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PREFACE

The medical devices industry is booming. Growth in the industry has not stopped despite
globally fluctuating economies. The main reason for this success is probably the self-sus-
taining nature of health care. In essence, the same technology that makes it possible for
people to live longer engenders the need for more health-care technologies to enhance the
quality of an extended lifetime. It comes as no surprise, then, that the demand for trained
medical-device designers has increased tremendously over the past few years. Unfortu-
nately, college courses and textbooks most often provide only a cursory view of the tech-
nology behind medical instrumentation. This book supplements the existing literature by
providing background and examples of how medical instrumentation is actually designed
and tested. Rather than delve into deep theoretical considerations, the book will walk you
through the various practical aspects of implementing medical devices.

The projects presented in the book are truly unique. College-level books in the field of
biomedical instrumentation present block-diagram views of equipment, and high-level
hobby books restrict their scope to science-fair projects. In contrast, this book will help
you discover the challenge and secrets of building practical electronic medical devices,
giving you basic, tested blocks for the design and development of new instrumentation.
The projects range from simple biopotential amplifiers all the way to a computer-con-
trolled defibrillator. The circuits actually work, and the schematics are completely read-
able. The project descriptions are targeted to an audience that has an understanding of
circuit design as well as experience in electronic prototype construction. You will under-
stand all of the math if you are an electrical engineer who still remembers Laplace trans-
forms, electromagnetic fields, and programming. However, the tested modular circuits and
software are easy to combine into practical instrumentation even if you look at them as
“black boxes” without digging into their theoretical basis. We will also assume that you
have basic knowledge of physiology, especially how electrically excitable cells work, as
well as how the aggregate activities of many excitable cells result in the various biopoten-
tial signals that can be detected from the body. For a primer (or a refresher), we recom-
mend reading Chapters 6 and 7 of Intermediate Physics for Medicine and Biology, 3rd ed.,
by Russell K. Hobbie (1997).

Whether you are a student, hobbyist, or practicing engineer, this book will show you
how easy it is to get involved in the booming biomedical industry by building sophisticated
instruments at a small fraction of the comparable commercial cost.

ix
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PREFACE

The book addresses the practical aspects of amplifying, processing, simulating, and
evoking these biopotentials. In addition, in two chapters we address the issue of safety in
the development of electronic medical devices, bypassing the difficult math and providing
lots of insider advice.

In Chapter 1 we present the development of amplifiers designed specifically for the
detection of biopotential signals. A refresher on op-amp-based amplifiers is presented in the
context of the amplification of biopotentials. Projects for this chapter include chloriding sil-
ver electrodes, high-impedance electrode buffer array, pasteless bioelectrode, single-ended
electrocardiographic (ECG) amplifier array, body potential driver, differential biopotential
amplifier, instrumentation-amplifier biopotential amplifier, and switched-capacitor surface
array electromyographic amplifier.

In Chapter 2 we look at the frequency content of various biopotential signals and discuss
the need for filtering and the basics of selecting and designing RC filters, active filters, notch
filters, and specialized filters for biopotential signals. Projects include a dc-coupled biopo-
tential amplifier with automatic offset cancellation, biopotential amplifier with dc rejection,
ac-coupled biopotential amplifier front end, bootstrapped ac-coupled biopotential amplifier,
biopotential amplifier with selectable RC bandpass filters, state-variable filter with tunable
cutoff frequency, twin-T notch filter, gyrator notch filter, universal harmonic eliminator
notch comb filter, basic switched-capacitor filters, slew-rate limiter, ECG amplifier with
pacemaker spike detection, “scratch and rumble” filter for ECG, and an intracardiac elec-
trogram evoked-potential amplifier.

In Chapter 3 we introduce safety considerations in the design of medical device proto-
types. We include a survey of applicable standards and a discussion on mitigating the dan-
gers of electrical shock. We also look at the way in which equipment should be tested for
compliance with safety standards. Projects include the design of an isolated biopotential
amplifier, transformer-coupled analog isolator module, carrier-based optically coupled ana-
log isolator, linear optically coupled analog isolator with compensation, isolated eight-chan-
nel 12-bit analog-to-digital converter, isolated analog-signal multiplexer, ground bond
integrity tester, microammeter for safety testing, and basic high-potential tester.

In Chapter 4 we discuss international regulations regarding electromagnetic compatibil-
ity and medical devices. This includes mechanisms of emission of and immunity against
radiated and conducted electromagnetic disturbances as well as design practices for elec-
tromagnetic compatibility. Projects include a radio-frequency spectrum analyzer, near-field
H-field and E-field probes, comb generator, conducted emissions probe, line impedance sta-
bilization network, electrostatic discharge simulators, conducted-disturbance generator,
magnetic field generator, and wideband transmitter for susceptibility testing.

In Chapter 5 we present the new breed of “smart” sensors that can be used to detect
physiological signals with minimal design effort. We discuss analog-to-digital conversion
of physiological signals as well as methods for high-resolution spectral analysis. Projects
include a universal sensor interface, sensor signal conditioners, using the PC sound card as
a data acquisition card, voltage-controlled oscillator for dc-correct signal acquisition
through a sound card, as well as fast Fourier transform and high-resolution spectral esti-
mation software.

In Chapter 6 we discuss the need for artificial signal sources in medical equipment
design and testing. The chapter covers the basics of digital signal synthesis, arbitrary signal
generation, and volume conductor experiments. Projects include a general-purpose signal
generator, direct-digital-synthesis sine generator, two-channel digital arbitrary waveform
generator, multichannel analog arbitrary signal source, cardiac simulator for pacemaker
testing, and how to perform volume-conductor experiments with a voltage-to-current con-
verter and physical models of the body.

In Chapter 7 we look at the principles and clinical applications of electrical stimulation
of excitable tissues. Projects include the design of stimulation circuits for implantable



pulse generators, fabrication of implantable stimulation electrodes, external neuromuscu-
lar stimulator, TENS device for pain relief, and transcutaneous/transcranial pulsed-mag-
netic neural stimulator.

In Chapter 8 we discuss the principles of cardiac pacing and defibrillation, providing a
basic review of the electrophysiology of the heart, especially its conduction deficiencies
and arrhythmias. Projects include a demonstration implantable pacemaker, external car-
diac pacemaker, impedance plethysmograph, intracardiac impedance sensor, external
defibrillator, intracardiac defibrillation shock box, and cardiac fibrillator.

The Epilogue is an engineer’s perspective on bringing a medical device to market. The
regulatory path, Food and Drug Administration (FDA) classification of medical devices,
and process of submitting applications to the FDA are discussed and we look at the value
of patents and how to recruit venture capital.

Finally, in Appendix A we provide addresses, Web sites, telephone numbers, and fax
numbers for suppliers of components used in the projects described in the book. The con-
tents of the book’s ftp site, which contains software and information used for many of
these projects, is given in Appendix B.

DavID PRUTCHI
MICHAEL NORRIS
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DISCLAIMER

The projects in this book are presented solely as examples of engineering building blocks
used in the design of experimental electromedical devices. The construction of any and all
experimental systems must be supervised by an engineer experienced and skilled with
respect to such subject matter and materials, who will assume full responsibility for the
safe and ethical use of such systems.

The authors do not suggest that the circuits and software presented herein can or
should be used by the reader or anyone else to acquire or process signals from, or stim-
ulate the living tissues of, human subjects or experimental animals. Neither do the
authors suggest that they can or should be used in place of or as an adjunct to profes-
sional medical treatment or advice. Sole responsibility for the use of these circuits
and/or software or of systems incorporating these circuits and/or software lies with the
reader, who must apply for any and all approvals and certifications that the law may
require for their use. Furthermore, safe operation of these circuits requires the use of iso-
lated power supplies, and connection to external signal acquisition/processing/monitor-
ing equipment should be done only through signal isolators with the proper isolation
ratings.

The authors and publisher do not make any representations as to the completeness or
accuracy of the information contained herein, and disclaim any liability for damage or
injuries, whether caused by or arising from a lack of completeness, inaccuracy of infor-
mation, misinterpretation of directions, misapplication of circuits and information, or oth-
erwise. The authors and publisher expressly disclaim any implied warranties of
merchantability and of fitness of use for any particular purpose, even if a particular
purpose is indicated in the book.

References to manufacturers’ products made in this book do not constitute an
endorsement of these products but are included for the purpose of illustration and clari-
fication. It is not the authors’ intent that any technical information and interface data
presented in this book supersede information provided by individual manufacturers. In
the same way, various government and industry standards cited in the book are included
solely for the purpose of reference and should not be used as a basis for design or
testing.

Since some of the equipment and circuitry described in this book may relate to or be
covered by U.S. or other patents, the authors disclaim any liability for the infringement of

xiii



xiv DISCLAIMER

such patents by the making, using, or selling of such equipment or circuitry, and suggest
that anyone interested in such projects seek proper legal counsel.

Finally, the authors and publisher are not responsible to the reader or third parties for any
claim of special or consequential damages, in accordance with the foregoing disclaimer.
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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 log;o(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 f, and the lower cutoff frequency f;. 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)> = 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 log;((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,

Design and Development of Medical Electronic Instrumentation By David Prutchi and Michael Norris
ISBN 0-471-67623-3  Copyright © 2005 John Wiley & Sons, Inc.



BIOPOTENTIAL AMPLIFIERS
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Figure 1.1 Frequency response of a biopotential amplifier.
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Figure 1.2 Coupling of power line interference to a biopotential recording setup.

and so on. The resulting interference on a single-ended bioelectrode is so large that it often
obscures the underlying electrophysiological signals.

The common-mode rejection ratio (CMRR) of a biopotential amplifier is measurement
of its capability to reject common-mode signals (e.g., power line interference), and it is
defined as the ratio between the amplitude of the common-mode signal to the amplitude of
an equivalent differential signal (the biopotential signal under investigation) that would
produce the same output from the amplifier. Common-mode rejection is often expressed in
decibels according to the relationship

Common-mode rejection (CMR) (dB) = 20 log;(CMRR



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 (ULV, ) or microvolts root mean square (RMS) (WVRrys), 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 1.3¢, 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 i,
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 R,, they
produce a potential V,, which in turn induces a small current flow i, in the circuit made up
of the reactive impedance of the electrode surface X, and the mostly resistive impedance
of the amplifier Z;,. After amplification in the first stage, the currents from each of the bipo-
lar contacts produce voltage drops across input resistors Ry, in the summing amplifier,
where their difference is computed and amplified to finally produce an output voltage V.

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-cm? area, the impedance of the stra-
tum corneum varies from 200k at 1 Hz down to 200 Q at 1 MHz. Mechanical abrasion
will reduce skin resistance to between 1 and 10k 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

BIOPOTENTIAL AMPLIFIERS
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BIOPOTENTIAL AMPLIFIERS
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Figure 1.3 (a) Simplified view of the recording of biopotentials; (b) equivalent circuit; (c¢) generalized equivalent circuit.
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LOW-POLARIZATION SURFACE ELECTRODES

usually specify the electrode offsets that are commonly present for the application covered
by the standard. For example, the standards issued by the Association for the Advancement
of Medical Instrumentation (AAMI) specify that electrocardiography (ECG) amplifiers must
tolerate a dc component of up to =300 mV resulting from electrode—skin contact.

Commercial ECG electrodes have electrode offsets that are usually low enough, ensur-
ing little danger of exceeding the maximum allowable dc input offset specifications of the
standards. However, the design of a biopotential amplifier must consider that there are
times when the dc offset may be much larger. For example, neonatal ECG monitoring
applications often use sets of stainless-steel needle electrodes, whose offsets are much
higher than those of commercial self-adhesive surface ECG electrodes. In addition, many
physicians still prefer to use nondisposable suction cup electrodes (which have a rubber
squeeze bulb attached to a silver-plated brass hemispherical cup). After the silver plating
wears off, these brass cup electrodes can introduce very large offsets.

LOW-POLARIZATION SURFACE ELECTRODES

Silver (Ag) is a good choice for metallic skin-surface electrodes because silver forms a
slightly soluble salt, silver chloride (AgCl), which quickly saturates and comes to equilib-
rium. A cup-shaped electrode provides enough volume to contain an electrolyte, including
chlorine ions. In these electrodes, the skin never touches the electrode material directly.
Rather, the interface is through an ionic solution.

One simple method to fabricate Ag/AgCl electrodes is to use electrolysis to chloride a
silver base electrode (e.g., a small silver disk or silver wire). The silver substrate is
immersed in a chlorine-ion-rich solution, and electrolysis is performed using a common 9-
V battery connected via a series 10-k€2 potentiometer and a milliammeter. The positive ter-
minal of the battery should be connected to the silver metal, and a plate of platinum or silver
should be connected to the negative terminal and used as the opposite electrode in the solu-
tion. Our favorite electrolyte is prepared by mixing 1 part distilled water (the supermarket
kind is okay), 1/2 part HCI 25%, and FeCl; at a rate of 0.5 g per milliliter of water.

If you want to make your own electrodes, use refined silver metal (99.9 to 99.99% Ag)
to make the base electrode. Before chloriding, degrease and clean the silver using a con-
centrated aqueous ammonia solution (10 to 25%). Leave the electrodes immersed in the
cleaning solution for several hours until all traces of tarnish are gone. Rinse thoroughly
with deionized water (supermarket distilled water is okay) and blot-dry with clean filter
paper. Don’t touch the electrode surface with bare hands after cleaning. Suspend the elec-
trodes in a suitably sized glass container so that they don’t touch the sides or bottom. Pour
the electrolyte into the container until the electrodes are covered, but be careful not to
immerse the solder connections or leads that you will use to hook up to the electrode.

When the silver metal is immersed, the silver oxidation reaction with concomitant sil-
ver chloride precipitation occurs and the current jumps to its maximal value. As the thick-
ness of the AgCl layer deposited increases, the reaction rate decreases and the current
drops. This process continues, and the current approaches zero. Adjust the potentiometer
to get an initial current density of about 2.5 mA/cm?, making sure that no hydrogen bub-
bles evolve at the return electrode (large platinum or silver plate). You should remove the
electrode from the solution once the current density drops to about 10 uA/cm?. Coating
should take no more than 15 to 20 minutes. Once done, remove the electrodes and rinse
them thoroughly but carefully under running (tap) water.

An alternative to the electrolysis method is to immerse the silver electrode in a strong bleach
solution. Yet another way of making a Ag/AgCl electrode is to coat by dipping the silver metal
in molten silver chloride. To do so, heat AgCl in a small ceramic crucible with a gas flame until
it melts to a dark brown liquid, then simply dip the electrode in the molten silver chloride.

5
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BIOPOTENTIAL AMPLIFIERS

Warning! The materials used to form Ag/AgCl electrodes are relatively dangerous.
Do not breathe dust or mist and do not get in eyes, on skin, or on clothing. When work-
ing with these materials, safety goggles must be worn. Contact lenses are not protective
devices. Appropriate eye and face protection must be worn instead of, or in conjunction
with, contact lenses. Wear disposable protective clothing to prevent exposure. Protective
clothing includes lab coat and apron, flame- and chemical-resistant coveralls, gloves, and
boots to prevent skin contact. Follow good hygiene and housekeeping practices when
working with these materials. Do not eat, drink, or smoke while working with them.
Wash hands before eating, drinking, smoking, or applying cosmetics.

If you don’t want to fabricate your own electrodes, you can buy all sorts of very stable
Ag/AgCl electrodes from In Vivo Metric. They make them using a very fine grained homo-
geneous mixture of silver and silver chloride powder, which is then compressed and sin-
tered into various configurations. Alternatively, Ag/AgCl electrodes are cheap enough that
you may get a few pregelled disposable electrodes free just by asking at the nurse’s station
in the emergency department or cardiology service of your local hospital.

Recording gel is available at medical supply stores (also from In Vivo Metric). However,
if you really want a home brew, heat some sodium alginate (pure seaweed, commonly used
to thicken food) and water with low-sodium salt (e.g., Morton Lite Salt) into a thick soup
that when cooled can be applied between the electrodes and skin. Note that there is no guar-
antee that this concoction will be hypoallergenic! A milder paste can be made by dissolv-
ing 0.9¢g of pure NaCl in 100mL of deionized water. Add 2 g of pharmaceutical-grade
Karaya gum and agitate in a magnetic stirrer for 2 hours. Add 0.09 g of methyl paraben and
0.045 g of propyl paraben as preservatives and keep in a clean capped container.

SINGLE-ENDED BIOPOTENTIAL AMPLIFIERS

Most biopotential amplifiers are operational-amplifier-based circuits. As a refresher, the
voltage present at the output of the operational amplifier is proportional to the differential
voltage across its inputs. Thus, the noninverting input produces an in-phase output signal,
while the inverting input produces an output signal that is 180° out of phase with the input.

In the circuit of Figure 1.4, an input signal V;, is presented through resistor R;, to the
inverting input of an ideal operational amplifier. Resistor R; provides feedback from the
amplifier’s output to its inverting input. The noninverting input is grounded, and due to the
fact that in an ideal op-amp the setting conditions at one input will effectively set the same
conditions at the other input, point A can be treated as it were also grounded. The power
connections have been deleted for the sake of simplicity.

Ideal op-amps have an infinite input impedance, which implies that the input current
i;, is zero. The inverting input will neither sink nor source any current. According to
Kirchhoff’s current law, the total current at junction A must sum to zero. Hence,

~lhn =l
But by Ohm’s law, the currents are defined by

lin =

Vin
Rin

and



SINGLE-ENDED BIOPOTENTIAL AMPLIFIERS

Rf
£ —>
-\6CC
Rin A
Q Iin —p .
Vin 4
+VCC Vout

Figure 1.4 Inverting voltage amplifier.

Therefore, by substitution and by solving for V,

V.. = Rfvin
out Rin
This equation can be rewritten as
Vou= — GV,

where G represents the voltage gain constant Ry/R;y,.

The circuit presented in Figure 1.5 is a noninverting voltage amplifier, also known as a
noninverting follower, which can be analyzed in a similar manner. The setting of the nonin-
verting input at input voltage V,, will force the same potential at point A. Thus,

.V
lin = R
m
and
if _ Vout — Vi
Ry

But in the noninverting amplifier #;, = i, so by replacing and solving for V,, we obtain

Vou= 142y
out — ( Rin) i
The voltage gain in this case is

Ry
Rin

G=1+

A special case of this configuration is shown in Figure 1.6. Here R;= 0, and R;, is unnec-
essary, which leads to a resistance ratio Ry/R;, = 0, which in turn results in unity gain.
This configuration, termed a unity-gain buffer or voltage follower, is often used in bio-
medical instrumentation to couple a high-impedance signal source, through the (almost)
infinite input impedance of the op-amp, to a low-impedance processing circuit con-
nected to the very low impedance output of the op-amp.

7



BIOPOTENTIAL AMPLIFIERS
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Figure 1.5 Noninverting op-amp voltage amplifier; also known as a noninverting follower.
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Figure 1.6 A unity-gain buffer is a special case of the noninverting voltage amplifier in which the
resistance ratio is Ry/R;, = 0, which translates into unity gain. This configuration is often used in bio-
medical instrumentation to buffer a high-impedance signal source.

ULTRAHIGH-IMPEDANCE ELECTRODE BUFFER ARRAYS

A group of ultrahigh-impedance, low-power, low-noise op-amp voltage followers is com-
monly used as a buffer for signals collected from biopotential electrode arrays. These
circuits are usually placed in close proximity to the subject or preparation to avoid contamina-
tion and degradation of biopotential signals. The circuit of Figure 1.7 comprises 32 unity-gain
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Figure 1.7 CMOS-input unity-gain buffers are often placed in close proximity to high-impedance electrodes to provide impedance con-
version, making it possible to transmit the signal over relatively long distances without picking up noise, despite the fact that the contact

impedance of the electrodes may range into the thousands of megohms.

buffers, which present an ultrahigh input impedance to an array of up to 32 electrodes. Each
buffer in the array is implemented using a LinCMOS! precision op-amp operated as a unity-
gain voltage follower. An output signal has the same amplitude as that of its corresponding
input. The output impedance is very low, however (in the few kilohm range) and can source or
sink a maximum of 25 mA. As a result of this impedance transformation, the signal at the
buffer’s output can be transmitted over long distances without picking up noise, despite the fact
that the contact impedance of the electrodes may range into the thousands of megohms. Power
for the circuit must be symmetrical =3 to =9V dc with real or virtual ground.

In the circuit, input signals at J1 are buffered by eight TLC27L4 precision quad op-amp.
The buffered output is available at J2. Despite its apparent simplicity, the circuit must be

LinCMOS is a trademark of Texas Instruments Incorporated.
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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.

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 10'° Q) 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/VHz) 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

Teflon is a trademark of the DuPont Corporation.
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Figure 1.9 Eight high-input-impedance buffer arrays are used to detect muscle signals from 256
points for a high-resolution large-array surface electromyography system. Arrays of gold-plated pins
soldered directly to array inputs are used as the electrodes.

using a long flat cable. Power could be supplied either locally, using a single 9-V battery and
two 10-kQ resistors, to create a virtual ground, or directly from a remotely placed symmet-
rical isolated power supply.

Low-impedance op-amp outputs are compatible with the inputs of most biopotential
amplifiers. Wires from J2 can be connected to the inputs of instrumentation just as normal
electrodes would. The isolated common post of the biopotential amplifiers should be con-
nected to the ground electrode on the subject or preparation as well as to the ground point
of the buffer array.

PASTELESS BIOPOTENTIAL ELECTRODES

Op-amp voltage followers are often used to buffer signals detected from biopotential
sources with intrinsically high input impedance. One such application is detecting biopo-
tential signals through capacitive bioelectrodes. One area in which these electrodes are par-
ticularly useful is in the measurement and analysis of biopotentials in humans subjected to
conditions similar to those existing during flight. Knowledge regarding physiological reac-
tions to flight maneuvers has resulted in the development of devices capable of predicting,
detecting, and preventing certain conditions that might endanger the lives of crew members.
For example, the detection of gravitationally induced loss of consciousness (loss of con-
sciousness caused by extreme g-forces during sharp high-speed flight maneuvers in war
planes) may save many pilots and their aircraft by allowing an onboard computer to take
over the controls while the aviator regains consciousness [Whinnery et al., 1987]. G, -
induced loss of consciousness (GLOC) detection is achieved through the analysis of vari-
ous biosignals, the most important of which is the electroencephalogram (EEG).

Another new application is the use of the electrocardiography (ECG) signal to syn-
chronize the inflation and deflation of pressure suits adaptively to gain an increase in the
level of gravitational accelerations that an airman is capable of tolerating. Additional appli-
cations, such as the use of the processed electromyography (EMG) signal as a measure of
muscle fatigue and pain as well as an analysis of eye blinks and eyeball movement through
the detection of biopotentials around the eye as a measure of pilot alertness, constitute the
promise of added safety in air operations.

One problem in making these techniques practical is that most electrodes used for the
detection of bioelectric signals require skin preparation to decrease the electrical impedance

11
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of the skin—electrode interface. This preparation often involves shaving, scrubbing the skin,
and applying an electrolyte paste: actions unacceptable as part of routine preflight proce-
dures. In addition, the electrical interface characteristics deteriorate during long-term use of
these electrodes as a result of skin reactions and electrolyte drying. Dry or pasteless elec-
trodes can be used to get around the constraints of electrolyte—interface electrodes. Pasteless
electrodes incorporate a bare or dielectric-coated metal plate, in direct contact with the skin,
to form a very high impedance interface. By using an integral high-input-impedance
amplifier, it is possible to record a signal through the capacitive or resistive interface.

Figure 1.10 presents the constitutive elements of a capacitive pasteless bioelectrode. In
it, a highly dielectric material is used to form a capacitive interface between the skin and
a conductive plate electrode. Ideally, this dielectric layer has infinite leakage resistance, but
in reality this resistance is finite and decreases as the dielectric deteriorates. Signals
presented to the buffer stage result from capacitive coupling of biopotentials to the network
formed by series resistor R1 and the input impedance Z;, of the buffer amplifier. In addi-
tion, circuitry that is often used to protect the buffer stage from ESD further attenuates
available signals. Shielding is usually provided in the enclosure of a bioelectrode assem-
bly to protect it from interfering noise. The signal at the output of the buffer amplifier has
low impedance and can be relayed to remotely placed processing apparatus without atten-
uation. External power must be supplied for operation of the active buffer circuitry.

A dielectric substance is used in capacitive biopotential electrodes to form a capacitor
between the skin and the recording surface. Thin layers of aluminum anodization, pyre
varnish, silicon dioxide, and other dielectrics have been used in these electrodes. For
example, 17.5-um (0.7-mil) film is easily prepared by anodic treatment, resulting in elec-
trode plates that have a dc resistance greater than 1 GQ and a capacitance of 5000 pF at
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Figure 1.10 Block diagram of a typical capacitive active bioelectrode. A highly dielectric material
is used to form a capacitive interface between the skin and a conductive plate electrode. Signals pre-
sented to the buffer stage result from capacitive coupling of biopotentials to the network formed by
series resistor R1 and the input impedance Z;, of the buffer amplifier. (Reprinted from Prutchi and
Sagi-Dolev [1993], with permission from the Aerospace Medical Association.)
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30Hz. Unfortunately, standard anodization breaks down in the presence of saline (e.g.,
from sweat), making the electrodes unreliable for long-term use.

A relatively new anodization process was used by Lisa Sagi-Dolev, the former head of
R&D at the Israeli Airforce Aeromedical Center, and one of us [Prutchi and Sagi-Dolev,
1993] to manufacture pasteless EEG electrodes that could be embedded in flight helmets.
The hard anodization Super coating process developed by the Sanford Process Corporation3
is formed on the surface of an aluminum part and penetrates in a uniform manner, making
it very stable and resistant. The main characteristics of this type of coating are hardness
(strength types Rockwell 50c—70c), high resistance to erosion (exceeding military standard
MIL-A-8625), high resistance to corrosion (complete stability after 1200 hours in a saltwa-
ter chamber), stable dielectric properties at high voltages (up to 1500 V with a coating thick-
ness of 50 um, and up to 4500 V with a coating thickness of 170 um), and high uniformity.

Hard anodization Super has been authorized as a coating for aluminum kitchen uten-
sils, and it proves to be very stable even under high temperatures and the presence of cor-
rosive substances used while cooking. The coating does not wear off with the use of
abrasive scrubbing pads and detergents. These properties indicate that no toxic substances
are released in the presence of heat, alkaline or acid solutions, and organic solvents. This
makes its use safe as a material in direct contact with skin, and resistant to sweat, body
oils, and erosion due to skin friction.

Figure 1.11 is a circuit diagram of a prototype active pasteless bioelectrode. The biopo-
tential source is coupled to buffer IC1A through resistor R1 and the capacitor formed by
the biological tissues, aluminum oxide dielectric, and aluminum electrode plate.
Operational amplifier IC1A is configured as a unity-gain buffer and is used to transform
the extremely high impedance of the electrode interface into a low-impedance source that
can carry the biopotential signal to processing equipment with low loss and free of
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Figure 1.11 Schematic diagram of a capacitive active bioelectrode. Biopotentials are coupled to buffer ICIA through resistor R1 and the
capacitor formed by the biological tissues, aluminum oxide dielectric, and aluminum electrode plate. Operational amplifier IC1A is configured
as a unity-gain buffer. IC1B drives a shield that protects the input from current leakage and noise. Resistors R3 and R2 reduce the gain of the
shield driver to just under unity to improve the stability of the guarding circuit. C1 limits the bandwidth of input signals buffered by IC1.

Hard anodization Super is a process licensed by the Sanfor Process Corporation (United States) to Elgat
Aerospace Finishing Services (Israel) and is described in Elgat Technical Publication 100, Hard Anodizing:
“Super” Design and Applications.
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contamination. IC1B, also a unity-gain buffer, is fed by the input signal, and its output
drives a shield that protects the input from leaks and noise. Resistors R3 and R2 reduce the
gain of the shield driver to just under unity in order to improve the stability of the guard-
ing circuit. Capacitor C1 limits the bandwidth of input signals buffered by IC1A. The cir-
cuit is powered by a single supply of =4V dc. Miniature power supply decoupling
capacitors are mounted in close proximity to the op-amp.

IC1A and IC1B are each one-half of a TLC277 precision dual op-amp’s IC. Here again,
the selection of op-amps from the TLC27 family has the additional advantage that ESD
protection circuits which may degrade high input impedance are unnecessary because
LinCMOS chips have internal safeguards against high-voltage static charges. Note that this
circuit shows no obvious path for op-amp dc bias current. This is true if we assume that all
elements are ideal or close to ideal. However, the imperfections in the electrode anodiza-
tion, as well as in the dielectric separations and circuit board, provide sufficient paths for
the very weak dc bias required by the TLO82 op-amp.

The circuit is constructed on a miniature PCB in which ground planes, driven shield
planes, and rings have been etched. The circuit is placed on top of a 1-cm? plate of thin
aluminum coated with hard anodization Super used as the bioelectrode. A grounded con-
ductive film layer shields the encapsulated bioelectrode and flexible printed circuit ribbon
cable, which carries power for both the circuit and the signal output.

Figure 1.12 presents a prototype bioelectrode array designed to record frontal EEG sig-
nals measured differentially (between positions Fpl and Fp2 of the International 10-20
System), as required for an experimental GLOC detection system. One of the bioelec-
trodes contains the same circuitry as that described above. The second, in addition to the
buffer and shield drive circuits, also contains a high-accuracy monolithic instrumentation
amplifier and filters. Such a configuration provides high-level filtered signals which may
be carried to remotely placed processing stages with minimal signal contamination from
noisy electronics in the helmet and elsewhere in the cockpit.

A miniaturized version of the circuit may be assembled on a single flexible printed cir-
cuit. Driven and ground shields, as well as the flat cables used to interconnect the elec-
trodes and carry power and output lines, may be etched on the same printed circuit. As
shown in Figure 1.13, the thin assembly may then be encapsulated and embedded at the
appropriate position within the inner padding of a flight helmet. Nonactive reference for
the instrumentation amplifier may be established by using conductive foam lining the
headphone cavities (approximating positions Al and A2 of the International 10-20
System) or as cushioning for the chin strap.

BIOELECTRODE # 2 BIOELECTRODE #~= |
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lAnodized plate  Buffer l 1 1 Lo _.
. L —J __ —
&l NMe— F e g Active Power
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Figure 1.12 Block diagram of a capacitive bioelectrode array with integrated amplification and filter circuits designed to record frontal EEG
signals. One of the bioelectrodes contains the same circuitry as Figure 1.11. The second also contains a high-accuracy monolithic instrumen-
tation amplifier and filters. (Reprinted from Prutchi and Sagi-Dolev [1993], with permission from the Aerospace Medical Association.)
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Figure 1.13 A miniaturized version of the capacitive bioelectrode array may be assembled on a
single flexible printed circuit. This assembly can be encapsulated and embedded at the appropriate
position within the inner padding of a flight helmet for differential measurement of the EEG between
positions Fp1 and Fp2 of the International 10-20 System. Conductive foam is used to establish non-
active reference either at positions A1 and A2 or at the chin of the subject. (Reprinted from Prutchi
and Sagi-Dolev [1993], with permission from the Aerospace Medical Association.)

EEG and ECG signals recorded using the new pasteless bioelectrodes compare very well
to recordings obtained through standard Ag/AgCl electrodes. Figure 1.14 presents a
digitized tracing of a single-lead ECG signal detected with a capacitive pasteless bioelec-
trode as well as with a standard Ag/AgCl electrode. Figure 1.15 shows digitized EEG sig-
nals recorded from a frontal differential pair with a reference at A2 using a pasteless
biopotential electrode array and with standard Ag/AgCl electrodes.

SINGLE-ENDED BIOPOTENTIAL AMPLIFIER ARRAYS

Single-ended op-amp amplifiers were in the past used as front-end stages for biopotential
amplifiers. As we will see later, the advent of low-cost integrated instrumentation
amplifiers has virtually eliminated the need to design single-ended biopotential amplifiers,
and as such, the use of single-ended biopotential amplifiers is not recommended. Despite
this, this section has strong educational value because it demonstrates the design principles
of using single-ended amplifiers, which are common in the stages that follow the
bioamplifier’s front end. Figure 1.16 shows an array of 16 single-ended biopotential
amplifiers. A number of these circuits may be stacked up to form very large arrays, which
made them common for applications such as body potential mapping electrocardiography
in the days when single op-amps were expensive.

Each biopotential amplification channel features high-impedance ESD-protected
inputs, current limiting, and defibrillation protection. Individual shield drives are used to
protect each input lead from external noise. Each channel provides a fixed gain of 1000
within a fixed (—3-dB) bandpass of 0.2 to 100 Hz. The chief advantage of the single-
ended configuration is its simplicity, but this comes at the cost of lacking high immunity
to common-mode signals. Because of this, single-ended biopotential amplifiers are
usually found in equipment that incorporates other ways of suppressing common-mode
signals. In this circuit, an onboard adjustable 50/60-Hz notch filter is connected at the
output of each channel. The schematic diagram of Figure 1.17 shows how each channel

15
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Figure 1.14 Single-lead ECG recordings: (a) using an Ag/AgCl standard bioelectrode; (b) using
the capacitive active bioelectrode. (Reprinted from Prutchi and Sagi-Dolev [1993], with permission
from the Aerospace Medical Association.)

is built around one-half of two TL064 quad op-amps. Eight copies of this circuit
constitute the 16 identical biopotential amplification channels. Operation of a single
channel is described in the following discussion.

A biopotential signal detected by a bioelectrode is coupled to the noninverting inputs of
the first-stage amplifier and the shield driver amplifier. The input impedance is given
mostly by the input impedance of the front-stage op-amps, yielding >100 MQ paralleled
with 100 pF. R1 limits the current that can flow through the input lead, while diodes D1
and D2 shunt to ground any signal that exceeds their zener voltage. This arrangement pro-
tects the inputs of the amplifiers from ESD and from the high voltages present during car-
diac defibrillation. Furthermore, it protects the subject from currents that may leak back
from the amplifiers or associated circuitry.

The shield driver is configured as a unity-gain buffer. The actual drive, however, deter-
mined by R2 and R3, is set to 99% of the signal magnitude at the inner wire to stabilize
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Figure 1.15 EEG measured differentially between positions Fp1 and Fp2 showing eyeblink EMG arti-
facts: (a) using an Ag/AgCl standard bioelectrode; (b) using the capacitive active bioelectrode. (Reprinted
from Prutchi and Sagi-Dolev [1993], with permission from the Aerospace Medical Association.)

the driver circuit while reducing the effective input cable capacitance by two orders of
magnitude. The first amplification stage has a gain determined by

RS
G =1+ RA 11

C2 and R5 form a low-pass filter with a (—3-dB) cutoff frequency of 160 Hz, which stabi-
lizes the amplifier’s operation. In addition, R1 and C1 (plus the capacitances of D1 and
D2) also form a low-pass filter, which further prevents oscillatory behavior and rejects
high-frequency noise.

The amplified signal is high-pass filtered by C3 and R13, with a (—3-dB) cutoff frequency
of 0.16 Hz, before being amplified by the second stage. The gain of this stage is set by

G=1+X8 101
R7
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Figure 1.16 Array of 16 single-ended biopotential amplifiers. A number of these circuits may be
stacked up to form very large arrays, making them ideally suited for applications such as body poten-
tial mapping electrocardiography.

The last processing stage of each channel is an active notch filter, which can be tuned to
the power line frequency by adjusting R12. Supply voltage to this circuit must be sym-
metrical and within the range of =5V (minimum) to =18V (absolute maximum). Two
9-V alkaline batteries can be used efficiently due to the circuit’s very low power con-
sumption. Capacitors C9—C12 are used to decouple the power supply and filter noise from
the op-amp power lines.

To minimize electrical interference, the circuit should be built with a compact layout on
an appropriate printed circuit board or small piece of stripboard. The construction of the
circuit is straightforward, but care must be taken to keep wiring as short and clean as pos-
sible. Leads to the bioelectrodes should be low-loss coaxial cables, whose shields are con-
nected to their respective shield drives at J1 (J1x-2 for left-side channels and J1y-1 for
right-side channels). The circuit’s ground should be connected to the subject’s reference
(patient ground) electrode. When connected to a test subject, the circuit must always be
powered from batteries or through a properly rated isolation power supply. The same iso-
lation requirements apply to the outputs of the amplifier channels.

It is important to note that the performance of a complete system is determined prima-
rily by its input circuitry. Equivalent input noise is practically that of the first stage
(approximately 10V, , within the amplifier’s —3-dB bandwidth of 0.2 to 100 Hz).

BODY POTENTIAL DRIVERS

Rejection of common-mode signals in the prior circuit example is limited to the single-
ended performance of the input-stage op-amp and the 50/60-Hz rejection of the notch filter.
Often, however, environmental noise (e.g., power line interference) is so large that com-
mon-mode potentials eclipse the weak biopotentials that can be picked up through single-
ended amplifiers. Notch filters do not necessarily remove interfering signals in a substantial
manner either. The first few harmonics of the power line constitute strong interfering sig-
nals in the recording of biopotentials. The range of these signals, however, is by no means
confined to 100 or 200 Hz. High-frequency interference originating from fluorescent and
other high-efficiency lamps commonly occurs with a maximal spectral density of approxi-
mately 1 kHz and with amplitudes of up to 50% of the 50/60-Hz harmonic.
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A way of improving the common-mode rejection problem is to use single-ended
amplifiers concurrently with body potential driver (BPD) circuits to cancel out common-
mode signals. Power line and other contaminating common-mode signals are capacitively
coupled to the body, causing current to flow through it and into ground. The body, acting
as a resistor through which a current flows, causes a voltage difference between any two
points on it. The goal of a BPD is to detect and eliminate this voltage, effectively reducing
common-mode signals between biopotential detection electrodes in the vicinity of its sense
electrode.

A BPD is implemented by detecting the common-mode potential in the area of interest
and then feeding into the body a 180° version of the same signal. A feedback loop is thus
established which cancels out the common-mode potential. Circuits that have feedback are
inherently unstable, and oscillatory behavior must be prevented to make a BPD useful.
This, however, limits the BPD to a range well under its first resonance. The performance
of the circuit within this range is dependent on the internal delay of the loop and varies
according to the frequency of common-mode signal components.

The common-mode potential used for a BPD is often acquired from the outputs of the
front stages of differential biopotential amplifiers. In electrocardiography, for example, a
composite signal is often generated by summing the various differential leads. This signal
is inverted and fed back to the subject’s body through the right-leg electrode. This prac-
tice, commonly referred to as right-leg driving, is not optimal, especially at higher fre-
quencies where the additional delay caused by the front stages and summing circuits
degrades BPD performance.

Superior performance can be obtained by implementing a separate BPD circuit which
uses an additional electrode (sense). Any modern operational amplifier operated in open-
loop mode (with a feedback capacitor in the order of a few picofarads) can be used as the
heart of the BPD [Levkov, 1982, 1988]. In the circuit of Figure 1.18, the common-mode
signal is measured between the sense and common electrodes. This signal is applied
through current-limiting resistor R2 to the inverting input of one-half of op-amp ICI.
Operated in open-loop mode, a 180° out-of-phase signal is injected into the body through
the drive electrode in order to cancel the common-mode voltage. D3 and D4 clip the BPD
output so as not to exceed a safe current determined by resistor R3. In addition, this meas-
ure protects the circuit from defibrillation pulses. D1 and D2 are used to protect the input
of the BPD from ESD and other transients. The low-pass filter formed by R2 and C5, as
well as the presence of feedback capacitor C2, stabilize the circuit and prevent it from
entering into oscillation.

