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1. Introduction

This document describes an approach for evaluating correlations among different EM environments
with the purpose of grouping them into classes relating to EMI risks. The focus of this work is on
healthcare environments. The work presented here is part of research carried out by early-stage
researcher 11 (ESR 11) of the ETERNITY (“European Training Network on Electromagnetic Risks in
Medical Technology ”) EU-funded project.

The first chapter briefs concepts of electromagnetic compatibilty in the medical domain including basic
terms and definitions. The second chapter provides the background information and an overview of
the research. The third chapter details research outcomes and the fourth chapter includes conlusions
and outlook for this research project. A list of references and two annexes (A and B) are provided at
the end of the report. These annexes contain an extensive amount of data visualizations from
measurements performed in various environments.

1.1. EMC in the medical technology domain:

Medical electrical equipment and medical electrical systems must uphold their basic safety and
essential performance within the electromagnetic environments specified for their intended use
throughout their expected service life. Moreover, medical electrical equipment and medical electrical
systems should not cause interference with other equipment and systems within the electromagnetic
environments designated by their manufacturer for use.

It is required to maintain electromagnetic emissions at acceptable levels (i.e., complying with
regulatory-defined requirements for safe and effective use of medical devices) :

- To prevent interference with other safety services

- To limit EMD below the levels reasonably expected by other medical electrical equipment
and medical electrical systems

- To prevent EMI with non-medical equipment

- To prevent performance degradation of telecommunication services

Of even more significance, achieving sustained electromagnetic immunity is essential for the safe and
effective use (without unacceptable degradation of performance) of medical electrical equipment and
medical electrical systems[1].

SAFE & EFFECTIVE

DEVICE
USE

DEVICE / INTERFACE UNSAFE, INEFFECTIVE

In the medical domain, EMC risk management involves analysis of three main components viz. users (
operators and patients), use environment and devices/interfaces for understanding device usage in
order to judge if, from an EM perspective, the device can be installed and used in a safe and effective
manner throughout its expected service life. EMC Risk management is a pre- and post-market process
with activities aiming at minimizing the risks originating from electromagnetic disturbance

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
Horizon 2020 under Grant Agreement No. 955.816.
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phenomena. This process is supplementary to the risk management enforced by the general standard
IEC 60601-1. Because elctromagnetic disturbances has the potential to compromise multiple risk
control measures identified and implemented at the same time. The EMC risk management is a subset
of the medical device risk management.

1.2. Basic Terms and Definitions®
Electromagnetic environment: The totality of electromagnetic phenomena existing at a given location.

Electromagnetic disturbance, EMD (abbreviation): Any electromagnetic phenomenon that could
degrade the performance of a device, equipment or system.

Electromagnetic interference: EMI (abbreviation): Degradation of the performance of a device,
equipment or system caused by an electromagnetic disturbance.

Note: Disturbance and interference are cause and effect respectively.

Electromagnetic compatibility; EMC (abbreviation): the ability of ME equipment or an ME system to
function satisfactorily in its EM environment without introducing intolerable electromagnetic
disturbances to anything in that environment.

(Electromagnetic) emission: The phenomenon by which electromagnetic energy emanates from a
source.

Degradation (of performance): An undesired departure in the operational performance of any device,
equipment or system from its intended performance.

Note — The term "degradation" can apply to temporary or permanent failure.

Immunity (to a disturbance): The ability of a device, equipment or system to perform without
degradation in the presence of an electromagnetic disturbance.

(Electromagnetic) susceptibility: The inability of a device, equipment or system to perform without
degradation in the presence of an electromagnetic disturbance.

2. Research Overview

The purpose of this section is to provide relevant background information and an overview of the
research. The design of this research primarily has aspects of descriptive research and explanatory
research.

The goal of standardized radiated field emission and immunity tests is to ensure EMC in complex
intended-use environments. Intuitively, replicating these complex environments could be sought in
radiated field measurements.

However, this approach has challenges/concerns to it.

- Real environments are too varied (too many diverse sources and dynamically varying) to be
comprehensively simulated.

1 Basic terms and definitions were extracted from IEC 60601-1-2, Edition 4.1 2,020-11, Medical electrical
equipment — Part 1-2: General requirements for basic safety and essential performance — Collateral Standard:
Electromagnetic disturbances — Requirements and tests.

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
Horizon 2020 under Grant Agreement No. 955.816.
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- There is a need to compare and repeat measurements and as a consequence, this requires
well-defined, invariant measurement environments.

