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Abstract
Until approximately 50 years ago, wireless electronics was confined to military purposes. With
the advancement of technology, consumer electronics found widespread applications in almost
every aspect of our lives and numerous devices were developed using electromagnetic waves to
transfer different types of data. In light of such advancements, the electromagnetic compatibility
(EMC) evolved from a military concept to regulate the radio frequency requirements of the
battlefield equipments to a mature and essential part in manufacturing and employing electronic
devices. Medical devices were no exception and largely benefited from the ease of connectivity
and mobility provided by usage of wireless electronics. Due to the sensitive nature of medical
devices and extreme consequences of their malfunction, EMC grew to a centric issue in design
and production of such devices.
This work examines the electromagnetic compatibility of a wearable biomedical measurement
system used for the assessment of mental stress of combatants in real time. This system was
developed as a part of the ARTEC project and supported by the Spanish Ministry of Defense
through the Future Combatant program [1]. We focus on the EMC of the electrocardiogram of
the system and aim to identify its EMC requirements of this system while assessing it against
various standards and protocols.
Throughout this study, we elucidate the fundamentals of electromagnetic compatibility with
specific attention to medical devices. Furthermore, we present our results after conducting
several EMC tests to measure the compatibility of the electrocardiogram device using the
Intertek guidelines. The emission test was performed while essential counter measures such as
appropriate shielding and anti-interference filters had been applied.
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NOMENCLATURE
Here are the Abbreviations that are used in later chapters of this thesis

Abbreviations
AIMD

Active Implantable Medical Device

AMN

Artificial Mains Network

CDN

Coupling Decoupling Network

CE

Conformité Européenne

CISPR

International Special Committee on Radio Interference

DoC

Declaration of Conformity

DoD

Department of Defense

ECG

Electrocardiogram

EEA

European Economic Area

EMC

Electromagnetic Compatibility

EMI

Electromagnetic Interference

ESA

European Space Agency

ESD

Electrostatic discharge

EUT

Equipment Under Test

FCC

Federal Communications Commission

GRP

Ground Reference Plane

HCP

Horizontal Coupling Plane

IEC

International Electrotechnical Commission

ISM

Industrial Scientific and Medical

IVD

In Vitro Diagnostic

IVDD

In Vitro Diagnostic Device
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LVD

Low Voltage Directive

MDD

Medical Devices Directive

ME

Medical Electrical

RF

Radio Frequency

RGP

Reference ground plane

RFI

Radio Frequency Interference

RFID

Radio Frequency IDentification

RMF

Risk Management File

R & TTE/RED

Radio and Telecommunications Terminal Equipment Directive

SMOS

Soil Moisture and Ocean Salinity

TEB

Thoracic Electrical Bio-impedance

VCP

Vertical Coupling Plane
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1 INTRODUCTION
1.1 Background

A Brief History of EMC
Electromagnetic Compatibility (EMC) may be a new term to some, though it first began to be an
issue in the military environment earlier than World War II. The war encouraged the rapid
development of Radio Frequency (RF) and microwave technology, which consequently,
highlighted the necessity of EMC to lower the risk of practical failures. A more formal definition
of EMC is given in the next chapter.
In the 1880’s, the German physicist Heinrich Hertz (Figure 1) was searching experimental proof
to find the light and electromagnetic reproductions equivalence. In 1887, Hertz performed a
brilliant set of experiments to clearly show the existence of electromagnetic waves, confirming
James Clerk Maxwell (Figure 2) theory published two decades earlier [2].

Figure 1 - Heinrich Rudolf Hertz (22 February 1857 – 1 January 1894)
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Figure 2 - James Clerk Maxwell (3 June 1831 – 5 November 1879)

He used two polished brass knobs as an oscillator (transmitting antenna), that were connected to
the other end of an induction coil and separated by a tiny gap, in a small gap between two metal
knobs (see figure 3) he produced a spark which generated an oscillating current on the knobs
resulting electromagnetic waves during each spark [3,4]. To further his assessments, he made a
receiver consisting of a looped wire and spark gap placed several yards from the transmitting
antenna. According to the theory, if the oscillator sparks can spread electromagnetic waves, they
would have sparks across the gap in receiving antenna. He turned on the oscillator and the
hypothesized theory occurred.

Transmitting Antenna

Receiving Antenna

Figure 3 - Early antennas constructed by Heinrich Hertz
[http://people.seas.harvard.edu/~jones/cscie129/nu_lectures/lecture6/hertz/Hertz_exp.html]

In the early 1890’s, Guglielmo Marconi (Figure 4) who learned of Hertz's experiments about
radio waves began working on the idea of wireless telegraph. He made his first demonstration of
his system to transport information using radio waves for the British government in July 1896.
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Although Marconi’s system was a huge success, it introduced a whole new class of unexpected
electromagnetic compatibility problems [3,6].

Figure 4 - Guglielmo Marconi (25 April 1874 – 20 July 1937)

Electronic devices got the chance to interfere using radio technology even when they were
located miles apart.
As commercial radio stations began to spread, a new phenomenon known as “intentional
electromagnetic interference” appeared and by the time became more common in different
countries. This led to establishing entities to regulate intentional radio frequency transmissions.
In Europe the International Special Committee on Radio Interference (CISPR) in 1933 and in the
United State, the Federal Communications Commission (FCC) in 1934 set uniform restrictions
on controlling electromagnetic interference supported by the International Electrotechnical
Commission (IEC) [5].
Later on, the U.S. Navy took an interest on Marconi’s system to further improve communication
with vessels at sea. The Navy started the first tests on board ships where many types of
electronic equipment such as environment communication, navigation and data processing
electronics had to successfully operate and function simultaneously in close proximity. Not
surprisingly, they were not able to control the functioning of two transmitters simultaneously in
the presence of strong radio frequency interference (RFI) fields. This early problem can be seen
as the origin of the two major aspects of EMC.
Experiences with EMC problems during the war promoted many developments
and highlighted the importance of devices and systems compatibility. There
examples in which EMC problems led to inefficient utilization of weapons
systems. “As an instance, critical systems during the Vietnam War were often
down in order to avoid other systems to fail [2]”.

in this context
are numerous
and defensive
forced to shut

The importance of measuring and problem solving of EMC, after the war were recognized by
military organizations and many engineers around the world began giving more and more of
their time and resources to diagnosing, solving or preventing electromagnetic compatibility
problems.
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Fortunately, in the past 20 years engineers have had major developments in their attempts that
can predict and correct EMC problems, using advanced electromagnetic modeling tools to
predict worst-case scenarios in order to develop products to be liable and responsible for EMC
issues. They also earned a deeper understanding of the coupling mechanisms that guaranteed to
fulfill EMC requirements.
There has also been fast pace of technical novelty and innovation related to the materials and
components available to minimize or completely remove undesirable electromagnetic coupling.
“Examples of these technological advancements include low-cost shielding materials employing
nanostructures, thinner and more effective absorbing materials, smaller passive filter components
and more sophisticated digital devices capable of reduced emissions and greater electromagnetic
immunity [2].”

