and harmonic distortion on processed biopotential signals.
Regardless of the precautions that one may take in the design, continuous-time active
filters end up being at least 20 to 40 dB quieter than their switched-capacitor counter-
parts.

76 BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS
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Although designers usually protect power supplies from the high-voltage transients that
may be encountered under the conditions simulated by EFT and high-energy surges, the
EMI component of these events is often forgotten. High-voltage surges may bypass the
power supply and associated filters completely and attack the device’s circuitry directly.
The same filtering recommendations apply then to protecting sensitive analog and digital
circuits against the EMI produced by power line surges.

Paying Attention to PCB Layout

Although in earlier sections we advocated maintaining clock speeds low, as well as rise and
fall times as slow as possible, some medical device applications really demand lightning-
fast processing. Let’s digress and imagine what it would be like to own a Ferrari F40, capa-
ble of achieving a speed of 200� mph!—its magnificent turbo-charged V-12 engine purring
while cruising down the road at a speed at the limit of human reflexes. Waking up to real-
ity, though, you would seldom (if ever) be able to floor the gas pedal of this marvel. Even
if disregarding the legal limit, our roads are just not designed to support much more than
half the maximum speed of a loaded sports car. The awesome power of sports engines can
be let loose only in special race tracks, constructed with the right materials and slants.

Although you may not consider adding a Ferrari to your estate at this moment, its power
does relate to the topic of this chapter, as you are probably using increasingly fast logic
and microprocessors in your projects. However, in close resemblance to the sports car
analogy, very high bus speeds result in interconnection delays within the same order of
magnitude as on-chip gate delays, and for this reason typical PCB design, which consid-
ers traces as low-frequency conductors rather than as high-frequency transmission lines,
will ensure that such a project turns into a very impressive and expensive paperweight.

Some 20 years ago, while some of us were building microcomputers with 2-MHz Z80s,
8080s, and CDP1802s, engineers designing with ECL technology already faced problems
related to the implementation of printed circuit boards, backplanes, and wiring for high-
speed logic circuits. Today, however, multihundred megahertz and even gigahertz buses are
commonplace, and we face strict regulations on the RF emissions escaping from such
wideband sources. For this reason, we should all acknowledge that the utopian idea that
digital signals behave as ones and zeros must be replaced by a more realistic approach that
involves RF transmission line theory. Through this new approach, printed circuits are
designed to convey pulse transmissions with minimal distortion through channels of appro-
priate bandwidth—no quasi-dc signals anymore! Interestingly, the same PCB layout prac-
tices that are useful in the design of high-speed circuitry apply to the design of circuitry
with increased immunity against EMI.

Transmission Line Model of PCB Track

PCB design for high-speed logic and RFI immunity demands the use of power and ground
planes, and plain double-sided PCBs are not recommended. In the former, a surface
stripline track such as that depicted in Figure 4.35 will have an impedance Zt given by

Zt ��
�ε���

87
1�.4�1�
� ln�

0.
5
8
.
w
9

t

8
�

h
tt

�

where ε is the dielectric constant of the PCB dielectric, h the height of the track above the
ground or power plane, and wt and tt the width and thickness of the track, respectively. A
PCB track buried within the fiberglass–epoxy laminate will have its impedance reduced by
about 20% compared with that of a surface track.

This PCB track can be modeled as a transmission line [Magid, 1972], and a short pulse
applied to one end of this transmission line will appear on the other side, supplying the
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load impedance Zl with a distorted version of the pulse, and presenting an effective delay
τ. On a typical surface PCB track, the pulse conduction velocity is approximately
0.15 ns/in. � 0.06 ns/cm, so τ � 0.15lt(ns) represents the total delay caused by a track of
length lt (measured in inches).

If the load impedance does not match the track’s impedance perfectly, a part of the
arriving signal will be reflected back into the transmission line. In general, pulse reflection
occurs whenever transmission lines with different impedances are interconnected or when
a discontinuity occurs in a single transmission line. For a connection between two trans-
mission lines of impedances Z0 and Z1, the reflected voltage Vr is related to the incident
voltage Vi through

Vr ��
Z
Z

1

1

�

�

Z
Z

0

0
�Vi

The ratio Γ � Vr /Vi, called the reflection coefficient, describes what portion of the pulse
incident from Z0 on Z1 will be reflected back into Z0. Γ, Vi, and Vr are usually complex
quantities because they deal with both the magnitude and phase of the signals that travel
along transmission lines.