Thus, standardized EMC radiated field measurements are usually performed in noncomplex
environments of low-quality factor (Q) such as anechoic chamber or in an open area test site (OATS)
or in controlled high Q environments such as a reverberation chamber. Healthcare environments can
be so diverse and complex having different properties compared to controlled counterparts
(controlled anechoic and controlled reverberant environments) as shown in Figure 1.

Absorption increases Reflections increases

Controlled Anechoic Environment Real clinical environment Controlled Reverberant Environment

Figure 1: Spectrum of Environments

2.1. Problem Statement

EMC of medical equipment is mandatory due to regulatory, quality, and patient safety concerns. In the
context of EMC, both the device/equipment in question and the environment in which it is intended
to be used are important. Standard EMC tests are carried out in controlled laboratory environments
that favour reproducibility of the test results. However, the realistic clinical use environments are
uncontrolled. The extent to which these two kinds of environments correlate is not clearly understood.

Hence the representativeness and adequacy of standard(traditional) EMC tests are questionable when
it comes to actual EMI-induced risks present in real clinical use environments. The tools to evaluate
such EM environments are not adequately available yet. This research aims to develop tools to classify
healthcare environments by characterizing EM environments existing in such environments.

2.2. Research Question(s)

Core Research Question: : To what extent do controlled and uncontrolled environments in the context
of EMC in medical technology correlate and how to evaluate such correlations/links??

The core research questions could be viewed in twofold aspects of EMC viz. immunity and emissions.
The core research question essentially required to be decomposed into specific sub-questions for
further investigation.

Sub-Research Questions(SRQs): The core research question leads to the following specific sub-research
questions.

*SRQ1: What are the EM disturbances existing in practical clinical environments and how to
meaningfully classify the wide range of diverse clinical environments for analysis purposes? (if it is
feasible to do so.)

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
Horizon 2020 under Grant Agreement No. 955.816.
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*SRQ2: What kinds of parameters and models can be used to represent EM environments?

eSRQ3:How wuseful are such kinds of characterization parameters /models to assess EM
disturbances/emissions to facilitate risk-based EMC-approach?

The first sub research question is the main focus of this research. The second sub research question
assists in addressing SRQ1, while the third involves rationalizing the choice of parameters/models
(outcomes relating to SRQ2) and environment classification (outcome of SRQ1) for risk-based EMC
approach in medical technology.

The general working hypothesis is that the EM environments existing in clinical environments can be
evaluated in terms of chosen characteristic parameters and such parameters and associated
techniques can be meaningfully used to assess EMI/EMC in complex scenarios following a risk-based
EMC approach.

The following hypotheses (but not limited to these hypotheses) can be derived from the
aforementioned sub-research questions:

Hypothesis 1: It is plausible to find exemplars of different realistic clinical environments based on the
EM disturbances present in those environments and thereby to make a tractable way for meaningfully
classifying them either qualitatively or quantitatively.

Hypothesis 2: EMI disturbances present in realistic clinical environments can be represented by a finite
set of selected types, attributes or features and that set of parameters can be used to model the
environments.

Hypothesis 3: Certain environmental characterization parameters can be used to assess the
equivalences/differences between controlled and uncontrolled environments in the context of EMC.

2.3. Methodology

Preliminary studies including literature reviews and hospital visits were performed to comprehend the
feasibility and usefulness (for risk-based EMC) of evaluating correlations between different
environments. Part of the preliminary studies focussed on the medical use of systems of systems,
trends, challenges and implications for EMC [2] whilst another part focussed on reviewing links
between different EMC test environments [3].

Based on the preliminary studies, it was concluded that a tractable and more sensible approach for
evaluating correlations is to formulate a tailored classification of healthcare environments with respect
to Electromagnetic Disturbance (EMD) phenomena present in such environments. A classification of
the healthcare environments would assist in achieving and maintaining the EMC of medical equipment.
Such an environment classification can be done via qualitative or quantitative environment
characterizations.

A notion of a distinction between EMD sources and environmental characteristics is made in the sense
that EMD sources are active producers of EM energy whilst the environment has passive properties
that alter the propagation of EM energy. The work presented in this report concerns the EMD sources.

The qualitative characterization was performed using the available information in the literature
regarding known EMD sources. The quantitative characterization was performed following a
measurement-based approach in conjunction with statistical data analysis.