MEDICAL DEVICES

Today outside the military, in civilian settings, EMC became a source of concern due to the
global popularity and proliferation of the electronic devices. These concerns are stemmed from
an inevitable reliance on electronic devices: telephones, computers, radio, medical devices,
television and satellites, to name a few. It is noteworthy incompatibility is not only a threat to
manufacturers, but also for those who install, use, modify or maintain such devices. All
electronic devices controlled by microprocessor emit electromagnetic interference to varying
degree and they are also susceptible to interference to varying degree. If precautions are not
taken by manufacturers, it will result interference to other radio receivers and there will be
degradation or malfunctioning in performance.
In medical devices, EMC is even more prominent because such deteriorations may entail drastic
results. Consider medical devices actively used by emergency medical personnel. It is therefore
crucial that all manufacturers of digital electronic devices have to ensure the safety and
compatibility of their products. Such an approach helps achieve trouble free products and
services. The result is improvement in quality and increased customer satisfaction.
Medical equipment containing electronics are not excluded and they require passing the
electromagnetic compatibility tests to guarantee that they can be used in the intended
environment without failing or causing other devices to fail [7-9].
As electronics play a big role in healthcare and hospitals, the effect of electronic systems is
becoming more apparent. Failure of electronic systems to perform their function may lead in
many cases to catastrophic consequences involving potential loss of life. Many probable
problems can be sorted out by ensuring sufficient separation of victims and sources of
interference. It has been suggested in the literature that educating healthcare staff, visitors,
contractors and patients including home-care patients about EMC helps minimize the risks of
such unwanted phenomena.
Using cellular and radio communications phenomena in the vicinity of medical devices can
increase the risks of EMI on the devices due to exposure to emissions from wireless technology
which can be crucial and has become a potential problem. For example, when visitors in hospital
use cell phone nearby patient monitoring equipment, there will be erroneous reading, this is an
EMC issue. That is why many hospitals now prohibit the use of phones in certain patient care
areas.
To facilitate the manufacturing and employing EMC friendly medical devices, several protocols
and standards has been evolved. For instance, IEC 60601 refers to a series of technical
17

standards for the safety and effectiveness of medical electrical equipment that have published by
the International Electro technical Commission first in 1977. These standards concentrate on
EMC aspects of the medical device and its function.
However, there is still a clear need to develop unbiased information and tools to achieve our
specific results in improving safety, reliability, effectiveness and security of wireless equipment
in healthcare and developing the incorporation of wireless technology in healthcare [10].
Although electrical interference in hospitals has often been a minor annoyance, there are
recorded instances of failures of equipment due to electromagnetic interference (EMI) which
have led to injury or dying. Some examples are given below.
“(1) The powered wheelchair is a typical example: there are many stories of radiofrequency
interference (RFI) from police ‘walkie talkies’ or mobile phones causing the wheelchair to drive
itself and its occupant into traffic or a cliff. (2) Another appalling example happened in patients’
monitoring systems: In 1987, patient monitoring systems failed to sound alarms because of
interference; two patients died as a result [8,9].”

1.2 Purpose
The main objective of this thesis was to identify the required standards and tests for
electromagnetic compatibility of the on-lead Electrocardiogram (ECG) Bluetooth-enabled device
used in ARTEC project. Therefore, the following questions and goals were set in the beginning:
1. Literature study on relevant EMC standards and tests
2. Select and design the protocol for EMC test of ARTEC device
3. Perform possible EMC tests by support of Intertek AB

1.3 Outline
The rest of this work is organized as following:
In the second chapter, an overview of EMC including its theoretical foundations and commonly
accepted protocols is given. Since the subject of our work pertains to medical devices used for
military purposes, we delve into EMC in both medical and military contexts with more details.
Particularly, we introduce some of the commonly accepted and exploited protocols in armed
forces with regards to electromagnetic compatibility. Furthermore, we briefly describe the
procedures help standardize medical devices especially from an EMC point of view. The final
part of this chapter is dedicated to EMC tests where we discuss different types of such tests along
with their technicalities and limitations. Our experimental setup for testing the ECG equipment
used in ARTEC is represented as a case study at the end of the chapter. Chapter 3 provides more
details about the methodologies used in EMC tests. The experimental setups for conducting both
emission and immunity tests are explained and the technical specification of such tests are
outlined. Chapter 4 presents our results for testing the embedded ECG device used in ARTEC
under a realistic scenario. We review the diligent process taken for conducting each experiment
and show the final results in a tabular format. The final chapter drives some conclusions and
suggests further avenues found during our experimental work for arriving at more accurate and
holistic results.

18

2 THEORETICAL BACKGROUND
An overview of EMC
Fundamental definitions and concepts
In this section, we briefly explain specific terms and provide an outline for some concepts
used in future chapters. Since this work represents a connection between several areas in
electronics and biomedical engineering, it is imperative to establish this glossary in advance. We
begin with critical expressions related to electromagnetic theory and its practical use in
electronics and follow it by presenting some terms in biomedical engineering.
1- What is emission? Emission is the unwanted generation of electromagnetic energy released
to its environment.
2- What is Electromagnetic disturbance? Is an electromagnetic phenomenon which may affect
the normal performance of a device or a system. An electromagnetic system has to comply
with three important criteria: (1) not to disturb other systems, (2) not to be susceptible to
other systems and (3) not to disturb itself (Figure 5) [11].

Figure 5 - Examples of Electromagnetic sources in different frequencies
[www.earthingoz.com.au/what-is-emf-emr][12]

International standard EN 55011:2009 separates all equipment in two groups, Group 1 and
Group 2. Additionally, each group is subdivided in two classes, Class A and Class B.
3- Definition of Group 1 and Group 2 according to EN 55011:
“Group 1: includes all equipments that are not classified as Group 2 equipment.”
“Group 2: includes all ISM (Industrial Scientific and Medical) RF equipment in which
radio-frequency energy in the frequency range of 9 kHz to 400 GHz is deliberately produced and
used or only used, in the form of electromagnetic radiation, inductive and/or capacitive coupling,
for the treatment of material or inspection/analysis reasons [11].”
4- Definition of Class A and Class B:
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Class A: equipment in this class are acceptable for use in all establishments but they are
not suitable for domestic and those are not directly connected to a low voltage power supply
network which supplies buildings used for domestic purposes.
Class B: these are appropriate for use in domestic establishments and in establishments in
which are directly connected to a low voltage power supply network that supplies buildings used
for domestic purposes.
5- Electrocardiogram: a widely used medical device which aims to measure the electrical
activity of the heart. It is commonly known as ECG and measure electrical activity of the
heart muscle to determine heart conditions. As described in next chapters, the ECG signal is
easily disturbed by the environmental interferences. Consequently, this may affect the patient
heart beat data and even a small error might cause patient’s death. Therefore, it is extremely
important to make sure it will not be affected by the surrounded signals [13,14].
6- Life supporting ME equipment and ME systems: Life support refers to the medications and
equipment used to keep people alive in medical situations [14].
7- Thoracic Electrical Bio-impedance (TEB): A non-invasive technique for monitoring of
hemodynamic parameters. It is used to measure cardiac output, stroke volume, and cardiac
index. The measurement occurs by placing four pairs electrodes at the neck and diaphragm
and sending high frequency current into the chest [15].
8- Essential performance according to EN 60601-1-2: performance necessary to achieve
freedom from unacceptable RISK.
Electromagnetic waves