The output of the BPD op-amp is rectified by the full-wave bridge formed by D5-D8
and then amplified by the differential amplifier built using the other half of IC1. The out-
put of this op-amp is measured and displayed by the bar graph voltmeter formed by IC3 in
conjunction with a 10-element LED display DISP1. The LM3914 bar graph driver IC has
constant-current outputs, and thus series resistors are not required with the LEDs. The cur-
rent is controlled by the value of resistors R8 and R9. Resistor values also set the range
over which the input voltage produces a moving dot on the display. Power for the circuit
is supplied by a single 9-V alkaline battery. The —9-V supply required by IC1 is gener-
ated using IC2, an integrated-circuit voltage converter. C3, D9, and C4 are required by IC2
to produce an inverted output of the power fed through pin 8.

An additional advantage of using the BPD is the possibility of monitoring the skin—elec-
trode impedance of every electrode connected to the input of a single-ended biopotential
amplifier system. To do so, a test voltage V. fed into the inverting input of the BPD
through J1-4 induces an additional component on each of the amplified output signals.
Phased demodulation of one of these signals removes components corresponding to
detected biopotentials, leaving only an amplified version of the detected test signal V;.
Assuming that an ideal BPD is used, the amplitude of this signal depends on the
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skin— electrode impedance and is given by

Vtesl(Zi + R2)
R1

where G; is the gain of each amplifier in the array.

For simplicity and convenience, the test signal can be generated by a computer
and phased demodulation can be implemented in software. Impedance tests can be
performed just prior to data collection as well as at selected times throughout an
experiment, making it easy to locate faulty electrode—skin connections even in large
amplifier arrays. Further theoretical and practical considerations regarding the construc-
tion of large single-ended biopotential amplifier arrays may be found in a paper by Van
Rijn et al. [1990].

To use the BPD circuit in conjunction with biopotential amplifiers, connect the BPD
reference terminal (J1-1) to the reference electrode (subject ground) of the biopotential
amplifier system. Place the sense electrode (e.g., a standard Ag/AgCl ECG electrode) in
contact with the body in the proximity of the biopotential amplifier’s active electrode(s)
and connect it to J1-2 of the BPD circuit using shielded cable (with the shield connected
to J1-1). A similar electrode placed at a distant point on the body should be connected to
the “drive” output (J1-3) of the BPD. Upon hooking up a 9-V alkaline battery to the appro-
priate power inputs (+ terminal to J1-5 and — terminal to J1-6), common-mode signals
should be neutralized. The moving dot on the display shows the relative maximum ampli-
tude of the BPD voltage. This can be used to assess the conditions of the recording envi-
ronment.

In general, use of a separate sense electrode is not be recommended for any newly
designed equipment. Whenever active common-mode suppression is required, the instru-
ment should be designed such that the common-mode potential used for BPD is obtained
from the outputs of the biopotential amplifier’s front end. However, a stand-alone BPD
such as the one shown in Figure 1.19 can be used to boost the performance of older

Vi:Gi

—

| IS
DRIVERBOARD-10 vl1.0 &

Figure 1.19 A body potential driver can be constructed as a stand-alone unit powered by a 9-V bat-
tery. This circuit can be used in conjunction with existing biopotential amplifiers to boost the com-
mon-mode rejection of older equipment. The LED display shows the relative maximum amplitude
of the BPD voltage to assess the conditions of the recording environment.



DIFFERENTIAL AMPLIFIERS
equipment. For example, when the BPD is used in conjunction with an existing single-

ended ECG channel, J1-1 should be connected to the right-leg cable, and the other two
electrodes can be placed at convenient sites on the body.

DIFFERENTIAL AMPLIFIERS

When a differential voltage is applied to the input terminals of an op-amp as depicted in
Figure 1.20, the transfer function of the inverting follower must be rewritten as

Rf(

Voul == R_
in

Vi—WV)
Similarly, the transfer function of the noninverting follower must be modified to

Ry
Vo= 1+ g1
mn

Vi
+
VAiff S
Vs Vout

1

vVem

Figure 1.20 Differential and common-mode voltages applied to the input of an op-amp.

- R3 +V
100K Q
R1
10K
R2
Vin
10K o Vout
vV
R4
100K
R1=R2
R3=R4

Vout= (R3/R1)Vil’1 _—

Figure 1.21 Differential amplifier implemented with an op-amp.
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Input

R1
10K

R2
10K

Figure 1.21 presents a differential amplifier based on a single op-amp. If R1 =R2 and
R3 = R4, the gain of the stage is given by

_R3 _R4
R2 RI1
In this case, the transfer function is
R4
Vout = Vi H
or
R3
Vou=V; R

where V| — V, is the differential voltage V;,.

The balance of a differential amplifier is critical to preserve the property of an ideal op-
amp by which its common-mode rejection ratio is infinite. If V| = V,, an output voltage of
zero should be obtained, disregarding any common-mode voltage V. If the resistor equal-
ities R1 =R2 and R3 = R4 are not preserved, the common-mode rejection deteriorates.

The main problem regarding use of a simple differential amplifier as a biopotential
amplifier is its low input impedance. Especially in older equipment, where this
configuration was used to amplify differential biopotentials, high-input-impedance JFET
transistors or MOSFET-input op-amp unity-gain voltage followers were used to buffer
each input of the differential amplifier. Despite the enhanced CMR of the differential
amplifier configuration over that of a single-ended system, use of a BPD circuit can
increase considerably the CMR of differential biopotential amplifiers. This is especially
true regarding the rejection of interfering signals with high-frequency components.

C1
0.1uF
|
11
R4
10M
-9V
0 +9V
o}
IC1
c2
4l5
2 | TLO81 1uF 7l 1 IC2
6 |1 317 TLO8I J1
314 11 6 1 @
2]
711 BNC
Rs L R6 4|5 2
T 1M
R3 | ™M o.a7ur
10M +9V o]
-9V

Figure 1.22 In this simple differential biopotential amplifier, signals originating from electrophysiological activity in the body are detected
by measuring the potential differences between electrodes connected to the inputs. If the sensing bioelectrodes are placed in the proximity
of the biopotential source, common-mode electrical interference affects both probes more or less equally and are rejected by the differential

amplifier stage.



Simple Differential Biopotential Amplifier

Figure 1.22 presents the circuit diagram of a simple differential biopotential amplifier.
Potential differences originating from electrophysiological activity in the body may be
detected with this circuit by attaching bioelectrodes and measuring the potential differences
between them. If the sensing bioelectrodes are placed in the proximity of a biopotential
source, electrical interference induced from the power line or originating from other sources
of biopotentials in more remote parts of the body will affect both probes more or less equally.
The changes of signal detected simultaneously by both electrodes are rejected by the first stage
of the preamplifier. This stage is made up by op-amp IC1 wired as a differential amplifier.
For low-frequency signals, the gain of the differential stage is given by
R3 R4 _10MQ

C=R2"RI 10kQ

= 1000

At high frequencies, however, C1 has low impedance, forcing the first stage to act as a low-
pass filter. In addition to limiting the bandwidth of the amplifier, C1 and C3 damp oscilla-
tions and instabilities of the circuit. Note that a gain of 1000 requires that large dc offset
voltages not be present on the biopotential signal. At this gain, the circuit will stop oper-
ating if the offset voltage exceeds a mere 10 mV. If higher offset voltages are expected, the
gain of the amplifier formed around IC1 must be decreased. For example, to use this cir-
cuit as part of a surface ECG amplifier, the gain must be recalculated to cope with offset
potentials of up to £300mV.

The output of IC1 is ac-coupled via C2 to IC2. The —3-dB cutoff for the high-pass filter
formed by C2 and R6 is approximately 0.16 Hz. The filtered signal is then buffered by
unity-gain voltage follower IC2. To minimize electrical interference, the circuit should be
built with a compact layout on an appropriate printed circuit board or small piece of strip-
board. The construction of the circuit is straightforward, but care must be taken to keep
wiring as short and clean as possible. Leads to the electrodes are coaxial cables with their
shields connected to ground at the circuit board.

This circuit is very useful to demonstrate how to measure the CMR and input imped-
ance of a biopotential amplifier. First, test and calibrate the circuit. You will need a two-
channel oscilloscope and a signal generator. Take the following steps:

1. Connect the oscilloscope and the signal generator to the biopotential amplifier as
shown in Figure 1.23a.

2. Apply a 10-Hz signal of 1-mV amplitude as measured by channel 2 of the oscillo-
scope.

3. Verify that the output signal is an amplified version of the input signal.

4. Determine the theoretical gain of the equivalent circuit and confirm that the output
signal has an amplitude of Gyoninyerting” ] mV-

5. Without changing the settings of the instruments, connect the oscilloscope and the
signal generator to the biopotential amplifier as shown in Figure 1.23b.

6. Verify that the output signal is an amplified and inverted (opposite phase) version
of the input signal. Determine the theoretical gain of the equivalent circuit and
confirm that the output signal has an amplitude of Gjyyering 1 MV.

To measure the CMR, do the following:

1. Connect the equipment as shown in Figure 1.24.

2. Adjust the signal generator to produce a 60-Hz 5-V,,, common-mode input signal
Vin om-

3. Measure the corresponding common-mode output voltage Vi, cm-

DIFFERENTIAL AMPLIFIERS
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Oscilloscope

Biopotential Amplifier

10mV p-p +HIN
10Hz .

- oout
- Input 1 Input 2

T ANw | JT_

Oscilloscope

Biopotential Amplifier
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10Hz -IN N
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\
\
\
\
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\
\
\
\
\
\
\
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(b)

Figure 1.23 The gain of a differential biopotential amplifier can be measured by injecting a signal (e.g., 10-Hz sinusoidal) at an amplitude
similar to that expected from the biopotential (e.g., 1 mV) to the inputs. (a) When the amplifer is configured as single-ended, the output sig-
nal should be an amplified version of the input signal. (b) When the circuit is reconfigured to use the inverting input, the output signal should
be an amplified and inverted (opposite phase) version of the input signal.

4. Calculate the common-mode gain Gy = Vour om/ Vin oM

5. Considering that the differential gain of this biopotential amplifier is given by the
ratio between the resistor pairs (i.e., Gyiferential = 10 MQ/10kQ = 1000), calculate
the common-mode rejection ratio, CMRR = G;gerenia/Gem, and common-mode
rejeCtiOﬂ, CMR(dB) =20 IOglo (GdifferentiaI/GCM)-

Next, measure the input impedance of the biopotential amplifier. You will need an ohm-
meter (e.g., a digital multimeter or VOM) and a 10-MQ multiturn potentiometer in addi-
tion to the oscilloscope and signal generator. Follow this procedure:

1. Connect the equipment as depicted in Figure 1.25.

2. Adjust the signal generator to produce a 100-Hz sinusoidal wave with an amplitude
of 1mV,, .. This signal is measured by channel 2 of the oscilloscope.

3. Set the potentiometer to 02 and measure the amplifier’s peak-to-peak output volt-
age on channel 1. Record this value.

4. Carefully adjust the 10-MQ potentiometer until the voltage measured on channel 1
reaches half the value recorded in the preceding step.
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Oscilloscope

Biopotential Amplifier

+IN .

I V-OU.t cm

Inputl Input 2

\
\
\
\
\
\
\
\
\
\
\
N\ /
\/
vV
C
3
HF____* )

0

Vin cm

A—REF

5V p-p

60Hz J\

Figure 1.24 To measure the CMR of a biopotential amplifier, the differential inputs should be shorted and a relatively large common-mode
signal (e.g., 60-Hz 5-V,, sinusoidal) injected between the shorted differential inputs and the biopotential amplifier’s common reference
input. The common-mode rejection is then calculated as CMR (dB) = 2010g;¢(Gifterentia/ Gem)-

Oscilloscope

Biopotential Amplifier
R1
10M .
+IN S

1lmV p-p

Input 1 Input 2

\
\
\
\
\
\
\
\
\
\
\
\\ //
C
_|
=0

=0

Figure 1.25 To measure the input impedance of the biopotential amplifier, inject an in-band test signal of known amplitude (e.g., 1 mV) to
the biopotential amplifier’s inputs through a 10-MQ potentiometer. Adjust the potentiometer until the output voltage is half of the amplitude
obtained with the potentiometer set to 0 2. The resistance of the potentiometer at the half-output point is equal to the input impedance of the
biopotential amplifier at the test frequency. This measurement should be repeated for a number of in-band frequencies to compute the capac-
itive and resistive components of the input.

5. Without changing the setting of the potentiometer, measure its resistance with the
ohmeter. This value is equal to the input impedance of the biopotential amplifier at
the specified frequency.

6. Repeat the experiment for various frequencies from 0.1 Hz to 20kHz. Use appro-
priate settings for the oscilloscope’s time base. Compute the capacitive and resis-
tive components of the input impedance based on the data obtained.

OP-AMP INSTRUMENTATION AMPLIFIERS

An alternative to the simple differential amplifier is the multiple op-amp configuration pre-
sented in Figure 1.26. This differential configuration, known as an instrumentation
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i >

+15V

Figure 1.26 Op-amp instrumentation amplifier.

amplifier, has the advantage of preserving the high input impedance of the noninverting
follower, yet offering gain. Input amplifiers A1 and A2 can be analyzed as noninverting
amplifiers which produce output voltages of

voo(1+ B2y, RV,
R1 R1
and
v,= (14 R3) R3OV
R1 R1

Initially, if it is assumed that the gain of amplifier A3 is unity and that R2 = R3, then
Vou=Vp— Vs

Substituting into the two preceding equations gives the output voltage:

2R2
R1

Vow = (V — vo(l L 2R2

Whenever the gain of amplifier A3 is greater than unity, this equation must be multiplied
by the gain of the differential stage. If R4 = R5 and R6 = R7, the overall voltage gain of
the instrumentation amplifier is given by

2R2\R6
RS

Vour=Vo=V)I1+——
out (2 1)( R1
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Biopotential amplifiers are seldom built these days using individual op-amps. Instead, an
integrated circuit instrumentation amplifier (ICIA) combines in a single package most of
the components required to make an instrumentation amplifier. ICIAs typically require one
or two external resistors to set their gain. These resistors do not affect the high CMRR
value or the high input impedance achieved in ICIAs through precise matching of their
internal components.

Instrumentation Biopotential Amplifier

The circuit of Figure 1.27 is a typical ICIA-based biopotential amplifier. This high-input-
impedance circuit combines a programmable-gain instrumentation amplifier and an ac-
coupled (LPF: —3dB at 0.5Hz; HPF: —3dB at 500 Hz) configurable bandpass filter to
form a highly versatile, compact, stand-alone biopotential amplifier. Differential
amplification of the biopotential signal is achieved with high CMR (>90dB at 60 Hz)
through the use of a high-accuracy monolithic instrumentation amplifier IC. The low-noise
(<1uVy,, between 0.5 and 100 Hz) front end can be programmed to have a gain of 10,
100, or 1000, while a fixed second stage and a configurable third stage further amplify the
signal to an overall gain of up to 1 million.

Typical applications for this biopotential amplifier are as a front-end and main amplifier
for standard and topographic EEG, evoked potential tests (BAER, MLAR, VER, SER),
and for cognitive signals and long-latency studies. The heart of the circuit is IC1, Burr-
Brown’s INA102 programmable monolithic IC instrumentation amplifier. Biopotentials
are dc-coupled to the instrumentation amplifier through current-limiting resistors R1 and
R2. An INA102 gain of 1, 10, 100, or 1000 is selected by programming jumpers JP1 and
JP2 as shown in Table 1.1. Since the amplifier is dc-coupled, care must be exercised in the
selection of gain so that the amplifier is not saturated by dc offset voltages accompanying
the biopotential signal. For example, to use this circuit as part of a surface ECG amplifier,
the gain must be calculated to cope with offset potentials of up to £300mV.

The INA102 is ac-coupled (—3 dB at 0.5 Hz) to a second amplification stage with a fixed
gain of 100. Resistor RS and capacitor C2 form a low-pass filter with —3-dB cutoff at
500Hz. R6, R7, R8, C3, C4, and C5 are used to select the desired passband of two stages of
filtering. R6-R8 and C3-C5, along with one-half of IC3, form a third-order (— 18 dB/octave)
Butterworth low-pass active filter stage. The design of these filters is discussed in Chapter 2.

Finally, the ac output of the filter is presented to an inverting amplifier prior to output.
The gain of this last stage is given by Gyc3g = R10/R9. As shown in Figure 1.28, compo-
nents R6-R9 and C3—-C5 can be soldered onto a DIP header which is inserted in a 14-pin
DIP socket. A number of these DIP-header modules may be assembled to provide an
assortment of desired passband and gain characteristics. If the listed resistors and capaci-
tors are used, the low-pass —3-dB point is fixed at 22 Hz, with a third-stage gain of 10.

The supply voltage to the circuit must be symmetrical and within the range =5V (min-
imum) to £16V (absolute maximum). Rated specifications are obtained using a supply of
*15V. Diodes D1 and D2 provide protection against incorrect supply voltage polarity, and
capacitors C7-C14 are used to decouple and filter the power supply. Because of the very
small quiescent maximal supply current used by this circuit, a pair of 9-V alkaline batter-
ies constitute a suitable power supply for most applications. Preferably, leads to the bio-
electrodes should be low-loss low-capacitance coaxial cables whose shields are connected
to the subject ground terminal of the biopotential amplifier. Construction of this biopoten-
tial amplifier is simple and straightforward, but care must be taken to keep all wiring as
short and as clean as possible.

In using this biopotential amplifier it is desirable to keep the gain of the first stage low
(e.g., 10), and to reach the required overall gain by selecting a high gain for the third stage.
In addition, optimal rejection of unwanted signal components is best achieved by careful
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OP-AMP INSTRUMENTATION AMPLIFIERS

TABLE 1.1 The Gain of the INA102 ICIA of
Figure 1.27 Is Jumper-Programmable According
to These Settings for JP1 and JP2

Gain JP1 JP2
1 None 2-3

10 1-6 2-3
100 2-5 2-3
1000 34 1-2

Figure 1.28 The components that select gain and bandpass filter characteristics (R6-R9 and
C3-C5) for the ICTA-based biopotential amplifier can be soldered onto a DIP header which is
inserted in a standard 14-pin DIP socket. A number of these DIP-header modules may be assembled
to provide an assortment of desired passband and gain characteristics.

selection and preparation of electrode placement on the subject, and by keeping the band-
pass characteristics of the biopotential amplifier as tight as possible. When connected to a
test subject, the circuit must always be powered from batteries or through a properly rated
isolation power supply. The same isolation requirements apply to the output of the amplifier.

To test and calibrate the unit, you will need a two-channel oscilloscope and a signal
generator. Take the following steps:

1.

Assemble the DIP header according to your requirements and install in the 14-pin
socket.

After verifying the connections, power the biopotential amplifier circuit with a
symmetrical power supply.

Short both inputs (J1-2 and J1-3) of the biopotential amplifier to ground (J1-1,4).
Configure JP1 and JP2 for a gain of 10.

Connect the oscilloscope’s input to the output of the biopotential amplifier circuit
(J3-1) and the oscilloscope’s ground to that of the biopotential amplifier’s (J3-2).
The output signal should be stable and should present no oscillatory behavior or
drift. At very high gains, the peak-to-peak input noise of the circuit can be measured.
Short the inverting (J1-2) input terminal of the biopotential amplifier to the subject
ground terminal (J1-1,4), and connect these to the ground terminal of a signal
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10.

11.

generator. Connect the output of the signal generator to the noninverting input (J1-
2) of the biopotential amplifier.

Adjust the signal generator to produce a sinusoidal wave with an amplitude of
1 mV,, at a frequency within the passband of the filter configuration selected.

Check that changes in the configuration of JP1 and JP2 cause corresponding
changes in the amplitude of the output signal.

Set the gain to 10, and using the second channel of the oscilloscope, check that
there is no phase difference between the signal at the output of the ICIA and that at
the noninverting input.

Without changing the settings of the instruments, short the noninverting (J1-3) input
terminal of the biopotential amplifier to the subject ground terminal (J1-1,4), and
connect these to the ground terminal of the signal generator. Connect the output of
the signal generator to the inverting input (J1-2) of the biopotential amplifier.

Verify that the output signal is an amplified and inverted version (opposite phase)
of the input signal. Verify that the gain remained constant.

While the signal generator is connected, monitor the output of the biopotential amplifier
while increasing and decreasing the frequency of the signal generator. You can verify your
choice of components used for the filter stages by observing that the decay in output ampli-
tude indeed occurs at the expected frequencies. The procedure is as follows:

1.

Set the gain of the biopotential amplifier front gain to unity.

2. Adjust the input sine wave to exactly 0.07 V and the frequency to the midpoint of

9.

the bandpass expected. Make this adjustment as accurately as possible.

Check that the output signal is of the amplitude expected. Readjust the signal gen-
erator if necessary.

Slowly increase the input frequency until the output amplitude decreases to 0.05V
(70.7% of the midrange gain). Measure the frequency at this point. This is the high-
frequency cutoff point of the biopotential amplifier.

Repeat the preceding steps for gain factors of 10, 100, and 1000 using appropriate
settings for the signal generator and the oscilloscope.

Reset the gain of the biopotential amplifier front end to unity.

Connect a 1-UF nonpolar capacitor in series between the signal generator and the
input to the biopotential amplifier.

Slowly sweep the frequency of the input signal starting from dc and measure the
frequency at the two points where the output signal is 0.05V (70.7% of the
midrange gain). This is the low-frequency cutoff point of the biopotential amplifier.
Plot the response of this last configuration on a semilogarithmic graph.

This amplifier is suitable for applications involving low-level low-frequency signals.
Thus, you may want to measure the amplifier’s equivalent noise level. To do this you will
need a digital storage oscilloscope or chart recorder. Follow this procedure:

Nk

Short both inputs of the biopotential amplifier to the patient ground terminal.
Connect the oscilloscope to the output of the biopotential amplifier.

Set the oscilloscope for a 10-second total sweep and dc coupling.

Set the overall gain of the biopotential amplifier to 100,000.

Set the gain of the oscilloscope up to a point where the peak events of the wide
fuzzy noise signal can be measured.
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6. Typical peak-to-peak noise measurements are found by reading the maximum
peak-to-peak voltage noise of the circuit’s output for three observation periods of
10 seconds each, then dividing by the gain of the amplifier (i.e., 100,000).

You may want to compare the CMR of the ICIA to that of the differential amplifier
described in the earlier project. Use a procedure similar to the one used earlier to measure
the CMR of the instrumentation biopotential amplifier:

1. Connect the equipment, shorting the differential inputs as shown in Figure 1.24.
2. Adjust the signal generator to produce a 60-Hz, 5-V,,_, input signal Vi, cu-

3. Measure the corresponding common-mode output voltage Vi, cum-

4. Calculate the common-mode gain Gey = Voue o/ Vin oM

Using the measured gain of the biopotential amplifier, calculate the common-mode
rejection:

G diftorenti
CMR(dB) = 20 log,,—2terential
Gem

Switched-Capacitor Instrumentation Biopotential Amplifier

Differential biopotential signal recordings can be done through circuits other than classi-
cal op-amp differential or instrumentation amplifiers. The simplified circuit in Figure 1.29
implements a simple but precise instrumentation amplifier that uses a switched-capacitor
building block. It converts differential signals from a preamplified electrode pair to a sin-
gle-ended output while rejecting common-mode signals in an effective manner. In this cir-
cuit, a solid-state dual-pole dual-throw (DPDT) switch block converts the differential input
to a ground-referred single-ended signal which may then be amplified by a noninverting
follower op-amp configuration.

During the time that the input switches are closed (® = odd), sampling capacitor Cg
acquires the input signal Vi, 4. When the input switches open (® = even), hold capacitor
Cy receives the sampled charge. Switching Cg continuously between the input

¢=odd ¢=even

Cs

1]
1

4 |
Vincm | nonoverlapping clock

A

L U
- T

Figure 1.29 1In this switched-capacitor instrumentation amplifier, a solid-state DPDT switch block
converts the differential input to a ground-referred single-ended signal which is then amplified by a
noninverting follower operational amplifier configuration.
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Figure 1.30 Switched-capacitor instrumentation amplifier timing and equivalent circuits:
(@) basic equivalent circuit; (b) switching timing; (c) first odd-phase equivalent circuit; (d) first even-
phase equivalent; (e) generalized even-phase equivalent circuit; ( f) analog equivalent circuit.

voltage and Cy causes output voltage V,, to track the difference between the circuit’s
inputs Vi, 4 rejecting common-mode voltages Vi, cy. Assuming that the characteristics
of the op-amp approach those of an ideal op-amp, the transfer characteristics of the circuit
may be determined by following conventional network analysis methods. The equivalent
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circuit is presented in Figure 1.30a. For the purpose of analysis, input
voltage V;, is assumed to be constant during the sampling period. It is further assumed that
the switches are thrown back and forth continuously with a clock period 7 according to the
timing diagram of Figure 1.305 and that their connections shift instantly with no overlap.

During the first odd-phase interval (n — 1) <t/T < (n — %), the circuit is equivalent to
Figure 1.30c, and Cy is charged instantaneously to V2=°4 (n — 1):

Ve ) =V = DT =V @m—1)

While the odd-phase output voltage V&7 %4 is equal to the voltage of Ve

Ve, (0 =Vor Y — DT = Ve *“n—1)

During the even-phase interval (n —3) =< t/T <n that follows, the circuit is equivalent to
that of Figure 1.30d, and charges are redistributed between Cg and Cy, which results in a
new output voltage. The analysis of the charge transaction is simplified by assuming the
alternative equivalent circuit of Figure 1.30e with uncharged capacitors. By applying the
initial voltages of the capacitors represented by the sources as step functions edged at
t=(n— 1)T, the new output voltage is

_ 1 Cs - Cx _

=even| , _ — | — ®=odd , _ d=odd/,, _

e ) Rowwom € B U IR ey om Tt i)

During the odd-phase interval n=<1/T < (n+ %), capacitor Cy remains undisturbed, and
thus the output voltage is represented by the expression

_ - 1
O e

A general expression representing the odd-phase output voltage may now be written

CS = CH _
V@I)—odd _ 1 + V(I)—odd -1
CS + CH mn (}’l ) CS + CH out (f’l )

Applying the z-transform to this equation, we obtain

Vo ) =

CHZ71
st Cx
The odd-phase discrete-frequency-domain transfer function may then be solved directly:

_ C _
VO M(g) = —>—yd=odd () 4

VCI) =odd
Cs + Cyy out ()

H(Din=odd;d)0ut=odd(z) — Vg)u?()dd (2) _ 1 Z_l
®=o0dd Cy/C _
Vm (Z) 1 +CH/CS 1_#1 1
1+Cy/Cs

By replacing z by ¢/* and using Euler’s formula, the time-domain representation of this
equation can be written as
®=odd ,joT
H®in=0dd: Doy =0dd (pjoTy — Vow e
y&=odd yjoT
1
(1 + Cy/Cs) cos wT —Cy/Cg +j (1 + Cy/Cy) sin oT

where o is the frequency of an applied sinusoidal signal and 7 is the clock period. From
this equation it is possible to determine the magnitude response and phase shift of the
switched-capacitor instrumentation block. In addition, a capacitance ratio Cy/Cg that
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results in an appropriate frequency response may be selected. Assuming that the switching
frequency allows for a large oversampling of the desired passband, z can be approximated
by the continuous Laplace term (1 + s7); then

H(Din=odd;d)0ut=odd (Z)Z:H—ST; H(S) — 1
sT(1 +Cy/Cg) + 1

Comparing this to the continuous frequency-domain transfer function of a simple RC low-
pass filter yields

1

HS) = Gon+1

where @; = 1/RC. Then a cutoff frequency of f_335 = 1/2TRC may be obtained through a
capacitance ratio of

Cu__ 1
Cs  onf 38T

The analogy to an RC low-pass filter is not a mere coincidence, because the DPDT
switches together with Cg constitute the parallel switched-capacitor resistor realization of
Figure 1.30f, whose value is given by

Requivalent = TCS

The capacitance of Cg must be computed to comply with a desired input impedance, which
is dependent on the sampling frequency. It must be noted that because of the fact that com-
mon-mode signals are not sampled, their spectral content may well exceed the sampling
frequency without encountering aliasing.

It may be seen from the analysis presented above that after charge reorganization has
been achieved during an even-phase interval, the output voltage is held as long as the sam-
pling capacitor does not bring a new sample in contact with the hold capacitor. This prop-
erty may be used to reject stimulation artifacts (i.e., high-amplitude spikes caused by
currents caused by a pulse generator intended to cause tissue stimulation) by extending the
even-phase interval, making it slightly longer than the stimulation pulse to be rejected. This
technique effectively isolates the stimulation artifact from the high-gain amplification and
processing circuitry, following the instrumentation stage, allowing for the immediately con-
secutive detection of biopotentials.

Although switched-capacitor instrumentation stages are not very common in patient
monitors, they are often used as the core of biopotential amplifiers in implantable devices
(e.g., pacemakers). In addition, many modern analog signal processing applications rely
on switched-capacitor sampled-data processing techniques implemented through the use
of CMOS charge manipulation circuits. In these applications, CMOS application-specific
ICs (ASICs) contain switches and capacitors that are used as an economical means of mass
producing sophisticated signal processing functions, such as amplification, analog arith-
metic, nonlinear functions, and filtering [Allen and Sanchez-Sinencio, 1984].

In the circuit of Figure 1.31, IC3, a monolithic charge-balanced dual switched-capaci-
tor instrumentation building block (Linear Technology’s LTC1043), implements all of the
required charge manipulation functions. Within this integrated circuit, a nonoverlapping
clock controls two DPDT CMOS switch sections. If the switched-capacitor stage IC3
would be connected directly to a differential biopotential source detected by small-area
surface electrodes, and the sampling frequency is chosen to be 100 times that of the high-
est spectral component of the signal, the optimal value of the sampling capacitor would
result in the picofarad range to present an input impedance in the gigaohm range.
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Using off-the-shelf components, however, the construction of such a circuit would intro-
duce parasitic capacitances in the same order of magnitude as the sample-and-hold capaci-
tances, resulting in errors that the internal charge-balancing circuitry within the integrated
circuit cannot cancel. For this reason, this design includes two noninverting amplifiers IC1B
and IC1D which present the switched-capacitor block with a signal level that is compatible
with a larger-valued sampling capacitor, effectively eliminating the problems related to par-
asitic capacitances. The output of each of these amplifiers is given by

R2

V= (1 + —) y, - RV,

R1 R1

and

Vy=(1+23)y,  RIW,
R1 Rl

Thus, if R2 = R3, the theoretical differential voltage presented to the sampling capacitor is

Va—= V=V, — V1)<1 + 2%)
CMOS op-amps IC1A and ICIC are configured as unity-gain buffers and serve as ultra-
high impedance to low-impedance transformers so that the biopotential signal may be car-
ried with negligible loss and contamination to the instrumentation stage. In critical
applications, these could be mounted in close proximity to the electrodes used to detect the
biopotentials. In addition, if the biopotential amplifier can be mounted close enough to the
subject, IC1A and IC1C may be omitted.

In order not to reduce the high common-mode rejection that may be achieved through
use of a switched-capacitor instrumentation block, the use of high-precision components
is mandatory, so that the gain of the chain formed by IC1A and IC1B will closely match
that of IC1C and ICID. In addition, an adequate layout of the printed circuit board or
breadboard, using guard rings and shielding the sampling capacitor from external parasitic
capacitances, is necessary to preserve the common-mode rejection from being degraded.
This also helps maintain the inherent ultrahigh impedance of the CMOS input buffers.

An additional high-performance CMOS operational amplifier IC2, configured as a nonin-
verting follower, amplifies the single-ended output of the instrumentation stage. The ultrahigh
input impedance of this amplifier ensures that the performance of the switched-capacitor stage
is not affected by the output load. The dc gain of the noninverting follower is given by

Gier=1+ ﬁ—i
which is multiplied by its own transfer function, the dc gain of the input amplifiers and
buffers, their transfer function, and the transfer function of the switched-capacitor instru-
mentation block to yield the frequency-dependent gain of the complete system. However, the
flat-response bandwidth of any modern operational amplifier is by far wider than that of
biopotential signals, and by selecting a very high sampling frequency and the correct capac-
itance ratio, a virtually flat frequency response within the bandwidth of interest is achievable.

Figure 1.32 shows an array of these switched-capacitor instrumentation amplifiers used to
detect myoelectric signals from muscle fibers stimulated by an electrical current. Artifacts
induced by the high-voltage surface neuromuscular stimulation can be rejected by extending
the even-phase switching interval during stimulation. To do so, an external clock drives the
switched-capacitor timing logic. Just prior to stimulation, the clock is isolated from the
amplifiers by a logic AND gate, and all switched-capacitor blocks are set unconditionally to
even-phase mode. Shortly after stimulation ceases, switching at clock speed is restored.
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Figure 1.32 Switched-capacitor biopotential amplifier array setup for detecting propagating activ-
ity in electrically stimulated muscle. Stimulation artifacts are isolated from the high-gain
amplification stages by extending the even-phase switching interval throughout a stimulation pulse.

Initial rejection of the stimulus artifact is effected through differential measurement of
EMG signals. Rippling caused by the instantaneous change in switching period are mini-
mized by sample-and-hold and low-pass filter properties of the switched-capacitor instru-
mentation amplifier. Further rejection of the induced discontinuity are easily rejected
through a low-pass filter as well as through decreasing the slew rate of the output op-amp.

Figure 1.33 presents results from such an array recording used to record EMG signals
from the biceps brachii muscle. Signals were differentially recorded using 32 surface elec-
trodes 2.54 mm apart. The ultrahigh-impedance buffer array circuit presented earlier in this
chapter was used as the electrode buffer. Switched capacitors were clocked at 100 kHz by
a 50% duty-cycle oscillator. A separate oscillator triggered a high-voltage surface neuro-
muscular stimulator at a rate of 18 Hz. One-half millisecond before generation of a 1.06-
ms compensated stimulation pulse, all switched-capacitor stages are forced to an
even-phase state and remain that way for an additional 1 ms after the stimulation pulse
ceases.

The 31 single-differential EMG signals clearly show a compound potential originating
under channel 20 and propagating bidirectionally toward channels 1 and 31. The artifact
resulting from stimulation currents and switching discontinuity in the biopotential amplifiers
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Figure 1.33 Bipolar array recording of composite propagating EMG activity evoked by a single surface stimulation pulse. The artifact
resulting from stimulation currents and switching discontinuity is indicated between brackets. [Reprinted from Med. Eng. Phys., 17, D.
Prutchi, A High-Resolution Large Array (HRLA) Surface EMG System, pages 442454, 1995, with permission from Elsevier.]

is present on all channels simultaneosly. Please note that the level of interference it causes
(shown between brackets) is minimal compared to the amplitude of evoked potentials.
Recently, multichannel recordings such as these have gained wide popularity in
research and diagnostic uses of electrophysiological activity. For example, 32-channel sys-
tems have been used in EEG and evoked potentials, and 64-channel systems have been
developed for body potential mapping (BPM) ECG. In electromyography, surface elec-
trode arrays have been used to detect propagating electrical activity in skeletal muscles,
enabling noninvasive estimation of muscle fiber conduction velocity and innervation zone.
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BANDPASS SELECTION FOR
BIOPOTENTIAL AMPLIFIERS

As shown in Table 2.1, common biopotential signals span the range dc to 10 kHz. Under
ideal conditions, a biopotential amplifier with wideband response would serve most appli-
cations. However, the presence of common-mode potentials, electrode polarization, and
other interfering signals often obscure the biopotential signal under investigation. As such,
the frequency response of a biopotential amplifier should be tuned to the specific spectral
content expected from the application at hand.

Spectral analysis is the most common way of determining the bandwidth required to
process physiological signals. For a first estimate, however, the rigors of spectral analysis
can be avoided simply by evaluating the durations of high- and low-frequency components
of the signal. Koide [1996] proposed a method for estimating the —3-dB bandpass based
on acceptable distortion.

The duration of the highest-frequency component, 7, is estimated from a stereotypical
signal to be the minimum rise or fall time of a signal variation. The duration of the lowest-
frequency component, #, ;, on the other hand, is measured from the tilt of the baseline or
of the lowest-frequency component of interest. Koide illustrated this with an example.
Figure 2.1 shows a stereotypical intracellular potential measured from the pacemaker cells
in a mammalian heart SA node. In this example, f;;z = 75ms and £, ; = 610 ms. Using the
formulas of Table 2.2, the amplification system must have a —3-dB bandpass of 0.0026 to
41.3Hz to reproduce the signal with negligible distortion (1%). Acceptable distortion,
usually considered to be 5% or less for physiological signals, would require a narrower
—3-dB bandpass, of 0.013 to 18.7 Hz.

WIDEBAND BIOPOTENTIAL AMPLIFIER

The biopotential amplifier circuit described by the schematic diagrams of Figures 2.2 and
2.3 covers the complete frequency range of commonly recorded biopotentials with high
CMR. In this circuit, a Burr-Brown INA110AG ICIA is dc-coupled to the electrodes via
current-limiting resistors R22 and R23. Two Ohmic Instruments IS-1-3.3DP semiconductor

Design and Development of Medical Electronic Instrumentation By David Prutchi and Michael Norris
ISBN 0-471-67623-3 Copyright © 2005 John Wiley & Sons, Inc.
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42 BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS

TABLE 2.1 Frequency Ranges of Various Biopotential Signals

Application Frequency Range

Action potentials detected with transmembrane dc-2kHz
pipette electrodes

Electroneurogram (ENG): nerve bundle potentials 10Hz-1kHz
detected with needle electrode

Electroretinogram (ERG): potentials generated 0.2-200Hz

by retina in response to a flash of light; detected
with implanted electrodes
Electrooculogram (EOG): eye potentials used dc-100Hz
to measure eye position; detected with surface electrode
pairs: left/right and above/below eyes

Electrogastrogram (EGG): stomach potentials detected 0.01-0.55Hz
with surface electrodes placed on abdomen
Electroencephalogram (EEG): rhythmic brain potentials Delta waves 0.5-4Hz
detected with surface electrodes placed on head Theta waves 4-7.5Hz
Alpha waves 7.5-13Hz
Low beta waves 13-15Hz
Beta waves 15-20Hz
High beta waves 20-38 Hz
Gamma waves 38-42Hz
Brain evoked potentials: brain potentials evoked by stimuli; Visual evoked potential (VEP) 1-300 Hz
detected with surface electrodes placed on head Auditory evoked potential (AEP) 100 Hz-3 kHz
Somatosensory evoked
potential (SSEP) 2Hz-3kHz
Electrocardiogram (ECG): heart potentials detected with Heart rates (R-R intervals) 0.5-3.5Hz
surface electrodes placed on chest, back, and/or limbs R-R variability due to
thermoregulation 0.01-0.04 Hz
R-R variability due to baroreflex
dynamics 0.04-0.15Hz
R-R variability due to respiration 0.15-0.4Hz
P,QRS,T complex 0.05-100Hz
Ventricular late potentials 40-200Hz
Bandwith requirement for
clinical ECG/rate monitors 0.67-40Hz
Clinical cardiac electrophysiology: analysis of cardiac Intracardiac electrograms 10Hz-1kHz
potentials detected with catheter electrodes placed in Monophasic action
contact with the myocardium potentials (MAPs) dc-2kHz
Electromyogram (EMG): muscle potentials detected Surface EMG 2-500Hz
with surface electrodes or indwelling needle Motor unit action potentials 5Hz-10kHz

electrodes

Single fiber electromyogram

500Hz-10kHz

Galvanic skin response (GSR): battery potentials dc-5Hz
produced by sweat on skin electrodes

current limiters are used for redundant protection of the subject from leakage currents. C25,
C27, and C26 are used to protect the amplifier from high-frequency currents, such as those
used in electrosurgery and ablation procedures. R21 and R24 limit the impedance of each
input to 10 MQ referred to the circuit’s isolated ground. These resistors provide enough bias
to maintain high immunity to common-mode signals without the need of a patient ground
electrode. Diodes D7-D10 are used to protect the inputs of IC5 from high-voltage transients
such as those expected from defibrillation and electrostatic discharge.
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Figure 2.1 A stereotypical intracellular potential measured from the pacemaker cells in a mam-

malian heart SA node has a minimum rise time of #,; = 75ms and a tilt of 7, ; = 610 ms. The —3-dB
bandpass needed to reproduce this signal with 1% distortion is of 0.0026 to 41.3 Hz.