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
Horizon 2020 under Grant Agreement No. 955.816.
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3. Research Qutcomes

3.1. Rationale for HealthCare Environment Classification

The purpose of a classification of environments vis-"a-vis electromagnetic disturbances (EMD) is to
identify a limited set of parameters and associated values that may be chosen when
identifying/evaluating EMI-induced risks, and performance requirements of medical electrical
equipment. Such a classification system would reduce the numerous diverse clinical environments (in
a wide range) with a vast multitude of EMD phenomena into a reasonable number of exemplar groups,
such that it limits the number of variations in the environments that hospitals could perform effective
EMI risk management for, and manufacturers could design and test equipment for. Hence,
environment classification could pave a tractable way for testing and evaluation of EMC of medical
electrical equipment by compactly representing different groups of environments based on their EM
characteristics. Thus, this would eventually facilitate testing of medical electrical equipment to be
performed over the exemplars to assess their EMC with a significantly reduced amount of resources
(and investing the scarce resources to minimize the actual EMI-induced risks), allowing the
development of lab-based device evaluation in a test environment more representative to (and related
to EMI risk level) realistic intended use environment whilst preserving the repeatability of the
measurements.

EM environment characterization approaches in literature

For any kind of classification, as a priori, the EM environments prevailing at different locations are
required to be modelled in terms of selected attribute/property parameters. The electromagnetic
environment (EM environment) is defined as the totality of electromagnetic phenomena existing at a
given location[4].

The current IEC standardized EM environment classification[5] used an approach based on a finite set
of EMD phenomena viz. high-frequency, low-frequency, and electro-static discharges (ESD). High and
low-frequency phenomena are further divided into conducted phenomena and radiated phenomena.
Then, a single value (that was believed to be a representative value) for each phenomenon per location
class is specified. This classification identifies three global environment classes (i.e. locations:
residential, commercial, and industrial). This classification is based on the filed data collected up to
2015.

Furthermore, IEC 60601-1-2 Medical electrical equipment, General requirements for basic safety and
essential performance collateral standard [1]provided three groups of locations specific for healthcare
viz. professional healthcare environment, home healthcare environment, and special environment.
The subject of our research is the professional healthcare environments subgroup in which the EMD
and EMI risk variations are high. In some professional healthcare environments, EMI-induced risks are
deemed to result in more severe consequences.

The other environment characterizations found in the literature can be lumped into one or more of
the following approaches.

a) Radiated phenomena are quantified either as field intensity (electric field/E -field or magnetic
field/H-field) using appropriate transducers at the location to be characterized. They represent the
field intensity against frequency and observation time period. A hospital EM characterization can be
found in [6], a survey of the EM environment in hospitals mentioned in [7], the results of a survey of
the EM environment from 30 MHz-7 GHz in a hospital were given in [8]and the characterization of the
2.4 GHz ISM band EM interference in a hospital in [9] followed this approach as well.

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
Horizon 2020 under Grant Agreement No. 955.816.
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b) Dynamically varying EM environment classification by using statistical description is another viable
approach. In recent studies, the field values measured in specific frequency bands are represented by
fitting appropriate statistical distributions to the data. Such distributions and associated parameters
serve as characteristic measures of the EM environment. For example, [10] presented an experimental
study of impulsive noise in urban hospitals and clinics. In [11]and [12] along-term spectrum survey (on
spectral occupancy [13], duty cycle), and channel utilization of the ISM bands in hospital environments
were reported following a statistical approach. Statistical characterization of a hospital EM
environment in[14] and Spectrum occupancy and statistical model of interference in [15] are also
examples of statistical characterization approaches.

c) Apart from the aforementioned EM environment characterizations, there exists another statistical
approach to characterize enclosed environments using macro-parameters such as quality factor Q,
power delay profile (PDF), [16], [17],[18], and site insertion loss [19]. Using macro-parameters such as
Q along with information about the device/system to evaluate emission/immunity characteristics
when placed in uncontrolled environments was presented in [20].

3.2. Qualitative Approach

A review of currently known EMD sources in different frequency regimes was performed for
environment characterization. The purpose of this qualitative study was to have an overview of EMD
sources such that it can be used to identify different sources in different environments in conjunction
with the quantitative field data measured in different environments.

A non-exhaustive overview of EMD Sources in DC — 30MHz frequency range is illustrated in Figure 2
and a non-exhaustive overview of EMD Sources in 30 MHz -6GHz frequency range is illustrated in Figure
3. The sources of information used to create these overview figures are listed in a special section under
the references at the end of this report.

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
Horizon 2020 under Grant Agreement No. 955.816.
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3.3. Quantitative approach

The purpose of this section is to describe a measurement-based approach for quantitative
environment characterization (EM fields created by EMD sources).