Movement and acceleration of an electron in atom caused by electric field creates
electromagnetic radiation. Electromagnetic wave contains of an electric field (V/m) and a
magnetic field (A/m) which are placed in two different directions with 90-degree angle beside
each other (Figure 6) [16].
Electromagnetic radiation has two characteristics, Frequency and Wavelength.
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Figure 6 - Electric and magnetic field in two different directions, electric field and magnetic field
[https://en.wikipedia.org/wiki/Electromagnetic_radiation]

For measuring electromagnetic radiation, a spectrum analyzer can be used. A spectrum analyzer
shows radiation signals in frequency domain. Both oscilloscope and an analyzer are tools to see
and analyze the electronic signals, the difference between them is that, Oscilloscope shows
signals in time domain and a spectrum analyzer shows signals in frequency domain (Figure 7)
[17].

Figure 7 - Electromagnetic waves measured by oscilloscope (Time domain measurement) and spectrum
analyser (Frequency domain measurement)
[http://www.srh.noaa.gov/jetstream/remote/remote_intro.html][16]

Electromagnetic Interference

With recent technological advancements in development of electronic devices, there has an
increasing number of malfunctioning reported due to interference from various emitters of radio
frequency [18-20]. The phenomenon is commonly known as Radio Frequency Interference (RFI)
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[21]. A closely related concept is the Electromagnetic Interference (EMI) defined as any
undesirable emission of electromagnetic energy being either conducted or radiated [22]. Due to
synonymous nature of RFI and EMI, we henceforth use the broader concept of EMI.
Electromagnetic interference instances have been reported in many contexts over the past
decades [23-25]. For example, the European Space Agency (ESA) Earth Explorer mission
generating enormous amount of data have been shown to be affected negatively by such
interferences. ESA’s Soil Moisture Ocean Salinity (SMOS) mission uses a radio telescope to
gather microwave emissions from Earth’s surface. Data is then analyzed to measure the salinity
of oceans and the level of soil moisture periodically. Early analysis of collected data determined
EMI significantly affected SMOS data and resulted in noisy and convoluted signals [26].

Electromagnetic Compatibility

We briefly discussed the electromagnetic compatibility and emphasized on its importance. Here
a more detailed explanation of the EMC is provided. Electromagnetic compatibility ensures
equipment, device or more generally any electrical or electronic system functions satisfactorily
in the presence of electromagnetic waves induced or generated by similar devices or natural
causes in its vicinity. EMC also requires the device to properly work without introducing or
generating unacceptable electromagnetic disturbance to other equipment in the environment.
Electromagnetic disturbance is an ambiguous term but typically any degradation on the normal
performance of a system that is resulted from electromagnetic waves is recognized as
electromagnetic disturbance. Obviously, it will be nearly impossible to shield a device from any
undesirable electromagnetic field. Therefore, any device should be tolerant to a level of
disturbance. In other words, electronic devices are expected to demonstrate “immunity” and
correctly operate even when some level of disturbance exists. Specific details on the level of
tolerance and compatibility have attracted much attention and numerous protocols and standards
have been defined to regulate such details about EMC [27-30].

EMC in healthcare

The ramification of such interferences in functionality of medical devices can be beyond
erroneous measurements and scale up to tragic incidents. In fact, a patient’s safety may be
largely compromised due to the malfunction of an electronic medical device implantable in
patients. For example, in cardiac devices, such as defibrillators, EMI can mistakenly indicate an
arrhythmia and result in adversary therapeutic actions or conversely, fail to detect arrhythmia
yielding disastrous consequences [31]. Other examples include equipment such as pacemakers
and ECG monitors that have been drastically affected by EMI. Luca, Cătălina and Alexandru
Sălceanu [32] describe two severe cases of EMI for the medical instruments: “(1) A patient
attached to a monitor-defibrillator in an ambulance passed away because of the interference from
the ambulance radio that prevented the machine from working. (2) Another patient fitted with a
pacemaker went into ventricular fibrillation in a little while the patient being scanned with a
metal detector outside a courtroom [8].”
With ever-increasing use of wireless technology applications in healthcare, the chance of EMI
incidents has considerably increased which demands more attention to ensure the potential risks
of these technologies are comprehensively assessed and examined [33]. Technologies such as
Wi-Fi or RFID have become an essential part of any modern healthcare system and can be
observed in conjunction with many medical devices [34]. Needless to say, that EMI is among the
most crucial risk factors associated with this technology. This further promotes the necessity of
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the regulations for the Electromagnetic Compatibility (EMC) of medical devices [35,36]. This
has been the motivation for many initiatives striving to define and impose the safety of medical
devices. Tan and colleagues [37] presented a detailed review of Health Canada’s investigations
to assure the widely used medical devices would be minimally influenced by various types of
electromagnetic interference. The project led to establishing compatibility requirements among
other recommendations to lower the risk exposure for patients and guarantee the EMI safety. The
next section provides a list of such protocols with an emphasize of those ensuring the
compatibility of the medical devices.
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EMC protocols
In this section, we briefly introduce commonly considered standards including both commercial
and military ones. In later chapters, we describe how those standards shape applicable protocols
and used in practice to test the compatibility of medical devices. Table (1) exhibits important
commercial standards required in European nations stated in Intertek Semko AB
documentations.
Table 1 - A list of EMC standards which are mentioned in this report [Picture taken from Kok-Swang et.
el. 2001]

Standard
EN 60601-1-2
(2007):
IEC 60601_2_25
(2011):
EN 55011
(2009):
EN 61000-3-2
(2014):
EN 61000-3-3
(2013):

EN 61000-4-2
(2009):
EN 61000-4-3
(2006) + A1:
EN 61000-4-4
(2012):
EN 61000-4-5
(2014):
EN 61000-4-6
(2014):
EN 61000-4-8
(2010):
EN 61000-4-11
(2004):

Description
Medical electrical equipment - Part 1-2: General requirements for
basic safety and essential performance - Collateral standard:
Electromagnetic compatibility - Requirements and tests.
Medical electrical equipment – Part 2-25: Particular requirements for
the basic safety and essential performance of electrocardiographs.
Industrial, scientific and medical equipment-Radio-frequency
disturbance characteristics-Limits and methods of measurement.
Electromagnetic compatibility (EMC) - Part 3-2: Limits for harmonic
current emissions (equipment input current ≤ 16 A per phase).
Electromagnetic compatibility (EMC) - Part 3-3: Limits - Limitation of
voltage changes, voltage fluctuations and flicker in public lowvoltage supply systems, for equipment with rated current ≤ 16 A per
phase and not subject to conditional connection.
Electromagnetic compatibility (EMC) - Part 4-2: Testing and
measurement techniques - Electrostatic discharge immunity test.
Electromagnetic compatibility (EMC) - Part 4-3: Testing and
measurement techniques - Radiated, radio-frequency,
electromagnetic field immunity test.
Electromagnetic compatibility (EMC) - Part 4-4: Testing and
measurement techniques - Electrical fast transient/burst immunity
test.
Electromagnetic compatibility (EMC) - Part 4-5: Testing and
measurement techniques - Surge immunity test.
Electromagnetic compatibility (EMC) - Part 4-6: Testing and
measurement techniques - Immunity to conducted disturbances,
induced by radio-frequency fields.
Electromagnetic compatibility (EMC) - Part 4-8: Testing and
measurement techniques - Power frequency magnetic field immunity
test.
Electromagnetic compatibility (EMC) Part 4-11: Testing and
measurement techniques - Voltage dips, short interruptions and
voltage variations immunity tests.