TABLE 2.2 Approximate —3-dB Frequencies Required for the Reproduction
of Physiological Signals with Negligible and Acceptable Levels of Distortion

—3-dB Point Negligible Distortion (1%) Acceptable Distortion (5%)
High-pass (Hz) = 0.0016 - 0.008

1LE®) 1 5(s)
Low-pass (Hz) = 31 - 1.4

O] tyr(s)

ICS is powered via a Burr-Brown ISO107 isolation amplifier IC3, which generates
isolated =12V when powered from *12V. L1, C6, C7, and C8 form a pi filter to clean
the isolated +12-V power line generated by the ISO107 from switching noise. An identi-
cal network is used to filter the negative isolated supply rail. A pi filter formed by L3, C15,
C16, and C17 is used to decouple the positive input power rail of IC3 so that switching
noise within IC3 does not find its way into the postisolation amplifier stages (IC2 and IC4).
R10 and C21 form a low-pass filter with —3dB of approximately 7kHz to eliminate any
remaining trace of the carrier used to convey the signal across IC3’s isolation barrier.

Op-amp IC2B is configured as a noninverting amplifier. The gain of this amplifier can
be selected through potentiometers R16—-R20 that are switched via SW3. These provide
different levels of feedback to IC2B, depending on their setting. The output of this ampli-
fication stage is filtered via R9 and C20 with a —3dB low-pass cutoff of approximately
7kHz to eliminate any residual switching noise that may have coupled through the input
or power supply and amplified by IC2B. The amplified signal is buffered and further low-
pass filtered via fixed-gain noninverting amplifier IC4 before being presented to the output
connector J1.

Since the biopotential amplifier is dc-coupled and there are occasions when the signal
of interest may have a relatively large input dc offset, an automatic zero-offset circuit has
been implemented through IC2A. Whenever offset nulling is desired, momentary push-
button switch SW1 should be pressed. Doing so presents a sample of the output signal to
the integrating sample-and-hold (S&H) circuit formed by IC2A, RS, and C9. The hold capac-
itor should be a low-leakage type, and the path between the capacitor and the inverting
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Figure 2.2 This wideband dc-coupled biopotential amplifier front end covers the complete frequency range of commonly recorded biopo-
tentials. A Burr-Brown INA110AG ICIA is dc-coupled to the electrodes via current-limiting resistors R22 and R23 and IS-1-3.3DP fault-
current limiters. Capacitors and diodes are used to protect the amplifier from high-frequency currents, such as those used in electrosurgery
and ablation procedures as well as from high-voltage transients such as those that may be expected from defibrillation and electrostatic

discharge.

input of the op-amp should be shielded against stray and leakage currents through a guard
ring on the circuit board. The output of the integrator/S&H is summed with the output of
IC2B via R4. The output of IC2A is also attenuated via R6 and R8 and summed with the
output of the isolation amplifier (IC3) via R7. This trick allows offsets that would other-
wise saturate amplifier IC2B to be canceled in a very effective way.

A typical application for a dc-coupled wideband biopotential amplifier is the measure-
ment of transmembrane potentials as well as for the detection of cardiac monophasic
action potentials (MAPs). Dc coupling is important for these applications because they are
usually related to measuring the timing and amplitude of shifts in potentials that have a dc
offset.

BIOPOTENTIAL AMPLIFIER WITH DC REJECTION

Unlike transmembrane and MAP signals, most biopotential recordings made with extra-
cellular electrodes contain signals of physiological interest only at frequencies above dc.
In fact, very low frequency components are usually the result of unwanted electrochemi-
cal processes at the electrodes, generating potentials that disturb or obscure the signal of
interest. Dc potentials caused by electrode polarization and “injury” currents limit the gain
that can be given to input stages so as to keep them away from saturation. In addition, the
effect of changes in electrode contact, temperature, and hydration induce slow changes in
the level of polarization, which shows in dc-coupled biopotential recordings as baseline
wander.
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BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS

In the biopotential amplifier of Figure 2.4, dc and very low frequency potentials are pre-
vented from propagating beyond the front-end amplifier through a technique commonly
referred to as dc rejection. In the circuit, signals picked up by electrodes attached to the
patient’s skin are dc-coupled and amplified by IC1, a Burr-Brown INA 110 instrumentation
amplifier IC. The gain of the front-end stage is programmable between unity and 500 by
jumpers JP11-JP14. Potentiometer R17 is used to trim the input offset to IC1. Since IC1
is dc-coupled, care must be exercised in the selection of gain so that the amplifier is not
saturated by dc offset voltages accompanying the biopotential signal. For example, to use
this circuit as part of a surface ECG amplifier, the gain must be calculated to cope with
offset potentials of up to +300mV. In general, IC1’s gain should be kept low so that
dc-coupling does not result in its saturation.

To reject dc, IC4C together with R11 and C17 are used to offset IC1’s reference to
suppress a baseline composed of components in the range dc to 0.48 Hz. Once the dc com-
ponent is removed, the dc-free biopotential signals are amplified via IC4A and IC4B.
Notice that we used clipping diodes at the inputs and feedback paths of this specific imple-
mentation. Our application involved measuring the small electrical response of cardiac
cells after the delivery of large stimuli. If you build this circuit, you may chose to leave
D4-D7 and D9-D12 out of the circuit.

Galvanic isolation is provided by IC2, a Burr-Brown ISO107 isolation amplifier IC. In
addition to providing a signal channel across the isolation barrier, the ISO107 has an inter-
nal de—dc converter which powers the isolated side of the ISO107 circuitry as well as pro-
viding isolated power (15 V at =15 mA typical) for the rest of the circuitry of the isolated
front end (i.e., IC1 and IC4). The output gain of IC2 is selected through jumpers JP4-JP6
to provide gains of 1, 10, or 100. IC3’s output is then low-pass filtered by IC3.

AC-COUPLED INSTRUMENTATION BIOPOTENTIAL
AMPLIFIER FRONT END

The circuit of Figure 2.5 embodies the classic implementation of a medium-impedance
(10-MQ) instrumentation biopotential amplifier based on the popular AD521 ICIA by
Analog Devices. The gain of this circuit is adjustable between 10 and 1000 and maintains
a CMR of at least 110dB. This circuit offers superior dynamic performance with a mini-
mal ac-coupled signal bandwidth (=3 dB) of 40kHz and low noise (1uV,, at G = 10,
0.1-100 Hz). This circuit is an example of a biopotential amplifier front end suitable for
recording EMG or ECG signals or as a general-purpose high-impedance ac-coupled trans-
ducer amplifier.

The heart of the circuit is IC1, the monolithic IC instrumentation amplifier. Biopotentials
are ac-coupled to the amplifier’s inputs through C1 and C2. Although instrumentation ampli-
fiers have differential inputs, bias currents would charge stray capacitances at the amplifier’s
input. As such, resistors R1 and R2 are required to provide a dc path to ground for the ampli-
fier’s input bias currents. These resistors limit the impedance of each input to 10 MQ referred
to ground. The high-pass filter, formed by the ac-coupling capacitor and the bias shunt resis-
tor on each of the ICIA’s inputs, has a —3-dB cutoff frequency of 0.12 Hz.

The gain of IC1 is determined by the ratio between R3 and R4. Using a 20-k€2 multi-
turn potentiometer, and given that the value of the range-setting resistor R3 is 100 k€2, the
differential gain of the amplifier can be trimmed between 5 and 1000. The output offset of
the amplifier can be trimmed through R5, which, at any given gain, introduces an output
offset equal and opposite to the input offset voltage multiplied by the gain. Thus, the total
output offset can be reduced to zero by adjusting this potentiometer. The instrumentation
amplifier provides a low-impedance output (0.1 €2) with a permissible swing of =10V and
can source or sink up to 10 mA.
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48 BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS
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Figure 2.5 This is a classic medium-impedance (10-MQ) instrumentation biopotential amplifier based on the popular Analog Devices’
ADS521 ICIA. The gain is adjustable between 10 and 1000 and maintains a CMR of at least 110dB. 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.

Supply voltage to the AD521 must be symmetrical and within the range =5V (mini-
mum) to =18V (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 5mA, 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



be powered from batteries or through a properly rated isolation power supply. The same
isolation requirements apply to the output of the amplifier.

BOOTSTRAPPED AC-COUPLED BIOPOTENTIAL AMPLIFIER

Direct ac coupling of the instrumentation amplifier’s inputs by way of RC high-pass filters
across the inputs degrades the performance of the amplifier. This practice loads the input
of the amplifier, which substantially lowers input impedance and degrades the CMRR of
the differential amplifier. Although unity-gain input buffers can be used to present a high-
input impedance to the biopotential source, any impedance mismatch in the ac coupling of
these to an instrumentation amplifier stage degrades the CMR performance of the biopo-
tential amplifier.

Suesserman has proposed an interesting modification of the standard biopotential instru-
mentation amplifier to yield an ac-coupled differential amplifier that retains all of the supe-
rior performance inherent in dc-coupled instrumentation amplifier designs. The circuit of
Figure 2.6 is described by Suesserman [1994] in U.S. patent 5,300,896. If capacitors C3 and
C4 were not present, the circuit of Figure 2.6 would be very similar to that of the ac-coupled
instrumentation amplifier described earlier in the chapter. ICIA IC1 without C3 and C4
would be ac-coupled to the biopotential signal via capacitors C1 and C2. Just as in the earlier
ac-coupled biopotential amplifier, resistors R1, R2, R3, and R4 are needed to provide a dc
path to ground for the amplifier’s input bias currents. In this circuit, these resistors would
limit the ac impedance of each input to 2MQ (R1 + R2 and R3 + R4) referred to ground.

With C3 and C4 as part of the circuit, however, ac voltages from the outputs of the
ICIA’s differential input stage are fed to the inverting inputs of their respective ampli-
fiers. This causes the ac voltage drop across R1 and R4 to be virtually zero. Ac current flow
through resistors R1 and R4 is practically zero, while dc bias currents can flow freely to
ground. This technique is known as bootstrapping, referring allegorically to the way in
which the amplifier nulls its own ac input currents, as when one pulls his or her own boot-
straps to put boots on.

Since bootstrapping capacitors C3 and C4 almost completely eliminate ac current flow
through R1 and R4, the input current through ac-coupling capacitors C1 and C2 would also
drop close to zero, which by Ohm’s law translates into an almost infinite input impedance
(since R =V/i; R tends to oo as i approaches 0). Suesserman described this biopotential
amplifier as having an impressive 120-dB CMRR (at 100 Hz) with an input impedance of
more than 75 MQ.

PASSIVE FILTERS

The simplest filters are those that comprise only passive components. These filters contain
some combination of resistive (R), capacitive (C), and inductive (L) elements. The inductive
and/or capacitive components are required because these elements present varying imped-
ance to ac currents at different frequencies. As a refresher, you may remember that inductive
reactance increases with frequency, whereas capacitive reactance decreases with frequency.
Most passive filters used in the processing of biopotential signals are the resistive—capacitive
or RC kind. This is because relatively large and heavy inductors would be required to
implement filters at the low-frequency bands where biopotential signals reside, making
inductive—capacitive (LC) filters impractical.

Despite their simplicity, RC filters are very common and effective in processing a wide
variety of biopotential signals. Take, for example, the complete biopotential amplifier

PASSIVE FILTERS
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BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS
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Figure 2.6 This bootstrapped design yields an ac-coupled differential amplifier that retains all of the superior performance inherent in dc-
coupled instrumentation amplifiers. Ac voltages from the outputs of the ICIA’s differential input stage are fed to the inverting inputs of their
respective amplifiers via C3 and C4. This causes the ac voltage drop across R1 and R4 to be virtually zero. Ac current flow through resistors

R1 and R4 is practically zero, while dc bias currents can flow freely to ground.

presented in the schematic circuits of Figures 2.7 through 2.12. In this design, biopo-
tential signals are amplified by IC5, a Burr-Brown INA128U instrumentation ampli-
fier. Its gain is fixed at 138 through resistor R7. The input of the amplifier is protected
from high-voltage transients and electrosurgery currents by a network of resistors,
capacitors, and diodes. Back-to-back zener diodes D2 and D4 clamp high-voltage tran-
sients induced into the electrodes by defibrillation currents to a level that can be handled
by the rest of the protection network. C21 acts as a shunt for radio-frequency currents
that may be induced into the electrodes and leads by sources of electromagnetic inter-
ference. This capacitor by itself has inherent filtering capability for high-frequency alter-
nating current because capacitive reactance X (in ohms) is inversely proportional to

frequency:
1

X =
¢ amfC
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BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS

As such, this capacitor is practically a short circuit for RF currents, while it leaves low-
frequency signals pass unimpeded.

RS, R6, R9, R10, and C22 implement a low-pass filter. Because of the virtual-ground
property governing the inputs of an op-amp, we can assume that the low-pass character-
istics of this filter are given by a 94-kQ resistor (either RS and R6 in series, or R9 and
R10 in series) and the 470-pF capacitor. The —3-dB cutoff frequency for an RC low-pass
filter is

1

S = %

which provides the input network with a first-order low-pass cutoff of approximately
3.6kHz.

The biopotential amplifier’s main low-pass filters are implemented by two cascaded RC
passive filters. An op-amp unity-gain follower (IC4) buffers the signals between the cas-
caded sections. Both RC sections are identical, therefore setting a pole at the same fre-
quency. However, the effect of the second RC can be suppressed by disconnecting its
capacitor through switch SW2. When SW2 is open, signals at the output of IC4 are fed to
unity-gain buffer IC6 through R11. Since the input impedance of IC6 is practically infinite,
R11 has no effect on the signal. However, when SW2 is closed, R11 and the capacitor
selected by SW1B form a low-pass filter. The nominal cutoff frequencies that can be
selected for the second-order filter were selected to be close to 1, 2, 5, 10, 20, 50, 100, 200,
and 500 Hz. The exact —3-dB cutoff frequencies are shown in Table 2.3.

The high-pass filters are implemented in essentially the same way as the low-pass sec-
tions. In Figure 2.8, however, the RC elements are reversed. Each high-pass section has a
capacitor (C50 and C53) which opposes current flow with an impedance that varies
inversely with frequency, and a resistor of selectable value that shunts the load. Both RC
sections are identical, therefore setting a pole at the same frequency. However, the effect
of the second RC can be suppressed by shorting C53 through SW5. Op-amp IC13 buffers
the signal between the stages. The nominal cutoff frequencies that can be selected for the
second-order filter were selected to be close to 1, 2, 5, 10, 20, 50, 100, 200, and 500 Hz.
The exact —3-dB cutoff frequencies are shown in Table 2.4.

The first follower (IC13) in the high-pass filter is implemented using a LTC1152 instead
of a UPC4250 op-amp as in the case of the other followers because higher current output
is required to drive the lowest resistor values associated with the highest —3-dB cutoff

TABLE 2.3 Low-Pass —3-dB Cutoff Frequencies for the Biopotential
Amplifier of Figure 2.7 Selected through SW1°

—3-dB Cutoff Frequency for —3-dB Cutoff Frequency for
Second-Order Low-Pass Filter First-Order Low-Pass Filter
SW1 Position (Hz) (SW2 Closed) (Hz) (SW2 Open)
1 1.02 1.59
2 1.83 2.84
3 4.65 7.23
4 10.22 15.92
5 21.75 33.86
6 46.47 72.34
7 102.2 159.2
8 217.5 338.6
9 464.7 723.4

4 SW2 selects between first- or second-order response.
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BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS

TABLE 2.4 High-Pass —3-dB Cutoff Frequencies for the Biopotential
Amplifier of Figure 2.8 Selected through SW4*

—3-dB Cutoff Frequency for —3-dB Cutoff Frequency for
Second-Order High-Pass Filter First-Order High-Pass Filter
SW4 Position (Hz) (SW5 Open) (Hz) (SW5 Closed)
1 1.03 0.66
2 2.06 1.33
3 5.27 3.39
4 10.32 6.63
5 20.65 13.26
6 48.59 31.21
7 103.3 66.31
8 206.5 132.6
9 485.9 312.1

4 SW5 selects between first- or second-order response.

frequencies when SWS5 is closed. Figure 2.9 shows the notch filters that are used to filter
power line interference. More detail will be presented on notch filters later in the chapter.
Suffice it to say for now that one filter (built around IC15 and IC17) has a notch at around
50 Hz, while the other (built around IC16 and IC18) has a notch at 60 Hz. Trimmers R59
and R60 are used to fine-tune the notch frequency, while R57 and R58 select the notch
depth.

The circuit of Figure 2.10 can be made to process the output signal coming out
of the notch filters. This circuit performs full-wave rectification on the input signal.
Zero-threshold rectification is achieved by placing the rectifier diodes (D6) within the
feedback loop of op-amp IC11. Full-wave rectification results from adding an inverted
half-wave-rectified signal at double amplitude to the original signal in the summing
amplifier IC12. Full-wave rectification is an operation that is often used when the desired
information can be extracted by analyzing the energy conveyed by the biopotential sig-
nal. For example, the EMG signal is often rectified and then low-pass-filtered to yield a
signal proportional to the force generated by a muscle. The full-wave rectifier can be
bypassed through SW3.

The signal is then buffered by IC10 in Figure 2.11 before it is optically isolated from
recording instruments connected at output connector J2. Galvanic isolation ensures that the
source of biopotential signals (e.g., a patient) is not exposed to dangerous currents leaked
from power lines through the subject’s heart. This function is implemented through a
Hewlett-Packard HCNR201 high-linearity analog optocoupler. This optocoupler includes
one LED and two photodiodes, the output photodiode and an input photodiode designed
to receive the same light intensity from the LED as the output photodiode. The LED cur-
rent is controlled through a feedback loop so that the current at the input photodiode is
proportional to the voltage of the analog signal at the input of IC10. Under the hypothesis
that both photodiodes receive the same light intensity, the current at the output photodiode
also follows the input analog signal.

Op-amp IC8 and capacitor C43 integrate the difference between the current through R18
and the current through the input photodiode. The output of this integrator drives the LED
so that these currents are equalized. Therefore, the current through the input photodiode
(which will be equal to the current of the output photodiode) is equal to the input analog
signal divided by R18. The analog signal is recovered at the output through the bandwidth-
limited current-to-voltage converter implemented by IC9, R15, and C44. The output of the
integrator of the input stage drives the LED through a constant-transconductance stage
implemented by Q1, R16, R14, R13, and R17.
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56 BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS
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Rectifier In/Out Selector
R2
M R23
R24 M
I 1.2M
] I
R26
D6
2.4M
HSMS2802
R27
2.4M

Figure 2.10 This circuit can be used to full-wave-rectify the signal at the output of the notch filters of Figure 2.9. This signal-processing
operation is often used in electromyography (EMG) to yield a signal proportional to the force generated by a muscle. The full-wave rectifier

can be bypassed through SW3.

Power for the circuit is supplied by the two isolated dc/dc converters (IC2 and IC3)
shown in Figure 2.12. 5V_ISO feeds the parts of the circuit that are in galvanic connection
with the biopotential source, while +5V_DATA_ACQ feeds the analog signal isolator’s
output circuit. IC1 buffers the output of the resistor divider formed by R2 and R3 to
generate a synthetic analog ground halfway between the isolated ground and the isolated
supply (5V_ISO). The dc/dc converters operate from a single +15-V power supply. An
appropriate choice is a switched ac/dc medical-grade power supply, manufactured by
Condor, model GLM75-15.

ACTIVE FILTERS

Passive filters have their advantages: They consist of simple components, use no gain
elements, and require no power supply. Their noise contribution to biopotential signals is
limited to the thermal noise from their resistive components, and they can be used in appli-
cations which require them to handle large currents and voltages. Despite this, there are many
applications which require filter functions that a passive filter could not achieve without
the use of inductors or which would become cumbersome and impractical because of the
interactions between successive stages. This is where active filters come to the rescue. Active
filters use op-amps, along with resistors and capacitors, to implement the desired filter func-
tion. Op-amps can be used to simulate the characteristics of an inductor but without the
bulk and expense. In addition, higher-order filters can be implemented with ease because
cascaded stages have little interaction with each other.
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Many good books and articles have been written on the design of active filters, and we
will not try to duplicate their efforts. In our view, the books with the most practical approach
for the experimentalist are:

e D. Lancaster, Active Filter Cookbook, Synergistics Press, 1995.

e P. Horowitz and W. Hill, The Art of Electronics, 2nd ed., Cambridge University Press,
New York, 1989.

e H. M. Berlin, The Design of Active Filters, with Experiments, Howard W. Sams,
Indianapolis, IN, 1974.

Designing active filters is not difficult. There are a number of free software packages
that will take your input parameters and provide you automatically with a schematic dia-
gram and calculate capacitor and resistor values for specific filter implementations. This
doesn’t mean that the programs will do everything for you. You still have to decide what
type of filter response and implementation suit your application.

Filter response refers to the shape of a filter’s transfer function. Everyone’s first approx-
imation to filtering physiological signals is to assume a frequency-domain rectangular
passband containing the spectral components of interest while excluding potential inter-
ference sources. However, real-world filters do not yield a perfect step in the frequency
domain. In fact, to produce such a response would require an infinite number of poles
(implemented through an infinite number of amplifiers, resistors, and capacitors) and
would result in a filter that is inherently unstable in the time domain. Because of these rea-
sons, real-world filters make use of stable approximations to a perfect step in the frequency
domain. Some of the most common filter responses are the Butterworth, Chebyshev, and
Bessel. Each of these filter responses has advantages and disadvantages, and it is the
designers task to find a suitable compromise that best fits the task at hand. Table 2.5 sum-
marizes the frequency- and time-domain characteristics of these filters, and Figure 2.13
shows the magnitude and phase responses for fourth-order Chebyshev, Butterworth, and
Bessel transfer functions with a —3-dB cutoff frequency of 30 Hz.

The Butterworth response (also known as maximally flat) is nearly flat in the passband
and rolls off smoothly and monotonically. In addition, it has virtually no ripple in either
the passband or the stopband. For these reasons, many designers regard the Butterworth
filter transfer function as the best compromise between attenuation and phase response for
general-purpose applications. This transfer function is certainly the most commonly used
in the design of analog biopotential signal filters. Despite this, applications that require a
precise estimation of phase shift are better served by Bessel filters, since its phase shift is
linear, a property that is not shared by Butterworth or Chebyshev filters.

The next step to designing a filter is to select a suitable implementation. Here again,
a compromise has to be made to achieve the desired filter transfer function with real-
world analog components. The most common active filter topologies are described
below.

TABLE 2.5 Characteristics of Some Common Filter Transfer Functions

Transfer Frequency-Domain Characteristics Time-Domain Characteristics
Function Ripple Stopband Phase Group Delay
Chebyshev Equal ripple flat Steep Poor Poor
Butterworth Smooth Moderate Moderate Moderate

Bessel Maximum smoothness Weak Very flat Very flat

ACTIVE FILTERS
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Attenuation (dB) Phase (deg.)
10
0 e ————
-10 : Magnitude: 0
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'70: Butterwonh< RN -300
-80t N —— —
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10 100 1000

Frequency (Hz)
Figure 2.13 Real-world filters do not yield a perfect step in the frequency domain. Some of the most
common filter responses are the Butterworth, Chebyshev, and Bessel. Each of these filter responses
has advantages and disadvantages, and it is the designer’s task to find a suitable compromise that best
fits the task at hand from phase- and amplitude-response graphs such as this one for fourth-order filters
with a —3-dB cutoff frequency of 30 Hz.

1. Sallen—Key topology (also known as the voltage-controlled voltage-source topology)
uses an op-amp as a gain block. Because of this, the Sallen—Key configuration is relatively
independent of op-amp specifications and requires the op-amp’s bandwidth only to extend
slightly beyond the filter stopband frequency. The Sallen—Key topology features good
phase response, but its frequency response and Q are sensitive to the gain setting.

2. Multiple-feedback topology uses op-amps as integrators that need a minimum loop
gain of 20 dB (open-loop gain 10 times the closed-loop gain) to avoid Q enhancement, mak-
ing it difficult to get high-Q performance. However, this filter configuration is relatively
insensitive to passive-component values.

3. State-variable topology uses op-amps as amplifiers and integrators, which again need
a minimum loop gain of 20 dB. In addition, the op-amps need a frequency response that is
flat to beyond the stopband frequency. Despite this, state-variable filters provide inde-
pendent control over gain, cutoff frequency, Q, and other parameters but require more pas-
sive components. A very nice feature of this topology is that the same circuit yields
low-pass, high-pass, and bandpass response.

4. Impedance-converter topology (also known as frequency-dependent negative-resistance
topology) requires op-amps with a minimum loop gain of 20dB at the resonant negative
resistance frequency. Multiple op-amps are needed, and use of dual-packaged devices is rec-
ommended for matched performance in each leg. FET-input op-amps are used because of
their low bias currents. Although the impedance-converter approach requires more compo-
nents, it is relatively insensitive to variations in their values.

Since biopotential signal filtering applications commonly have bandwidths limited to the
audio range, the biggest trade-off is often the number of op-amps versus the level of control
that a designer has over the filter. For a person inexperienced with the design of active filters,



we recommend that you try the two and three op-amp topologies that will allow you more
ability to “tweak” the end result. In addition, a good way of designing well-behaved filters is
to base them on one of the various active filter building blocks offered by analog IC vendors.
For example, Burr-Brown (now part of Texas Instruments) offers the UAF42, a universal
active filter that can be configured for a wide range of low-pass, high-pass, and bandpass
filters. It implements filter functions through a state-variable topology with an inverting
amplifier and two integrators. The integrators include on-chip 1000-pF capacitors trimmed
to 0.5%. This solves the difficult problems of obtaining tight-tolerance low-loss capacitors.
The UAFA42 is available in 14-pin DIP and SOL-16 surface-mounted packages.

Burr-Brown’s free DOS-compatible FilterPro program lets you design Butterworth,
Chebyshev, and Bessel filters, enter the desired performance, and then obtain the passive
values required. You can force the program to use the nearest 1% resistors, set some resistor
values, enter realistic or measured capacitor values, and then plot the actual gain/phase ver-
sus frequency performance. Similarly, Microchip’s Windows-based FilterLab lets you design
Sallen—Key or multiple-feedback low-pass filters with either Butterworth, Chebyshev, or
Bessel responses using their MCP60x family of single-supply op-amps.

Maxim also offers a line of state-variable filter ICs, the MAX274 and MAX275. These
ICs have independent cascadable second-order sections that can each implement all-pole
bandpass or low-pass filter responses, such as Butterworth, Bessel, and Chebyshev, and is
programmed by four external resistors. The MAX274 has four second-order sections, per-
mitting eighth-order filters to be realized with center frequencies up to 150kHz. The
MAX?275 has two second-order sections, permitting fourth-order filters to be realized with
center frequencies up to 300 kHz. Both filters operate from a single +5-V supply or from
dual *=5-V supplies. A free DOS-based filter design program is available from Maxim to
support the development of applications based on the MAX274 state-variable filter IC.

State-variable filter realizations have the distinct advantage that they provide simulta-
neous low-pass, bandpass, and high-pass outputs from the same filter circuit. In addition,
the filter parameters are independent of each other. For example, the cutoff frequency of
the active-feedback state-variable filter circuit of Figure 2.14 is given by

B |
 2n(R3)(C1)

C

where R3 =R4 and C1 = C2. As shown in the ac-sweep PSpice simulation analysis of
Figure 2.15, this filter yields simultaneous low-pass and high-pass responses with a -3-dB
cutoff frequency f- and a bandpass response centered at the same frequency. In this example,
the resistor values selected for R4 and R6 give the filter a cutoff frequency of approximately
50 Hz. The Butterworth response on a state-variable filter gives it a value Q = -3 dB and an
in-band gain of the bandpass filter equal to Q (= 0.707), making all curves cross at the
same point.

Since the cutoff frequency of a state-variable filter depends on the value of two resis-
tors (R3 and R4 in the prior example), it is relatively easy to design a tunable filter by sub-
stituting these resistors by two tracking variable resistors. The filter can also be made to
have a cutoff frequency that is proportional to a control voltage by using circuits that pres-
ent a variable resistance as a function of an input voltage.

Although FETs and variable transconductance amplifiers can be used as voltage-
dependent resistors, better results are easier to achieve using analog multipliers in series
with a resistor as the control elements. The circuit of Figure 2.16 shows how R3 and R4
of the circuit of Figure 2.14 have been replaced by two Analog Devices AD633 precision
analog multipliers. The transfer function of the AD633 is given by

_ )0 — )

= +
out 10 V Z
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where z is an offset input. In the tunable filter of Figure 2.16, the AD633 is configured such
that the apparent impedance between x, and the output is proportional to the control volt-
age at y,. This makes the cutoff frequency of the high- and low-pass filter outputs, as well
as the center frequency of the bandpass section,

_ control voltage
“ 20m(R3)(CD)

PSpice simulation results shown in Figure 2.17 demonstrate the effect of varying the con-
trol voltage presented to the y, inputs of the AD633s. Although the circuit is shown set up
for PSpice simulation, it can be built using real components. Output buffering using Burr-
Brown BUF634 buffers make this a very useful stand-alone lab instrument that can be used
to filter amplified biopotential signals selectively prior to recording. A digitally program-
mable version of the tunable filter can be made by substituting two multiplying D/A con-
verters for the AD633s. In this case, the control voltage is replaced by a digital control
word supplied to the input of the D/A converters.

50/60-Hz NOTCH FILTERS

Probably the most common problem in the detection and processing of biopotential signals
is power line interference. Sixty hertz (50 Hz in Europe) and its harmonics manages to creep
into low-level signals despite the use of differential amplification methods and active body
potential driving which attempt to eliminate common-mode signals. Unfortunately,
50/60 Hz falls right within the band where biopotentials and other physiological signals
have most of their energy. The usual solution to reject unwanted in-band frequencies is the
notch filter.

As shown in Figure 2.18, simple implementation of a notch filter known as a twin-T filter
requires only three resistors and three capacitors. If C1 =C3, C2=2CI1, R1 =R3, and
R2 =R1/2, the notch frequency occurs where the capacitive reactance equals the resistance
(X =R) and is given by

1
2n(R1)(C1)

As such, the twin-T notch filter works by phase cancellation of the input signal. When the
phase shift in the two sections is exactly +90 and —90, the tuned frequency is canceled
completely. Signals passed by the filter will experience some distortion since the twin-T
notch shifts the phase of low-frequency components (<f; ..,) by —90 and high-frequency
components (>f, ) by +90. The insertion loss of the filter will depend on the load that
is connected to the output, so the resistors should be of much lower value than the load for
minimal loss. The depth and width of the response can be adjusted somewhat with the
value of R2 and by adding some resistance across the capacitors.

Twin-T notch filters can achieve very good suppression at their center frequency.
However, the use of precise and tightly matched components is extremely important to
yield a deep notch at the required frequency. The depth of the notch is defined as the out-
put signal ratio between an out-of-notch component and a component at the notch fre-
quency. In practice, a twin-T notch built with tightly matched components can yield pretty
good notch-frequency attenuations. Passive notch filters can be built into small enclosures
and placed between equipment stages. For example, the notch filter of Figure 2.19 was
built inside a Pomona Electronics model 2391 box, which comes with BNC connectors on
each end, making it easy to place it at the input of oscilloscopes and signal recorders.

For most practical applications, however, an op-amp needs to be added to the twin-T
network to increase its notch depth as well as to make it insensitive to the impedance of

fnotch =

50/60-Hz NOTCH FILTERS
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68 BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS

R1

INPUT[_>—9 ¢————{ > OUTPUT

C1

C

Figure 2.18 The notch frequency of the simple twin-T filter is f, ., = 1/2n(R1)(C1) if C1 =C3, C2=2Cl, Rl =R3, and R2=RI1/2.
However, the use of precise and tightly matched components is extremely important to yield a deep notch at the required frequency.

Figure 2.19 Passive notch filters can be built into small enclosures with BNC connectors on each
end and placed between equipment stages.

the output load. The circuit of Figure 2.20 shows how a unity-gain follower bootstraps the
network in an active twin-T notch filter. Since output of the op-amp presents a very low
impedance, the notch frequency and depth are not changed. However, the Q value of the
filter increases proportionately to the level of signal that is fed back to the junction of R2
and C2 (the point that is grounded in a passive twin-T notch filter).

A very high Q value is not always desirable to filter power line interference. The power
line frequency in many countries deviates quite a bit from the nominal 50 or 60 Hz. A sec-
ond op-amp can be added as shown in Figure 2.21 to control the Q value of the filter. Here,
the amount of feedback that is provided to the R2/C2 junction is set by potentiometer R4.
An op-amp is needed to buffer the feedback signal to ensure a constant low impedance at
the R2/C2 junction so that the notch frequency and depth do not change as a function of
the potentiometer setting.
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Figure 2.20 An op-amp in unity-gain configuration can be added to the twin-T network to increase its notch depth as well as to make it

insensitive to the impedance of the output load. Since the output of the op-amp presents a very low impedance, the notch frequency and depth
are not changed. However, the Q value of the filter increases proportionately to the level of signal that is fed back to the twin-T.

R R3
: 12V
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- g IC1A
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Figure 2.21 An op-amp can be added to the filter of Figure 2.20 to control the Q value of the filter by changing the amount of feedback
that is provided to the twin-T. The op-amp is needed to buffer the feedback signal to ensure a constant low impedance at the twin-T so that
the notch frequency and depth do not change as a function of the potentiometer setting.



70 BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS

Another popular notch filter is the gyrator filter. This is the type of notch filter that was
implemented for the biopotential amplifier of Figure 2.9. For the sake of clarity, one notch
filter section has been redrawn, simplified, and relabeled in Figure 2.22. In essence, the
properties of an inductor are simulated by a simple op-amp circuit called a synthetic induc-
tor or gyrator. The impedance at the noninverting input of the synthetic inductor op-amp
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Figure 2.22 The properties of an inductor are simulated in this notch filter by a simple op-amp circuit called a synthetic inductor or gyra-
tor. The impedance at the noninverting input of the synthetic inductor op-amp is equivalent to that of an inductor L = CR Ry in series with
a loss resistance R = R, + Ry. For the values shown in the circuit, the equivalent inductance has an approximate value of 900 H, yielding a
notch frequency of

Jroteh reNILC 2V (900 H)(10nF)

The output of IC1A tracks the filter’s input except for signals close to the notch. The depth of the notch is controlled via R5, while the exact
notch center frequency can be trimmed via R6.

=53Hz



is equivalent to that of an inductor L = CR 4Ry, in series with a loss resistance R = R, + Ry,.
For the values shown in the circuit, the equivalent inductance has an approximate value of
900 H. When this inductor is placed in series with a 10-nF capacitor (C1), ac signals reach-
ing the noninverting input of op-amp IC1A are shunted to ground via the series resistances
(R4 + R5 + R6 + R7 + R8) only for frequencies close to

o 1 _
MVIC  27V(900 H)(10 nF)

53Hz

The output of IC1A tracks the filter’s input except for signals close to the notch. The depth
of the notch is controlled via RS (lower value = deeper notch), while the exact notch cen-
ter frequency can be trimmed via R6.

Yet another approach to the design of a notch filter is to combine a low- and a high-pass
filter to yield a filter that excludes only notch frequencies from its bandpass. You will recall
from our earlier discussion that a state-variable filter produces simultaneous high-pass,
low-pass, and bandpass outputs. Looking at the intersection of the low- and high-pass out-
puts of the state-variable filter shown in Figure 2.15, it is easy to see how an additional
op-amp configured to sum the high-pass output with the low-pass output would yield a sig-
nal notched at the common cutoff frequency. The circuit of Figure 2.23 shows a notch filter
implemented using a Burr-Brown UAF42 state-variable filter IC. This IC incorporates
precision 1000-pF capacitors for the op-amp integrators and an auxiliary op-amp that is
used to sum the low- and high-pass outputs. As such, all that is needed to implement a
notch filter with this IC are five external resistors. The notch frequency is set via R1 and
R2 (where R1 = R2) and is given by

1

fl‘"lOC =
“t 2m(R1)(1000 pF)

Whatever notch filter you chose to use, you must remember that the notch filter will not
only remove the power line interference but will also take away parts of the signal of inter-
est. In addition, the notch filter may introduce nonlinear phase shifts in frequency compo-
nents within the filter’s passband.

Take, for example, applications that require very subtle analysis of the ECG signal.
Arbitrary removal of power line frequency signals may not pose a problem for standard
ECG signals since the main frequency components of P-, R-, and T-waves are far below
60 Hz. However, when ECGs are examined for small variations that are indicative of scar
tissue due to previous myocardial infarction, removal of power line interference has to be
done with utmost care not to eliminate or distort the ventricular late potentials, microvolt-
level (1 to 20 V) waveforms that are continuous with the QRS complex, last into the ST
segment, and occupy a relatively wide frequency band (40 to 200 Hz) that peaks exactly
within the range 50 to 60 Hz.

HARMONIC ELIMINATOR

Unfortunately, power line interference is not limited to 50 or 60 Hz. Fluorescent lights,
dimmers, and other nonlinearities introduce powerful components at the harmonics of the
power line frequency. A number of independent notch filters at 60, 120, 180 Hz, and so on
(or their 50-Hz counterparts), could be cascaded to yield a comb filter to eliminate power
line interference at the main frequency and its harmonics. However, an n-path filter is a
better way than this of implementing a comb filter. This filter implementation generates the
necessary poles by switching a sequence of capacitors in synchronism to the power line
fundamental frequency.

HARMONIC ELIMINATOR
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The simplified circuit of Figure 2.24 can be used to explain the process by which such
a filter operates. Here, eight capacitors are switched to ground in synchronism with the
power line, making this circuit an eight-path filter. A power line sample obtained from
transformer T1 and coupled through R8 and C14 is fed to a 74HC4046 phase-locked loop
(PLL). A PLL consists of a phase comparator, a loop filter, and a voltage-controlled oscil-
lator. In this application, the phase comparator compares the phase and frequency of the
power line sample against those of the internal oscillator and adjusts the oscillator fre-
quency so that it equals some exact multiple of the incoming reference. A 74HC161 is
clocked at 16 times the power line frequency by the output of the PLL’s oscillator, gener-
ating eight digital addresses addresses (on outputs QB-QD) that divide the power line
cycle evenly into eight segments. A 74HC4051 is driven by the digital sequence, selecting
which one of eight capacitors is connected to ground throughout the power line cycle.
During the time that one such capacitor is connected to ground, it samples the filter’s input
signal (the biopotential signal to be comb-filtered, not the power line reference) with a time
constant given by R2. The output of the eight-path filter is inverted by IC1C and added to
the original input signal to yield the comb response. Please note that IC1D is used to gen-
erate a virtual ground at 2.5 V. However, a split power supply would work equally well by
substituting ground by —2.5V, +2.5V by ground, and +5V by +2.5V.

An intuitive explanation of the comb filter’s transfer function is that the capacitors of the
n-stage filter charge to a portion of the difference between the current signal voltage and the
voltage integrated over the same time segment on previous power line cycles. Each capac-
itor can be assumed to store an average of the signal at the specific time segment of the
power line cycle. Since the components of interest in the signal to be filtered are in most
cases uncorrelated to the power line, the capacitors store only a sample of signal compo-
nents locked to the power line frequency (i.e., the power line fundamental and its harmon-
ics along with any other correlated noise). The output signal is then cleaned from repetitive
power line noise when the power line—locked average is subtracted from the input signal.

This type of filter has unique advantages over fixed-frequency notch filters. First, the
filter automatically adapts the frequency of its notches to whatever power line frequency
is present at the reference port. Second, the filter does not affect the signal when no inter-
ference is present. Last, power line—frequency biopotential signal components not locked
to the power line are not affected since this filter excludes only signals that maintain a
phase lock to the power line for a number of power line cycles. In addition, unlike the
notch filters described earlier, changes in component values in this circuit have minimal
effect on the filter’s response, making it maintenance free.