3.3.1. Measurement system

Recent field data for our purpose (of environment classification) were not adequately available in
literature. Hence there was a need for measurement system to collect field data. The goal is to
characterize different clinical environments in terms of EM fields measured with a calibrated
measurement system (placed stationary in various locations) in various frequency ranges. The
measurement system (schematic is shown in Figure 4) is equipped with appropriate transducers for
measuring the electric field component and magnetic field component of EM fields existing at different

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
Horizon 2020 under Grant Agreement No. 955.816.
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locations. The measurements are controlled by a software installed on a computer. Post-processing of
the data is accomplished mainly by MATLAB scripts.

Incident Field[V/m, A/m] W 4B

Cable [ T

Atten(f) [dB] uss
VS SA PC
2%

Transducer ,AF(f) [/m] Atten(f) [dB]

Figure 4: Schematic of Measurement System

Development of essential tools for collecting, processing, and analysing data for qualitative
(eventually) and quantitative models are major outcomes of this work. There is little or no priori
knowledge (such as regarding the range of magnitudes of fields etc.) about the uncontrolled EM
environments. Thus, there is a requirement for automatic control and adjustments of settings of the
measurement system to acquire the signals of interest. It is expected to draw qualitative conclusions
(on risk levels) from the quantitative data collected.

3.3.2. Visualizations of measurement data

The following sections provide some examples of the visualizations of field data (measured values)
obtained in different environments. The data shown cover measured field magnitudes a wide range of
frequencies. The purpose of scanning a wide range of frequencies was to identify the prominent
regions of the spectrum that exhibit significant levels of activity. Once these prominent regions of the
spectrum are identified, such regions can be zoomed into for further analysis. The data were collected
from different environments including, an anechoic chamber (fully absorptive), an office environment,
a medical equipment test laboratory environment, a cafeteria, an operating room of a hospital (in idle
state) and a hospital corridor adjacent to the operating room. The example measurement results
shown in this report correspond to measurement durations of approximately 5 minutes each. In
general, measurement sessions may last at least the duration of one cycle of the intended clinical use
of the environment of interest.

An extended list of data visualizations is available in Annex A of this document.

3.3.2.1 Fully Absorptive Environment (Anechoic Chamber)

The measurement transducer was placed in a fully anechoic chamber. Examples of measured spectra
(max-hold traces) for a few different resolution bandwidths (RBW) settings are shown in Figure 5
below. The units of vertical axes in Figure 5 and Figure 6 was retained in dBm ( withouct converting to
dBuV/m). Because the intent of this nise floor characterization was to distinguish between the
measured external EM noise and internal noise of the measurement system itself.

Max-hold A i inA ic Chamber Vs Frequncy (9kHz - 20 MHz)

[—RBW 3kHz
65 RBW 10kHz|
—RBW 30kHz|

-70
-75
-80

-85

Max Amplitude (dBm)

ettt i arpsdAp M sk bt

-110 = -
0 2 4 6 8 10 12 14 16 18

Frequency (Hz) %108

Figure 5: Examples of noise floor amplitude measured in an anechoic chamber Vs frequency (9kHz - 20MHz)
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There was no external field applied inside the anechoic chamber. The traces shown in figure 5
represents the noise floor of the measurement system. The noise floor depends on the parameter
settings of the system. The measured noise floors of the system for specific settings in 30 MHz -1GHz
(left) and 1GHz - 6GHz are shown in Figure 6.

Noise Floor Amplitude Measured in Anechoic Ghamber Vs Frequency (30MHz - 1GHz) Noise Floor Amplitude Measured in Anechoic Chamber Vs. Frequency (1GHz - 6GHz)
T T T T

&

Amplitude (d8m)
Amplitude (dBm)

L 4 80l - M‘M —
e PP PR “ ~ . ’
80}

A1g . ! . -100 .
0 100 200 00 400 600 700 200 900 1000 1 2 3 4 5 ]

500
Frequency (MHz) Frequency (GHz)

Figure 6: Noise floor amplitudes measured in an anechoic chamber Vs frequency 30MHz - 1GHz (left), 1GHz - 6GHz (right)

It can be noted that the system noise floor varies depending on the frequency range and the system
settings. Thus, care has to be taken when distinguishing between measured external noise and the
internal noise floor of the measurement system.

Office Environment

Figure 7 (1 GHz -6 GHz) and Figure 8 (30MHz -1 GHz) depict data collected from locations in a functional
office environment. Locations are named as location 1 ( near walk way close to workspots for office
employees), location 2 (near a window close to workspots of employees) and location 3 (near meeting
rooms in the office) for convenience.
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Figure 7: Measured E-field Vs frequency and time at location1 in office environment (left), and max-hold E-field Vs frequency
measured at 3 locations in an office environment (1GHz — 6GHz frequency range)
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Figure 8: Measured E-field Vs frequency and time at location1 in office environment (left) and max-hold E-field Vs frequency
measured at 3 locations in an office environment (30MHz — 1GHz frequency range)
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From Figure 7 and Figure 8, it can be observed that certain regions (such as around 1.5 GHz, 2.4 GHz
band, mobile signals around 900 MHz and 5.5GHz band etc.) exhibit prominent activity.