24

MIL-STD

The military standard series

Military Specifics Standards

In a broad sense, the military standards "MIL-SPEC" and “MIL-STD" describe the essential
technical requirements for military items and testing their manufacturing compatibility.
In nutshell, the scope of such standards goes much beyond the electromagnetic compatibility.
The purpose is to help ensuring products meet certain criteria such as maintainability,
reparability and compatibility. Problems occurred during World War II (1939-1945), due to lack
of military standards, led almost all national militaries became busy classifying issues with the
hope to define some future standardization frameworks.” For example, due to differences in
dimensional tolerances, in World War II American screws, bolts and nuts did not fit British
equipment properly and were not fully interchangeable. (reference: British hardware since the
early 20th century was made to BS standards, while American Hardware was made
to ASA standards. Though similar, fasteners could often not be interchanged in high-precision,
demanding applications until the development of the Unified Thread Standard in the late
1940s.)” [38].
These standards come up with a huge amount of advantages, such as ensuring quality of military
equipment and certifying compatibility of tools. Also coordinate U.S. standards with
international standards in order to use American products worldwide.

EMC in Military

Until a few decades ago, almost the entire range of electromagnetic spectrum were solely used
for military purposes. Therefore, it was natural to observe that RF requirements were stemmed
from military usage. Similarly, EMC efforts were driven by the military and highly correlated
industries. From an economic point of view, consumer electronics were in its infancy phase and
devices with electromagnetic emission capabilities were not affordable for the general public
with a notable exception of AM/FM radios.
Lessons learned from wars shed light on the necessities of EMC for military RF devices. The US
Department of Defense (DOD) were a leader in this universe by establishing and enforcing
policies which were later evolved to modern military EMC standards and protocols. For
example, consistent to the aforementioned general standards MIL-STD-461 and MIL-STD-464,
DOD made a policy that required all electronic systems and their sub components to be
compatible with regards to their electromagnetic emission levels. The routine practice nowadays
is to follow the guidelines described in military EMC design handbooks in all of the R&D phases
while producing a new military equipment. The below list outlines a number of popular EMC
standards in military stated in DoD handbooks [39,40].
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Table 2 - Some of the most important EMC military standard are gathered in this table [Department of
Defence Interface Standard Electromagnetic Environmental Effects Requirements for Systems, December
2002]
Standard

Description

MIL-STD 461

represents a harmonized standard for military equipment and subsystems.
This standard is focused on conducted and radiated emissions and
susceptibility for electrical and electromechanical devices and components
designed for use of Department of Defense(DoD).
(EMC test set-up and methodology), This standard establishes general
testing techniques for use in the measurement of the EMI characteristics.
(EMC definitions and acronyms), This standard is designed in order to help
reaching a more common understanding of the meaning of terms used in the
various military standards.
is addressing EMC for systems that covers conducted and Radiated
Emissions and Susceptibility. This standard establishes requirements and
verification criteria for ground system, sea and space.
This standard establishes the requirements to control the electromagnetic
emission and susceptibility characteristics of all new military radar
equipment and systems operating between 100 megahertz (MHz) and 100
gigahertz (GHz).
MILITARY SPECIFICATION: SHOCK TESTS. H.I. (HIGH-IMPACT)
SHIPBOARD MACHINERY, EQUIPMENT, AND SYSTEMS,
REQUIREMENTS. This specification covers shock testing requirements for
ship to verify the ability of ship board machinery, equipment, systems, and
structures.
DEPARTMENT OF DEFENSE DESIGN CRITERIA STANDARD: HUMAN
ENGINEERING. This standard establishes general human engineering
criteria for design and development of military systems, equipment, and
facilities. Its purpose is to present human engineering design criteria,
principles, and practices to be applied in the design of systems, equipment,
and facilities.
DEPARTMENT OF DEFENSE STANDARD: OCCUPANT-CENTRIC
PROTECTION FOR MILITARY GROUND VEHICLES. This standard
establishes general occupant-centric design and underbody blast protection
criteria for Military ground vehicles. The purpose of this standard is to
present occupant-centric design and underbody blast protection criteria,
principles, and practices to optimize system performance with full
consideration given to the target population and their defined equipment as
part of the total system design trade space to achieve mission success and to
mitigate the risk of occupant injury.

MIL-STD-462
MIL-STD-463

MIL-STD 464

MIL-STD-469

MIL-S-901D

MIL-STD-1472G

MIL-STD-3058

EMC guidelines for medical devices

Perhaps the most common standard for (ME) medical electrical devices is EN 60601 that is a
series of technical standards which include a description of methods for the safety and
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effectiveness of medical electrical devices. It consists of a general standard, collateral and
particular standards each briefly described below.
The general standard EN 60601-1 broadly specifies requirements associated with the safety and
performance of all medical electrical equipment. The collateral standards (60601-1-X) describe
the requirements of safety and performance and pertains more to our main topic. In fact, the
electromagnetic compatibility standard (EN 60601-1-2) relates to this collateral since it intends
to prevent any overriding of the requirements determined by the general standard. The particular
standards (60601-2-X) describe the requirements for specific measurements for specific
products. Nerve and Muscle Stimulators (IEC 60601-2-10) serve as an example here. Another
pertinent standard is EN 55011 (2009) along with its first amendment which sketches the limits
and techniques of measurement for radio frequency disturbance in Industrial Scientific and
Medical (ISM) equipment. In nutshell, this standard deal with emission requirements related to
RF disturbances.

Certifying a medical device

In order to sell medical devices and In Vitro Diagnostic products (IVDs) in the European
Economic Area (EEA), you must first CE Mark (European Conformity) your product. The CE
Mark (See figure 8) is not a quality mark, nor is it intended for consumers. CE marking indicates
to EU regulators that your device meets all applicable requirements of the appropriate EU
Directive, such as the Medical Devices Directive (MDD), In Vitro Diagnostic Device Directive
(IVDD) or Active Implantable Medical Device Directive (AIMD), as they apply to your product.
In addition to the mentioned directives, other directives may apply such as Electromagnetic
Compatibility (EMC) Directive 2004/108/EC. In this work, the focus is on EMC standards and
tests for medical devices and more specifically ECG device [41].