This filter is not a continous-time system. The use of switched capacitors makes this a
sampled system that is bound by Nyquist’s sampling theorem. This limits the theoretical
bandwidth of the filter to one-half the sampling frequency. Since the signal is sampled
eight times during the power line cycle, the theoretical bandwidth of the filter is four times
the reference frequency, making it possible to reject only the fundamental, first, and sec-
ond harmonics (60, 120, and 180 Hz for a 60-Hz reference). Higher bandwidth with rejec-
tion of higher harmonics requires increasing the number of sampling capacitors. For
example, a 16-path filter at 60 Hz would have a theoretical bandwidth of 480 Hz.

The comb filter of Figure 2.24 needs additional components to reject more noise than
that which it introduces by its switching action. This is usually accomplished through
various bandpass filters placed at the output of the n-stage filter as well as at the output
of the summing amplifier. A family of ready-made universal eliminator modules based
on this principle is available from Electronic Design & Research Inc. Models EDR-82534
and EDR-82534A are adaptive comb filters designed specifically for integration within
medical instrumentation. These modules comprise a 64-path filter and support a signal
bandwidth of dc to 500 Hz (EDR-82534) or dc to 1200 Hz (EDR-82534A). Figure 2.25
shows the pinout and connection to the module. The module’s internal block diagram is

HARMONIC ELIMINATOR
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BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS

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 (3.91in. X 21in.
footprint, 1in. 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 Cg, which switches continuously
between an input voltage and a hold capacitor C,; with a clock period 7, acts as a low-pass
filter with a —3-dB cutoff frequency defined by the capacitor ratio

Gu_ 1
Cs 2nf_3qsT

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 MAX?290 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 40dB quieter than their switched-capacitor counter-
parts.



SWITCHED-CAPACITOR FILTERS

With these warnings in mind, let us look at some of the most popular switched-capacitor
filter choices for processing biopotential signals.

1. Maxim MAX280. This IC is a fifth-order all-pole low-pass filter with no dc error,
making it an excellent choice for processing low-frequency biopotential signals. As shown
in Figure 2.26, the filter IC uses an external resistor and capacitor to isolate the fourth-
order filter implemented within the IC from the dc signal path. The external resistor and
capacitor are used as part of the filter’s feedback loop and also form one pole for the over-
all filter circuit. The values of these components should be chosen such that

1.62

Teworr = 2m(R1)(C1)

where R1 is usually chosen to be around 20 k€.

The chip’s internal four-pole switched-capacitor filter is driven by an internal clock that
determines the filter’s cutoff frequency. For a maximally flat amplitude response, the clock
should be 100 times the desired cutoff frequency. The internal oscillator runs at a nominal
frequency of 140kHz that can be modified by connecting an external capacitor (C2)
between pin 5 and ground. The clock frequency is given by

Frow = 140 kHz(BipF>

33pF +C2
R1
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Figure 2.26 The Maxim MAX280 IC is a fifth-order all-pole low-pass filter with no dc error, mak-
ing it an excellent choice for processing low-frequency biopotential signals. It uses an external resis-
tor and capacitor to isolate the fourth-order filter implemented within the IC from the dc signal path.
The internal switched capacitor filter is driven by an internal clock that determines the filter’s cutoff
frequency. If pin 4 is tied to V+, the filter has a cutoff frequency ratio of 100: 1; when tied to ground,
200: 1; and when tied to V—, of 400: 1.
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78 BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS

A series resistor (R2) can be added to trim the oscillation frequency. In this case, the new
clock frequency is given by

R2=0
f _ clock
clock 1 — 4(R2)(C2)fR2-0
where fR2 0 is the oscillator frequency when R2 is not present (obtained through the prior

equation). Pin 5 of the MAX280 can also be driven from an external clock. In addition, the
state of pin 4 must be taken into account to determine the effective clock frequency. If pin
4 is tied to V+, the filter has a cutoff frequency ratio of 100: 1; when tied to ground,
200:1; and when tied to V-, 400: 1.

2. Maxim MAX29x. This is a family of easy-to-use eighth-order low-pass filters that can
be set up with corner frequencies from 0.1 to 25kHz (MAX291/MAX292) or 0.1 Hz to
50kHz (MAX295/MAX296). The MAX291 and MAX295 filters provide a Butterworth
response, while the MAX292 and MAX296 yield a Bessel response. The clock frequency-
to-cutoff frequency ratio for the MAX291 and MAX292 is 100: 1; a ratio of 50: 1 is used
in the MAX295 and MAX296. As shown in Figure 2.27, an external capacitor is used to
set the clock frequency of an internal oscillator according to

_ 10°

3C1(pF)
Of course, the internal clock can also be driven externally. The MAX29x family has an
internal uncommitted op-amp that has its noninverting input tied to ground. This op-amp

can be used to build a continuous-time low-pass filter for prefilter antialiasing or clock
attenuation at the switched-capacitor’s filter output.

fclock(kHZ)
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Figure 2.27 Maxim MAX29x ICs are eighth-order low-pass filters that can be set up with corner frequencies from 0.1 to either 25 or
50kHz with either a Butterworth or a Bessel response. The clock frequency-to-cutoff frequency ratio for the MAX291 and MAX292 is
100:1; a ratio of 50: 1 is used in the MAX295 and MAX296. An external capacitor is used to set the clock frequency of an internal oscil-

lator according to f;,

lock

(kHz) = 105/3C1(pF).



SWITCHED-CAPACITOR FILTERS

3. National Semiconductor MF4 (or Texas Instruments TLC04). This IC is an easy-to-
use, fourth-order Butterworth low-pass filter. The ratio of the clock frequency to the low-
pass cutoff frequency is set internally to 50: 1. A Schmitt trigger clock input stage allows
two clocking options, either self-clocking (via an external resistor and capacitor) for stand-
alone applications, or for tighter cutoff frequency control an external TTL or CMOS logic
compatible clock can be applied. The MF4-50 applies a 50: 1 clock to cutoff frequency
ratio, while the MF4-100 applies a 100: 1 ratio. The clock frequency of the circuit shown
in Figure 2.28 is given by

1
1.69(R1)(C1)

Lﬁbd:z

4. National Semiconductor and Maxim MF10. This IC consists of two independent and
general-purpose switched-capacitor active filter building blocks. Each block, together with
an external clock and three to four resistors, can produce various second-order functions.
Each building block has three output pins. One of the outputs can be configured to perform
either an all-pass, high-pass, or notch function; the remaining two output pins perform
low-pass and bandpass functions. The center frequency of the low-pass and bandpass
second-order functions can be either directly dependent on the clock frequency, or they can
depend on both clock frequency and external resistor ratios. The center frequency of the
notch and all-pass functions depends directly on the clock frequency, while the high-pass
center frequency depends on both the resistor ratio and the clock. Any of the classical filter
transfer functions can be implemented by selecting the right component values. The
specific design methods and equations for the MF10 are available in the datasheet for these
products as well as in National Semiconductor Application Note 307.

Other useful universal switched-capacitor filters are Linear Technologies’ LTC1068

and the LTC1562 as well as Maxim’s MAX 265 and MAX 266. Maxim also offers two
microprocessor-programmable universal switched-capacitor filters: the MAX261 and
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Figure 2.28 National Semiconductor’s MF4 IC is a fourth-order Butterworth low-pass filter with a clock-to-cutoff frequency ratio of 50 : 1.

The clock frequency is set via a capacitor and a resistor according to f;,, = 1/1.69(R1)(C1).
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Figure 2.29 An instrumentation amplifier can be used to convert a low-pass filter into its high-pass counterpart. In this example, the input
signal is fed to the AD620 instrumentation amplifier both directly and through the low-pass filter. This results in a high-pass function, since
the output of the amplifier is the original signal minus the attenuated low-frequency components.

MAX262. One thing that you won’t find with ease is a high-pass version of the low-pass filter
chips (such as the MAX280 or the MF4). However, there is an alternative to using a universal
filter IC. Figure 2.29 shows how an instrumentation amplifier can be used to convert a low-
pass filter into its high-pass counterpart. The input signal is fed to the AD620 instrumenta-
tion amplifier both directly (to the noninverting input) and through the low-pass filter (into
the inverting input). At low frequencies, both inputs of the instrumentation amplifier see the
same signal since the low-pass filter passes the signal unaffected. The output of the amplifier
should thus be zero. At high frequencies, however, signals are attenuated by the filter and the
amplifier outputs the difference. This results in a high-pass function, since the output of the
amplifier is the original signal minus the attenuated low-frequency components. If you
decide to use this technique with a switched-capacitor filter, take precautions to avoid clock
noise from affecting the performance of the filter. If possible, filter the amplifier’s power
input lines (the figure shows these lines filtered through R2/C7 and R3/C6), and use a
continuous-time low-pass filter at the output of the switched-capacitor low-pass filter.

SLEW-RATE LIMITING

Sometimes, artifacts that obscure or distort a biopotential signal have significant spectral
components within the bandpass of interest. However, there are times when the morphology
of the artifact is sufficiently different from the signal of interest as to allow for its automatic



identification and removal. A good example of this are the artifacts produced by cardiac
pacemakers on the ECG signal. The Association for the Advancement of Medical Instru-
mentation (AAMI) recommends designing ECG equipment assuming the ECG waveform
of Figure 2.30. The highest slew rate for an ECG can be estimated by dividing the maximum
peak amplitude within the AAMI range of 0.5 to 5mV and dividing it by the minimum rise
time of the QR interval within the AAMI range of 17.5 to 52.5 ms. This gives a maximum
slew rate of 5mV/17.5ms = 0.28 V/s for a worst-case ECG pulse. The slew rate of a
pacing pulse is much higher than this, making it possible to design a slew-rate filter that
limits the rate of change in the signal rather than a specific frequency band.

This slew-rate filter technique is also useful in other applications that require limiting
artifacts from fast transients. For example, it can be used to filter large artifacts produced
by magnetic-resonance imaging (MRI) equipment, allowing a patient’s vital signs to be
monitored during procedures involving this imaging technique. Removing “pop” artifacts
(fast transients caused by movement) from EEG recordings and limiting stimulus artifacts
in devices designed to measure nerve conduction are also possible through the use of slew-
rate limiters.

A simple slew-rate limiting filter is shown in Figure 2.31. This filter, designed by Williams
[1998], is a simple op-amp buffered RC low-pass filter modified by the addition of a bidi-
rectional diode clipping network. Whenever the input voltage to op-amp IC1 differs from its
output voltage by at least one forward diode drop, the forward-biased diodes will conduct.
Under these conditions, the voltage at the output and noninverting input of the op-amp are
equal, causing the voltage across R2 to remain approximately constant at one forward diode
drop, Vg piope-

A constant voltage across R2 forces a constant current that charges C1 linearly rather than
exponentially. If R2>>R1, the maximum slope (AV,,/Atime) of the signal at the output is
given by

ut

1 — AVout — VF DIODE
$10PCmax = Atime ~ (R2)(C1)

Input signals with a slope higher than this cause a constant rate of change at the output
equal to this limit. A signal segment with a slope lower than this limit passes through the

0.5 mV max

o d=375ms min ———>

«
<

SLEW-RATE LIMITING

— Va2 sinewave

dQT

__"_________
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Figure 2.30 The AAMI stereotype ECG waveform has a maximum slew rate of 0.28 V/s, which allows separating the ECG’s signal

components from artifacts with higher slew rates, such as those from pacing and MRI.
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Figure 2.31

BANDPASS SELECTION FOR BIOPOTENTIAL AMPLIFIERS

J1

+15V
(o]
Cc2
0.01uF

1
VIN E

* 6
10K 1.8M C1_L 2| VOUT

= 45
ca| & =
£|1 o.owF L 1V
1N4148 )
D2
4
1N4148

A simple slew-rate-limiting filter is based on a simple op-amp buffered RC low-pass filter modified by the addition of a bidi-

rectional diode clipping network. Whenever the input voltage to op-amp IC1 differs from its output voltage by at least one forward diode
drop, the forward-biased diodes will conduct. In this region, R2 forces a constant current that charges C1 linearly rather than exponentially,
thus limiting the slope of signals at the output of the filter.

circuit without attenuation. With the values shown in the schematic diagram, signals with
a slope of less than 0.33 V/s pass unaffected, allowing ECGs to be filtered from fast arti-
facts without distorting their worst-case 0.28-V/s slopes.

J. Moore has proposed a different slew-rate limiter that can be used to filter ECG sig-
nals from fast transients. The following circuit is described by Moore [1991] in U.S. Patent
4,991,580 as part of an ECG recorder that is immune to artifacts induced by MRI equip-
ment. When the patient is placed inside the bore of a magnetic-resonance imager, the
strong time-varying magnetic fields produced by the MRI system can induce voltage
spikes on the ECG leads with an amplitude of 65mV and a duration of 0.5 ms.

In the circuit of Figure 2.32, when the output of op-amp IC1A is positive, diodes D2
and D3 are forward biased and diodes D1 and D4 are reverse biased. Under these condi-
tions, zener diode D5 is in series with diodes D1 and D4, cathode positive and anode neg-
ative. If the op-amp’s output voltage exceeds the D5’s breakdown voltage plus two diode
forward voltage drops, the voltage at the junction between R1 and R2 will be limited to the
zener voltage plus the two diode drops. With a 6.2-V zener, the limiting voltage is approx-
imately 7.4 V. Negative voltage swings will have a similar effect, placing the zener diode
in series with D1 and D4, limiting the negative swing at the junction between R1 and R2
to —7.4V.

In operation, the voltage past the rectified-zener limiting bridge is converted by R2 to a
current. Since the voltage at the input of the resistor is limited to *7.4V, the current
flowing through the resistor will be within the range *+0.74uA. This current charges
capacitor C3. The change in voltage across this capacitor is then limited by its capacitance
since dV./dt =1./C. For a 1-UF capacitor, and with a current of no more than £0.74 LA,
the slew rate of the signal buffered by IC1B is limited to =7 V/s. The slew-rate limiting
applied to the biopotential signal is calculated by dividing 7 V/s by the gain of the stages
preceding the slew-rate limiter. For example, if the front-end biopotential amplifier has a
gain of 21, the slew-rate limiting referred back to the biopotential amplifier’s input signal
is 0.33 V/s.
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Figure 2.32 This slew-rate limiter filters fast transients such as MRI artifacts from ECG signals that can be used to filter ECG signals from
fast transients. The circuit around IC1A acts as a precision-rectified zener diode. R2 converts the voltage of the bridge into a current that is
limited by the zener voltage and which charges C3. The change in voltage across this capacitor is limited by its capacitance, thus limiting
the slew rate of signals at the input of buffer IC1B.

ECG AMPLIFIER WITH PACEMAKER PULSE DETECTION
AND ARTIFACT REJECTION

Patients with cardiac pacemakers may have difficulties, especially just after implantation
of the pacemaker and lead system, from failure of the pacing system to properly sense the
heart’s intrinsic signals or to evoke heartbeats (capture the myocardium). This may reflect
problems in the electronics, the leads, the placement of the leads, or the myocardium itself.
The most catastrophic event is failure of the pacemaker to capture the heart when the
patient’s intrinsic rate is slow or nonexistent. To ensure that pacing therapy is being deliv-
ered in an appropriate manner, patients must be monitored to determine if the pacemaker
is functioning properly and if appropriate benefit is being derived from the therapy.
Specifically, it is important to know how often and why a pacemaker is activated, whether
it is firing at appropriate times, and whether it is, in fact, capturing the heart to produce a
heartbeat in response to the electrical stimulation.
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Figure 2.33 A typical pacing pulse consists of a main pulse that stimulates the heart and a discharge phase used to deplete the charge on
the capacitive coupling generated by the delivery of the pacing pulse. Simple biopotential amplifiers unduly distort ECG signals from pace-
maker patients because of the large amplitude difference between (a) pacing pulses and (b) the heart’s intrinsic signals.

As shown in Figure 2.33a, a typical pacing pulse consists of two components, a
main pulse and a discharge phase. The main pulse, which is used to stimulate the heart, is
characterized by its narrow width, sharp rise and fall, and large variation in amplitude. The
actual shape of the pacing pulse depends on the output coupling design of the pacemaker.
The discharge phase is used to deplete the capacitive coupling generated by the delivery of
the pacing pulse charge built up between the heart’s tissue and the pacemaker’s electrodes.
The shape and size of the discharge phase is a function of the energy content of the pacing
pulse and the amount of capacitive coupling.

The problem with using a simple biopotential amplifier to diagnose patients with pace-
makers is the large voltage ratio between the artifact caused by the pacing pulse and the
true ECG signal. When this ratio is large, the ECG signal baseline will be shifted to the
discharge baseline of the pacer artifact signal, thus distorting the ECG. A large artifact sig-
nal can also produce amplifier overloads, preventing observation of the heart’s electrical
activity following pacing. To overcome this problem, ECG amplifiers designed to follow
up on patients receiving pacing therapy have the means to separate and separately process
the ECG and pacing pulse artifact signals, and augment the pacer artifact by providing a
uniform pacing pulse artifact.

Figures 2.34 and 2.35 illustrate a four-lead ECG amplifier useful for evaluating patients
implanted with a cardiac pacemaker. In this circuit, op-amps IC1B, IC1C, and IC1D buffer
the biopotential signals detected by electrodes placed in the right arm, left arm, left leg,
and chest of the patient. IC1A buffers the ECG signal detected from an electrode placed
on one of the precordial electrodes.

The buffered left-arm, right-arm, and left-leg signals are summed by resistors R8, R9,
and R10 prior to being buffered by IC2B to derive the Wilson central terminal (WCT)
potential, which is considered to be the reference potential for ECG recording from the
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Wilson Central Terminal
Figure 2.34 This four-lead ECG amplifier separates and independently processes the ECG and pacing pulse artifact signals. The Wilson
central terminal is synthesized by R8—R10 together with IC2B and is used for right-leg driving after being inverted IC2A. SW1 selects the
lead to be amplified by instrumentation amplifier IC3 of Figure 2.35.

chest electrode. The level of this signal is closely related to the common-mode potential
seen by the limb electrodes. As such, it is used to reduce common-mode interference by
driving the right-leg electrode through inverting amplifier IC2A.

SW1, a two-pole four-position rotary switch with insulated shaft and 5-kV contact-to-
case insulation rating selects which buffered signals are presented to the inverting and non-
inverting inputs of instrumentation amplifier IC3 of Figure 2.35. The bipolar limb leads
are obtained as follows:

o Lead I: tracing of the potential difference generated by the heart between the left and
right arms, where the left arm (L) is the noninverting input and the right arm (R) the
inverting input
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e Lead II: tracing of the potential difference between the left leg (F) and the right arm,
where the left leg is the noninverting input

e Lead IIl: tracing of the potential difference between the left leg and the left arm,
where the left leg is the noninverting input

A unipolar chest lead is obtained by connecting the chest electrode to the noninverting
input, while the WCT is connected to the inverting input. The specific chest lead (V1-V6)
is obtained by placing the chest electrode on specific anatomical landmarks according to
international standards:

e V1 in the fourth intercostal, at the right side of the sternum

e V2 in the fourth intercostal, at the left side of the sternum

e V3 halfway between V2 and V4

e V4 in the fifth intercostal, left mid clavicular

e V5 in the same horizontal plane as V4, halfway between V4 and V6 (anterior axially)
e V6 in the same horizontal plane as V4, left mid axially

V1 and V2 are thus placed above the right ventricle, V3—V6 above the left ventricle.

The output of IC3 contains an amplified version of the true ECG signal and the pacing
pulse artifact. This signal is separated into the two components via the slew-rate limiter
and pacing pulse detector circuits implemented around IC4A and IC4D. Once a certain
slew rate has been exceeded by the output of IC3, the slew-rate limiter limits the excur-
sions of the output signal to a specified rate of change. When the input voltage to IC4A is
zero, the current flowing through R11 and R12 is the same, and thus the output of the slew-
rate limiter is zero (neglecting possible op-amp offset). When a positive-going signal
appears at the noninverting input terminal of IC4A, the output of IC4A will go positive,
and current through R12 will be sourced by the op-amp. At the same time, current will be
sourced by capacitor 46. As long as slewing-rate conditions given by the values of
R11 =RI12 and C10 are not exceeded, the slew-rate limiter’s output voltage tracks IC4A’s
input voltage. However, if a pacing pulse artifact is presented to the noninverting input of
IC4A, the slew-rate limit imposed by the time constant of R11 = R12 and C10 is exceeded
and capacitor C10 will charge (or discharge) at a rate limited by the value of R11 =R12.
At the time of the slew rate limiting, the output signal’s slew rate will be limited to the
charge or discharge rate of capacitor C10. Soon after the slew rate of the input signal falls
under the slew-rate limit, op-amp IC4A returns from saturation, and the output of the slew-
rate limiter tracks IC4A’s noninverting input. Once the ECG signal has been cleaned by the
slew-rate limiter from the pacing pulse artifact, baseline zeroing is accomplished by feed-
ing the inverted baseline level (derived by inverting and heavily low-pass filtering the
slew-rate limiter’s output) to the reference pin of IC3.

Pacing pulse detection exploits the fact that the output of IC4A rails when the slew rate
of its input exceeds the set limit. IC4D rectifies IC4A’s output. Whenever the slew-rate
limit is violated (which is assumed to happen only whenever a pacing pulse is present), a
positive pulse appears at the trigger input of nonretriggerable one-shot IC5. The artifact-
free ECG signal is amplified further via IC4C before it is presented to a Burr-Brown
ISO107 isolation amplifier. Every time a pacing pulse is detected, an optically isolated 5-
ms pulse is added to the isolated and filtered ECG signal via R27 and R28 before being
buffered by IC8B.

The circuits in galvanic contact with the patient are powered via ISO107, which gener-
ates isolated =12V when powered from =12 V. L2, C24, C25, and C26 form a pi filter to
clean the isolated +12-V power line generated by ISO107 from switching noise. An iden-
tical network is used to filter the negative isolated supply rail. A pi filter formed by L1,
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C21, and C23 is used to decouple the positive input power rail of IC6 so that switching
noise within IC6 does not find its way into the postisolation circuits.

SCRATCH, RUMBLE, CLICK, AND POP

Our good British friend and colleague André Routh has held many positions as a biomed-
ical engineer and scientist at various cardiac pacemaker and diagnostic device companies
for over 20 years. In the tradition of British electronics aficionados, his hobby is hi-fi, espe-
cially when it’s done using valves (vacuum tubes). André’s expertise is in biomedical sig-
nal processing, and some time ago he implemented a specialized filter for cardiac signals
based on the way in which audio professionals filter surface noises from old records
(remember vinyl?). In the hi-fi field, these circuits are known as scratch or “click and pop”
filters. Another device, the rumble filter, cuts down low-pitched noises, such as vibration
from the phonograph motor.

The circuit of Figures 2.36 to 2.39 is a high-pass filter with a cutoff frequency of 0.5 Hz
for baseline offset rejection and a low-pass filter with a cutoff frequency of 500 Hz for
noise rejection and antialias filtering. The gain of this filter unit can be varied continuously
in three ranges, from 0 to a maximum of 100. What makes this filter so unique is its rapid
recovery from transient overloads. This is achieved through an input “blanking” scheme
that can reject impulses such as pacing spikes. The high-pass filter with its long time con-
stant can cause output saturation when faced with a step-type input or slow decay process
such as a defibrillation shock. An output overload detection circuit changes the time con-
stant of the high-pass filter. The cutoff frequency is increased to approximately 50 Hz until
the output is within the allowable range for the signal acquisition equipment that follows
the filter.

Typically, this filter circuit would be used between an isolated biopotential amplifier
and an instrumentation tape recorder or data acquisition unit. The output of the filter is
monitored on a LED bar graph display which has a VU meter response with fast attack and
slow decay times. Additionally, there are two LEDs to indicate either input or output over-
loads. In a typical application, an input signal arrives via J2 from the output of an isolated
biopotential amplifier. R1, D1, and D2 form an input signal clamp that limits at approxi-
mately 8.2V. R1 and C1 form a low-pass filter with a cutoff frequency of 5.3kHz. R2 is a
passive attenuator whose wiper is connected to the noninverting input of IC1A. The gain
of this op-amp is defined by R3 and R4. R4 should be selected to have a resistance equal
to R2, so that when R2 is set to maximum the voltage at IC1A’s output is equal to the input
voltage at J2.

IC1B and associated components form a second-order Butterworth (maximally flat
amplitude) low-pass filter. With the components selected, the cutoff frequency calculated
is 509 Hz. Front-panel SW1 can be used to bypass the low-pass filter. IC2 is a quad CMOS
transmission gate (digitally controlled analog switch). Under normal conditions (i.e., with
no input overload), IC2A is closed and IC2B is open, allowing the signal at the wiper of
switch SW1 to feed the second-order Butterworth high-pass filter built around IC1C
(Figure 2.37). With the components selected, the cutoff frequency is 0.49 Hz. As long as
there is no output overload, analog switches IC2C and IC2D are open, and as such, under
normal conditions they do not interfere with the nominal operation of the high-pass filter.
Front-panel switch SW2 can be used to bypass the high-pass filter.

IC1D is configured as a switchable gain amplifier. The gains available are X1, X 10, and
X100, depending on the setting of front-panel switch SW3. The low-pass action of C6
depends on the gain of the amplifier stage. At X100 the cutoff frequency is approximately
4.8kHz; at X10 it is about 53 kHz. Potentiometer R13 in conjunction with resistor R14
allows the output offset to be nulled. R18 and C7 form a low-pass filter with a cutoff
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SCRATCH, RUMBLE, CLICK, AND POP

frequency of 5.3 kHz. When jumper JP1 is closed, the output swing is clamped at approx-
imately =2V by diodes D3-DS8.

The unique functionality of this filter comes into action when an overload occurs. IC3
in Figure 2.36 is configured as a window comparator. Potentiometer R19 is adjusted to
+7.5V. IC3B is a unity-gain inverter whose output will be at —7.5 V. IC3C and IC3D
function as comparators. With no input overload, both IC3C’s and IC3D’s outputs are low
(i.e., close to —15V). If the input voltage rises above +7.5V, IC3C will switch and D9
will be forward biased. If the input falls below —7.5V, IC3D will switch and D10 will be
forward biased. D9, D10, and R19 form a wired OR gate. D11 prevents the inputs of IC4A,
IC4B, and IC4C from receiving voltages below 0V. C9, R23, and the hysteresis of the
Schmitt action of IC4 form a one-shot that acts as a pulse stretcher, causing LED1 to illu-
minate. R24 and D12 clamp the positive voltage reaching IC5A to +8 V. IC5A and IC5B
are connected as series inverters whose outputs, labeled A and B, drive transmission gates
IC2A and IC2B. Note that A is also ANDed via D13 into IC5C (Figure 2.38).

On receipt of an input overload, IC2A will open and IC2B will close, thereby discon-
necting the high-pass filter from the overload. This action is enhanced when the low-pass
filter is in the circuit (i.e., SW1 is not set to bypass) because the low-pass filter introduces
a delay to the signal. The net effect is that IC2A opens and IC2B closes before the over-
load signal has emerged at the output of the low-pass filter.

The circuit’s output (marked D in Figure 2.37) is fed to the precision full-wave rectifier
of Figure 2.38 configured around IC6A and IC6B. For positive half-cycles, D14 is forward
biased and the circuit behaves like a cascaded unity noninverting amplifier. C10 ensures
stability. For negative half-cycles, IC6A and D15 form a precision half-wave rectifier
whose output (at D15 anode) is fed to the unity-gain inverter formed by IC6B/R26/R28.
The net result is a fast full-wave rectifier that requires only two matched resistors (R26
and R28).

The output of the full-wave rectifier is fed to a comparator formed by IC6D. R30, D16,
and D17 limit the comparator output to the =8V range for application to NAND gate
IC5C. The output from IC5C is inverted by IC5D, whose output is labeled C. Under nor-
mal conditions (i.e., not output overload or input overload), C is low. If an overload occurs,
the magic of the circuit kicks in, C goes high, thereby enabling transmission gates [C2C
and IC2D. R8 and R11 are switched in parallel with R9 and R10, respectively, when IC2C
and IC2D close. The cutoff frequency of the high-pass filter of Figure 2.37 formed around
IC1C is increased to approximately 50 Hz and the output of the filter rapidly settles toward
0V as C4 and C5 discharge.

The rest of the circuit is used to drive a TSM39168 VU LED bar graph display. The out-
put from the full-wave rectifier is fed to the precision half-wave rectifier formed by 1C6
and D18. R32, R33, and C11 form an attack/decay circuit where the attack time (i.e.,
charge time of Cl11) is determined predominantly by R32/C11 and the decay time by
R33/C11. The bar graph display of Figure 2.39 has an integrated driver circuit with VU
meter calibration. The scale factor is set by R33 and R34. The transition from the green
LEDs to the orange LEDs occurs at 1 V. The tenth LED (red) is activated when the volt-
age reaches 1.5 V. The output from this last LED is taken to a comparator formed by IC7A
and resistor divider R34 and R35. The comparator output feeds the one-shot formed by
D19, R36, and C13 and the Schmitt inverters IC4D, IC4E, and IC4F. The stretched pulse
illuminates LED2 to indicate that the output level is too high.

A voltage of £15V for the filter unit is supplied via connector J1. C15, C16, C19, and
C20 from input filters for the £15-V supply to reduce crosstalk between channels. IC8 and
IC9 are low-power =8-V regulators to supply the analog transmission gates (IC2) and the
quad NAND gate (IC5). The +5-V power for the bar graph display has a separate ground
circuit and is filtered by C23, R38, and C12 to prevent noise from being fed into the
amplifier stages.
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SCRATCH, RUMBLE, CLICK, AND POP 93
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Figure 2.39 Signal levels are indicated by a TSM39168 VU LED bar graph display. The transition from the green LEDs to the orange
LEDs occurs at 1 V. The tenth LED (red) is activated when the voltage reaches 1.5 V. LED2 indicates that the output level is too high.
A voltage of £15V power for the filter unit is supplied via connector J1. IC8 and IC9 are low-power *8-V regulators to supply the analog

transmission gate (IC2) and the quad NAND gate (ICS). The +5-V power for the bar graph display has a separate input.

More recently, André designed an intracardiac electrogram signal amplifier that imple-
ments a similar transient-elimination technique to enable detection of evoked-response
events from the heart soon after the delivery of pacing or defibrillation pulses. The ampli-
fier of Figure 2.40 receives a digital BLANK command just before (e.g., 1 ms) the tran-
sient event (e.g., a pacing or defibrillation pulse) is delivered to the heart. Under normal
conditions, the electrogram signal detected via intracardiac electrodes (from pacing leads
or a mapping catheter) is presented to an INA128 instrumentation amplifier (IC3) via ac-
coupling capacitors C3 and C6. Resistors R4 and RS, together with C5 and C7, low-pass
the input signals. The output of the instrumentation amplifier is filtered by the second-
order Butterworth high-pass filter built around IC1B.

When a BLANK signal is delivered to the biopotential amplifier circuit, the inputs of
the instrumentation amplifier are shorted to the analog signal ground via analog switches
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IC2A and IC2D. At the same time, the capacitors of the high-pass filter are shorted, which
changes the configuration of IC1B to an inverting amplifier with a gain of zero. After the
stimulus subsides, the blanking signal is released, and the amplifier recovers within mil-
liseconds to allow detection of evoked or intrinsic potentials. Note that the circuit is pow-
ered from a single +5-V supply. IC1A is used to buffer the 2.5-V voltage produced by
resistor divider R1 and R2 and filtered by C1. The 2.5V at the output of IC1A is used as
an analog reference potential for the circuit.
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DESIGN OF SAFE MEDICAL
DEVICE PROTOTYPES

Military downsizing, government cutbacks, and corporate reengineering had the opposite
effect on the medical industry as they did on all other areas of technology. As R&D budg-
ets shrank, early-generation technologies that had long been considered obsolete for space,
security, and military applications suddenly found a thriving environment in the develop-
ment of new medical devices. For example, cruise-missile tracking technology has been
adapted to steer powerful x-ray beams to destroy brain and spinal-cord tumors precisely
without the need of surgery; software used for interpreting spy-satellite images has been
used as the basis for detecting subtle but highly virulent breast cancers that were often
overseen in visual interpretations of mamographic images; and miniaturized high-energy
capacitors developed for portable laser weapons may make it possible to build smaller and
lighter automatic implantable cardiac defibrillators.

Many other examples of these dual-use technologies continue to appear with no end in
sight, making medical electronics one of today’s fastest-growing and most promising tech-
nology-based industries. Fortunately for the entrepreneurs among us, prototypes of many
new medical instruments can still be developed in a garage-turned-laboratory without the
need for esoteric technologies recycled from multibillion-dollar satellite and weapons pro-
grams. Rather, a fresh idea, a personal computer, and some simple interface circuitry is all
it may take to start the next revolution in medical care.

Despite how simple or complex a medical electronic instrument prototype may be,
however, safety must be the primary objective throughout the development effort. Becom-
ing intimately familiar with electrical safety standards is probably the most important thing
that a newcomer to the field can do, because the dangers involved in interfacing with the
human body are often counterintuitive to an otherwise knowledgeable engineer. For exam-
ple, did you know that a 60-Hz current of barely 10 wA flowing through the heart has the
potential of causing permanent damage and even death?

The objective of this chapter is to introduce the basics of designing and constructing
electrically safe medical instrument prototypes. We first present an overview of electrical
safety compliance requirements, proceed to look at a number of circuits that enable safe
interfacing with medical electronics, then review safety testing methods, and finally, show

Design and Development of Medical Electronic Instrumentation By David Prutchi and Michael Norris
ISBN 0-471-67623-3 Copyright © 2005 John Wiley & Sons, Inc.
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the construction of a number of useful test instruments suitable for assessing the electrical
safety of medical electronic instruments.

STANDARDS FOR PROTECTION AGAINST ELECTRICAL SHOCK

It has been a long time now that medical electronic devices left the realm of experimentation
and were transformed into irreplaceable tools of modern medicine. This widespread use of a
very diverse variety of electronic devices compelled countries to impose regulations that
ensure their efficacy and safety. In the United States, the Food and Drug Administration
(FDA) is responsible for the regulation of medical devices. In the European Union (EU), a
series of directives establishes the requirements that manufacturers of medical devices must
meet before they can obtain CE marking for their products, to authorize their sale and use.
In addition, however, individual nations of the EU may impose local regulations through
internal regulatory bodies. Other countries, including Canada, Japan, Australia, and New
Zealand, have their own regulations, which although similar to the harmonized European and
U.S. standards, have certain particulars of their own.

Safety standards are sponsored by organizations such as the American National
Standards Institute (ANSI), the Association for Advancement of Medical Instrumentation
(AAMI), the International Electrotechnical Commission (IEC), and Underwriters’
Laboratories, Inc. (UL), among many others. These standards are written by committees
comprised of representatives of the medical devices industry, insurance industry, academia,
physicians, and other users in the medical community, test laboratories, and the public. The
purpose of creating these broad-spectrum committees is to ensure that standards address the
needs of all parties involved in the development, manufacture, and use of medical devices.
Thus, through a consensus process, emerging standards are deemed to capture the state of
the art and are recognized at national and international levels.

In general, safety regulations for medical equipment address the risks of electric shock,
fire, burns, or tissue damage due to contact with high-energy sources, exposure to ionizing
radiation, physical injury due to mechanical hazards, and malfunction due to electromagnetic
interference or electrostatic discharge. The most significant technical standard is IEC-601,
Medical Electrical Equipment, adopted by Europe as EN-60601, which has been harmonized
with UL Standard 2601-1 for the United States, CAN/CSA-C22.2 601.1 for Canada, and
AS3200.1 and NZS6150 for Australia and New Zealand, respectively.

According to IEC-601, a possible risk for electrical shock is present whenever an oper-
ator can be exposed to a part at a voltage exceeding 25 Vg or 60V dc, while an energy
risk is present for circuits with residual voltages above 60V or residual energy in excess
of 2mJ. Obviously, the enclosure of the device is the first barrier of protection that can pro-
tect the operator or patient from intentional or unintentional contact with these hazards. As
such, the enclosure must be selected to be strong enough mechanically to withstand antic-
ipated use and misuse of the instrument and must serve as a protection against fires that
may start within the instrument due to failures in the circuitry.

Beyond the electrical protection supplied by the enclosure, however, the circuitry of the
medical instrument must be designed with other safety barriers to maintain leakage cur-
rents within the limits allowed by the safety standards. Since patient and operator safety
must be ensured under both normal and single-fault conditions, regulatory agencies have
classified the risks posed by various parts of a medical instrument and have imposed
specifications on the isolation barriers to be used between different parts. The first type of
part is the accessible part, a part that can be touched without the use of a tool. Touching
in this context not only assumes that contact is made with the exterior of the enclosure or
any exposed control knob, connector, or display, but that it could be made accidentally: for
example, by poking a finger or pencil through an opening in the enclosure. In fact, most
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standards define rigid and articulated probes that must be used to verify the acceptability
of enclosure openings.

The second type of part is the live part, a part that when contacted can cause the leakage
current to ground or to an accessible part of the equipment to exceed the limits established
by the standard. One form of live part is the mains part, defined as a circuit connected
directly to the power line.

The third type of part comprises signal-input and signal-output parts, referring to cir-
cuits used to interface a medical instrument to other instruments: for example, for the pur-
poses of displaying, recording, or processing data. The fourth and most critical part of a
medical instrument is that which deliberately comes into physical contact with the patient.
Such a part, called an applied part, may include a number of patient connections which
provide an electrical pathway between it and the patient. The patient circuit comprises all
patient connections as well as all other parts and circuits of the medical instrument that are
not electrically isolated from these connections.

The level of electrical shock protection provided to patients by the isolation of applied
parts classifies them as follows:

* Type B: applied parts that provide a direct ground connection to a patient

* Type BF (the F stands for “floating”): indicates that the applied part is isolated from all
other parts of the equipment to such a degree that the leakage current flowing through a
patient to ground does not exceed the allowable level even when a voltage equal to 110%
of the rated power line voltage is applied directly between the applied part and ground

* Type CF: similar to type BF, but refers to applied parts providing a higher degree of
protection, to allow direct connection to the heart

The use of F-type applied parts is preferable in all cases to type B applied parts. This is
because patient environments often involve simultaneous use of multiple electronic instru-
ments connected to the patient. In any case, type B applied parts are prohibited whenever
patient connections provide either low-impedance or semipermanent connections to the
patient (e.g., through recording bioelectrodes as in ECG or EEG, or for stimulation of tissues,
such as TENS). Furthermore, all medical electrical equipment intended for direct cardiac
application (e.g., intracardiac electrophysiology catheters, invasive cardiac pacing) must con-
tain only CF-type applied parts. Additionally, the applied parts of instruments for cardiac
diagnosis and therapy are often designed to withstand the application of high-voltage high-
energy shocks, such as those used for cardiac cardioversion and defibrillation.

These classifications have more than academic purpose. The standards provide the
designer with clear indications regarding the minimal level of circuit separation and the
application of insulation between these parts to accomplish acceptable levels of isola-
tion. As such, insulation is not only defined as a solid insulating material applied to a
circuit, but also to spacings that establish creepage distances and air clearance between
parts. The separation of two conductive parts by air alone constitutes a clearing distance,
while the separation of conductive parts on a nonconductive plane (e.g., tracks on a
printed circuit board) is a creepage distance. The minimum separation distance between
elements of two parts is determined by the working voltage between parts as well as by
the insulation rating required to afford protection against electrical shock.