An idle operating room in a functional hospital

Figure 9 and figure 10 depict data collected from a location inside and operating room (in idle state) of
a functional hospital. An extended list of visualizations of data collected from 3 locations inside the
operating room is available in Annex A of this document. Three locations are names as location 1,
location 2 and location 3 for convenience.
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Figure 9: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at location1 in an
operating room (1GHz — 6GHz Frequency Range)
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Figure 10: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at location1 in an
operating room (30MHz — 1GHz Frequency Range)

From figure 9 and figure 10, it can be observed that certain regions (such as above 1.5 GHz, 2.4 GHz
band, mobile signals around 800- 900 MHz and 5.5GHz band etc.) exhibit prominent activity.

Hospital corridor
Figure 11 and Figure 12 depict data collected from a hospital corridor adjacent to the same operating

room mentioned above.

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
Horizon 2020 under Grant Agreement No. 955.816.
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Figure 11: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at location in a hospital
corridor (1GHz — 6GHz Frequency Range)
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Figure 12: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at location 4 in a
hospital corridor (30MHz — 1GHz Frequency Range)

From Figure 11 and Figure 12, it can be observed that certain regions (such as between 1.5 - 2.5 GHz
band, mobile signals around 800- 900 MHz and 5.5GHz band etc.) exhibit prominent activity. It can
also be noted that field levels in corridor location measured at some frequencies are different from
those measured inside the operating room adjacent to the corridor.

3.3.3. EMD Representations

Measuring the level of the EMD in diverse clinical environments is required to obtain data points to
enable classification. Measured EMD data sets provide useful information to designers and EMC
testers of medical electrical equipment (MEE).

Different classes of EMD sources are expected to have different characteristics in frequency,
amplitude, time, and spatial distribution. As a first step, we attempt to segregate the EMD
measurement data over amplitude and time only. Amplitude and time are analysed statistically. Using
a statistical approach would reduce the complexity caused by the vast multitude of potential EMD
sources encoded in the measured data. Larger groups of EMD sources that are based on the same
technology may be expected to exhibit similar characteristics over amplitude and time.

Two fundamentally different signal types viz. periodic and non-periodic signals are distinguished.
Examples of periodic signals include clock signals and intended radiators using a carrier frequency etc.
Intentional radio signals are man-made and their magnitude in the environment of interest can more
easily be estimated than non-periodic EMD. Therefore our first attempt is to analyse measurement
data for the purpose of EMD risk classification, focusing on non-periodic EMD.

Non-periodic EMD sources can further be distinguished into unstructured (Gaussian) noise and
structured noise. Examples of unstructured (Gaussian) noise are thermal or shot noise in electronics.

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
Horizon 2020 under Grant Agreement No. 955.816.
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At moderate temperatures, the magnitude of such sources is too small to be of concern as EMD source
risk. Only during periods of extremely high solar activity, Gaussian noise magnitudes may elevate to
EMD magnitudes of concern.

Structured noise may be triggered by human activity e.g., switching equipment on and off. In
professional healthcare environments the use of diathermy equipment such as surgical knives, is
known to produce high magnitudes of structured impulse noise. We use the well-known differences
between the Gaussian and impulse noise characteristics to attempt to segregate the EMD
measurement data vectors into these two EMD source classes. The reason for segregating into these
classes is that impulse noise tends to have high magnitudes of non-time-continuous, and non-
deterministic EMD magnitudes implying a higher EMI risk level.

The field levels of the EM noise can be estimated from the data vectors assuming that it comprises two
dominant and distinct components viz. White Gaussian Noise (WGN) and Impulsive Noise (IN). The
model used for decomposition of the data into two components (WGN and IN) here is based on the
cumulative probability density function (CDF) and the Amplitude Probability Distribution (APD). The
theoretical basis mentioned below was adapted from [21], [22]

The cumulative distribution function (CDF) is a statistical distribution indicating the probability that an
amplitude x does not exceed the amplitude x, and is defined as,

CDF(x) = P[x < xq]

The Amplitude Probability Distribution (APD) is a statistical distribution showing the probability that
an amplitude x exceeds an amplitude Xx;. It is defined as,

APD(x) = P[x > x3] =1 —CDF(x)
APD is a representation of cumulative distribution function (CDF) such that Rayleigh and power Rayleigh

distributions appear as straight lines. The horizontal scale shows a function of APD of random variable w,

1— log (ln (ﬁ)), probability of exceeding a given magnitude of the measured field on the vertical scale.