Process for CE (Conformité Européenne) marking (Information from Intertek Semko AB)

In this section, we outline the process for obtaining CE marking (by personal communication
with Farzad Farzaneh). He first step to certify a device is to identify the relevant directives. For
medical devices MDD Directive is one of the required directives. MDD is supposed to
harmonize the laws relating to medical devices within the European Union. According to MDD
directive, you can find other relevant directives for different kinds of medical devices such as
EMC directive. If the device includes any radio operation, directive Radio and
Telecommunications Terminal Equipment Directive (R & TTE/RED) would be an additional
requirement.
The directives provide a guideline to identify appropriate standards; the manufacturer has to
ensure that the device would comply with the standards. In many cases the manufacturer or the
producer chooses a test lab to do the measurements according to the relevant standards or they
have documentation to prove it.
The next step is to prepare a “technical file”. To place the CE mark on the product manufacturer
should provide the obligatory documentation to demonstrate the crucial demands of the
applicable directives have been satisfied. Generally, a technical file must include test reports
(EMC, LVD and chemical reports to name a few), a Risk Management File (RMF), user manual
and technical instructions.
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RMF file is documentation by the manufacturer and according to ISO 14971 which is an ISO
standard for the application of risk management process to medical devices [41].
After “risk management”, the manufacturer or the producer has to gather all the CE marking
process and produce a declaration conformity called DoC. In the DoC document, the
manufacturer declare that the device fulfills all legal requirements.
In case of market survey, accident or an incident report, the governmental agencies have right to
monitor products in the market. In these cases, they can ask for “technical file/RMF” and “DoC”
(Figure 9) [41].

Figure 8 - CE mark symbol

Figure 9 - Schematic elucidates the process of obtaining the CE mark (Slide by Farzad Farzaneh)

EMC tests
EMC tests (Information from Intertek Semko AB)
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To comply a ME equipment or ME system it is necessary to follow the named standards and the
tests. In this report exists information about the EMC tests and more detailed about ECG ME
devices instructors for ME equipment and systems. Electromagnetic compatibility is about
emissions and immunity. To confirm that ME equipment and ME systems are complying with
standards, emission and immunity tests have to be performed as described in this report.
According to EN 60601-1-2 (2007) shall include Identification, marking and documents
appendix.

Emission tests

This group of tests is designed in accordance to EN 60601-1-2 standards. This refers to EN
55011 plus its first amendment given in 2009. As briefly mentioned before, according to EN
55011 there is a hierarchical categorization of all ME equipment and systems. Each equipment is
categorized in either group 1 or 2 while each group is further splitted into class A or class B. For
example, in alignment with this structure, all ECG equipment’s shall be tested as Group 1.

Radiated Emission

The term radiated emission refers to the electromagnetic energy that release unintentionally from
an electronic device into space. From the frequency around 30 MHz, interference produced by
the EUT (Equipment under test) starting to radiate out from the cables and after 300 MHz, the
whole enclosure can radiate unwanted interference. Measurement of radiated emission occurs in
anechoic test chamber or test sites or depending on situation can be measured in situ.
To provide the correct measurement, we have to eliminate of the ambient noise and RF reflection
from the EUT. Measurement in a chamber is the best method to avoid these problems.
Measurement in a chamber of class B equipment can be performed at a distance of 3 m or 10m.
Table (2) summarizes the limits associated with different configurations.

Table 3 - Test limitations for radiated emission class B according to EN 55011
Frequency range

Limit (quasi peak)/3 m distance

Limit (quasi peak)/ 10 m distance

30-230

40

30

230-1000

47

37

Test methods:

For measuring in an anechoic chamber an antenna, a receiver and a signal amplifier is needed.
Measurements shall be made for both horizontal and vertical polarization. The center of the
antenna shall be varied between 1 m and 4 m height for maximum indication at each test
frequency (See figure 10).
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All cables shall be connected in the length and type specified by the manufacturer at the normal
use. If the cable has to be bundled, the bundled part shall have the length between 0,3 – 0,4 m.

Figure 10 - Radiated Emission Testing in a semi anechoic chamber in 3 m distance to the antenna [Picture
taken from Garth D’Abreu et. al. 2001][42]

Conducted Emission

Interference that can transfer via cables from the EUT (equipment under test) into other
electronic devices called conducted emission. This term refers to the radio frequency noise
present in the physical wiring or traces of an electronic device.
Conducted emission test method can help to measure the conducted emissions. Conducted
electromagnetic energy in type of common mode or differential mode can transmit via power
cables, signal ports and cables, or earth cables. Mostly below frequency 30 MHz interference s
are remain in cables and over this frequency it begins to radiate from the enclosure product. In
case of medicals environment EMII can often be transmitted via the mains distribution network.
For measuring EMI on mains cable at least one type of AMN (artificial mains network) and a
signal receiver is needed. Table (3) summarizes the limits associated with different
configurations [43].
Table 4 - Test limitations for conducted emission class B according to EN 55011
Frequency range

Limit (average)

Limit (quasi peak)

0,15 – 0,50

66 Decreasing linearly with
logarithm of frequency to 56

56 Decreasing linearly with logarithm
of frequency to 46

30

0,50 – 5

56

46

5 – 30

60

50

Test methods:

The closest surface of EUT shall have a minimum distance of 0.8 m to the AMN.
The main cable shall be 1 m long or if it is longer it has to be bundled (See figure 11) not
exceeding 0.4m.
All other main supplies which belong to the same system have to be connected to a type of AMN
and be terminated.

Figure 11 - bundled cable configuration

Harmonics

Harmonics are non-linear currents or voltages in an electrical distribution system.
The EN 61000-3-2 standard gives limits for harmonic current emissions from electric equipment.

Flicker

Flicker is caused by fluctuations in the source voltage.
The EN 61000-3-3 standard is concerned with the emissions limitation of voltage fluctuations
and flicker impressed on the public low-voltage system.

Immunity tests

The EMC Directive (2004/108/EC) is a requirement before selling a product.
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In the EU, the manufacturer or importer must ensure that the product will not cause interference
(emissions), and it will operate as normal in its intended environment (immunity).
Immunity [18] levels and test methods according EN 60601-1-2

ESD Immunity

Electro static discharge is a sudden electric current between two objects with different electrical
potential.
The EN 61000-4-2 standard is commonly used to certify electronic equipment in which devices
has to be protected against electrostatic discharges.
Contact Discharges: Discharges directly to metal surfaces.
Air Discharges: Discharges to nonconductive surfaces such as displays or plastic cabins.
ESD Gun: Is an ESD discharge simulator containing 150 p capacitor which can induce discharge
current. Discharge Resistance is 330Ω.
See ESD test levels in table (4).

Table 5 - Test level ESD according to EN 60601-1-2
Discharge type

Test Level (KV)

Air discharge

±2, ±4, ±8

Contact discharge

±2, ±4, ±6

Test methods:

1.