A basic insulation barrier is applied to live parts to provide basic protection against
electrical shock. For example, its use applies to the separation between a live part and an
accessible conductive part that is protected by connection to ground. Supplementary insu-
lation is an independent insulation barrier applied in addition to basic insulation in order
to provide protection against electrical shock in the event of failure of the basic insulation.
Double insulation and reinforced insulation provide protection equivalent to the use of
both basic and supplementary insulation.
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TABLE 3.1 Spacings (Millimeters) Required to Provide Various Levels of Insulation
between Parts of a Medical Device

Ac Voltage: 125V 250V 380V
Dc Voltage: 150V 300V 450V
Basic insulation (between Air clearance 1 1.6 2.4
parts of opposite polarity) Creepage distance 2 3 4
Double or supplementary Air clearance 1.6 2.5 3.5
insulation Creepage distance 3 4 6
Double or reinforced Air clearance 32 5 7
Reinforced insulation Creepage distance 6 8 12

Figure 3.1 and Table 3.1 present a partial view of how to achieve the minimal required
insulation ratings between parts. Although these are only a subset of all possibilities contem-
plated by the standards, they certainly provide a very practical reference for the designer.

LEAKAGE CURRENTS
Evidently, the purpose of the various isolation barriers is to ensure that leakage currents

are maintained within safe values even when a single-fault condition occurs. Three types
of leakage currents are defined within the standards:

MEDICAL
INSTRUMENT
In 'ut/Qutput
S Part with R
B Connection to
AC Power | B Ground
- ; Live Part ) R Floating-Type Patient Connections
! - . (Mains Part) }" |E Live Part Applied Part
- e
= | B 4
R
Non-Live Part S o
R
Conductive Enclosure B
Connected to Protective Ground

Figure 3.1 Some of the requirements for insulation between the parts of a medical instrument. Insulation types: B, basic; S, supplementary;
R, reinforced.



1. Ground leakage current: current flowing from all mains parts through or across the
insulation into the protective ground conductor of the grounded power cord

2. Enclosure leakage current: total current flowing from the enclosure and all accessi-
ble parts (but excluding applied parts) through an external conductive connection
other than the protective ground conductor to ground or another part of the enclosure

3. Patient leakage current: current flowing from the applied part by way of the patient
to ground, or flowing from the patient via an F-type applied part to ground; origi-
nates from the unintended appearance of voltage from an external source on the
patient

It must be noted, however, that these leakage currents must not be confused with cur-
rents generated intentionally by the medical device to produce a physiological effect on the
patient, or used by the applied part to facilitate measurement without producing a physio-
logical effect. Examples of patient intentional currents are those used for the stimulation
of nerves and muscle, cardiac pacing and defibrillation, and cutting and cauterization
with radio frequency. Patient auxiliary currents are used to bias the front-end amplifiers
designed to detect biopotentials, to enable the measurement of impedance of living tissues,
and so on.

In the standards, the terms voltage and current refer to the root-mean-square (RMS)
values of an alternating, direct, or composite voltage or current. Remember that by
definition, the RMS value of an alternating voltage V across a resistor R equals the direct
voltage, causing the same dissipation level in R. For a sinusoidal waveform, the RMS volt-
age Vrys is related to the peak-to-peak voltage V,, , by

Vo= Veus V2= 1414V

A similarly corresponding definition applies to the value of an RMS current. In the case of
composite (ac + dc) signals, the RMS value is calculated from

—\/V2 2
Vems Vet VacRMS
As shown in Table 3.2, allowable patient leakage and auxiliary currents are defined for
both normal and single-fault conditions, assuming that the equipment is operating at max-
imum load and that the supply is set at 110% of the maximum rated supply voltage. Single-
fault conditions are defined as conditions in which a single means of protection against a

TABLE 3.2 Some Allowable Values of Continuous Leakage and Patient Auxiliary Currents under Normal and

Single-Fault Conditions (Milliamperes)

LEAKAGE CURRENTS

Equipment Type
B BF CF

Condition Normal Single fault Normal Single fault Normal Single fault
Ground leakage current 0.5 1 0.5 1 0.5 1
Enclosure leakage current 0.1 0.5 0.1 0.5 0.1 0.5
Patient leakage current 0.1 0.5 0.1 0.5 0.01 0.05
Patient leakage current — — — 5 — 0.05

(with power line voltage

on the applied part)
Dc patient auxiliary current 0.01 0.05 0.01 0.05 0.01 0.05
Ac patient auxiliary current 0.1 0.5 0.1 0.5 0.01 0.05

101



102

DESIGN OF SAFE MEDICAL DEVICE PROTOTYPES

safety hazard in the equipment is defective or a single external abnormal condition is
present. These include interruption of the supply by opening the neutral conductor as well
as interruption of the protective ground conductor. Patient leakage current between an
F-type applied part and ground assumes that an external voltage equal to 110% of the max-
imum rated supply voltage is connected directly to the applied part. For battery-powered
equipment, the external voltage that is assumed to be connected to the F-type applied part
is 250 V. In addition, it must be noted that grounding of the patient is considered to be a
normal condition.

The allowable leakage current levels have been set as a compromise between achievable
performance and overall risk. Although a 60-Hz current as low as 10 wA flowing through
the heart may cause ventricular fibrillation (a disorganized quivering of the lower chambers
of the heart muscle that quickly leads to death) under highly specific conditions, the prob-
ability of such an event is only 0.2%. Under more realistic clinical conditions, however, a
50-pA current flowing from a CF-type applied part through an intracardiac catheter has an
overall probability of just 0.1% of causing ventricular fibrillation. This probability is very
similar to that of causing fibrillation due to the irritation caused by mere mechanical con-
tact of the catheter with the heart wall. Obviously, for equipment that does not come in
direct contact with the heart, allowable leakage currents have been increased up to the point
where even under single-fault condition, the probability of causing ventricular fibrillation is
no higher than 0.1%, even though the actual current may be perceptible to the patient.

DESIGN EXAMPLE: ISOLATED DIFFERENTIAL ECG AMPLIFIER

Let’s use a simple circuit as an example to illustrate the various considerations regarding
the safe design of a medical instrument. Figure 3.2 presents the schematic diagram of a
simple biopotential amplifier intended to detect a differential ECG signal through surface
ECG electrodes. In the circuit, signals picked up by electrodes attached to the patient’s
skin are amplified by IC1, a Burr-Brown INA110 instrumentation amplifier IC. The gain
of the front-end stage is programmable between unity and 500 by jumpers JP2-JP5. Since
IC1 is dc-coupled, care must be exercised in the selection of gain so that the amplifier is
not saturated by dc offset voltages accompanying the biopotential signal. For example, to
use this circuit as part of a surface ECG amplifier, the gain must be calculated to cope with
offset potentials of up to =300mV. In general, IC1’s gain should be kept low so that dc
coupling does not result in its saturation. Potentiometer R1 is used to trim the input offset
to IC1. R1-R3 can be omitted from the circuit for most applications that do not require
extreme dc precision.

Direct connection of IC1°s inputs to patient electrodes is possible since the amplifier uses
a maximum bias current of 50 pA, and the FDH300 low-leakage diodes used to protect the
inputs of IC1 contribute no more than an additional 1 nA each to the patient auxiliary cur-
rent. The total 54 nA maximum is well under the allowed 0.01 mA auxiliary current for CF-
type applied parts. If the application permits it, however (e.g., if the skin—electrode interface
has a sufficiently low impedance), it is a good idea to add resistors larger than 300 k() in
series with the patient connections. These resistors would effectively limit the auxiliary cur-
rent flowing through the patient to less than 0.05mA in case a fault in IC1 or in D1-D4
short-circuit the patient’s connection with one of the isolated power rails.

Depending on the biopotential signal being amplified, either dc or ac coupling are
required. For dc coupling, IC1 is referenced to the isolated ground plane I;,, which also
serves as the patient common input. Since the INA110 has FET inputs, bias currents drawn
through input source resistances have a negligible effect on dc accuracy. However, a return
path must always be provided to prevent charging of stray capacitances which may satu-
rate the INA110. If this amplifier would be needed to amplify completely floating sources
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or capacitively coupled sensors, a 10-M(Q resistor to the isolated ground plane from each
input should be used. When ac coupling is desired, IC4A, R8, and C5 are used to offset
IC1’s reference to suppress a baseline composed of components in the range dc to 0.48 Hz.
Also for ac coupling, any remaining baseline at IC1’s output may be eliminated by a high-
pass filter (1.59 Hz at —3 dB) formed by C6 and R9.

IC1’s output signal is amplified by IC4b. Notice that the gain of this stage is fixed at
101. Galvanic isolation is provided by IC3, a Burr-Brown ISO107 isolation amplifier IC.
This type of IC resembles an operational amplifier but is designed with an internal isola-
tion barrier between its input and output pins. The ISO107’s signal channel has a small-
signal bandwidth of 20kHz and provides an isolation barrier rated at a continuous 2500 V.
In addition to providing a signal channel across the isolation barrier, the ISO107 has an
internal dc/dc converter which powers the isolated side of the ISO107 circuitry and pro-
vides isolated power (*=15V at =15 mA typical) for the rest of the circuitry of the applied
part (i.e., IC1 and IC2). The isolation rating of the barrier for the dc/dc converter is the
same as that for the signal channel. In total, the 60-Hz leakage current through IC3 does
not exceed 2 A with 240V ac applied across its isolation barrier. The output gain of IC3
is selected through jumpers JP7-JP9 to provide gains of 1, 10, or 100. IC3’s output is then
low-pass filtered by IC4C. With the component values shown, the filter has a cutoff fre-
quency of 300 Hz. You may recalculate these values to match the bandwidth required by
your application.

In one position of SW1, the filter’s output is buffered directly by IC4D and presented to
the output of the biopotential amplifier. In the other position, SW1 redirects the output of
IC4C to a tunable-frequency notch filter before being buffered by IC4D. This makes it easy
to eliminate 50/60-Hz power line hum that may have been picked up through common-
mode imbalances between the differential patient connections.

As shown up to this point, patient leakage and auxiliary currents have been kept within
allowed limits by virtue of appropriate selection of the components for the circuit. However,
appropriate layout and interconnection are as important in ensuring a safe design. To do so,
every conductive point belonging to the isolated portion of the circuit must be separated from
every conductive point in the nonisolated side of the circuit by the required air clearance and
creepage distances corresponding to reinforced insulation at the rated working voltage. The
layout of a prototype instrument that incorporates this ECG amplifier is shown in Figure 3.3.

Since there is a 30-mm separation between the closest pins across the ISO107 isolation
barrier, and considering that the internal isolation barrier is rated at a continuous 2500 V
at 60 Hz, the standards would consider this barrier to be equivalent to 1000 V ac—rated rein-
forced insulation. This separation would also be needed between all other isolated and
nonisolated points of the circuit. Most commonly, a biopotential amplifier is operated in
environments where the power line voltage is the highest potential of concern and has a
maximum rated value of 240 V. According to Table 3.1, this would require an air clear-
ance of 5mm and an 8-mm creepage distance. Remember that these distances also apply
to the separation of any point on the isolated side and any conductive fastening means in
connection with any nonisolated part of a medical instrument.

Amplifying the electrical activity produced by the heart introduces a number of addi-
tional requirements addressed by the front-end protection circuit shown in Figure 3.2.
Physicians conducting electrophysiological diagnosis and therapy of conditions involving
the heart assume the possibility of ventricular fibrillation during a procedure. Reverting
fibrillation back into a normal rhythm driven by the sinus node of the heart involves briefly
forcing high current through the heart. To overcome tissue resistivity, this implies the
delivery of a high-energy, high-voltage pulse.

Typical external defibrillators deliver this pulse by discharging a 32-WwF capacitor charged
up to 5000V dc through a 500-H inductor directly into paddle electrodes placed on the
chest of the patient, who may be assumed to act as a 100-() resistor. A sizable fraction of
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Figure 3.3 Layout of an instrument that incorporates the ECG amplifier of Figure 3.2. Note that
the gap in components and conductors which forms the insulation barrier is traversed only by the
ISO107 isolation amplifier. An external ELPAC model MED113TT medical-grade power supply is
used to power the circuit from the 120 V ac power line.

the defibrillation pulse may appear at the ECG recording electrodes as well as between the
isolated patient ground and the power line ground. The front-end protection circuit places
330-k{) resistors (R4 in series with R6, R25, and R5 in series with R7) in series with the
patient leads to limit the peak defibrillator input current to under 10 mA. For this applica-
tion, 2-W carbon-composition high-voltage-rating resistors are chosen, to withstand the
several dozen watts of instantaneous power that may be dissipated during each defibrillation
pulse.

Since voltages close to the full 5000-V defibrillator capacitor initial voltage could
appear across these resistors, care must be taken to ensure that current does not find an
alternative path by producing a spark or by creeping across the printed circuit. The insula-
tion required to withstand the peak voltage of the defibrillator pulse should be chosen to
be a minimum air clearance of 7mm and a minimum creepage distance of 12 mm. This
separation would also apply to the isolation barrier between the applied part and all other
parts of the medical instrument.

A second consideration must be made for equipment that may be used in the operating
room. Here the applied part of the instrument may be exposed to very strong RF currents
coming from an electrosurgery (ESU) unit used for either cauterizing wounds or cutting
tissue. Usually, continuous-wave or gated damped sinusoids are applied between a large-
area electrode on the patient’s back and the scalpel electrode. Through RF heating, tissues
are cut and blood is coagulated, causing small ruptured vessels to close. The RF compo-
nent of the ESU waveform typically is within the range 200 kHz to 3 MHz, and power
levels into a 500-( load range from 80 to 750 W. Open-circuit voltages range from approx-
imately 300V and can be as high as 9 kV.

If the circuit of Figure 3.2 were used in the presence of ESU, the path of RF leakage
current would probably be from the ESU electrodes into one or more of the device’s patient
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electrodes, through the coupling capacitance of the ISO107, through the stray capacitance
of the power supply transformer, into the power line, and back through the stray capaci-
tance of the ESU generator’s power transformer. To deal with these RF currents, medical
electronic equipment often includes filters that attenuate RF signals before they can be
detected by the circuit’s nonlinearities. In our front-end protection circuit, RF appearing at
the ECG+ and ECG— electrodes is sinked to the isolated ground by C2 and C3. C4 is used
to eliminate any remaining RF that can be demodulated differentially by D1-D4 or IC1’s
circuitry. Here again, currents driven by very high RF voltages must not find alternative
paths such as corona discharge or creepage, and for these reasons, appropriate spacings
must be observed.

STAND-ALONE ANALOG ISOLATORS

The previous design example demonstrated the use of the ISO107 isolation amplifier embed-
ded within a circuit to provide a signal path across the isolation barrier. In many cases, hav-
ing instead a self-contained general-purpose isolation module like that of Figure 3.4 can
simplify the design of prototype and experimental equipment. The circuit diagram for such
a module is shown in Figure 3.5. This module was designed as a stand-alone isolation board
to protect subjects connected to isolated biopotential amplifiers from lethal ground fault cur-
rents as well as those originating from defibrillator pulses. The heart of the module is IC1,
an Analog Devices’ 284] isolation amplifier. This device meets leakage standards of 2 nA
maximum at 115V ac, 60 Hz. This performance results from the carrier isolation technique,
which is used to transfer signals and power across the isolation barrier, providing a maximum
isolation of 2500 Vs at 60 Hz for 1 minute, and +2500 Vp_p maximum continuous ac, dc,
or 10-ms pulses at 0.1 Hz.

ANALOG
DEVICES

- 280

MADE IN US.A

Figure 3.4 A stand-alone signal isolator can be built using an Analog Devices’ 284J isolation
amplifier. The input voltage range for this module is =5V differential at unity gain. However, this
module can also be used for the direct low-level amplification of biopotential signals with a low input
noise 10wV p, medium input impedance 108(), and high CMR (110-dB inputs to output, 78-dB
inputs to guard). The module can generate isolated power for input circuitry, such as biopotential
signal buffer preamplifiers or instrumentation amplifiers.
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Bipolar input signals, present at J1-3, and referenced to isolated ground at J1-2, are
introduced into the isolated signal input of IC1. IC1’s gain can be set in the range 1 to 10
by changing the value of a resistor connected between JP1-1 and JP1-2 according to

100k

in=1+—— 10kl
gaim 10.7kQ+ R (kQ)

To preserve high CMR, this resistor and all connections to it must be guarded with a
shield connected to JP1-3. Best performance is achieved by placing a shorting jumper
between JP1-1 and JP1-2 and operating the circuit at a gain of 10. Leaving JP1 open
results in unity gain.

The bandwidth supported by the 284J is dc to 1 kHz (small signal), dc to 700 Hz (full
power G = 1), and dc to 200 Hz (full power G = 10). IC1’s output is buffered by IC2, a
unity-gain buffer, in order to drive low-impedance loads connected between the module’s
output at J3-5 and nonisolated ground at J3-6. Trimmer R3 is used to zero the output offset
voltage over the gain range. IC1’s output is low-pass filtered to roll off noise and output
ripple. Cutoff (—3 dB) of the low-pass filter is given by

1
2 X C4(F) X 1000 Q)

Use of a 1-wF capacitor results in a cutoff frequency of approximately 160 Hz.

The input voltage range for this module is £5 V differential at unity gain. However, this
module can also be used for the direct low-level amplification of biopotential signals with
a low input noise 10wV, , medium input impedance of 108Q), and high CMR (110-dB
inputs to output, 78-dB inputs to guard). Differential measurement of biopotential signals
is achieved between J1-3 (noninverting input) and J1-2 (inverting input), while CMR is
optimized by connecting J1-1 to a distant reference electrode. If the module is used as a
biopotential amplifier, the leads to the electrodes should be low-loss low-capacitance coax-
ial cables, whose shields are connected to J1-1. This module should be operated using a
symmetric =15V regulated power supply (J3-1= +15V, J3-2 =nonisolated ground,
J3-3=—15V). Dual =8.5Vdc at 5mA of isolated power are provided at J2. These lines
may be used to power floating input circuitry such as biopotential signal buffer preamplifiers
or instrumentation amplifiers.

Sosas(Hz) =

THREE-PORT ISOLATION

Most isolation amplifier ICs on the market that contain an internal dc/dc converter to
power the isolated side of the amplifier (as well as support circuitry) are labeled as input
or output isolation amplifiers. This refers to the direction in which power is sent across the
isolation barrier. An input isolation amplifier thus powers the isolated input side of the
amplifier through an internal isolating dc/dc converter while operating its output side from
the same source that powers the dc/dc. Conversely, an output isolation amplifier uses the
power directly to supply the input side of the amplifier and the dc/dc converter, while the
output of the dc/dc is used to power the isolated output stage of the amplifier. Since most
isolation amplifiers with internal dc/dc converters have additional power capacity, input
isolation amplifiers typically make extra power available on the isolated input side for driv-
ing external signal conditioners or preamplifiers, while an output isolation amplifier makes
extra power available on the isolated output side for driving external loads.

Although most applications in medical devices require input isolation amplifiers, there
are cases in which a signal generated by the device is required to be sent to a floating applied
part. For example, a stimulus waveform may be generated using a D/A on a nonisolated side
of the device and delivered to a stimulation circuit using an output isolation amplifier. An
interesting isolation amplifier that can fulfill both roles is Analog Devices” AD210. This
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component has a true three-port design structure, which permits it to be applied as an input
or output isolator, in single- or multichannel applications. In the AD210, each port (input,
output, and power) remains independent, with 2500 Vs (continuous) and *=3500V
isolation between any two ports.

In the circuit of Figure 3.6, an AD210BN is used to power and isolate a general-purpose
instrumentation biopotential amplifier front end. Biopotential signals detected by electrodes
connected to input connector J1 are dc-coupled to the inputs of an AD620 instrumentation
amplifier via input resistors RS and R8. Low-leakage diodes D1-D4 are used to protect the
ADG620 from high-voltage transients. Resistors R3 and R9 provide a dc path for bias currents
whenever the amplifier is used to detect signals from capacitive sensors.

IC2 is used to buffer the offset voltage set by trimmer potentiometer R10. The offset level
is fed directly to the reference pin of the instrumentation amplifier. Gains of X1, X2, X 10,
and X100 are selected through jumpers JP1-JP3. The output of the instrumentation ampli-
fier is fed to the input of the AD210 isolation amplifier. The output of the isolation amplifier
is filtered by the active low-pass filter formed around IC4. Isolated =15V to power IC1 and
IC2 is generated by the AD210. The AD210 also produces a separate, isolated =15V which
is used to power IC4. A single 15V at 80 mA supply is all that is needed to power the com-
plete circuit, thanks to the AD210’s three-port feature. Figure 3.7 shows an implementation
of this circuit where the various insulation barriers can be seen clearly.

ANALOG SIGNAL ISOLATION USING OPTICAL ISOLATION BARRIERS

High performance usually comes at a high price, and the ISO107, 284J, and AD210BN are
no exceptions. The unit price for each of these is over $100, making their use prohibitive in
many low-cost designs as well as in instruments that involve a large number of analog
signals crossing the isolation barrier. In these cases, analog isolators can be built using low-
cost optoisolators as isolation channels. Optoisolators or optocouplers operate by emitting
and detecting modulated light. An input current drives a light-emitting device internal to the
optocoupler, and an internal photodetector drives the output circuitry. Optoisolators usually
consist of an LED and a phototransistor which are galvanically isolated from each other and
are located opposite each other in a lighttight package.

The simplest form of optical isolation for an analog signal is implemented by the cir-
cuit of Figure 3.8. In this circuit, an input voltage is converted by IC1 and transistor Q1 to
a proportional current to drive a LED. The light output of the LED is proportional to the
drive current between 500 wA and 40 wA. However, since the best linear behavior for opti-
cal output flux versus input current occurs in the range 5 to 20 pA, offset is introduced in
the voltage-to-current conversion. A 1.2-V reference voltage is generated across reference
diode D1. Resistor R5 and potentiometer R6 select the fraction of the reference voltage
that should be used as an offset. The voltage divider formed by resistors R1 and R2 and
potentiometer R3 are used to scale the input signal.

The LED D2 and a photodiode D3 are mounted across from each other inside a piece
of dark PVC pipe. The silicon photodiode, operating as a light-controlled current source,
generates an output current that is proportional to the incident optical flux supplied by the
LED emitter. Translating the photodiode current back to a voltage is done with series resis-
tor R10. IC2 buffers the voltage across the current-sensing resistor and cancels the offset
caused by keeping the LED always illuminating the photodiode. Although operation of this
circuit seems straightforward, its performance leaves a lot to be desired, especially as far
as stability is concerned. The problem is that the optical output of a LED as a function of
drive current is very unstable, changing widely with the LED’s age, temperature, and the
dynamics of the drive current. For this reason, this circuit is not recommended except for
applications where good linearity and precision are not required.
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Figure 3.7 This implementation of the general-purpose biopotential amplifier of Figure 3.6 requires a single supply of 15 V at 80 mA,

thanks to the AD210’s three-port feature.

Figure 3.9 shows a circuit that implements an interesting way of somewhat linearizing
the response of an optoisolator while simplifying the circuitry needed to introduce offset
to pass bipolar signals. This isolated EEG amplifier is an adaptation of a circuit by Porr
[2000]. Here, an Analog Devices AMPO1 instrumentation amplifier is used as the high-
input-impedance front-end amplifier for the biopotentials collected from EEG scalp-sur-
face electrodes. The gain of this stage is 20. IC1’s output is high-pass filtered by C5, C6,
and R3 to introduce a —3-dB cutoff frequency of 0.32 Hz. A selectable-gain stage is imple-
mented around op-amp IC2 to boost IC1’s output signal approximately 100, 200, 500, or
1000 times. A Sallen—Key second-order low-pass filter built around IC3A is then used to
limit the bandpass of the EEG amplifier to approximately 34 Hz.

IC3B drives the LEDs of optoisolators IC4 and ICS. The phototransistor in IC4 is used
to set the inverting input of IC3B such that the LED is driven to a point that balances the
signal at IC3’s noninverting input. When the phototransistor in IC5 is not illuminated, its
collector is pulled up to the nonisolated positive supply rail by R21. However, as signals
cause IC3B to drive the LED, the phototransistor pulls the collector toward the nonisolated
negative supply rail. The isolated signal is high-pass filtered by C18 and R22 and buffered
via IC8 before being presented to the output.

LINEAR ANALOG ISOLATION USING OPTOISOLATORS

A way of using an optoisolator for analog signals while maintaining good linearity is first
to convert the analog signal into a pulse train of variable frequency (or pulse width), which
is then used to drive the optoisolator. At the other side of the optoisolator, the pulse train is
demodulated to render the original signal. Another possibility is to place the optoisolator
within a servo loop that makes use of the loop’s error to convey a high-linearity analog
signal. Yet another solution is to convey true-digital data through the optoisolator.

The analog isolator circuit of Figure 3.10 works by pulse-width modulating a pulse train
in proportion to the input voltage. As shown in Figure 3.11, an input signal is presented to
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Figure 3.9 In this EEG amplifier, an extra optoisolator is used to introduce offset automatically to pass bipolar signals and to linearize the
response of the isolation amplifier. IC3B drives the LEDs of optoisolators IC4 and ICS5. The phototransistor in IC4 is used to set the invert-
ing input of IC3B such that the LED is driven to a point that balances the signal at IC3’s noninverting input. When the phototransistor in IC5
is not illuminated, its collector is pulled up to the nonisolated positive supply rail by R21. However, as signals cause IC3B to drive the LED,

the phototransistor pulls the collector towards the nonisolated negative supply rail.

the differential amplifier implemented by IC1A. This differential amplifier has unity gain
and is used to add an offset voltage that is set via potentiometer R3. The input signal is then
low-pass filtered through R6 and C6 to the dc—65 Hz modulation bandwidth, which can be
supported by the pulse-width modulator implemented around IC1B. The pulse-train output
from the pulse-width modulator drives an LED inside optocoupler IC2 via transistor Q1.
The Optek OPI1264 optoisolator used in this circuit was selected because it has a very
respectable 10-kV isolation rating (although its UL file rates it at 3500 V ac for 1 minute).

At the phototransistor end of IC2, the light pulses generated by the LED are received
and converted into a replica of the original pulse train through the RC high-pass filter
formed by R13 and C8. The circuit centered on IC3A acts as a pulse-train demodulator to
reconstruct the original modulating signal, which, depending on the characteristics of the
input signal, may have an offset. Finally, the low-pass filter implemented around IC3B
removes any remnants of the pulse train’s carrier.
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Figure 3.10 In this analog signal isolator, the analog signal is converted into a pulse train of vari-
able pulse width, which is then used to drive the optoisolator. At the other side of the optoisolator,
the pulse train is demodulated to render the original signal. The large cylinder at the center of the
board is an Optek OPI1264 optoisolator through which isolation levels of 10kV can be obtained.

A similar circuit can be built using an integrated voltage-to-frequency converter. The
circuit of Figure 3.12 is an application suggested by Analog Devices for its ADVFC32
integrated circuit. This chip is an industry-standard, low-cost monolithic voltage-to-fre-
quency (V/F) converter or frequency-to-voltage (F/V) converter with good linearity and
operating frequency up to 500 kHz. In the V/F configuration, positive or negative input
voltages or currents can be converted to a proportional frequency using only a few exter-
nal components. For F/V conversion, the same components are used with a simple biasing
network to accommodate a wide range of input logic levels.

In an analog isolator circuit, an input signal in the range 0 to 10V drives IC1, an
ADVFC32 configured as a V/F converter. Input resistor R1 and offset resistor R2 have
been selected such that a 0-V input causes IC1 to oscillate at 50 kHz, while a 10-V input
yields an output of 500 kHz. IC2 is a bandgap voltage regulator used to generate the offset
voltage reference. IC3, a high-frequency optoisolator with a high isolation voltage rating,
is used to transmit the frequency-modulated signal generated by IC1 across the isolation
barrier to IC4, an ADVFC32 configured as a F/V converter. Integration for the V/F func-
tion is provided by an internal op-amp that has C12 within its feedback loop. This capac-
itor defines the frequency response of the isolation amplifier circuit. With 1000 pF, the
bandwidth of the amplifier is dc to 3 kHz. The output of the V/F is offset to reproduce the
input range 0 to 10 V by summing a current produced through R9 and R10 by a second
bandgap reference ICS. Prior to exiting the circuit, any remaining carrier is filtered via R6
and C13, which form a 3-kHz low-pass filter.

In the new generation of analog optocouplers that have appeared on the market, the LED
they use has widely variable electrical-to-optical transfer characteristics, just as in any other
optocoupler. However, these optocouplers have a second photodetector, which is used as
part of a feedback loop to stabilize the LED’s optical output. The circuit of Figure 3.13 is
very similar to the simple optical analog isolator of Figure 3.8. The main difference is that
IC1’s output is not simply a current proportional to its input voltage. Rather, part of the
LED’s optical flux is detected by the second photodiode and used to provide feedback to
the op-amp current source. Since the stability of a photodiode is not usually a concern, and
since the characteristics of both photodiodes are closely matched during manufacture, the
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DESIGN OF SAFE MEDICAL DEVICE PROTOTYPES

transfer characteristic of the complete circuit is highly linear regardless of LED nonlin-
earity, aging, temperature, or LED drive current dynamics.

In this circuit, the LED driver is prebiased by introducing a negative offset voltage into the
inverting input of op-amp IC1. The feedback photodiode sources current to R7, which is trans-
lated into the control voltage for the servo loop. The op-amp will drive transistor Q1 to supply
LED current to force sufficient photocurrent to keep the voltage at the noninverting input of
IC1 equal to that at its inverting input. The output photodiode is connected to a noninverting
voltage follower amplifier. The photodiode load resistor R11 performs the current-to-voltage
conversion. IC3 is used to buffer R11 as well as to zero-offset the output signal’s baseline.

Note that none of the optocoupler-based isolators described above generate their own
isolated power. Once an isolation dc/dc converter has to be added, and considering the lim-
ited performance of these circuits, applications that require only one or two isolated signal
channels may be better off using commercial, self-contained analog isolation ICs. Isolators
like the optocoupler circuits shown are most often found in multichannel applications,
where the cost of a large number of self-contained isolation ICs would be prohibitive.

DIGITAL ALTERNATIVE TO SIGNAL ISOLATION

The large majority of modern medical electronic instruments make use of either an embed-
ded microcomputer or an external PC for control, data processing, and display. This implies
that in most cases, an analog-to-digital converter is used at some point within the instrument
to support data acquisition functions. The circuit of Figure 3.14 places the A/D converter in
direct connection with the applied part of the medical instrument, and relays digital rather
than analog signals across the isolation barrier. This alternative over analog signal isolation
has the advantage that the additional noise, nonlinearity, and complexity of the latter can be
avoided by translating signals to digital format early in the process. Furthermore, optoiso-
lators for high-speed digital signals are inexpensive and widely available. In addition, serial
data formats can be used to minimize the number of digital signals that must be communi-
cated concurrently through the isolation barrier.

Many modern high-end medical instruments make extensive use of this philosophy. If
you have the opportunity, examine the circuit schematics of one of today’s electrocardio-

Figure 3.14 The majority of modern medical electronic instruments make use of either an embed-
ded microcomputer or an external PC for control, data processing, and display, meaning that an A/D
converter is used at some point within the instrument to support data acquisition functions. This
circuit places the A/D converter in direct connection with the applied part of the medical instrument,
and relays digital rather than analog signals across an optical isolation barrier.



DIGITAL ALTERNATIVE TO SIGNAL ISOLATION

graphy instruments. You will probably find an elegant design comprising instrumentation
amplifiers for each lead followed directly by an A/D converter and optical isolation lead-
ing to a DSP microprocessor. Often, the complete applied part is contained within a
“medallion” to which the patient leads are directly connected, and digital signals to and
from the embedded microcomputer are relayed through optical fiber.

The sample circuit of Figure 3.15 is not as complex as those of high-end commer-
cial instruments but provides a very simple and convenient interface between analog-
output applied parts and most PCs on the market. Instead of connecting to the computer’s

Non-Isclated Side
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Isolated Side

+5Viso
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Figure 3.15 A MAX187 low-power 12-bit A/D converter IC forms the core of the isolated A/D converter module. A two-wire serial inter-
face conveys data from the MAX187 through optoisolators back to the PC through the printer port. The PC also controls an isolated signal
multiplexer that allows one of eight analog signals to be presented to the input of the A/D.
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Figure 3.16 Data acquisition and serial protocol timing for the MAX187. A/D conversion is initiated by a falling edge on the *CS line. After
conversion, data are read out in serial format, shifted from the sequential-approximation register on each falling-edge transition of SCLK.

expansion bus, it plugs into one of the parallel printer ports, which is used as a serial /O
for an eight-channel A/D converter. As shown in the diagram, at the heart of the circuit
is a MAXI187. This IC is one of Maxim’s single-chip A/Ds featuring a 12-bit 8.5-us
successive-approximation converter, 1.5-s track-and-hold, on-chip clock, precision
4.096-V reference, LLSB nonlinearity, and high-speed three-wire serial interface.

One of eight isolated analog signals to be measured is presented to the analog input line
AIN of the MAX187 by way of a DG508A analog multiplexer IC. Voltages within the
range 0 to 4.096 V can be converted by the A/D into distinct digital codes for every | mV
of change. MAX187’s A/D conversion initiation and data-read operations are controlled by
the *CS (chip select) and SCLK (serial clock) lines. As shown in Figure 3.16, an A/D con-
version is initiated by a falling edge on the *CS line. At this point, the track-and-hold holds
the input voltage and the successive-approximation process begins. The start of conver-
sion is acknowledged by the MAX187 changing the state of the DOUT line from high
impedance to the low state. After an internally timed 8.5-ps conversion period, the end of
conversion (EOC) is signaled by the DOUT line going high.

Once a conversion is completed, data can be obtained in serial format, shifted from the
sequential-approximation register on each falling-edge transition of SCLK. Since there are
12 bits, a minimum of 13 falling-edge pulses are required to shift out the A/D result. Isolation
between the PC’s printer port and the MAX187 is provided by IC4-IC7. Bits 1 and 2 of the
PC’s LPT 8-bit output port (hex address 378 for LPT1:) are toggled by software to imple-
ment the control portion of the MAX187 serial protocol. Bit 6 of the printer status port reg-
ister (hex address 379 for LPT1:) is used to receive the serial data from the MAX187. Bits
3-5 of the output port are used to control the analog signal multiplexer. Bit O of the output
port is an auxiliary line that may be used in the control of the applied part’s circuitry.

Power for the MAX187 must be supplied from a patient-contact-rated isolated power
supply capable of delivering =5 V. A pi filter formed by C1-C4 and L1 ensures a clean sup-
ply to the A/D. In addition, you may notice that two separate isolated ground planes, one
analog and one digital, are shown in Figure 3.15. Ideally, the signal ground plane, used as
the reference for the analog input signal, should be constructed to shield the analog portions
of the A/D and signal multiplexer: namely, the input network and voltage reference filtering
and decoupling capacitors. The analog and digital ground planes should be connected at a
single point, preferably directly to the isolated ground line supplying the circuit.

SOFTWARE FOR THE ISOLATED A/D

The sample program that follows is for driving the isolated A/D converter from the printer
port of a PC. The program flow starts by initializing the ports. Notice that use of the standard



LPT1: is assumed, and you may need to change the output port and status port locations to

suit your specific installation.

SOFTWARE FOR THE ISOLATED A/D

' ATODSAFE.BAS is a QuickBasic sample program to acquire data using
' the 8-channel, isolated 12-bit A/D converter. The use of LPT1:

' is assumed.

' Printer port locations

CONST prinop=&H378 ' Printer Output Port

(could be &H278 or &H3BC)

CONST prinstat =&H379 ' Printer Status Port (could be &H279 or &H3BD)

1

' Define control pin locations

CONST aux=1, notcs=2, sclk=4, sela=16,

1

' Initialize

1 e e e e - -

OUT prinop, 0 ' clear printer port
CLS ' clear screen

INPUT “Please input channel to acquire ”;

selb=32, selc=64

chan

' determine control bits for desired channel

selas= (chan AND 1) * sela
selbs= (chan AND 2) / 2 * selb
selcs= (chan AND 4) / 4 * selc

1

' Acquisition and display control

start:
SCREEN 2
GOSUB acquire
y=INT((4.096 —vout) * 45) +10
point
startl:
CLS
LOCATE 2, 2: PRINT “4.096V”";
LOCATE 7, 2: PRINT “3.000V”;
LOCATE 13, 2: PRINT “2.000V”;
LOCATE 19, 2: PRINT “1.000V”;
LOCATE 25, 2: PRINT “0.000V”;
PSET (60, y)
FOR x=60 TO 640
GOSUB acquire
y=INT((4.096 —vout) * 45) + 10
LINE —(x, V)
IF INKEYS <> “ ” THEN GOTO progend
NEXT x
GOTO startl

progend:

1

CGA graphics mode 640X 200
determine first display point

compute position of starting

refresh screen

place y-axis labels

place first sample
horizontal sweep

acquire a sample

compute position on screen
display data

press any key to escape
next sample

start a new screen

121
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' Leave program

OUT prinop, O ' clear printer port

SCREEN 0 ' return to text mode screen
END

acquire:

1

' Acquisition loop

OUT prinop, selas + selbs + ' keep CS’ deasserted
selcs + notcs
convert:
OUT prinop, selas + selbs + selcs ' convert by asserting CS’
loopl:
bit = (INP(prinstat) AND 64) / 64 ' read status port and filter DOUT
IF bit=0 THEN GOTO loopl ' wait for EOC signal
dat=0 ' clear A/D accumulator
FOR clocknum=11 TO 0 STEP -1 ' clock 12 bits serially
OUT prinop, selas + selbs + ' clock pulse rising edge
selcs + sclk
OUT prinop, selas + selbs + selcs ' clock pulse falling edge
bit = (INP (prinstat) AND 64) / 64 ' read status port and filter DOUT
dat =dat + (2 * clocknum) * bit ' accumulate from bit 11 to bit 0
NEXT clocknum ' next bit
OUT prinop, selas + selbs + ' one more clock to reset A/D

selcs + sclk
OUT prinop, selas + selbs + selcs

OUT prinop, selas + selbs + ' deassert CS’

selcs + notcs

vout =dat * .001 ' translate A/D data to Volts
RETURN

The program is presented only as an example and for the sake of simplicity will run the
A/D converter as fast as the PC is able to drive its lines. Sampling rate control could be
implemented either by inserting for-to loops adaptively to introduce controlled delay
between samples [Prutchi, 1996] or by controlling the acquisition process from interrupts
generated by high-resolution hardware timing [Ackerman, 1991-1992; Schulze, 1991].

The actual acquisition subroutine starts by setting up the multiplexer while keeping
*CS deasserted. Conversion for the channel selected is then initiated by asserting *CS
and polling for the end-of-conversion signal before attempting to read the conversion
data. At this point, the A/D accumulator variable is cleared, and each of the 12 bits is
clocked-in serially. The value of each bit is read from the status port and is multiplied by
the decimal value of its binary position before being accumulated. Finally, one more
clock pulse is inserted to reset the A/D, the *CS line is deasserted, and A/D data are trans-
lated to volts.

ISOLATED ANALOG MULTIPLEXER

The number of channels that can be acquired through the isolated A/D can be expanded
by using additional multiplexers. Figure 3.17 shows a PCB that implements a 64-channel



Figure 3.17 The number of channels that can be acquired through the isolated A/D can be
expanded by using additional multiplexers. This circuit implements a 64-channel analog signal mul-
tiplexer with isolated control.

analog signal multiplexer with isolated control. Through its use, up to 64 high-level ana-
log signals may be connected selectively to an A/D or other acquisition and recording
instrumentation. Signals may originate from biopotential amplifiers, physiological sen-
sors, or a combination of both.

The channel addressing is controlled digitally through a parallel asynchronous input.
Optical isolation is implemented onboard to maintain patient-contact-rated isolation between
the analog electronics and the digital control. Additional multiplexer circuits may be stacked
to increase the channel capability of a system. In PC-based data acquisition systems, this
board may be used to collect analog signals from up to 64 channels through a single analog
input of the A/D. The digital control is easily obtainable from a parallel output port available
in most every PC data acquisition board.