Such an APD graph is called a Rayleigh-scaled APD graph.

3.3.3.1 Gaussian Noise Statistics
Assuming a mean power level of Wog and a random noise variable, wgy, the power PDF for WGN is,

_Wry
pg(Wgy) = —e "0g
g Wog
If the noise is WGN distributed, then the APD function can be shown to be,
w

Ag(w) = e Wog

It can be shown that a value for w4 can be obtained by reading the magnitude level at the 37%
point on the Rayleigh scaled APD graph.

3.3.3.2 Impulsive Noise (IN) Statistics

The IN is modelled to be a series of impulses that are Poisson distributed in time and have a Weibull
magnitude distribution which plots as a straight line on the Rayleigh scaled APD graph. A line fit to this
region produces statistical parameters to quantify the IN content that are appropriate for simulation
purposes.

Assuming a random noise variable, wgy,, the Weibull power PDF is,

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
Horizon 2020 under Grant Agreement No. 955.816.
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b—-1 e —awRVb

pw(Wry) = a.b.wgy

where a and b are the parameters of the distribution.

The corresponding APD function for an independent variable w is,
Ay(w) = e=
The above equation can be recast in terms of parameters wOw and a, which can be extracted from the
APD graph,

w \Ya
(o)

A,(W)=e

and b = 1
a

Where, a = (L)l/a

Wow

It can be shown that the parameters wy,, and -10a are the magnitude at 37% of abscissa and the
gradient of the impulsive portion of the APD graph respectively. The values of wg,, and a can be
obtained by fitting a line to the APD graph’s steepest portion.

3.3.3.3  An example analysis of an impulsive noise model based on APD graphs
After identifying prominent regions of the spectrum from wide-span spectrum scans, those portions
could be zoomed into and further analysed.

The following section provides an example of such an analysis of EM noise using the model described
in the previous section. In this example, data from real-time scans (27MHz wide frequency span
centred at 2.45 GHz) are used. The data were collected from different environments including, an
anechoic chamber (fully absorptive), an office environment, a medical equipment test laboratory
environment, a cafeteria, an operating room of a hospital (in idle state) and a hospital corridor adjacent
to the operating room.

Anechoic Chamber (a fully absorptive environment)
The distribution of the measurement system noise floor for settings: RBW 10kHz, 2.45GHz centre
frequency, and 27 MHz real-time analysis is shown in Figure 13 below.

Probability

Figure 13: An example of a distribution of system noise floor

A threshold for distinguishing the measured external noise and the system’s internal noise may be
chosen as [6],

Threshold = Usystem noise + 4'O-system noise

Where, lsystem noise aNd Osystem noise @re mean and standard deviation of the internal noise (e.g.
distribution shown in Figure 13) respectively. Assuming a normal distribution, approximately 99.99%
of the internal noise is in this range.

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
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The following section provides visualization of data collected from different locations in terms of time-
frequency-magnitude plots and Rayleigh-scaled APD graphs. The extracted noise parameters are
tabulated in Table 1 and Table 2.

Office Environment
The time-frequency-magnitude plots and Rayleigh scaled APD office location 1 and office location 2
(2.45 centre frequency,10kHz RBW, 27MHz real-time span) are shown in Figure 14 and Figure 15

respectively.
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Figure 14: Time -frequency- magnitude plot (left) and Rayleigh scaled APD (right) of office location 1
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Figure 15: Time-frequency-magnitude plot (left) and Rayleigh scaled APD (right) of office location 2

WGN appears as a downward-sloping line on the right-hand side of the APD (in Figure 2 and Figure 3)
whilst IN appears as the raised portion on the left-hand side of the APD. If the data were collected for
a long period, then a plateau region would appear in the far-left end portion of the APD. This region
represents very low-probability, and high-amplitude IN. The length of measurement session duration
required to capture low probability and high amplitude IN depends on the recurrence rate of such
impulses. The data presented in this report are results from short-term (approximately 5 minutes each)
measurements, hence the plateau region is not well pronounced in these graphs. The extracted noise
parameters for different locations are tabulated in Table 1.