Using tracks buried within the PCB between the power and ground planes is an
effective way of controlling RFI and ESD threats. In contrast with one- or two-sided
PCBs, multilayered PCBs with ground and power planes keep ground impedances and
loop lengths sufficiently low to avoid circuit tracks from picking up significant levels of
RFI. Typically, PCBs with signal tracks sandwiched between ground and power planes
are a full order of magnitude less sensitive to RFI than are well-designed two-sided
boards.

For nonmedical equipment, the power and ground planes are usually grounded to the
chassis. In medical equipment, however, it is usually the most sensitive circuits that need
to float, making it impossible to apply classical EMC techniques for proper signal-path
decoupling and shielding. For floating circuits that end up being sensitive to EMI, try to
form a capacitive grounding path between the power and ground planes of the PCB and

194 ELECTROMAGNETIC COMPATIBILITY AND MEDICAL DEVICES
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Figure 4.35 The transmission line impedance of a stripline PCB track is affected by its position relative to the ground or power plane as
well as by its geometry and by the dielectric constants of the board and the surrounding medium.
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pulse width selection is accomplished through rotary switches that select a resistor used
within a voltage-divider circuit fed from the battery voltage. The output of the resistive
divider is measured by one of IC4’s analog inputs. Different voltages are mapped by the
microcontroller to the various parameter value selections.

Power for the circuit is obtained from a single nonrechargeable 3-V lithium battery
(e.g., a Panasonic lithium carbon monofluoride battery). Please note that pacing pulse
amplitude and sensing sensitivity vary as a function of battery voltage. Although two reg-
ular alkaline batteries in series could be used to power the circuit, the lithium carbon
monofluoride chemistry has an almost flat discharge curve which minimizes the shift in the
sensing threshold as battery capacity is used.

Almost all commercially available implantable pacemakers designed in the last 20 years
use lithium–iodide cells (Li/I2). These cells are designed to deliver current drains in the
microampere range, reliably over long periods of time. They are available from Wilson Great-
batch Technologies, Inc. in a variety of sizes, shapes, and capacities. Lately, implantable-grade
lithium carbon monofluoride (Li/CFx) are being used more and more in pacemakers and other
implantable devices. The internal impedance of the CFx cell is much lower than that of the
Li/I2 cell throughout its entire life, allowing more flexibility in circuit design and performance.
Wilson Greatbatch Technologies, Inc. now has Li/CFx batteries, which feature a titanium
case, making it weigh half of a Li/I2 cell of the same capacity.

Firmware for the VVI Pacemaker

The microcontroller runs algorithms that implement the state machine as well as stimulus
routines. Firmware for pacemakers is usually coded in assembly language due to reliabil-
ity concerns as well as real-time and power consumption issues. For clarity in this exam-
ple, however, programming was done in C. Despite this, power consumption and real-time
performance are reasonable, and use of a high-level language could be used to develop
code for an implantable device.

The basic state machine for a VVI pacemaker was shown in Figure 8.6. However,
enhancements are required to enable the logic to discriminate true intrinsic cardiac events
from interference, such that pacing therapy is inhibited only when true ventricular activity
occurs. A possible way of implementing a discrimination mechanism is to use dedicated
hardware to prevent interfering signals from triggering a sense event at the microprocessor’s
input. For example, a retriggerable monostable together with edge-triggered sensing by the
microprocessor would be able to cope with noise. However, this implementation requires
additional circuitry and does not lend itself to real-time reporting of noise detection. Instead,
this pacemaker design incorporates software mechanisms to detect noise and change the
device’s behavior to prevent noise from inappropriately inhibiting pacing therapy.

International standards that define the minimum requirements for pacemakers establish
that devices must consider events detected repeating at more than 10 Hz to be noise. When
such a condition is detected, a VVI pacemaker must automatically switch the mode to
VOO. The device should remain in this asynchronous mode until normal sensing is
resumed. Events detected at a rate below 10 Hz cannot be distinguished by simple circuitry
from real cardiac events and may occasionally give rise to uncertain responses.

The state machine of Figure 8.13 is an enhanced version of the basic VVI state machine
capable of detecting and responding to the presence of noise. Two new states [N] and [W]
have been added. These states affect the sense condition, as well as the way in which the
machine returns from the [R] state to the [A] state. The refractory period is now split in
two: [R Time Out], which is an absolute refractory, which then proceeds to state [N]–a
noise window within which events are sensed but not reported to the VVI state machine.
Whenever a sense event occurs within state [N], the moment of occurrence is stored in
time stamp variable [TS], but the machine remains in state [N] until a 100-ms timeout

386 CARDIAC PACING AND DEFIBRILLATION
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