Typical multichannel biopotential signal acquisition applications include topographic
brain mappers, body potential mapping (BPM) ECG, the recording of surface array
EMG signals, and so on. The signal range for the DG508 multiplexers in the circuit of
Figure 3.18 is =12V with a bandwidth of at least 50 kHz. The in—out resistance of
a selected channel is less than 600 (). Scanning of an array can be done at a maximum
frequency of 1000 channels/s. Channel selection is accomplished via optoisolators,
which can be driven directly by TTL logic. The circuit requires =12 V isolated power
to operate.

POWER SUPPLIES

As Figure 3.1 showed, having reinforced insulation between the applied part and every
other part of the medical instrument does not mean that similarly strong insulation is not
needed between a mains part and other live or nonlive parts besides the applied part. This
implies that although you may be using a component which itself powers the applied part
across an appropriate isolation barrier (e.g., ISO107, 284J), the instrument’s power supply
must still meet the same requirements as a safety isolation transformer.

POWER SUPPLIES
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Figure 3.18 Using this circuit, up to 64 high-level analog signals may be connected selectively to an A/D or other acquisition and record-
ing instrumentation. Signals may originate from biopotential amplifiers, physiological sensors, or a combination. Channel addressing is dig-
itally controlled through a parallel, optically isolated asynchronous input. Additional multiplexer circuits may be stacked to increase the
channel capability of a system.

To accomplish the required levels of isolation, medical instruments are often designed to
incorporate a safety extra-low-voltage (SELV) transformer to derive their operating power
from the power line. This type of transformer supplies a voltage under 25 V ac through an
output winding that is electrically separated from ground and the body of the transformer
by at least basic insulation, and which is separated from the input winding by at least double
insulation or reinforced insulation.



In addition, SELV transformers for medical equipment usually have an electrostatic
shield that is tightly wound over the insulation of the primary windings. This shield
reduces capacitive coupling between primary and secondary windings, thus reducing leak-
age currents at the power line frequency. The shield is coated with reinforced insulation to
create a reinforced insulation barrier between the primary and secondary windings. The
core itself is isolated from the windings by supplementary or reinforced insulation.

Another convenient alternative for powering medical instruments is the use of batter-
ies. This substitution not only ensures inherently low leakage currents but can make the
equipment highly portable. Considering that you may need to travel all the way to South
America, Eastern Europe, or Asia to run your first tests, the independence provided by a
battery-operated power supply is certainly a welcome blessing for an evaluation proto-
type. Whatever the choice in power supply, it is generally a good idea to purchase it as
an approved OEM (original equipment manufacturer) assembly. This helps you concen-
trate your efforts on the core of your instrument rather than having to deal with the
headaches of designing and constructing supplies that perform as required by the safety
standards.

Along the same philosophical lines, designing an instrument to make use of preap-
proved components can help considerably to receive and maintain safety approval once
you embark on the production and sale of a medical product. You can still use components
that have not been certified by a U.S. Nationally Recognized Testing Laboratory (NRTL,
or its equivalent in other countries); however, the assured continuity of safety performance
will have to be investigated for each device to be used. This is complicated further by the
fact that once you receive approval for your product, any change in any component will
require requalification of the complete assembly. Finally, keep in mind that safety stan-
dards usually impose special performance characteristics for certain components, such as
power cords, switches, line filters, fuse holders, optoisolators, CRTs and displays, and
printed circuit boards.

ADDITIONAL PROTECTION

Regardless of how carefully you designed your instrument, absolute safety cannot be guar-
anteed in the real world. Despite all the safety testing and evaluation required by the FDA,
medical device manufacturers still pay a premium for insurance to protect themselves from
exposure against liability. For this reason, it often happens that additional or redundant
hardware to ensure safety beyond the minimum requirements is cost-effective, since it will
bring concomitant savings in insurance costs due to reduced risk.

Being extra conservative is especially important at the prototyping stage, since as an
entrepreneur you probably do not have the legal and financial umbrella of a large cor-
poration to protect you against an unintentional mishap. Our personal preference is to
introduce, at the very least, an additional but independent layer of protection against
electrical shock at the patient interface. A very practical method to accomplish this is to
use Ohmic Instruments’ Iso-Switch patient-lead fault interruptors. These devices, shown
in Figure 3.19, are two-lead semiconductor devices that can be placed, almost transpar-
ently, in series with every patient connection to break the patient circuit in case an over-
current fault develops.

As shown in the V-I plot of Figure 3.20, an Iso-Switch patient-lead fault interruptor
rated at =10 pA acts as a 40-k{) resistor. Once the trip point of the Iso-Switch is exceeded,
the device presents a negative-slope resistance of magnitude equal to that of the positive
slope within the trip boundaries. The trip time under an overcurrent condition is very
fast, typically 10 ws. Once the device trips, the resistance of the Iso-Switch increases to

ADDITIONAL PROTECTION
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Figure 3.19 Ohmic Instruments’ Iso-Switch patient-lead fault interruptors are two-lead semicon-
ductor devices that can be placed, almost transparently, in series with every patient connection to
break the patient circuit in case an overcurrent fault develops. Various models are available for
different applications, with trip currents ranging from =1 pA to £100 wA. Various operating volt-
age ranges are also offered: =325V for 115-V ac instruments, £720 V for 220-V ac equipment, and
the DP (defibrillation-proof) series that withstands pulses of =5 kV for 10 ms.

IF
©A)

9.496

1.582 / \
/div

-6.330 \ j/
-2.000 0 2.000
VF: 0.4V/div.

Figure 3.20 V-I plot of an IS-10 Iso-Switch patient-lead fault interruptor. Between —7.9 and
+7.9 wA (rated =10 wA), the device acts as a 40-k{) resistor. Beyond the trip point, the resistance
of the Iso-Switch increases to approximately 1000 M) at the maximum absolute operating voltage
of 325 V.

approximately 1000 M) at the maximum absolute operating voltage for the device. Once
the overload is removed, the device resets itself automatically.

Various Iso-Switch models are available for different applications, with trip currents
ranging from =1 pA to *100 wA. Various operating voltage ranges are also offered:
*325V for 115-V ac instruments and =720 V for 220-V ac equipment; and the DP series



designed for applications where defibrillation protection is desired, withstands pulses of up
to =5 kV for 10 ps. At prices in the range $29 to $34 each (one patient connection), the
added protection provided by these fault interruptors is certainly affordable for evaluation
prototypes, and sometimes even for the final design.

TESTING FOR COMPLIANCE

Although the presentation of medical device electrical safety standards above is by no
means intended to replace the actual standards in scope or in content, it hopefully intro-
duced many of the most important design requirements covered by the major standards.
With medical equipment, however, designing solely for compliance is not sufficient. The
consequences of a malfunctioning device can be so serious that testing to ensure proper
performance is of utmost importance. As such, construction standards are only one aspect
covered by applicable safety standards. The other major aspect defined by the standards
comprises performance requirements.

Within this second category, standards specify the multiple tests which are applicable
to diverse types of equipment and to identify in detail the criteria for compliance. In fact,
almost every construction requirement is linked to a certain performance requirement
which defines the testing that is performed to verify the acceptability of the construction.
In essence, the electrical tests described by the standards are designed to probe insulation,
components, and constructional features which could lead to a safety hazard under either
normal or single-fault conditions.

Ground Integrity

Since the enclosure of the medical device is the first barrier of protection against the risks
of electrical shock, the first test to be conducted is one to assess the integrity of the pro-
tective ground which guards a metallic enclosure and any other grounded exposed part. UL
standard 2601-1 establishes that the impedance between the protective ground pin in the
power plug and each accessible part which could become live in case the basic insulation
failed should be less than 0.1 (). The standard also requires that the test be conducted by
applying a 50- or 60-Hz ac current with an RMS value of 10 to 25 A for 5 seconds. Despite
this, however, a reasonable approximation of this measurement can be obtained by using
the 1-A dc current supplied by the circuit of Figure 3.21. Resistance is then assessed by
measuring the voltage across the grounding path.

Here, op-amp IC2 and power FET Q1 form a voltage-to-current converter that is driven
by a reference voltage set by R6 to maintain a 1-A constant current on a conductor con-
nected between the ground terminal of J5 and connector J4. Power for the circuit is derived
from three alkaline D cells, providing a maximum voltage compliance of approximately
4.5 V. Because full-range operation of the circuit is accomplished by driving the gate of
QI well above its source-to-drain voltage, IC2 is operated from 12 V generated by charge
pump ICI.

You may notice that J2 and J3 are labeled to be connected to a Kelvin probe. This type
of test probe separates the point through which current is introduced from that through
which the voltage across the unknown resistance is measured. The use of such a technique
is required for low-resistance measurements because it effectively excludes the resistance
of the test leads and avoids the voltage measurement errors that are often introduced
by high-current-density concentrations on the current-injection terminals. As shown in
Figure 3.22, a large alligator clip (e.g., Radio Shack 270-344) can easily be converted into
a Kelvin probe by replacing the standard metallic axis by a nylon bolt with nylon spacers
to isolate the jaws from each other and by covering the ends of the inner spring with a

TESTING FOR COMPLIANCE
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Figure 3.22 An alligator clip can be converted into a Kelvin probe by replacing the standard metallic axis by a nylon bolt with nylon

spacers to isolate the jaws from each other. For the same reason, the ends of the inner spring must also be insulated.

suitable insulator. Two separate leads are then used to connect to the jaws of the probe, one
to inject current and the other to sense voltage.

Once the circuit and the probe are assembled, calibrate the adapter to produce exactly 1 A.
Plug the power cord of the instrument under test to the hospital-grade ac plug J1, and clip the
Kelvin probe to an exposed conductive point of the case that is supposed to be protectively
grounded. A digital voltmeter connected between J4 and J5 will directly read the protective
ground resistance on a scale of 1 V/(). It must be remembered, however, that the measure-
ment of resistance provided by this instrument only approximates the impedance test intended
by the standards. The discrepancy between the methods is especially evident for high-power
circuits, since a dc measurement of resistance does not convey any information regarding the
inductive component of impedance. Moreover, dc ohnmmeters are usually fooled by the polar-
ized interface that results when an oxidation layer forms between connections in a defective
ground system. This last concern may be alleviated by running the test once again but with
the current injection polarity reversed. Nonlinear polarization indicating oxidation must be
suspected if resistance measurements taken with opposite current injection polarities do not
agree to a high degree. Failing this test is an immediate show-stopper. Before proceeding
with any further testing, you must locate the faulty connection responsible for compromis-
ing the integrity of the protective ground.

Measuring Leakage and Patient Auxiliary Currents

Leakage and auxiliary current tests are the most important tests to establish the electrical
safety of a medical electronic instrument. These are also the tests that are most commonly
failed during safety approval submissions as well as during the periodic tests that hospitals
conduct to ensure the safety of medical electronic devices throughout their service life. In
the case of medical electronic instruments, measurements of leakage and auxiliary currents
are taken using a load that simulates the impedance of a human patient. The AAMI load is
a simple RC network that presents an almost purely resistive impedance of 1k() for fre-
quencies up to 1 kHz. As shown in Figure 3.23a, this load constitutes the core of the cur-
rent measuring device. If a 1-pA current is forced through the AAMI load at different
frequencies, the high-impedance RMS voltmeter within the measuring device would read
the values presented in the graph of Figure 3.23b.
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MEASURING DEVICE

e |

\
: AAMI LOAD |
| |
| }/@ \
| - AN OUTPUT_ |
| R2 |
| 10k -4 |
| R1 r ] |
| 1k | High-Impendance | \
| | vms Voltmeter | \
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Figure 3.23 Leakage and auxiliary currents are measured using a load that simulates the impedance of a human patient. (@) The AAMI load
is the core of the current-measuring device defined by safety standards harmonized with EN-601-1. (b) This load presents an impedance of
approximately 1 k() for frequencies up to 1 kHz.



The frequency-response characteristics of the AAMI load have been selected to approx-
imate the inverse of the risk current curve as a function of frequency. In turn, this risk cur-
rent curve was derived from strength/frequency data for perceptible and lethal currents.
These data showed that between 1 and 100 kHz, the current necessary to pose the same
risk increases proportionately to 100 times the risk current between dc and 1 kHz. Since
insufficient data exist above 100 kHz, AAMI decided not to extrapolate beyond 100 kHz,
but rather, to maintain the same risk current level corresponding to 100 kHz.

Actual current measurements should be conducted after preconditioning the device
under test in a humidity cabinet. For this treatment, all access covers that can be removed
without the use of a tool must be opened and detached. Humidity-sensitive components
which in themselves do not contribute significantly to the risk of electrocution may also be
removed. Next, the equipment is placed in the humidity cabinet containing air with a rela-
tive humidity of 91 to 95% and a temperature 7 within the range +20 to +32°C for 48 hours
(or 7 days if the instrument is supposed to be drip-proof or splash-proof). Prior to placing
it in the humidity cabinet, however, the equipment must be warmed to a temperature
between ¢ and 7 + 4°C.

The measurement should then be carried out 1 hour after the end of the humidity pre-
conditioning treatment. Throughout this waiting period and during testing, the same tem-
perature t must be maintained, but the relative humidity of the environment must only
be 45 to 65%. Testing should be performed with the equipment’s on—off switch in both
conditions while connected to a power supply set at 110% of the maximum rated supply
voltage. When operational, the maximum rated load must be used. As mentioned in the
first part of this chapter, allowable patient leakage and auxiliary currents are defined for
both normal and single-fault conditions. Single-fault conditions are defined as conditions
in which a single means of protection against a safety hazard in the equipment is defective
or a single external abnormal condition is present. Specific single-fault conditions that
must be simulated during testing include interruption of the supply by opening the neutral
conductor as well as the interruption of the protective ground conductor. Patient leakage
current between an F-type applied part and ground assumes that an external voltage equal
to 110% of the maximum rated supply voltage is in direct connection with the applied part.
For battery-powered equipment, the external voltage that is assumed to be connected to the
F-type applied part is 250 V.

Leakage current tests are conducted as shown in Figure 3.24a-d, with the device’s
power switch in the on and off conditions and creating the single-fault conditions specified
in the figure. If the enclosure or a part thereof is made of insulating material, a piece of
metal foil 20 cm X 10 cm applied to the nonconductive part of the enclosure must be used
as the protectively grounded enclosure connection. The metal foil is wrapped on the sur-
face of the insulating enclosure, simulating the way in which a human hand could act as a
capacitively coupled electrode.

The connections for measuring patient auxiliary currents are shown in Figure 3.24e.
Here, the current flowing between each patient connection and every other patient con-
nection is measured under normal and single-fault conditions. For this test, the measuring
instrument should be capable of differentiating the ac components from the dc components
of the RMS current reading. As you can see from Table 3.2, different ac and dc auxiliary
current levels are permitted to flow through the patient, depending on the use intended for
the equipment.

Versatile Microammeter

Figures 3.25 to 3.28 present the schematic diagrams of a versatile instrument for the meas-
urement of leakage and auxiliary currents. The core of the circuit is an AAMI load that
converts a leakage or auxiliary current into a voltage waveform with a factor of 1 V/mA

TESTING FOR COMPLIANCE
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DESIGN OF SAFE MEDICAL DEVICE PROTOTYPES

for frequencies under 1 kHz. The output of the AAMI load is amplified with a gain of 10
by instrumentation amplifier IC1. The RMS value of the amplified signal is then computed
by IC2, a true-RMS-to-dc converter IC, and displayed by a 3%-digit DVM module. Note
that some modules need to be supplied from a power supply that floats in relation to the
reference potential of the voltage to be measured. If necessary, use the circuit shown in
the insert of Figure 3.25 to supply floating power to the DVM module.

R1 must be set to produce a reading of zero with no current flowing through the AAMI
load. Potentiometers R7 and R9 should be set to produce a reading of 1999 counts on the
DVM for a 1.999-mA dc current through the AAMI load. In this same circuit, notice that
an RC low-pass filter network can be interposed between the AAMI load and the voltage
amplifying circuit. This serves to allow the measurement of the dc component of a patient
auxiliary current.

The circuit presented in Figure 3.26 makes it possible easily to configure a measurement
setup to conduct the various leakage and auxiliary current tests required by the safety stan-
dards. In this circuit, switch SW3 selects the connection of the AAMI load to measure either
a patient current, the current on the protective ground pin, or the enclosure leakage current.
Switch SW4 is used to select the source of a patient current among the different possible
combinations of patient connections. Also through this circuit, power line—level voltages
can be applied to the patient connections by way of relay K1. The figure shows the con-
nection distribution suitable for testing a 12-lead ECG; however, the connections of any
other applied part can be substituted. The connectors used for establishing connection to the
leads of an applied part must be selected carefully so as not to contribute themselves to the
measured leakage or auxiliary currents. A good choice are Ohmic Instruments’ 301PB ECG
binding posts, which can accommodate either the standard snap-ons or the pin tips used for
establishing connection to ECG patient electrodes.

The construction of the AAMI load, its power supply, and its switching network
deserves special attention, since stray coupling within the circuit can render measure-
ments useless. This is because wiring and/or PCB traces that are part of the AAMI load
and the voltmeter may be coupled capacitively to ground or the power line. Some fore-
thought in the layout will avoid a lot of aggravation later when you try to calibrate
the instrument. The circuit of Figure 3.27 controls the power supplied through J13 to the
device under test. SPDT relays with contacts rated for 125 V ac at 20 A are used to reverse
the power line polarity at J13 as well as to cause open-ground and open-neutral single-
fault conditions.

Three neon lamps are used to indicate that the measurement instrument is powered as
well as to verify that the ac plug from which power is obtained is wired correctly. Normal
and fault conditions are shown in Table 3.3. In addition, the figure shows the 115-V ac iso-
lation transformers and the voltage-divider network formed by R17-R19, which are used
to generate 125 V ac for measuring the patient leakage current with applied power line
voltage. Notice that R20 limits the current that can be delivered by this circuit to approxi-
mately 1 mA.

Finally, Figure 3.28 presents the dc power supply section of the measurement instru-
ment. Linear regulators are used to generate the various power levels required by the
microammeter. In addition, R24-R26 are used to derive an ac signal to balance the meas-
urement circuit during application of 125V ac to the patient connections. When measuring
currents, place the equipment under test on a nonconductive bench, away from grounded
metal surfaces. In addition, make sure that all external parts of an applied part, including
patient cords, are placed on a dielectric insulating stand (e.g., a polystyrene box) approxi-
mately 1 m above a grounded metal surface.

Finally, a word of caution: Be very careful when using this instrument! Remember that
unrestricted power line voltages are used to power the device under test, making the risk
of electrocution or fire very real. Moreover, single-fault conditions forced during testing
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TESTING FOR COMPLIANCE

TABLE 3.3 Normal and Fault Conditions Detected by Three Neon Lamps Used in the Circuit of
Figure 3.27 to Verify That the AC Plug from Which Power Is Obtained Is Wired Correctly

Indicator Light
Condition
LP1 (Hot—Neutral) LP2 (Hot-Ground)  LP3 (Neutral-Ground)

Off Off Off Instrument off or open hot

Off On Off Open neutral

Off On On Hot—ground reversed

On Off Off Open ground

On Off On Hot—neutral reversed

On On Off Correct, or ground—neutral reversed

may result in enclosure of the device under test becoming live, threatening anyone who
would come in touch with it accidentally. In addition, since power line—level voltages can
be injected into patient connections and the associated power system, never conduct these
tests in the vicinity of a patient or on a power system branch that is used to power medical
electronic instruments connected to patients.

HiPot Testing

Once compliance with current leakage limits is established, high-potential application test-
ing, commonly known as hiPot testing, is used to assess the suitability of the insulation bar-
riers between isolated parts of a medical instrument. In essence, very high voltage is applied
differentially between the parts separated by the isolation barrier under test. As shown in
Table 3.4, the test voltage is dependent on the voltage U to which the barrier is subjected
under normal operating conditions at the rated supply voltage. While high voltage is applied,
current is monitored to ensure that no arc breakdown occurs. HiPot testers have internal cir-
cuitry that automatically disconnects the high-voltage supply across the insulation under test
whenever current exceeds a preset threshold value.

Although slight corona discharges are allowed by the standards, excessive RMS leak-
age current measurement is not sufficient for reliable detection of dielectric breakdown.
Rather, milliampere-level current spikes or pulses should be monitored, since these are
indications of the type of arc breakdown that occurs on insulation prior to catastrophic and
destructive breakdown. Here again, the test voltage is supposed to be within the rated
operating frequency for the instrument under test, and measured magnitudes refer to their
ac RMS values. Despite this, the technique is sometimes modified by applying the dc
equivalent to the peak-to-peak amplitude of the ac RMS voltage required. This obviously
reduces current leakage between parts, since capacitive and inductive coupling disappear,
leaving a current signal that directly conveys information about insulation breakdown
processes at the peak of the dielectric stress.

As an example of applying this technique, if the highest-rated supply voltage for
an instrument is 125 V ac, the standard requires that testing of basic insulation be con-
ducted at 1000 V. The peak-to-peak voltage of the ac test signal required would thus
be 1000 Vs X 1.41 = 1410 Vpp. As such, 1410 V dc would be applied, for example,
between a wire connecting the hot and neutral of the power cord and another wire attached
to the protective ground connection of the instrument. Similarly, the insulation barrier
between an F-type applied part and any other point of the instrument of the example is
required to be tested at 3000 Vs, Which corresponds to a 4230 V dc voltage for the
modified test. Breakdown of the insulation would then be indicated by current spikes that
would appear while the high voltage is applied between a point that ties together all patient
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TABLE 3.4 Some Voltages Used for HiPot Testing of Insulation Barriers

HiPot Test Voltages for Reference Voltage U (V)

Insulation Type U 50 50<U 150 150 < U 250 250 <U 1000 1000 < U 10,000

Basic 500 1000 1500 2U + 1000 U + 2000
Supplementary 500 2000 2500 2U + 2000 U + 3000
Reinforced 500 3000 4000 22U + 1500) 2(U +2500)

connections and a point that ties all nonisolated I/O lines and the hot, neutral, and ground
connections of the power cord.

It must be noted, however, that despite its convenience, this method is not always
accepted by regulatory bodies as a reasonable substitute for the tests specified by the stan-
dards. In any case, make sure that the hiPot tester that you use can detect the precata-
strophic breakdowns, since otherwise, the insulation in your instrument may break down,
delivering an instantaneous lethal level of current.

HiPot testing should be conducted after the equipment is preconditioned in a humidity
cabinet. As before, all access covers that can be removed without the use of a tool must be
detached. Humidity-sensitive components which in themselves do not contribute significantly
to the risk of electrocution may also be removed. In addition, however, voltage-limiting
devices (e.g., spark-gap transient-voltage suppressors, Iso-Switches) in parallel with insula-
tion to be tested can be removed if the test voltage would make them become operative dur-
ing the hiPot.

HiPot tests of the various insulation methods must be conducted with the instrument in
a humidity cabinet. For each test the voltage should be increased slowly from zero to the
target potential over a 10-second period and then kept at the required test level for 1 minute.
If breakdown does not occur, tripping the hiPot tester’s automatic shutoff, the test is com-
pleted by lowering the voltage back to zero over a 10-second period.

Finally, it must be noted that the standards do not except battery-powered equipment
from hiPot testing. Instead, the reference voltage U is set to be 250 V. Fully or partially non-
conductive enclosures are not excluded either. In these cases, the same metal-foil method
used for current leakage testing must be used, being careful that flashover does not occur at
the edges of the foil at very high hiPot test levels.

Most of the circuitry inside commercial hipot testers is really used to control high-volt-
age source and detecting currents that exceed a set threshold. If the $1000 or so needed to
buy a low-end hipot tester are outside your budget, you may conduct design-time tests
using the circuit shown in Figure 3.29. Here, variac T1 is used to change the supply volt-
age to the primary of a high-voltage transformer T2. We used a surplus transformer with a
ground-referenced secondary rated for a maximum output of 5 kV at 5 mA. Not any high-
voltage transformer should be used for this application. A unit with good voltage regula-
tion is needed. Avoid using neon-light transformers because these are built to provide a
constant current to the load. Under unloaded conditions, they will present a voltage of 9 to
15 kV at the load.

The high voltage applied to the device under test starts as 117 V ac. This voltage is con-
trolled using a Crydom solid-state relay. If the AC_ENABLE signal is a logic high, +12V
dc is applied to the control inputs of the Crydom solid-state relay, and if SW2, the ARM
key switch, is in the on position, 117 V ac will be applied to the inputs of variac T2. T1, a
Magnatek-Triad step-up transformer, is fed directly by the variac’s output. The high volt-
age produced by T2 is then applied to the device under test through a touch-proof banana
connector as shown in Figure 3.30.

The current-trip circuit of Figure 3.31 acts as a milliammeter-controlled relay that dis-
connects the supply to the variac if the isolation barrier under test should fail. Ac current
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Figure 3.30 The high voltage produced by T2 of Figure 3.29 is applied to the device under test through a touch-proof banana connector.
The current that leaks through the DUT’s barriers is returned to the hiPot’s sense resistor via a second touch-proof connector.

flowing through the device under test flows from the HV OUT terminal, J1, and through
J3, the HV RETURN, and then through RO, the current-sensing resistor to ground. The
direction of the current flow is reversed on the opposite phase of the ac waveform applied
to the device under test. The voltage that appears across R9 is proportional to the current
flow through the device under test. A current of 1 mA flowing through the device under
test appears as 7 V RMS across R9. This voltage is buffered by ICIA and full-wave
rectified by IC1B and IC1C. The peak of the current-sense voltage across R9 is compared
to the dc voltage level from R13 by IC1D. If the peak current-sense voltage is greater than
the voltage from R13, the output from ICID will be +12 V dc, a logic level high. This
logic high causes IC2B to be reset, setting the AC_ENABLE output low, switching off K1
and the high voltage to the device under test. IC3A provides a power-on reset circuit, so
the control flip-flop, IC2B, always powers on in a reset or off condition. Switch SW3 pro-
vides a way to stop the test by resetting the control flip-flop manually to the off state.

To start a test, first the reset input to the control flip-flop is a logic low, meaning that the
comparator output is a logic low, and SW3 is open. SW4 is pressed and a logic level high
is input to the clock input of the control flip-flop. The Q output will switch to a logic high
state. This high output on AC_ENABLE will switch K1 on, applying high voltage to the
device under test. As the control knob on the variac is increased, the high voltage to the
device under test is increased. If the current flowing through R9 (i.e., the current leaking
through the device under test) increases above the level set by R13, the output of IC1D
switches to a high state, resetting the control flip-flop and switching K1 off, disconnecting
the high voltage from the device under test. Because the reset input to the flip-flip has pri-
ority over the clock input to the flip-flop, the Q output cannot be turned on anytime the cur-
rent-sense voltage is greater than the trip level set by R13. This is done for safety purposes,
so that if there is an overcurrent condition, the high voltage must first be reduced to the
point where the overcurrent condition is removed before the test can be restarted by press-
ing SW4. IC3B and IC3D are connected in parallel to provide enough current to drive the
high-voltage-indicator LED, D9.

Utmost care should be exercised when using a hiPot tester. High voltage below the cur-
rent-trip threshold can give a nasty or lethal shock. In addition, dielectric breakdown carries
the associated risk of ignition. Be prepared to deal with emergencies. In addition, consider
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that dielectric breakdown or single-fault conditions may result in any part of the device under
test becoming electrified at very high voltage, threatening anyone who came close to it.

Testing for Other Risks

You will probably be able to get by just by being able to pass the tests outlined above as
long as evaluation of the prototype is conducted on a very limited number of patients while
under the supervision of a physician. As long as the instrument is built solidly enough to
inspire confidence, we have seldom encountered situations where an engineering evalua-
tion prototype would be required to pass the battery of tests specified by the standards to
ensure compliance with the mechanical and labeling requirements demanded for prere-
lease or commercial products. However, there are other very realistic risks in a clinical
environment, and you should make sure that you will not cause undue interference or harm
through mechanisms other than leakage currents.

For an evaluation prototype, you should at least test for and verify that the following
conditions are met:

* The equipment has been designed to minimize the risk of fire and explosion. Safety
standards typically limit temperature rises allowed for components as well as defining
enclosure requirements for containing fires within the instrument. Whenever possible,
select materials to be compliant with UL-94V (Flammability of Plastic Materials for
Farts in Devices and Appliances). In addition, if the device is supposed to operate in
areas where flammable anesthetics or oxygen-enriched atmospheres are used (e.g.,
operating rooms, hospital rooms), special requirements must be met to ensure that
these explosive atmospheres are not ignited.

* If intentional sources of ionizing radiation are present, the equipment must be evalu-
ated by the Center for Devices and Radiological Health (CDRH). If components are
used that may generate ionizing radiation which is not used for a diagnostic or ther-
apeutic purpose (e.g., from CRTs), you must ensure that the exposure at a distance of
5cm from any accessible part of the equipment, averaged over a 10-cm? area, is less
than 0.5 milliroentgen per hour. Devices that make use of ultraviolet radiation and
lasers should also be investigated to ensure safety. In addition, devices that make
use of ultrasound and RF emissions are also regulated in specific substandards of the
IEC-601-2 series.

* The equipment must not emit electromagnetic interference (EMI), which may cause
other equipment to malfunction. The device should also be designed to be immune to
electromagnetic interference, power line “glitches,” and electrostatic discharge. We
deal with these issues in Chapter 4.

* Applied parts designed to come in contact with the biological tissues, cells, or body
fluids of a patient must be assessed as to their biocompatibility. Diligent prudence
should be applied in the selection of materials, making sure to test for biological
effects, including cytotoxicity, sensitization, irritation, intracutaneous reactivity, and
SO on.

* The medical device and all peripheral equipment should be fitted with the means neces-
sary to disconnect them from a patient immediately and completely should an emer-
gency arise. In addition, connectors used on patient connections are identified clearly and
uniquely and must be of a type that cannot be plugged into the power line accidentally
or form an electrical path to any point when they are not connected to the equipment.

In addition to establishing reasonable safety, take the time to educate clinical staff mem-
bers who support your evaluations as to the potential dangers posed by an instrument,
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145



146

DESIGN OF SAFE MEDICAL DEVICE PROTOTYPES

regardless of how remote and unlikely they may be. Remember that if something goes
wrong, it is the clinical staff who will have to save the patient’s life!

CONCLUDING REMARKS

Applying the principles and requirements described by the safety standards is important
for even the first engineering evaluation prototype of a medical electronic device. This is
because the biomedical equipment department of any hospital hosting the preclinical trials
will demand that the device passes, at a bare minimum, all electrical safety tests. Further-
more, since we live in a litigious society, it is a good idea to maintain good records show-
ing that careful consideration was given to the standards and regulations all the way from
the beginning of the design.

As you can appreciate from even the brief overview of limited scope presented in this
chapter, the safety and performance requirements for medical devices are many and very
stringent. However, we believe that these requirements are not enforced by regulatory
agencies with the intent of discouraging the advancement of the medical sciences. Rather,
it is our perception that applicable standards and regulations are there to help the designer
develop a product that provides true benefit to the patient at the same time that it reduces
foreseeable risks. We encourage you to pursue data that clearly demonstrate clinical effi-
cacy for an idea that you may have for a medical product. In addition, we urge you to real-
ize that to be approved, new medical technology must absolutely be based on solid
physiological and technical grounds. Armed with this information, and if you can adapt to
a changing regulatory environment, we are convinced that a very receptive audience of
investors eagerly awaits to back your idea.
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ELECTROMAGNETIC COMPATIBILITY
AND MEDICAL DEVICES

Have you heard about the wheelchair that moved on its own every time a police car passed
by? No, it’s not part of a joke. This actually happened, and several people were seriously
injured when radio signals from the two-way communications equipment on emergency
vehicles and boats, CB, and amateur radios interfered with proper operation of the control
circuitry of powered wheelchairs, sending some off curbs and piers. Similar reports of
improper operation of apnea monitors, anesthetic gas monitors, and ECG and EEG moni-
tors due to electromagnetic interference prompted government agencies to look carefully
at these occurrences and establish regulations by which equipment must possess sufficient
immunity to operate as intended in the presence of interference.

Complying with these regulations is not easy. The technologies involved in modern cir-
cuit design have considerably blurred the boundaries between the digital and analog
worlds. Suddenly, multihundred megahertz and even gigahertz clocks became common-
place in high-performance digital circuits, making it necessary to consider every connec-
tion between components as an RF transmission line. At the same time that the need for
higher performance pushes designers toward high-speed technology, the marketplace is
demanding more compact, lighter, and less power-hungry devices. With smaller size, ana-
log effects again enter into consideration, because as components and conductors come
into close proximity, coupling between circuit sections becomes a real problem.

Obviously, self-interference within a circuit must be eliminated to make the product
workable, but this still does not make the product marketworthy. This is because strict reg-
ulations concerning electromagnetic compatibility are now being enforced around the
world in an effort to ensure that devices do not interfere with each other. In the United
States the FCC regulates the testing and certification of all electronic devices that generate
or use clock rates above 9 kHz [Dash and Strauss, 1995]. In principle, the FCC’s charter is
to protect communications from unwanted electromagnetic interference (EMI). In the
European Common Market, on the other hand, an electromagnetic compatibility (EMC)
directive is now in effect, which not only establishes requirements against causing undue
interference to radio and telecommunications equipment, but also institutes requirements
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by which equipment must possess sufficient immunity to operate as intended in the pres-
ence of interference [Gubisch, 1995].

Regulatory bodies around the world have developed standards and regulations covering
both emissions and immunity that designers must take very seriously. Failure to comply
with EMI and EMC regulations can have a serious impact on everyone associated with a
product, starting with the designer, through the manufacturer, the marketing and distribu-
tion network, and extending even to customers. The consequences of noncompliance
include halting manufacturing and distribution, levying fines, and the publication of pub-
lic notices of noncompliance to warn potential customers and other agencies. These con-
siderations become especially important in the case of medical equipment, since it often
involves sensitive electronics that can be affected adversely by electromagnetic interfer-
ence, leading to potentially serious hazards to patients and health-care providers.

The European Community regulates emissions and immunity of medical devices
through the EN-60601-1-2 standard (Medical Electrical Equipment—Part 1: General
Requirements for Safety; Section 2: Collateral Standard: Electromagnetic Compatibility—
Requirements and Tests) as well as the EN-55011 standard (Limits and Methods of Meas-
urement of Radio Disturbance Characteristics of Industrial, Scientific and Medical Radio
Frequency Equipment). In EN-60601-1-2, pass/fail criteria are defined by the manufac-
turer. As a result, the manufacturer may chose to classify a failure mode that does not pose
a hazard to the patient as a “pass.” In the United States, the FDA is adopting many of the
IEC-60601-1-2 requirements but is imposing restrictions on a manufacturer’s ability to
adopt pass/fail criteria. The FDA prescribes that a passing result corresponds to maintain-
ing clinical utility. In addition, there are discrepancies between the immunity levels rec-
ommended by European authorities and the FDA. Because of these differences in opinion,
as well as because the standards are relatively new, changes occur often, and we advise
engineers to keep updated on the latest versions.

Assuring compliance with the rules involves an extensive series of tests. The EMI and
EMC standards enforced by the various regulatory agencies clearly define the construction
of test sites as well as the test procedures to be followed. Even a fairly spartan facility
capable of conducting these tests ends up costing over $100,000 just to set up, and for this
reason, most companies hire an outside test lab at the rate of $1500 to $3000 per day to
conduct testing. Considering how fast charges can accumulate during testing, it is obvi-
ously not a smart move simply to hire a test lab and wait for the results. Rather, designers
should familiarize themselves with the relevant EMI and EMC standards and make sure
that compliance requirements are considered at every stage in the design process.

In this chapter we present the major EMI/EMC requirements for medical devices, look
at the theory of how circuits produce EMI, and describe some low-cost tools and methods
that will allow you to identify and isolate the sources of EMI that inevitably make it into
a circuit.

EMISSIONS FROM MEDICAL DEVICES

The FCC’s main concern with RF emissions from electronic devices is possible interfer-
ence with communications devices such as commercial radio and TV receivers. From the
point of view of agencies regulating medical devices (in the United States the FDA), the
concern about unintentional electromagnetic emissions extends to the way in which they
could interfere with diagnostic or therapeutic medical devices. Note the word uninten-
tional, since these standards do not apply directly to medical devices that intentionally
generate electromagnetic signals (e.g., telemetry ECG transmitters, electrosurgery equip-
ment, magnetic resonance imagers) which require special emissions that limit exemptions
at specifically allocated frequency bands.
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EN-60601-1-2 sets forth requirements for emissions based on the CISPR-11 standard
developed by the International Electrotechnical Commission’s Special Committee on Radio
Interference (CISPR). These requirements address both radiated emissions (i.e., electro-
magnetic interference coupled to victim receivers over wireless paths), as well as conducted
emissions (i.e., electromagnetic interference coupled to power lines and other conductors)
from medical equipment.

Emission limits are set based on the type of setting the device will be used. Class A
requirements are the least stringent and apply to medical devices intended to operate in
areas where receivers are not usually present. Class B requirements apply to equipment
that may operate in close proximity to radio and TV receivers, such as in a patient’s home
or hospital room.

Conducted emissions are tested below 30 MHz, while radiated emissions are tested above
30 MHz. Although both emission mechanisms overlap, regulatory agencies set this bound-
ary because low-frequency interference is primarily conducted (since low frequencies do
not radiate very efficiently without intentionally designed antenna elements) and high-
frequency interference is primarily radiated (since high frequencies are conducted poorly
through inductive wires).

RADIATED EMISSIONS FROM DIGITAL CIRCUITS

As they operate, digital circuits constantly switch the state of lines between a high-voltage
level and a low-voltage level to represent binary states. As shown in Figure 4.1a, the result-
ing time-domain waveform on any single line of a digital circuit can thus be idealized as
a train of trapezoidal pulses of amplitude (either current / or voltage V) A, rise time ¢,, fall
time 7, (between 10 and 90% of the amplitude), pulse width T (at 50% of the amplitude),
and period 7.

The Fourier envelope of all frequency-domain components generated by such a periodic
pulse train can be approximated by the nomogram of Figure 4.1b. The frequency spectrum
is composed mainly of a series of discrete sine-wave harmonics starting at the fundamen-
tal frequency f,=1/T and continuing for all integer multiples of f;. The nomogram
identifies two frequencies of interest. The first is f;, above which the locus of the maximum
amplitudes rolls off with a 1/fslope. The second, f,, is the limit above which the locus rolls
off at a more abrupt rate of 1/f2. These frequencies are located at

1032
h==
and
1032
h=0=

where 7 is the faster of (7, 7).
The envelope of harmonic amplitude (in either amperes or volts) is then simplified to

)
2A(TH 1) r<f,

[VorI]=4 % = —20dB/decade roll-off  f, =f<f,
(;;2 = —40dB/decade roll-off f,=f
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20 dB/decade

40 dB/decade

Harmonic Amplitude
[Volts or Amps]

> F

Figure 4.1 A pulse train with the characteristics shown in (@) produces a spectrum with an enve-
lope that can be approximated by the nomogram of (b).

For nonperiodic trains, the nomogram must be modified to account for the broadband
nature of the source. To do so, a nomogram of the spectral density envelope of the signal
can be defined for a unity bandwidth of 1 MHz by

6 +201og(AT) <f,
(Wor | 9BY. o GBA] _
o [MHZ or MHZ] =1 20log(4) —4 —201og[AMH2)]  f,=f<f,
20log—2— — 14 —40log[ AMH2)] f,=f
T(pes)

Depending on its internal impedance, a circuit carrying such a pulse train will create in its
vicinity a field that is principally electric or magnetic. At a greater distance from the
source, the field becomes electromagnetic, regardless of the source impedance. If there is
a coupling mechanism, which can be either conduction or radiation, some or all of the
frequency components in the digital pulse train’s spectrum will be absorbed by some
“victim” receiver circuit.
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To illustrate the magnitude of the problem, imagine a medical instrument’s main circuit
board, consisting of a CPU, some glue logic, and memory ICs, that has been housed in an
unshielded plastic case. Let’s assume that at any given time, a number of these ICs are tog-
gling states synchronously, at a frequency of 100 MHz, for instance. Furthermore, assume
that the total power switched at any given instant during a synchronous transition is
approximately 10 W. Now, in a real circuit, efficiency is not 100%, and a small fraction of
these 10 W will not do either useful work or be dissipated as heat by the ICs and wiring,
but rather, will be radiated into space. Assuming a reasonable fraction value of 1076 of the
total switched power at the fundamental frequency, the power radiated is 10 uW.