Location Gaussian slope Gaussian Mean | IN slope Mean IN
Office location 1 -0.5 14.9 -25.5 21.1
Office location 2 -0.5 15.0 -24.0 224
Test bay area -0.6 19.9 -29.3 34.4
Cafeteria -0.7 19.8 -23.1 37.8

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
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Table 1: Extracted noise model parameters for different locations

It can be noted that the two office locations are similar in terms of noise parameters whilst the noise
parameters corresponding to the test bay area and the cafeteria are different. Different parameter
values indicate different levels of activity in the scanned frequency band at different locations.
Furthermore, the non-Gaussian component is more pronounced compared to the Gaussian
component in the analysed data.

Idle Operating Room in a hospital

The time-frequency-magnitude plots and Rayleigh scaled APD for the operating room location 1
operating room location 2 and operating room location 3 (2.44 centre frequency,10kHz RBW, 27MHz
real time span) are shown in figure 16, figure 17 and figure 18 respectively.
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Figure 16: Time -frequency- magnitude plot (left) and Rayleigh scaled APD (right) of operating room location 1
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Figure 17: Time -frequency- magnitude plot (left) and Rayleigh scaled APD (right) of operating room location 2
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Figure 18: Time-frequency-magnitude plot (left) and Rayleigh scaled APD (right) of operating room location 3

Time-frequency-magnitude plots carry more information on the time behaviour compared to 2D
spectrum plots. These plots are useful in distinguishing between time continuous and intermittent
disturbances. For example, from Figure 16, Figure 17 and Figure 18, it can be observed there is a peak
field around 2.4 GHz that is time continuous. This peak usually corresponds to WiFi services.

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
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Hospital Corridor

The time-frequency-magnitude plots and Rayleigh-scaled APD of a location in a hospital corridor
adjacent to the same operating room mentioned above (2.44 centre frequency,10kHz RBW, 27MHz
real-time span) are shown in Figure 19.
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Figure 19: Time-frequency-magnitude plot (left) and Rayleigh scaled APD (right) of hospital corridor

The extracted noise parameters for different locations in the operating room (OR) and the hospital
corridor are tabulated in Table 2 below.

Location IN slope Mean IN
OR location 1 -63.9 49.2
OR location 2 -67.8 413
OR location 3 -60.7 45.8
Hospital corridor (location 4) -48.9 44.2

Table 2: Extracted noise model parameters for locations in an operating room and a hospital corridor

From Table 2, it can be observed that the three operating room locations are fairly similar in terms of
impulsive noise parameters with respect to the measured frequency band whilst the corresponding
values (impulsive slope) for hospital corridor location is different.

The empirical cumulative probability distribution functions (ECDF) of the impulsive noise data
corresponding to different locations in the hospital are shown in the left-hand side subfigure of Figure
20 The righthand side subfigure of Figure 20 shows ECDF corresponding to two office locations, test
bay area and a location in a cafeteria.
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Figure 20: ECDFs corresponding to IN data collected at hospital locations (left). ECDFs corresponding to office locations, test
bay area and a cafeteria(right)
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From Figure 20, seemingly the ECDFS of locations with similar impulsive noise characteristics tend to
cluster together. This behaviour may be used to cluster similar environments.

4. Conclusions and Outlook

Even though EM fields are theoretically calculable, the case-by-case analyses/simulations for all
individual configurations of medical environments are not tractable.

A meaningful classification of medical environments would help facilitate a risk-based EMC approach
in the medical domain. Qualitative and quantitative characterization of different medical
environments would enable such a classification.

Measurements were performed successfully in clinical environments that were in idle state. However,
the measurements in functional clinical environments requires an extensive risk assessment and
preparation. It is viable to differentiate between different environments using certain parameters, for
example, the impulsive noise (IN) content in the data reported in this document. The noise analysis
presented in the report covered only a very narrow portion of the relevant spectrum for the method
demonstration purpose. Some environments can be “louder or quieter” in terms of EM noise in some
portions of EM spectrum compared to some other environments. Therefore, a more extensive EM
environment characterization would require identifying other relevant frequency bands and
characterizing the environments in those bands facilitating distinguishing different and similar
environments in EM perspective.

It is intended to develop a control and analysis (while performing measurements) software for making
a semi-autonomous measurement system. Such standalone system may perform automatic
measurements in functional clinical environments. The following are the expected outcomes of the
measurement campaigns performed at different clinical environments.

® Background site scan.

* Frequency domain information max-hold scans over a certain period, APD of field quantities (for
extracting noise model parameters), time-frequency- magnitude plots of fields

¢ Time-domain information of structured signal bursts (inter arrival times etc., for noise modelling)
¢ Narrow-span scans of identified problematic spurious frequencies.
¢ Description of the medical and non-medical devices in the measured environments.

Further research is required to make definitive conclusions on the feasibility of meaningfully classifying
clinical environments into a finite number of classes based on risks. Moreover, in future work, it is
important to study the variation of the EM fields at different locations in the same environment and
to study the time variance of EM field quantities in the same location.