Time between single discharges is 1 s.

2.

Contact discharges are applied only to accessible conductive surfaces.

3.

Air discharges are applied only to non-conductive surfaces.

Example in real life: A person walks across a carpet, becoming electrically loaded, and touches a
sensitive electronic device, discharging that stored energy as an intense current transient through
the product.
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Figure 12 - ESD transient wave form [http://www.analog.com/en/analog-dialogue/articles/safeguardyour-rs-485-communication-networks.html][42]

Radiated RF electromagnetic fields Immunity

Electromagnetic field is electromagnetic interference produced by a generator and radiate via an
antenna to the product under test, normally in an anechoic chamber or in some situ.
According to the EN 61000-4-3 standard “products must be designed and tested to ensure that
they are immune to both intentional transmitters and unintentional RF emitting devices. See
radiated immunity test levels in table (5).”

Table 6 - Test level for radiated immunity according to EN 60601-1-2
Type

Frequency range
MHz

Level
V/m

Life supporting ME equipment and ME systems

80-1000

10

Non-life supporting ME equipment and ME systems

80-1000

3

Life supporting ME equipment and ME systems

1000-2500

3

v Non-life supporting ME equipment and ME systems

1000-2500

3

Test methods:

1.

Test frequency step from 80 MHz to 2.5 GHz with 1% of the fundamental frequency.
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2.

80 % amplitude modulated at frequency 2 Hz or 1 KHz.

3.
Minimum dwell time allowed for test at 2 Hz modulation is 3 s and 1 KHz modulation is
1 s, however the dwell time depends on the ME equipment or systems reaction time.
4.

Patient coupled cable shall be as longest as allowed by the manufacturer under the test.

Example in real life: Someone uses a mobile phone when stood right next to an electronic device
like a voice amplifier.

●

Electrical fast transient and burst

Burst is a fast transient caused by a sudden change of load in the mains supply.
A single impulse that moves in a single direction repeated at a 5kHz rate in bursts lasting 15 ms
each, with three bursts per second (See figure 13) [44].
The EN 61000-4-4 standard is for evaluating the immunity of electronic equipment and test
procedures when subjected to electrical fast transients/bursts. See burst test levels in table (6).

Table 7 - Test levels for Electrical fast transient and burst according to EN 60601-1-2
Cable type

Test Level (KV)

AC and DC power lines

±2

Signal and inter connection cables
(longer than 3 m)

±1

Note that patient coupled cables are tested but they can be affected during other cables tests.

Test methods:

1.

All cables shall be attached during the test.

2.

Patient coupled cables have to be terminated according to EN 55016-1-2.

3.

Hand held ME equipment and ME systems should be tested with an artificial hand

4.
If the ME equipment and ME system has different voltage rate the minimum or
maximum voltages have to be applied.
Example in real life: an electrical load is suddenly switched off causing a high energy transient
in the mains power supply which may destroy other electrical phenomena.
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Figure 13 - Burst transient wave form and duration [Picture taken from Seoane, Fernando, et al. 2014]

●

Surge

Surge can cause by a lightning strike that has permeated into power line.
Target of the EN 61000-4-5 standard is to provide a model to simulate surges for evaluating the
immunity of electronic equipment.

Test levels:

AC power common mode (Line to earth): ±0.5 KV, ± 1 KV and ± 2 KV
AC power differential mode (line to line): ±0.5 and ± 1 KV
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Test methods:

1.

Only AC cable has to be tested but all other cables have to be connected during the test.

2.
Surge pulses are performed in 0˚, 90˚, 180˚and 270˚ phase angles, for each angle 5
positive and 5 negative repetitions is required.
Example in real life: A nearby lightning strike causes a surgeon the power lines (figure 14)

Figure 14 - Thunder light, an example of Surge

Figure 15 - Surge transient wave form of an open circuit voltage 1,2/50 µs[WWW.TESEQ.com][45]

●

Conducted disturbances induced by RF field

The radio field interference induced to conducted lines and cables.
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The purpose of EN 61000-4-6 standard is to test the functional immunity of electronic equipment
when subjected to conducted disturbances induced by RF fields.

Test level:

Life supporting ME equipment and ME systems: industrial 10 V/m, non-industrial 3 V/m.
Non-life supporting ME equipment and ME systems: 3 Vrms
The test performs in frequency range 150 KHz*-80 MHz
*The start frequency can be different in some cases.
Test methods:

1.

At least one type of CDN (Coupling Decoupling Network) is needed.

2.
All cables connected to ME equipment or ME system have to be connected through a
CDN and be tested one at the time.
3.

A current clamp or EM clamp will be used to test patient coupled cable.

Example in real life: Ambient RF signals are induced into cables and/or connected products
transmit RF interference like a radio connected to mains power supply.

●

Magnetic field

The EN 61000-4-8:2009 standard is to establish a common reference to get the measure of the
electronic equipment performance when subjected to magnetic fields at power frequency.

Test level:

3 A/m
Test method:

1.

The test is performed in both 50Hz and 60Hz depending on EUT voltage rate.

Example in real life: High power electrical systems including transformers and electric
traction systems (railways).

●

Voltage dips, short interruption and voltage variations on power supply input

The EN 61000-4-11 standard is intended to demonstrate the immunity of electronic equipment
when they are affected by voltage dips, short interruptions or voltage variations of power supply.
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Table 8 - Test level for Voltage dips and interruption immunity test according to EN 60601-1-2
Voltage test level
% UT

Voltage dip
% UT

Duration
Voltage interruption
s

Duration
Voltage dips
Periods

<5

>95

5

0,5

40

60

-

5

70

30

-

25

Note: this test is applicable only to ME equipment and ME system with rated input current less
than 16 A.

Test methods:

1.
For ME equipment and ME system that have a multiple voltage rate, reference voltage
should be both the maximum and minimum of the rating voltage.
Example in real life: Blackouts and momentary lapse in power on the mains due to faults and
switching transients.
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A case study of EMC tests on medical devices
This work presents ARTEC project in detail and then focuses on the EMC aspects of it. ARTEC
is a Spanish project to gather and analyze multi sourced data about soldiers’ stress during the
combat [1]. First, a system of wearable measurement instruments is established to capture
various types of stress in real-time. Wireless communications are then used to transfer measured
signals for the downstream analysis and possibly provide actionable information in the
battlefield. To provide a holistic view, ARTEC contains an initial research phase in which a set
of suitable indicators for monitoring the nervous system are experimentally identified.
Consequently, the second phase accomplishes the final prototype design followed by
implementation of embedding sensors to a soldier’s vest.
Emotional, mental and physical stress are quantified using different types of sensorized
garments. To evaluate the performance of this array of sensors, an experiment is conducted to
produce controlled levels of stress in different types. This entails measuring (a) the emotional
stress while the subject is watching selected movie segments; (b) the mental stress by involving
subjects in computationally challenging games and (c) the physical stress after subjects are
instructed to do a physical activity. Overall, seven sensorial signals are studied from which a
combination of 724 features are extracted for each subject. The authors elucidate a classifier that
takes these features as the input and assigns one of the four stress states to the subject of the
interest (namely, neutral state, {emotional, mental, physical} stress). One may view this
classification schema as an implication to select the most deriving features for predicting the
stress. Interestingly, results suggest that features extracted from electrocardiogram and thoracic
impedance signals are significantly more efficient when compared to other five signals. Beyond
that, speech analysis demonstrates very high error rate that might be partially explained by the
absence of voice data for a portion of subjects.