Now, let’s assume that an FM radio is placed at a distance of 5 m from the device. The
field strength E produced by the 10uW at this distance may be approximated by the
formula

dBpV

E —3.46 Y _ 70,79 BBV
m m

_ /30 radiated power (W) _ \/30 X 10X 10°°
distance (m) 5

Considering that the minimum field strength required for good reception quality by a typ-
ical FM receiver is approximately 50 dBuV/m, the radiated computer clock would cause
considerable interference to the reception of a radio station in the same frequency. In fact,
interference caused by the computer of this example may extend up to 50 m or more away!

From the past discussion, it is easy to conclude that a first method for reducing radiated
emissions is to maintain clock speeds low as well as to make rise and fall times as slow as
possible for the specific application. At the same time, it is desirable to maintain the total
power per transition to the bare minimum. Transition times and powers depend primarily
on the technology used. As shown in Table 4.1, the ac parameters of each technology
strongly influence the equivalent radiation bandwidth. In addition, the voltage swing, in
combination with the source impedance and load characteristics of each technology, deter-
mines the amount of power used and thus the power of radiated emissions on each transi-
tion. Figure 4.2 shows how the selection of technology plays a crucial role in establishing
the bandwidth and power levels of radiated emissions that will require control throughout
the design effort.

Another problematic circuit often found in medical devices is the switching power sup-
ply. Here, high-power switching at frequencies of 100 kHz and above produce significant
harmonics up to and above 30 MHz, requiring careful circuit layout and filtering. Fully

TABLE 4.1 The Most Popular Logic Families Have Very Different Timing and Driving Parameters, Resulting in Radiated

Emissions Spectra with Different Characteristics

151

Minimum Minimum Typical Bit Equivalent Single-Load Output Source
Voltage Transition Pulse Bandwidth Input Impedance

Technology Swing (V) Time ¢ (ns) Width T (ns) (MHz) Capacitance (pF) (Low/High) (€2)
5-V CMOS 5 70 500 4.5 5 300/300
12-V CMOS 12 25 250 12 5 300/300
HCMOS 5 35 50 92 4 160/160
TTL 3 8 50 4 5 30/150
TTL-S 3 2.5 30 125 4 15/50
TTL-LS 3 5 50 65 55 30/160
TTL-FAST 3 2.5 25 125 4.5 15/40
ECL 0.8 2 20 160 3 717
GaAs 1 0.1 2 3200 1 N/A
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Figure 4.2 The characteristic voltage spectrum envelope of emissions by every logic gate is highly
dependent on the technology being used.

integrated filters are available for dc power lines. For example, Figure 4.3 shows the way
in which muRata BNX002 block filters are used to filter the raw dc power outputs pro-
duced by two C&D Technologies’ HB04U15D12 isolating dc/dc converters. In the circuit,
each dc/dc (IC1 and IC2) produces unregulated 24 V (£12V if the center-tap common is
used), which is isolated from the +15V dc power input by an isolation barrier rated at
3000V dc (continuous, tested at §kV, 60 Hz for 10s). The outputs of the dc/dc converters
are filtered via filters FILT1 and FILT2, which internally incorporate multiple EMI filters
implemented with feed-through capacitors, monolithic chip capacitors, and ferrite-bead
inductors. Each of these filters attenuates RF by at least 40dB in the range 1 MHz to
1 GHz. C1/C4 and C7/C10 are used to reduce ripple, and the circuits following these
capacitors are linear regulators that yield regulated =24V at 50 mA to the applied part for
which this isolation power supply was designed.

Another filter worth mentioning is muRata’s PLTxR53C common-mode choke coil.
This family of modules is ideal for suppressing noise from a few megahertz (1 to 5 MHz,
depending on the model) to several hundred megahertz (10 MHz to 1 GHz, depending on
the model) from dc power supplies. This module is useful in suppressing noise radiated
from the cable connecting a device to an external wall-mounted or “brick” ac adapter.

ELECTROMAGNETIC FIELDS

EMI standards establish that radiated-emissions test measurements should be performed at
a distance of 10 to 30 m, depending on the device’s classification. For compliance testing,
the device under test should be placed on a nonconductive table 0.8 m above a ground
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TABLE 4.2 EN-55011 Radiated Emissions Limits for Group 1 Devices®

Field Strength (dBuV/m)

Frequency (MHz) Test Distance (m) Class A Class B
30-230 10 40 30
230-1000 10 47 37

“The lower limits apply at the transition frequency.

plane. The table is typically centered on a motorized turntable that allows 360° rotation. A
measurement antenna is positioned at a distance of 10 to 30 m as measured from the clos-
est point of the device under test. The radiated emissions are maximized by configuring
and rotating the device under test as well as by raising and lowering the antenna from 1 to
4 m. A spectrum analyzer with peak detection capabilities is used to find the maxima of the
radiated emissions during the testing. Then, final measurements are taken using a spectrum
analyzer with quasi-peak function with a measurement bandwidth of 120kHz. The test
setup is shown in Figure 4.4. The limits for radiated emissions per EN-55011 for group 1
devices are presented in Table 4.2.

In reality, devices to be tested are not usually taken directly to the open-field test site.
Rather, they are first scanned for potentially offensive radiated emissions in a small shielded
room. The compliance testing is then conducted in the 10-m open-field test site, paying
special attention to peak emissions detected in the shielded room. This is almost a practi-
cal necessity, because open-field test sites, even when located far from large metropolitan
areas, are still inundated by human-made RF signals. As an example, Table 4.3 shows
results obtained recently when testing an implantable-device programmer for radiated
emissions. The specific frequencies selected for testing were identified the night before
taking the device to an open-field test site in the middle of Texas’s hill country. Figure 4.5
shows the device being tested at the open-field site. The device sits atop a motorized
turntable. A biconical antenna can be seen placed 10m away from the device under
test. At the 10-m distance specified for the tests, radiated emissions have their electric-field

1TO 4 METERS

3 TO 30 METERS

Ay
4

<€~ COAXIAL CABLE

80cm NON-CONDUCTIVE TABLE

TURNTABLE GROUND PLANE

Figure 4.4 Setup for conducting radiated-emission measurements in an open-field test site. The device under test is placed on a noncon-
ductive table 0.8 m above a ground plane, and the distance between the device and the antenna is 10 m.
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TABLE 4.3 EN-55011 Sample Worksheet for Testing Radiated Emissions®

Measurement distance: 10 m
Antenna polarization: vertical
Detector function: quasi-peak

EUT Antenna Antenna Corrected
Frequency Direction  Elevation Recorded Amplifier Factor Cable Level Limit Margin

(MHz) (deg) (m) Level (dBuV)  Gain (dB) (dB/m) Loss (dB)  (dBuV/m)  (dBuV/m) (dB)
112.7 0 1.0 30.9 27.1 12.2 1.6 17.6 40 —224
130.0 270 1.0 42.8 27.0 11.8 1.7 29.3 40 —10.7

60.0 270 1.0 38.5 27.3 8.9 1.0 21.1 40 —18.9
200.0 270 1.0 28.5 26.7 10.8 2.1 14.7 40 —253
298.9 150 1.0 30.2 26.5 13.9 2.6 20.2 47 —26.8
400.0 90 35 30.3 27.2 15.3 3.0 214 47 —25.6

77.0 210 1.0 33.0 27.3 6.3 1.2 133 40 —26.7
110.0 300 1.0 39.0 27.1 12.1 1.6 25.6 40 —144

“Corrected level = recorded level + antenna factor + cable loss. The frequencies of interest were selected during a precompliance scan of
the device in a shielded room.

Figure 4.5 A prototype implantable-device programmer is being tested at an open-field test site.
The device sits atop a motorized turntable. A biconical antenna is placed 10 m away from the device
under test.

E and magnetic-field H vectors orthogonal to each other but in the same plane. Under these
conditions, electromagnetic propagation occurs as a plane wave.

If the test probe is brought closer and closer to the device under test, however, the nature
of the electromagnetic field changes. Near the source of the radiation, the field produced
is mostly a function of the impedance of the source. If the field is generated by a circuit
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carrying high current and low voltage, the field will be mostly magnetic in nature. If on the
other hand, the field is produced by an element placed at high voltage but carrying little or
no current, the field will be mostly electric in nature. This is the domain of the near field,
while the plane wave is in the domain of the far field.

The ideal generator for a magnetic field, or H-field as it is known, is thus a circular loop
of area S(m?) carrying an ac current I of wavelength A. It should be noted that although a
static field is generated by a dc current and can be calculated with the method to follow,
static H-fields do not cause radiated emissions and are thus disregarded for EMI purposes.
If the loop size is smaller than the observation distance D, the magnitudes of the E and H
vectors can be found using the solutions derived from Maxwell’s equations. In the near
field, the simplified values for these magnitudes are

Z,IS
BV = 5
and
IS
H(A =
(A/m) 4nD?

where Z; equals the impedance of free space, 120w or 377 €. Inspecting these equations,
we find that in the near field, H is independent of A and decreases drastically with the
inverse of the cube of the distance. At the same time, the electric field increases as fre-
quency increases and falls off with the inverse of the square of distance.

The wave impedance may be defined as the division of E by H in an electromagnetic
version of Ohm’s law:

7. Q)= E(V/m)
H(A/m)
Thus,
ZWaVE = Z 2}’\'TCD

where D <48/f(MHz). In the far field [i.e., D > 48/f(MHz)], on the other hand, both E- and
H-fields decrease as the inverse of the observation distance as described by

Z, IS S
E(V/m) = % H(A/m) = D

which maintains a constant impedance equal to Z, allowing direct calculation of radiated
power density in W/m? simply by multiplying £ and H. Notice that E and H, and thus
power, increase with the square of frequency. This shows, once again, that limiting the
bandwidth of radiated signals by a pulse train is of utmost importance in controlling EMI.

The region dividing the near field from the far field is called the transition region [i.e.,
at D=48/f(MHz)]. In it, abrupt transitions occur on the near-field characteristics until a
smooth blending leads to the far-field characteristics. Electromagnetic fields can also be
created by passing an alternating current through a straight wire dipole, just as in a radio
antenna. In this case, the near-field electric and magnetic vector amplitudes are

Z 1IN
E(V/m) = gtoﬁ
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and

1l

H(AM) =

where / is the dipole length in meters. In contrast with the near-field H of a loop which falls
with the inverse of D?, the near-field H of a dipole falls off as 1/D?. Similarly, the near-field
E of a dipole falls off as 1/D?, in contrast to the near-field E of a loop that falls as 1/D? The
wave impedance of emissions radiated by a dipole is also affected differently by frequency:

_ Z
wave 27.CD

Compare this equation with the equation describing Z, . in the near field. The change in
wave impedance as a function of frequency in the case of a dipole is inverse to that of a loop.

In the far field, the behavior of the E- and H-fields is again similar to that of electro-
magnetic radiation from a loop; that is, they decrease as the observation distance increases
as described by

_Zdl _
E(V/m) D H(A/m) D
Beyond the transitional point, the wave impedance again remains constant at the value of
Z,. The result of a constant impedance in the far field means that the ratio of E to H com-
ponents remains constant regardless of how the field was generated.
Of course, real-life circuits are neither ideal open wires nor perfect loops, but rather,
hybrids of these two. In a simplified form, as shown in Figure 4.6, a more realistic model
of a circuit which radiates electromagnetic emissions can assume that an ac voltage source

i -

Y
Z SOURCE § ZLOAD
V, @ f @

- N

AN

X
Probe

Figure 4.6 A simplified but realistic model of a circuit that radiates electromagnetic emissions. In it, an ac voltage source causes the flow
of a current / in a rectangular loop enclosing an area S. The voltage seen by the load depends on the source and load impedances.
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causes the flow of a current / in a rectangular loop enclosing an area S. The source imped-

ance is Z,.., and the impedance of the load is Z_,,, resulting in an overall equivalent
impedance of Zcircuit = Zsource + Zload'

In the near field, the electric- and magnetic-field vector magnitudes are given by

VoS
E(V/m)=-2
(Vim) = s
where Z ;... = 7.9D(m)-f(MHz), or
E(V/m) = 0.63SIf(MHz)
D?
where Z;,..i; = 7.9D(m)-f(MHz), and
IS
H(A/m) =
(A/m) 4nD?

In the far field, the electric- and magnetic-field vector magnitudes are given by

0.013V,S[ fAMHz)]?
DZ,

circuit

E(V/m)=ZH=

and

35 X 10~°IS[AMHz)]2
D

H(A/m) =

The second lesson of controlling radiated emission leaps out from these equations-keep the
area enclosed by loops carrying strong time-varying currents to the minimum possible.
Similarly, traces carrying high voltages should be kept as short as possible and be properly
terminated.

Besides directing our attention to the parameters affecting radiated emissions, these
equations are very useful when designing for compliance with EMI requirements. As
exemplified by Figure 4.7, near- and far-field ballpark estimates of EMI can be obtained
from known circuit parameters for a large number of common circuit topologies.

PROBING E- AND H-FIELDS IN THE NEAR FIELD

The main reason why EMI standards establish that testing should be performed in the far
field is that as demonstrated above, a constant impedance in the far field causes the ratio of
E to H components to remain constant regardless of how the field was generated. This
means that measurements can be reproduced with reliability and standardized methods of
testing can be defined with ease. From the past equations, however, it would seem possible
to establish a quantitative correlation that would allow far-field estimates from near-field
measurements. Unfortunately, in practice, this is not the case. Near-field measurements are
extremely dependent on the exact geometry of the source, the position of the near-field
probe, and the interaction between the probe and the source to accomplish the exact meas-
urements necessary for calculating the behavior of the radiation in the far-field region.
Although not applicable to predict the outcome of compliance tests, near-field meas-
urements can nevertheless be very useful to the designer in locating potential sources of
radiated emissions. Here, near-field qualitative measurements with simple instruments
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Vee

. GND

GND

Figure 4.7 Simple differential-mode radiating circuit configurations are created when an ac current flows on a current path that forms a
loop enclosing a certain area S. (a) Transient power demands of an IC are supplied by a decoupling capacitor, causing brief, strong currents
that circulate on a loop formed by the supply-bus PCB tracks. (b) Fast digital signals driving low-impedance inputs form EMI-radiating loops
when current returns through distant ground paths.

can accurately pinpoint sources of EMI and identify their basic characteristics. In
essence, if a strong E-field is detected from a certain circuit section but a relatively weak
H-field is sensed at the same point, the culprit can usually be traced to a train of high-
voltage pulses on a long wire, an unterminated line, or a trace driving a high-impedance
load. Conversely, if the H-field is strong but the E-field probe detects little activity, the
source of EMI is most probably a looplike circuit through which strong currents circu-
late. Examples of such situations are PCB tracks carrying strong currents, inductors in
switching power supplies, and eddy currents induced in metal enclosures by strong fields
inside the case.

Since the same equations used to describe emission of radiation are applicable to the
reception of emissions, it is apparent that a small loop of wire can act as a near-field probe
which is mostly sensitive to H-fields. E-fields, on the other hand, would then be detected,
preferably by a short exposed wire. Measurements can then be taken with either a wide-
band ac voltmeter or a spectrum analyzer. Even a simple single-turn wire loop at the end
of a coax cable can be a very effective H-field probe. With this arrangement, maximum
output from the probe is recorded when the loop is in immediate proximity and aligned
with a current-carrying wire. This directionality is very useful for pinpointing the exact
source of a suspicious signal.

The diameter of the loop makes a large difference on H-field measurements [Kraz,
1995]. The area enclosed by the loop influences the sensitivity of the probe, since it deter-
mines the number of magnetic flux lines that are intercepted to produce a detectable signal.
A larger loop will obviously develop a larger voltage at the input of the voltmeter or spec-
trum analyzer. On the other hand, larger loops have inherently larger self-inductance and
equivalent capacitance than small loops. As inductance increases, the network formed with
the complex impedance of the measurement setup resonates at lower frequencies, beyond
which the probe cannot be used. Moreover, larger loops make it much more difficult to iden-
tify the exact source of an interfering signal, because their size does not allow them to pick
up radiations selectively from single lines when a multitude of the latter are clustered close
together. Coils with multiple turns can be used to increase the sensitivity without appreciably
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increasing the physical size of the coil. However, this solution will again result in reduced
spectral response due to increased self-inductance. It is clear, then, that loop geometry must
be chosen for every specific instance based on a solution of compromise. In general, it is a
good idea to keep a variety of probes handy to tackle different problems.

Another convenient H-field probe can be constructed similar to ac tongs. In this case, a
magnetically permeable material concentrates the magnetic flux lines created by the cir-
cuit under test. The resulting magnetic flux is then detected by a coil with multiple turns.
If the tongs were to enclose completely the conductor through which a current is flowing,
the voltage developed across the coil would be proportional to the vector sum of the cur-
rents through the conductor. This is, of course, impractical for the needs of sniffing H-
fields, and a structure with open-ended tongs is more suitable for probing a circuit without
modifying it.

The probe can be built as shown in Figure 4.8, using a small ferrite bead (e.g., 0.11n.
thick, 0.3in. in outside diameter) that has been sectioned in half. The actual construction
depends on the actual ferrite that you select, but in general, 40 to 50 turns of thin enam-
eled copper wire provide suitable sensitivity. The terminals of the coil should be soldered
to the center and shield of coaxial cable. After insulating the central conductor connection,
a portion of the braid should be used to cover the assembly, thus E-field-shielding the coil.
The assembly can then be mounted at the end of a small plastic tube and embedded within
a glob of epoxy. For the prototype probe, a virtually flat bandwidth was measured from
around 600 kHz to approximately 10 MHz.

Better bandwidth can be achieved by using a VCR magnetic head instead of the ferrite
assembly. Video heads are designed for broadband detection of magnetic fluctuations, and
for this reason they can be used for sniffing H-fields from 2 MHz up to approximately
120 MHz with relatively flat response. To construct the probe, carefully remove one of the

— Plastic Tube

Epoxy Glob
/ poxy

E-Field Shield

T Ferrite “U”

Figure 4.8 A useful H-field probe can be constructed from a small ferrite bead that has been sec-
tioned in half. Approximately 40 turns of thin enameled wire are used to detect the magnetic flux
concentrated by the ferrite. A small portion of the coax cable braid is used as an E-field shield for
the coil. The assembly is mounted at the end of a small plastic tube that serves as a handle and
embedded in a glob of epoxy.
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magnetic heads from a discarded drum. Even a very worn-out head will work well in this
application. Very soiled heads should be cleaned with a swab and pure alcohol. Degaussing
will also help improve the sensitivity of an old head. All other aspects of constructing and
using this probe are the same as for the ferrite-bead probe.

For E-fields, the simplest near-field probe is a coax cable in which a short segment of
the center conductor extends beyond the braid at the unterminated end of the coax. Similar
to the loop probe, a longer wire will pick up a stronger signal at the expense of specificity
and bandwidth. In general, the length of the wire should be selected so that measurements
can be performed with a sensitivity of approximately 3 mV/m. At this level, potentially
problematic emissions can be identified without causing undue concern about low-level
emissions.

Constructing the ideal H- or E-field probe for a specific job may take some trial and
error, since the effort of electromagnetic modeling required for proper design is most prob-
ably an overkill for most applications. One test that you may nevertheless want to perform
on a probe is to determine the existence of resonances within the desired spectral range.
To conduct the test, a wideband probe should be connected to an RF generator set up to
track the tuning frequency of a wideband spectrum analyzer. The probe under test should
be located in close proximity to the emitting probe and connected to the input of the spec-
trum analyzer. The limit of the useful bandwidth of a probe is the point at which the first
abrupt resonance appears.

Before even plugging the spectrum analyzer to the power line, however, the first step in
conducting a near-field EMI study should be to draw a component placement diagram of
the assembly to be probed. The diagram should indicate circuit points identified in the
mathematical circuit harmonic analysis as potential sources for EMI radiation. Only after
this preliminary work has been done should bench testing begin. A coarse near-field sweep
should be conducted at relatively high gain to identify EMI hot spots in the assembly. A
technique that works well is to log the frequencies at which strong components appear
when scanning the unit under test. Detailed scanning using a more discriminating probe
can then concentrate on the hot spots to identify the culprit circuit generating offending
emissions.

A very valuable source of clues for future troubleshooting can be built along the way by
printing the spectral estimate at each point in which measurements strongly agree or dis-
agree with the circuit’s harmonic analysis. In any case, keep detailed and organized notes
of the near-field scans, since these will certainly prove to be invaluable when attempting
quick fixes while the clock is running at the far-field compliance-testing facility.

BARE-BONES SPECTRUM ANALYZER

While an ac voltmeter can provide an indication of the field strength to which a probe is
exposed, it does not provide any indication of the spectral contents of an emission. A spec-
trum analyzer is a tool that certainly cannot be beaten in the search for offending signals.
Unfortunately, spectrum analyzers are often beyond the reach of a designer on a tight budget.
For near-field sniffing, however, even the crudest spectrum analyzer will do a magnificent
job.

Figure 4.9 shows a simple home-brewed adapter to convert any triggered oscilloscope
into a spectrum analyzer capable of providing qualitative spectral estimates with a band-
width of 100kHz to 400 MHz. As shown in Figure 4.10, a voltage-controlled TV tuner IC1
forms the basis of the spectrum analyzer. Most any voltage-controlled tuner will work, and
you may be able to get one free from a discarded TV or VCR printed circuit board. The con-
nection points and distribution vary from device to device, but the pinout is usually
identified by stampings on the metallic can of the device.

161
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Figure 4.9 A simple circuit can be used to convert any triggered oscilloscope into a 100-kHz to 400-MHz spectrum analyzer suitable for
near-field EMI sniffing.

Varactor-controlled TV tuners receive signals on their RF input at a frequency determined
by the voltage applied to the VTUNE input. With power applied to the UHF section of
a tuner, typical control voltages between 0 and 32V span a frequency range of approxi-
mately 450 to 850 MHz. The sensitivity of the tuner can be adjusted through the AGC
input. The output of the tuner is a standard 45-MHz IF. However, 450 to 850 MHz is not a
range that is directly applicable to the large bulk of EMI sniffing work. For this reason, the
more appropriate range 100kHz to 400 MHz is up-converted to the tuner’s input range
through a circuit formed by IC4-IC7 (manufactured by Mini-Circuits). Here, signals from
the probe are low-pass filtered by IC6 and injected into the IF port of a TUF-2 mixer. The
LO input of the mixer is fed with the output of IC4, a self-contained voltage-controlled
oscillator tuned to 450 MHz by potentiometer R20. The RF port of the mixer outputs sig-
nals with frequency components at the sum and difference between the IF input and the
LO frequency. This output is high-pass filtered by IC5 to ensure that only up-converted
components are fed to the tuner input.

Sweeping the tuner across its range is accomplished by a sawtooth waveform that
spans approximately 1 to 31 V. The basic sawtooth is generated by IC3 and Q1 and
buffered by IC2B. The span of the sawtooth is set by attenuator R10, while the center of
the sweep is adjusted by introducing an offset on IC2A by means of R13. The output of
IC2A is amplified by transistor Q2. Q2 should be selected for a gain of 50 or less. The
final span and linearity of the sweep is adjusted in three ranges by R1, R2, and R3.

The IF output of the tuner is attenuated to a level suitable for processing by R7, R8, and
R9. The actual value of the resistors for this attenuator must be selected based on the output
level of the specific tuner that you use. Then, in the circuit of Figure 4.11, IC8, a NE/SA605
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BARE-BONES SPECTRUM ANALYZER

single-chip IF processor, takes care of detecting the signal and producing a logarithmic out-
put of signal strength.

In this portion of the circuit, the 45-MHz IF signal is coupled to the input of a RF mixer
internal to IC8 by way of a tuned circuit formed by C18, C19, and L3. The LO input of
this mixer is fed from a 44.5-MHz crystal-controlled oscillator. The resulting 455-kHz IF
is filtered by two ceramic filters, FLT1 and FLT2. An internal received signal strength indi-
cator (RSSI) circuit is used as a detector and linear-to-logarithmic converter. The RSSI
output, as a function of the sawtooth signal driving the tuner, is thus a logarithmic repre-
sentation of the spectrum of the signal picked up by the probe. RSSI is a current signal that
requires conversion to a voltage by the network formed by R21-R23 and D3. C24 low-
pass filters the RSSI output to produce a smooth display, and IC2C acts as a buffer and
impedance transformer for the current-to-voltage converter. Finally, IC9A blanks the out-
put during retrace.

Figure 4.12 presents the power supply circuit for the adapter. Most of the circuitry, includ-
ing the up-converter, tuner, and sawtooth generator, is powered by =12 V; +5V powers the IF
processor. The +32V to drive the tuner’s varactors is obtained by multiplying the 12 V ac input
to +48V, reaching the desired voltage through IC10, an LM317 adjustable linear regulator.

To operate the spectrum analyzer, the Y output of the adapter is connected to the verti-
cal input of the oscilloscope, and the TRIGGER output is connected to the trigger syn-
chronization input of the scope. The horizontal frequency of the oscilloscope is set such
that one full sweep caused by the sawtooth fits the full graticule on the oscilloscope’s
screen. Fine-tuning can be accomplished either by trimming the time base of the scope or
by adjusting the value of R18 appropriately. Alternatively, a two-channel oscilloscope can
be operated in the X—Y mode by injecting the sawtooth available at pin 7 of IC2A to the
appropriately scaled X-axis channel.

The comb generator circuit of Figure 4.13 can be used for calibrating the adapter. The
circuit is simply a TTL-compatible 40-MHz crystal-controlled oscillator module feeding a
synchronous binary counter. It is called a comb generator because the spectral pattern of
any of its outputs resembles an ordinary hair comb with its prongs pointing up. Because
these spectral components occur at harmonic multiples of the fundamental square-wave
frequency selected, it follows that the frequency difference between consecutive “prongs”
must be the same as the value of the fundamental frequency of the square wave.

Figure 4.14 presents the pattern obtained when the 20-MHz comb output of the gener-
ator is probed by a commercial spectrum analyzer. Ac coupling was accomplished through
a series-connection 15-pF capacitor, and termination to ground of the output side of this
capacitor was performed through a 50-Q noninductive resistor. This is the gold standard
against which the adapter should be calibrated.

Start testing the adapter by setting the sawtooth generator to vary the voltage at the
VTUNE input of the tuner between approximately 1 and 31 V. Initially, set R6 to apply
2.5V dc to the AGC pin of IC1. The up-converter LO frequency should be adjusted to
450 MHz by trimming R20. 9.6 V dc at the VTUNE input of IC4 will typically result in the
desired LO frequency. L4 should be trimmed to achieve stable oscillation of the 44.5-MHz
IF LO oscillator. With a 40-MHz comb applied to the input of the adapter through a 15-pF
coupling capacitor and with 50-CQ termination, adjust L3 to obtain an approximation of the
expected 40-MHz comb pattern on the oscilloscope. After achieving a satisfactory display
for the 40-MHz comb, calibrate the linearity of the adapter using a 20-MHz comb by first
trimming R3 to produce equal spacing between spectral lines throughout the lower third
of the display. Then linearize the midrange by trimming R2, and finally, the high range by
trimming R1.
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Dc power for the various circuits of the spectrum analyzer is derived from a single 12-V ac input. A voltage of +12V pow-

Figure 4.12
ers most of the circuitry, including the up-converter, tuner, and sawtooth generator; +5 V powers the IF processor. Sweeping the tuner across
its 450 to 850 MHz range requires up to +32V to drive its varactors. A voltage of —12V is used as bias to ensure that sweeping can be

accomplished within any desired portion of the full range.

CONDUCTED EMISSIONS

Conducted emissions measurements are made to determine the line-to-ground radio noise
from each power-input terminal of a line-powered medical device. Measurements are
taken using a line impedance stabilization network (LISN). A spectrum analyzer and a
quasi-peak adapter with a measurement bandwidth of 9kHz are typically used to record
the conducted emissions. As shown in Figure 4.15, tests are performed in a shielded

room.

A LISN is a passive RCL network that connects between the ac power line and the
device under test. The purpose of the LISN is to present a standard line impedance to
the device under test regardless of local power line impedance conditions. The LISN also
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Figure 4.13 High-frequency clocks and fast logic generate broadband signals extending well into the hundreds of megahertz. This gener-

ator produces various comb patterns which are useful in the calibration of spectrum analyzers.

isolates the device under test from unwanted interference signals on the power line and
provides a test point to probe emissions conducted from the device under test toward the
power line. Figure 4.16 presents the circuit for a 50 /50 uH LISN following the definition
of standard CISPR-16-1. This circuit provides a 50-Q output impedance for measurement
of RF emissions produced by the device under test. This impedance was selected because
theoretical and empirical data have shown that the power circuitry statistically looks like a
50-Q impedance to standard electronic equipment, and RF test equipment is typically
designed for 50-Q input. The bandwidth is typically determined by the operating fre-
quency of the potential victims of the device under test’s conducted emissions. For the
majority of medical devices, emission measurements are carried out from 150kHz to
30MHz. This ensures that devices do not interfere with VLF or HF radio communication
systems and other electronic devices operating at these frequencies.
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Figure 4.14 The spectral pattern obtained from the output of the comb generator can be used as a frequency ruler because it presents strong
spectral lines at every harmonic of the fundamental square wave. Notice the similarity between the envelope formed by the spectral compo-
nents of this 20-MHz comb and the nomograms of Figure 4.2.

Each of the 50-uH inductors and 1-UF capacitors form an unbalanced filter. The induc-
tors must be of sufficiently large wire gauge to carry the full ac current demanded by the
device under test with less than a 2-V drop. Conducted emissions are then measured using
a spectrum analyzer with quasi-peak detection. Measurements are taken between hot to
ground and then between neutral to ground. A 50-€ resistor needs to be connected across
the 1-kQ resistor, which is not connected to the spectrum analyzer’s 50-Q input. Switch
SW1 accomplishes phase selection and automatic shunting of the LISN leg not being
observed.

Note that the LISN established by the standards presents a 1-UF capacitance between
the hot line and the LISN and device under the test’s safety ground. A ground fault could
lead to potentially lethal currents to operators in contact with the LISN or the device under
test. For this reason, it is advisable to wire the LISN’s ground terminal permanently to
ground.

A safer way of running design-time tests is to use a LISN made from a modified power
protector designed to filter power line glitches prior to supplying power to computers and
other electronic equipment. The circuit for this LISN is shown in Figure 4.17. The input
connector and power cord, circuit breaker F1, and neon light are found almost universally
in power protector strips. You may also leave any MOVs that you find in the power strip.
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Figure 4.15 Setup for performing conducted emissions testing in a shielded room. Measurements are taken using a line impedance stabi-
lization network (LISN). A spectrum analyzer and a quasi-peak adapter with a measurement bandwidth of 9 kHz are typically used to record

the conducted emissions.

Modify the filter circuitry and configure it as shown in the schematic diagram. You may
remove all except one of the power outlets to accommodate the components. The power
outlet used to connect to the device under test (J2) would be one of the power strip’s orig-
inal power outlets.

Emissions radiated from this LISN are coupled inductively to a spectrum analyzer. L3
is a single loop of No. 14 stranded insulated wire that exits and reenters the power strip’s
enclosure. The H-field probe made of a VCR head, described above, would then be used
to pick up conducted emissions. Although this LISN does not yield results identical to
those of the standards, it makes it easy to detect emissions conducted by the device under
test into the power line. In addition, although conducted emissions tests should be per-
formed on both phases (hot and neutral) of the power line, most offensive units reveal
themselves with just the hot-to-ground measurement provided by this LISN.

When the device is prepared for testing, the power cord in excess of the distance is
folded back and forth, forming a bundle 30 to 40 cm long in the approximate center of the
cable. Power supply cords for any peripheral equipment should be powered from an aux-
iliary LISN. Excess interface cable lengths should be bundled separately in a noninduc-
tive arrangement at the approximate center of the cable with the bundle 30 to 40cm in
length. The emissions conducted are maximized by varying the operating states and
configuration of the device under test. The limits for conducted emissions per EN-55011
for group 1 devices are shown in Table 4.4. As an example, Table 4.5 shows the results
we obtained recently when testing an implantable-device programmer for conducted
emissions.
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Figure 4.17 A safer way of running lab tests is to use a LISN in which radiated emissions are coupled inductively to a spectrum analyzer.
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TABLE 4.4 EN-55011 Conducted Emissions Limits for Group 1 Devices”
Maximum RF Line Voltage (dBuV)
Class A Class B
Frequency (MHz) Quasi-peak Average Quasi-peak Average
0.15-0.5 79 66 66, decreasing with log 56, decreasing with
of frequency to 56 log of frequency to 46
0.5-5.0 73 60 56 46
5.0-30.0 73 60 60 50

“The limit decreases linearly with the logarithm of the frequency in the range 0.15 to 0.5 MHz. The lower limits apply at

the transition frequencies.

TABLE 4.5 EN-55011 Sample Worksheet for Testing Conducted Emissions

Line measured: phase

Frequency Reading Correction Correction Limit Detector

Input (MHz) input (dBuV)  Factor (dB)  Reading (dBuV) (dBuv) Margin (dB) Function
0.257 45.5 0.8 46.3 66 —19.7 Peak
0.323 42.7 0.7 434 66 —22.6 Peak
0.195 41.9 1.0 429 66 —23.1 Peak
0.385 38.8 0.6 394 66 —26.6 Peak
0.451 34.8 0.6 354 66 —30.6 Peak
20.100 57.3 1.8 59.1 60 -0.9 Peak
18.100 56.0 1.5 57.5 60 —2.5 Peak
18.500 53.1 1.6 54.7 60 —53 Peak
19.000 50.8 1.7 52.5 60 =75 Peak

SUSCEPTIBILITY

It is really surprising that regulatory agencies around the world took so long to take steps
that would protect patients and health-care providers from EMI-induced medical-device
failures. Although the military and aviation industries had been developing hardware
immune to EMI for many years, it was only in 1994 that the FDA started taking action by
warning the medical device industry about their concerns regarding EMI-induced failures,
as well as by making specific recommendations for immunity levels for critical devices. In
1998, European agencies advanced this process by making it mandatory for medical devices
to comply with a fairly comprehensive EMC standard to be marketable in Europe. Today,
most nations which require medical devices to comply with EMC requirements make use
of standards based on the EN-60601-1-2 immunity requirements shown in Table 4.6, which
cover electrostatic discharge (ESD), radio-frequency interference (RFI), and a variety of
power disturbances. IEC-60601-1-2 itself cites extensively the test methods and immunity
levels of the basic IEC-61000-4 series of standards.

At the time of this writing, EN-60601-1-2, pass/fail criteria are ultimately defined by
the manufacturer. This is because the current immunity criteria for medical products are
defined in this standard as “equipment and/or system continues to perform its intended
function as specified by the manufacturer or fails without creating a safety hazard.” A safety
hazard is then defined as a “potentially detrimental effect on the patient, other persons,
animals, or the surroundings arising directly from equipment.” As a result, the manufacturer
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TABLE 4.6 EN-60601-1-2 Immunity Requirements

Susceptibility

Test Requirements Relevant Standard

Electrostatic discharge (ESD)

Radiated emissions (EMIs)
Conducted emissions

Power line voltage dips,
interruptions, and variations

Electrical fast transients (EFTs)
Surge

Magnetic fields

3-kV contact to conductive accessible parts and coupling planes; 8-kV air [EC-61000-4-2

discharge to nonconductive accessible parts

3V/m, 26 MHz to 1 GHz, modulated at passband or 1 kHz IEC-61000-4-3
Test from 150kHz to 80 MHz into power line to 3 V/m; bulk current injection IEC-61000-4-6

for patient cables

100% dropout for % cycle, 60% sag for 5 cycles, 30% sag for 25 cycles; IEC-61000-4-11

low-powered equipment maintains clinical utility, high-powered equipment
remains safe

1kV at power line for plug-connected equipment; 2kV at power line for [EC-61000-4-4

permanently installed equipment; 0.5kV for signal lines longer than 3 m

1 kV differential mode at power line, 2kV common mode at power line; IEC-61000-4-5

signal lines not tested

10 A/m at power line frequency IEC-61000-4-8

may chose to classify a failure mode that does not pose a risk to the patient (or other sur-
rounding targets) as a pass. For example, the manufacturer may pass a device that fails to
start operating or stops operating when exposed to EMI threats as long as these modes do
not pose a threat to the patient. A common classification for device performance during
testing is as follows:

e Criteria level A: normal performance within equipment specifications

 Criteria level B: degradation or loss of function or performance which is self-
recoverable when the interfering signal is removed

* Criteria level C: degradation or loss of function or performance that requires system
reset or operator intervention when the interfering signal is removed

In the United States, the FDA is adopting many of the IEC-60601-1-2 requirements but
imposes restrictions on the manufacturer’s ability to adopt pass/fail criteria. The FDA pre-
scribes that a passing result corresponds to maintaining clinical utility. Some of the same
concerns are also being adopted for revised versions of IEC-60601-1-2 and drafts show
that the failure criteria will change in focus from the safety hazard to specified perform-
ance compliance. Because of the fast-changing nature of this field, we present this section
as a primer on the issue of immunity to EMI, but strongly advise you to keep updated on
the latest versions of applicable standards.

Susceptibility to Electrostatic Discharge

Do you know what is the potential difference between you and the doorknob before you
shout “ouch!” on those winter days that electrostatic charges seem to love? 6 kV! But there
are also occasional 15-kV discharges—the kind that make you hope that someone else will
open the door for you. Regardless of the specific number of kilovolts, such discharges
suffice to fry many static-sensitive ICs. However, the primary concern with ESD events is
the large amount of RF energy they convey over an extremely wide band of frequencies.
IEC-61000-4-2 considers ESD between a human being and a medical device as the pri-
mary source of ESD-related failures. Testing is done by delivering 3-kV discharges
directly to a device’s exposed conductive components and 8-kV air discharges to parts that
may be recessed.



The human body model of Figure 4.18 represents the discharge from the fingertip of a
standing person delivered to a device, modeled here by a 150-pF capacitor discharged
through a switching component and a 330-C2 series resistor into the device under test. This
model, which hasn’t changed much since it was developed in the nineteenth century, was
originally used to investigate explosive gas mixtures in mines. An ESD simulator is not
more than an instrument implementing this model. A high-voltage power supply is used to
charge a 150-pF capacitor via a charging resistor. The capacitor’s charge is then delivered
to the device under test by way of a 330-€ resistor. The switch may be a vacuum relay, a
high-voltage semiconductor switch, or a spark gap.

Construction of the ESD simulator should enable it to generate a discharge waveform
with the parameters shown in Table 4.7. Obviously, the most critical design consideration
is being able to generate the ESD with a rise time of 0.7 to 1 ns. The frequency content of
such an ESD waveform is flat to around 300 MHz before it begins to roll off, so it contains
significant energy at 1 GHz and above. Short rise time is so important because it is the
pulse’s dV/dt as well as the dI/dt that it causes which allow ESD to induce currents and
voltages in a device’s circuits which lead to failures. Suppose, for example, that a PCB
track within the medical device’s circuit has an inductance of 10 nH/cm. If current from an
ESD event is directly or indirectly coupled to that PCB track, the voltage induced along a
length [ of that track will be given by

V=10(nH/cm) - I[(cm) %

Rouarce  Scuarce 330 SEsD
o0 O o

Device
Under
— 150pF Test

High Voltage
DC Supply

Figure 4.18 The human body model of ESD represents discharge delivered to a device from the
fingertip of a standing person. It is modeled by a 150-pF capacitor discharged through a switching
component and a 330-Q series resistor into the device under test.