If we can classify EMD sources and environmental characteristics into a finite number of classes, we
may be able to create a calculable model for risk estimation, considering the intrinsic risks associated
with the clinical procedure, augmented with the elevated risks due to potential EMI.

In understanding the relevant frequency bands for EMD applicable in EMI risk perspective, we follow
a qualitative environment characterization approach in conjunction with the quantitative approach.
Such an EM environment characterization would facilitate more effective management of EMI risks in
the clinical environments, paving the way for risk-based EMC in medical technology.
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Annex A: Time — frequency — magnitude plots and max-hold plots of
different environments

Office Environment

Figure 21 (1 GHz -6 GHz) and Figure 22 (30MHz -1 GHz) depict data collected from locations in a
functional office environment. Locations are named as location 1, location 2 and location 3 for
convenience.
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Figure 21: Measured E-field Vs frequency and time at locationl in an office environment (left), and max-hold E-field Vs
frequency measured at 3 locations in an office environment (1GHz — 6GHz frequency range)
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Figure 22: Measured E-field Vs frequency and time at location1 in an office environment (left) and max-hold E-field Vs
frequency measured at 3 locations in an office environment (30MHz — 1GHz frequency range)

Test Bay Area
Figure 23 (1 GHz -6 GHz) and Figure 24 (30MHz -1 GHz) depict data collected from locations inside a
test laboratory where various tests are performed on medical equipment.
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Figure 23: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at a location in test bay
area (1GHz — 6GHz Frequency Range)
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Figure 24: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at a location in test bay
area (30MHz — 1GHz Frequency Range)

Cafeteria
Figure 25 (1 GHz -6 GHz) and Figure 26 (30MHz -1 GHz) depict data collected from locations in a
cafeteria located on the ground floor.
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Figure 25: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at a location in a
cafeteria (1GHz — 6GHz Frequency Range)
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Figure 26: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at a location in a cafeteria
(30MHz — 1GHz Frequency Range)

This project has received funding from the European Union’s EU Framework Programme for Research and Innovation
Horizon 2020 under Grant Agreement No. 955.816.
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Idle operating room in a functional hospital

Figure 27 up to Figure 31 depict data collected from 3 different locations inside and operating room
(in idle state) of a functional hospital. Three locations are names as location 1, location 2 and location
3 for convenience.
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Figure 27: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at location1 in an
operating room (1GHz — 6GHz Frequency Range)
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Figure 28: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at location1 in an
operating room (30MHz — 1GHz Frequency Range)
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Figure 29: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at location2 in an
operating room (1GHz — 6GHz Frequency Range)
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Horizon 2020 under Grant Agreement No. 955.816.
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Figure 30: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at location2 in an
operating room (30MHz — 1GHz Frequency Range)
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Figure 31: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at location3 in an
operating room (1GHz — 6GHz Frequency Range)

Hospital corridor
Figure 32 and Figure 33 depict data collected from a hospital corridor adjacent to the operating
room.
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Figure 32: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at location 4 (hospital
corridor) in an operating room (1GHz — 6GHz Frequency Range)
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Mazimum E-Field vs. Frequency
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Figure 33: Measured E-field Vs frequency and time(left) and max-hold E-field Vs frequency measured at location 4 in a
hospital corridor (30MHz — 1GHz Frequency Range)

Annex B: 3D time — frequency -magnitude plots

Figure 34 - Figure 38 depicts3-dimensional time-frequency-magnitude plots of electric-field
components measured at various locations mentioned in previous sections of this report.
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Figure 34: Measured E-field Vs frequency and time graphs of office location1, 1GHz -6GHz (left), 30M 1GHz (Right)
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Figure 35: Measured E-field Vs frequency and time graphs of a test bay area (Left) and in Cafeteria (right), 1GHz 6GHz
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Figure 36: Measured E-field Vs frequency and time graphs of two locations (left and right) inside an operating room of a
hospital, 1GHz — 6GHz

Efiokd Vs. Frequency and Time

E-field Vs. Frequency and Time

E-fleld {cBuVim)
4 0z = B % &

£
g
BT
2
dy

Frecuency (GHz) A : Time (s) S .
Frequency (GHz) o, Time (5)

Figure 37: Measured E-field Vs frequency and time graphs of OR location 2 (left) and OR location 3 (right), 1GHz — 6Gz
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Figure 38: Measured E-field Vs frequency and time graphs in 1GHz - 6GHz range (left) and 30MHz -1GHz in (right) of the
hospital corridor location.
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