39

3 METHODS
Radiated Emission Test

The radiated emission test for ECG is performed in a semi-anechoic chamber in 10m distance
between Equipment Under Test (EUT) and antenna. The test method is in line with standard EN
55011: 2009 + A1.
The EUT was set up in order to emit maximum amount of disturbances. For this purpose, it was
placed on a non-conductive support 0.8m above the turntable. This structure was a part of the
reference ground plane (RGP). The antenna was placed 10m from the EUT and connected to an
amplifier via a coaxial cable inside the chamber. The output port of the amplifier was connected
to an EMI receiver outside of the chamber through the wall.
A laptop was placed on the floor behind the antenna to avoid any interference from the laptop
during the measurement. Before the measurement of the EUT, an overview measurement was
performed only with the laptop behind the antenna to make sure that we don't get any
interference from the laptop.
In this case, we put EUT (equipment under test) on a foam table and it was connected to the
laptop via Bluetooth for a normal operation mode.
The peak detector activated in the frequency-range from 30MHz to 1000MHz and the overview
sweeps were carried out with the measurement receiver in max-hold mode. The turntable rotated
recurrently during the radiated emission overview sweeps. One turn completed after 8 moves
each at a 45-degree angle. The antenna moved up and down from 1m to 4 m height and rotates
to vertical and horizontal polarization. This holistic movement pattern helped capture the signal
around the EUT entirely. All these actions were automatically controlled and mediated with
EMC32 software by Rhode and Schwartz.
The highest level was registered after all overview sweeps. Additionally, 6 highest points on the
graph was chosen to measure the quasi-peak values. To identify the highest quasi-peak values,
the table angles, antenna’s height and polarization changed after each measurement.in order to
find the worst case, the measurement receivers detector was set to average. After finding the
position with highest average value the measurement detector turns to quasi-peak. Alike a grid
search, this procedure searched for the best parameters to achieve the maximum quasi-peak
values.
After all these processes, the quasi-peak values have to be corrected. This is performed by
considering the correction factors for cable calculation. Depending on the type of the cable and
its length, test results should be corrected based on cable correction factors.
Such correction factors are calculated by calibration engineers and stored in a table to help
achieve the most precise results of the test. This table is added to the EMC32 program. Similarly,
correction calculation was preceded automatically by the EMC32 program.

Radiated Immunity

These tests were conducted in accordance with EN 61000-4-3: 2006 + A1 and EN 60601-2-25:
2011.

41

The EUT was placed on a plastic table 0.8 m above the reference ground plane. Ferrite tiles and
polyurethane absorbers were placed on the RGP between the EUT and the field generating
antenna. This was mainly to reduce the reflections from the RGP. The frequency range for tests
was varied between 80 and 2500 MHz, with 3 V/m level. Interference generator was connected
to an amplifier and from the amplifier to an antenna. Within the frequency range of 80 to 1000
MHz, a biconical antenna was used with 2.6 m distance from the EUT. In this case the antenna
was connected to an 600W Milmega power amplifier. At higher frequencies, a horn antenna was
used. More specifically, in frequency range 1 to 2.5 GHz, this antenna was used which had a
distance of 2.2 m from the EUT. The antenna was connected to a 230 W Milmega power
amplifier. It is noteworthy to mention that all tests had been performed in both horizontal and
vertical polarization of the antenna on each frequency band. All tests have to repeat four times
with different sides of the product against the antenna. The patient coupled cables were
connected to a patient load simulating (51 kΩin parallel with 47 nF) and then connected to a
ECG simulator. See (figure 16) for more details (The figure is taken from Standard EN 60601-225). We perform tests in frequency band 80-2500 MHz and with level 3 V/m. The generator,
amplifier and antennas are calibrated to make 3 V/m radiation interference at the EUT place in
front of the antenna.
This test was not performed due to practical reasons.

Figure 16 - Radiated Immunity test setup according to EN 60601-2-25

Test method ESD

According to standard EN 60601-1-2 all medical devices should comply for ESD requirements
on the device surface and all connectors which are not marked with the following symbol.
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Figure 17 - ESD symbol

The ECG device tested in this report does not include any ESD sensitivity symbol and that
means there are no limitations to apply discharges on the EUT surface.
The EUT (Equipment under test) counts as a tabletop equipment and should be set up on a table.
A nonconductive table with 0,8 m height standing on a GRP (ground reference plane). A
horizontal coupling plane (HCP) covers the table and the EUT placed on the HCP with a 0,5-mm
insulating support from the HCP and 0,01 m from the table. A Vertical coupling plane (VCP) 0,5
m X 0,5 m was placed on the table as well. VCP and HCP are grounded to the GRP via 470
Ohm resistances.
An ESD generator pistol simulated Electro Statistic Discharges. The pistol has two contacts, a
sharp contact for contact discharges and a round contact for Air-discharges.
Due to the EUT, s box is made of plastic and contains no conductive surface, the discharges
methods would be:
1. Indirect contact discharges: Levels ±2, ±4 and ±6 KV 10 indirect contact discharges on the
VCP and HCP.
2. Air-discharges: Levels ±2, ±4 and ±6 KV 10 Air-discharges on the EUT surface. During this
method, the EUD has to be brushed with an ESD Brush which is made of conductive material
and grounded to RGP to unload the EUT after each injection.
This test was not performed due to the test can destroy the prototype ECG device.
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Figure 18 - ESD Air-discharge and contact discharge contacts[WWW.TESEQ.com][45]
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4 RESULT AND DISCUSSION
In this chapter, we first present the test results obtained by applying the previously described
methods. Next, we delve into the analysis of our results and discuss our findings in comparison
with the literature and theoretical considerations.
Pictures, graphs and table attached below demonstrate the radiated emission test result on the
ECG prototype model. As written in the test method, the first measurement was performed
without the ECG prototype and with the laptop behind the antenna which shows clearly more
than 20 dBµV/m margins below the limit (the limit presents in dBµV/m) and because of that the
interferences are too low. Hence, we concluded that there was no need to measure any quasipeak values. (See figure 19)

Figure 19 - Background Graph of EMC Chamber without any EUT
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Figure 20 - The laptop was placed behind the antenna in the semi--anechoic chamber

The next measurement was performed with the ECG prototype in the chamber and connected to
the laptop via Bluetooth. A full test was conducted and the quasi-peak results were below the
limit suggesting the electromagnetic compatibility of the device.
Table (9) summarizes our results. In this table, the first two columns show the quasi-peak
frequencies and their corresponding measurements. Next column contains the applicable limit.
To make results comparable, the measurement time and the bandwidth were fixed to 1000 (ms)
and 120 (KHz) respectively. We gradually varied the azimuth of the antenna while increasing the
frequency and stored the results.
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Figure 21 - ECG radiated emission result 30-1000 MHz
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Table 9 - Final test results under a variety of conditions
QuasiPeak

Limit

(dBµV/m)

(dBµV/
m)

Meas.
Time

Bandwidth

Height

(kHz)

(cm)

Polarization

Azimuth

Corr.