TABLE 4.7 IEC-801-2 (1991) ESD Waveform Parameters

SUSCEPTIBILITY

First Peak

Severity Voltage Current of Discharge Rise Time Current at Current at

Level (kV) (£5%) (A) (£10%) (ns) 30ns (A) (=30%) 60ns (A) (=30%)

2 7.5 0.7-1 4
4 15 0.7-1 8
6 22.5 0.7-1 12
8 30 0.7-1 16

B R S R

2

4
6
8

173



174

ELECTROMAGNETIC COMPATIBILITY AND MEDICAL DEVICES

Since even a modest ESD event can develop a current of 10 A in 1 ns, the voltage induced
across 1cm of PCB track will be as high as 100 V! Similarly, high currents can flow
through capacitances on and across circuit components. Current flowing through a capac-
itor is given by

dv
I1=C—
dt

If an ESD event causes a change in potential of 1kV within 1ns, the current flowing
through an unprotected input with 10-pF capacitance would be as high as 10 A.

Testing for Immunity against ESD Two ESD testing techniques are used to check medical
devices. The first is air discharge; the second is contact discharge. Testing by air discharge
consists of charging the ESD simulator to the required test voltage and slowly moving the
simulator’s discharge electrode toward the device under test until discharge occurs. This is
very similar to what happens when a charged human approaches a device. However, test
results obtained through this technique are notoriously unrepeatable, since the tester’s rate
of approach, exact angle of approach, conditions of the air around the device, and other
variables influence the magnitude and path the discharge will take through the device under
test.

The contact test technique was developed in an attempt to improve repeatability. In this
test, the discharge electrode of the ESD simulator is held in contact with a metallic surface
on the device under test when the discharge switch closes. The actual discharge occurs
within the ESD simulator in a controlled environment, and the current can be injected at
the same contact point each time. The test requires an unpainted conductive contact area
on the device under test. As such, this test applies only for devices that have a conductive
surface from which paint can be removed and is not applicable when no metallic surfaces
are directly accessible.

Testing to EN-61000-4-2 involves delivering air discharges of up to =8kV (using an
8-mm round tip to simulate a human finger) to everything nonmetallic that is normally
accessible to the operator. Contact discharges of up to £3kV (using a sharp tip that is
touched against the product before the discharge) are applied to operator-accessible metal
parts. Test voltages are increased gradually from low values, often using the settings 25%,
50%, 75%, and then 100% of the test voltage. This is because ESD failures are sometimes
seen to occur at lower voltages but not at the maximum test level. The highest test level on
an ESD test is not necessarily the one most likely to cause a failure.

It must be noted that the contact test is more severe than the air-discharge test. This is
because the former yields faster rise times than the latter. In turn, faster rise times yield
higher bandwidth for the EMI generated by the ESD event. An 8-kV air discharge is in the
same category as a 6-kV contact discharge, and a 15-kV air discharge is as severe as an
8-kV contact discharge. Note the nonlinear relationship. European regulatory agencies are
considering increasing the 3-kV contact test level to 6 kV, so keep yourself up to date with
the standards.

Despite the simplicity of the human discharge model, ESD simulators are not all that
simple, and commercial units are certainly expensive. However, for development-time test-
ing meant to give you a good “gut feeling,” there are some simple alternatives to buying a
fully compliant ESD test system. Tiwari [1996] proposed modifying a piezoelectric type
of kitchen gas lighter as a fast-static-charge generator which can produce an ESD-like dis-
charge through air.

As shown in Figure 4.19, the modification involves removing the gas reservoir and
replacing the gas feed line by a pin which extends beyond the gas lighter’s tip. When the
handle is squeezed and the tip of this makeshift ESD gun is placed in close proximity
(e.g., § in.) to a conductive member of the device under test, a spark jumps, conveying
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Figure 4.19 A piezoelectric-ignition gas lighter can be modified to generate ESD-like events. The modification involves removing the gas
reservoir and replacing the gas feed line by a pin that extends beyond the gas lighter’s tip. Typical ignition piezoelectric crystals can gener-
ate discharges conveying approximately 0.2 uC within a total pulse of 100ns to 1 us. To assess the current and waveform delivered by the

discharge, use a 50-€2 resistor in series with the ESD gun’s ground terminal as a current shunt.

approximately 0.2 uC within a total ESD pulse of 100 ns to 1 us. To assess the current and
waveform delivered by the discharge, use a 50-Q resistor in series with the ESD gun’s
ground terminal as a current shunt.

A simulator which produces waveforms that are closer to a professional unit compliant
with TEC-801-2 [1991] can be built for under $100 using surplus high-voltage components.
In the circuit of Figure 4.20, a TDK model PCU-554 dc-to-ac inverter is used to drive a
Cockroft—Walton quintupler. The dc-to-ac inverter is originally sold as a cold-cathode flu-
orescent lamp driver for LCD screen backlighting and may be substituted by any similar part
capable of delivering at least 1.2kVy,,q at 10 mA. The module produces a high-voltage out-
put that is proportional to its dc input. Dc power for the module is supplied by a variable power
supply built around IC1, a LM317 adjustable voltage regulator. The PCU-544 operates well
for input voltages in the range 1.5 to 5'V.

The output polarity of the Cockroft—Walton multiplier depends on the way in which its
diodes are oriented. Since ESD standards call for testing with discharges of both polarities,
the multiplier was designed to yield either positive or negative output. If the high-voltage
ac output of the dc-to-ac inverter is connected to point A of the voltage multiplier and point
B is connected to ground, the output at point D will be positive. If, however, point C
receives the high-voltage ac and point D is connected to ground, point B will be negative.
The multiplier can be built on a piece of perfboard, with square-pin connectors at points
A, B, C, and D. Ideally, the multiplier assembly should be potted in RTV silicone rubber.
This board can then be disconnected from the main circuit and turned around to change
polarity.

Switching C5, the ESD model capacitor, between the output of the voltage quintupler and
the output is accomplished by K1, a vacuum relay. Vacuum relays are much better at gener-
ating fast-rise-time waveforms than most other switches (e.g., firing thyratrons) and yield
more reproducible waveforms than those of spark gaps. Vacuum relays can be expensive (a
few hundred dollars), and it is better to search the inventory of electronic surplus stores such
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Figure 4.20 A simulator which produces waveforms that are closer to a professional unit compliant with IEC801-2 (1991) can be built
using surplus high-voltage components. (a) A cold-cathode fluorescent lamp driver and a quintupler produce the high voltage to charge the
ESD model capacitor. A vacuum relay transfers the charge to the device under test via the ESD resistor network. (b) The quintupler should
be built as a stand-alone module, making it possible to reverse the ESD polarity. (¢) If necessary, a SPST vacuum relay can replace the SPDT
unit.

as Surplus Sales of Nebraska and Fair Radio Sales for a suitable SPDT relay with at least a
10-kV contact rating and a 12-V dc coil. If you cannot find a suitable SPDT relay, you can
use a 50-MQ resistor (with at least a 15-kV rating) to charge the 150-pF capacitor constantly,
and use a SPST vacuum relay to deliver the ESD to the ESD resistor network.

Use carbon-composition (noninductive), high-voltage resistors for R4—R7 and build the
high-voltage discharge path with the shortest possible lead lengths. This will ensure low
path inductance and fast ESD pulse rise times. When pushbutton switch SW2 energizes
K1, high voltage will be present at the ESD probe. A piezoelectric buzzer is used to warn



the user that the probe is potentially charged. To comply with the standard, the probe must
have specific dimensions. However, good results are obtained using a 3-in. smooth rounded-
head bolt as the probe tip for air discharge. For contact-discharge tests, use the pointed
edge of a |-in. steel nail.

During operation, the discharge return ground cable of the generator must be connected
to earth ground. The ground cable should be at least 2 m long and have insulation rated at
12kV or more. Dc power for the ESD gun can be obtained from a 12-V battery pack or a
12-V dc adapter with a current rating of at least 400 mA. Finally, make a calibration dial
to be placed around the shaft of potentiometer R2 by measuring the voltage across C5
using a high-impedance high-voltage probe and a digital voltmeter.

The standards call for a ground reference plane to be placed in the floor of the labora-
tory. The plane should be an aluminum or copper sheet no thinner than 0.25 mm, covering
an area no smaller than 1 m?, and projecting at least 0.5m beyond all sides of the device
under test. This is the ground reference to which the ESD simulator should connect. The
plane must also be connected to the protective earth ground. The device under test should
be placed on a nonconductive test table 0.8 m high. All nonconductive construction (e.g.,
all wood) is necessary because metal objects in the table construction would distort the RF
fields radiated by the ESD event field. The table should be placed no closer than 1 m to the
walls of the laboratory or any other metallic object. A 1.6 m X 0.8 m metallic sheet hori-
zontal coupling plane covered with a 0.5-mm insulating support is placed between the
tabletop and the device under test. This coupling plane must be connected to the reference
ground plane via two 470-kCQ2 resistors in series.

Indirect Injection of ESD Fields Since ESD events generate large amounts of RFI, it is
not always necessary for the ESD event to happen between a charged body and the med-
ical device itself. A discharge between two bodies in the vicinity of the medical device may
suffice to cause a failure. For this reason, IEC-61000-4-2 specifies that testing shall also be
done by generating EMI fields through ESD between the ESD simulator and the isolated
horizontal coupling plane, as well as between the ESD simulator and an isolated vertical
coupling plane. The vertical coupling plane is effectively an antenna of dimensions
0.5m X 0.5m that is placed on the horizontal coupling plane but is isolated from it. An
ESD generator is then placed in the center of the vertical edge, and at least 10 impulses of
either polarity are applied. The vertical coupling plane must also be connected to the ref-
erence ground plane via two 470-kQ resistors in series.

Susceptibility to Radiated Electromagnetic Interference

IEC-61000-4-3 specifies a modulated RFI test of 3 V/m as representative of the radiated
electromagnetic interference that may be caused on a medical device by wireless commu-
nication equipment. For critical equipment such as life-support devices, 10 V/m is used for
testing. Currently, tests should be performed at frequencies of 26 MHz through 1 GHz with
1 kHz at 80% amplitude modulation, but there is serious talk about extending the upper limit
to 3 GHz. The frequency band is covered in steps of 1% of the fundamental frequency. For
frequencies of 26 to 200 MHz, a biconical transmit antenna is commonly used. For fre-
quencies above 200 MHz, a double-ridged horn transmit antenna is the popular choice.

As shown in Figure 4.21, the testing is usually performed in a shielded enclosure with
anechoic material placed throughout the enclosure to minimize reflections. The transmit
antenna is typically located 3 m from the device under test. An isotropic field strength
meter is placed inside the room at a location physically close to the device under test and
used as a secondary indication of the field strength. Testing is performed utilizing linearly
polarized antennas, with the device under test exposed to both vertically and horizontally
polarized fields on each of four sides. In addition to the frequency sweep, the device under
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Figure 4.21 Setup for assessing the susceptibility of a medical device to radiated emissions.
Testing is performed in a shielded enclosure with anechoic material placed throughout the enclosure
to minimize reflections. The transmit antenna is typically located 3 m from the device under test. An
isotropic field strength meter is placed inside the room to yield an indication of the field strength.

test is also exposed to a 3-V/m field of 900 MHz modulated with a 200-Hz square wave
and modulated with 50% duty cycle in both vertical and horizontal polarizations.
Sometimes, additional test and monitoring equipment is needed to generate test signals
and to evaluate the performance of the device under test. Figure 4.22 shows the experimen-
tal setup used to test the RFI susceptibility of a prototype implantable-device programmer.
The implantable device programmed by this device is meant to interact with the patient’s
heart. Although the implantable device itself was not the subject of this specific test, it had
to be in communication with the programmer so that the performance of the programmer
could be evaluated while being exposed to the 3-V/m RFI. In addition, since the program-
mer has an ECG input, a patient simulator had to be connected to the programmer during the
tests. The patient simulator as well as the implantable device were placed under an aluminum
foil shield. A shielded closed-circuit TV camera relayed the image from the programmer’s
computer screen to those who were monitoring the device outside the shielded room.
Because of the amount of EMI generated, there is no easy legal way of conducting this test
outside a shielded room. As such, the common engineering practice is to apply good design
practice and then cross fingers when running the test at a qualified facility. Design-lab testing



Figure 4.22 A prototype implantable-device programmer is being tested to assess its susceptibility to
radiated EMI. An implantable device and a simulator need to interact with the device under test to assess
its behavior. These test accessories are placed under the aluminum foil shield. A TV camera relays the
image from the programmer’s computer screen to the control station outside the shielded room.

will probably become more popular in the future. Since cellular telephones and handheld
transceivers can produce field strengths above 3 V/m, regulatory agencies are considering
increasing the EMI field level to 10 V/m for all medical electronic equipment. Passing 10 V/m
will be a very difficult challenge for the designers of sensitive patient-connected devices!

A beefed-up indirect-injection ESD test can serve as the basis for a test to give a rough
indication of a device’s susceptibility to radiated EMI. This is the way in which the military
test equipment hardened against electromagnetic pulses (EMP) generated either by nuclear
explosions. A cheap wideband EMI generator, albeit not nearly as powerful as that used to test
for EMP susceptibility, can be built using a high-voltage generator that charges a capacitor and
releases its energy into an antenna. The trick is to produce a very fast rise time (less than 1 ns,
if possible) and a relatively long total duration (100ns or more). One way of doing this is
shown in Figure 4.23. The core of this wideband EMI generator is Blumlein’s pulse genera-
tor. The capacitances of two transmission lines are charged by a high-voltage power supply
via a series charging resistor R ;... When charging, the transmission lines are effectively in
parallel because inductor L, does not present any substantial impedance to low-frequency
signals. When a certain voltage is developed across the transmission line, the spark gap breaks
down, effectively shorting one end of transmission line 1. This causes a very fast pulse to
appear across the wideband antenna. Blumlein generators are often used to power nitrogen
lasers, ground-penetrating radar, and other instruments that require sharp, high-voltage pulses.

A traveling-wave TEM horn antenna can be used to radiate the pulse generated by the
Blumlein generator toward the device under test. A traveling-wave TEM horn consists of
a pair of triangular conductors forming a V structure in which a spherical TEM-like mode
wave propagates along the axis of the V. The schematic diagram for an experimental wide-
band generator circuit is shown in Figure 4.24. Here, a push-pull oscillator drives a TV
flyback. The original primary of the flyback transformer is not used. Instead, new primar-
ies are made by winding two sets of four turns each of insulated No.18 wire around the
exposed core of the flyback transformer. Feedback for the oscillator is obtained through an
additional coil of four turns of No.24 wire wound around the core.
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Figure 4.23 A beefed-up indirect-injection ESD test can serve as the basis for wideband assess-
ment of a device’s susceptibility to radiated EMI. The transmission lines of a Blumlein pulse gener-
ator are charged by a high-voltage power supply via R .. When a certain voltage is developed
across the transmission line, the spark gap triggers, causing a very fast pulse to be delivered to a
wideband antenna.

Applied at the input of the flyback driver, 12V should produce 15 to 20kV dc at the
output of the flyback’s tripler. This high voltage is used to charge two transmission line
capacitors Z1 and Z2 which are etched on a double-sided 0.4-mm-thick copper-clad PCB
as shown in Figure 4.25. The TEM horn antenna is formed from two truncated triangular
pieces of single-sided PCB and edge-soldered to the Blumlein generator board. The spark
gap is simply a copper or bronze U shape with a bolt and nuts that permit the discharge
gap width to be adjusted.

Susceptibility to Conducted Electromagnetic Interference

EMI susceptibility tests for medical devices conducted according to IEC-61000-4-6
involve injecting RF voltages onto the power line and bulk RF currents into other signal
cables. A current probe is clamped around the entire cable bundle, and radio-frequency

Warning! This is a dangerous device! It produces high voltages that can cause very
painful or lethal electrical shocks. In operation, the spark gap produces significant levels
of ultraviolet radiation, which must be shielded to prevent eye damage. In addition, spark
discharges can ignite flammable or volatile atmospheres. Finally, the EMI levels gener-
ated by this circuit are certainly above what the FCC likes to see dumped into the atmos-
phere. Thus, this generator should only be operated inside a properly shielded room.
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Figure 4.24 1In this experimental wideband generator, a push-pull oscillator drives a TV flyback to produce 15 to 20kV dc. This high volt-
age is used to charge two transmission line capacitors, Z1 and Z2, which are etched on a double-sided PCB.

energy is injected. The frequency range for immunity tests is 150 kHz to 80 MHz, and the
injected RF has an amplitude of 3 V. Figure 4.26 shows a typical test setup. The device
under test is placed in the approximate center and 10 cm above a reference ground plane,
and is powered and operated in a normal configuration. Injection of RF into the ac power
leads is performed with the coupling network shown in Figure 4.27. Testing of signal input
leads is performed via a current clamp on the leads.

Susceptibility to Fast Power Line Transients

IEC-61000-4-4 deals with the immunity that devices must present against repetitive fast
transients that may be induced, for example, by inductive disconnects on the power line cir-
cuit from which the medical device is powered. Electrical fast transients (EFTs) are caused
any time that gaseous discharge occurs (a spark in air or other gas), the most common being
the opening of a switch through which current is flowing. As the switch is opened, arcing
occurs between the contacts: first at low voltage and high frequency while contacts are close
together, and later at a higher voltage and lower frequency as the contacts separate.

Figure 4.28 shows the experimental setup to test for susceptibility to EFT. The device
under test is placed in the approximate center of a reference ground plane and is powered
and operated under worst-case conditions. Throughout the test, the device under test is
observed for any indications of erratic operation. Transients are applied to the power leads
through the use of a coupling/decoupling network. In this network, 33-nF capacitors cou-
ple the high-voltage pulses from the EFT burst generator between ground and the live and
neutral lines of the device under test’s power input. The network also includes a filter to
prevent the high-voltage pulses from coupling into the real power line.

The device under test is subjected to 1-kV discharges to the ac power input leads. Each
pulse should reach 900V by 5ns =30% and should spend no more than 50ns = 30%
above 500 V. The burst of pulses is delivered with a 5-kHz repetition rate. Both positive
and negative polarity discharges are applied. For each discharge sequence the duration is
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Figure 4.25 Construction details for the Blumlein generator. The TEM horn antenna is formed from two truncated triangular pieces of sin-
gle-sided PCB and edge-soldered to the Blumlein generator board. The spark gap is in a bronze U shape with a bolt that permits the dis-
charge gap to be adjusted.

1 minute with a 1-minute pause between sequences. EFT is capable of inducing EMI
within the device under test over a 60-MHz bandwidth.

A capacitive coupling clamp is used to couple bursts onto signal, data, I/O, and telecom-
munications lines. The coupling clamp is really a 1-m-long metallic plate that couples the
EFT to signal lines without galvanic connection. This plate is suspended by insulator
blocks 10cm over a reference ground plane. An EFT generator is a relatively complex
piece of equipment. However, for design-time testing, Guettler [1999] proposed a simple
line-disturbance simulator which generates inductive-disconnect transients through the use
of a fluorescent-lamp ballast inductor and a modified glow-discharge starter. In the circuit
shown in Figure 4.29, a fluorescent-lamp glow-discharge starter is modified by removing
its noise-suppression capacitor. In operation, when SW2 is closed, the glow-discharge
starter SW3 switches on and off at random. The abrupt current variations through the
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Figure 4.26 Setup for assessing the susceptibility of a medical device to conducted emissions. The
test involves injecting RF voltages onto the power line and bulk RF currents into other signal cables.

A current probe is clamped around the entire cable bundle, and radio-frequency energy is injected.
The frequency range for conducted immunity tests is 150kHz to 80 MHz.

Figure 4.27 Coupling network used to inject RF into the ac power leads of the device under test.
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Figure 4.28 Setup for assessing the susceptibility of a medical device to electrical fast transients
(EFTs). This test simulates the power line transients that are caused by switching off an inductive
load.

fluorescent lamp ballast L5 induce noise at the device under the test’s power line input. An
LRC network filters the transients so that they do not flow back into the real power line.

Susceptibility to High-Energy Power Line Transients

IEC-61000-4-5 deals with large surges that may directly reach the device’s power line
because of lightning. The surge pulses for this test are much wider than those used in EFT
testing. The pulses of IEC-61000-4-5 are tens of microseconds wide, making them able to
induce EMI within the device under test over a 300-kHz bandwidth. Figure 4.30 presents
a typical setup for testing a medical device’s susceptibility to high-energy power line
surges. The device under test is placed in the approximate center of a reference ground
plane and is powered and operated in a normal configuration. Throughout the test, the
device under test is observed for indications that a failure has occurred. Transients are
applied to the ac power line leads as well as to I/O lines through coupling/decoupling net-
works. The surge is applied in the common mode (line to ground) at 2kV. The surge is then
applied in the differential mode (line to line) at 1 kV. A series of six positive and six neg-
ative surges are applied with a 1-minute interval between surges.

The impulse generator for these tests uses a 20-UF capacitor charged to the test voltage,
which is discharged through a switch into the device under test via a series coupling capac-
itor and a 40-Q resistor. In addition, a 50-Q resistor placed just after the switch is used for
shaping the test pulse. For line-to-ground testing, the coupling capacitor has a value of
18 UF. For line-to-line testing the capacitor is 9 UF with a 10-Q resistor added in series. Just
as with the coupling/decoupling networks for EFT testing, a filter is placed in series with
the real power line to avoid transients from entering it.
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Figure 4.30 Setup for assessing the susceptibility of a medical device to high-energy power line
surges. Transients are applied to the ac power line leads as well as to I/O lines through the use of
coupling—decoupling networks. This tests simulates the transient variations in power line voltage that
may be induced by a lightning strike.

High-energy power line transients are not easy to generate without a pulse generator such
as the one described by the standard. Because of the voltages and energies involved, we rec-
ommend using a commercial unit. However, if you decide to build your own, follow the com-
ponent values suggested by IEC-61000-4-5, use conservative ratings, and above all, keep it
safe.

Susceptibility to Voltage Dips, Short Interruptions, and Voltage Variations

IEC-61000-4-11 covers power line voltage dips and interruptions. The voltage variations
and their duration are as follows:

* 30% Reduction for 10 ms

* 60% Reduction for 100 ms

* >95% Reduction for 5000 ms
* *10% Voltage variation

For this test, the performance of the device under test is assessed for each combination
of test level and duration selected with a sequence of three dips/interruption with intervals
of 10 seconds minimum between each test event. Each representative mode of operation
of the device under test should be assessed. For each voltage variation, a different pass/fail
criterion may be used. However, the equipment must exhibit safe conditions following
long outages.

The implication of this test to designers is the need to provide energy reserves in the
equipment power supply to maintain operation through brief dips and outages, at least for
critical functions. Designers must also ensure that a device cannot power-up in an unsafe



mode after a prolonged power outage. A simple way of simulating these conditions during
the design phase is to use a variac. Although timing an exact 10 ms for a dip is not an easy
manual task, good approximations for these dips and interruptions can be achieved, espe-
cially when the variac’s output is monitored with an oscilloscope. Remember, however,
that power line voltages are present, and an oscilloscope with grounded input channels
should not be used without appropriate isolation. As shown in Figure 4.31, a small filament
transformer (e.g., 110V ac/6.3V ac at 100 mA) provides appropriate isolation for moni-
toring the variac’s output with a grounded oscilloscope.

Susceptibility to Magnetic Fields

IEC-61000-4-8 deals with interference that may be caused on a device by low-frequency
magnetic fields, such as those generated by the power lines. These magnetic fields can pro-
duce jitter on CRT displays, distortion in amplified signals equipment, or false readings in
equipment magnetic or electromagnetic field sensors. As shown in Figure 4.32, the device
under test is placed in the approximate center of a referenced ground plane at a height of
10cm and is powered and operated in a normal configuration. The magnetic field is
increased to 10 A/m (approximately 125 mG) and is applied to three axes of the device
under test. The field is maintained for a period of approximately 5 minutes for each of
three axes, while the device under test is monitored for any indication of erratic operation.

As shown in Figure 4.33, a test system for design-time evaluation is easy to build. Use
four pieces of 92-cm-long 2-in. PVC pipe, four -in. PVC pipe elbows, and one 2-in. PVC
pipe tee to construct the 1 m X 1 m frame for the current loop. Thread No. 18 1nsulated cop-
per through the loop to form two complete turns. Solder a flexible twisted-pair cable to the
loop wires where they exit the pipe. R1 will be used to monitor the RMS current flowing
through the coil. The coil is powered by a transformer rated at 24 V at 10 A, which is in
turn powered from the power line through a variac.

T
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Figure 4.31 A simple way of simulating power line voltage dips and interruptions is to use a variac. Although timing an exact 10 ms for a
dip is not an easy manual task, good approximations for these dips and interruptions can be achieved when the variac’s output is monitored
with an oscilloscope. A small filament transformer provides appropriate isolation for connection with a grounded oscilloscope.
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Figure 4.32 Setup for assessing the susceptibility of a medical device to magnetic fields. The magnetic field applied to three axes of the
device under test is 10 A/m. This test simulates interference that may be caused on a device by low-frequency magnetic fields, such as those
generated by the power lines.
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Figure 4.33 A magnetic-field induction generator can be built from a coil of wire inside some PVC pipe. This assembly is driven by a
variac—transformer combination to produce the desired magnetic field at the center of the coil.
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To use the test system, increase the variac’s output until you read 5.55 V¢ across R1.
At this point, 4.5 A should be circulating through the two loops of L1. Correcting for the
difference in magnetic field produced by a square loop versus that of a circular loop, and
applying the Biot-Savart law, the magnetic field at the center of the loop should be
(4.5AX2)/0.9m=10A/m.

GOOD DESIGN PRACTICES, REMEDIES, AND DUCT TAPE

No cure for EMC problems is better than prevention. Trouble avoidance in EMC is accom-
plished by considering the emissions and susceptibility aspects of EMC at every stage of
the design process. The following important questions must be part of the circuit design,
selection of components, and packaging:

Will this part of the design generate or be susceptible to interference?
* What are the characteristics of the interference?

* At what frequency or frequencies does it occur?

* From where is it most likely to originate?

* Which radiated and/or conducted path(s) can the interference take from source to
victim?

Once potential sources of interference are identified, you must decide what to do to
reduce their impact. There are four broad solutions to an individual EMC problem:

1. Prevention. Eliminate the sources of potential interference.

2. Reflection. Keep internally generated signals inside the device and keep external
interference outside the device’s enclosure.

3. Absorption. Use filter networks and filtering materials to absorb interfering signals.
4. Conduction. Divert interfering signals to the device’s RF ground.

Fortunately, most of the rules and perils are known in the war against EMI. Designing
an instrument to pass EMC testing is, in all likelihood, all that will be needed to ensure
proper performance under real-world situations. Avoid overdesign. The authors are not
aware of a single medical device malfunction attributed to interference by unknown UFO
radiation. All you need to do is figure out the potential level of interference that you may
encounter, and design within these limits.

Kendall [1998] proposed a simple way of estimating the amount of protection that may
be needed in a medical device to counteract an EMI threat. His step-by-step procedure
demonstrates how to estimate the protection that needs to be incorporated in the design of
an analog comparator with 5-mV sensitivity.

1. Start by identifying the RF threat level. For example, if the applicable standard for
your device establishes immunity against radiated interference at 3 V/m, use this
level for your calculations.

2. Multiply the threat level by the field uniformity of the test chamber in which the
device will be exposed to EMI. A factor of 2 is appropriate for ferrite-lined chambers,
while a factor of 4 is typically used for semianechoic chambers. Assuming a ferrite-
lined chamber, the uniform field will be 2 X 3(V/m) = 6(V/m) = 136(dBuV/m).

3. Account for losses between the source and the victim. A minimum theoretical loss
of —14dB would happen in the case in which the source and the victim are both
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connected to perfectly tuned dipole antennas. However, more severe losses can be
assumed for less perfect situations, such as when the length of the signal line under
consideration is much shorter than one-fourth wavelength of the offending spectral
component for which the threat analysis is conducted. Assume for this example that
the line of interest presents an impedance of 1002 at the frequency of interest and
that the coupling between the offending source and the signal line under analysis is
10dB below ideal.

4. Calculate the coeflicient to be used for the offending signal at the victim circuit. In
the example 136(dB) — 14(dB) — 10(dB) yields 112dBuV across the signal line’s
load impedance of 100 €2.

5. Convert this level back to linear units: 112dBuV =400 mV. This will be the voltage
induced by the offending source at the frequency of interest on the signal line under
analysis. Note that if the load impedance increases, so will the induced voltage. For
example, for a 100-kQ load, the induced voltage will be as high as 2 V.

6. Compare the induced voltage levels against typical circuit threshold values at all sus-
ceptible frequencies. For example, if 26 MHz is within the bandwidth of the pro-
cessing circuit connected to the line under analysis, and since the threshold value for
this example was chosen to be 5mV, the protection level required for a load imped-
ance of 1002 would be 2010g(400mV/5 mV) = 38 dB. For a 100-kQ load imped-
ance, the protection need would increase to 52 dB.

With this approximation in hand, it is possible to select shielding, grounding, and filtering
components that will afford a combined protection that surpasses the estimate by a certain
safety margin.

Shields Up!

Shielding and grounding (reflection and conduction) are the primary methods of guarding
against EMI entry and exit to and from a circuit. Chances are that you will not build your
own enclosure. Rather, you will probably use an off-the-shelf case or hire an enclosure
manufacturer to supply you with custom-made enclosures. In either case, look at the enclo-
sure’s data sheets for EMC specifications. The authors’ preference is to use enclosures
which have a conductive cage that is contained completely inside a plastic enclosure with-
out any exposed metallic parts.

If a conductive enclosure is chosen, ensure that the conductive surface is as electrically
continuous as possible. For a split enclosure, ensure as good an electrical contact as pos-
sible between the parts. Openings in the case that are required for display windows, cool-
ing slots, and so on, must be kept as small as possible. If the size of the opening is larger
than ; of a potential offending EMI component, use transparent grilles to close the RF gap.
Finally, ensure that unshielded lines that carry offending signals do not pass directly
through a shielded enclosure. Use shielded cables for high-sensitivity inputs.

EMI grounding requires different, sometimes conflicting considerations from those
used to protect low-frequency low-level signal lines. The first difference is the issue of sin-
gle-point versus distributed grounding. Single-point grounding of circuits is a common
practice in the design of low-noise electronic circuits because it eliminates ground loops.
This assumption is valid only up to a few megahertz. At higher frequencies in the radio
spectrum, line inductances and parasitic capacitances become significant elements, voiding
the effectiveness of single-point grounding. For example, for the 300-MHz components of
an ESD event, a 0.25-cm length of wire or PCB track acts as a one-fourth wavelength
antenna, providing maximum voltage at the ungrounded end. As such, any cable that is
longer than ; to & of offending spectral components should be grounded at both ends. If
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this poses a ground-loop problem for low-frequency signals, one end can be coupled to
ground through a 0.01-UF capacitor.

Whenever possible, the shield of external cables should be properly terminated to the
equipment enclosure. Poor termination, which may be imposed by leakage current and iso-
lation requirements, may result in capacitive coupling of EMI to signal lines. So, by all
means, and as long as isolation and leakage requirements permit, bond the cable shield
directly to the device’s conductive enclosure. Contrary to the suggestions above, when the
potential problem is ESD, the effective solution is not to shield with a conductive layer
but rather, to insulate. By not allowing an ESD spark to occur at all, there are no bursts of
electric and magnetic fields to radiate EMI.

For this purpose, plastic enclosures, plastic knobs and switch caps, membrane keyboards,
plastic display windows, and molded lampholders help eliminate ESD discharge points. As
arule of thumb, a 1-mm thickness of PVC, ABS, polyester, or polycarbonate suffices to pro-
tect from 8-kV ESD events. The area protected by a nonconductive cover is more difficult to
assess because surface contamination by fingerprints and dust attract moisture from the air
to form a somewhat conductivity paths through which ESD can creep. During 8-kV testing,
an ESD gun can produce sparks that follow random paths over a supposedly nonconductive
surface all the way to a metallic part 5cm away. The same happens on metallic surfaces
painted with nonconductive paint, where surface sparks seek pinhole defects on the paint.

A very common design mistake is to assume that 15-kV-rated insulation on LCD dis-
plays, membrane keypads, potentiometers, and switches is sufficient to protect circuitry
connected to these components. The problem is that although ESD won’t go through the
insulation, it will creep to the edges of the insulation and hit wiring on the edges of these
components. As such, extend the dielectric protection of panel-mounted controls to pre-
vent or at least divert ESD currents from reaching vulnerable internal circuits.

The Real Bandwidth of Signal Lines

Protecting medical devices from EMI is especially difficult because it often involves
sensitive electronics that can pick up and demodulate RFI. Interfering signals can be
recognized as real features of physiological signals, leading to potentially serious risks
to patients and health-care providers. Take, for example, the polling of a cellular phone,
which happens at a frequency close to that of the heart’s normal rhythm. If detected and
interpreted incorrectly, a pacemaker could assume that the EMI bursts are really the heart
beating at an appropriate rthythm, causing it to inhibit the delivery of pacing therapy.

A common mistake in the design of medical instrumentation, especially of biopotential
amplification and processing stages is to assume that the RF bandwidth of the circuit is
limited to the intended operational bandwidth. The limited bandwidth of an op-amp or of
a low-pass filter intended to limit the bandwidth of biopotential signals will do little to
prohibit pickup and demodulation of RF signals. If not controlled, RFI can easily induce
volt-level RF currents in biopotential amplifiers designed to detect micro- or millivolt-level
signals. These RF currents will surely find nonlinear paths (e.g., zener protection diodes
and parasitic diodes) that demodulate them, yielding high-level in-band signals that obscure,
if not completely swamp, real biopotentials.

Besides using proper shielding, one effective solution is to place RF filters on every line
connected to the outside world, especially those that convey low-level signals from patient
sensors and electrodes to high-input-impedance analog circuits. Figure 4.34 shows the
input filters placed in immediate proximity of the signal-input connector of an amplifier
used to record intracardiac electrograms. In this circuit, individual NFM51R00P106 sin-
gle-line chip filters made by muRata are used to shunt RF signals to the isolated ground plane
without affecting low-frequency signals. These filters have a nominal —3-dB cutoff
frequency of 10MHz, yielding a minimum attenuation of 5dB at 20MHz, 25dB at
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Figure 4.34 REF filters are often needed on every line connected to the outside world. In this intracardiac electrogram signal input circuit,
individual single-line chip filters are used to shunt RF signals to the isolated ground plane without affecting low-frequency signals. These
filters have a nominal —3-dB cutoff frequency of 10 MHz, yielding a minimum attenuation of 5 dB at 20 MHz, 25 dB at 100 MHz, and 30 dB
above 500 MHz. 4700-pF capacitors shunt RF signals that may be induced by electrosurgery. Zener diodes with their cathodes connected to

a common point to limit surge voltages that may be caused by defibrillation.

100 MHz, and 30dB above 500 MHz. The 4700 pF following these filters is used to shunt
RF signals that may be induced by electrosurgery tools. The value of 4700 pF was selected
for this design to reduce the possibility that electrosurgery currents circulating through the
electrodes in contact with the heart would reach a level capable of ablating myocardial tis-
sue. Finally, zener diodes with their cathodes connected to a common point are used to
limit the voltage imposed on the inputs of the amplifier by high-voltage transients such as

defibrillation.

It is a good idea to filter every line connected to the outside world, even those that carry
high-level signals over low-impedance paths (e.g., high-level analog or digital outputs)
because if left unfiltered, that line can act as an antenna picking up EMI from outside the
device and reradiating it within the device’s enclosure. One of the most sensitive and often
disregarded lines in a medical device is the reset line. This is because EMI or ESD cou-
pling into a reset line can cause a reset, often leading to temporary interruption of service,
which may leave a patient without the support of a life-sustaining therapy until function is
restored. For this reason, reset lines and components that can evoke reset events (e.g., reset
switches, microprocessor watchdogs, and power supply supervisors) must be thoroughly
shielded and decoupled.



GOOD DESIGN PRACTICES, REMEDIES, AND DUCT TAPE

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 Z, given by

y__ 8 . 598h
" Ve+ 141 08w+,

where ¢ is the dielectric constant of the PCB dielectric, i the height of the track above the
ground or power plane, and w, and ¢, 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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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.

load impedance Z; with a distorted version of the pulse, and presenting an effective delay
T. On a typical surface PCB track, the pulse conduction velocity is approximately
0.15ns/in. = 0.06 ns/cm, so T = 0.15/,(ns) represents the total delay caused by a track of
length /, (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 Z, and Z,, the reflected voltage V, is related to the incident
voltage V, through

v Lty
" Z+Z

The ratio I'=V,/V,, called the reflection coefficient, describes what portion of the pulse
incident from Z, on Z, will be reflected back into Z,. I', V;, and V, 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
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the chassis. Of course, the level of coupling must fall well within the amount of enclosure
leakage permitted for the floating part.

Pulse Reflection and Termination Techniques

In a typical circuit, a driving logic element and a receiving logic element are connected by
a PCB track. In the equivalent circuit shown in Figure 4.36, a pulse with amplitude V/, is
injected by the driver logic element, which presents an output impedance Z, into a PCB
track of length /, and impedance Z,. The pulse carried by the PCB track is then presented
to the input impedance Z, of the receiving element. If we suppose that a Z, =100 track
carries the pulse, and after looking at the data sheets for a selected 5-V family of high-
speed logic, we find that the output and input impedances at our frequency of interest are
Z,=50€ and Z, = 10k, respectively, then upon reaching the receiver, a reflected pulse
starts traveling back toward the driver with amplitude that can be approximated by

Z,—Z, 10,000 — 100
V —

=272 Y 10000+ 100 OV T4V

which assumes a negligible attenuation of the pulse throughout its conduction, and which
takes into consideration only the real parts of the variables. This reflected pulse will be
rereflected back toward the receiver upon hitting the driver with an amplitude approxi-
mated by

V= Zi—Z, V.= >0 — 100 (49V)=—-1.63V

Z,+Z, 50 + 100
This negative signal will interact with the original incident pulse with a delay equiv-
alent to the time it takes for the pulse to travel back and forth along the track t(ns) =
0.31z,

Depending on the length of the PCB track, the —1.63-V reflection could distort the
leading edge of the pulse so much that it will cause the false detection of a logic-low
(Figure 4.37). A different combination of impedances could have caused the reflected pulse
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Figure 4.36 The output of a logic element connected through a PCB track to the input of another
logic element can be modeled as an ideal voltage step generator that drives a transmission line of
impedance Z, through an output impedance Z, The transmission line is then terminated by the
receiver’s input impedance Z,.
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Figure 4.37 A critical length of PCB track could cause the rereflected pulse to distort the lead-
ing edge of the pulse so much that it will cause, in this case, the false detection of a logic-low.

to be positive, possibly causing the false detection of a logic-high, or the false activation
of an edge-sensitive device. Moreover, a reflected pulse presented to the receiver will cause
yet another reflected pulse, which although with far less amplitude, may still be able to
cause erroneous operation of a circuit.

Obviously, the solution to the reflected-pulse problem is to match the impedances in
the best possible way. This design procedure, called transmission line termination, can
be accomplished in four different ways: series, parallel, Thévenin, and ac, as shown in
Figure 4.38. Series termination is recommended whenever Z, < Z, and the line is driving
a reduced number of receivers. This technique, which gives good results in most high-
speed TTL circuits, consumes negligible power and requires the addition of only one
resistor, the value of which is given by

The major drawback of the series termination technique as far as logic signal integrity goes
is that it increases signal rise and fall times. However, the same is a blessing as far as
reducing electromagnetic emissions.

In contrast to series termination, which eliminates pulse reflection at the driver end, all
other techniques eliminate reflection at the receiver end o