Margin

(deg)

(dB)

(dB)

(ms)

125,162

4,8

30,0

1000,0

120,0

127,0

V

-1,0

-20,8

25,2

200,922

4,4

30,0

1000,0

120,0

286,0

H

187,0

-22,8

25,6

307,448

20,4

37,0

1000,0

120,0

281,0

H

139,0

-18,7

16,6

464,019

28,3

37,0

1000,0

120,0

177,0

H

146,0

-14,0

8,7

624,024

34,0

37,0

1000,0

120,0

164,0

H

23,0

-9,9

3,0

656,000

32,0

37,0

1000,0

120,0

152,0

H

285,0

-9,6

5,0

687,992

31,0

37,0

1000,0

120,0

121,0

H

99,0

-9,4

6,0

816,029

29,4

37,0

1000,0

120,0

152,0

H

66,0

-7,1

7,6

976,018

29,2

37,0

1000,0

120,0

100,0

H

-24,0

-4,4

7,8

Figure 22 - Test set up for the ECG prototype inside the semi-anechoic chamber
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Figure 23 - Photo of the EUT (ECG prototype)

Our analysis unraveled some interesting facts. Margin to the limit in frequency 624.024 was
lowest and it was only 3.0 dB apart from the accepted threshold. Due to observing this
proximity, we increased the resolution of our experiments around that frequency. Interestingly,
even a relatively small shift from that frequency were resulted in considerably lower quasi-peak
values (as also verified by Figure 21) resulting a significantly larger margin. (Figure 24) shows
the achieved margins under different frequencies. Therefore, the ECG prototype has the worst
case radiated emission in frequency 624.024 (MHz) with antenna height 164 (cm) from the floor
and horizontal polarization. Turntable position in this worst case was 23 degrees.
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Frequency(MHz) vs Margin (dB) is measured
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Figure 24 - Frequency(MHz) vs Margin (dB) is measured

Nevertheless, these results suggested a weak likelihood of electromagnetic disturbance might be
caused by this device. Therefore, the electrocardiogram might be used safely without serious
concerns about its mutual harm to other electronic devices in practical situations.
It is noteworthy to mention that the electrostatic discharge and radiated immunity tests have not
been performed because these tests could destroy the prototype product.
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5 CONCLUSIONS AND FUTURE WORK
We studied electromagnetic compatibility with special attention on medical devices. We delved
into the theoretical foundations of EMC and historical developments from which EMC standards
were shaped into their current forms. We strived to gain practical experience with EMC tests and
the methodologies for carrying them out. To that end, we took an ECG prototype – a centric
piece in ARTEC project – and performed emission tests using Intertek’s guidelines for certifying
medical electrical equipment. Our experiments suggested a healthy functionality of the device
since the level of measured emission were always distant from the boundary. Admittedly, it only
gives a partial picture into the compatibility of the whole system if we consider the limitations
and scope of our work. First, the device serves a military purpose and any holistic EMC study
might have to check against relevant military standards. Due to limited access and exposure, we
were confined to only review existing material on military standards for EMC. Even within the
ME equipment certification context, we were not able to conduct immunity tests due to high
possibility of prototype destruction. This problem was more imminent for the electrostatic
discharge test. Nonetheless, if this was not a concern, we could have done both the radiated
immunity and ESD tests. The radiation immunity test would provide us with an opportunity to
learn whether the ECG device can tolerate to behave as intended. In other words, we could
examine to discover if the device would work without any degradation while positioned in the
proximity of other devices with a maximum disturbance of 10 (V/m). Similarly, the ESD test
would indicate the tolerance level of the ECG device undertaking standard amounts of ESD.
We conclude our work by sharing our recommendations about the future directions for this
study. It is safe to say that technology will never stop and neither the unknown problems of the
emerging technology. Therefore, testing and test methods should always get updated to make
sure that nothing dangerous will come to our life. EMC tests are no exception, especially about
medical devices which are prominently more sensitive.
This report presented test methods according to standard EN 60601-1-2:2007 third edition
(Medical electrical equipment - Part 1-2: General requirements for basic safety and essential
performance - Collateral standard: Electromagnetic compatibility - Requirements and tests),
which is set to expire on 2018-12-31. Moving forward, the new edition EN 60601-1-2:2015 shall
be replaced. After this date, every medical device that is going to be sold inside the EU should
comply with the requirements of the fourth edition of the standard EN 60601-1-2. This urges a
modification to our tests. In fact, this report should be updated by testing the ECG device
according to the emission and immunity requirements proposed in the latest standard version EN
60601-1-2:2015.
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Appendix A: Useful relations and formulas:

Heinrich Rudolf Hertz:
𝑇 =1∕𝑓

Cycle Duration (𝑠), 𝑇 = 2𝜋 ∕ 𝑤 (𝑠)

𝑓 =1∕𝑇

Frequency (𝐻𝑧 = 1/𝑠), 𝑓 = 𝑤 ∕ 2𝜋 (𝐻𝑧)

𝜆=𝑐∕𝑓

Wavelength (𝑚)

𝑐 = 𝜆𝑓

Wave Speed (𝑚/𝑠)

James Clerk Maxwell:
𝑘 = 𝑤 ∕ 𝑐 = 2𝜋 ∕ 𝜆
𝑘 Is the wavenumber
𝑐 Is the speed of light
𝜆 Is the wavelength

Guglielmo Marconi:
𝐻 = 𝑐√𝐷
𝐻 Is height of antenna
𝐷 Is the maximum signaling distance
𝑐 Is a constant

Others:
𝑉 = 𝐼 × 𝑅𝑉(Voltage = Current multiplied by Resistance)
Wave Impedance, 𝑍𝑊 = 𝐸 ⁄𝐻 (Ω)
𝐸: Electric, 𝐸-Field(𝑉/𝑚)
𝐻: Magnetic, 𝐻-Field(𝐴/𝑚)

Electromagnetic field depending on the distance of measurement:
𝐸2 – 𝐸1 [𝑑𝐵] = 20 ∗ 𝑙𝑜𝑔 (𝑟2/𝑟1)
Example:
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𝐸1 = 30 𝑑𝐵µ𝑉/𝑚 𝑖𝑛 𝑟 = 10 𝑚 20 ∗ 𝑙𝑜𝑔 (10/3) ≈ 10 𝑑𝐵
𝐸2 = 10 + 30 𝑑𝐵µ𝑉/𝑚 ≈ 40 𝑑𝐵µ𝑉/𝑚 𝑖𝑛 𝑟 = 3 𝑚
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